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As we enter the new millennium, it is important to look back and see where we have been. 
Only with this perspective is it realistic to look toward the future and imagine what is pos-

sible.
Tissue engineering will ultimately have a more profound impact than we can now appre-

ciate. It not only will modify the practice of medicine and help elucidate mechanisms of de-
velopmental biology, but also has the potential to influence economic development in the in-
dustry of biotechnology more than any single advance in science or medicine during the last
several decades.

Although we can point to various milestones in history and refer to certain achievements
as “tissue engineering,” focused efforts to regenerate lost tissue function were made possible
only after advances in associated fields of cell biology and material sciences. Consequently, mod-
ern tissue engineering was not possible, or even feasible, until advances in cell biology enabled
the large-scale production of commercially available enzymes and nutrients to isolate a large
number of cells and nourish them in an incubator. It now seems clear that the use of living cells
will result in a higher degree of tissue function than the use of chemotactic agents, growth fac-
tors, or hormones to stimulate development. Indeed, the ability to isolate cells from many dif-
ferent specialized tissues has existed for only a few decades. Even today, in vitro multiplication
of certain cell types has been achieved with only limited success.

Early approches to reintroducing cells into a recipient were quite simplistic and usually un-
successful. Cells were initially injected as free suspensions in the hope that they would randomly
engraft.

A further challenge to the large-scale development and application of tissue engineering is
the immunologic barrier. Improvements in the understanding of immunology and the ability
to trick the host into thinking foreign cells are “self ” may ultimately allow for implantation of
allograft or even xenograft cells to generate functional tissue. Unfortunately, at this time in his-
tory, the development of a universal donor cell type that can be used to construct the frame-
work of a commercially available cell/polymer construct that will meet the needs of any recip-
ient is still a dream.

After almost 20 years of serious efforts to generate new functional tissue from living cells,
we have learned several basic concepts. Most important, “it is not nice to fool Mother Nature.”
In this respect, many efforts have given the highest degree of success when they have mimic-
ked nature. What we know scientifically is only a minuscule amount of all the processes relat-
ed to the organization, development, and function of living systems. Although numerous the-
ories have been proposed, explored, and replaced by more modern hypotheses, most of the
biologic processes remain a “black box.”

At times, tissue engineering as a science and as a medical discipline has been called “un-
natural.” When one actually considers what physicians have done for centuries, this couldn’t be
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farther from the truth. The basic premise of health care is that the body heals itself. Physicians
do nothing more than support a patient’s vital functions by optimizing the environment most
conducive to healing. Basically, physicians attempt to neutralize hostile factors at the same time
that they enhance the supply of oxygen and nutrients that the body needs to heal itself. A ba-
sic principle of surgery is to debride the dead tissue that is the source of unfavorable chemical
agents and to approximate tissue to protect the tissue from the hostile environment and im-
prove the vascular supply to the injured site. In tissue engineering, we strive to achieve exactly
the same goal. Necrotic and scar tissue are first excised. Rather than the remaining tissue being
approximated to eliminate the dead space, living cells that belong in the injured area are con-
figured to prevent their dissipation, like a scaffolding that dictates shape and function of the
desired tissue by providing structural cues. The scientist then manipulates the environment in
precisely the same manner as the physician, that is, by optimizing the delivery of oxygen to the
site and the elimination of waste products. Under ideal conditions, this will then enable the
body to heal itself. Tissue engineering efforts are focused on the microenvironment as opposed
to the macroenvironment being manipulated in traditional health care.

A more recent critical factor in tissue engineering that is only now being more fully explored
is the source of the cells to be utilized. Several studies have suggested that more immature cells
are able to multiply to a higher degree in vitro than fully differentiated cells of specialized tis-
sues. In contrast to the in vitro multiplication of fully differentiated cells, these immature or
progenitor cells can be induced to differentiate and function after several generations in vitro.
They also appear to have the ability to differentiate into many of the specialized cells found
within specific tissues as a function of the environment in which they are placed.

Finally I believe that it is important to understand the current limitations of the field and
the developments in associated fields on which tissue engineering is predicated. Our expecta-
tions must be aligned with our abilities as the field emerges. In that capacity, the first human
applications may indeed reflect the application of the principles of tissue engineering as a com-
ponent therapy to replace lost function(s) of specific organs or tissue, rather than replacement
of the entire organ. In the instance of liver or pancreas engineering, for example, the patient
may be experiencing only a specific enzymatic defect or may lack the ability to manufacture a
vital hormone or growth factor. Perhaps only a critical mass of functional tissue need be gen-
erated, rather than the entire organ. In this fashion, advances in human application can paral-
lel advances in the science of the field rather than generate unrealistic hopes prematurely.

Although it is believed that developments in this field will result in a tremendous advance
in the treatment of many disease processes, the power of tissue engineering as a model for ex-
ploring changes associated with developmental biology may equal its special applications to
human health care.

In conclusion, a well-thought-out and organized development of the science and applica-
tion of the field of tissue engineering could generate benefits for humankind far into the new
millennium.



The first edition of this textbook, published in 1997, was rapidly recognized as the compre-
hensive textbook of tissue engineering. This edition is intended to serve as a comprehensive

text for the student at the graduate level or the research scientist/physician with a special inter-
est in tissue engineering. It should also function as a reference text for researchers in many dis-
ciplines. It is intended to cover the history of tissue engineering and the basic principles in-
volved, as well as to provide a comprehensive summary of the advances in tissue engineering in
recent years and the state of the art as it exists today.

Although many reviews had been written on the subject and a few textbooks had been pub-
lished, none had been as comprehensive in its defining of the field, description of the scientif-
ic principles and interrelated disciplines involved, and discussion of its applications and po-
tential influence on industry and the field of medicine in the future as the first edition.

When one learns that a more recent edition of a textbook has been published, one has to
wonder if the base of knowledge in that particular discipline has grown sufficiently to justify
writing a revised textbook. In the case of tissue engineering, it is particularly conspicuous that
developments in the field since the printing of the first edition have been tremendous. Even ex-
perts in the field would not have been able to predict the explosion in knowledge associated
with this development. The variety of new polymers and materials now employed in the gen-
eration of engineered tissue has grown exponentially, as evidenced by data associated with spe-
cialized applications. More is learned about cell/biomaterials interactions on an almost daily
basis. Since the printing of the last edition, recent work has demonstrated a tremendous po-
tential for the use of stem cells in tissue engineering. While some groups are working with fe-
tal stem cells, others believe that each specialized tissue contains progenitor cells or stem cells
that are already somewhat committed to develop into various specialized cells of fully differen-
tiated tissue.

Parallel to these developments, there has been a tremendous “buy in” concerning the con-
cepts of tissue engineering not only by private industry but also by practicing physicians in
many disciplines. This growing interest has resulted in expansion of the scope of tissue engi-
neering well beyond what could have been predicted five years ago and has helped specific ap-
plications in tissue engineering to advance to human trials.

The chapters presented in this text represent the results of the coordinated research efforts
of several hundred scientific investigators internationally. The development of this text in a
sense parallels the development of the field as whole and is a true reflection of the scientific co-
operation expressed as this field evolves.

Robert P. Lanza
Robert Langer
Joseph Vacanti
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Although individual papers on various aspects of tissue engineering abound, no previous work
has satisfactorily integrated this new interdisciplinary subject area. Principles of Tissue Engi-

neering combines in one volume the prerequisites for a general understanding of tissue growth
and development, the tools and theoretical information needed to design tissues and organs, as
well as a presentation of applications of tissue engineering to diseases affecting specific organ
system. We have striven to create a comprehensive book that, on the one hand, strikes a bal-
ance among the diversity of subjects that are related to tissue engineering, including biology,
chemistry, materials science, engineering, immunology, and transplantation among others,
while, on the other hand, emphasizing those research areas that are likely to be of most value
to medicine in the future.

The depth and breadth of opportunity that tissue engineering provides for medicine is ex-
traordinary. In the United States alone, it has been estimated that nearly half-a-trillion dollars
are spent each year to care for patients who suffer either tissue loss or end-stage organ failure.
Over four million patients suffer from burns, pressure sores, and skin ulcers, over twelve mil-
lion patients suffer from diabetes, and over two million patients suffer from defective or miss-
ing supportive structures such as long bones, cartilage, connective tissue, and intervertebral
discs. Other potential applications of tissue engineering include the replacement of worn and
poorly functioning tissues as exemplified by aged muscle or cornea; replacement of small cal-
iber arteries, veins, coronary, and peripheral stents; replacement of the bladder, ureter, and fal-
lopian tube; and restoration of cells to produce necessary enzymes, hormones, and other bioac-
tive secretory products.

Principles of Tissue Engineering is intended not only as a text for biomedical engineering stu-
dents and students in cell biology, biotechnology, and medical courses at advanced undergrad-
uate and graduate levels, but also as a reference tool for research and clinical laboratories. The
expertise required to generate this text far exceeded that of its editors. It represents the com-
bined intellect of more than eighty scholars and clinicians whose pioneering work has been in-
strumental to ushering in this fascinating and important field. We believe that their knowledge
and experience have added indispensable depth and authority to the material presented in this
book and that in the presentation, they have succeeded in defining and capturing the sense of
excitement, understanding, and anticipation that has followed from the emergence of this new
field, tissue engineering.

Robert Lanza
Robert Langer

William Chick

PREFACE TO THE FIRST EDITION
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Tissue Engineering 
in Perspective

Eugene Bell

ORIGINS OF TISSUE ENGINEERING

To write a perspective burdens the writer with the task of relating the many aspects of a subject not only to each
other, but also to the subject as a whole. As we begin tracking the origins of tissue engineering, what stands

out from the past, and remains with us in the present, is the role played by surgeons in creating one body part for
another to meet the needs of individual patients. Improvising anatomic repair using an individual’s own organ or
tissue is still a technique often used by the reconstructive surgeon. For example, consider the use of a segment of
ilium to create an ectopic replacement urinary bladder, to which the ureters are sewn at one end, with the other
end everted. The everted end with its exposed mucosa, serving as a stoma, is installed transdermally in the ab-
dominal area, providing an organ through which urine can flow into a sac attached to the surrounding skin. The
procedure has been remarkably successful, but in the new age of tissue engineering, our thinking is directed to the
fabrication of a substitute bladder that the surgeon can take off the shelf.

It was in the tradition of innovative surgical borrowing to rebuild a body part that new materials were sought
to substitute for what the patient’s own tissues might provide. The idea of improving on nature by using man-
made materials was nurtured by the discovery and availability of the new synthetics during World War II. Since
that time of technological expansion, the quest for substitutes for autologous tissues has been a roller-coaster ride.
Thermoplastic synthetic polymers such as nylon, Dacron, polyurethane, polypropylene, and many others, not de-
signed for use in the human body as tissue replacement, were introduced by suppliers of surgical paraphernalia
and were used by practitioners of the art of surgery, for rebuilding damaged, diseased, aged, or genetically defi-
cient body parts. The synthetic materials were introduced into the human body as components of fabricated re-
placement parts at a time when the possibility of reconstituting biologic substitutes was still unexplored. Many of
the postwar synthetics are still in use today, with major questions regarding their efficacy hanging over us.

What was previously called reconstructive surgery came to be called tissue engineering when the focus of at-
tention became the fabrication of living replacement parts for the body in the laboratory. The technology repre-
sented a dramatic shift to the use of the biologic components of actual tissues for reconstructing replacements.
Tissue building as it occurs in organisms during development, and for some body parts throughout life, was be-
ing imitated. The new approach, coming at a time when biotechnology was achieving widespread acceptance,
quickly gained the interest of the financial market and the pharmaceutical companies because of its commercial
potential.

THE TISSUE ENGINEERING TRIAD
As we know, biologic tissues consist of the cells, the extracellular matrix (made up of a complex of cell secre-

tions immobilized in spaces continuous with cells), and the signaling systems, which are brought into play through
differential activation of genes or cascades of genes whose secreted or transcriptional products are responsible for
cueing tissue building and differentiation.

Figure 1 illustrates the triad of tissue engineering, which is based on the three basic components of biologic
tissues. The principal components of scaffolds (into which the extracellular matrix is organized in actual tissues)
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are collagen biopolymers, mainly in the form of fibers and fibrils. Other forms of polymer organization have also
been used (gels, foams, and membranes) for engineering tissue substitutes. The various forms can be combined in
the laboratory to create imitations of biopolymer organization in specific tissues. Scaffolds can be enriched with
signaling molecules, which may be bound to them or infused into them. Figure 1 shows some of the commonly
occurring families of genes whose products play a major role in morphogenesis, pattern formation, and cell dif-
ferentiation, processes that underlie histogenesis and organogenesis. The focus of the triad is the prosthesis.

The incorporation of cells in reconstituted prosthetic tissue devices often can provide the signals needed for
tissue building, but the repertoire of feats of differentiation may be limited (see section on stem cells below). For
example, although cultivated allogeneic keratinocytes and dermal fibroblasts, plus a collagen scaffold, can be as-
sembled into a graftable organ that differentiates a fully formed epidermis, having a stratum corneum with barri-
er properties and a basal lamina, the secondary derivatives such as hair follicles and sebaceous and sweat glands do
not develop. Improving the quality and functionality of tissue-engineered skin will mean the introduction of new
versions of skin that address the clinical needs in a way better than their precursors have addressed them.

Another deficiency of engineered skin, for a number of significant applications, is its susceptibility to de-
composition by metalloproteinases before it can be remodeled into a resistant replacement. Scaffolds of sturdier
composition that will slow down enzyme action but still yield to effective rates of remodeling need to be devel-
oped. The impetus to improve engineered products will naturally be guided by the ideal, represented by evolu-
tion’s achievement, the structure and function of the actual body part. It is to be expected that the competitive
urges in a growing industry will be an important force in the race to imitate nature faithfully. Surely, the missions
of basic scientists will also exert their effect.

Oversimplified materials used for the scaffolding component (the extracellular matrix of the tissue being en-
gineered) may be limiting. If the scaffold cannot provide the developmental signals for tissue building needed by
the cells that are seeded into it in vitro, or mobilized by it in vivo, tissue building might fail, as it does when a
Dacron sleeve is used in vivo to replace a segment of artery. Man-made biopolymers such as poly(l-lactic acid),
poly(glycolic acid), polyglycolide, and poly(l-lactide) have built-in ranges of degradation times that may not be
in tune with the required rate of remodeling characteristic of regeneration, because the polymers are not suscep-
tible to breakdown by metalloproteinases and tryptic enzymes, which function normally in the remodeling of col-
lagen-based scaffolds. If they are out of tune with the remodeling activities of cells that occupy the transient scaf-
folds, including matrix biosynthesis, the process of matrix renewal may be compromised. A potentially valuable
attribute of acellular materials installed in vivo as precursors of tissue replacements is their ability to mobilize ap-
propriate cells from contiguous tissues, circulating body fluids, or stem cell sources, making it unnecessary to pop-
ulate the prosthesis with cells before implantation. Because acellular implants of man-made biopolymers are in-
formation poor, cell mobilization and vascularization may fail, and so may the organization of the mobilized cells
and their secretory output, needed to regenerate a replacement matrix and a functional tissue.

WHAT PARTS OF THE BODY CAN TISSUE 
ENGINEERING REPLACE?

The breadth of possibilities for creating replacement parts was explored very early in the growth of tissue en-
gineering as a discipline. The reconstitution of living tissues—including skin, arteries consisting of three differ-
ent cell types, thyroid gland, and adipose and other tissues—was reported between 1979 and 1986 by E. Bell and
colleagues. Before that period, tissues for transplantation were available from tissue banks, with allogeneic living
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tissues coming into use after the discoveries of the immunosuppressants and the significance of matching tissue
antigenic composition. The requirement of immunosuppressants in the transfer of allogeneic tissues has turned
out not to be absolute. Being able to reconstitute tissues and organs by isolating and serially cultivating the
parenchymal cells of which they consist makes it possible to select out cells of the immune system responsible for
host initiation of graft rejection. The discovery by Sher et al. in 1983 showed that allogeneic skin parenchymal
cells, separated from subsets of immune cells that normally populate the respective tissues of the skin, can be al-
lografted without rejection in the absence of immunosuppressants. The work was the principal basis for the suc-
cess of a non-custom-tailored commercial skin at Organogenesis Inc., a company founded by Bell. Some fresh tis-
sues, such as cartilage (which is not engineered but is considered to be immunologically privileged because it has
no blood circulation, and hence no subsets of cells of the immune system found in most tissues), have been graft-
ed successfully across major histocompatibility barriers in work pioneered by A. E. Gross in Toronto and by oth-
ers. The use of many other cell types for allogeneic grafting needs to be tested, to determine how universal graft-
ing of non-self cell populations, free of immune cells, can become. Since the early work in the 1980s, Bell and
colleagues and others have created prototypes of many additional tissues, including cartilage, ligament, bladder,
periodontal prostheses, periosteal membrane among the soft tissues, and bone precursor cements for hard tissue
replacement. We note that the late Bill Chick was a pioneer in the development of an endocrine pancreas equiv-
alent.

It is not outlandish to consider that one day, replacement parts that are now inanimate devices may be re-
constituted as biologic replicas. Some of the tissues needed for making a biologic limb or a part of one already
have been fabricated. Others, such as cartilage, tendon, ligament, muscle, and bones, are works in progress. The
task ahead is putting some of them together in vitro so that the composite becomes integrated for transplantation
in vivo, in particular, vascularized, and made to function coordinately with the rest of the body, with the help of
an artificial neural network.

ACELLULAR PROSTHESES
The use in animal models and in humans of complex allogeneic and xenogeneic tissues, depleted of their liv-

ing cells by freezing or other methods, has been shown to be immunologically acceptable without the use of im-
munosuppressants. It is known from studies in experimental animals and humans that acellular allogeneic and
xenogeneic implants have been accepted by their hosts. The work of D. W. Metzger with the small intestinal sub-
mucosa developed for many applications by S. W. Badylak has shown that immune responses to xenogeneic acel-
lular tissues are of the Th2 class, not involving fixation of complement or graft rejection, but rather inducing tol-
erance. There has been failure following repeated challenges of grafts by subsequent implants of the antigenic
materials, in attempts to drive the immune reaction into a Th1, cell-mediated rejection response. Because of the
evolutionary conservation of their structural and compositional likeness to the part being replaced, and the de-
gree to which xenogeneic materials lend themselves to remodeling by host cells, the value of various foreign acel-
lular tissues, many available through tissue banks, is becoming well established. Further, the growing economic
success of a number of companies devoted to the use of materials derived from tissue banks is strong testimony to
the foregoing. Processing strategies, including control of pathogenic viruses, developed by some of these compa-
nies have contributed in a major way to the usefulness of the products derived from allogeneic human tissues.

Acellular collagen matrices, in the form of foams with and without bone precursor minerals, have been used
as vehicles for delivering a variety of bone morphogenetic proteins.

THE RELEVANCE OF DEVELOPMENTAL BIOLOGY
The emergence of tissue engineering as a discipline has been stimulated by the necessary reexamination of the

origin of tissues in the organism. (The discussions below of stem cells and signaling molecules, which play a role
in tissue and organ ontogeny, acknowledge the debt to developmental biology studies.) Analyzing the develop-
ment of a tissue reveals the significance of the extracellular matrix as a principal source of information for what
cells do. In the beginning of embryonic development there are, essentially, just cells, expanding their own num-
bers in a rapid sequence of cleavages of the fertilized egg. By the blastula stage, or even the earlier morula stage,
with as few as 128 cells present, secretion of components of the extracellular matrix has already begun. An early
secretory product is collagen. Wessel and McClay (1987) have demonstrated that if collagen biosynthesis is blocked
in the morula stage of sea urchin development—or, more pertinent still, if collagen cross-linking, an extracellu-
lar function performed by the enzyme lysyl oxidase, is prevented by �-aminopropionitrile—development is
brought to a halt. Because development resumes when the blocker is removed, the point is made that the extra-
cellular matrix is a crucial determinant required by cells cooperating in a multicellular complex to carry out their
programs for cell division and morphogenesis. As development progresses, biosynthesis and secretion of structur-
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al and instructive extracellular matrix molecules continue in parallel. Gradually the extracellular matrix becomes
tailored, regionally, to specific tissues and organs as the cells that make them up differentiate, expressing tissue-
specific repertoires of matrix secretions. The early output of collagens in embryogenesis is especially significant,
because in addition to recognizing integrin receptors and through cell-binding ligands, the collagens bind a large
number of different secreted matrix molecules and perform the task of immobilizing many cell-secreted products.
If these products were not immobilized, they would escape and fail to contribute to the molecular diversity of the
extracellular matrix tapestry. The development of the complex extracellular matrix grows as the molecules that
bind to collagen bind other subsets of molecules.

I have dwelt on the origins of the extracellular matrix to bring into focus the design of tissues that are com-
munities of cells in which individual cells, or small groups of cells, as well as large cell masses, are surrounded by
networks of collagen fibrils and fibers. Sheets of cells, including epithelial, mesothelial, and endothelial cells, are
underlaid by a matrix whose principal component is also fibrillar collagen. In either design the extracellular ma-
trix is the product of the cells that live in it, or on it; it is further enriched by paracrine and endocrine secretions
and by products of the wandering cells, such as macrophages, lymphocytes, neutrophils, and mast cells, that move
in and out of it. The extracellular matrix is an extremely complex material of high molecular diversity and mi-
croarchitectural specificity. It is in developing and regenerating systems that the sequence of genes activated to cre-
ate the definitive extracellular matrix can be detailed.

CAN NATURE BE IMITATED?
Meeting the challenge of reconstituting tissues is in a way dependent on how the philosophic question “can

nature be imitated?” is answered. To begin with, what do we mean by “imitated”? There are three senses that can
be discussed: (1) It can mean making an exact or closely approximate biologic replica that exhibits at least some
of the basic properties of the original tissue at the time it is implanted. (2) It can mean providing a much less well-
developed precursor of a biologic substitute, with the expectation that it will be built into a faithful replica. (3) It
can mean using a nonbiologic replacement. Either of the first two approaches might remedy a deficit and restore
functionality in the form of a living tissue or organ. Successful examples of nonbiologic replacement parts are ar-
tificial limbs, dentures, and hearing aids, which are attached to the body but not grafted to it. Another class of
nonbiologic aids includes pacemakers and elements of the skeletal system, including joints with plastic and metal-
lic components, all of which are grafted, but not biologically integrated, remaining inanimate devices. Probably
the most risky adventure in engineering an inanimate replacement part was the attempt to construct a total arti-
ficial heart (TAH) having connections to the major arterial and venous vessels of the host. Apart from the un-
wieldy size of the TAH, the incredible difficulty of compliance matching of the artificial to the native arterial ves-
sels may have been given too little attention early on. Mismatches result in great turbulence of flow, as does flow
through mechanical chambers of improper design, resulting in blood clot formation. With a heightened aware-
ness of past problems there is a new optimism abroad. New research and development on the TAH is being sup-
ported at the Texas Medical Center’s Texas Heart Institute, which provides a history of their Mechanical Circula-
tory Support program at their internet site (http:/www.tmc.edu/thi/mcshist.html). In current development are
ventricular assist devices designed to give weak hearts the boost they need to function more adequately and to serve
as interim helpers for those awaiting a heart transplant.

We may believe that nature can be imitated biologically, but it is difficult to conceive, however imperfect na-
ture is, that it can be improved. The sense in which this is meant is that it will be difficult if not impossible to im-
prove the genetically and developmentally normal endowments that define the character of tissues, such as the tis-
sue scaffolds (the extracellular matrix of tissues) and the signaling systems needed for tissue development. We are
reluctant to say absolutely that synthetic materials that precisely imitate body parts will not succeed, but given the
number of genes involved in the signaling systems and the tissue scaffold systems, asking for an improvement in
the roles of these complex components in the course of tissue development is like asking for a chance to evolve
again. What is germaine for tissue engineering is the task of improving the lives of individuals undermined by ge-
netic and developmental aberrations, which are often expressed early, and by the degenerative diseases of aging,
such as atherosclerosis, kidney failure, osteoporosis, arthritis, and skeletal wear and tear. In these individuals, de-
generative states and the imperfect endowments of nature surely can be improved. Implanting an arterial substi-
tute that resists intimal or medial hyperplasia in an individual with a propensity for atherosclerosis would provide
a greatly improved vessel compared to the naturally endowed but disease-ridden vessel for which it is a substitute.

The probability seems low that nonbiologic synthetic materials that precisely imitate body parts and retain
their properties without degenerating will be discovered and used successfully as prostheses; it is more likely that
alternative strategies are closer at hand. Awakening the capacity of the body to regenerate by giving it assistance
in the form of bioabsorbable remodelable scaffolds, instructive molecules, and cells, if they are not available to be
mobilized, is the essence of current trends.
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THE NEED FOR VASCULARIZATION IN VITRO AND IN VIVO
It is no small task to design living prosthetic devices so that the cells seeded into them can survive until the im-

plant acquires a circulation. It can be expected that there will be a risk of nonsurvival for cells deep in the pros-
thesis. Reducing the risk will depend on the use of angiogenic cytokines and tricks of tissue design that can provide
access of a medium in vitro and can promote development of an adequate circulation sufficiently rapidly in vivo.
We look forward to the possibility that small arteries and veins can be built into the prosthesis to make contact with
a capillary bed in vitro under the influence of angiogenic factors. The small arteries and veins would eventually be
anastomosed to those of the host. Much experimental work is needed to achieve the foregoing. Obviously the rate
of diffusibility of tissue fluids and large molecules allowed by a prosthesis will be one of its important properties.

Although vascular prostheses may be needed to serve other engineered tissues of substance in vitro and after-
ward in vivo, a great need for them exists as stand-alone devices for replacing both peripheral and coronary sites
affected by arterial disease. There has been a considerable history of preclinical and clinical trials both of natural
vessels, mainly veins, and of nonbiologic synthetic prostheses. Those made with nonbiologic synthetic polymers
have had limited replacement value and basically have not yet proved themselves. Although the materials were not
strongly immunogenic, some elicited persistent inflammatory reactions and others were erodable; none was ade-
quately compliant or able to integrate with host tissues. Remembering that these new polymers have never before
been encountered by cells in the course of evolution, it is remarkable that, as foreign bodies, they have been tol-
erated as well as they have. It is thought by some that self-degrading man-made biopolymers have a future in tis-
sue engineering, even though they are unfamiliar to cells and suffer the shortcomings discussed above. One promis-
ing possibility is that they may be replaced in vivo in a timely fashion by native scaffolds built by the cells seeded
into them. But reconstituting arterial vessels entirely with biologic components—that is, with cells and naturally
occurring extracellular matrix polymers such as collagen, which are also bioabsorbable and remodelable—has been
in progress for some years, with significant advances being made over the earlier efforts. It has been suggested that
genetically engineered smooth muscle cells can be made refractory to mitogenic stimuli that induce medial and
intimal hyperplasia. The use of this and other genetic strategies may not be far off.

STEM CELLS
Scaffolds can be populated with adult-derived cells that are capable of undergoing subsequent differentiation

after being cultivated in vitro. In this category are cells of the skin, cartilage, muscle, tendon, ligament, bone, adi-
pose tissue, endothelium, and many others. Aside from skin, the foregoing cell types are harbored as stem cell pop-
ulations in the marrow, in addition to those of the hematopoietic and immune systems, but the diversity of mes-
enchymal and possibly other cell types in the marrow still needs to be probed. Stimulating factors, the cytokines,
which move some of the cells into the circulation, will be important for engineering acellular scaffolds. Other stem
cells are available to tissue engineering, such as the satellite cells found in striated muscle and to some degree ker-
atinocytes of the skin. Where host cells are available, an acellular scaffold, particularly one enhanced with signals
and possessing the binding sites needed for cell attachment, can mobilize host cells that will populate the pros-
thesis. Already, new sources of stem cells, particularly neuronal stem cells, have been discovered in the adult brain
and are opening the door to the reconstitution of nerve tissue for tissue engineering. In addition to the striatum,
which harbors extracellular growth factor-responsive stem cells, other central nervous system sources of stem cells
in adult vertebrates include the hippocampus and the periventricular subependymal zone. Stem cells giving rise
to neuronal and glial phenotypes, from the adult rat hippocampus, are isolated with the help of fibroblast growth
factor 2 and are stimulated to differentiate with the help of retinoic acid. Stem cells from these sources are also
present in the adult human brain.

The discovery that embryonic stem cells can be recovered from human fetal tissue and propagated for long
periods without losing their toti- or pluripotency is of huge importance for tissue engineering. How to direct their
differentiation is a subject of high current interest.

Engineered cells, endowed with regulators of cell division, or in which expression of specific gene products
may be promoted or on which immunologic neutrality may be conferred, will no doubt become common in the
future.

CELL SIGNALING
We currently are witnessing an explosion of information relating to cell signaling, implicated in a broad range

of developmental activities, including the establishment of the embryonic axis, the formation and differentiation
of somites, the establishment of the central and peripheral nervous systems, and many other histio- and
organogenic activities. The National Institute of Health Science Cell Signaling Networks Database (CSNDB) on
the internet (http://geo.nihs.go.jp/csndb) lists signaling molecules, their pathways, and original articles. The size
of the database conveys the breadth of work in progress in the field.
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Responsible for establishing the overall pattern of the body and involved in differentiation of the nervous sys-
tem and limb development is the homeobox gene family. Its products are transcription factors, which are not se-
creted but work intracellularly. Mammals, mice, and humans, for example, have four clusters of homeobox genes,
each on a different chromosome. The order of gene activation progresses from 3� to 5� through the gene sequence,
with the expression of each successive gene in the complex being colinear with the anterior–posterior axis of the
body plan and the specific organ system undergoing development. What happens to a cell depends on where it is.
It is thought that a gradient of secreted Sonic hedgehog (Shh) protein may be responsible for the regionally dif-
ferential activation of particular genes in the homeobox complex.

Although it appears that cascades of gene activation are implicated in the building of many tissues and or-
gans, there cannot be an infinite regression of gene activation by products of genes that must in turn be expressed.
At various points in the causal chain of epigenesis, physical factors and nongenetic chemical factors, distributed
asymmetrically in the fertilized egg and partitioned during cleavage, may be the early initiators of gene function.
Later in development as well, many events of differentiation may be initiated by nongenetic signals. One princi-
ple of signaling has become clear: multiple signals appear to be required for tissue building. For example, at least
five signaling molecules appear to direct the events associated with the differentiation of the dorsal compartment
of the somite into epaxial muscle, dermis, and hypaxial muscle. Many other multiple signaling pathways also have
been identified. For tissue engineering a holistic approach to signaling based on the use of multiple signals iden-
tified in developmental studies may yield results superior to those achieved with single growth factors, as exem-
plified in orthopedic applications. Bell (United States Patent numbers 5,800,537 and 5,893,888) and co-workers
have been isolating and testing complexes of tissue-specific signals [animal-derived extracellular matrix (ADMAT)]
processed from developing tissues. A dental ADMAT combined with an injectible bone precursor cement has been
used successfully to promote bone development around titanium implants in dogs. Along with their co-workers,
T. M. Sioussat (of Tissue Engineering Inc.) and D. W. Meraw (of the Mayo Clinic) led development of the com-
pany’s bone precursor cement and the dental ADMAT in which there were multiple growth factors in picogram
quantities, distinguished from individual cytokine products used in microgram quantities, to stimulate new bone
formation.

LOOKING FORWARD
The excitement of tissue engineering, conveyed in the chapters of this volume, lies in the challenge of imi-

tating nature, and in the opportunity to witness the outcomes of a discovery or invention, because the interval be-
tween conception and clinical realization of a new device or treatment is, in our time, telescoped. The value, too,
of viewing cells as they are organized in vivo, by developing in vitro model tissue and organ systems for studying
normal and disease states of cell replication, morphogenesis, and differentiation, represents a new opportunity. To
meet the task of reconstituting tissues in vitro, understanding how tissues are built in vivo is the overwhelming
challenge. The general question for those in tissue engineering asks what instructions cells need for organizing into
tissues. More specifically, which cells are capable of responding to instructions in the form of signals? If they are
hidden stem cells, how can they be harvested? How are responsive cells induced to increase their numbers? And
how are these cells primed to engage in the synthesis of tissue-specific products? Which signals are needed to trig-
ger the causal chain of tissue development? Is it indeed an isolated cascade or are tissue interactions required for
release of signals? Moving on, what materials are synthesized for extracellular transport as a result of signals re-
ceived? How are the secreted materials assembled into structures such as collagen fibrils and fibers that persist and
serve as the tissue’s scaffold, around which the remainder of the extracellular matrix is built? What do the anatom-
ic and chemical fine structures of the extracellular matrix look like? Finally, how do the reconstituted tissues fare
in the hosts in which they are implanted? The questions asked are relevant for the task.

The study of these questions is subsumed not by a single discipline, but by many, including microanatomy;
cell, molecular, and developmental biology; immunology; materials science; and branches of engineering able to
inquire into the modes of action of the physical forces on which many developmental phenomena depend. The
present volume is authored by practitioners of a number of the above-mentioned disciplines as well as by others
relevant for tissue engineering, reflecting the multidisciplinary character of the new field, which is truly beginning
to define itself.
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The History and Scope 
of Tissue Engineering

Joseph P. Vacanti and Charles A. Vacanti

INTRODUCTION

During the past decade—in fact, since the publication of the first edition of this book in 1997—
the field of tissue engineering has grown at a seemingly logarithmic rate. The expansion has

not only been in interest but also in new knowledge. Major efforts in the field are now underway
in most of the developed countries of the world. During the past 5 years studies of many scientif-
ic investigators have been coordinated in a collaborative effort seldom seen. Research facilities are
exchanging both data and scientists to codevelop ideas and projects targeted for human studies.
Regulatory agencies are working closely with academic institutions and private industry voluntar-
ily to develop guidelines prospectively in preparation for human applications.

The hope that the concepts and techniques of tissue engineering can be applied to human
disease is rapidly becoming reality, driven by the profound need for and realistic potential of this
new discipline. To understand the factors that have enabled the emergence and rapid growth of
this field, it is perhaps helpful to examine its roots in the context of historical developments. Al-
though the practice of medicine is as old as humankind, its scientific roots have emerged from the
development of the scientific method in the Western tradition. When tissues and organs are dam-
aged by infection, disease, or injury, the first priority has always been the development of meth-
ods to salvage life. Infection could be controlled by drainage of pus and little else until the revo-
lution of antibiotic therapy. With the nineteenth-century scientific understanding of the germ
theory of disease and the introduction of sterile technique, modern surgery had its emergence. The
advent of anesthesia by the midninteenth century enabled the rapid evolution of many surgical
techniques. With patients anesthetized, innovative and courageous surgeons could save lives by ex-
amining and treating internal areas of the body: the thorax, the abdomen, the brain, and the heart.
Initially the surgical techniques were primarily extirpative—for example, removal of tumors, by-
pass of the bowel in the case of intestinal obstruction, and repair of life-threatening injuries. Main-
tenance of life without regard to the crippling effects of tissue loss or the psychosocial impact of
disfigurement, however was not an acceptable end goal. Techniques that resulted in the restora-
tion of function through structural replacement became integral to the advancement of human
therapy.

Artificial or prosthetic materials for replacing limbs, teeth, and other tissues resulted in the
partial restoration of lost function. Also, the concept of using one tissue as a replacement for an-
other was developed. In the sixteenth century, Tagliacozzi of Bologna, Italy, reported in his work,
“De Custorum Chirurigia per Insitionem,” a description of a nose replacement that he construct-
ed from a forearm flap. With the advent of modern concepts of sterility and anesthesia, whole fields
of reconstructive surgery have emerged to improve the quality of life by replacing missing func-
tion through rebuilding body structures. In our current era, modern techniques of transplanting
tissue from one individual into another have been revolutionary and lifesaving.

CHAPTER 1
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The molecular and cellular events of the immune response have been elucidated sufficiently
to suppress the response in the clinical setting of transplantation and to produce prolonged graft
survival and function in patients. In a sense, transplantation can be viewed as the most extreme
form of reconstructive surgery, transferring tissue from one individual into another. As with any
successful undertaking, new problems have emerged. Techniques using implantable foreign body
materials have produced dislodgment, infection at the foreign body/tissue interface, fracture, and
migration over time. Techniques moving tissue from one position to another position have pro-
duced biologic changes because of the abnormal interaction of the tissue at its new location. For
example, diverting urine into the colon can produce fatal colon cancers 20–30 years later. Mak-
ing esophageal tubes from the skin can result in skin tumors 30 years later. Using intestine for uri-
nary tract replacement can result in severe scarring and obstruction over time.

Transplantation from one individual into another, although very successful, has severe con-
straints. The major problem is accessing enough tissue and organs for all of the patients who need
them. Currently, 65,000 people are on transplant waiting lists in the United States, and many will
die waiting for available organs. Also, problems with the immune system produce chronic rejec-
tion and destruction over time. Creating an imbalance of immune surveillance from immuno-
suppression can cause new tumor formation. These constraints have produced a need for new so-
lutions to provide needed tissue.

It is within this context that the field of tissue engineering has emerged. In essence, new and
functional living tissue is fabricated using living cells, which are usually associated in one way or
another with a matrix or scaffolding to guide tissue development. Such scaffolds can be natural,
man-made, or a composite of both. Living cells can migrate into the implant after implantation
or can be associated with the matrix in cell culture before implantation. Such cells can be isolated
as fully differentiated cells of the tissue they are hoped to recreate, or they can be manipulated to
produce the desired function when isolated from other tissues or stem cell sources. Conceptually,
the application of this new discipline to human health care can be thought of as a refinement of
previously defined principles of medicine. The physician has historically treated certain disease
processes by supporting nutrition, minimizing hostile factors, and optimizing the environment so
that the body can heal itself. In the field of tissue engineering, the same thing is accomplished on
a cellular level. The harmful tissue is eliminated, and cells necessary for repair are then introduced
in a configuration optimizing survival of the cells in an environment that will then permit the body
to heal itself. Tissue engineering offers an advantage over cell transplantation alone in that orga-
nized three-dimensional functional tissue is designed and developed. This chapter summarizes
some of the challenges that must be resolved before tissue engineering can become part of the ther-
apeutic armamentarium of physicians and surgeons. Broadly speaking, the challenges are scientif-
ic and social.

SCIENTIFIC CHALLENGES
As a field, tissue engineering has been defined for little more than a decade. Much still needs

to be learned and developed to provide a firm scientific basis for therapeutic application. To date,
much of the progress in this field has been related to the development of model systems, which
have suggested a variety of approaches. Also, certain principles of cell biology and tissue develop-
ment have been delineated. The field can draw heavily on the explosion of new knowledge from
several interrelated well-established disciplines, and, in turn, may promote the coalescence of rel-
atively new, related fields to achieve their potential. The rate of new understanding of complex liv-
ing systems has been explosive in the past three decades. Tissue engineering can draw on the knowl-
edge gained in the fields of cell biology, biochemistry, and molecular biology and apply it to the
engineering of new tissues. Likewise, advances in materials science, chemical engineering, and bio-
engineering allow the rational application of engineering principles to living systems. Yet another
branch of related knowledge is the area of human therapy as applied by surgeons and physicians.
In addition, the fields of genetic engineering, cloning, and stem cell biology may ultimately de-
velop hand in hand with the field of tissue engineering in the treatment of human disease, each
discipline depending on developments in the others.

We are in the midst of a biologic renaissance. Interactions of the various scientific disciplines
can elucidate not only the potential directions of each field of study, but also the right questions
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to address. The scientific challenge in tissue engineering lies both in understanding cells and their
mass transfer requirements, and the fabrication of materials to provide scaffolding and templates.

Cells
If we postulate that living cells are required to fabricate new tissue substitutes, much needs to

be learned in regard to their behavior in two normal circumstances—namely, normal development
in morphogenesis and normal wound healing. In both of these circumstances, cells create or recre-
ate functional structures using pre-programmed information and signaling. Some approaches to
tissue engineering rely on guided regeneration of tissue using materials that serve as templates for
ingrowth of host cells and tissue. Other approaches rely on cells that have been implanted as part
of an engineered device. As we understand normal developmental and wound healing gene pro-
grams and cell behavior, we can use them to our advantage in the rational design of living tissues.

Acquiring cells for creation of body structures is a major challenge, the solution of which con-
tinues to evolve. The ultimate goal in this regard—the large-scale fabrication of structures—may
be to create large cell banks composed of universal cells that would be immunologically transpar-
ent to any individual. These universal cells could be differentiated cell types that could be accept-
ed by any individual or could be stem cell reservoirs, which could respond to signals to differentiate
into differing lineages for specific structural applications. Much is already known about stem cells
and cell lineages in the bone marrow and blood. Studies suggest that progenitor cells for many dif-
ferentiated tissues exist within the marrow and blood, and may very well be ubiquitous. Our
knowledge of the existence and behavior of such cells in various mesenchymal tissues (muscle,
bone, and cartilage), endodermally derived tissues (intestine and liver), or ectodermally derived
tissues (nerves, pancreas, and skin) expands on a daily basis. A new area of stem cell biology in-
volving embryonic stem cells holds promise for tissue engineering. The challenge to the scientific
community is to understand the principles of stem and progenitor cell biology and then apply it
to tissue engineering. The challenge to the scientific community is to understand the principles of
stem and progenitor cell biology and then apply it to tissue engineering. The development of im-
munologically inert universal cells may come from advances in genetic manipulation.

As intermediate steps, tissue can be harvested as allograft, autograft, or xenograft. The tissues
can then be dissociated and placed into cell culture, where proliferation of the cells can be initiat-
ed. After expansion to the appropriate cell number, the cells can then be transferred to templates,
where further remodeling can occur. Which of these strategies are practical and possibly applica-
ble in humans remains to be explored.

Large masses of cells for tissue engineering need to be kept alive, not only in vitro but also in
vivo. The design of systems to accomplish this, including in vitro flow bioreactors and in vivo strate-
gies for maintenance of cell mass, presents an enormous challenge in which significant advances
have been made. The fundamental biophysical constraint of mass transfer of living tissue needs to
be understood and dealt with on an individual basis as we move toward human application.

Materials
There are so many potential applications to tissue engineering that the overall scale of the un-

dertaking is enormous. The field is ripe for expansion, and requires training of a generation of ma-
terials scientists and chemical engineers.

The optimal chemical and physical configurations of new biomaterials as they interact with
living cells to produce tissue-engineered constructs are under study by many research groups. These
biomaterials can be permanent or biodegradable. They can be naturally occurring materials, syn-
thetic materials, or hybrid materials. They need to be developed to be compatible with living sys-
tems or with living cells in vitro and in vivo. Their interface with the cells and the implant site must
be clearly understood so that the interface can be optimized. Their design characteristics are ma-
jor challenges for the field, and should be considered at a molecular chemical level. Systems can
be closed, semipermeable, or open. Each design should factor in the specific replacement therapy
considered. Design of biomaterials can also incorporate the biologic signaling that the materials
may offer. Examples include release of growth and differentiation factors, design of specific re-
ceptors and anchorage sites, and three-dimensional site specificity using computer-assisted design
and manufacture techniques.
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GENERAL SCIENTIFIC ISSUES
As new scientific knowledge is gained, many conceptual issues need to be addressed. Related

to mass transfer is the fundamental problem associated with nourishing tissue of large mass as op-
posed to tissue with a relatively high ratio of surface area to mass. Also, functional tissue equiva-
lents necessitate the creation of composites containing different cell types. For example, all tubes
in the body are laminated tubes composed of a vascularized mesodermal element such as smooth
muscle, cartilage, or fibrous tissue. The inner lining of the tube, however, is specific to the organ
system. Urinary tubes have a stratified transitional epithelium. The trachea has a pseudostratified
columnar epithelium. The esophagus has an epithelium that changes along a gradient from mouth
to stomach. The intestine has an enormous, convoluted surface area of columnar epithelial cells
that migrate from a crypt to the tip of the villus. The colonic epithelium is, again, different for the
purposes of water absorption and storage.

Even the well-developed manufacture of tissue-engineered skin used only the cellular elements
of the dermis for a long period of time. Attention is now focusing on creating new skin consisting
of both the dermis and its associated fibroblasts, as well as an epithelial layer consisting of ker-
atinocytes. Obviously, this is a significant advance, but for truly “normal” skin to be engineered,
all of the cellular elements should be contained, so that the specialized appendages can be gener-
ated as well. These “simple” composites will indeed prove to be quite complex and require intri-
cate designs. Thicker structures with relatively high ratios of surface area to mass, such as liver, kid-
ney, heart, breast, or central nervous system, will offer other engineering challenges.

Currently, studies for developing and designing materials in three-dimensional space are be-
ing developed utilizing both naturally occurring and synthetic molecules. The applications of com-
puter-assisted design and manufacture techniques to the design of these matrices are critically im-
portant. Transformation of digital information obtained from magnetic resonance scanning or
computerized tomography scanning can then be developed to provide appropriate templates.
Some tissues can be designed as universal tissues that will be suitable for any individual, or may be
custom-designed tissues specific to one patient. An important area for future study is the entire
field of neural regeneration, neural ingrowth, and neural function toward end organ tissues such
as skeletal or smooth muscle. Putting aside the complex architectural structure of these tissues, the
cells contained in them have a very high metabolic requirement. As such, it is exceedingly diffi-
cult to isolate a large number of viable cells. An alternate approach may be the use of less mature
progenitor cells, or stem cells, which not only would have a higher rate of survival as a result of
their lower metabolic demand, but also would be more able to survive the insult and hypoxic en-
vironment of transplantation. As stem cells develop and require more oxygen, their differentiation
may stimulate the development of a vascular complex to nourish them. The understanding of and
solutions to these problems are fundamentally important to the success of any replacement tissue
that needs ongoing neural interaction for maintenance and function.

It has been shown that some tissues can be driven to completion in vitro in bioreactors. How-
ever, the optimal incubation times will vary from tissue to tissue. Even so, the new tissue will re-
quire an intact blood supply at the time of implantation for successful engraftment and function.

Finally, all of these characteristics need to be understood in the fourth dimension of time. If
tissues are implanted in a growing individual, will the tissues grow at the same rate? Will cells tak-
en from an older individual perform as young cells in their new “optimal” environment? How will
the biochemical characteristics change over time after implantation? Can the strength of structur-
al support tissues such as bone, cartilage, and ligaments be improved in a bioreactor in which force
vectors can be applied? When is the optimal timing of this transformation? When does tissue
strength take over the biomechanical characteristics as the material degrades?

SOCIAL CHALLENGES
If tissue engineering is to play an important role in human therapy, in addition to scientific

issues, fundamental issues that are economic, social, and ethical in nature will arise. Something as
simple as a new vocabulary will need to be developed and uniformly applied. A universal problem
is funding. Can philanthropic dollars be accessed for the purposes of potential new human thera-
pies? Will industry recognize the potential for commercialization and invest heavily? If this occurs,
will the focus be changed from that of a purely academic endeavor? What role will governmental
agencies play as the field develops? How will the field be regulated to ensure its safety and effica-
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cy prior to human application? Is the new tissue to be considered transplanted tissue and, there-
fore, not subject to regulation, or is it a pharmaceutical that must be subjected to the closest scruti-
ny by regulatory agencies? If lifesaving, should the track be accelerated toward human trials?

There are legal ramifications of this emerging technology as new knowledge is gained. What
becomes proprietary through patents? Who owns the cells that will be sourced to provide the liv-
ing part of tissue fabrication?

In summary, one can see from this brief overview that the challenges in the field of tissue en-
gineering remain significant. All can be encouraged by the progress that has been made in the past
few years, but much discovery lies ahead. Ultimate success will rely on the dedication, creativity,
and enthusiasm of those who have chosen to work in this exciting but still unproved field.
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The Challenge 
of Imitating Nature

Robert M. Nerem

INTRODUCTION

Tissue engineering has the potential to address the transplantation crisis caused by the shortage
of donor tissues and organs. It is through the imitation of nature that tissue engineering will

be able to address this patient need; however, a number of challenges need to be faced. In the area
of cell technology, these include cell sourcing, the manipulation of cell function, and the future,
effective use of stem cell technology. Next are those issues that are part of construct technology,
and these include the design and engineering of tissue like constructs and the manufacturing tech-
nology required to provide off-the-shelf availability to the clinician. Finally, there are those issues
associated with the integration of a construct into the living system, with the most critical issue
being the engineering of immune acceptance. Only if we can meet the challenges posed by these
issues and only if we can ultimately address the tissue engineering of the most vital of organs, will
we be successful in confronting the crisis in transplantation.

An underlying supposition of tissue engineering is that the employment of the natural biol-
ogy of the system will allow for greater success in developing therapeutic strategies aimed at the
replacement, repair, maintenance, and/or enhancement of tissue function. Another way of saying
this is that just maybe the great creator, in whatever form one believes he or she exists, knows some-
thing that we mere mortals do not, and if we can only “tap” into a small part of this knowledge
base, if we can only imitate nature in some small way, then we will be able to achieve greater suc-
cess in our efforts to address patient needs in this area.

It is this challenge of imitating nature that has been accepted by those who are providing lead-
ership to this new area of technology called tissue engineering (Langer and Vacanti, 1993; Nerem
and Sambanis, 1995). To imitate nature requires that we first understand the basic biology of the
tissues of interest; with this we then can develop methods for the control of these biologic pro-
cesses, and based on the ability to control we finally can develop strategies either for the engineering
of living tissue substitutes or for the fostering of tissue repair or remodeling.

It is not only tissues that are of interest, but in many cases entire organs. In fact, even though
the initial successes have been substitutes for skin, a relatively simple tissue, in the long term tis-
sue engineering has the potential for creating vital organs such as the kidney, the liver, and the pan-
creas. Some even believe it will be possible to tissue engineer an entire heart. In addressing the re-
pair and/or replacement of such vital organs, tissue engineering has the potential literally to
confront the transplantation crisis, i.e., the shortage in donor tissues and organs available for trans-
plantation.

Although research in what we now call tissue engineering started a quarter of a century ago,
the term tissue engineering was not “coined” until 1987 when Professor Y. C. Fung, from the Uni-
versity of California, San Diego, suggested this name at a National Science Foundation meeting.
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Since then there has been a large expansion in research efforts in this field, and as the technology
has become further developed, an industry has begun to emerge. This industry is still very much
a fledgling one, with only a few companies possessing product income streams. A study based on
1997 data documents a total of 35 companies active in the field, with $430 million annually in
industrial research and development taking place, and an annual growth rate of 20% (Lysaght et
al., 1998). Tissue engineering is literally at the interface of the traditional medical implant indus-
try and the biological revolution (Galletti et al., 1995). By harnessing the products of this revolu-
tion and the continuing advances in molecular and cell biology, there will be an entirely new gen-
eration of tissue and organ implants. With this there is the potential for a multibillion dollar tissue
engineering industry, one that is estimated to be in excess of $20 billion by the year 2020.

Such a revolution in the medical implant industry will only occur, however, if we successful-
ly meet the challenge of imitating nature. Thus, in the remainder of this chapter the critical issues
involved in this will be addressed. This is done by first discussing those issues associated with cell
technology, i.e., issues important in cell sourcing and in the achievement of the functional char-
acteristics required of the cells to be employed. Next to be discussed are those issues associated with
construct technology. These span from the organization of cells into a three-dimensional archi-
tecture that functionally mimics tissue to the technologies required to manufacture such products
and provide tissue substitutes off the shelf to the clinician. Finally, issues involved in the integra-
tion of a living cell construct into, or the fostering of remodeling within, the living system will be
discussed. These range from the use of appropriate animal studies to the issues of biocompatibil-
ity and immune acceptance. Success in tissue engineering will only be achieved if issues at these
three different levels, i.e., cell technology, construct technology, and the technology for integra-
tion into the living system, can be addressed.

CELL TECHNOLOGY

Cell Sourcing
The starting point for any attempt to engineer a tissue or organ substitute is a consideration

of the cells to be employed. Not only will one need to have a supply of sufficient quantity and one
that can be ensured to be free of pathogens and contamination of any type whatsoever, but one
will need to decide whether the source to be employed is to provide autologous, allogeneic, or
xenogeneic cells. As indicated in Table 2.1, there are both advantages and disadvantages to each of
these.

The skin substitutes developed by Organogenesis (Canton, MA) and Advanced Tissue Sci-
ences (La Jolla, CA) represent the first tissue-engineered products, and these in fact use allogene-
ic cells. The Organogenesis product, Apligraf, is a bilayer model of skin involving fibroblasts and
keratinocytes that are obtained from donated human foreskin (Parenteau, 1999). Apligraf already
is approved by the Food and Drug Administration (FDA). The first tissue-engineered product ap-
proved by the FDA was the Advanced Tissue Sciences product, TransCyte. Approved initially for
third-degree burns, TransCyte is made by seeding dermal fibroblasts in a polymeric scaffold; how-
ever, once cryopreserved it becomes a nonliving wound covering. The living product of Advanced
Tissue Sciences is still undergoing clinical trials, but is a dermis model, also with dermal fibroblasts
obtained from donated human foreskin (Naughton, 1999). Even though the cells employed by
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Table 2.1. Cell source

Type Comments

Autologous Patient’s own cells; immune acceptable, does not lend itself 
to off-the-shelf availability

Allogeneic Cells from other human sources; lends itself to off-the-shelf 
availability, but may require engineering immune acceptance

Xenogeneic From different species; not only requires engineering immune 
acceptance, but must be concerned with animal virus transmis-
sion



both Organogenesis and Advanced Tissue Sciences are allogeneic, immune acceptance did not have
to be engineered because both the fibroblast and the keratinocyte do not constitutively express ma-
jor histocompatibility complex (MHC) II antigens.

For the next generation of tissue-engineered products, which will involve other cell types,
however, the immune acceptance of allogeneic cells will be a critical issue in many cases. As an ex-
ample, consider a blood vessel substitute that employs both endothelial cells and smooth muscle
cells. Although allogeneic smooth muscle cells may be immune acceptable, allogeneic endothelial
cells certainly would not be. Thus, for the latter, one either uses autologous cells or else engineers
the immune acceptance of allogeneic cells, as will be discussed in a later section. Undoubtedly the
first human trials will be done using autologous endothelial cells; however, it would appear that
the use of such cells would severely limit the availability of a blood vessel substitute. Only by mov-
ing away from the use of autologous cells does the opportunity for off-the-shelf availability to the
clinician and thus routine use become possible.

Cell Function and Genetic Engineering
Once one has selected the cell type(s) to be employed, then the next issue relates to the ma-

nipulation of the functional characteristics of a cell so as to achieve the behavior desired. This can
be done either by (1) manipulating a cell’s extracellular environment, e.g., its matrix, the me-
chanical stresses to which it is exposed, or its biochemical environment, or by (2) manipulating a
cell’s genetic program. In regard to the latter, the manipulation of a cell’s genetic program could
be used as an ally to tissue engineering in a variety of ways. A partial list of possibilities includes
the alteration of matrix synthesis; inhibition of the immune response; enhancement of non-
thrombogenicity, e.g., through increased synthesis of antithrombotic agents; engineering the se-
cretion of specific biologically active molecules, e.g., a specific insulin secretion rate in response to
a specific glucose concentration; or the alteration of cell proliferation.

Much of the above is in the context of creating a cell-seeded construct that can be implanted
as a tissue or organ substitute; however, the fostering of the repair or remodeling of tissue also rep-
resents tissue engineering. Here the use of genetic engineering might take a form that is more what
we would call gene therapy. An example of this would be the introduction of growth factors to fos-
ter the repair of bone defects. In using a gene therapy approach to tissue engineering it should be
recognized that in many cases only a transient expression will be required. Because of this, the use
of gene therapy as a strategy in tissue engineering may become viable prior to its employment in
treating genetically related diseases.

Stem Cell Technology
Returning to the issue of cell selection, there is considerable interest in the use of stem cells,

the “mother” cells within the body, as a primary source for therapies based on cell and tissue re-
placement (Solter and Gearhart, 1999). The excitement about stem cells reached a new height with
two articles in the November 6, 1998, issue of Science. These reported the isolation of the first lines
of human embryonic stem cells.

There are in fact a variety of different stem cells, and Table 2.2 summarizes the types of hu-
man stem cells that have been isolated. The data are from the brief review of Vogel (1999) and the
question marks in Table 2.2 simply indicate where there is still some uncertainty. Of most inter-
est are the embryonic stem cells. These embryonic stem cells are pluripotent, i.e., capable of dif-
ferentiating into many cell types, and perhaps are even totipotent, i.e., capable of developing into
all cell types.

Although we are quite a long way from being able to use embryonic stem cells, there already
is at least one company, Osiris Therapeutics (Baltimore, MD), working with stem cells in the con-
text of tissue engineering. In this case they are using mesenchymal stem cells and the applications
on which they are focusing are primarily in the orthopedic area.

To take full advantage of stem cell technology, however, it will be necessary to understand how
a stem cell differentiates into a tissue-specific cell. This requires knowledge not just about the mo-
lecular pathways of differentiation, but even more importantly the identification of the combina-
tion of signals leading to a stem cell becoming a specific type of differentiated tissue cell. Only with
this will it be possible to channel a stem cell, as an example, into an endothelial cell for use in a
blood vessel substitute as compared to a hepatocyte for a tissue-engineered liver.
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CONSTRUCT TECHNOLOGY

Construct Design and Engineering
With the selection of a source of cells, the next challenge in imitating nature is to develop a

model in which these cells are organized in a three-dimensional architecture and with functional
characteristics such that a specific tissue is mimicked. This design and engineering of a tissue like
substitute is a challenge in its own right.

There are many possible approaches, and these are summarized in Table 2.3. One of these, of
course, is a cell-seeded polymeric scaffold, an approach pioneered by Langer and his collaborators
(Langer and Vacanti, 1993; Cima et al., 1991). This technology is being used by Advanced Tissue
Sciences, and many consider this the classic tissue engineering approach. There are others, how-
ever, with one of these being a cell-seeded collagen gel. This approach was pioneered by Bell in the
late 1970s and early 1980s (Bell et al., 1979; Weinberg and Bell, 1986), and is being used by
Organogenesis in their skin substitute, Apligraf.

A rather intriguing approach is that of Auger and his group in Quebec, Canada (Auger et al.,
1995; Heureux et al., 1998). Auger refers to this as cell self-assembly, and it involves a layer of cells
secreting their own matrix, which over a period of time becomes a sheet. Originally developed as
part of the research on skin substitutes by Auger’s group, it has been extended to other applica-
tions. For example, the blood vessel substitute developed in Quebec involves rolling up one of
these cell self-assembled sheets into a tube. One can in fact make tubes of multiple layers so as to
mimic the architecture of a normal blood vessel.

Finally, any discussion of different approaches to the creation of a three-dimensional, func-
tional tissue equivalent would be remiss if acellular approaches were not included. Although in tis-
sue engineering the end result should include functional cells, there are those who are employing
a strategy whereby the implant is without cells, i.e., acellular, and the cells are then recruited from
the recipient or host. A number of laboratories and companies are developing this approach. One
result of this approach is to, in effect, bypass the cell sourcing issue, and replace this with the is-
sue of cell recruitment, i.e., the recruiting of cells from the host in order to populate the construct.
Because these are the patient’s own cells, there is no need for any engineering of immune accep-
tance.
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Table 2.2. Human stem cells that have been isolateda

Type Source/daughter tissue

Embryonic Embryo or fetal tissue/all types
Hematopoietic Adult bone marrow/blood cells, brain (?)
Neuronal Fetal brain/neurons, glia, blood (?)
Mesenchymal Adult bone marrow/muscle, bone, cartilage, tendon

aReprinted with permission from Vogel (1999). Copyright 1999 American Associ-
ation for the Advancement of Science. Question marks indicate uncertainty.

Table 2.3. Possible approaches to the engineering of constructs 
that mimic tissue

Approach Comments

Acellular matrix Requires the recruitment of host cells
Cell-seeded collagen gels Currently used in a skin substitute; has other

potential applications
Cell-seeded polymeric Currently used in skin substitutes; has other

scaffolds potential applications
Cell self-assembly Based on the cells synthesizing their own matrix



Whatever the approach, the engineering of an architecture and of functional characteristics
that allow one to mimic a specific tissue is critical to achieving any success and to meeting the chal-
lenge of imitating nature. In fact, because of the interrelationship of structure and function in cells
and tissues, it would be unlikely to have the appropriate functional characteristics without the ap-
propriate three-dimensional architecture. Thus, many of the chapters in this book will describe in
some detail the approach being taken in the design and engineering of constructs for specific tis-
sues and organs, and any further discussion of this will be left to those chapters.

Manufacturing Technology
The challenge of imitating nature does not stop with the design and engineering of a specif-

ic tissuelike construct or substitute. This is because the patient need that exists cannot be met by
making one construct at a time on a bench top in some research laboratory. Accepting the chal-
lenge of imitating nature must include the development of cost-effective manufacturing processes.
These must allow for a scale-up from making one at a time to a production quantity of 100 or
1000 constructs per week. Anything significantly less would not be cost-effective, and if a prod-
uct cannot be manufactured in large quantities and cost-effectively, then it will not be widely avail-
able for routine use.

Much of the work on manufacturing technology has focused on bioreactor technology. A
bioreactor simply represents a controlled environment—both chemically and mechanically—in
which a tissuelike construct can be grown. The Massachusetts Institute of Technology MIT and
Georgia Tech have large research efforts focused on bioreactor technology (Freed et al., 1993;
Neitzel et al., 1998). Although it is generally recognized that a construct, once implanted in the
living system, will undergo remodeling, it is equally true that the environment of a bioreactor can
be tailored to induce the in vitro remodeling of a construct so as to enhance characteristics critical
to the success achieved following implantation (Seliktar et al., 1998). Thus, the manufacturing
process can be used to influence directly the final product and is part of the overall process lead-
ing to the imitation of nature.

Once manufactured, a critical issue will be how the product is delivered and made available
to the clinician. The first product of Organogenesis, Apligraf, is delivered fresh and has a 5-day
shelf life at room temperature (Parenteau, 1999). On the other hand, Dermagraft, the skin sub-
stitute developed by Advanced Tissue Sciences and now in clinical trials, is cryopreserved and
shipped and stored at �70�C (Naughton, 1999). This provides for a much more extended shelf
life, but introduces other issues that one must address. Ultimately, the clinician will want off-the-
shelf availability, and one way or another this will need to be provided if a tissue-engineered prod-
uct is to have wide use. Although cryobiology is a relatively old field and most cell types can be
cryopreserved, there is much that still needs to be learned if we are successfully to cryopreserve
three-dimensional tissue-engineered products.

INTEGRATION INTO THE LIVING SYSTEM

The Living System
The final challenge is presented by moving a tissue engineering product concept into the liv-

ing system. Here one starts with animal experiments, and there is a lack of good animal models
for use in the evaluation of a tissue-engineered implant. This is despite the fact that a variety of
animal models have been developed for the study of different diseases. Unfortunately, these mod-
els are still somewhat unproved, at least in many cases, when it comes to their use in evaluating
the success of a tissue-engineered implant.

In addition, there is a significant need for the development of methods to evaluate quantita-
tively the performance of an implant. This is not only the case for animal studies, but is equally
true for human clinical trials. In regard to the latter, it may not be enough to show efficacy and
long term patency, it may also be necessary to demonstrate the mechanism(s) that lead to the im-
planted tissue substitute’s success. Furthermore, it is not just in clinical trials that there is a need
for more quantitative tools for assessment: it also would be desirable to have available technolo-
gies to assess periodically the continued viability and functionality of a tissue substitute after im-
plantation.
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Engineering Immune Acceptance
Important to the success of any tissue engineering approach is that it be immune acceptable.

This comes naturally with the use of autologous cells; however, if one moves to nonautologous cell
systems (as this author believes we must if we are to make the products of tissue engineering wide-
ly available for routine use), then the challenge of engineering immune acceptance is critical to our
achieving success in the imitation of nature.

It should be recognized that the issues surrounding the immune acceptance of an allogeneic
cell-seeded implant are no different than those associated with a transplanted human tissue or or-
gan. Both represent allogeneic cell transplantation, and this means that much of what has been
learned in the field of transplant immunology can help us understand implant immunology and
the engineering of immune acceptance for tissue-engineered substitutes. For example, it is now
known that to have immune rejection there must not only be a recognition by the host of a for-
eign body, there also must be present what is called the costimulatory signal, or sometimes simply
signal 2. It has been demonstrated that, with a donated allogeneic tissue, if one can block the co-
stimulatory signal, one can extend survival of the transplant considerably (Larsen et al., 1996).
Thus strategies are under development and may provide greater opportunities in the future for the
use of allogeneic cells.

Biocompatibility
Finally, one cannot state that one has successfully met the challenge of imitating nature un-

less the implanted construct is biocompatible. Even if the implant is immune acceptable, there can
still be an inflammatory response. This response can be considered separate from the immune re-
sponse, although obviously there can be interactions between these two. In addition to any in-
flammatory response, for some types of tissue-engineered substitutes thrombosis will be an issue.
This is certainly an important part of the biocompatibility of a blood vessel substitute.

CONCLUDING DISCUSSION
If we are to meet the challenge of imitating nature, there are a variety of issues. These have

been divided here into three different categories. The issue of cell technology includes cell sourc-
ing, the manipulation of cell function, and the future use of stem cell technology. Construct tech-
nology includes the engineering of a tissuelike construct and the manufacturing technology re-
quired to provide the product and ensure its off-the-shelf availability. Finally, there is the issue of
integration into living systems. This has several important facets, with the most critical one being
the engineering of immune acceptance.

Much of the discussion here has focused on the challenge of engineering tissuelike constructs
for implantation. As noted earlier, however, equally important to tissue engineering are strategies
for the fostering of remodeling and ultimately the repair and enhancement of function. As one ex-
ample, consider a damaged, failing heart. Should the approach be to tissue engineer an entire heart,
or should the strategy be to foster the repair of the myocardium? In this latter case, it may be pos-
sible to return the heart to relatively normal function through the implantation of a myocardial
patch or even through the introduction of growth factors, angiogenic factors, or other biological-
ly active molecules. Which strategy has the highest potential for success? Which approach will have
the greatest public acceptance?

The primary issues described here (cell technology, construct technology, and integration into
the living system) form the basis of the strategy being implemented in Atlanta, Georgia (Nerem
et al., 1998) by the Georgia Tech/Emory Center for the Engineering of Living Tissues, an Engi-
neering Research Center newly funded by the National Science Foundation. These issues are para-
mount to tissue engineering meeting the challenge of imitating nature. Only if we meet this chal-
lenge can the existing patient need be addressed, and will we as a community be able to confront
the transplantation crisis.
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Organization of Cells into
Higher Ordered Structures

Carol A. Erickson

INTRODUCTION

Embryonic tissues are composed of cells that are organized into either epithelia or mesenchyme.
Cells in epithelia are held together tenaciously by a series of lateral junctions, they display an

apical–basal polarity, and their basal surface adheres to an organized extracellular matrix (ECM),
the basal lamina. In contrast, mesenchymal cells are individual cells that do not adhere by way of
differentiated junctions, they display a fusiform shape typical of migratory cells, and they are gen-
erally enmeshed in a loose ECM. This tissue organization is maintained by cell–cell and cell–ma-
trix adhesive interactions, as well as the ECM in which the cells are embedded (for review, see Arm-
strong, 1989). The assembly and integrity of tissues thus depend on the timely regulation of the
molecular interactions that stabilize the epithelial or mesenchymal phenotype (for review, see Ro-
driguez-Boulan and Nelson, 1989; Birchmeier and Birchmeier, 1994; Hay and Zuk, 1995; Eaton
and Simons, 1995).

In the early embryo, cells are arranged primarily in epithelial sheets. From these sheets, mes-
enchymal cells are derived by a process known as the epithelial–mesenchymal transformation
(EMT), in which individual epithelial cells detach from the epithelium and migrate away. This
transformation gives rise to populations such as the cells of the neural crest, cardiac cushion cells,
the midline cells of the palate (Fitchett and Hay, 1989), the dermis of the skin, the limb muscu-
lature, and the sclerotome. The reverse process, transformation from mesenchyme to epithelium
(MET), also occurs in developing organs—for example, in the formation of the kidney tubules
from the nephrogenic blastema (Ekblom, 1989), the generation of the endocardium of the heart
from cardiac mesenchyme (Eisenberg and Markwald, 1995), or the organization of the somites
from the segmental plate. Thus the assembly and composition of tissues that are generated during
embryogenesis depend on the regulation of the EMTs. Similarly in the adult, tissue structure is al-
tered by the EMTs that accompany pathological events such as tissue regeneration and repair af-
ter wounding, and the invasion and metastasis of cancer cells (Birchmeier et al., 1993; Reichmann,
1994).

In this chapter the focus is on the organization of cells into higher ordered structures, partic-
ularly on the regulation of EMTs and METs as fundamental processes that establish tissue archi-
tecture. First described are the cellular changes that accompany these transformations in normal
development and in tumor cell invasion. These changes include the alteration of cell–cell adhe-
sions, the modulation of the specificity of cell–matrix adhesions, the reorganization of the cy-
toskeleton, and the expression of proteases. Considered next are the mechanisms that coordinate
these cellular changes, thereby triggering transformation. Both growth factors and the ECM have
been shown to play regulatory roles in a variety of EMTs and METs, although the signal trans-
duction pathways that mediate responses to growth factors and ECM are still largely unknown.

CHAPTER 3
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CELLULAR CHANGES INVOLVED IN THE EMT

Adhesive Changes
In those EMTs where cellular interactions have been examined in detail, several adhesive

changes have been documented to accompany the detachment of single cells from an epithelial
sheet. For example, when primary mesenchyme cells detach from the vegetal plate of the sea urchin
gastrula, direct measurements indicate that these cells lose adhesion to the vegetal plate epitheli-
um and to the extracellular hyalin layer, and increase adhesion to the ECM of the basal lamina
through and on which they migrate (Fink and McClay, 1985). Less direct evidence suggests that
multiple adhesive changes accompany the detachment of neural crest cells from the neural ep-
ithelium (Newgreen and Gooday, 1985; Delannet and Duband, 1992), ingression of mesoderm
through the primitive streak (Burdsal et al., 1993), and invasion of epithelium-derived tumor cells.
Considered here is the molecular basis for these adhesive changes.

Modulation of cadherin function
Epithelial cells are held together by a series of differentiated junctions concentrated near their

apical surface, as well as other cellular appositions between lateral surfaces. These adhesions are
primarily mediated by homophilic interactions between cell adhesion molecules of the cadherin
superfamily (Takeichi, 1991, 1995; Kemler, 1992). The most prominent epithelial cadherin is E-
cadherin, although N-cadherin is localized in the adherens junctions and in apposing plasma mem-
branes of some embryonic epithelia, such as the neural tube and somite (e.g., Duband et al., 1988;
Bronner-Fraser et al., 1992). Numerous experimental studies have demonstrated the importance
of cadherins in maintaining the epithelial phenotype. For example, if Madin–Darby canine kid-
ney (MDCK) cells (an epithelial cell line) are treated with antifunctional antibodies against E-cad-
herin, the cells of the epithelium dissociate into individual mesenchymal cells (Behrens et al.,
1985). Similarly, embryonic epithelial structures such as somites (Duband et al., 1987) or epider-
mis (Levine et al., 1994) come apart when cadherin function is inhibited. Conversely, when some
mesenchymal cells are transfected with E-cadherin expression vectors, they assemble into epithe-
lial sheets (Nagafuchi et al., 1987; Ringwald et al., 1987; McNeill et al,. 1990). Thus, cadherins
stabilize epithelial organization.

Is there evidence that modulation of cadherin function regulates EMTs in the embryo or in
pathological conditions? Immunocytochemistry reveals that cadherins are lost or their levels great-
ly reduced during many developmental EMTs. For example, premigratory neural crest cells express
N-cadherin and cad-6, but newly segregated and migrating neural crest cells express very little
(Duband et al., 1988; Bronner-Fraser et al., 1992; Akitaya and Bronner-Fraser, 1992; Nakagawa
and Takeichi, 1995, 1998). Similarly, cadherins are lost as cells ingress through the primitive streak
(Damjanov et al., 1986; Burdsal et al., 1993), as the ventromedial wall of the somite disperses to
form mesenchymal sclerotome (Duband et al., 1988), as the midline seam of the palate disperses
(Sun et al., 1998), or as the endocardial cushion cells detach from the endocardium (Markwald et
al., 1996). Because of low spatial resolution and/or lack of markers for distinguishing the premi-
gratory populations of cells from the rest of the epithelium from which they arise, these studies
were unable to determine if cadherins are lost prior to cell detachment, or if the cadherins are
down-regulated as a result of the cells becoming mesenchymal. These problems are circumvented
in the sea urchin embryo, in which primary mesenchyme cells can be identified prior to ingres-
sion using antibody markers and in which the cells are so large that the process can be imaged with
excellent clarity using confocal microscopy. In this instance a unique sea urchin cadherin is re-
moved from the surface of the primary mesenchyme cells by endocytosis just prior to ingression
(Miller and McClay, 1997b). This is the only instance of which this author is aware that cadherins
have been proved to be removed from the surface of the cells that can be identified as those that
will undergo the EMT.

In addition to immunocytochemical evidence, experimental studies have further supported a
role for loss of cadherins in generating the EMT. Antibodies that interfere with cadherin function
have been used to treat murine epiblast, which results in premature primitive streak formation
(Burdsal et al., 1993) or somites to generate sclerotome (Duband et al., 1987; Linask et al., 1998).
However, such studies do not prove that normally the loss of these cadherins is required for the
EMT, nor is it certain that the cellular response is identical to the EMT. In other studies, when

20 Carol A. Erickson



the N-cadherin gene was knocked-out, ill-formed somites, abnormal neural tubes, and loosely or-
ganized myocardium were observed, but no precocious EMTs were noted (Radice et al., 1997).
Interpretation of this mutant phenotype is complicated by the fact that other cadherins are ex-
pressed by these tissues and may compensate for the loss of N-cadherin. Conversely, cadherins have
also been overexpressed in cells that normally undergo the EMT, resulting in the inhibition of mi-
gration. For example, cad-6 has been virally expressed in the dorsal neural epithelium and under
these circumstances neural crest cells do not migrate (Nakagawa and Takeichi, 1998). This study
shows, at a minimum, that cadherins can stabilize the epithelial phenotype and that their adhesive
interactions must be reduced in order for the EMT to proceed, but leaves open the possibility that
other cellular changes are required to result in the EMT.

In addition to these normal developmental events, down-regulation of E-cadherin is also ob-
served in pathological circumstances. In many cell lines derived from carcinomas (tumors derived
from epithelia), invasion and metastasis are correlated with the loss of E-cadherin (e.g., Frixen et
al., 1991; Navarro et al., 1991). Moreover, these invasive carcinoma cell lines lose their ability to
invade collagen gels and revert to an epithelial phenotype if they are transfected with E-cadherin
(Frixen et al., 1991; Vleminckx et al., 1991).

Cadherins apparently also have an instrumental role in the reverse process of mesenchyme-
to-epithelium transition. For example, as kidney mesenchyme coalesces to generate kidney tubules,
E-cadherin is reexpressed and probably stabilizes the nephron epithelium (Vestweber et al., 1985;
Ekblom, 1989). Similarly, E-cadherin is expressed as mammalian blastomeres undergo com-
paction, and in null mutations for E-cadherin the trophectoderm fails to form (Larue et al., 1994).

Although the EMT and MET are correlated with cadherin expression in the above instances,
cadherin function can also be regulated independently of transcription and translation. For exam-
ple, the amount of cadherin protein is unchanged during the convergent extension movements of
Xenopus gastrulation, even though C-cadherin-mediated adhesion is greatly reduced (Brieher and
Gumbiner, 1994). Intracellularly, cadherins are bound to a complex of catenins including �-catenin,
�-catenin/plakoglobin, and p120ctn, which mediate attachment of cadherins to the cytoskeleton
and regulate the adhesive function of cadherin (reviewed by Kemler, 1993; Gumbiner and McCrea,
1993; Ranscht, 1994; Barth et al., 1997; Ben-Ze’ev and Geiger, 1998). Different combinations of
the catenins bound to cadherins can effect a change in cadherin function (Bernfield et al., 1992;
Nathke et al., 1994), or possibly result in the loss of cadherins from the surface if the catenins dis-
sociate from the complex (Miller and McClay, 1997a). Catenin association with the cadherins, or
catenin function, may be regulated, at least in part, by the level of catenin phosphorylation (Vol-
berg et al., 1991; Peifer et al., 1994; Daniel and Reynolds, 1997). For example, when some epithe-
lial cell lines are transfected with a temperature-sensitive src gene, which results in a mesenchymal
transformation, levels of cadherin expression remain unchanged but �-catenin is phosphorylated
(Warren and Nelson, 1987; Matsuyoshi et al., 1992; Behrens et al., 1993; Hamaguchi et al., 1993).
It is not known how the state of phosphorylation of the junctional proteins might regulate cadherin
function (Daniel and Reynolds, 1997). Indeed, it has not been demonstrated directly that phos-
phorylation is the essential regulatory event. Nevertheless, we need to keep in mind that cell–cell
adhesion can be perturbed without loss of adhesion molecules from the cell surface.

In addition to loss of function of “traditional” cadherins during the EMT, it is now apparent
that “mesenchymal” cadherins (or type III cadherins) (Suzuki et al., 1991) are up-regulated si-
multaneously. For example, cad-7 (Nakagawa and Takeichi, 1995, 1998) and cad-11 (Simonneau
et al., 1995) are expressed on neural crest cells as they detach from the neural epithelium. The func-
tion of these cadherins is unknown, but their timely expression suggests that they may be essen-
tial in stimulating mesenchyme migration.

Change in cell–matrix adhesion
Loss of cadherin function may be essential for producing the EMT, but it is not the only mol-

ecular change required—a number of experimental studies show that the EMT will still not oc-
cur even after cadherin function has been perturbed (e.g., Nakajima et al., 1998), and the absence
of cadherins in knockout mice is not always sufficient to cause the EMT (Radice et al., 1997). As
mentioned previously, during ingression of primary mesenchyme cells in the sea urchin embryo,
loss of cell–cell adhesion is accompanied by a simultaneous gain in cell–matrix adhesion. Simi-
larly, when premigratory neural crest cells are released precociously from the neural epithelium af-
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ter cadherin function is disrupted experimentally, they still fail to migrate for at least 18 hr, sug-
gesting that there must be a concomitant change in their adhesion to the ECM or in their motile
capability ( J.-L. Duband, personal communication; C. A. Erickson, unpublished data). These
cell–matrix adhesions are likely to be mediated by the integrin superfamily of adhesion molecules
(Hynes, 1992).

Changes in specific integrins have been observed in certain cell types undergoing the EMT.
For example, the �1 integrin necessary for attachment of the neural crest cells to fibronectin be-
comes functional just a few hours before the cells undergo the EMT (Delannet and Duband,
1992). Similarly, mouse primitive streak cells adhere with increased affinity to a variety of ECM
molecules as they become mesenchymal, and this adhesion depends on the expression of �1 and
�3 integrins (Burdsal et al., 1993). In both of these instances, perturbation of integrin function
with antifunctional antibodies inhibits mesenchyme dispersion. The role that the integrins play in
the EMT is not clear. They may simply mediate cell motility. Alternatively, they may have a more
complex signaling role that controls downstream transcriptional events.

Changes in other cell–matrix adhesion molecules, besides the integrins, also may be impor-
tant in EMTs. Syndecans are transmembrane heparan sulfate proteoglycans that have a variety of
functions, including binding of growth factors, mediating attachment to ECM molecules, and or-
ganizing the cytoskeleton (Bernfield et al., 1992). The distribution of the various syndecans sug-
gests that they play a role in maintaining epithelial morphology and perhaps controlling EMTs as
well. For example, syndecan-1 is expressed in epithelial sheets in the young mouse embryo but is
lost during several EMTs, such as the dispersion of the sclerotome (Sutherland et al., 1991). Sim-
ilarly, as the palate fuses and the epithelium at the midline undergoes an EMT (Fitchett and Hay,
1989; Griffith and Hay, 1992), the levels of both syndecan-1 and E-cadherin are reduced marked-
ly in the epithelium (McAlmon, 1992). Changes in syndecan expression are also correlated with
pathological conditions. For example, at the edge of skin wounds, keratinocytes lose syndecan-1
as they detach from the epithelium and become mesenchymal (Elenius et al., 1991). Experimen-
tally eliminating syndecan-1 expression in NmuMG cells (a normal murine mammary epithelial
cell line) with antisense oligonucleotides transforms many clones into mesenchymal cells (Kato et
al., 1995). In these same mesenchymal cell lines, cadherins are no longer expressed, the �1 inte-
grins are no longer localized at sites of cell–cell contact, and the actin microfilaments become dis-
organized. Curiously, mesenchymal cells transfected with syndecan-1 do not assume an epithelial
morphology, as might have been predicted if syndecan-1 plays a crucial regulatory role in epithe-
lial stability. Thus the role of syndecan in regulating the epithelial phenotype, as well as the intra-
cellular signals triggered by it, are currently unknown.

Protease Expression
As cells detach from the epithelium and extend lamellipodia from their basal surface, they

must, of necessity, pass through the basal lamina at their basal surface. Similarly, epithelial tumor
cells must breach a basal lamina barrier as they invade and metastasize. One way that cells can cross
this normally impenetrable barrier (Erickson, 1987) is by secreting matrix-degrading enzymes.
There is a rich literature that documents the importance of proteases simulating tumor invasive-
ness (Werb, 1989, 1997; Alexander and Werb, 1991). Thus it is not surprising that protease pro-
duction has been observed to accompany some EMTs.

Plasminogen activator, a neutral serine protease, is expressed by neural crest cells after they
detach from the neural tube and migrate in vivo and in culture (Valinsky and Le Douarin, 1985;
Erickson and Isseroff, 1989; Agrawal and Brauer, 1996), by sclerotome cells that form from the
ventromedial wall of the somite (McGuire and Alexander, 1992), and by cardiac cushion cells as
they detach from the endocardium (McGuire and Orkin, 1992). Metalloproteases are also pro-
duced by cells that have undergone an EMT, including the neural crest cells, the dermis, the scle-
rotome (unpublished studies from our lab), and possibly the mesodermal cells on ingression
through the primitive streak (Sanders and Prasad, 1989). Although protease activity is correlated
with the EMT, there is only minimal experimental evidence that implicates proteases in the
process. Inhibition of urokinase-type plasminogen activator (uPA) activity reduces the number of
neural crest cells that migrate from the neural tube, although this response could be due to a tox-
ic effect of the drugs used (Erickson and Isseroff, 1989). Additionally when antisense oligonu-
cleotides are used to inhibit uPA production in endocardial explants, there is a reduction in the
number of cushion cells that emigrate (McGuire and Alexander, 1993).
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Although proteases are believed to stimulate the EMT by allowing cells to migrate through
the basal lamina, some recent studies also show that metalloproteases can cause the shedding of
cadherins from the cell surface, thereby reducing cadherin-mediated cell adhesion (Herren et al.,
1998). To date, no EMTs that occur during development have been linked with this shedding ac-
tivity, but it remains an attractive mechanism.

Alternative Models of the EMT
The cellular changes discussed above are those that are commonly associated with the EMT.

Nevertheless, there are several other models, as yet unexplored, that could account for this re-
markable process (Fig. 3.1).

One alternative model is that cells detach from the epithelium by generating sufficient trac-
tional force to rupture the junctional complexes that keep them adherent to their neighbors, just
as fibroblasts rupture their trailing ends and leave bits of themselves as tracks across the substra-
tum as they locomote (Fig. 3.1, model 2). Several reports suggest that as neural crest cells or pla-
code-derived neurons detach from an epithelium, their adherens junctions slide through the lipid
bilayer as though they are being pulled along as the cells generate tractional force (Nichols,
1986a,b, 1987). In at least one study (Bilozur and Hay, 1989), transmission electron micrographs
reveal vesicles containing microfilaments and adherens junctions near the lumen of the neural tube;
these may be remnants of neural crest cells that have detached. Such a model predicts that a sim-
ple change in the distribution of integrins, or a reorganization of the cytoskeleton, such as gener-
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Fig. 3.1. Schematic drawings depicting three models for the EMT that produces neural crest cells.
In model 1, an asymmetric mitosis results in an apical cell that remains attached to the lumen of
the neural tube by adherens junctions, and a basal daughter that becomes separated from the junc-
tions. Because the dorsal neural tube is not enveloped by a basal lamina, the basal daughter is free
to emigrate away. In model 2, the premigratory neural crest cell is able to generate a strong trac-
tional force on the surrounding substratum. As it moves out of the neural tube, it pulls its adherens
junctions with it until the junctions reach the basal surface of the epithelium, where the neural
crest cell pulls away and severs its connection with the junctions. In model 3, the cadherins main-
taining the adherens junction are either down-regulated or endocytosed from the surface, or their
function is attenuated, allowing the cell to detach from the epithelium. From Erickson and Reedy
(1998), with permission.



ating stress bundles, could activate the motile machinery and would be sufficient to overcome the
adhesive interactions in the epithelium. Liu and Jessell (1998) showed that RhoB is expressed in
premigratory neural crest cells, and inhibition of RhoB prevents the EMT. Because Rho regulates
the assembly and organization of actin filaments (Hall, 1998; Imamura et al., 1998) and induces
contractility in fibroblasts (Zhang et al., 1998), these findings suggest that cytoskeleton mobiliza-
tion is critical in the EMT. [In another model system, the MDCK epithelial cell line, injection of
activated Rho inhibits the EMT stimulated by scatter factor (Ridley et al., 1995) and RhoA inac-
tivation is required for cell scattering activity (Imamura et al., 1998), so that the evidence for Rho
activity in the EMT is conflicting.] Curiously, Rac and Rho activity is also required for E-cadherin
function (Braga et al., 1997, 1999; Zhong et al., 1997) thus stabilizing the epithelial organization,
so at present the role of these small GTPases in the EMT is unclear.

A second alternative model for controlling the EMT proposes that asymmetric cell divisions
could separate basal daughter cells from apical junctions (Erickson and Reedy, 1998). Specifical-
ly, if the mitotic spindle were oriented perpendicular to the surface of an epithelium, resulting in
a horizontal cleavage furrow, one of the daughter cells would still be tethered to the apical surface
via adherens junctions, whereas the basal daughter cell would be free to migrate away (Fig. 3.1,
model 1). This mechanism does not require any change in the apical junction-associated cadherin
function. Such an orientation of the mitotic spindle is correlated with the generation of neurons
from an epithelium in Drosophila (Foe, 1989), and has been proposed to produce the mesenchy-
mal cells that arise from the otic anlage to form the acoustic–vestibular ganglion (Alvarez et al.,
1989). Finally, direct time-lapse images of neurons labeled with 3,3�-dioctadecycloxacarbocyanine
perchlorate (DiO) in the cerebral cortex of the ferret brain convincingly show that the neurons de-
tach from the apical surface of the ventricular zone only following a horizontal mitosis (Chenn
and McConnell, 1995).

STIMULI OF THE TRANSFORMATION
Our current notion of the EMT, as discussed above, is that a variety of cellular changes occur

simultaneously. This implies that some regulatory process coordinates these changes (see Hay,
1990, 1991). Growth factors and the ECM have both been proposed to trigger the EMT.

Growth Factors
Numerous in vitro studies have demonstrated that growth factors can activate proteinase cas-

cades, alter cell–cell and cell–substratum adhesiveness, and modulate ECM production. Thus,
they are good candidates for coordinating these same events during the EMT. And, in fact, mem-
bers of the transforming growth factor � (TGF-�) family of growth factors have been shown con-
clusively to play a role in the detachment of cardiac cushion cells from the endothelium (Potts and
Runyan, 1989; Potts et al., 1991; Brown et al., 1999; Boyer et al., 1999), the dispersion of the
palate midline seam (Brunet et al., 1993; Brown et al., 1999), the dissociation of the Müllerian
duct to form mesenchyme (Trelstad et al., 1982), and the induction and maintenance of carcino-
ma cell invasiveness and metastasis (Oft et al., 1998). Moreover, Delannet and Duband (1992)
have shown that treatment of isolated quail neural tubes with TGF-� accelerates the timing of de-
tachment of neural crest cells from the neural epithelium and may do so by up-regulating inte-
grins. Interestingly, a TGF-� family member, dorsalin-1, is produced by the dorsal neural tube and
promotes the appearance of neural crestlike cells from the ventral neural plate (Basler et al., 1993).
Bone morphogenetic proteins (BMP4 and BMP7), also members of the TGF-� superfamily, are
expressed by the ectoderm contiguous with the neural plate and have been experimentally demon-
strated to control neural crest differentiation (Liem et al., 1995). Whether these growth factors di-
rectly regulate the EMT or have a more general role in the specification of the neural crest lineage
(see Erickson and Reedy, 1998) remains to be determined.

Other families of growth factors have been implicated in the EMT. Neurotrophin-3, a mem-
ber of the neurotrophin family of growth factors, has been shown to regulate dispersion of the ep-
ithelial dermatome to form dermis (Brill et al., 1995).

The “motility-stimulating factors” belong to another class of growth factors that may play a
role in regulating the EMT. These can be produced by fibroblasts and act in an autocrine fashion
[e.g., migration simulation factor (Grey et al., 1989); autocrine stimulating factor (Liotta et al.,
1986)]. Alternatively, some motility factors have been isolated from fibroblast-conditioned medi-
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um and can induce epithelial sheets to disperse and are therefore paracrine in function [scatter fac-
tor/hepatocyte growth factor (Stoker et al., 1987; Weidner et al., 1991)].

Scatter factor has received a great deal of attention for its potential role in the regulation of
the EMT. The first evidence to suggest that it plays a critical role in some EMTs during embryo-
genesis was the observation that when a source of scatter factor is implanted into chick embryos,
ectopic primitive streaks are produced (Stern et al., 1990). Hensen’s node has been identified as
the probable source of scatter factor in the chick embryo (Streit et al., 1995). When mice are gen-
erated that contain a null mutation for c-met, the receptor for scatter factor, the lateral edges of
the dermamyotomes from which limb myoblasts emigrate fail to undergo the EMT and therefore
myoblasts do not migrate to the limb (Bladt et al., 1995). Interestingly, the limb bud is a source
of scatter factor that may induce the EMT in the dermamyotomes located immediately adjacent
to it. In some circumstances, scatter factor instead induces the reverse process, the MET. When fi-
broblasts are transfected with both c-met and scatter factor, the cells assemble into epithelial sheets
that form a lumen (Tsarfaty et al., 1994). Moreover, antibodies that inhibit the function of scat-
ter factor also prevent the assembly of kidney mesenchyme into epithelial nephrons (Woolf et al.,
1995). These opposing functions of scatter factor are currently confounding. One possibility is
that scatter factor works in a paracrine fashion to induce the EMT, but in an autocrine faction in
the METs. Despite the confusion about the function of scatter factor in these processes, its in-
volvement seems certain.

Secreted factors other than scatter factor regulate other METs. Members of the Wnt family
of secreted glycoproteins play many roles in specifying pattern and cell fate during embryogene-
sis. One of these, Wnt-4 is expressed in the mouse kidney mesenchyme that subsequently aggre-
gates and assembles to form nephrogenic tubules (Davies, 1996). Mice lacking Wnt-4 activity fail
to form pretubular cell aggregates, suggesting that Wnt-4 is an autoinducer of the MET (Stark et
al,. 1994). Because Wnt signaling increases cadherin-mediated adhesion in established cell lines
(Bradley et al., 1993; Hinck et al., 1994), it is reasonable to speculate that Wnt-4 may regulate E-
cadherin function in the development of the kidney as well.

Extracellular Matrix
In some circumstances the timely appearance of particular ECM components stimulates the

EMT. Cardiac cushion cell migration is the principal example of a matrix-stimulated EMT
(Mjaatvedt et al., 1987, 1991). Complexes of ECM produced by the myocardium and known as
“adherons” trigger cushion cell detachment from the endocardium (Eisenberg and Markwald,
1995). These matrix complexes may function by up-regulating the production of TGF-�1 in the
premigratory cushion cells (Nakajima et al., 1994). There are no data that establish that the ECM
is involved in any other developmental EMTs, however. Löfberg and colleagues (1985) implant-
ed filters containing ECM above the dorsal neural tube in axolotl embryos and simulated prema-
ture migration of the neural crest. In this situation, however, the neural crest cells have already de-
tached from the neuroepithelium, and the ECM is probably only acting to simulate motility.
Stimulation of neural crest detachment by the ECM apparently does not occur in other species,
because precocious migration has never been induced with a wide variety of ECM components
(e.g., Delannet and Duband, 1992).

Although there are only a few known examples of EMTs regulated by the ECM, the impor-
tance of cell–matrix adhesion in this process is suggested by the observation that authentic ep-
ithelia that normally never undergo an EMT during embryogenesis will do so if confronted by
novel ECM in culture. For example, when lens or thyroid epithelium is embedded in a three-di-
mensional collagen gel, cellular processes extend from the apical surface and the cells disperse to
form mesenchyme (Greenburg and Hay, 1982, 1986, 1988). This dispersion is accompanied by a
loss of cadherins, detachment from the basal lamina, a redistribution of integrins from the basal
to the apical surface (Zuk and Hay, 1994), as well as a change in integrin subunit expression (loss
of �6 and expression of �5 integrin subunits). Importantly, such EMTs are inhibited if antifunc-
tional antibodies to integrins are incorporated into the gel. How the ECM might regulate a host
of cellular changes to produce this event is not understood, but this model system may afford us
the opportunity to assess the regulatory processes that control the EMT.

The regulated expression of particular ECM components is instrumental in at least one in-
stance of MET as well. When the kidney mesenchyme coalesces to form epithelial nephrons, the
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condensation is apparently regulated by the expression of E-cadherin, as discussed previously,
which establishes the basolateral domain of the epithelium (see Eaton and Simons, 1995). The
subsequent apical–basal polarization of that tissue is correlated with the production of laminin A
chain, which accumulates around the compacted cells. If adhesion to laminin is inhibited using
antifunctional antibodies to either the laminin A E8 domain or to the �6 subunit of integrin, this
polarization fails to occur, although the cadherin-mediated condensations of the mesenchyme pro-
ceeds normally (Klein et al., 1988; Sorokin et al., 1990). Thus, in this instance, an ECM compo-
nent has a crucial role in the establishment of epithelial polarization.

Intracellular Signaling Mechanisms
Although some progress has been made in elucidating what growth factors and ECM mole-

cules are involved in regulating EMTs, the downstream signaling events are not yet known. Be-
cause most growth factor receptors are kinases, it seems likely that some EMTs are mediated
through the Ras/Raf signaling pathway. Indeed, transfections of MDCK epithelial cell lines with
v-Ha-ras or v-ki-ras result in the dispersion of the cells into mesenchyme. This morphological
change is accompanied by the simultaneous loss of E-cadherin, changes in integrin distribution,
and increased production of proteases (Behrens et al., 1992, 1993). Conversely, interfering with
the TGF-� receptor type III (Brown et al., 1999) or with the downstream signaling of Ras (Lakkis
and Epstein, 1998) blocks formation of the cardiac cushions (Epstein et al., 1994). Similarly, in-
hibition of endogenous Ras proteins prevents the scatter factor-induced EMT in MDCK cells
(Ridley et al., 1995).

Transcription factors that are activated by the Ras/Raf pathway include fos/jun (AP-1), and
these are likely involved in coordinating the many cellular changes that accompany the EMT. For
example, expression of c-fos precedes the EMT in the palate (Smeyne et al., 1993). Induction of
c-fos in mammary epithelial cells results in loss of epithelial polarity, loss of cadherins, and
increases in the activity of proteases, including stromelysin, collagenase, uPA, and tissue plas-
minogen activator (tPA) (Reichmann et al., 1992). Interestingly, neural crest cells express high
levels of AP-1 as they detach from the neural epithelium (Mitchell et al., 1991). The transcrip-
tion factor NF-ATc is also regulated by Ras and has been experimentally demonstrated to con-
trol cushion cell transformation (Lakkis and Epstein, 1998). Finally, the ETS1 transcription fac-
tor is expressed in cells undergoing the EMT, such as the sclerotome and the neural crest; its
expression is stimulated by scatter factor, and ETS1 activity is also activated by the Ras signaling
cascade (Fafeur et al., 1997).

Members of the Snail family of zinc finger transcription factors are important regulators of
the EMT (Leptin and Grunewald, 1990; Kosman et al., 1991; Nieto et al., 1992). Slug is expressed
in neural crest and primitive streak cells of the chicken embryo just prior to their detachment from
the epithelium, and antisense oligo-treated embryos fail to undergo the EMTs (Nieto et al., 1994).
This observation provides us with an exciting new handle on how coordinated changes in cells un-
dergoing the EMT are regulated, and may allow us to determine what constellations of genes are
the downstream targets of this transcription factor. To date, the only known direct effect of Slug
is the loss of desmoplakin and desmoglein (Savagner et al., 1997).

Inhibitors of protein kinase C have been reported to stimulate the precocious detachment of
neural crest cells from the neural epithelium (Newgreen and Minichiello, 1995). Because this stim-
ulation occurred in the presence of inhibitors of transcription, it suggests that changes in protein
phosphorylation can trigger the EMT independent of changes in protein expression.

CONCLUSION
Considerable progress has been made in elucidating the cellular changes that accompany the

EMT by combining approaches used to study pathological events, in particular the invasiveness of
carcinomas, with those of normal developmental processes. Nevertheless, these data are largely cor-
relative and it is far from clear which of the many cellular changes that are coincident with the EMT
are critical. To address these issues, direct observation and perturbation of the events in the intact
organism will be essential, because some aspects of tissue culture studies may be irregular owing to
culture-induced artifacts or peculiarities of the established cell lines that have been studied.

Several developmental model systems seem especially amenable to experimentation. Inverte-
brate embryos, such as those of sea urchins, are clear and have large blastomeres, allowing direct
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observation of the molecular changes as they occur during the EMT. Moreover, the precise cells
that will undergo EMTs can be identified prior to onset of the process, thus allowing analysis of
the earliest molecular changes in these cells. Perturbation of cadherin and integrin function dur-
ing the EMT is also crucial. Xenopus embryos will prove especially useful in this regard, because
injections of RNAs that result in the overexpression of cadherins or in the expression of dominant-
negative mutations in cadherin function already have provided insight into the role of these mol-
ecules in mediating adhesion (Kintner, 1988; Brieher and Gumbiner, 1994; Levine et al., 1994).
The role of phosphorylation of cadherin or the catenins in regulating adhesion is an obvious prob-
lem to explore using the Xenopus embryo.

The trigger(s) for the EMT remain a mystery, although growth factors will probably figure
prominently in regulating the process. One approach to addressing this issue may come from the
observation that selected subpopulations of cells are capable of undergoing the EMT. For exam-
ple, only the dorsal neural tube gives rise to the neural crest, and only the endocardium from the
atrioventricular (AV) region is capable of generating cushion mesenchyme (Runyan and Mark-
wald, 1983; Mjaatvedt and Markwald, 1989). It has been established that the TGF-� type III re-
ceptor is only found in the AV endothelium and that expression of this receptor in the nontrans-
forming ventricular endocardium allows the cells to undergo the EMT in response to TGF-�2
(Brown et al., 1999). A careful comparison of the signaling molecules in embryonic cells that do
and do not undergo the EMT may yield important insights into the control of this process. More-
over, it is becoming apparent that different regulatory pathways may control different aspects of
the EMT. For example, loss of cadherin function may be controlled independently of stimulation
of motility (Levine et al., 1994; Radice et al., 1997; Zhong et al., 1997; Savagner et al., 1997; Naka-
jima et al., 1998; Boyer et al., 1999). Only by experimentally dissecting and studying each of the
steps in the EMT will the regulation of the whole process be understood.
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Dynamics of 
Cell–ECM Interactions

Manuela Martins-Green

INTRODUCTION

In recent years the ability to perform tissue and organ replacement has led to an improvement of
quality of life and health care. Most of this success can be attributed to the interdisciplinary ap-

proaches to tissue engineering. Indeed, today scientists with very diverse backgrounds, including
molecular, cellular, and developmental biology, collaborate with biomechanical engineers to de-
velop tissue analogs that allow physicians to improve, maintain, and restore tissue function. Sev-
eral approaches have been taken toward this goal. One such undertaking involves the use of ma-
trices containing specific cells and growth factors as tissue replacements. Most of the knowledge
that has allowed the advancements in preparation of tissue substitutes has come from studies per-
formed during biologic development and development-like processes, such as wound healing, on
the basic mechanisms of interaction between cells and the extracellular matrix (ECM). Discussed
in this chapter are some of the key findings that led to the understanding of how the dynamics of
cell–ECM interactions contribute to cell migration, proliferation, differentiation, and pro-
grammed death, all of which are important parameters to consider when preparing and using tis-
sue analogs.

For many years the ECM was thought to serve only as a structural support for tissues. How-
ever, as early as 1966, Hauschka and Konigsberg showed that interstitial collagen promoted the
conversion of myoblasts to myotubes, and shortly thereafter it was shown that both collagen (Wes-
sells and Cohen, 1968) and glycosaminoglycans (Bernfield et al., 1973) play a crucial role in sali-
vary gland morphogenesis. Based on these and other pieces of indirect evidence, Hay (1977) put
forth the idea that the ECM is an important component in embryonic inductions, a concept that
implicated the presence of binding sites (receptors) for specific matrix molecules on the surface of
cells. By this time, the stage was set to begin to investigate in detail the mechanisms by which ex-
tracellular matrix molecules influence cell behavior. Bissell et al. (1982) proposed the model of 
“dynamic reciprocity” between the ECM on the one hand and the cytoskeleton and nuclear ma-
trix on the other. In this model, ECM molecules interact with cell surface receptors, which then
transmit signals across the cell membrane to molecules in the cytoplasm; these signals initiate a
cascade of events through the cytoskeleton into the nucleus, resulting in the expression of specif-
ic genes, whose products, in turn, affect the ECM in various ways. It now has become clear that
this concept is essentially correct (Ingber, 1991; Boudreau et al., 1995); cell–ECM interactions
participate directly in promoting cell adhesion, migration, growth, differentiation, and pro-
grammed cell death (also called apoptosis), as well as in modulation of the activities of cytokines
and growth factors, and in directly activating intracellular signaling.

Most of what we know about the molecular basis of cell–ECM interactions in these events
comes from studies that have used induced mutations, experimental perturbations in vivo, and
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cell/organ cultures. In this chapter, the composition and diversity of the ECM and its receptors
are briefly discussed, then selected examples illustrate the dynamics of cell–ECM interactions dur-
ing development and wound healing and the potential mechanisms involved in the signal trans-
duction pathways initiated by these interactions. Finally, the implications for tissue engineering
are discussed.

COMPOSITION AND DIVERSITY OF THE ECM
The ECM is a molecular complex that has as basic components collagens and other glyco-

proteins, hyaluronic acid, proteoglycans, glycosaminoglycans, and elastins; the ECM also harbors
molecules such as growth factors, cytokines, matrix-degrading enzymes, and their inhibitors. The
distribution of these molecules is not static, but rather varies from tissue to tissue and during de-
velopment from stage to stage (Laurie et al., 1989; Ffrench-Constant and Hynes, 1989; Sanes et
al., 1990; Martins-Green and Bissell, 1995; Werb and Chin, 1998). Furthermore, their organiza-
tion varies with tissue type and has profound implications for the function of the tissues (Scheler
et al., 1998). Mesenchymal cells are immersed in an interstitial matrix that confers specific bio-
mechanical and functional properties to connective tissue (Culav et al., 1999). Epithelial and en-
dothelial cells, on the other hand, contact a basement membrane only through their basal surfaces,
which confers mechanical strength and specific physiological properties to the epithelia (Fuchs et
al., 1997; Dockery et al., 1998).

This diversity of composition, organization, and distribution of the ECM results not only
from differential gene expression for the various molecules in specific tissues, but also from the ex-
istence of differential splicing and posttranslational modifications of those molecules. For exam-
ple, differential splicing may change the binding potential of proteins to each other (Ffrench-Con-
stant and Hynes, 1989; Chiquet-Ehrismann et al., 1991; Wallner et al., 1998) or to their receptors
(Aota et al., 1994; Akiyama et al., 1995; Cox and Huttenlocher, 1998) and variations in glycosy-
lation can lead to changes in cell adhesion (Dean et al., 1990; Vlodavsky et al., 1996; Schamhart
and Kurth, 1997; Cotman et al., 1999). In addition, the presence of divalent cations such as Ca2+

(Paulsson, 1988; Ekblom et al., 1994) can affect matrix organization and influence molecular in-
teractions that are important with respect to the way ECM molecules interact with cells (Sjaastad
and Nelson, 1997).

Growth factors and cytokines interact with the ECM in a variety of ways, which allows them
mutually to affect each other (Nathan and Sporn, 1991; Adams and Watt, 1993). The ECM can
serve as a reservoir by binding growth factors and cytokines and protecting them from being de-
graded, by presenting them more efficiently to their receptors, or by affecting their synthesis
(Roberts et al., 1988; Chiquet-Ehrismann, 1991; Flaumenhaft and Rifkin, 1992; Lamszus et al.,
1996; Kagami et al., 1998). In this way the ECM can affect the local concentration and biologi-
cal activity of these factors. For example, when neutrophils adhere to fibronectin they produce
higher levels of tumor necrosis factor (Nathan and Sporn, 1991). Conversely, growth factors and
cytokines can stimulate cells to alter the production of ECM molecules, their inhibitors, and/or
their receptors (Streuli et al., 1993; Schuppan et al., 1998). Transforming growth factor � (TGF-
�), for example, up-regulates the expression of matrix molecules and of inhibitors of enzymes that
degrade ECM molecules (Bonewald, 1999). In a number of cases, only specific forms of these
growth factors and cytokines bind to specific ECM molecules, e.g., platelet-derived growth factor
(PDGF) (La Rochelle et al., 1991) and the chicken chemotactic and angiogenic factor (cCAF).
The latter protein, chemokine, that is overexpressed during wound repair and in the stroma of tu-
mors (Martins-Green and Bissell, 1990; Martins-Green et al., 1992), is secreted as a 9-kDa pro-
tein but can be processed to 7 kDa by plasmin. Both the 9- and 7-kDa forms of the protein are
found in association with interstitial collagen, but only the smaller form binds to laminin or
tenascin and neither form binds to fibronectin, collagen IV, or heparin (Martins-Green and Bis-
sell, 1995; Martins-Green et al., 1996). Importantly, binding of specific forms of these factors to
specific ECM molecules can lead to their localization to particular areas of tissues and can affect
their biological activities.

RECEPTORS FOR EXTRACELLULAR MATRIX MOLECULES
In order to establish that ECM molecules directly affect cellular behavior, it was important to

identify transmembrane receptors for the specific sequences present on these molecules. As early
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as 1973, it was observed that during salivary gland morphogenesis near the sites of glycosamino-
glycan deposition, the intracellular microfilaments contracted (Bernfield et al., 1973). These in-
vestigators proposed that the ECM could “be involved in regulating microfilament function,” sug-
gesting that these molecules can specifically interact with cell surface receptors. Using biochemical
and molecular biological approaches, it was subsequently shown that various ECM molecules con-
tain specific amino acid motifs that allow them to bind directly to cell surface receptors
(Humphries et al., 1991; Hynes, 1992; Gullberg and Ekblom, 1995). The best characterized mo-
tif is the tripeptide RGD, first found in fibronectin (Pierschbacher and Ruoslahti, 1984; Yamada
and Kennedy, 1984). Peptides containing this amino acid sequence promote adhesion of cells and
inhibit the adhesive properties of fibronectin. This and other amino acid adhesive motifs have been
found in laminin, entactin, thrombin, tenascin, fibrinogen, vitronectin, type I and VI collagens,
bone sialoprotein, and osteopondin (Humphries et al., 1991).

Integrins were the first ECM receptors to be identified (Hynes, 1987). These receptors make
up a family of heterodimeric transmembrane proteins composed of � and � subunits. At least 15
� and 8 � subunits have been identified so far; they pair with each other in a variety of combina-
tions, giving rise to a large family that recognizes specific sequences on the ECM molecules (Fig.
4.1). Some integrin receptors are very specific whereas others bind several different epitopes, which
may be on the same or different ECM molecules (Fig. 4.1). In this way plasticity and redundan-
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Fig. 4.1. Integrin family of receptors and their extracellular ligands. These heterodimeric receptors
are each composed of one a and one b subunit. Extracellular ligands have now been identified for
many of the integrin receptors. The b1 and b3 classes mostly mediate cell–matrix adhesion, where-
as the b2 class mediates cell–cell adhesions. Moreover, the b1 class is, in general, involved in ad-
hesion to connective tissue macromolecules such as fibronectin, laminin, and collagen, whereas
b3 binds vascular ligands such as fibrinogen, von Willebrand factor, thrombospondin and vit-
ronectin. CO, Collagens; C3bi, complement component; FG, fibrinogen; FN, fibronectin; ICAM-
1, intercellular adhesion molecule 1; LN, laminin; TSP, thrombospondin; VCAM-1, vascular cell
adhesive molecule 1; VN, vitronectin; vWF, von Willebrand factor; OSP, osteopondin; *, RGD-
mediated binding.



cy can be built into specific systems (e.g., Hynes, 1992, 1999; Faull and Ginsberg, 1996; Cotman
et al., 1998).

Although the � and � subunits of integrins are unrelated, there is 40–50% homology with-
in each subunit, with the highest divergence in the intracellular domain of the � subunit. All but
one of these subunits (�4) have large extracellular domains and very small intracellular domains
(Briesewitz et al., 1995; Fornaro and Languino, 1997). The extracellular domain of the � subunits
contains four binding sites for divalent cations. These binding sites are homologous to the EF-
band of calmodulin and appear to be responsible for the dependence of integrin–ligand binding
on the presence of these ions (Gailit and Ruoslahti, 1988). It is now well established that, on li-
gand binding, integrins can directly induce biochemical signals inside cells (Giancotti, 1997; Ku-
mar, 1998). The cytoplasmic domain of integrins interacts with the cytoskeleton, suggesting that
ECM signalling through integrins is transduced via the cytoskeletal elements and can induce cell
shape changes, which, in turn, may lead to growth and/or differentiation (Ruoslahti and Yama-
guchi, 1992; Hemler, 1998).

Although not as extensively studied as the integrins, it has been found that transmembrane
proteoglycans also can be receptors for ECM molecules (Rapraeger et al., 1987; Jalkehen et al.,
1991; McFall and Rapraeger, 1998). At least four types of proteoglycan receptors that bind to ECM
molecules have been isolated and characterized: syndecan, CD44, RHAMM (receptor for
hyaluronate-mediated motility), and thrombomodulin (Rapraeger et al., 1987; Bernfield et al.,
1992; Turley, 1992; Spring et al., 1994; Carey, 1997; Naot et al., 1997; McFall and Rapraeger,
1998). Syndecan binds cells to the matrix via chondroitin sulfate and heparan sulfate gly-
cosaminoglycans, sugars that vary depending on the type of tissue in which syndecan is expressed,
and which modulate the capability of a particular ligand to interact with it (Kim et al., 1994;
Salmivirta and Jalkanen, 1995). In contrast to the binding of matrix to integrins, this binding is
independent of divalent cations. Syndecan also associates with the cytoskeleton, showing that these
interactions via the cytoskeleton are important in signal transduction through this cell surface re-
ceptor (Carey et al., 1996; Couchman et al., 1996). The CD44 receptor also carries chondroitin
sulfate and heparan sulfate chains on its extracellular domain. Variation in the glycosaminoglycan
composition is tissue specific and may play a role in cell adhesion similar to that shown for syn-
decan (Brown et al., 1991). The most distant extracellular domain of CD44 contains six cysteine
residues that form three disulfide bonds, creating three loops that are structurally similar to the
hyaluronan-binding domain of the cartilage link protein and aggrecan. Using a lymphoid cell line
and an antibody to CD44 it has been shown that this domain of CD44 can interact directly with
hyaluronan (Miyake et al., 1990).

RHAMM has been identified as the major receptor for hyaluronic acid, and in hematopoiet-
ic progenitor cells these interactions play an important role in their trafficking (Pilarski et al.,
1999). Thrombomodulin is a transmembrane receptor with an extracellular portion containing an
N-terminal hydrophobic domain followed by six extracellular growth factor (EGF)-like repeats
and a Ser/Thr domain with a glycosaminoglycan attachment site. This protein is expressed in en-
dothelial cells, has anticoagulant properties, and can be found in a proteoglycan or nonproteogly-
can form. Its biological activity can be regulated either by its protein or glycosaminoglycan com-
ponents (Hardingham and Fosang, 1992; Blann and Seigneur, 1997).

Cell surface receptors other than integrins or proteoglycans have also been identified for ECM
molecules. A laminin-binding protein of 69 kDa recognizes the YIGSR sequence of laminin that
is not recognized by integrins (Mecham, 1991). A second receptor, CD36, binds collagen, throm-
bospondin, and malaria-infected erythrocytes to endothelial cells and to some types of epithelial
cells (Greenwalt et al., 1992). Each of these has a separate binding site, but all are located in the
same external loop of CD36 (Asah et al., 1993) and the intracellular signals occurring after ligand
binding lead to activation of a variety of signal transduction molecules (Huang et al., 1991; Lip-
sky et al., 1997).

CELL–ECM INTERACTIONS
Interactions of cells with extracellular matrix molecules play a crucial role during develop-

ment and wound healing. It is the continuous cross-talk between cells and the surrounding ma-
trix environment that leads to the formation of patterns, the development of form (morphogene-
sis), and the acquisition and maintenance of differentiated phenotypes during embryogenesis.
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Similarly, during wound healing these interactions contribute to the processes of clot formation,
inflammation, granulation tissue development, and remodeling. As we will see, many different
lines of experimental evidence have shown that the basic cellular mechanisms that result in these
events involve cell adhesion/deadhesion, migration, proliferation, differentiation, and pro-
grammed cell death.

Development

Adhesion and migration
Some of the most compelling experiments that demonstrated the direct participation of the

ECM in cell adhesion and migration came from studies in gastrulation, migration of neural crest
cells (NCCs), angiogenesis, and epithelial organ formation. Cell interactions with fibronectin are
important during gastrulation. Microinjection of antibodies to fibronectin into the blastocoel cav-
ity of Xenopus embryos causes disruption of normal cell movements and leads to abnormal devel-
opment (Boucaut et al., 1984a). Furthermore, if RGD-containing peptides are injected during the
same stage of development, they cause randomization of the bilateral asymmetry of the heart and
gut (Yost, 1992). Similarly, microinjection of RGD-containing peptides and/or antibodies to the
�1 subunit of the integrin receptor for fibronectin perturbs gastrulation in embryos of Pleurode-
les (salamander) (Yost, 1992; Boucaut et al., 1984b; Darribere et al., 1988). These effects are not
unique to fibronectin. They can also be introduced by manipulation of other molecules, such as
heparan sulfate proteoglycan, which can be competed out by heparin for its target-binding mole-
cule(s) and cause perturbations in gastrulation and neurulation (Erickson and Perris, 1993; Er-
ickson and Reedy, 1998).

The NCCs originate in the dorsal portion of the neural tube just after closure of the tube, mi-
grate extensively throughout the embryo in ECM-filled spaces, and give rise to a variety of phe-
notypes. The pathways of migration of the NCCs contain collagens, proteoglycans, glycosamino-
glycans, and glycoproteins (Erickson and Perris, 1993; Erickson and Reedy, 1998). Microinjection
of antibodies to fibronectin (Poole and Thiery, 1986) or to the �1 subunit of the integrin recep-
tor (Bronner-Fraser, 1985, 1986) into the crest pathways in chick embryos reduces the number of
NCCs that leave the tube and causes abnormal neural tube development. Other ECM molecules,
such as laminin, also affect NCC migration: for example, the YIGSR synthetic peptide, known to
inhibit laminin binding to cells, also inhibits NCC migration (Runyan et al., 1986). The impor-
tance of cell–ECM interactions in NCC migration is also supported by studies performed in the
white mutant of Mexican axolotl embryos. The NCCs that give rise to pigment cells fail to emi-
grate from the neural tube in these embryos, but when microcarriers containing subepidermal
ECM from normal embryos are implanted into the appropriate area in these mutants, the NCC
precursors to pigment cells emigrate normally (Perris et al., 1988; Lofberg et al., 1989; Epperlein
and Lofberg, 1996). Potentially relevant to these findings is the observation that fibronectin ap-
pears between chick NCCs just prior to their emigration from the neural tube (Martins-Green,
1987, 1990; Martins-Green and Bissell, 1995). Perhaps this fibronectin consists predominantly or
exclusively of the RGD domain-carrying segment that, when bound to its integrin receptor, pro-
motes secretion of adhesion-degrading enzymes, thereby facilitating emigration (Damsky and
Werb, 1992; Grant et al., 1998).

During angiogenesis (the development of blood vessels from preexisting vessels), endothelial
cell interactions with ECM molecules and the type and conformation of the matrix play a crucial
role in cell migration and the development of blood vessels (Cockerill et al., 1995; Baldwin, 1996;
Hanahan, 1997; Kumar et al., 1998). Human umbilical vein endothelial cells migrate and arrange
themselves in tubular structures when cultured for 12 hr on a matrix isolated from Engelbreth–
Holm–Swarm (EHS) tumors (a basement membranelike matrix that contains mainly laminin but
also has collagen type IV, proteoglycans, and entactin/nidogen) (Kleinman et al., 1982). When
these cells are cultured on collagen type I, however, tubular structures do not form in this period
of time, but if they are grown for a week inside collagen gels, giving the endothelial cells time to
deposit their own basement membrane, tubes do develop (Montesano et al., 1983; Madri et al.,
1988). The much more rapid tubulogenesis on EHS versus inside collagen I suggests that one or
more components of the basement membrane plays an important role in the development of the
capillary-like structures, a speculation that has been confirmed both in culture and in vivo
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(Sakamoto et al., 1991; Grant et al., 1992). Indeed, preincubation of these endothelial cells with
antibodies to laminin, the major component of basement membrane, prevents the formation of
tubules in vitro. Furthermore, synthetic peptides containing the sequence SIKVAV, present in the
A chain of laminin, induce endothelial cell adhesion and elongation and promote angiogenesis
(Grant et al., 1992). Interestingly, however, the sequence CDPGYIGSR-NH2, a domain present
in the laminin B chain, blocks angiogenesis in vivo (Sakamoto et al., 1991; Grant et al., 1992) as
well as migration of endothelial cells induced by tumor-conditioned medium Sakamoto et al.,
1991). The mechanism of action of these sequences is unknown, but it is potentially instructive
that sequences in the same molecule have opposite effects. Because endothelial cells have to mi-
grate and penetrate adjacent tissues and matrix during angiogenesis, matrix-degrading enzymes are
active, raising the possibility that angiogenic factors are provided by release from the matrix or by
appropriate cleavage of ECM molecules such as laminin (Werb et al., 1999). In vivo, angiogenic
sequences or factors could be provided locally, and when they have served their purpose, inhibi-
tion of further action could similarly be initiated by suitable cleavage of CDPGYIGSR–NH2 or
some other comparable factor present in the ECM (Sakamoto et al., 1991). Therefore, the way
matrix molecules are locally cleaved and/or factors are locally released could have important con-
sequences for the homeostasis of tissues.

Proliferation
Interactions of ECM molecules with cells can also modulate cell proliferation. Some of these

effects are well illustrated by laminin. A domain in the A chain of laminin that is rich in EGF-like
repeats stimulates proliferation of a variety of different cell lines (Panayotou et al., 1989), and the
entire molecule appears to promote proliferation of bone marrow-derived macrophages (Ohki and
Kohashi, 1994). Also, thrombospondin exerts its mitogenic activities via its amino-terminal hep-
arin-binding domain (Majack et al., 1986). Contrarily, there also are matrix molecules that are in-
hibitory of cell proliferation. Heparin and heparin-like molecules, for example, are inhibitors of
vascular smooth muscle (VSM) cell proliferation. The conditioned medium of endothelial cells
cultured from bovine aortas inhibits the proliferation of VSM cells (Castellot et al., 1987), and
this inhibition is obliterated by treatment of the medium with heparinase but not with condroiti-
nases or proteases. This suggests that heparan-type molecules have a direct antiproliferative effect
on aortic VSM cells. It has also been proposed (McCaffrey et al., 1989) that this effect is indirect—
heparinase treatment could release associated TGF-�, which has been shown to inhibit the pro-
liferation of nonconfluent cultures of VSM cells. However, if the latter were the case, one would
expect that treatment of the endothelial cell conditioned medium with proteases should also elim-
inate the antiproliferative effect. Studies in culture have lent support to this inhibitory effect of the
ECM on cell proliferation. For example, normal human breast cells do not growth-arrest when
cultured on plastic, but do so if grown in a basement membrane matrix (Petersen et al., 1993;
Weaver et al., 1997). Furthermore, growth of a mammary epithelial cell line is stimulated by over-
expression of Id-1, a protein that binds to and inhibits the function of basic helix–loop–helix
(HLH) transcription factors that are important in cell differentiation. When these overexpressing
cells are cultured on EHS they arrest growth and form three-dimensional structures (Desprez et
al., 1993). Similarly, in hepatocytes it has been shown that ECM suppresses the expression of im-
mediate-early growth response genes and induces C/EBP�, which is necessary for expression of
hepatocyte-specific genes (Rana et al., 1994).

Some of the ECM effects on cell proliferation involve cooperation with growth factors. For
example, basic fibroblast growth factor (bFGF), interleukins (IL-1, IL-2, IL-6), hepatocyte growth
factor, PDGF-AA, and TGF-� are found in association with the ECM at high concentrations and
are released at specific times for interaction with their receptors (Schuppan et al., 1994). An illus-
trative example of cell–ECM–TGF-� cooperation occurs during the early developmental stages
of the mammary gland (Silberstein et al., 1992; Howlett and Bissell, 1993). The development of
this gland occurs in two steps: during puberty, the small number of ducts present at birth under-
go extensive proliferation and branching, and terminal and lateral buds develop (virgin gland);
during pregnancy, further local proliferation of ductal and bud epithelial cells occurs, giving rise
to numerous alveoli (pregnant gland). During virgin gland morphogenesis, inductive events tak-
ing place between the epithelium and the surrounding mesenchyme are mediated by the basement
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membrane (basal lamina plus closely associated ECM molecules) and play an important role in
epithelial proliferation during branching of the gland. Endogenous TGF-� produced by the duc-
tal epithelium and surrounding mesenchyme forms complexes with mature periductal ECM, sta-
bilizing the epithelium by inhibiting cell proliferation and matrix-degrading enzymes (Silberstein
et al., 1990, 1992; Robinson et al., 1991). However, TGF-� is absent from newly synthesized ECM
deposited in the branching areas (Silberstein et al., 1992), hence its inhibitory effects on epithe-
lial cell proliferation and on production of matrix-degrading enzymes do not occur, allowing the
basement membrane to undergo remodeling. In these regions, proteases that are released locally
partially degrade the matrix, thereby promoting cell proliferation and branching morphogenesis.
In mice transgenic for the autoactivated isoform of the matrix metalloproteinase stromelysin-1,
which is important in basement membrane degradation and tissue remodeling, the virgin glands
are morphologically similar to the pregnant glands of normal mice (Sympson et al., 1994, 1995).
These results indicate that stromelysin-1 causes matrix degradation leading to the release of fac-
tors that stimulate precocious proliferation of the epithelium and development of the alveoli.

Differentiation
Some clear-cut examples of how the ECM can affect cell behavior come from studies of the

influences of the ECM on cellular differentiation and maintenance of tissue-specific gene expres-
sion. Many of these studies have been performed during keratinocyte, hepatocyte, and mammary
gland epithelial differentiation. Keratinocytes form the stratified epidermal layers of the skin. The
basal layer is highly proliferative, does not express the markers for terminal differentiation, and is
the only cell layer in contact with the basement membrane. As these cells divide, the daughter cells
lose contact with the basement membrane, move up to the suprabasal layers, and begin to express
differentiation markers such as involucrin. This suggests that close interaction with the basement
membrane is responsible for the lack of differentiation of the basal keratinocytes. Indeed, when
keratinocytes are grown in suspension, they undergo premature terminal differentiation (Nichol-
son and Watt, 1991). It has also been shown that human and mouse keratinocytes adhere to fi-
bronectin via its �5�1-integrin receptor and that the expression of both integrin subunits is in-
versely proportional to the expression of involucrin, a differentiation factor for these cells
(Nicholson and Watt, 1991). A major advance in trying to understand the biology of skin devel-
opment has been the ability to culture keratinocytes on feeder layers of 3T3 cells and form strati-
fied sheets of cells that behave very much like epidermis does in vivo (DeVries et al., 1994; Yoshiza-
to and Yoshikawa, 1994; Gross, 1996; Stocum, 1998). This latter development has had profound
application in treating patients that have suffered extensive burns.

In culture, expression of hepatocyte-specific genes is observed only when hepatocytes are
grown on an EHS matrix (Ben-Ze’ev et al., 1988) or when this matrix or diluted laminin is dripped
over the cells (Caron, 1990). The specific cell–ECM interactions have not yet been worked out,
but three liver-specific transcription factors eE-TF, e-G-TF/HNF-3, and eH-TF, are activated
when cells are cultured on or with matrix molecules, conditions that favor hepatocyte differ-
entiation. In particular, the transcription factor eG-TF/HNF-3 appears to be regulated by the
ECM (Liu et al., 1991). In mouse mammary gland, basement membrane and its individual com-
ponents in conjunction with lactogenic hormones are responsible for the induction of the differ-
entiated phenotype of the epithelial cells (Lin and Bissell, 1993; Blaschke et al., 1994; Werb et al.,
1996; M. J. Bissell, 1998). In this system, when midpregnant mammary epithelial cells are cul-
tured on plastic they do not express any of the mammary-specific genes. However, when the same
cells are plated and maintained on EHS they form alveolar-like structures and exhibit the fully dif-
ferentiated phenotype, with expression of the genes for milk proteins (e.g., the expression of �-ca-
sein) (Barcellos-Hoff et al., 1989). In the case of �-casein, it has been shown that there are two
components to its induction by the ECM: one involves cell rounding (and therefore a change in
the cytoskeleton) and the other, a tyrosine kinase signal transduction pathway through the �1 in-
tegrin receptor, leading to the activation of elements in the promoter region of the �-casein gene
(Roskelly et al., 1994). Using a mammary gland cell line and progressive deletions of the bovine
�-casein promoter attached to choline acetyltransferase (CAT), it was found that this promoter
contains a 160-bp enhancer for �-casein about 1600 bp upstream from the start site (Schmid-
hauser et al., 1991; Boudreau et al., 1995; Myers et al., 1998). These ECM-response elements are
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also present in other tissues. As shown above, they exist in the albumin gene in hepatocytes and
they have also been found in lower vertebrates in the LpS1 genes, which are activated in aboral ec-
toderm cells during early development of the sea urchin Lytechinus pictus (Xiang et al., 1991).

Another example that illustrates well how the ECM influences the expression of milk protein
genes comes from work performed on the expression of whey acidic protein (WAP) in mouse mam-
mary gland epithelial cells. WAP expression is inhibited when cells are cultured on plastic, but if
they are grown on an ECM, expression is up-regulated (Cheng and Bissell, 1989; Lin and Bissell,
1993). It has been found that cells cultured on plastic produce TGF-�, which inhibits the expres-
sion of WAP, whereas on EHS the matrix inhibits the production of TGF-� and this leads to up-
regulation of the milk protein (Lin et al., 1995).

Programmed cell death (apoptosis)
In the embryogenesis of higher vertebrates, cell death occurs during remodeling, such as dur-

ing blastocyst formation, during development of the digits, palate, and nervous system, during
positive selection of thymocytes in the thymus, during mammary gland involution, and during
angiogenesis. In early mouse development a cavity surrounded by a single layer of columnar ep-
ithelium forms within the morula. This process is the result of the interplay between two types of
signal: one that stimulates cell death of the inner morula cells and the other, mediated by the basal
lamina, that is crucial for the survival of the ectodermal cells that line the cavity (Coucouvanis and
Martin, 1995).

It has been found that during development of the mammary gland, basement membrane mol-
ecules suppress apoptosis of the epithelial cells (Strange et al., 1992; Boudreau et al., 1996; Alexan-
der et al., 1996). Following lactation, however, the numerous alveoli that produce milk regress and
are resorbed during involution as a consequence of enzymatic degradation of the alveolar basement
membrane and programmed cell death (Talhouk et al., 1992; Strange et al., 1992; Lund et al.,
1996; M. J. Bissell, 1998). In this system, the loss of cell–ECM interactions resulting from ma-
trix degradation correlates with an increase in caspase-1 (previously known as interleukin-1� con-
verting enzyme), which promotes apoptosis; inhibitors of this enzyme inhibit cell death (Boudreau
et al., 1995). Similarly, an antibody that disrupts the interaction of the �1 integrin with its ECM
ligands leads to apoptosis of mammary epithelial cells.

During late developmental stages, development of the circulatory system occurs via angio-
genesis. It has been found that �v�3 integrin interactions with the ECM play a crucial role in an-
giogenesis during embryogenesis (Brooks et al., 1994; Varner et al., 1995). Disruption of these in-
teractions with an antibody to �v�3 inhibits the development of new blood vessels in the
chorioallantoic membrane (CAM) by causing the endothelial cells to undergo apoptosis (Brooks
et al., 1994; Varner et al., 1995).

Wound Healing

Adhesion and migration
Shortly after tissue damage and during the early stages of wound healing, there is a release of

blood contents and tissue factors into the area of the wound, leading to platelet activation and ad-
hesion, and the formation of a vascular plug containing mostly platelets, plasma fibronectin, and
fibrin (cross-linked by factor XIII), but also including small amounts of tenascin, throm-
bospondin, and SPARC [secreted protein, acidic and rich in cysteine]. During this process, acti-
vated mast cells degranulate, releasing vasodilating and chemotactic factors that will bring to the
wound site polymorphonucleocytes. These events constitute the early stages of the inflammatory
response. The fibrin–fibronectin meshwork provides a provisional matrix that serves as substrate
for the subsequent migration of leukocytes and keratinocytes during the very early stages of heal-
ing when inflammation and wound closure are occurring. Leukocyte interactions with ECM mol-
ecules via integrin receptors affect many of the functions of these cells, in particular those that lead
to cell adhesion and migration or to production of inflammatory mediators (Rosales and Juliano,
1995; Wei et al., 1997). Some of these latter molecules can be damaging to tissues when produced
in excess, therefore the course of inflammation can be affected significantly by the types of ECM
molecules encountered by these leukocytes (Pakianathan, 1995; Wei et al., 1997).

During closure of cutaneous wounds, keratinocytes migrate over the provisional matrix pri-
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marily composed of fibronectin, vitronectin, tenascin, and collagen type III. These cells express
�2�1, �3�1, �5�1, �6�1, and �v integrins, which interact with these ECM molecules and in
conjunction with matrix metalloproteinases facilitate their migration to close the wound (Juhsz et
al., 1993; Gailit et al., 1994). Cell–ECM interactions are equally important in closure of other
epithelial wounds. Studies examining the sequential deposition of ECM molecules after wound-
ing of retinal pigment epithelial cells showed that “de novo” deposition of fibronectin occurs 24
hr after wounding and is followed by deposition of collagen type IV and laminin. This sequence
of matrix deposition is tightly linked to adhesion and migration of cells to close the wound (Kamei
et al., 1998). This has also been found to occur during the repair of airway epithelial cells after me-
chanical injury (White et al., 1999).

As healing progresses, embryonic-type cellular fibronectin produced by macrophages and fi-
broblasts in the wound bed contributes to formation of the granulation tissue. This matrix mole-
cule serves as substrate for the migration of endothelial cells (which form the vasculature of the
wound bed), myofibroblasts, and lymphocytes that are chemoattracted to the wound site by a va-
riety of small cytokines (chemokines), which are secreted by both macrophages and fibroblasts.
Several members of the chemokine superfamily have been found in humans, in other mammals,
and in avians (Balkwill, 1998; Locati and Murphy, 1999). Chemoattraction by chemokines of cells
involved in granulation tissue formation, in conjunction with the interaction of these cells with
the ECM via cell surface receptors, results in processes that lead to cell adhesion and migration
into the area of the wound to form the granulation tissue (Lukacs and Kunkel, 1998).

One of the most extensively studied chemokines with functions important in wound healing
is cCAF (Martins-Green and Bissell, 1990; Martins-Green et al., 1992; Martins-Green, 1999).
This chemokine is stimulated to high levels shortly after wounding in the fibroblasts of the wound-
ed tissue (Martins-Green and Bissell, 1990; Martins-Green et al., 1992), and thrombin, an enzyme
released on wounding, stimulates these cells to overexpress cCAF (Vaingankar and Martins-Green,
1998; Li et al., 2000). This chemokine, in turn, chemoattracts monocyte/macrophages and lym-
phocytes (Martins-Green and Feugate, 1998). Expression of cCAF stays elevated during granula-
tion tissue formation, in particular in fibroblasts and endothelial cells of the microvasculature of
the wound, and the protein binds to the interstitial collagens, tenascin, and laminin, present in
the granulation tissue (Martins-Green and Bissell, 1990; Martins-Green et al., 1992, 1996). Fur-
thermore, cCAF is angiogenic in vivo and the angiogenic portion of the molecule is localized in
the C terminus of the molecule (Martins-Green and Feugate, 1998; Martins-Green and Kelly,
1998). Based on the pattern of expression and functions of cCAF, it has been proposed that this
chemokine participates both in inflammation (via chemotaxis for specific leukocytes) and in for-
mation of the granulation tissue (via stimulation of angiogenesis) (Martins-Green and Hanafusa,
1997; Martins-Green, 1999).

Proliferation
Immediately after wounding, the epithelium undergoes changes that lead to wound closure.

During this reepithelialization period, the keratinocytes trailing behind those at the front edge of
migration replicate to provide a source of cells to cover the wound. Basement membrane-type
ECM, still present in the basal surface of these keratinocytes, may be important in maintaining
this proliferative state. In support of this possibility is the finding that during normal skin re-
modeling, fibronectin associated with the basal lamina of epithelia is crucial for maintaining the
basal keratinocyte layer in a proliferative state for constant replenishment of the suprabasal layers
(Nicholson and Watt, 1991). It has also been shown, using a dermal wound model, that basement
membrane matrices are able to sustain the proliferation of keratinocytes for several days (Dawson
et al., 1996).

As reepithelialization is occurring, the granulation tissue begins to form. This latter tissue is
composed of fibroblasts, myofibroblasts, monocytes/macrophages, lymphocytes, endothelial cells
of the microvasculature, and ECM molecules (embryonic fibronectin, hyaluronic acid, type III
collagen, and small amounts of type I collagen) (Clark, 1996). These ECM molecules, in con-
junction with growth factors released by the platelets and secreted by the cells present in the gran-
ulation tissue, provide signals to the cells, leading to their proliferation (Tuan et al., 1996; D. M.
Bissell, 1998). However, the ECM molecules, e.g., fibronectin, specific fragments of laminin and
collagen VI, have been shown to stimulate fibroblast and endothelial cell proliferation (Bitterman
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et al., 1983; Panayotou et al., 1989; Kapila et al., 1998). The cooperation between ECM mole-
cules and growth factors is well illustrated in the proliferation of fibroblasts and the development
of new blood vessels (angiogenesis) of the granulation tissue. In the latter case, growth factors such
as vascular endothelial growth factors (VEGFs) and FGFs associate with ECM molecules and stim-
ulate proliferation of endothelial cells which then migrate to form the new microvessels (Norrby,
1997).

Differentiation
As healing progresses during the formation of granulation tissue, some of the fibroblasts dif-

ferentiate into myofibroblasts; they acquire the morphological and biochemical characteristics of
smooth muscle cells by expressing smooth muscle �-actin (Desmouliere and Gabbiani, 1994;
Grinell, 1994). Matrix molecules are important in this differentiation process. For example, hep-
arin decreases the proliferation of fibroblasts in culture and induces the expression of smooth mus-
cle �-actin in these cells. In vivo, the local application of tumor necrosis factor � (TNF-�) leads
to the development of granulation tissue, but the presence of cells expressing smooth muscle �-
actin was observed only when heparin was also applied (Desmouliere et al., 1992). These results
suggest that some of the properties of heparin not related to its anticoagulant effects are impor-
tant in the induction of smooth muscle �-actin. This function may be related to the ability of hep-
arin to bind cytokines and/or growth factors (such as TNF-� and TGF-�) that regulate cell dif-
ferentiation (Kirkland et al., 1998; Kim and Mooney, 1998).

Interstitial collagens have also been shown to play a role in the acquisition of the myofibro-
blastic phenotype. When fibroblasts are cultured on relaxed collagen gels they remain as fibroblasts
(Tomasek et al., 1992), but if they are grown on anchored collagen matrices in which the collagen
fibers are aligned (much like in the granulation tissue), they show myofibroblast characteristics
(Bell et al., 1979; Arora et al., 1999). These and other observations have led to the suggestion that
floating collagen matrices mimic dermis whereas anchored collagen matrices mimic granulation
tissue (Grinell, 1994; Arora et al., 1999).

Programmed cell death
Apoptosis also plays a role during normal wound healing as the granulation tissue evolves into

scar tissue. As the wound heals, the number of fibroblasts, myofibroblasts, endothelial cells, and
pericytes decreases dramatically, matrix molecules, especially interstitial collagen, accumulate, and
a scar forms (Clark, 1996). In this remodeling phase of healing, cell death by apoptosis leads to
elimination of many cells of various types at once without causing tissue damage (Greenhalgh,
1998). For example, studies using transmission electron microscopy and in situ end-labeling of
DNA fragments have shown that many myofibroblasts and endothelial cells undergo apoptosis
during the remodeling process. Morphometric analysis of the granulation tissue shows that the
number of cells undergoing apoptosis increases around days 20–25 after injury, resulting in a dra-
matic reduction in cellularity after day 25 (Desmouliere et al., 1995). Moreover, using model sys-
tems that mimic regression of granulation tissue, it has been shown that release of mechanical ten-
sion triggers apoptosis of human fibroblasts. Apoptotic cell death was regulated by interstitial-type
collagens in combination with growth factors and mechanical tension and did not require differ-
entiation of the fibroblasts into myofibroblasts, strongly suggesting that contractile collagens de-
termine the susceptibility of fibroblasts of the wound tissue to undergo apoptotic cell death (Fluck
et al., 1998; Grinell et al., 1999).

In addition to cell death by apoptosis, it has also been shown that during lung remodeling af-
ter injury, fibroblasts present in the bronchoalveolar lavage fluid undergo cell death by a process
that is distinct from that of necrosis or apoptosis (Polunovsky et al., 1993). Although this process
of cell death has not been extensively studied it suggests that there are other processes of pro-
grammed cell death that are distinct from apoptosis and occur preferentially in association with
wound repair.

SIGNAL TRANSDUCTION EVENTS DURING 
CELL–ECM INTERACTIONS

From the foregoing examples, it is clear that ECM molecules interact with their receptors and
transmit signals directly or indirectly to second messengers that, in turn, unravel a cascade of
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events, leading to the coordinated expression of a variety of genes involved in cell adhesion, mi-
gration, proliferation, differentiation, and death. There is increasing evidence that cell–ECM in-
teractions, especially through integrins, activate a variety of signaling pathways that can be linked
to those specific functions. Three potential categories of cell–ECM interactions can lead to these
cellular events:

1. Type I interactions involve primarily integrins and proteoglycan receptors, and they are
involved in cell adhesion/deadhesion processes during migration (Fig. 4.2A). For example, cell mi-
gration is promoted when fibronectin binds simultaneously to integrins through its cell-binding
domain and to proteoglycan receptors through its heparin-binding domain (Hynes, 1992; Bern-
field et al., 1992; Hardingham and Fosang, 1992; Giancotti, 1997; Schlaepfer and Hunter, 1998;
Dedhar, 1999). The proteoglycan receptors interact and colocalize in areas of adhesion, where mi-
crofilaments associate with the �1 subunit of the integrin receptor via structural proteins such as
talin and �-actinin, present in the actin cytoskeleton of the focal adhesions. The cytoplasmic do-
main of the �1 subunit also interacts directly with the focal adhesion tyrosine kinase pp125FAK,
which, when activated, undergoes autophosphorylation on tyrosine 397 (Hildebrand et al., 1995);
Tyr-397 subsequently serves as the binding site for the SH2 domain of the nonreceptor tyrosine
kinase c-Src. In turn, c-Src phosphorylates paxillin, tensin, vinculin, and the protein p130cas, all
of which are present in focal adhesion plaques. The specific roles of paxillin and tensin in the
process of adhesion/deadhesion during migration are not known but, once phosphorylated, they
could mediate signals between the plasma membrane and the cytoskeleton. p130cas is a docking
protein that, on activation, binds to the adaptor molecules Crk and Nck, which appear to be in-
volved in migration via the Ras and MAP/JNK kinase pathways. In addition, it has also been
shown that c-Src phosphorylates FAK on tyrosine 925, which serves as a site for binding of the
Grb2/Sos complex, with subsequent activation of Ras and the MAP kinase cascade (Schlaepfer
and Hunter, 1996, 1997; Schlaepfer et al., 1997, 1998). Both pathways are potentially involved
in adhesion/deadhesion and migration (Giancotti, 1997; Schlaepfer and Hunter, 1998; Dedhar,
1999).

It is also known that binding of the ECM to integrins can be enhanced by specific cytoplas-
mic molecules such as the cell adhesion regulator (CAR), a myristoylated protein that can poten-
tially connect the plasma membrane to the cytoskeleton, is activated by phosphorylation, and
increases the affinity of �2�1 to collagen type I (Pullman and Bodmer, 1992). These observations,
taken together with the fact that integrins and proteoglycan receptors have no kinase or phos-
phatase activity in their cytoplasmic domains, suggest that the signals from these receptors lead-
ing to adhesion/deadhesion and migration are transduced via regulatory proteins that are part of
the actin cytoskeleton (Giancotti, 1997; Schlaepfer and Hunter, 1998; Dedhar, 1999).

2. Type II cell–ECM interactions involve processes that affect proliferation and survival, as
well as differentiation and maintenance of the differentiated phenotype (Fig. 4.2B). In these pro-
cesses, the extracellular matrix interacts with its receptors and cooperates with growth factors or
cytokine receptors. These cooperative effects take place, for example, during anchorage depen-
dence of cell growth. Anchorage is required for cells to enter S phase; even in the presence of growth
factors, cells will not enter the DNA synthesis phase without being anchored to a substrate (Zhu
and Assoian, 1995). Adhesion of cells to ECM molecules plays a very important role in regulat-
ing cell survival and proliferation (Mainiero et al., 1997; Giancotti, 1997; Murgia et al., 1998).
For example, studies of knockout mice for the �1�1 integrin, which is the sole receptor for colla-
gen, showed that the fibroblasts of these mice have reduced proliferation even though they attach
normally (Pozzi et al., 1998). Collagen binding to �1�1 in these fibroblasts does not activate the
Shc adaptor protein, which in turn is not able to recruit Grb2 and activate the Ras/ERK cascade
that leads to the expression of early response genes involved in cell cycle progression (Wary et al.,
1998). It has also been shown that cooperation between integrins and growth factors involves the
activation of phosphatidylinositol phosphate kinases, which increases the levels of phosphatidyli-
nositol bisphosphate (PIP2). In turn, PIP2 serves as substrate for phospholipase C

�
(PLC

�
), which

is activated on growth factor binding to specific receptors on the surface of the cells (Schwartz,
1992). Furthermore, phosphoinositide 3-OH (PI-3) kinase has been shown to rescue cells in sus-
pension from undergoing apoptosis. It appears that in this case PI-3 kinase is activated by Ras,
leading to activation of the Akt serine/threonine kinase (Khwaja et al., 1997).
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Fig. 4.2. Schematic diagrams (A–C) illustrating the three proposed categories of cell–ECM inter-
actions. (A) At focal adhesions, proteoglycan (treelike) and integrin (heterodimer) receptors on the
plasma membrane (pm) bind to different epitopes on the same ECM molecule, leading to cy-
toskeletal reorganization. A variety of proteins become phosphorylated (e.g., pp125FAK, Src, PKC),
leading through poorly understood pathways to activation of genes important for cell adhesion/
deadhesion and for migration. (B) Integrin receptors bind to their ligands, leading to activation of
cytoskeletal elements as in A, but growth factors bound to matrix molecules (triangle) also bind to
their receptors, which have kinase activity. This kinase activates phospholipase C

�
(PLC

�
), which,

in turn, cleaves phosphatidylinositol bisphosphate (PIP2), leading to inisitol trisphosphate (IP3) and
diacylglycerol (DAG); IP3 binds to its receptor on the smooth endoplasmic reticulum, inducing
the release of Ca2+, which can lead directly to activation of gene expression or indirectly by co-



Similarly, interaction of the cells with ECM molecules, hormones, and growth factors is re-
quired to activate genes that are specific for differentiation. Interestingly, in the case of stimulation
of cell differentiation, studies have shown that the cell-ECM interactions that result in the differ-
entiated phenotype are those that fail to activate Shc and the MAP kinase cascade. This has been
shown for endothelial cells in which the interaction of �2�1 with laminin, which does not acti-
vate the Shc pathway, leads to formation of capillary-type structures (Kubota et al., 1988), where-
as the interaction of �5�1 in the same cells with fibronectin results in proliferation (Wary et al.,
1998). Similar observations have been made with primary bronchial epithelial cells when they are
cultured on collagen matrices (Moghal and Neel, 1998).

3. Cell–ECM interactions of Type III involve mostly processes leading to cell death and to
epithelial-to-mesenchymal transitions (Fig. 4.2C). Signal transduction pathways that lead to apop-
tosis have been delineated for endothelial cells and leukocytes and appear to involve primarily ty-
rosine kinase activity (Ilan et al., 1998; Fukai et al., 1998; Kettritz et al., 1999). In the case of ep-
ithelial-to-mesenchymal transition, remodeling of the matrix is an important component of the
interactions: Enzymatic degradation of the ECM contributes to release of soluble factors and frag-
ments of ECM that contain specific sequences that affect cell behavior. For example, when fi-
bronectin binds only through its cell-binding domain, the cells are stimulated to produce ECM-
remodeling enzymes (Lukashev and Werb, 1998). There are at least three possible ways in which
such a process could be initiated: (1) Changes in expression of fibronectin (FN) receptors would
allow cells to bind fibronectin predominantly through its cell-binding domain and activate �5�1
interactions with the actin cytoskeleton, with subsequent transduction of signals that lead to up-
regulation of ECM-degrading enzymes. The secretion of these enzymes would start a positive feed-
back loop by degrading additional fibronectin to produce cell-binding fragments, which would
bind to �5�1, activate it, and in this way keep the specific event going. (2) Very localized release
of ECM-degrading enzymes could degrade FN into fragments containing only the cell-binding
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Fig. 4.2. Continued
operation with DAG through protein kinase C (PKC). In this case, the genes activated are 
important in cell proliferation, differentiation, and maintenance of the differentiated phenotype.
(C) Integrin receptors bind to fragments of ECM molecules containing specific domains. This leads
to activation of matrix protease genes whose products (represented by black ellipses) degrade the
matrix and release peptides (squiggles) that can further interact with cell surface receptors and/or
release growth factors (triangles and diamonds), which, in turn, bind to their own receptors, acti-
vating G proteins and kinases, leading to expression of genes important in morphogenesis and cell
death.



domain, which would bind to �5�1 and initiate the positive feedback loop. (3) At a particular
time during development, specific cells would produce spliced forms of FN that are capable of in-
teracting only via their cell-binding domain. Binding of these fragments to �5�1 would trigger
the feedback loop. This positive feedback loop and consequent runaway process of ECM degra-
dation is advantageous locally during epithelial-to-mesenchymal transitions. However, during oth-
er developmental processes and during wound healing, there must be a signal that can break this
circle and thereby bring it under control at the appropriate time and place. Without application
of such a brake, these processes can lead to abnormal development, to wounds that do not heal,
or to pathological situations such as tumor growth and invasion.

Although these three categories may not be exhaustive of the general types of cell–ECM in-
teractions that occur during development and wound healing, they encapsulate the major inter-
actions documented to date. Each category has its place in many developmental and repair events
and they may operate in sequence. A compelling example of the latter is the epithelial-to-mes-
enchymal transition and morphogenesis of the neural crest cell system. These cells originate in the
neural epithelium that occupies the crest of the neural folds. After the delamination event that sep-
arates the neural epithelium from the epidermal ectoderm, the folds fuse to form the tube (Mar-
tins-Green, 1988). At this time the NCCs occupy the dorsalmost portion of the tube, they are not
covered by basal lamina, and the subepidermal space above them contains large amounts of fi-
bronectin (Martins-Green and Erickson, 1987). Just before the NCCs emigrate from the neural
tube, fibronectin appears between them, they separate from each other, and they migrate away,
carrying fibronectin on their surfaces (Martins-Green, 1987, 1990). During the period of emi-
gration at any particular level of the neural tube, the basal lamina is deposited progressively toward
the crest from the sides of the tube (Martins-Green and Erickson 1986, 1987). NCC emigration
terminates as deposition reaches the crest of the tube. The NCCs then migrate throughout the em-
bryo following specific ECM-paved pathways, arriving at a wide variety of locations where they
differentiate into many different phenotypes in response to external cues (Le Douarin, 1982; Er-
ickson and Perris, 1993).

The appearance of fibronectin between the NCCs just before emigration must be the result
of secretion by the adjacent cells or introduction from above after loss of cell–cell adhesions. In
keeping with the cell–ECM interaction mechanism of Type III, either alternative could initiate a
positive feedback loop and release the NCCs, leading to emigration. Enzymatic degradation of the
stabilizing domain of fibronectin above the tube could cause enhanced secretion of specific en-
zymes by the NCCs in response to the effect of the cell-binding domain acting alone, leading to
severing of adhesions between cells, and intrusion of fibronectin fragments containing the cell-
binding domain. These fragments, in turn, would bind to adjacent cells and stimulate further en-
zymatic secretion that would be self-perpetuating. NCC emigration occurs in an anterior-to-pos-
terior wave, hence once enzymatic activity was initiated in the head of the embryo, it could
propagate posteriorly, triggering NCC emigration in a wave from head to tail.

Clearly some controlling event(s), must terminate NCC emigration at each location along the
neural tube, or this scenario could empty the neural tube. Such an event has already been identi-
fied. At the time of NCC emigration, the ventral and lateral surfaces of the neural tube are cov-
ered by an intact basal lamina, which stabilizes the epithelium and separates it from the fibronectin
layer around the tube (Martins-Green and Erickson, 1986). Following the delamination event at
any one site (Martins-Green, 1988), the local dorsal portion of the neural tube is temporarily naked
of basal lamina. During the few hours of NCC emigration at that site, basal lamina deposition
progresses quickly up the side of the tube and terminates local emigration when it becomes com-
plete over the crest of the tube (Martins-Green and Erickson, 1986, 1987). After they have emi-
grated from the neural tube, the NCCs are in an extracellular space filled with intact fibronectin
and other ECM molecules that stimulate the focal adhesions of cell–ECM interactions of Type I,
thereby providing the substrate for migration. On arrival at their final destination, further inter-
actions of Type II stimulate differentiation into a wide range of phenotypes (Le Douarin, 1982;
Erickson and Perris, 1993; Erickson and Reedy, 1998).

RELEVANCE FOR TISSUE ENGINEERING
The major task when designing tissue and organ replacements is to simulate nature closely.

One of the best approaches toward this goal is to study how tissues and organs arise during em-
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bryogenesis and during normal processes of repair, and how those functions are maintained. When
developing tissue replacements, one must consider several factors (Fig. 4.3):

1. The need to avoid an immune response that can cause inflammation and/or rejection. Ideally,
one would like to identify and isolate stem cells capable of regenerating each one of the organs and
tissues in the body. Selective stimulation and expansion of this cell population would allow re-
generation in vivo without having to overcome an immune response. Alternatively, one would like
to manipulate cells in vitro to make them more “universal” and thereby decrease the immune re-
sponse. These latter cells would then differentiate in the presence of an environment conducive to
expression of the appropriate phenotype.

2. The need to create the proper substrate for cell survival and differentiation. One of the strate-
gies to fulfill this goal is the use of biocompatible implants composed of extracellular matrix mol-
ecules, or the appropriate biodegradable matrix, seeded with autologous cells, “universal” cells, or
heterologous cells in conjunction with immunosuppressing drugs. Addition of growth and differ-
entiation factors to these cell-containing matrices as well as agonists or antagonists that favor cell–
ECM interactions can potentially increase the rate of successful tissue replacement. One example
in which the knowledge obtained in studies of cell–ECM interactions has proved to be useful in
tissue engineering was the discovery that most integrins bind to their ECM ligands via the tripep-
tide RGD. This small sequence of amino acids has been used as an agonist to make synthetic im-
plants more biocompatible and to allow the development of tissue structure, or as an antagonist
to prevent or moderate unwanted cell-ECM interactions (Tschopp et al., 1994a; Cheng et al.,
1994; Glass et al., 1994). An example of the latter is the use of these peptides to modulate platelet
aggregation and formation of thrombi during reconstructive surgery (Tschopp et al., 1993, 1994b;
Cheng et al., 1994; Glass et al., 1994).

ECM-derived matrices also have been used for artificial corneas, for skin, for cartilage and
bone replacement, and to enhance nerve regeneration (Bellamkonda et al., 1995; Bouhadir and
Mooney, 1998; Kim and Mooney, 1998). In the case of skin, patients with extensive burns have
been treated with matrices of chondroitin sulfate and collagen (which support the formation of
connective tissue and blood vessels) that are covered with an artificial material that prevents de-
hydration. Three weeks after this transplant, when the connective tissue is well established and vas-
cularized, the superficial layer is removed and replaced with a thin layer of epithelium, which now
rests on a substrate that supports the ultimate differentiation of the epidermal phenotype (Langer
and Vacanti, 1993). Alternatively, the matrix is seeded with epidermal cells expanded in culture
from very small skin grafts taken from the patient.

3. The need to provide the appropriate environmental conditions for tissue maintenance. At this
stage it is crucial to maintain a balanced environment with the appropriate cues for maintenance
of specific cell function(s). Unfortunately, little is known about the cross-talk between cells and
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Fig. 4.3. Conceptualization of the interactions of an idealized “universal”
cell and environments in which it is conditioned to a particular function (de-
velopmental environment) and maintained in that function (stabilizing en-
vironment).



ECM under such “normal” conditions. It is important to realize that such stasis on the level of a
tissue is achieved via tissue remodeling—the dynamic equilibrium between cells and their envi-
ronment.

Because organ transplantation is one of the least cost-effective therapies and is not always avail-
able, tissue engineering offers hope for more consistent and rapid treatment of those in need of
replacement of body parts, and therefore it has the potential of improving the quality of life at a
more affordable price. The selected examples presented above illustrate that to achieve this goal
there is a need for continuous study of cells and how they interact with their environment. The
present challenge is to make the leap in technology that will allow us to sort out complex bio-
logical phenomena and to perform simulations of specific biological processes that will guide us
in planning subsequent experimental protocols. With the advent of bioinformatics it might be
possible for biologists to integrate the vast body of information obtained so far and to make pre-
dictions for the future. In this context, a team at the University of Connecticut is developing a
promising program called “The Virtual Cell” for modeling cellular processes (Schaff and Loew,
1999).

In summary, the intense research of the past decade on the ECM molecules and on their in-
teractions with cell surface receptors has led to realization that these interactions are many and
complex, provide for modulation of fundamental events during development and wound repair,
and are crucial for the maintenance of the differentiated phenotype and tissue homeostasis.
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Matrix Molecules 
and Their Ligands

Björn Reino Olsen

INTRODUCTION

Cellular growth and differentiation, in two-dimensional cell culture as well as in the three-di-
mensional space of the developing organism, require the presence of a structured environment

with which the cells can interact. This extracellular matrix (ECM) is composed of polymeric net-
works of several types of macromolecules in which smaller molecules, ions, and water are bound.
The major types of macromolecules are the fibrous proteins, such as collagens, elastin, fibrillins,
fibronectin, and laminins, and the hydrophilic heteropolysaccharides, such as glycosaminoglycan
chains in hyaluronan and proteoglycans. It is the combination of fibrous protein polymers and hy-
drated proteoglycans that gives extracellular matrices their resistance to tensile and compressive
mechanical forces.

The macromolecular components of the polymeric assemblies of the ECM are in many
cases secreted by cells as precursor molecules that are significantly modified (proteolytically
processed, sulfated, oxidized, and cross-linked) before they assemble with other components
into functional polymers (Fig. 5.1). The formation of matrix assemblies in vivo is therefore in
most instances a unidirectional, irreversible process and the disassembly of the matrix is not a
simple reversal of assembly, but involves multiple, highly regulated processes. One consequence
of this is that polymers reconstituted in the laboratory with components extracted from extra-
cellular matrices do not have all the properties they have when assembled by cells in vivo. The
ECM in vivo is also modified by cells as they proliferate, differentiate, and migrate, and cells in
turn continuously interact with the matrix and communicate with each other through it (Hay,
1991).

The ECM is therefore not an inert product of secretory activities, but influences cellular
shape, fate, and metabolism in ways that are as important to tissue and organ structure and
function as the effects of many cytoplasmic processes. This realization has led to a reassessment
of the need for a detailed molecular understanding of the ECM. In the past the ECM was pri-
marily appreciated for its challenge to biochemists interested in protein and complex carbo-
hydrate structure; a detailed characterization of ECM constituents is now considered essential
for understanding cell behavior in the context of tissue and organ development and function.
Some of these constituents are obviously most important for their structural properties (colla-
gens, elastin, and fibrillin), whereas others (matrix-bound fibroblast growth factors, trans-
forming growth factor �, bone morphogenetic proteins) are signaling molecules. In a third cat-
egory are multidomain molecules (fibronectin, laminin, thrombospondin, tenascin, syndecans,
and other proteoglycans) that are both structural constituents and regulators of cell behavior
(Fig. 5.1).
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FIBRILLAR COLLAGENS: MAJOR SCAFFOLD PROTEINS 
IN THE ECM

Collagens constitute a large family of proteins that represent the major proteins (about 25%)
in mammalian tissues. A subfamily of these proteins, the fibrillar collagens, contains rigid, rodlike
molecules with three subunits, � chains, folded into a right-handed collagen triple helix (Linsen-
mayer, 1991). Within a fibrillar collagen triple-helical domain, each � chain consists of about 1000
amino acid residues and is coiled into an extended, left-handed polyproline II helix; three � chains
are in turn twisted into a right-handed superhelix (Fig. 5.2). The extended conformation of each
� chain does not allow the formation of intrachain hydrogen bonds, and the stability of the triple
helix is instead due to interchain hydrogen bonds. Such interchain bonds can form only if every
third residue of each � chain does not have a side chain and is packed close to the triple-helical
axis. Only glycine residues can therefore be accommodated in this position. This explains why the
amino acid sequence of each � chain in fibrillar collagens consists of about 300 Gly-X-Y tripep-
tide repeats, where X and Y can be any residue, but Y is frequently proline or hydroxyproline. It
also provides an explanation for why mutations in collagens that lead to a replacement of triple-
helical glycine residues with more bulky residues can cause severe abnormalities (Olsen, 1995).

Fibrillar collagen molecules are the major components of collagen fibrils. Their � chains are
synthesized as precursors, pro� chains, with large propeptide regions flanking the central triple-
helical domain. The carboxyl propeptide (C-propeptide) is important for the assembly of trimer-
ic molecules in the rough endoplasmic reticulum. Formation of C-propeptide trimers, stabilized
by intra- and interchain disulfide bonds, is the first step in the intracellular assembly and folding
of trimeric procollagen molecules (Olsen, 1991). The folding of the triple-helical domain proceeds
in a zipperlike fashion from the carboxyl toward the amino end of procollagen molecules, with a
rate that is limited by cis–trans isomerization of prolyl peptide bonds. Mutations in fibrillar pro-
collagens that affect the structure and folding of the C-propeptide domain are therefore likely to
affect the participation of the mutated chains in triple-helical assemblies. In contrast, mutations
upstream of the C-propeptide, such as in-frame deletions or glycine substitutions in the triple-he-
lical domains, exert a dominant negative effect, in that the mutated chains will participate in trimer
assembly, but will interfere with subsequent folding of the triple-helical domain.
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Fig. 5.1. Extracellular matrices are synthesized and assembled
through many steps. Soluble matrix molecules are secreted by
cells, modified, and assembled into polymeric complexes. These
complexes serve as a scaffold for cells and as a reservoir for small
molecules such as growth and differentiation factors.



Fibrillar procollagen chains are the products of nine genes (Vuorio and de Crombrugghe,
1990). The similarities of these genes suggest that they arose by multiple duplications from a sin-
gle ancestral gene. Despite their similarities and the high degree of sequence identity of their pro-
tein products, they exhibit specificity in the interactions of their C-propeptides during trimeric as-
semblies. Thus within triple-helical procollagens a relatively small number of chain combinations
is found; these combinations represent fibrillar collagen types ( Jacenko et al., 1991).

Collagens V/XI—Regulators of Fibril Assembly,
Spatial Organization, and Cell Differentiation

Some collagen types are heterotrimers (types I, V, and XI), whereas others are homotrimers
(types II and III). Some chains participate in more than one type: for example, the �1(II) chain
forms the homotrimeric collagen II, but is also one of three different chains in collagen XI mole-
cules. Between collagens V and XI there is extensive sharing of polypeptide subunits, and fibrillar
collagen molecules previously described as belonging to either collagen V or XI are now referred
to as belonging to the V/XI type. Thus, fibrillar procollagen molecules secreted by cells are mem-
bers of a large group of homologous proteins. They all contain a C-propeptide that is completely
removed by an endoproteinase after secretion, and their triple-helical rodlike domains polymerize
in a staggered fashion into fibrillar arrays (Fig. 5.3). They differ, however, in the structure of their
amino propeptide (N-propeptide) domains and in the extent to which this domain is proteolyti-
cally removed. For some collagen types, such as collagen I and II, the N-propeptide processing is
complete in molecules within mature fibrils. For other types, such as collagens V/XI, this is not
the case, in that a large portion of the N-propeptides in these molecules remains attached to the
triple-helical domain (Fig. 5.3). It is believed that the incomplete processing of type V/XI mole-
cules allows them to serve as regulators of fibril assembly (Linsenmayer et al., 1993). Collagen fi-
brils are heterotypic, i.e., contain more than one collagen type, such that collagen I fibrils contain
5–10% collagen V and collagen II fibrils contain 5–10% collagen XI. The presence of N-propep-
tide domains on V/XI molecules represents a steric hindrance to addition of molecules at fibril
surfaces. This heterotypic/steric hindrance model predicts that collagen fibril diameters in a tissue
are determined by the ratio of the “minor” component (V/XI) to the “major” component (I or II).
A high ratio results in thin fibrils; a low ratio results in thick fibrils. Direct support for this comes
from studies of mutant and transgenic mice. For example, mice that are homozygous for a func-
tional null mutation in �1(XI) collagen and transgenic mice overexpressing collagen II have car-
tilage collagen fibrils that are abnormally thick (Garofalo et al., 1993; Li et al., 1995).

A characteristic feature of collagen fibrillar scaffolds is their precise three-dimensional pat-
terns. These patterns follow mechanical stress lines and ensure a maximum of tensile strength with
a minimum of material. Examples are the criss-crossing lamellae of collagen fibers in lamellar bone
or in cornea, the arcades of collagen fibrils under the surface of articular cartilage, and the paral-
lel fiber bundles in tendons and ligaments. Ultimately, cells are responsible for establishing these
patterns, but the mechanisms they use probably involve specific molecules and interactions. The
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Fig. 5.2. Diagram showing a segment of a triple-helical collagen molecule. The triple he-
lix is composed of three left-handed helices (a chains) that are twisted into a right-hand-
ed superhelix. The sequence of each a chain is a repeat of the tripeptide Gly-X-Y. The
Gly residues are packed close to the triple-helical axis (indicated by a triangle). Only
glycine (without a side chain) can be accommodated in this position. Although any
residue can fit into the X and Y positions, Pro is frequently found in the Y position.



critical pattern-forming interactions are not known; however, the information for spatial organi-
zation is not contained within the different fibrillar collagen types, because the same kind of het-
erotypic fibril can be part of scaffolds with very different spatial organization. Transgenic mice with
an alteration in the N-propeptide region of collagen V molecules show a disruption of the lamel-
lar arrangement of fibrils in the cornea, suggesting a role for fibril surface domains in generating
the spatial pattern (Andrikopoulos et al., 1995). Finally, members of a unique subfamily of fibril-
associated collagens with interrupted triple helices (FACIT) (Olsen et al., 1995) are good candi-
dates for molecules that allow tissue-specific fibril patterns to be generated by modulating the sur-
face properties of fibrils.

The phenotypic consequences of mutations in fibrillar collagen genes indicate that the major
function of these proteins is to provide elements of high tensile strength at the tissue level. Muta-
tions in collagen V/XI genes also suggest that fibrillar collagen scaffolds are essential for normal
cellular growth and differentiation. For example, a functional null mutation in �1(XI) collagen in
cartilage causes a severe disproportionate dwarfism in mice and perinatal death of homozygotes
(Li et al., 1995). Histology of the mutant growth plates reveals a disorganized spatial distribution
of cells and a defect in chondrocyte differentiation to hypertrophy. The explanation for this is like-
ly to be related to the fact that in growth plates the proliferation and differentiation of chondro-
cytes is regulated by locally produced growth factors and cytokines. Cells that produce these fac-
tors must therefore be localized close to cells that express the appropriate receptors. The �1(XI)
mutation may disrupt this relationship, because it results in a dramatic decrease in cohesive prop-
erties of the matrix and a loss of cellular organization. Transgenic mice with a mutation in �2(V)
collagen have a large number of hair follicles of unusual localization in the hypodermis; this may
also be related to a defect in the mechanical properties of the fibrillar collagen scaffold (An-
drikopoulos et al., 1995).

FACIT Collagens—Modulators of Collagen 
Fibril Surface Properties

Molecules that are associated with collagen fibrils, contain two or more triple-helical domains,
and share characteristic protein domains (modules) are classified as FACIT collagens (Olsen et al.,
1995; Shaw and Olsen, 1991). Of the five currently known members in the group (collagens IX,
XII, XIV, XVI, and XIX) collagen IX is the best characterized both structurally and functionally.
Collagen IX molecules are heterotrimers of three different gene products (van der Rest et al., 1985).
Each of the three � chains contains three triple-helical domains separated and flanked by non-
triple-helical sequence regions (Fig. 5.4). Between the amino-terminal and central triple-helical
domains a flexible hinge gives the molecule a kinked structure with two arms. Type IX molecules
are located on the surface of type II/XI-containing fibrils with the long arm parallel to the fibril
surface and the short arm projecting into the perifibrillar space (Vaughan et al., 1988) (Fig. 5.3).
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Fig. 5.3. Diagram of a cartilage collagen fibril. Col-
lagen II molecules are the major components. Mol-
ecules of collagen XI and IX are located on the sur-
face. Collagen XI molecules, heterotrimers of three
different a chains, have amino-terminal domains
that are thought to block sterically the addition of
collagen II molecules at the fibril surface.



It is believed that collagen IX may function as a bridging molecule between fibrils or between fib-
rils and other matrix constituents. Support from this comes from studies of transgenic mice and
mutations in humans. Transgenic mice with a dominant negative mutation in the �1(IX) chain
(Nakata et al., 1993), as well as mice that are homozygous for �1(IX) null alleles (Faessler et al.,
1994), exhibit osteoarthritis in knee joints and mild chondrodysplasia. In humans, a splice site
mutation leading to exon skipping and an in-frame deletion in the �2(IX) collagen chain has been
shown to cause a form of multiple epiphyseal dysplasia, an autosomal dominant disorder charac-
terized by early-onset osteoarthritis in large joints associated with short stature and stubby fingers
(Muragaki et al., 1996).

Molecules of collagens XII and XIV are homotrimers of chains that are made up of several
kinds of modules. Some modules are homologous to modules found in collagen IX, whereas oth-
ers show homology to von Willebrand factor A domains and fibronectin type III repeats. Both
types of molecules contain a central globule with three fingerlike extensions and a thin triple-
helical tail attached (Fig. 5.4). For collagen XII, two forms that differ greatly in the lengths of the
fingerlike extensions are generated by alternative splicing of RNA transcripts. Variations in the car-
boxyl regions also occur (Olsen et al., 1995). Both collagens are found in connective tissues con-
taining type I collagen fibrils, except mineralized bone matrix, and immunolabeling studies show
a fibril-associated distribution. Type XIV collagen has been reported to bind to heparin sulfate and
the small fibril-associated proteoglycan decorin (Brown et al., 1993; Font et al., 1993). This would
suggest an indirect fibril association. A direct association cannot be ruled out, however, because
collagen XII molecules form copolymers with collagen I even in the absence of proteoglycans. A
functional interaction between fibrils and collagens XII and XIV is implied by studies showing
that addition of the two collagens to type I collagen gels promote gel contraction mediated by fi-
broblasts (Nishiyama et al., 1994). The effect is dose dependent and can be prevented by denatu-
ration or addition of specific antisera. The association with fibrils of collagens XII and XIV may
therefore modulate the frictional properties of fibril surfaces. The synthesis of different isoforms
could be important in this context, because they could bind to fibrils with different affinities. Also,
because the long form of collagen XII is a proteoglycan, whereas the short form is not, variations
in the relative proportion of the two splice variants may serve to modulate the hydrophilic prop-
erties of interfibrillar matrix compartments. Finally, the discovery that the collagen I N-propep-
tide processing enzyme binds to collagen XIV and can be purified as part of a complex with anti-
bodies against collagen XIV raises the possibility that the FACIT collagens provide binding sites
for fibril-modifying extracellular matrix enzymes (Colige et al., 1995).
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Fig. 5.4. Diagrams of collagen IX and XII (long form) molecules.
Collagen IX molecules contain the three chains a1(IX), a2(IX), and
a3(IX). Each chain contains three triple-helical domains (COL1,
COL2, COL3), interrupted and flanked by non-triple-helical se-
quences. In cartilage, the a1(IX) chain contains a large globular
amino-terminal domain. The a2(IX) chain serves as a proteogly-
can core protein in that it contains a chondroitin sulfate (CS) side
chain attached to the non-triple-helical region between the COL2
and COL3 domains. Collagen XII molecules are homotrimers of
a1(XII) chains. The three chains form two short triple-helical do-
mains separated by a flexible hinge region. A central globule is
composed of three globular domains that are homologous to the
amino-terminal globular domain of a1(IX) collagen chains. The
amino-terminal regions of the three a1(XII) chains contain multi-
ple fibronectin type III repeats and von Willebrand factor A-like
domains. These regions form three “fingers” that extend from the
central globule. Through alternative splicing a portion of the fin-
gers (white region in diagram) is spliced out in the short form of
collagen XII. Hybrid molecules with both long and short fingers
can be extracted from tissues.



Basement Membrane Collagens and Associated 
Collagen Molecules

At epithelial (and endothelial)–stromal boundaries, basement membranes serve as specialized
areas of ECM for cell attachment. By end-to-end and lateral interactions collagen IV molecules
form a networklike scaffold for basement membranes (Yurchenco and O’Rear, 1994). Six differ-
ent collagen IV genes exist in mammals, and their products interact to form at least three differ-
ent types of heterotrimeric collagen IV molecules. These different isoforms show characteristic tis-
sue specific expression patterns.

Within basement membranes the collagen IV networks are associated with a large number of
noncollagenous molecules, such as various isoforms of laminin, nidogen, and the heparin sulfate
proteoglycan perlecan. Additional collagens are also associated with basement membranes. These
include the transmembrane collagen XVII in hemidesmosomes and collagen VII in anchoring fi-
brils. Collagens XVII and VII are important in regions of significant mechanical stress, such as
skin, in that they anchor epithelial cells to the basement membrane (collagen XVII) and strap the
basement membrane to the underlying stroma (collagen VII). In bullous pemphigoid, autoanti-
bodies against collagen VII cause blisters that separate epidermis from the basement membrane
(Liu et al., 1994); dominant and recessive forms of epidermolysis bullosa can be caused by muta-
tions in collagens VII and XVII (McGrath et al., 1995; Uitto et al., 1994). The physiological im-
portance of collagen IV isoforms is highlighted by Alport syndrome (Tryggvason et al., 1993). This
disease, characterized by progressive hereditary nephritis associated with sensorineural hearing loss
and ocular lesions, can be caused by mutations within �3(IV) and �4(IV) collagen genes (auto-
somal Alport syndrome) (Mochizuki et al., 1994) or mutations in �5(IV) collagen (X-linked Al-
port syndrome) (Barker et al., 1990). In cases of large deletions, including both the �5(IV) and
the neighboring �6(IV) collagen gene, renal disease is associated with inherited smooth muscle tu-
mors (Zhou et al., 1993).

Two additional basement membrane-associated collagens, collagen VIII and collagen XVIII,
are of interest because of their function in vascular physiology and pathology. Collagen VIII is a
short-chain, nonfibrillar collagen with significant homology to collagen X, a product of hyper-
trophic chondrocytes (Muragaki et al., 1991; Yamaguchi et al., 1989, 1991). Its expression appears
to be up-regulated during cardiac morphogenesis (Iruela-Arispe and Sage, 1991), in human ath-
erosclerotic lesions (MacBeath et al., 1996), and following experimental lesions to the endotheli-
um in large arteries (Bendeck et al., 1996; Sibinga et al., 1997). It has been suggested that colla-
gen VIII may be important in mediating the migration of smooth muscle cells from the medial
layer into the intima during neointimal thickening following endothelial cell injury.

Collagen XVIII, together with collagen XV, belongs to a distinct subfamily of collagens called
multiplexins (so named because of their multiple triple-helix domains and interruptions) (Oh et
al., 1994; Rehn and Pihlajaniemi, 1994). Because of the alternative utilization of two promoters
and alternative splicing, the COL18A1 gene gives rise to three different transcripts that are trans-
lated into three protein variants. These are localized in various basement membranes, including
those that separate vascular endothelial cells from the underlying intima in blood vessels (Halfter
et al., 1998; Muragaki et al., 1995; Rehn and Pihlajaniemi, 1995; Saarela et al., 1998). When col-
lagen XVIII was initially cloned and sequenced it was noted that the sequence contained multiple
consensus sequences for attachment of heparan sulfate side chains (Oh et al., 1994). Subsequent
studies have, in fact, confirmed that collagen XVIII forms the core protein of a basement mem-
brane proteoglycan (Halfter et al., 1998). Proteolytic processing of the carboxyl non-triple-helical
domain of collagen XVIII in tissues leads to the release of heparin-binding molecules with anti-
angiogenic activity (Sasaki et al., 1998).

One of these fragments, named endostatin, represents the carboxyl-terminal 20-kDa portion
of collagen XVIII chains (O’Reilly et al., 1997). Recombinant preparations of endostatin have been
shown to inhibit the proliferation and migration of vascular endothelial cells, inhibit the growth
of tumors in mice and rats, and cause regression of tumors in mice (Boehm et al., 1997; Dhana-
bal et al., 1999; O’Reilly et al., 1997; Yamaguchi et al., 1999). The limited data available suggest
that these effects are mediated by inhibition of tumor-induced angiogenesis. The X-ray crystallo-
graphic structure of endostatin has been determined for both the mouse and human proteins (Ding
et al., 1998; Hohenester et al., 1998). The compact structure consists of two � helices and a large
number of � strands, stabilized by two intramolecular disulfide bonds. A coordinated zinc atom
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is part of the structure (Ding et al., 1998) and on the surface a patch of arginyl residues forms a
potential binding site for heparin (Hohenester et al., 1998). Studies of mutant endostatins have
shown that arginines within this patch are required for heparin binding (Yamaguchi et al., 1999).
Interestingly, heparin or zinc binding is not required for biological activity (Yamaguchi et al.,
1999).

ELASTIC FIBERS AND MICROFIBRILS
Collagen molecules and their fibers evolved as structures of high tensile strength, equivalent

to that of steel when compared on the basis of the same cross-sectional area, but three times bet-
ter on a per unit weight basis. In contrast, elastic fibers, composed of molecules of elastin, provide
tissues with elasticity so that they can recoil after transient stretch (Rosenbloom et al., 1993). In
organs such as the large arteries, skin, and lungs, elasticity is obviously crucial for normal func-
tioning. Elastin fibers derive their impressive elastic properties, an extensibility that is about five
times that of a rubber band with the same cross-sectional area, from the structure of elastin mol-
ecules. Each molecule is composed of alternating segments of hydrophobic and �-helical Ala- and
Lys-rich sequences. Oxidation of the lysine side chains by the enzyme lysyl oxidase leads to for-
mation of reactive aldehydes and extensive covalent cross-links between neighboring molecules in
the fiber. It is thought that the elasticity of the fiber is due to the tendency of the hydrophobic seg-
ments to adopt a random-coil configuration following stretch.

On the surface of elastic fibers one finds a cover of microfibrils, beaded filaments with mole-
cules of fibrillin as their major components (Sakai and Keene, 1994). The fibrillins, products of
genes on chromosomes 5 (Fib5) and 15 (Fib15) in humans, also form microfibrils that are found
in almost all extracellular matrices in the absence of elastin. Fibrillin molecules are composed of
multiple repeat domains, the most prominent being calcium-binding extracellular growth factor
(EGF)-like repeats; similar repeats in latent transforming growth factor � (TGF-�)-binding pro-
teins suggest that the fibrillins belong to a superfamily of proteins (Kanzaki et al., 1990). The phys-
iological importance of fibrillin is highlighted by mutations causing the Marfan syndrome and
congenital contractural arachnodactyly. The Marfan syndrome is caused by mutations in Fib15
and is characterized by dislocation of the eye lens due to weakening of the suspensory ligaments
of the zonule, congestive heart failure, aortic aneurysms, and skeletal growth abnormalities result-
ing in a tall frame, scoliosis, chest deformities, arachnodactyly, and hypermobile joints (Ramirez
et al., 1993). In patients with congenital contractural arachnodactyly, mutations in Fib5 lead to
similar skeletal abnormalities and severe flexion contractures, but no ophthalmic and cardiovas-
cular manifestations (Viljoen, 1994). The tall stature and arachnodactyly seen in patients with the
Marfan syndrome suggest that Fib15 is a negative regulator of longitudinal bone growth. Because
fibrillin microfibrils are found in growth plate cartilage it is conceivable that they affect chondro-
cyte proliferation and/or maturation; the mechanisms, however, are unknown.

FIBRONECTIN: A MULTIDOMAIN, MULTIFUNCTIONAL 
ADHESIVE ECM GLYCOPROTEIN

Several proteins in the extracellular matrix contain binding sites for structural macromole-
cules and for cells, thus contributing both to the structural organization of the ECM and its in-
teraction with cells. The prototype of these adhesive glycoproteins is fibronectin, a disulfide-bond-
ed dimer of 220- to 250-kDa subunits (Hynes, 1990). Each subunit is folded into five or six rodlike
domains separated by flexible “joints.” The domains are composed of three types of multiple re-
peats or modules, Fn1, Fn2, and Fn3. Fn1 modules are found in the fibrin-binding amino- and
carboxyl-terminal regions of fibronectin and in the collagen (gelatin)-binding region (Fig. 5.5).
Single copies of Fn1 modules are also found in tissue-type plasminogen activator (t-PA) and co-
agulation factor XII (Potts and Campbell, 1994).

Nuclear magnetic resonance studies of Fn1 modules demonstrate the presence of two layers
of antiparallel � sheets (two strands in one layer and three strands in the other) held together by
hydrophobic interactions. The structure is further stabilized by disulfide and salt bridges. Fn2
modules are found together with Fn1 modules in the collagen-binding region of fibronectin and
in many other proteins. Their structure, two double-stranded antiparallel � sheets connected by
loops, suggests that a ligand such as collagen may bind to this module through interactions of hy-
drophobic amino acid side chains with its hydrophobic surface. Fn3 modules are the major struc-

5 Matrix Molecules and Their Ligands 63



tural units in fibronectin and are found in a large number of other proteins as well. Some of these
proteins (for example, the long splice variant of collagen XII) contain more Fn3 modules than does
fibronectin. The structure of Fn3 is that of a sandwich of antiparallel � sheets (three strands in one
layer and four strands in the other) with a hydrophobic core. The binding of fibronectin to some
integrins involves the tripeptide sequence Arg-Gly-Asp in the tenth Fn3 module; these residues lie
in an exposed loop between two of the strands in one of the � sheets (Potts and Campbell, 1994).

Fibronectin can assemble into a fibrous network in the ECM through interactions involving
cell surface receptors and the amino-terminal region of fibronectin (Mosher et al., 1991). A fibrin
binding site is also contained in this region; a second site is in the carboxyl domain. The ability to
bind to collagen ensures association between the fibronectin network and the scaffold of collagen
fibrils. The collagen-binding domain of fibronectin can be isolated as a discrete proteolytic frag-
ment, consisting of four Fn1 and two Fn2 modules. Binding sites for heparin and chondroitin sul-
fate further make fibronectin an important bridging molecule between collagens and other matrix
molecules (Fig. 5.5).

Transcripts of the fibronectin gene are alternatively spliced in three regions in a cell- and de-
velopmental stage-dependent manner. As a result there are many different isoforms of fibronectin
(Schwarzbauer, 1990). The main form produced by the liver and circulating in plasma lacks two
of the Fn3 repeats found in cell- and matrix-associated fibronectin. One alternatively spliced do-
main is adjacent to the heparin-binding site, and this region binds to integrins �4�1 and �4�7
(Humphries, 1993). Thus, there is a mechanism for fine tuning of fibronectin structure and in-
teraction properties. Not surprisingly, mice that are homozygous for fibronectin null alleles die
early in embryogenesis with multiple defects (George et al., 1993).

The biologically most important activity of fibronectin is its interaction with cells. The abil-
ity of fibronectin to serve as a substrate for cell adhesion, spreading, and migration is based on the
activities of several modules. The Arg-Gly-Asp sequence in the tenth Fn3 module plays a key role
in the interaction with the integrin receptor �5�1, but synergistic interactions with other Fn3
modules are essential for high-affinity binding of cells to fibronectin (Aota et al., 1991). Interac-
tions with integrins containing the �3 subunit, such as �IIb�3 on platelets, involve a peptide se-
quence within the ninth Fn3 (Bowditch et al., 1994).

LAMININS: LARGE, ADHESIVE BASEMENT 
MEMBRANE MOLECULES

Laminins are trimeric molecules of �, �, and � chains with molecular masses of 140–400
kDa. With a large number of genetically distinct chains (�1, �2, �3, �4, �5, �1, �2, �3, �1, �2),
several laminin isoforms are now known (Fig. 5.6). Several forms have a cross-shaped structure as
visualized by rotary shadowing electron microscopy; some forms contain Y-shaped molecules. The
laminins are important components of basement membranes, where they provide interaction sites
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Fig. 5.5. Diagram of a fibronectin polypeptide chain. The polypeptide chain is composed of sev-
eral repeats (Fn1, Fn2, and Fn3) and contains binding sites for several matrix molecules and cells.
Two regions can bind heparin and fibrin and two regions are involved in cell binding as well. By
alternative splicing, isoforms are generated that may or may not contain certain Fn3 domains (la-
beled ED-A and ED-B in the diagram). Additional splice variations in the second cell-binding do-
main (Cell II) generate other isoforms.



for many other constituents, including cell surface receptors (Timpl, 1996; Timpl and Brown,
1994). The functional and structural mapping of these sites and the complete sequencing of many
laminin chains have provided detailed insights into the organization of laminin molecules. With-
in the cross-shaped laminin 1 molecule, three similar short arms are formed by the N-terminal re-
gions of the �1, �1, and �1 chains, whereas a long arm is composed of the carboxyl regions of all
three chains, folded into a coiled-coil structure. The three chains are connected at the center of the
cross by three interchain disulfide bridges. The short arms contain multiple EGF-like repeats of
about 60 amino acid residues, terminated and interrupted by globular domains. The long arm con-
sists of heptad repeats covering about 600 residues in all three chains. The �1 chain is about 1000
amino acid residues longer than the �1 and �1 chains and forms five homologous globular repeats
at the “base” of the cross; these globular repeats are similar to repeats found in the proteoglycan
molecule perlecan (Iozzo, 1994). Calcium-dependent polymerization of laminin is based on in-
teractions between the globular domains at the N termini and is thought to be important for the
assembly and organization of basement membranes. Also of significance for the assembly of base-
ment membranes is the high-affinity interaction with nidogen (Timpl and Brown, 1994). The
binding site in laminin for nidogen is on the �1 chain, close to the center of the cross. On nido-
gen, a rodlike molecule with three globular domains, the binding site for laminin is in the carboxyl
globular domains; another globular domain binds to collagen IV. Thus, nidogen is a bridging mol-
ecule that connects the laminin and collagen IV networks, and is probably crucial for the assem-
bly of normal basement membranes.

Laminin does not bind directly to collagen IV, but has binding sites for several other mole-
cules besides nidogen. These are heparin, perlecan, and fibulin-1, which bind to the end of the
long arm of the laminin cross. The biologically most significant interactions of laminin, however,
involve a variety of cell surface receptors, both integrins and nonintegrin receptors. Several inte-
grins are laminin receptors (Kramer 1994). They show distinct preferences for different laminins,
and recognize binding sites on either the short or long arms of laminin molecules. In striated mus-
cle cells laminin binds to the dystroglycan–dystrophin complex (Matsumura and Campbell,
1994). A disulfide-linked complex of laminins 5 and 6 is crucial for the firm attachment of ker-
atinocytes to the basement membrane in skin by its interaction with �6�4 integrins in hemides-
mosomes (Niessen et al., 1994; Pulkkinen et al., 1994; Sonnenberg et al., 1991). Laminins with
�2 chains appear to be important for guiding axons to neuromuscular junctions (Noakes et al.,
1995). Through interactions with the integrin �v�3, laminin is important for angiogenesis
(Brooks et al., 1994). Finally, laminin has important roles in induction and maintenance of dif-
ferentiated cellular phenotypes and in control of cell proliferation (Grant et al., 1989).
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Fig. 5.6. Diagrams of two types of laminins. Laminin 1 has a cross-
shaped structure, whereas laminin 5 is Y-shaped, due to a shorter
a chain.



MODULATORS OF CELL–MATRIX INTERACTIONS
Whereas proteins such as fibronectin and laminin are important for adhesion of cells to ex-

tracellular matrices, other ECM molecules appear to function as both positive and negative mod-
ulators of such adhesive interactions. Examples of such modulators are thrombospondin (Born-
stein and Sage, 1994) and tenascin (Erickson, 1993).

Thrombospondins are a group of four homologous trimeric matrix proteins composed of sev-
eral Ca2+-binding domains, EGF-like repeats, as well as other modules (Bornstein, 1992) (Fig.
5.7). Different members of the group show differences in cellular expression and functional prop-
erties. Thrombospondin-1, a component of � granules in platelets, is released when platelets are
activated and forms multimers that bind fibrin and fibrinogen in the hemostatic plug. The pro-
tein is also produced by many other cell types (fibroblasts, endothelial cells, and smooth muscle
cells) and binds to a variety of matrix molecules, including fibrillar collagen, fibronectin, laminin,
and heparan sulfate proteoglycan. It has a growth-promoting effect on fibroblasts and may desta-
bilize cell–matrix interactions during wound healing and angiogenesis (Chiquet-Ehrismann,
1995). It therefore promotes cell proliferation and angiogenesis. The cellular receptor for throm-
bospondin appears to be a chondroitin sulfate proteoglycan; cellular contact sites with throm-
bospondin have a cytoskeletal organization that is different than the integrin-mediated focal ad-
hesions seen with molecules such as fibronectin (Adams, 1995).

Cartilage oligomeric matrix protein (COMP) is a pentameric protein that is structurally re-
lated to thrombospondin and is thought to have evolved from the thrombospondin-3 and -4
branch of the family (Newton, 1994). COMP is a secretory product of chondrocytes and is local-
ized in their territorial matrix in cartilage. Mutations in COMP have been shown to be the cause
of pseudoachondroplasia and a form of multiple epiphyseal dysplasia (Briggs et al., 1995).

The three members of the tenascin family (C, R, and X) are large hexameric (tenascin-C and
-R) or trimeric (tenascin-X) proteins with subunits composed of multiple protein modules (Er-
ickson, 1993). The modules include fibronectin type III repeats, EGF-like domains, and a car-
boxyl domain with homology to the carboxyl-terminal domains of �- and �-fibrinogen chains.
These modules form rodlike structures that interact with their amino-terminal domains within the
oligomers. Although mice that are homozygous for tenascin-C null alleles have no obvious phe-
notype (Saga et al., 1992), the multiple interactions and tissue expression patterns defined for
tenascins strongly suggest that they have important functions. Tenascin-R is expressed in the cen-
tral nervous system during development, tenascin-X is expressed particularly in muscle (smooth
muscle as well as cardiac and skeletal), and tenascin-C is found in healing wounds, in a wide vari-
ety of tumors, and in the brain. In certain experimental conditions tenascin-C can be an adhesive
molecule for cells; it can also, however, have antiadhesive effects (Chiquet-Ehrismann, 1995). The
adhesive activity can be mediated by either cell surface proteoglycan or integrins, depending on
cell type. Tenascin-C can bind heparin and this may be responsible for interactions with cell sur-
face proteoglycans such as glypican (Erickson, 1993; Vaughan et al., 1994). Tenascin-C can also
block adhesion by covering up adhesive sites in other matrix molecules, such as fibronectin, ster-
ically blocking their interactions with cells. Interactions with specific “antiadhesive” cell surface re-
ceptors are also conceivable. A cell surface molecule on neurons, contactin, binds to both tenascin-
C and -R and may mediate their effects on neurons; tenascin can both stimulate and inhibit neurite
outgrowth (Vaughan et al., 1994).
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Fig. 5.7. Diagram of thrombospondin-1, showing the multidomain structure
and the position of two cysteines that are involved in interchain disulfide (S—
S) bonds within the trimeric molecules.



PROTEOGLYCANS: MULTIFUNCTIONAL ECM 
AND CELL SURFACE MOLECULES

A variety of proteoglycans play important roles in cellular growth and differentiation and in
matrix structure. They range from the large hydrophilic space-filling complexes of aggrecan and
versican with hyaluronan, to the cell surface syndecan receptors. In basement membranes the ma-
jor heparan sulfate proteoglycan is perlecan (Iozzo, 1994; Timpl, 1994). With three heparan sul-
fate side chains attached to the amino-terminal region, its core protein is multimodular in struc-
ture, having borrowed structural motifs from a variety of other genes. These include a low-density
lipoprotein (LDL) receptor-like module, regions with extensive homology to laminin chains, a
long stretch of N-CAM-like IgG repeats, and a carboxyl-terminal region with three globular and
four EGF-like repeats similar to a region of laminin. Alternative splicing can generate molecules
of different lengths. Perlecan is present in a number of basement membranes, but is also found in
the pericellular matrix of fibroblasts. In fact, fibroblasts, rather than epithelial cells, appear to be
major producers of perlecan (for example, in skin). In liver, perlecan is expressed by sinusoidal en-
dothelial cells and is localized in the perisinusoidal space. The precise functions of perlecan have
not been defined, but mutations in the unc-52 gene in Caenorhabditis elegans, encoding a short
version of perlecan, cause disruptions of skeletal muscle (Rogalski et al., 1993). This suggests that
the molecule, as a component of skeletal muscle basement membranes, is important for assembly
of myofilaments and their attachment to cell membranes. Binding of growth factors and cytokines
to the heparan sulfate side chains also enables perlecan to serve as a storage vehicle for biological-
ly active molecules such as basic fibroblast growth factor (bFGF).

Several small proteoglycans with homologous core proteins are found in a variety of tissues,
where they interact with other matrix macromolecules and regulate their functions. They include
decorin, biglycan, lumican, and fibromodulin (Hedbom and Heinegard, 1993; Hildebrand et al.,
1994; Kresse et al., 1994). Decorin binds along collagen fibrils and may play a role in fibril as-
sembly. It also has an effect on cell morphology, at least in culture, and may therefore modulate
the binding of cells to matrix constituents such as collagen and fibronectin. Through binding of
transforming growth factor � (TGF-�) isoforms, the small proteoglycans may help sequester
growth factors within the ECM and thus regulate their activities (Hildebrand et al., 1994).

A variety of proteoglycans also have important functions at cell surfaces. These include four
members of the syndecan family, transmembrane molecules with highly conserved cytoplasmic do-
mains, and glypican-related molecules that are linked to the cell surface via glycosyl phos-
phatidylinositol (David, 1993). Through their heparan sulfate side chains these molecules can bind
growth factors, protease inhibitors, enzymes, and matrix macromolecules (Kim et al., 1994). They
are therefore thought to be important modulators of cell signalling pathways and cell–matrix con-
tacts. Variations in their expression during embryogenesis support this idea (Bernfield et al., 1993;
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Fig. 5.8. Diagram of a portion of a large proteoglycan com-
plex from cartilage. Monomers of aggrecan, composed of
core proteins with glycosaminoglycan side chains (mostly
chondroitin sulfate), are bound to hyaluronan. The binding
is stabilized by link proteins. For clarity, only some of the
glycosaminoglycan side chains are shown in the monomers.



Mali et al., 1994). Syndecan, for example, is transiently lost from many epithelial cells during de-
velopmental shape changes, and is expressed in areas of mesenchymal condensations, in support
of its function as a bridge between cells and the ECM.

Hyaluronan is an important component of most extracellular matrices (Laurent and Fraser,
1992). It serves as ligand for several proteins, including cartilage link protein and aggrecan and
versican core proteins. In cartilage, based on such interactions, it is the backbone for the large pro-
teoglycan complexes responsible for the compressive properties of cartilage (Morgelin et al., 1994)
(Fig. 5.8). It also is a ligand for cell surface receptors and regulates cell proliferation and migration
(Sherman et al., 1994). One receptor for hyaluronate is the transmembrane molecule CD44. By
alternative splicing and variations in posttranslational modifications a family of CD44 proteins is
generated (Lesley et al., 1993). These show cell- and tissue-specific expression patterns and are
thought to have distinct functional roles. The most widely expressed isoform is important for lym-
phocyte homing to various destinations. In lymphocyte homing, however, the ligand is not
hyaluronate but other matrix molecules. In fact, CD44 is known to bind several molecules, in-
cluding collagen, fibronectin, and mucosal addressin (Sherman et al., 1994). Hyaluronate-medi-
ated cell motility is based on the interaction of hyaluronan with a cell surface-associated protein
called RHAMM (receptor for hyaluronate-mediated motility) (Turley, 1992). As a space-filling
molecule and through its interaction with cell surface receptors, hyaluronan is important for sev-
eral morphogenetic processes during development. It creates cell-free spaces through which cells
(for example, neural crest cells) can migrate, and its degradation by hyaluronidase is probably im-
portant for processes of cellular condensation.

SUMMARY
Components of the extracellular matrix affect cellular growth and differentiation in a variety

of ways (Mooney et al., 1992). The collagen scaffold allows cells to be organized in space and thus
provides the basis for spatially defined, short-range interactions between cells. Adhesive glycopro-
teins bind to cell surface integrins and other receptors regulating cell attachment, cell shape, pro-
liferation, and differentiation (Roskelley et al., 1995).

Large proteoglycans can both create hydrophilic spaces for cellular migration and block cell
movements. Cell surface-associated proteoglycans bind growth factors and serve as coreceptors for
growth factor–receptor interactions (Mason, 1994).
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Inductive Phenomena
Matthias Hebrok and Douglas A. Melton

INTRODUCTION

Vertebrate organogenesis is a multistep process involving regulated cell–cell interactions between
mesenchymal and epithelial tissues. These interactions, or inductive phenomena, are orches-

trated by signaling molecules that govern proliferation, migration, and morphogenesis. In gener-
al, two types or inductive phenomena have been distinguished: instructive induction and permis-
sive induction (Slack, 1983). Instructive interactions are defined as those cases in which the
responding tissue is naive and its path of differentiation depends on the signal(s) it receives. A per-
missive interaction takes place when the receiving tissue is already committed to one particular dif-
ferentiation pathway but requires an additional signal to initiate the process. In this chapter both
types of inductive phenomena are described, focusing on tissues and signaling pathways involved
during formation of gut-derived organs, including lung and pancreas.

EPITHELIAL TO MESENCHYMAL SIGNALING 
IN ENDODERM DEVELOPMENT

Organogenesis is initiated after gastrulation when the three germ layers, ectoderm, mesoderm,
and endoderm, are formed and the basic body plan is established. During gastrulation endoder-
mal and mesodermal precursors are separated from each other. The endodermal cells form an ep-
ithelial sheet that extends along the anteroposterior (AP) axis of the developing embryo, subse-
quently generating the embryonic gut. The first morphogenetic sign of gut tube formation is the
folding of the anterior intestinal portal (AIP) at the rostral end, close to the forming head ecto-
derm. Soon after, the caudal intestinal portal (CIP) is generated at the posterior end of the em-
bryo. Both structures grow and extend toward each other, eventually meeting and fusing in the
middle, where they form the yolk stalk. Initially, the primitive gut is subdivided into fore-, mid-,
and hindgut along the AP axis and from each of these regions specific organs will be generated
during subsequent development, including thyroid, lungs, stomach, pancreas, liver, and small and
large intestine (Gilbert, 1994; Roberts et al., 1998).

Inductive interactions play an important role during morphogenesis and are involved in the
formation of visceral organs of the gut. Several studies have described the cross-talk between the
mesodermal and endodermal part of visceral organs (Golosow and Grobstein, 1962; Roberts et
al., 1998; Shannon, 1994; Shannon et al., 1998; Wessells and Cohen, 1967). Here, the focus is
on examples of epithelial–mesenchymal interactions leading to formation of mature organs along
the AP axis of the gut. Inductive events during lung development are described and the role of sig-
naling molecules involved in this process is discussed. Furthermore, we suggest that similar in-
ductive mechanisms, mediated by the same signaling pathways, play important roles during sev-
eral stages of pancreas development.

LUNG DEVELOPMENT AND INSTRUCTIVE SIGNALING
The mammalian respiratory system consists of two separate structures, the trachea and the

lung (Hogan and Yingling, 1998; Ten Have-Opbroek, 1981; Wessells, 1970). Both parts are de-
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rived from ventral, anterior endoderm and need instructive signals from overlying mesenchyme
for proper development (Hogan, 1999). Transplantation of bronchial mesenchyme to tracheal en-
doderm induces ectopic branching and expression of genes specific of bronchial endoderm, where-
as tracheal mesenchyme suppresses epithelial budding when transplanted to distal lung epitheli-
um (Alescio and Cassini, 1962; Shannon, 1994; Shannon et al., 1998; Wessells, 1970) (Fig. 6.1).
Specific genes and pathways have been identified that are involved in these processes (Bellusci et
al., 1997a,b). Fibroblast growth factors (FGFs) govern cell differentiation and regulation of organ
formation (Martin, 1998); inhibition of FGF-signaling, through ectopic expression of a dominant
negative FGF receptor, interferes with formation of secondary bronchi and terminal lung buds
(Peters et al., 1994). FGF-10, one of the ligands expressed in distal mesenchyme, has emerged as
a factor involved in lung budding. In coculture experiments distal epithelium grows toward an
FGF-10-soaked bead, reminiscent of the normal budding observed in developing/growing em-
bryos (Bellusci et al., 1997b; Park et al., 1998). Furthermore, reports have described that FGF-10
also induces budding in tracheal endoderm stripped of mesenchyme, suggesting that FGF-10
might mimic the instructive effect of distal mesenchyme when grafted around tracheal endoderm
(Hogan and Yingling, 1998; Park et al., 1998). The importance of FGF signaling has been further
confirmed in FGF-10 mutant mice, which are deficient in lung bud formation (Min et al., 1998;
Sekine et al., 1999).

Another gene involved in lung development encodes Sonic hedgehog (Shh), a secreted gly-
coprotein and member of the hedgehog family of signaling molecules. Shh is expressed in foregut
endoderm and is up-regulated in distal lung epithelium where branching occurs (Bellusci et al.,
1997a). Overexpression studies revealed that Shh acts as an endodermal signal that induces cell
proliferation in lung mesenchyme (Bellusci et al., 1997a). Loss-of-function experiments have
shown that lung development is disturbed in Shh mutant embryos and in mice bearing mutations
in downstream targets of hedgehog signaling, including zinc finger transcription factors Gli2 and
Gli3 (Litingtung et al., 1998; Motoyama et al., 1998; Pepicelli et al., 1998). Furthermore, Pepi-
celli et al. provided evidence that in lungs of Shh�/� mice, FGF-10 expression is up-regulated,
suggesting that high levels of Shh in wild-type embryos might interfere with FGF-10 expression
in adjacent mesenchyme. Additional evidence of FGF signaling in respiratory organs comes from
studies on tracheal development in Drosophila, in which several genes, including FGF (branch-
less), FGF receptor (breathless), and an inhibitor of FGF signaling (sprouty), have been implicat-
ed in this process (reviewed in Hogan and Yingling, 1998).
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Fig. 6.1. Instructive signaling
during lung development. (A)
Proximal and distal lung mesen-
chymes possess different capaci-
ties to induce region-specific
morphogenesis. Proximal me-
senchyme governs tracheal de-
velopment characterized by
growth of a straight tube, where-
as distal mesenchyme instructs
endodermal budding to assure
proper formation of lung mor-
phology. (B) When transplanted
to the proximal part of the tra-
chea, distal mesenchyme in-
duces budding in otherwise
straight tracheal epithelium,
whereas (C) proximal mesen-
chyme will inhibit bud formation
in lung endoderm.



These studies demonstrate that mesenchymal–epithelial interactions are required for lung de-
velopment. They indicate that epithelial factors and mesenchymal genes influence cell prolifera-
tion and morphogenetic budding, and future work will further clarify how signaling pathways in-
teract to instruct endodermal differentiation in respiratory organs.

PERMISSIVE SIGNALING DURING PANCREAS DEVELOPMENT
For many decades pancreas development has been a preferred object to study general patterns

of organ formation. During embryogenesis a dorsal evagination of the duodenum caudal to the
stomach is the first morphological sign of pancreas formation. Shortly afterward ventral pancreas
buds form adjacent to the liver diverticulum, and subsequently, when the stomach and duodenum
move during gut rotation, the ventral bud comes into close contact with the dorsal lobe to fuse
and form the mature pancreas (Fig. 6.2) (Slack, 1995).

Before molecular data were available researchers used the pancreas to investigate principles of
epithelial–mesenchymal interactions. These experiments showed that mesenchyme is necessary to
allow proper formation of mature exocrine structures (Golosow and Grobstein, 1962; Wessells and
Cohen, 1967). More recently, numerous transcription factors have been implicated in different as-
pects of pancreas development (reviewed in Edlund, 1998). At least two of these, Pdx-1 and Isl-1
are involved in epithelial–mesenchymal signaling, and mutations in the genes for these factors in-
terfere with morphogenesis and differentiation of both exocrine and endocrine lineages (Ahlgren
et al., 1996, 1997; Jonsson et al., 1994; Offield et al., 1996). Furthermore, mutations in some tran-
scription factors, including Pdx-1, HNF-1�, HNF-1�, and HNF-4�, are linked to formation of
maturity-onset diabetes (MODY) (Ahlgren et al., 1998; Horikawa et al., 1997; Stoffers et al., 1997;
Yamagata et al., 1996a,b).

Classic experiments suggested that mesenchyme is required for outgrowth and differentiation
of pancreas epithelium. At early developmental stages pancreas-specific mesenchyme is required
to promote epithelial differentiation. Subsequently, however, heterologous mesenchyme (derived
from salivary gland) or embryo extracts are sufficient for epithelial differentiation (Golosow and
Grobstein, 1962; Rutter et al., 1964; Wessells and Cohen, 1967), indicating that mesenchyme pro-
vides permissive signal(s) that promote induction of pancreas formation. Ronzio and Rutter
(1973) did succeed in partially purifying a mesenchyme-specific factor with pancreas-inducing
properties, although the identity of this signal(s) is, despite extensive efforts, still unknown. Ho-
mologous recombination studies in mice have revealed the influence of specific gene products on
mesenchyme-to-epithelial signaling. Isl-1, a homeobox-containing transcription factor expressed
in dorsal pancreas mesenchyme and all developing endocrine cells, is involved in two different as-
pects of pancreas formation. Inactivation studies have shown that Isl-1 promotes endoderm dif-
ferentiation in a cell-autonomous fashion. Another function requires mesenchymal expression and
is crucial for development of dorsal pancreas structures, but is not essential for formation of ven-
tral pancreas tissue (Ahlgren et al., 1997). In addition, a novel gene expressed in ventral but not
dorsal pancreas mesenchyme has been identified, although the function of this gene is currently
unknown (Hebrok et al., 1999). These studies point to mesenchyme as an important tissue in-
volved in pancreas organogenesis and growing evidence supports the hypothesis that morphogen-
esis is, at least in part, regulated by separate dorsal–ventral mechanisms.
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Fig. 6.2. Stages of pancreas development. (A) During early stages of pancreas organogenesis no-
tochord is in immediate contact with dorsal medial endoderm and signals the epithelium to initi-
ate pancreas formation. (B) The first sign of pancreas morphogenesis is an epithelial thickening of
the dorsal endoderm caudal to the stomach anlage. Ventral pancreas buds form shortly afterward,
close to the liver diverticulum. (C) During the process of gut rotation the ventral lobe turns dor-
sally and comes into close contact with the dorsal lobe, eventually forming the mature pancreas.



Although mesenchyme–epithelial interactions are indispensable at later stages of develop-
ment, they cannot be responsible for initial organ induction. At the time when pancreas forma-
tion is first induced, prepancreatic dorsal epithelium is not surrounded by mesenchyme but in-
stead contacts the notochord (Kim et al., 1997; Pictet et al., 1972; Wessells and Cohen, 1967), a
mesodermally derived structure known to influence patterning of several tissues, including ventral
floor plate and somites (Ebensperger et al., 1995; Pourquie et al., 1993). During subsequent de-
velopment, notochord and endoderm are separated by the dorsal aorta, thereby limiting the time
when endoderm can receive notochord signals. To understand if notochord directly influences ex-
pression of pancreas-specific genes, an in vitro system was exploited, wherein isolated endoderm is
cultured alone or in combination with notochord. Results from these studies revealed that ex-
pression of pancreas marker genes, including those for insulin or Pdx-1, is initiated in endoderm–
notochord cocultures. In contrast, in samples in which endoderm is cultured alone, these markers
are not expressed (Hebrok et al., 1998; Kim et al., 1997) (Fig. 6.3). In addition, notochord fails
to induce expression of pancreas markers when cultured with posterior endoderm outside the pan-
creas anlage. This suggests that endoderm is prepatterned at this early stage of development and
that the notochord sends permissive rather than instructive signal(s) (Kim et al., 1997).

The notochord is a source of several inducing molecules, including members of the trans-
forming growth factor � (TGF-�) and fibroblast growth factor family. Using the established in
vitro culture system it was possible to identify specific factors that mimic the notochord’s effect on
isolated endoderm, namely, inducing expression of insulin and Pdx-1. Two factors, activin �B (a
TGF-� molecule) and FGF-2, but not FGF-1 or FGF-7, can induce expression of pancreas mark-
er genes in isolated endoderm (Fig. 6.3). Interestingly, activin increases expression of both mark-
ers in a direct concentration-dependent manner, whereas FGF-2 acts positively only at low con-
centrations, and higher concentrations of FGF-2 even interfere with activin-induced induction
(Hebrok et al., 1998). Therefore, at least two separate signaling pathways could be involved dur-
ing early stages of pancreas development.

In addition to understanding which signals can induce pancreas development in prepatterned
endoderm it is also crucial to determine which epithelial genes respond to these cues. Previous
work had established that activin inhibits Shh expression in the node region of early chick em-
bryos, thereby initiating asymmetric gene expression involved in left–right asymmetry (Levin et
al., 1997). Although Shh is expressed throughout gut epithelium along the AP axis, it is not de-
tected in the pancreas anlage (Ahlgren et al., 1997; Bitgood and McMahon, 1995; Hebrok et al.,
1998). During early stages Shh is found in ventral gut epithelium but is excluded from dorsal re-
gions where endoderm contacts notochord, suggesting that notochord signals negatively regulate
endodermal Shh expression. Subsequent experiments revealed that ectopic notochord interferes
with Shh expression in gut epithelium and that activin �B can substitute for notochord. Further-
more, it was shown that Shh interferes with induction of pancreas markers, arguing that hedge-
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Fig. 6.3. Initiation of pancreas
marker genes in isolated endo-
derm by notochord and noto-
chord factors. Isolated chick en-
doderm can be induced to
express pancreas marker genes,
including those for Pdx-1 and
insulin, when cocultured either
with notochord or with noto-
chord factors such as activin �B
and FGF-2 (A, C). Isolated en-
doderm cultured without any
additional factors does not ex-
press pancreas markers. �-
Tubulin is the positive control
for polymerase chain reactions
(PCR).



hogs have to be excluded from pancreas epithelium to allow proper pancreas differentiation (He-
brok et al., 1998) (Fig. 6.4). This hypothesis is promoted by the fact that ectopic expression of Shh
later in development, under the control of the Pdx-1 promoter, leads to aberrant development of
adjacent mesenchyme, adopting an intestine-like morphology (Apelqvist et al., 1997).

Another function of firmly controlled hedgehog expression in stomach and duodenum might
be to restrict the area of pancreas anlage and thereby regulate organ size. Evidence for this mech-
anism comes from experiments in which isolated chick stomach rudiments were cultured with cy-
clopamine, an inhibitor of hedgehog signaling (Cooper et al., 1998). Examination of these rudi-
ments revealed epithelial budding reminiscent of early pancreas buds as well as localized clusters
of insulin- and glucagon-positive cells. Cyclopamine treatment of whole embryos results in for-
mation of ectopic pancreas buds in regions expressing pancreatic transcription factor Pdx-1, con-
cordant with the idea that pancreas formation requires epithelial expression of Pdx-1 (Kim and
Melton, 1998). Cyclopamine, a steroid alkaloid teratogen similar to cholesterol, interferes with
hedgehog signaling, presumably by interacting with its receptor ptc, and Shh mutant mice as well
as cyclopamine-treated embryos develop holoprosencephaly (HPE) (Cooper et al., 1998; Marigo
et al., 1996). Milder forms of HPE are observed in some patients suffering from Smith–Lemli–
Opitz syndrome, a disorder that is linked to a defect in cholesterol synthesis. Interestingly, Smith–
Lemli–Opitz syndrome is also characterized by appearance of nesidioblastosis and hypoglycemia
(Lachman et al., 1991; McKeever and Young, 1990), further suggesting that blocking of hedge-
hog signaling positively influences pancreas development and function.

Signaling during Late Stages of Pancreas Development
A variety of factors, including TGF-�, FGF, and hedgehog, are involved during induction and

early stages of organogenesis. Experiments from several groups have shown that these pathways
also accompany formation of more specialized organ structures. Inactivation studies of FGF li-
gands proved their involvement in differentiation of several organs, including development of ear,
tail, lung, and adult muscle generation (Floss et al., 1997; Mansour et al., 1993; Min et al., 1998;
Sekine et al., 1999). FGF ligands act through their receptors, a family of four different trans-
membrane molecules with cytoplasmic tyrosine kinase activity (FGFR1–4). These receptors are
expressed in tissue-specific patterns and inactivation studies using a soluble dominant negative
form (dnFGFR) provided evidence that FGF signaling is involved in a variety of multiorgan in-
duction and patterning events. Overexpression of dnFGFR induces an embryonic lethal pheno-
type and disrupts formation of specific organs, including failure to develop kidneys and proper
respiratory system as well as other malformations. In the gastrointestinal region stomach, liver, and
pancreas are affected, the latter consisting of a decrease in exocrine acinar cells and an apparent
lack of islets of Langerhans (Celli et al., 1998). Furthermore, two of the FGF receptors, FGFR1
and FGFR4, are expressed in pancreas anlage during development, and FGF-2 stimulates prolif-
eration of pancreatic epithelial cells (Le Bras et al., 1998). However, mice bearing mutations in the
FGF-2 gene are viable and phenotypically almost indistinguishable from wild-type littermates
(Dono et al., 1998; Ortega et al., 1998; Zhou et al., 1998), suggesting that pancreas formation and
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Fig. 6.4. Molecular pathways regulating initiation of pancreas development. Notochord-
derived factors, including activin and FGF, presumably act through their respective receptors
to inhibit Shh expression in pancreas epithelium. This inhibition allows expression of tran-
scription factors required for activation of endocrine hormones and exocrine enzymes.



function are not severely affected in these mutants. Alternatively, it is possible that the remaining
members of the FGF family can substitute for FGF-2 function and that pancreas formation is reg-
ulated by the combination of these factors.

In addition to FGF signaling, TGF-� molecules have been reported to affect pancreas func-
tion. Activin A is expressed during pancreas development (Furukawa et al., 1995a) and is also de-
tected in the mature organ in discrete islet cells including, � and 	 cells (Ogawa et al., 1993; Ya-
suda et al., 1993). Insulin secretion can be stimulated by activin even in the absence of glucose
(Furukawa et al., 1995b), and branching morphogenesis of cultured pancreas rudiments is altered
after activin treatment (Ritvos et al., 1995). Accumulating evidence points to TGF-� signaling be-
ing specifically involved in differentiation of endocrine versus exocrine cells. Follistatin, an in-
hibitor of TGF-� signaling, is expressed in pancreatic mesenchyme. It has been shown to induce
exocrine development and represses endocrine development in isolated pancreas rudiments (Mi-
ralles et al., 1998). Furthermore, overexpression of a dominant negative activin receptor under the
control of the insulin promoter in transgenic mice leads to smaller islet areas and reduced insulin
content when compared to wild-type littermates. Insulin response in glucose-challenged animals
is severely affected, suggesting that the remaining � cells are dysfunctional and do not respond
properly (Yamaoka et al., 1998). Interestingly, transgenic mice bearing a constitutively active ac-
tivin receptor also have a reduced number of islets, indicating that the level of activin signaling
may require tight regulation for proper pancreas function (Yamaoka et al., 1998). In addition, for-
mation of pancreas structures also depends on related TGF-� factors. Ectopic expression of a dom-
inant negative TGF-� receptor results in increased proliferation of exocrine cells and severely per-
turbed acinar differentiation, indicating that TGF-� negatively regulates exocrine development
and is required for maintenance of the differentiated acinar phenotype (Böttinger et al., 1997).

The identification of distinct signaling pathways has broadened our understanding of gener-
al principles of organogenesis. An exciting aspect of developmental biology will be to better un-
derstand the puzzle how the same small number of signaling pathways specifies formation of nu-
merous distinct organs. In the case of FGF signaling, we know of at least 17 FGF ligands and four
FGF receptors (Martin, 1998), suggesting that generation of individual organs requires signaling
from specific combinations of ligands and receptors as well as interactions between different sig-
naling pathways. A future aspect of research will be to investigate how gene products from differ-
ent pathways, e.g., TGF-�, FGF, and hedgehog molecules, interact during embryonic develop-
ment and if combination of these factors can govern cell differentiation in vitro. These experiments
will be useful to explore further the potential of signaling molecules in directing differentiation of
undetermined cells, e.g., murine or human stem cells, toward highly specialized tissues and per-
haps organs. Studies aimed to investigate the function of FGF, TGF-�, and hedgehog pathways
will not only help to understand how organs form during embryogenesis, but also provide knowl-
edge about maintenance of mature organ function. Insights from these experiments might be used
to restore functional properties in individuals suffering from diseases, for whom the capacity to
perform specific tasks has been lost. In terms of pancreas research a long-term goal will be to help
patients suffering from diabetes mellitus and pancreatic cancer.
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Morphogenesis and 
Tissue Engineering

A. H. Reddi

INTRODUCTION

Morphogenesis is the developmental cascade of pattern formation, the establishment of body
plan, and the architecture of mirror-image bilateral symmetry of musculoskeletal structures,

culminating in the adult form. Tissue engineering is the emerging discipline of fabrication of spare
parts for the human body, including the skeleton, to restore function of lost parts due to disease,
cancer, and trauma. It is based on rational principles of molecular developmental biology and mor-
phogenesis and is further governed by bioengineering. The three key ingredients for both mor-
phogenesis and tissue engineering are inductive morphogenetic signals, responding stem cells, and
the extracellular matrix scaffolding (Reddi, 1998). Advances in the molecular cell biology of mor-
phogenesis will aid in the design principles and architecture for tissue engineering and regenera-
tion.

Regeneration recapitulates embryonic development and morphogenesis. Among the many
tissues in the human body, bone has considerable powers for regeneration, and is therefore a pro-
totype model for tissue engineering. Implantation of demineralized bone matrix into subcutaneous
sites results in local bone induction. The sequential cascade of bone morphogenesis mimics se-
quential skeletal morphogenesis in limbs, permitting the isolation of bone morphogens. Although
it is traditional to study morphogenetic signals in embryos, bone morphogenetic proteins (BMPs),
the primordial inductive signals for bone, can be isolated from demineralized bone matrix from
adults. BMPs initiate, promote, and maintain chondrogenesis and osteogenesis and have actions
beyond bone. The recently identified cartilage-derived morphogenetic proteins are critical for car-
tilage and joint morphogenesis. The symbiosis of bone inductive and conductive strategies is crit-
ical for tissue engineering, and is in turn governed by the context and biomechanics. The context
is the microenvironment, consisting of extracellular matrix scaffolding, and can be duplicated by
biomimetic biomaterials such as collagens, hydroxyapatite, proteoglycans, and cell adhesion pro-
teins, including fibronectins and laminins. The rule of architecture for tissue engineering is an im-
itation and adoption of the laws of developmental biology and morphogenesis, and thus may be
universal for all tissues, including bones and joints and associated musculoskeletal tissues.

The traditional approach for identification and isolation of morphogens is to first identify
genes in fly and frog embryos by genetic approaches, differential displays, substractive hybridiza-
tion, and expression cloning. This information is subsequently extended to mice and humans. An
alternative approach is to isolate morphogens from bone with known regenerative potential, and
this is described in this chapter. The expanding knowledge of bone and cartilage morphogenesis
affords a prototype paradigm for all of tissue engineering. The principles gleaned from bone mor-
phogenesis and BMPs can be extended to tissue engineering of a variety of other tissues.

CHAPTER 7
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BONE MORPHOGENETIC PROTEINS
Bone grafts have been used by orthopedic surgeons for nearly a century to aid in recalcitrant

bone repair. Decalcified bone implants have been used to treat patients with osteomyelitis (Senn,
1889). It was hypothesized that bone might contain a substance (osteogenin) that initiates bone
growth (Lacroix, 1945). Urist made the key discovery that demineralized, lyophilized segments of
rabbit bone, when implanted intramuscularly, induced new bone formation (Urist, 1965). Bone
induction is a sequential multistep cascade (Reddi and Huggins, 1972; Reddi and Anderson, 1976;
Reddi, 1981). The key steps in this cascade are chemotaxis, mitosis, and differentiation. Chemo-
taxis is the directed migration of cells in response to a chemical gradient of signals released from
the insoluble demineralized bone matrix. The demineralized bone matrix is predominantly com-
posed of type I insoluble collagen, which binds plasma fibronectin (Weiss and Reddi, 1980). Fi-
bronectin has domains for binding to collagen, fibrin, and heparin. The responding mesenchymal
cells attach to the collagenous matrix and proliferate, as indicated by [3H]thymidine autoradiog-
raphy and incorporation into acid-precipitable DNA on day 3 (Rath and Reddi, 1979). Chon-
droblast differentiation is evident on day 5; chondrocytes are evident on days 7–8 and cartilage
hypertrophy, on day 9 (Fig. 7.1). There is concomitant vascular invasion on day 9, with osteoblast
differentiation. On days 10–12 alkaline phosphatase is maximal. Hematopoietic marrow differ-
entiates in the ossicle and is maximal by day 21. This entire sequential bone development cascade
is reminiscent of bone and cartilage morphogenesis in the limb bud (Reddi, 1981, 1984). Hence,
it has immense implications for isolation of inductive signals initiating cartilage and bone mor-
phogenesis, and a systematic investigation of the chemical components responsible for bone in-
duction has been undertaken.

The foregoing account of the demineralized bone matrix-induced bone morphogenesis in ex-
traskeletal sites demonstrates the potential role of morphogens in the extracellular matrix. There-
fore we have embarked on a systematic study of the isolation of putative morphogenetic proteins.
A prerequisite for any quest for novel morphogens is the establishment of a battery of bioassays for
new bone formation. A panel of in vitro assays was established for chemotaxis, mitogenesis, and
chondrogenesis, and an in vivo bioassay, for bone formation. Although the in vitro assays are ex-
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Fig. 7.1. Developmental se-
quence of the extracellular ma-
trix-induced cartilage, bone, and
marrow formation. Changes in
35SO4 incorporation into proteo-
glycans and 45Ca incorporation
into mineral phase indicate
peaks of cartilage and bone for-
mation, respectively. The 59Fe
incorporation into heme is an in-
dex of erythropoiesis, as plotted
from the data of Reddi and An-
derson (1976). The values for al-
kaline phosphatase indicate ear-
ly stages of bone formation
(Reddi and Huggins, 1972). The
transitions in collagen types I–IV
(summarized at the top of the fig-
ure) are based on immunofluo-
rescent localization. From Reddi
(1981), with permission.



pedient, we monitored routinely a labor-intensive in vivo bioassay, because it was the only bona
fide bone induction assay.

A major stumbling block in the approach was that the demineralized bone matrix is insolu-
ble and in the solid state. In view of this, dissociative extractants such as 4 M guanidine HCl or 8
M urea or 1% sodium dodecyl sulfate (SDS) at pH 7.4 were used (Sampath and Reddi, 1981) to
solubilize proteins. Approximately 3% of the proteins were solubilized from demineralized bone
matrix, and the remaining residue was mainly insoluble type I bone collagen. The extract alone or
the residue alone was incapable of new bone induction. However, addition of the extract to the
residue (insoluble collagen) and then implantation in a subcutaneous site resulted in bone induc-
tion (Fig. 7.2). Thus, it would appear that for optimal osteogenic activity there was a collabora-
tion between soluble signal in the extract and insoluble substratum (Sampath and Reddi, 1981).
This bioassay was a useful advance in the final purification of bone morphogenetic proteins and
led to determination of limited tryptic peptide sequences, leading to the eventual cloning of BMPs
(Wozney et al., 1988; Luyten et al., 1989; Ozkaynak et al., 1990).

In order to scale up the procedure up, a switch was made to bovine bone. Demineralized
bovine bone was not osteoinductive in rats and the results were variable. However, when the guani-
dine extracts of demineralized bovine bone were fractionated on an S-200 molecular sieve column,
fractions less than 50 kDa were consistently osteogenic when bioassayed after reconstitution with
allogeneic insoluble collagen (Sampath and Reddi, 1983; Reddi, 1994). Thus, protein fractions
inducing bone were not species specific and appear to be homologous in several mammals. It is
likely that larger molecular mass fractions and/or the insoluble xenogeneic (bovine and human)
collagens were inhibitory or immunogenic. Initial estimates revealed 1 
g of active osteogenic frac-
tion in 1 kg of bone. Hence, over 1 ton of bovine bone was processed to yield optimal amounts
for animo acid sequence determination. The amino acid sequences revealed homology to trans-
forming growth factor �1 (TGF-�1) (Reddi, 1994). The important work of Wozney and col-
leagues (1988) resulted in cloned BMP2, BMP2B (now called BMP4), and BMP3 (also called os-
teogenin). Osteogenic protein-1 and -2 (OP-1 and OP-2) were cloned by Ozkaynak and colleagues
(1990). There are nearly 10 members of the BMP family (Table 7.1). The other members of the
extended TGF-�/BMP superfamily include inhibins and activins (implicated in follicle-stimulat-
ing hormone release from the pituitary), Müllerian duct inhibitory substance (MIS), growth/dif-
ferentiation factors (GDFs), nodal, and the product of lefty, a gene implicated in establishing right/
left asymmetry (Reddi, 1997; Cunningham et al., 1995). BMPs are also involved in embryonic in-
duction (Lemaire and Gurdon, 1994; Melton, 1991; Lyons et al., 1995; Reddi, 1997).

BMPs are dimeric molecules and their conformation is critical for biological actions. Reduc-
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Fig. 7.2. Dissociative extraction by chaotropic reagents such as 4 M guanidine and recon-
stitution of osteoinductive activity with insoluble collagenous matrix. The results demon-
strate a collaboration between a soluble signal and insoluble extracellular matrix. DBM,
Demineralized bone matrix.



tion of the single interchain disulfide bond results in the loss of biological activity. The mature
monomer molecule consists of about 120 amino acids, with seven canonical cysteine residues.
There are three intrachain disulfides per monomer and one interchain disulfide bond in the dimer.
In the critical core of the BMP monomer is the cysteine knot. The crystal structure of BMP7 has
been determined (Griffith et al., 1996). It is a good possibility in the near future that the crystal
structure of the BMP–receptor complex and receptor contact domains will be determined.

CARTILAGE-DERIVED MORPHOGENETIC PROTEINS
Morphogenesis of the cartilage is the key rate-limiting step in the dynamics of bone develop-

ment. Cartilage is the initial model for the architecture of bones. Bone can form either directly
from mesenchyme, as in intramembranous bone formation, or with an intervening cartilage stage,
as in endochondral bone development (Reddi, 1981). All BMPs induce, first, the cascade of chon-
drogenesis, and therefore in this sense are cartilage morphogenetic proteins. The hypertrophic
chondrocytes in the epiphyseal growth plate mineralize and serve as a template for appositional
bone morphogenesis. Cartilage morphogenesis is critical for both bone and joint morphogenesis.
The two lineages of cartilage are clear-cut. The first, at the ends of bones, forms articulating ar-
ticular cartilage. The second, the growth plate chondrocytes, hypertrophy and synthesize cartilage
matrix destined to calcify prior to replacement by bone; these are the “organizer” centers of longi-
tudinal and circumferental growth of cartilage, setting into motion the orderly program of endo-
chondral bone formation. The phenotypic stability of the articular (permanent) cartilage is at the
crux of the osteoarthritis problem. The “maintenance” factors for articular chondrocytes include
TGF-� isoforms and the BMP isoforms (Luyten et al., 1992).

An in vivo chondrogenic bioassay with soluble purified proteins and insoluble collagen scored
for chondrogenesis. A concurrent reverse transcription–polymerase chain reaction (RT–PCR) ap-
proach was taken with degenerate oligonucleotide primers. Two novel genes for cartilage-derived
morphogenetic proteins (CDMPs) 1 and 2 were identified and cloned (Chang et al., 1994).
CDMPs 1 and 2 are also called GDF-5 and GDF-6 (Storm et al., 1994). CDMPs are related to
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Table 7.1. Bone morphogenetic proteins

BMP Other names Function

BMP2 BMP2A Bone and cartilage morphogenesis
BMP3 Osteogenin Bone morphogenesis
BMP3B GDF-10 Intramembranous bone formation
BMP4 BMP2B Bone formation
BMP5 — Bone morphogenesis
BMP6 — Cartilage hypertrophy
BMP7 Osteogenic protein-1 Bone formation
BMP8 Osteogenic protein-2 Bone formation
BMP8B — Spermatogenesis
BMP9 — Liver differentiation
BMP10 — ?
BMP11 GDF-11 ?

Table 7.2. Cartilage-derived morphogenetic proteins

CDMP Other names Function

CDMP 1 GDF-5 Cartilage condensation
CDMP 2 GDF-6 Cartilage formation, hypertrophy
CDMP 3 GDF-7 Tendon/ligament morphogenesis



bone morphogenetic proteins (Table 7.2). CDMPs are critical for cartilage and joint morphogen-
esis (Tsumaki et al., 1999)), and stimulate proteoglycan synthesis in cartilage. CDMP 3 (also
known as GDF-7) initiates tendon and ligament morphogenesis.

PLEIOTROPY AND THRESHOLDS
Morphogenesis is a sequential multistep cascade. BMPs regulate each of the key steps: chemo-

taxis, mitosis, and differentiation of cartilage and bone, and initiate chondrogenesis in the limb
(Chen et al., 1991; Duboule, 1994). The apical ectodermal ridge is the source of BMPs in the de-
veloping limb bud. The intricate dynamic, reciprocal interactions between the ectodermally de-
rived epithelium and mesoderm-derived mesenchyme set into motion the train of events culmi-
nating in the pattern of phalanges, radius, ulna, and humerus.

The chemotaxis of human monocytes is optimal at femtomolar concentration (Cunningham
et al., 1992). The apparent affinity was 100–200 pM. The mitogenic response was optimal at the
100-pM range. The initiation of differentiation was in the nanomolar range in solution. Howev-
er, caution should be exercised, because BMPs may be sequestered by extracellular matrix compo-
nents and the local concentration may be higher when BMPs are bound on the extracellular ma-
trix. Thus BMPs are pleiotropic regulators that act in concentration-dependent thresholds.

BMPs BIND TO EXTRACELLULAR MATRIX
It is well known that extracellular matrix components play a critical role in morphogenesis.

The structural macromolecules and their supramolecular assembly in the matrix do not explain
their role in epithelial–mesenchymal interaction and morphogenesis. This riddle can now be ex-
plained by the binding of bone morphogenetic proteins to heparan sulfate, heparin, and type IV
collagen (Paralkar et al., 1990, 1991, 1992) of the basement membranes. In fact, this might ex-
plain in part the necessity for angiogenesis prior to osteogenesis during development. In addition,
the actions of activin in the development of the frog, in terms of dorsal mesoderm induction, are
modified to neutralization by follistatin (Hemmati-Brivanlou et al., 1994). Similarly, proteins
Chordin and Noggin from the Spemann organizer induce neuralization by binding and inactiva-
tion of BMP4 (Fig. 7.2). Thus neural induction is likely to be a default pathway when BMP4 is
nonfunctional (Piccolo et al., 1996; Zimmerman et al., 1996). An emerging principle in develop-
ment and morphogenesis is that binding proteins can terminate a dominant morphogen’s action
and initiate a default pathway. Finally, the binding of a soluble morphogen to the extracellular ma-
trix (ECM) converts it into an insoluble matrix-bound morphogen that acts locally in the solid
state (Paralkar et al., 1990).

BMPs: ACTIONS BEYOND BONE
Although BMPs were first isolated and cloned from bone, subsequent work with gene knock-

outs has revealed a plethora of actions beyond bone. Targeted disruption of BMP2 in mice caused
embryonic lethality. Heart development was abnormal, indicating a need for BMP2 (Zhang and
Bradley, 1996). BMP4 knockouts exhibit no mesoderm induction, and gastrulation is impaired
(Winnier et al., 1996). Transgenic overexpression of BMPs under the control of keratin 10 pro-
moter leads to psoriasis, and targeted deletion of BMP7 revealed the critical role of this molecule
in kidney and eye development (Luo et al., 1995; Dudley et al., 1995; Vukicevic et al., 1996). Thus
the BMPs are really true morphogens for tissues as disparate as skin, heart, kidney, and eye. In view
of this, perhaps they may also be thought of as body morphogenetic proteins.

BMP RECEPTORS
Recombinant human BMP4 and BMP7 bind to BMP receptor IA (BMPR-IA) and BMP re-

ceptor IB (BMPR-IB) (ten Dijke et al., 1994). CDMP 1 also binds to both of the type I BMP re-
ceptors. There is a collaboration between type I and type II BMP receptors (Nishitoh et al., 1996).
The type I receptor serine/threonine kinase phosphorylates a signal-transducing protein substrate
called Smad 1 or 5 (Chen et al., 1996). Smad is a term derived from fusion of the Drosophila Mad
gene and the Caenorhabditis elegans (nematode) Sma gene. Smads 1 and 5 signal in partnership
with a common co-Smad, Smad 4 (Fig. 7.3). The transcription of BMP-response genes are initi-
ated by Smad 1/Smad 4 heterodimers. Smads are trimeric molecules as determined by X-ray crys-
tallography. The phosphorylation of Smads 1 and 5 by type I BMP receptor kinase is inhibited by
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inhibitory Smads 6 and 7 (Hayashi et al., 1997). Smad-interacting protein (SIP) may interact with
Smad 1 and modulate BMP-response gene expression (Heldin et al., 1997; Reddi, 1997). The
downstream targets of BMP signaling are likely to be homeobox genes, the cardinal genes for mor-
phogenesis and transcription. BMPs in turn may be regulated by members of the hedgehog fam-
ily of genes such as Sonic and Indian hedgehog (Johnson and Tabin, 1997), their cognate recep-
tors patched and smoothened, and downstream transcription factors such as Gli1, Gli2, and Gli3.
The actions of BMPs can be terminated by specific BMP-binding proteins such as noggin (Zim-
merman et al., 1996). Recall that BMPs also bind to extracellular matrix components.

RESPONDING STEM CELLS
It is well known that the embryonic mesoderm-derived mesenchymal calls are progenitors for

bone, cartilage, tendons, ligaments, and muscle. However, certain stem cells in adult bone mar-
row, muscle, and fascia can form bone and cartilage. The identification of stem cells readily sourced
from bone marrow may lead to banks of stem cells for cell therapy, and perhaps to gene therapy
with appropriate “homing” characteristics to bone marrow and hence to the skeleton. The pio-
neering work of Friedenstein et al. (1968) and Owen and Friedenstein (1988) identified bone mar-
row stromal stem cells. These stromal cells are distinct from the hematopoietic stem cell lineage.
The bone marrow stromal stem cells consist of inducible and determined osteoprogenitors com-
mitted to osteogenesis. Determined osteogenic precursor cells have the propensity to form bone
calls without any external cues or signals. On the other hand, inducible osteogenic precursors re-
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Fig. 7.3. BMP receptors and signaling cascades. BMPs are dimeric ligands with a cysteine knot in
each monomer fold. Each monomer has two � sheets (represented as two pointing fingers). In the
functional dimer the fingers are oriented in opposite directions. BMPs interact with both type I and
type II BMP receptors. The exact stoichiometry of the receptor complex is currently being eluci-
dated. BMPR-II phosphorylates the GS domain of BMPR-I. The collaboration between type I and
type II receptors forms the signal-transducing complex. BMP type I receptor kinase complex phos-
phorylates the trimeric signaling substrate Smad 1 or 5. This phosphorylation is inhibited and mod-
ulated by inhibitory Smads 6 and 7. Phosphorylated Smad 1 or 5 interacts with Smad 4 (functional
partner) and enters the nucleus to activate the transcriptional machinery for early BMP-response
genes. A novel Smad-interacting protein (SIP) may interact and modulate the binding of hetero-
meric Smad 1/Smad 4 complexes to the DNA.



quire an inductive signal such as BMP or demineralized bone matrix. It is noteworthy that oper-
ational distinctions between stromal stem cells and hematopoietic stem cells are getting increas-
ingly blurry! The stromal stem cells of Friedenstein and Owen are also called mesenchymal stem
cells (Caplan, 1991), with potential to form bone, cartilage, adipocytes, and myoblasts in response
to cues from environmental and/or intrinsic factors. There is considerable hope and anticipation
that these bone marrow stromal cells may be excellent vehicles for cell and gene therapy (Prock-
op, 1997).

From a practical standpoint, these stromal stem cells can be obtained by bone marrow biop-
sies and expanded rapidly for use in cell therapy after pretreatment with bone morphogenetic pro-
teins. The potential uses for both cell and gene therapy are very promising. There are continuous
improvements in the viral vectors and the efficiency of gene therapy (Bank, 1996; Mulligan, 1993).
For example it is possible to use BMP genes transfected in stromal stem cells to target to the bone
marrow.

MORPHOGENS AND GENE THERAPY
Advances in the understanding of morphogens are ripe for application to techniques of re-

gional gene therapy for orthopedic tissue engineering. The availability of cloned genes for BMPs
and CDMPs and the requisite platform technology of gene therapy may have immediate applica-
tions. Whereas protein therapy provides an immediate bolus of morphogen, gene therapy achieves
a sustained, prolonged secretion of gene products. Furthermore, improvements in regulated gene
expression allow the turning on and off of gene expression. The progress in vectors for delivering
genes also bodes well. The use of adenoviruses, adeno-associated viruses, and retroviruses is poised
for applications in bone and joint repair (Bank, 1996; Kozarsky and Wilson, 1993; Morsy et al.,
1993; Mulligan, 1993). Although gene therapy has some advantages for orthopedic tissue engi-
neering, an optimal delivery system for protein and gene therapy is needed, especially in replace-
ment of large segmented defects and in fibrous nonunions and malunions.

BIOMIMETIC BIOMATERIALS
In addition to inductive signals (BMPs) and responding stem cells (stromal cells), scaffolding

(the microenvironment/extracellular matrix) is necessary for optimal tissue engineering. The nat-
ural scaffolding biomaterials in the composite tissue of bones and joints are collagens, proteogly-
cans, cell adhesion glycoproteins such as fibronectin, and the mineral phase. The mineral phase in
bone is prediminantly hydroxyapatite. In its native state, the associated citrate, fluoride, carbon-
ate, and trace elements constitute the physiological hydroxyapatite. The high capacity to bind pro-
tein makes hydroxyapatite a natural delivery system. Comparison of insoluble collagen, hydroxy-
apatite, tricalcium phosphate, glass beads, and poly(methyl methacrylate) as carriers reveal collagen
also to be an optimal delivery system for BMPs (Ma et al., 1990). It is well known that collagen is
an ideal delivery system for growth factors in soft and hard tissue wound repair (McPherson, 1992).

During the course of systematic work on hydroxyapatite of two pore sizes (200 or 500 
m)
in two geometric forms (beads or disks), an unexpected observation was made: the geometry of
the delivery system is critical for optimal bone induction. The disks were consistently osteoinduc-
tive with BMPs in rats, but the beads were inactive (Ripamonti et al., 1992). The chemical com-
position of the two hydroxyapatite configurations was identical. In certain species the hydroxyap-
atite alone appears to be osteoinductive (Ripamonti, 1996); in subhuman primates hydroxyapatite
alone induces bone, albeit at a much slower rate than with BMPs. One interpretation is that os-
teoinductive endogenous BMPs in circulation progressively bind to implanted disks of hydroxya-
patite. When an optimal threshold concentration of native BMPs is achieved, the hydroxyapatite
becomes osteoinductive. Strictly speaking, most hydroxyapatite substrata are ideal osteoconduc-
tive materials. This example in certain species also serves to illustrate how an osteoconductive bio-
mimetic biomaterial may progressively function as an osteoinductive substance by binding to en-
dogenous BMPs. Thus, there is a physiological–physicochemical continuum between the
hydroxyapatite alone and the progressive composite with endogenous BMPs. Recognition of this
experimental nuance will save unnecessary arguments among biomaterials scientists about the os-
teoinductive action of a conductive substratum such as hydroxyapatite.

Complete regeneration of baboon craniotomy defect was accomplished by recombinant hu-
man osteogenic protein (rhOP-1; human BMP7) (Ripamonti et al., 1996). Recombinant BMP2
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was delivered by poly(�-hydroxy acid) carrier for calvarial regeneration (Hollinger et al., 1996). A
copolymer of poly(lactic acid) and poly(glycolic acid) in a nonunion model in rabbit ulna yielded
impressive results (Bostrom et al., 1996).

Sterilization is an important problem in the clinical application of biomimetic biomaterials
with BMPs and/or other morphogens. Although gas (ethylene oxide) is used, one always should
be concerned about reactive free radicals. Using allogeneic demineralized bone matrix with en-
dogenous native BMPs, as long as low temperature (4�C or less) is maintained, the samples toler-
ate up to 5–7 MRads of irradiation (Weintroub and Reddi, 1988; Weintroub et al., 1990). The
standard dose acceptable to the Food and Drug Administration is 2.5 MRads. This information
is important to the biotechnology companies preparing to market recombinant BMP-based os-
teogenic devices, and perhaps also to the tissue bank industry with an interest in bone grafts
(Damien and Parson, 1991). Various forms of freeze-dried and demineralized allogeneic bone may
be used in the interim as satisfactory carriers for BMPs. The moral of this experiment is, it is not
the irradiation dose but the ambient sample temperature during irradiation that is absolutely crit-
ical.

TISSUE ENGINEERING OF BONES AND JOINTS
Unlike bone, with its considerable prowess for repair and even regeneration, cartilage is re-

calcitrant. But why? In part it may be due to the relative avascularity of hyaline cartilage to the
high concentration of protease inhibitors, and perhaps even to growth inhibitors. The wound de-
bridement phase is not optimal to prepare the cartilage wound bed for the optimal milieu interieur
for repair. Although cartilage has been successfully engineered to predetermined shapes (Kim et
al., 1994), true repair of the tissue continues to be a real challenge in part due to hierarchical or-
ganization and geometry (Mow et al., 1992). However, considerable excitement in the field has
been generated by a group of Swedish workers in Göteborg, using autologous culture-expanded
human chondrocytes (Brittberg et al., 1994). A continuous challenge in chondrocyte cell therapy
is progressive dedifferentiation and loss of characteristic cartilage phenotype. The redifferentiation
and maintenance of the chondrocytes for cell therapy can be aided by BMPs, CDMPs, TGF-� iso-
forms, and insulin-like growth factors (IGFs). It is also possible to repair cartilage using muscle-
derived mesenchymal stem cells (Grande et al., 1995). The problems posed by cartilage proteo-
glycans in preventing cell immigration for repair were investigated by chondroitinase ABC and
trypsin pretreatment in partial-thickness defects (Hunziker and Rosenberg, 1996), with and with-
out TGF-�. Pretreatment with chondroitinase ABC followed by TGF-� revealed a contiguous lay-
er of cells from the synovial membrane, hinting at the potential source of “repair” cells from syn-
ovium. Multiple avenues exploring cartilage morphogens, cell therapy with chondrocytes, stem
cells from marrow and muscle, and a biomaterial scaffolding may lead to an optimal tissue-engi-
neered articular cartilage.

FUTURE CHALLENGES
It is inevitable that, during aging, humans will confront impaired locomotion due to wear and

tear in bones and joints. The need to repair and possibly completely regenerate the musculoskele-
tal system and other vital organs thus arises. Can we create spare parts for the human body? There
is much reason for optimism that tissue engineering can help prolong physical comfort and func-
tion. We are living in an extraordinary time in the development of biology, medicine, surgery, and
computational and related technology. The confluence of advances in molecular developmental
biology and attendant advances in understanding the biology of inductive signals for morpho-
genesis, stem cells, biomimetic biomaterials, and the extracellular matrix promise future break-
throughs.

The symbiosis of biotechnology and biomaterials has set the stage for systematic advances in
tissue engineering (Reddi, 1994; Langer and Vacanti, 1993; Hubbell, 1995). Advances in enabling
platform technology include molecular imprinting (Mosbach and Ramstrom, 1996); in principle,
specific recognition and catalytic sites are imprinted using templates. The applications include
biosensors, catalytic applications to antibodies, and receptor recognition sites. For example, the
cell-binding RGD site in fibronectin (Ruoslahti and Pierschbacher, 1987) or the YIGSR domain
in laminin can be imprinted in complementary sites (Vukicevic et al., 1990).

The rapidly advancing frontiers in morphogenesis with BMPs, hedgehogs, homeobox genes,
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and a veritable cornucopia of general and specific transcription factors, coactivators, and repres-
sors will lead to cocrystallization of ligand–receptor complexes, to protein–DNA complexes, and
to other macromolecular interactions. This will in turn lead to peptidomimetic agonists for large
proteins, as exemplified by erythropoetin (Livnah et al., 1996). To such advances one can add new
developments in self-assembly of millimeter-scale structures floating at the interface of perfluo-
rodecalin and water and interacting by capillary forces controlled by the pattern of wettablity
(Bowden et al., 1997). The final self-assembly is due to minimization of free energy in the inter-
face. These truly incredible advances will lead to man-made materials that mimic the extracellular
matrix in tissues. Superimpose on such chemical progress a biological platform in a bone and joint
mold. Let us imagine the head of the femur and a mold that is fabricated with computer-assisted
design and manufacture. The mold faithfully reproduces the structural features and may be im-
printed with morphogens, inductive signals, and cell adhesion sites. This assembly can be loaded
with stem cells and BMPs and other inductive signals, with a nutrient medium optimized for the
optimal number of cell cycles, and a predictable exit into differentiation phase, reproducing a to-
tally new bone femoral head. In fact, such a biological approach with vascularized muscle flap and
BMPs has yielded new bone with a defined shape and has demonstrated the proof of the princi-
ple for further development and validation (Khouri et al., 1991). We indeed are entering a brave
new world of prefabricated biological spare parts for the human body based on sound architec-
tural rules of inductive signals for morphogenesis, responding stem cells with lineage control, and
growth factors immobilized on a template of biomimetic biomaterial based on the extracellular
matrix. Like life, such technologies evolve with continuous refinements to benefit mankind by re-
ducing the agony of human pain and suffering.
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Cell Determination 
and Differentiation

Leon W. Browder

INTRODUCTION

Much of the current research in developmental biology is focused on identifying the genes that
are involved in determinative events in development and unraveling the roles of the proteins

they encode. Our understanding of the molecular events leading to functional cells and tissues re-
mains quite sketchy. A major advance that has facilitated progress in understanding cell determi-
nation and cell differentiation came with the discovery of a family of myogenic regulatory factors
(MRFs), which are a group of transcription factors involved in switching on the muscle cell lin-
eage during development. This mechanism serves as a model for the gene control of cell determi-
nation and differentiation.

The initial member of the MRF family to be discovered was MyoD, which was identified by
its ability to convert cultured fibroblasts into skeletal myoblasts (Davis et al., 1987). The other
members of this family in vertebrates are Myf-5, myogenin, and MRF4. Each of these factors has
the potential to turn tissue culture cells into myoblasts, which can—in turn—fuse with one an-
other and differentiate into muscle. Myoblast fusion occurs when growth factors become limiting
and the myoblasts cease dividing (Olson, 1992).

The genes encoding the MRFs are thought to be master regulatory genes, whose expression
initiates a cascade of events that lead to muscle cell differentiation. They are expressed in a hierar-
chical fashion during myogenesis. Myf-5 and MyoD are expressed in cultured myoblasts (and con-
tinue to be expressed after muscle differentiation), whereas myogenin is expressed after myoblast
fusion (Braun et al., 1989; Wright et al., 1989; Edmondson and Olson, 1989). Myogenin is an es-
sential intermediate, as shown by the prevention of myoblast differentiation by inhibition of myo-
genin expression with antisense oligonucleotides (Florini and Ewton, 1990). Myogenin functions
as a transcriptional switch to activate all of the genes that are necessary for muscle differentiation.
The fourth factor, MRF4, is expressed only after muscle differentiation.

The MRFs share a region of homology with two functionally significant domains: the helix–
loop–helix (HLH) domain, which facilitates dimerization, and the basic region, which contains
positively charged amino acids that mediate binding to DNA. These characteristics define a large
family of proteins that function primarily as transcriptional activators. These are the basic helix–
loop–helix (bHLH) proteins.

MRF proteins bind to a sequence in the promoter of target genes called the E box. E boxes
contain the sequence CANNTG (where N is any nucleotide). The genes encoding the MRFs con-
tain an E box, which suggests that these proteins may regulate their own and one another’s tran-
scription. Each MRF presumably owes its functional distinctiveness to unique sequences outside
the bHLH domain. MRFs form functional entities that bind to DNA by dimerizing with a mem-
ber of the ubiquitously expressed E protein family. This family includes E12, E47, ITF1, and ITF2
(Murre et al., 1989; Davis et al., 1990; Henthorn et al., 1990; Lassar et al., 1991). The most preva-
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lent heterodimers in myotube extracts contain E12, but any of the E proteins can pair with the
MRFs to form a functional heterodimer.

Dimerization is essential for bHLH protein function, but their specificity of binding to DNA
is due to the basic region. Modifications to this region can either abolish the DNA-binding capa-
bility of MyoD or eliminate its ability to activate transcription of muscle-specific genes (Davis et
al., 1990). Thus, these mutants act like dominant negative inhibitors of wild-type MyoD by com-
peting with it for binding to its partners and inhibiting its activity.

Nature has produced its own dominant negative inhibitor of the MRFs. The interactions of
MRFs with DNA can be prevented by members of a family of HLH factors called “Id,” which
stands for “inhibitor of DNA binding.” Id proteins lack a basic region. When they bind to MRF
proteins, they impede their ability to bind to DNA and activate transcription of target genes
(Benezra et al., 1990). Likewise, their ability to bind E proteins sequesters these proteins and makes
them unavailable for forming functional heterodimers with the MRF factors (Langlands et al.,
1997). The inhibitory role of Id proteins is supported by the following observations:

1. Id proteins are expressed in proliferating myoblasts in culture, but disappear when the my-
oblasts differentiate to form myotubes.

2. Overexpression of Id protein in cultured myoblasts prevents their differentiation into my-
otubes ( Jen et al., 1992).

3. Id transcripts are detected during the gastrula stage of mouse development before MRF
transcripts first appear and are down-regulated before MRFs are expressed (Wang et al.,
1992).

Although the roles of Id in embryonic development are uncertain, the evidence suggests that Id is
initially an inhibitor of myogenesis and its down-regulation then permits myogenesis to proceed
by allowing MRFs to bind DNA of target genes.

Another negative regulator of MRF activity is Mist1, which is a novel bHLH protein that ac-
cumulates in myogenic precursors and decreases as myoblasts differentiate to form myotubes.
Mist1 lacks a transcription activation domain and instead has a repressor region that inhibits tran-
scription. Like Id, Mist1 can act as a dominant negative inhibitor of myogenesis by forming inac-
tive heterodimers with MyoD and E proteins. It can also form homodimers that bind to MRF-
specific target sites in DNA (Lemercier et al., 1998).

Lu et al. (1999) have identified yet another dominant negative inhibitor of myogenesis. This
protein (MyoR, for myogenic repressor) is expressed in undifferentiated myoblasts in the skeletal
muscle lineage. MyoR forms heterodimers with E proteins. The MyoR/E protein heterodimers
bind MRF-specific target sites in DNA and block transcription of skeletal muscle-specific genes.
Myogenesis can proceed only when these proteins are depleted and replaced with MRFs, which
bind to E proteins and activate skeletal muscle-specific gene transcription (Lu et al., 1999). This
observation begs the question: How is MyoR regulated?

ROLES OF MRFs DURING EMBRYOGENESIS

What Do the MRFs Do in the Embryo?
The roles of MRFs in promoting myogenesis in cultured cells suggest that they may also play

a role in muscle development during embryogenesis. Most of the sekeltal muscle in vertebrates
originates from progenitor cells in the somites. The somites are transient metameric condensations
of paraxial mesoderm that later become compartmentalized into the dermamyotome dorsally and
the sclerotome ventrally. The dermamyotome subdivides into the dermatome and the myotome.
The medial myotomal cells form the axial musculature, and the lateral cells migrate to the limbs
to form limb muscle.

A role for MRFs in promoting muscle development during embryonic development is sug-
gested by the location and timing of their expression during development. The MRFs are expressed
sequentially in the somites, although details vary somewhat between species. In mice, the first MRF
protein detected in trunk somites is Myf-5, which is first seen in medial somite cells (Smith et al.,
1994). Myogenin expression follows shortly after the initial detection of Myf-5, and MRF4 is ex-
pressed next. MyoD appearance is delayed and is first localized to the lateral portion of the somites.
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Initially, Myf-5 and MyoD expression is mutually exclusive and later overlaps (Smith et al., 1994).
Myf-5 and MyoD may be involved in establishing the two distinct subdomains of muscle: back
musculature and limb musculature (Ordahl and Le Douarin, 1992).

MRF Knockouts
Data from knockout mice have helped to clarify the roles of the MRF genes in murine de-

velopment. The initial null mouse experiments produced quite unexpected results. Mice that were
null for either Myf-5 or MyoD genes developed normal amounts of skeletal muscle (Rudnicki et
al., 1992; Braun et al., 1992). In homozygous MyoD null newborn mice, there was a three- to four-
fold increase in Myf-5 expression. This gene is normally down-regulated after day 14 of develop-
ment. The prolongation and enhancement of Myf-5 expression suggests that Myf-5 compensates
for the lack of MyoD. In the Myf-5 knockouts, muscle development was delayed until MyoD was
expressed, and then it proceeded (Braun et al., 1994). These observations suggest that MyoD and
Myf-5 may be redundant. If so, does elimination of expression of both genes eliminate muscle de-
velopment? The Myf-5 and MyoD mutant mice were interbred; the progeny that lacked both of
these early-acting MRF genes were unable to initiate myogenesis, produced no myogenin, and
were devoid of skeletal muscle (Rudnicki et al., 1993).

If myogenin is an essential intermediate in myogenesis, one would predict that myoblasts
would form in myogenin knockout mice, but that skeletal muscle formation would be impaired.
This is what has been observed (Hasty et al., 1993; Nabeshima et al., 1993). The myogenin knock-
out mice had deficient accumulation of transcripts for a number of muscle-specific proteins, in-
cluding muscle creatine kinase, myosin heavy chain, the � and � subunits of the acetylcholine re-
ceptor, and MRF4. However, normal amounts of MyoD transcripts were present, consistent with
the hypothesis that MyoD acts upstream of myogenin (Hasty et al., 1993). During development
of myogenin knockouts, somites developed normally and compartmentalized into myotome, der-
matome, and sclerotome (Venuti et al., 1995). They even initiated muscle mass differentiation,
but myosin heavy chain protein expression was attenuated, and myofibers were diffuse. The dis-
parity between mutant and wild-type embryos widened as development continued (Venuti et al.,
1995). Large numbers of myoblasts that failed to differentiate appeared to be present in the mu-
tant muscle masses.

The picture of myogenesis that is emerging is that MyoD and Myf-5 are partially redundant
and initiate myogenesis in the myoblasts. They control expression of myogenin, which—in turn—
controls muscle cell differentiation via activation of muscle-specific genes and may control ex-
pression of MRF4. MRF4 may be responsible for events in fully differentiated myofibers, possi-
bly by maintaining the differentiated state (Rudnicki et al., 1993). According to this scheme, tran-
scription of distinct sets of genes at each stage is regulated by MRFs, which also control the
expression of the MRF that initiates the next stage of differentiation (Venuti et al., 1995).

INITIATION OF SKELETAL MUSCLE DEVELOPMENT

What Regulates the MRF Genes?
Transplantation experiments with chick embryos have shown that the somites are induced by

the neural tube/notochord complex to form muscle (Rong et al., 1992; Buffinger and Stockdale,
1994). Additional evidence has indicated that dermomyotome-specific gene expression is induced
by the protein Wnts, produced by the dorsal neural tube, and signals (possibly Wnts) from the
surface ectoderm, whereas the protein Sonic hedgehog (Shh) from the notochord and ventral floor-
plate of the neural tube induces sclerotome-specific gene expression (Yun and Wold, 1966; Ikeya
and Takada, 1998). The activation of the myogenic pathway in the myotome is a consequence of
combinatorial effects of the Wnts and Shh. Yet another signal from the lateral mesoderm (possi-
bly bone morphogenetic protein; BMP) inhibits myogenesis (Porquié et al., 1996). The function
of BMP is, in turn, antagonized by Noggin, which is expressed within the dorsomedial lip of the
dermomyotome (Reshef et al., 1998). These various signals diffuse from their respective origins.
The overlapping signals produce discrete concentrations and activities of the secreted factors in the
somite and specify cellular identities in the different somite domains (Rawls and Olson, 1997).

How do these signals cause the expression of the MRF genes, which promote myogenesis?
The paired-type homeobox gene Pax-3 has now been shown to be a key trigger of the myogenic
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program by virtue of its activation of MyoD expression (Rawls and Olson, 1997). Pax-3 is expressed
in the paraxial mesoderm before the somites form. When the somites become epithelial, Pax-3 is
expressed in the dorsal halves of the somites. Later, it becomes restricted to the ventrolateral do-
main and in the myogenic precursors that migrate from the dermomyotome into the limb buds
(Goulding et al., 1991; Jostes et al., 1991).

The splotch mutant in the mouse lacks a functional Pax-3 gene. Consequently, this mutant
provides a means to establish whether there is any functional relationship between Pax-3 and myo-
genesis (Bober et al., 1994; Tremblay et al., 1998). The lack of limb muscles in these mice indi-
cates that Pax-3 expression is necessary to initiate the formation of the migratory limb myogenic
precursors that are derived from the ventrolateral edge of the dermomyotome. However, most of
the muscles of the back and body wall are unaffected. Thus, this lineage is not dependent on 
Pax-3.

Evidence on the role of Pax-3 in trunk myogenesis has come from examinations of mice that
were deficient for both Pax-3 and Myf-5 (Tajbakhsh et al., 1997). These mice developed virtually
no muscle and did not express MyoD in the trunk region. It has previously been shown that Myf-
5 mutant mice will express MyoD and form muscle in the trunk. Therefore, this result suggests
that there are two pathways for formation of muscle in the trunk: a pathway in which Pax-3 reg-
ulates expression of MyoD and a Pax-3-independent pathway in which MyoD is regulated by Myf-
5. So, is Pax-3 sufficient to initiate the myogenic program? Maroto et al. (1997) have shown that
viral-mediated ectopic expression of Pax-3 in chick embryonic tissue activated MyoD expression
and myogenesis.

The experiments of Tajbakhsh et al. (1997) and Maroto et al. (1997) have shown that the
“master regulator” MyoD is a component of a continuum of regulatory events. The ultimate aim
of contemporary developmental biology is to describe all of the components of that continuum
and understand how a fertilized egg can produce muscle (and all other differentiated cell types) in
the right place and at the right time.

Myogenic determination and differentiation occur through a complex cascade of events in-
volving a network of factors whose interaction ensures that muscle forms in the right places and
at the right times to facilitate orderly embryonic development. Muscle development serves as a
valuable paradigm for the understanding of determination and differentiation of other tissue types,
whose development likely involves networks of factors similar to those described here.
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Mechanical and 
Chemical Determinants of

Tissue Development
Donald E. Ingber

INTRODUCTION

Tissue engineering has as its main goal the fabrication of artificial tissues for use as replacements
for damaged body structures. Great advances have been made in terms of the developing pros-

thetic devices that can repair structural defects (e.g., vascular grafts) and even replace complex me-
chanical behaviors (e.g., artificial joints). However, the challenge for the future is to develop tis-
sue substitutes that restore the normal biochemical functions of living tissues, in addition to their
structural features. To accomplish this feat, we must first establish precise design criteria for tissue
fabrication. These design features should be based on a thorough understanding of the molecular
and cellular basis of tissue regulation. They also must take into account the important role that in-
soluble extracellular matrix (ECM) scaffolds and mechanical stresses play in tissue formation and
repair. This latter point is critical because the spatial organization of cells and the mechanical con-
straints imposed on them as they grow appear actively to regulate tissue development (Ingber,
1991; 1997).

The goal of this brief chapter is not to provide an extensive review of literature in the field of
ECM biology or tissue development. Rather, the intent is to summarize the known functions of
the ECM and describe some recent insights relating to how ECM regulates cell growth and func-
tion as well as tissue morphogenesis. The analysis of this regulatory mechanism should be of par-
ticular interest to the tissue engineer, because it has led to the identification of critical chemical
and mechanical features of the ECM that are responsible for control of the growth and differ-
entiation of many cell types. In addition, the reader will be introduced to some unanswered puz-
zles in developmental biology, which, if deciphered, could provide powerful new approaches to tis-
sue regeneration and repair.

EXTRACELLULAR MATRIX STRUCTURE AND FUNCTION

Composition and Organization
One of the most critical elements of tissue engineering is the ability to mimic the ECM scaf-

folds that normally serve to organize cells into tissues. ECMs are composed of different collagen
types, large glycoproteins (e.g., fibronectin, laminin, entactin, osteopontin), and proteoglycans
that contain large glycosaminoglycan side chains (e.g., heparan sulfate, chondroitin sulfate, der-
matan suflate, keratan sulfate, hyaluronic acid). Although all ECMs share these components, the
organization, form, and mechanical properties of ECMs can vary widely in different tissues de-
pending on the chemical composition and three-dimensional organization of the specific ECM
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components that are present. For example, interstitial collagens (e.g., types I and III) self-assem-
ble into a three-dimensional lattice, which, in turn, binds fibronectin and proteoglycans. This type
of native ECM hydrogel forms the backbone of loose connective tissues, such as dermis. In con-
trast, basement membrane collagens (types IV and V) assemble into planar arrays; when these col-
lagenous sheets interact with fibronectin, laminin, and heparan sulfate proteoglycan, a planar
ECM results (i.e., the “basement membrane”). The ability of tendons to resist tension and of car-
tilage and bone to resist compression similarly result from local differences in the organization and
composition of the ECM.

In Vivo Foundation for Cell Anchorage
The first and foremost function of the ECM in tissue development is its role as a physiolog-

ical substratum for cell attachment. This feature is easily visualized by treating whole tissues with
ECM-degrading enzymes (collagenase, proteases); cell detachment and loss of cell and tissue mor-
phology rapidly result. Cells that are dissociated in this manner can reattach to an artificial culture
substrate (e.g., plastic, glass). However, adhesion is again mediated by cell binding to ECM com-
ponents that are either experimentally immobilized on the culture surface, deposited de novo by
the adhering cells, or spontaneously adsorbed from serum (e.g., fibronectin, vitronectin) (Klein-
man et al., 1981; Madri and Stenn, 1982; Stenn et al., 1979; Wicha et al., 1979; Salomon et al.,
1981; Bissell et al., 1986; Ingber et al., 1987). In fact, standard tissue culture plates are actually
bacteriological (nonadhesive) plastic dishes that have been chemically treated using proprietary
methods to enhance adsorption of serum- and cell-derived ECM proteins. To summarize, cells do
not attach directly to the culture substrate (i.e., plastic or glass), rather they bind to intervening
ECM components that are adsorbed (or derivatized) to these substrates. For this reason, cell ad-
hesion can be prevented by coating normally adhesive culture surfaces with polymers that prevent
protein adsorption, such as poly(hydroxyethyl methacrylate) (Folkman and Moscona, 1978).

Spatial Organizer of Polarized Epithelium
Living cells exhibit polarized form as well as function (e.g., basal nuclei, supranuclear Golgi

complex, apical secretory granules in secretory epithelia). Dissociated cells lose this normal orien-
tation when cultured on standard tissue culture substrata or on interstitial connective tissue. In the
case of epithelial cells, normal polarized form is often restored if the cells synthesize and accumu-
late their own ECM or if they are cultured on exogenous basement membrane (i.e., the special-
ized epithelial ECM) (Emerman and Pitelka, 1977; Chambard et al., 1981; Ingber et al., 1986b).
These types of studies suggest that basement membrane normally serves to integrate and maintain
individual cells within a polarized epithelium. Clearly, there are many intracellular and intercellu-
lar determinants of polarized cell form and function (e.g., cytoskeletal organization, organelle
movement, junctional complex formation). However, anchorage to the ECM appears to provide
an initial point of orientation and stability on which additional steps in the epithelial organization
cascade can be build. The ECM may regulate the orientiation of other cell types (e.g., chondro-
cytes, osteoclasts) as well.

Scaffolding for Orderly Tissue Renewal
All tissues are dynamic structures that exhibit continual turnover of all molecular and cellu-

lar components. Thus, it is the maintenance of tissue pattern integrity that is most critical to the
survival of the organism. Maintenance of specialized tissue form requires that cells that are lost due
to injury or aging must be replaced in an organized fashion. Importantly, orderly tissue renewal
has been shown to depend on the continued presence of insoluble ECM scaffoldings, which act
as templates that maintain the original architectural form and ensure accurate regeneration of pre-
existing structures (Vracko, 1974). For example, when cells within a tissue are killed by freezing
or treatment with toxic chemicals, all of the cellular components die and are removed; however,
the basement membranes often remain intact. These residual ECM scaffoldings ensure correct
repositioning of cells (e.g., cell polarity) and restore different cell types to their correct locations
(e.g., muscle cells within muscle basement membrane, nerve cells in nerve sheaths, endothelium
within vessels), in addition to promoting the cell migration and growth that are required for re-
pair of all the component tissues (see below). Conversely, loss of ECM integrity during wound
healing results in disorganization of tissue pattern and, thus, scar formation. Uncoupling between
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basement membrane extension and cell doubling also leads to disorganization of tissue morphol-
ogy during neoplastic transformation (Ingber et al., 1981).

Establishment of Tissue Microenvironments
Specialized ECMs often establish a physical boundary between neighboring tissues. For ex-

ample, the basement membrane normally restricts mixing between the epithelium and the un-
derlying connective tissue, and compromise of basement membrane integrity is indicative of the
onset of malignant invasion when seen in the context of tumor formation (Ingber et al., 1981).
The ECM boundary also may regulate macromolecular transport between adjacent tissues given
that the basement membrane provides the semipermeable filtration barrier in the kidney glomeru-
lus (Farquhar, 1978). However, little is known about this potential function of the ECM in the
local tissue microenvironment.

Sequestration, Storage, and Presentation of Soluble 
Regulatory Molecules

ECMs also may modulate tissue growth and morphogenesis through their ability to bind,
store, and eventually release soluble regulators of morphogenesis. For example, basic fibroblast
growth factor (bFGF), a mitogen for fibroblasts, smooth muscle cells, and endothelial cells, has
been identified within ECMs deposited by cells cultured in vitro (Vlodavsky et al., 1987) and with-
in basement membranes in certain normal tissues (e.g., cornea) in vivo (Folkman et al., 1988). The
low growth rate observed in most normal tissues may result from sequestration of mitogens where-
as release of these stored factors (“stormones”), due to injury or hormonally induced changes in
ECM turnover, may help to switch growth on locally. Binding of other types of regulatory mole-
cules to the endothelial basement membrane (e.g., plasminogen activator inhibitor) (Pollanen et
al., 1987) also may play a role in tissue physiology (e.g., blood coagulation, cell migration).

Regulator of Cell Growth, Differentiation, and Apoptosis
Most normal (nontransformed) cells grow only when attached and spread on a solid substrate

(Folkman and Moscona, 1978). Cells attach and spread in vitro either by depositing new ECM
components or by binding to exogenous ECM (Kleinman et al., 1981; Madri and Stenn, 1982;
Stenn et al., 1979; Wicha et al., 1979; Salomon et al., 1981; Bissell et al., 1986; Ingber et al., 1987).
In fact, cell spreading and growth can be suppressed by inhibiting ECM deposition in vitro using
drugs (Madri and Stenn, 1982; Stenn et al., 1979; Wicha et al., 1979). Cell growth stimulated by
soluble mitogens also has been shown to vary depending on the type of ECM component used for
cell attachment (e.g., collagen versus fibronectin) (Kleinman et al., 1981; Bissell et al., 1986; Ing-
ber et al., 1987) as well as on the mechanical properties of the ECM (e.g., malleable gel versus rigid
ECM-coated dish) (Li et al., 1987; Kubota et al., 1987; Ben Ze’ev et al., 1988; Opas, 1989; Ver-
non et al., 1992). Furthermore, the substrates that promote growth tend to suppress differentiation
and vice versa. For examples, many cells proliferate and lose differentiated features when cultured
on attached type I collagen gels that can resist cell tension and promote cell spreading. In contrast,
the same cells cease growing and increase expression of tissue-specific functions (e.g., albumin se-
cretion in hepatocytes, milk secretion and acinus formation by mammary cells, capillary tube for-
mation by endothelial cells) if cultured on the same gels that are made flexible by floating them
free in medium or on attached ECM gels that exhibit high malleability (e.g., basement membrane
gels, such as Matrigel). Under these conditions, the cells exert tension across their adhesions, re-
sulting in contraction of the ECM gel and cell rounding, which, in turn, shut off growth and turn
on differentiation-specific gene functions. The differentiation-inducing effects of these malleable
ECM substrates also can be suppressed by making the gels rigid through chemical fixation (Li et
al., 1987; Opas, 1989), thus confirming the critical role of cell-generated mechanical forces in this
response.

Although local changes in ECM turnover may promote tissue remodeling, large-scale break-
down of the ECM may force the same growing tissues to undergo involution. Many cultured cells
rapidly lose viability and undergo programmed cell death (i.e., apoptosis) when they are detached
from the ECM and maintained in a round form in suspension (Meredith et al., 1993). Loss of
basement membrane integrity is also observed in regions of tissues that are actively regressing (Trel-
stad et al., 1982; Ingber et al., 1986a), and growing tissues (e.g., capillaries, mammary gland) can
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be induced to involute using pharmacological agents (e.g., proline analogs) that inhibit ECM de-
position and lead to basement membrane dissolution in vivo (Ingber et al., 1986a; Wicha et al.,
1980; Ingber and Folkman, 1988). Transgenic mice studies confirm that growing tissues can be
made to involute by shifting the endogenous proteolytic balance such that total ECM breakdown
results (Talhouk et al., 1992). These findings suggest that local changes in ECM composition and
flexibility may regulate cell sensitivity to soluble mitogens and, thereby, control cell growth, via-
bility, and function in the local tissue microenvironment.

PATTERN FORMATION THROUGH ECM REMODELING

Mesenchymal Control of Epithelial Pattern
Probably the greatest insight into the role of the ECM in tissue development comes from

analysis of embryogenesis. In the embryo, genesis of a tissue’s characteristic form (e.g., tubular ver-
sus acinar) and deposition of ECM are both controlled by complex interactions between adjacent
epithelial and mesenchymal cell societies. The epithelial cell is genetically programmed to express
tissue-specific (differentiated) functions and to deposit the insoluble basement membrane, which
functions as a common attachment foundation that both separates adjacent tissues and stabilizes
tissue form (Banerjee et al., 1977; Dodson and Hay, 1971). However, although production of tis-
sue-specific cell products (cytodifferentiation) is determined by the epithelium, tissue pattern
(histodifferentiation) is usually directed by the surrounding mesenchyme. For example, when em-
bryonic mammary epithelium is isolated and combined with salivary mesenchyme, the mamma-
ry epithelial cells take on the form of the salivary gland, although they still produce milk proteins
(Sakakura et al., 1976). However, the specificity of these epithelial–mesenchymal interactions can
vary widely from organ to organ. For instance, embryonic salivary epithelia specifically require sali-
vary mesenchyme for successful development, whereas pancreatic epithelia will undergo normal
cytodifferentiation and histodifferentiation in response to mesenchyme isolated from a variety of
embryonic tissues (Golosow and Grobstein, 1962).

Tissue Patterning through Localized ECM Remodeling
The complex tissue patterns that are generated through epithelial–mesenchymal interactions

result from the establishment of local differentials in tissue growth and expansion in a microenvi-
ronment that is likely saturated with soluble mitogens. The classic work on salivary gland devel-
opment by Bernfield and co-workers revealed that the epithelium imposes morphological stabili-
ty through production of its basement membrane whereas the mesenchyme produces local changes
in tissue form, specifically by degrading basement membrane at selective sites (Banerjee et al.,
1977; Bernfield and Banerjee, 1978; Smith and Bernfield, 1982; Bernfield et al., 1972; David and
Bernfield, 1979). An increased rate of cell division is observed in the tips of growing lobules that
also exhibit the highest rate of ECM breakdown and resynthesis (i.e., highest turnover rate). At
the same time, the mesenchyme slows basement membrane turnover and suppresses epithelial cell
growth in the clefts of the glands. This is accomplished by secretion of fibrillar collagens that slow
ECM degradation locally, thereby promoting basement membrane accumulation in these regions.
Similar local coupling between ECM turnover, cell growth rates, and tissue expansion is observed
in many other developing tissues, including growing capillary blood vessels (Folkman, 1982).

It is important to note that increased ECM turnover involves enhanced rates of matrix syn-
thesis as well as degradation. In fact, net basement membrane accumulation (i.e., increased area
available for cell attachment) must result for epithelial tissues to grow and expand laterally, and
thus the local rate of ECM synthesis must be greater than that of degradation in these high-
turnover regions. If the rate of ECM degradation is significantly greater than synthesis, then net
basement membrane dissolution results. As described above, this would lead to cell death and tis-
sue regression rather than expansion.

Role of Mechanical Stresses
Before ending the discussion of the role of ECM in pattern formation, it is critical to em-

phasize that although chemical regulators mediate tissue morphogenesis, the signals that are actu-
ally responsible for dictating tissue pattern are often mechanical in nature. The pattern-generating
effects of compression on bone, shear on blood vessels, and tension on muscle are just a few ex-
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amples. Mechanical stresses are also important for embryological development; however, internal
cell-generated forces appear to play a more critical role. For example, mechanical tension that is
generated via actomyosin filament sliding within the cytoskeleton of the cells that compose the
embryo plays a key role during gastrulation (Beloussov et al., 1975) as well as during tissue mor-
phogenesis (Ash et al., 1973). In fact, the pattern of development can be experimentally altered by
applying external stresses to the embryo using micropipettes (Beloussov et al., 1988). Tensile forces
that are generated internally within mesenchyme and transmitted across the ECM are also likely
required for the “condensation” of mesenchyme that commonly precedes formation of new organ
rudiments. In this context, it is interesting to note that the pattern-generating capabilities of mes-
enchyme isolated from different developing tissues have been shown to correlate with differences
in their ability to exert mechanical tension on external substrates (e.g., microbeads) (Nogawa and
Nakanishi, 1987). Local changes in ECM turnover may drive morphogenetic patterning of tis-
sues, in part, by altering the mechanical compliance of the ECM and thereby changing cell shape
or cytoskeletal tension (Ingber and Jamieson, 1985; Huang and Ingber, 1999). More in-depth dis-
cussion of the role of cell-generated mechanical stresses in embryogenesis and would healing can
be found elsewhere (Ingber, 1991; Ingber et al., 1994).

MECHANOCHEMICAL SWITCHING BETWEEN GROWTH 
AND DIFFERENTIATION

Given the pivotal role that the ECM plays in tissue development, many studies have been car-
ried out to analyze how changes in cell–ECM interactions might act locally to regulate cell sensi-
tivity to soluble mitogens and thereby establish the growth differentials that are required for tis-
sue morphogenesis. To accomplish this, simplified in vitro model systems have been developed to
retain the minimal determinants necessary for maintenance of the physiological functions of in-
terest (i.e., cell growth and differentiation) (Ingber, 1990; Ingber and Folkman, 1989; Mooney et
al., 1992b). For example, to determine the effects of varying cell–ECM contacts directly, bacteri-
ological petri dishes that were otherwise nonadhesive were precoated with different densities of pu-
rified ECM molecules, such as fibronectin, laminin, or different collagen types. Quiescent, serum-
deprived cells were plated on these dishes in a chemically defined medium that contained a
constant and saturating amount of soluble growth factor.

When capillary endothelial cells were studied, DNA synthesis and cell doubling rates were
found to increase in an exponential fashion as the density of immobilized ECM ligand was raised
and cell spreading was promoted (Ingber and Folkman, 1989; Ingber, 1990). When higher cell
plating numbers were used to promote cell–cell interactions as well as cell–ECM contact forma-
tion, the capillary cells could be switched between growth and differentiation (capillary tube for-
mation) in the presence of saturating amounts of soluble mitogen (FGF) simply by varying the
ECM coating density (Ingber and Folkman, 1989). Specifically, when plated on a high ECM den-
sity (e.g., �500 ng/cm2 fibronectin), the cells attached, spread extensively, formed many cell–cell
contacts, and organized into a planar cell monolayer. When the same cells were plated on a low
ECM density (100 ng/cm2), the cells attached but they could not spread, and thus only cell
clumps or aggregates were observed. When the same capillary cells were plated on a moderate den-
sity, cells attached, spread, and formed cell–cell contacts as they did on the higher ECM densities.
However, the tensile forces generated by the cells appeared to overcome the resistance provided by
their relatively weak ECM adhesions and thus the cell aggregates began to retract over a period of
hours until a mechanical equilibrium was attained. Under these conditions, formation of an ex-
tensive network composed of interconnected capillary tubes resulted. Many of these capillary tubes
became elevated above the culture surface, although the network remained adherent to the culture
dish at discrete points through interconnected multicellular aggregates. The importance of me-
chanical forces for this switching between growth and differentiation was confirmed by demon-
strating that similar capillary tube formation could be induced on the high ECM density, which
normally promoted spreading and growth, simply by increasing the cell plating numbers and there-
by amplifying the level of cell tension.

The same system was used to demonstrate similar shape (stretch)-dependent switching be-
tween growth and differentiation in other cell types. For example, the growth and differentiation
of primary rat hepatocytes could be controlled independently of cell–cell contact formation by
varying cell–ECM contacts and cell spreading using the method described above (Mooney et al.,
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1992a). Additional studies confirmed that ECM exerts its regulatory effects at the level of gene ex-
pression (Mooney et al., 1992a; Hansen et al., 1994) and that these effects are mediated at least in
part through modulation of the cytoskeleton (Mooney et al., 1995). These results are consistent
with those from other laboratories demonstrating that malleable ECM gels (e.g., Matrigel, native
collagen gels) that promote cell rounding also induce differentiation and suppress growth, where-
as the opposite effects are produced when these gels are fixed and made rigid (Li et al., 1987; Ku-
bota et al., 1987; Ben Ze’ev et al., 1988; Opas, 1989).

Altering cell–ECM contacts by varying ECM coating densities appears to influence cell func-
tion via two distinct but integrated mechanisms. First, increasing the local density of immobilized
ECM ligand promotes clustering of integrins, which are transmembrane ECM receptors on the
cell surface (Hynes, 1987). Integrin clustering, in turn, activates a number of different chemical
signaling pathways (e.g., tyrosine phosphorylation, inositol lipid turnover, Na+/H+ exchange,
MAP kinase) that are also utilized by growth factor receptors to alter cellular biochemistry and
gene expression (Ingber et al., 1990; Schwartz et al., 1991; McNamee et al., 1993; Plopper et al.,
1995). Activation of these signaling pathways likely plays an important role in control of cell dif-
ferentiation and survival; however, integrin-dependent chemical signaling alone is not sufficient
to explain how cells are induced to enter S phase and proliferate (Ingber, 1990; Hansen et al.,
1994). A second mechanism that involves tension-dependent changes in cell shape and cytoskele-
tal organization also comes into play.

The importance of cell tension was demonstrated directly by developing a model system in
which cell shape or distortion was varied independently of the local density of immobilized ma-
trix molecule. This was made possible by adapting a technique for forming spontaneously assem-
bled monolayers (SAMs) of alkanethiols (Prime and Whitesides, 1991) to create micropatterned
surfaces containing adhesive islands with defined surface chemistry, shape, and position on the cell
(micrometer) scale (Singhvi et al., 1994; Chen et al., 1997). The method involves fabrication of a
flexible elastomeric stamp that exhibits the particular surface features of interest using photolith-
ographic techniques. The topographic high points on the stamp (e.g., 40 � 40 
m square plateaus
raised above recessed intervening regions) are coated with an alkanethiol ink and the stamp is then
apposed to a gold-coated surface. The alkanethiol forms SAMs covering only the regions where
the stamp contacts the surface (i.e., 40 � 40 
m squares). Then the surrounding uncoated regions
are filled with a SAM composed of similar alkanethiols that are conjugated to poly(ethylene gly-
col) (PEG), which prevents protein adsorption. The result is a chemically defined culture surface
that is completely covered with a continuous SAM of alkanethiols; however, the local adhesive is-
lands of defined geometry support protein adsorption whereas the surrounding boundary regions
coated with PEG do not. Thus, when these substrates are coated with a high density of purified
ECM protein, such as laminin or fibronectin, the result is adhesive islands of defined shape and
position, coated with a saturating density of matrix molecule. Using this technique, cell position
and shape could be precisely controlled because the cells attach only to the ECM-coated adhesive
islands. In fact, even square and rectangular cells exhibiting 90� corners could be engineered us-
ing this approach (Singhvi et al., 1994).

This micropatterning method was first used to probe the question of cell function: if cells are
restricted to a small size, similar to that produced on a low-concentration ECM coating, but the
local density of immobilized integrin ligand is increased 1000-fold, which is the critical determi-
nant of cell function, the ECM density or cell shape? The answer was that it was cell shape. Pri-
mary hepatocytes remained quiescent on small adhesive islands coated with a high ECM density,
even though the cells were stimulated with high concentrations of soluble growth factors (Singhvi
et al., 1994). Furthermore, cell growth (DNA synthesis) increased in parallel as the size of the ad-
hesive island was increased, and similar results were obtained with capillary endothelial cells (Chen
et al., 1997), thus confirming that cell shape was the critical governor of this response. Inhibition
of hepatocyte growth on the small islands also was accompanied by a concomitant increase in al-
bumin secretion. In the case of endothelial cells, the cells were similarly induced to differentiate
into capillary tubes when cultured on linear patterns that supported cell–cell contact as well as a
moderate degree of cell distension, whereas the cells were induced to undergo apoptosis (cellular
suicide) when cultured on the smallest islands that fully prevented cell extension (Chen et al., 1997;
Dike et al., 1999). Thus, cell shape and function could be engineered simply by altering the geom-
etry of the adhesive substrate.
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Integrin signaling elicited in response to ECM binding has been shown to be critical for con-
trol of cell growth and function (Hynes, 1987; Ingber et al., 1990; Schwartz et al., 1991; McNamee
et al., 1993; Plopper et al., 1995). Thus, one could argue that cell shape and mechanical distor-
tion of the cytoskeleton are not important. Instead, it might be the increase in total area of cell–
ECM contacts and associated integrin binding that dictate whether cells will grow, differentiate,
or die on large versus small adhesive islands. To explore this further, substrates were designed in
which a single small adhesive island (which would not support spreading or growth) was effec-
tively broken up into many smaller islands (3–5 
m in diameter) that were spread out and sepa-
rated by nonadhesive barrier regions (Chen et al., 1997). When capillary cells were plated on these
substrates, their processes stretched from island to island and the cells exhibited an overall extended
form similar to cells on large islands. However, the total area of cell–ECM contact was almost iden-
tical to that exhibited by nongrowing cells on the smaller islands. These studies revealed that in
the presence of optimal growth factors and high ECM binding, DNA synthesis was high in the
cells that spread over multiple small islands whereas apoptosis was completely shut off (Chen et
al., 1997). Additional studies have revealed that shape exerts this control over growth by harness-
ing the cell’s molecular machinery (cyclins and cdk inhibitors) that normally controls cell cycle
progression late in G1 phase, and that similar control can be exerted by altering the level of iso-
metric tension within the cytoskeleton, independently of any cell shape change (Huang et al.,
1998). Thus, local changes in cell shape and cytoskeletal tension appear to govern how individual
cells will respond to chemical signals (soluble mitogens and insoluble ECM molecules) in their
microenvironment. This mechanism for establishing local growth differentials may play a critical
role in morphogenesis in all developing systems (Ingber and Jamieson, 1985; Huang and Ingber,
1999).

SUMMARY
In summary, our work has shown that the development of functional tissues, such as branch-

ing capillary networks, requires both soluble growth factors and insoluble ECM molecules. The
ECM appears to be the dominant regulator, however, because it dictates whether individual cells
will either proliferate, differentiate, or die locally in response to soluble stimuli. This local control
mechanism is likely critical for the establishment of local cell growth differentials that mediate pat-
tern formation in all developing tissues.

Analysis of the molecular basis of these effects revealed that ECM molecules alter cell growth
via both biochemical and biomechanical signaling mechanisms. ECM molecules cluster specific
integrin receptors on the cell surface and thereby activate intracellular chemical signaling pathways
(Ingber et al., 1990; Schwartz et al., 1991; McNamee et al., 1993; Plopper et al., 1995), stimulate
expression of early growth response genes (e.g, c-fos, jun-B) (Hansen et al., 1994), and induce qui-
escent cells to pass through the G0/G1 transition. However, in addition, the immobilized ECM
components must physically resist cell tension and promote changes of cell shape (Ingber, 1990;
Ingber and Folkman, 1989; Mooney et al., 1992a,b; Singhvi et al., 1994; Chen et al., 1997) and
cytoskeletal tension (Mooney et al., 1995; Huang et al., 1998; Ingber et al., 1995) in order to pro-
mote full progression through G1 and entry into S phase. Studies with living and membrane-
permeabilized cells confirm that changes in cell shape result from the action of mechanical tension
that is generated within microfilaments and balanced by resistance sites within the underlying
ECM (Ingber, 1991; Sims et al., 1992; Ingber et al., 1994). Taken together, this work suggests that
the pattern-regulating information the ECM conveys to cells is both chemical and mechanical in
nature. Thus, design of future artificial ECMs for tissue engineering applications must take into
account both of these features.

The Future
Early tissue engineering efforts by reconstructive surgeons and materials scientists started with

a knowledge of the clinical need for and the mechanical behavior of connective tissues on the
macroscopic scale, and worked backward. The long-term goal for the field is to design and fabri-
cate tissue substitutes starting from first principles. This includes mechanical and architectural
principles as well as an in-depth understanding of the molecular and biophysical bases of tissue
regulation. Clearly, given the potent and varied functions of the ECM, fabrication of artificial
ECMs will play a central role in all of these future efforts. We and others have already begun to

9 Mechanical and Chemical Determinants 107



explore the utility of synthetic bioerodible polymers as cell attachment substrates (Cima et al.,
1991; Mikos et al., 1993) and the potential usefulness of immobilized synthetic ECM peptides for
controlling cell growth and function (Hansen et al., 1994; Mooney et al., 1992a,b; Roberts et al.,
1998). These materials offer a major advantage in terms of biocompatibility because the artificial
substrates completely disappear over time, and thus the implanted donor cells become fully in-
corporated into the host. They also provide great chemical versatility as well as the potential for
large-scale production at relatively low cost. In addition, use of synthetic chemistry reduces the
likelihood of batch-to-batch variation during large-scale production, a problem that can poten-
tially complicate use of purified ECM components. For these reasons, polymer chemistry and nov-
el fabrication techniques will likely lead to development of more effective tissue substitutes.

However, if we understood the fundamental principles that guide ECM remodeling and pat-
tern formation in tissues, perhaps tissue engineering might take a different approach in the future.
For example, one could envision entirely new methods of clinical intervention if we understood
how tissue-specific mesenchyme generates tissue pattern, how ECM turnover is controlled local-
ly, or how compressing or pulling tissues alters their growth and form. Such knowledge could lead
to methods for identifying and isolating relevant “pattern-generating” cells; for developing phar-
macological modifiers of ECM remodeling that may be incorporated in local regions of implants
to promote or suppress tissue expansion locally; and for fabricating biomimetic scaffolds that mim-
ic the mechanical and architectural features of natural ECMs necessary to switch on or off the
function of interest (e.g., growth vs. differentiation or aopotosis) at a particular time or place
(Oslakovic et al., 1998). These are just a few of the challenges for the future.
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Animal Cell Culture
Gordon H. Sato and David W. Barnes

From the enunciation of the cell theory by Schleiden and Schwann emerged the grand concept
that understanding living organisms could come from understanding the fundamental unit—

the cell. The concept that organisms are composed of smaller units (“cellulae”) derived from the
description in 1665 by Robert Hooke of cells in a multicellular organism (Hooke, 1665). What
Hooke actually saw was the holes in cork where cells had been, and the relationship of these struc-
tures to the “animalcules” observed by van Leeuwenhoek in 1674 using a simple microscope was
not immediately clear. More advanced propositions awaited the development of the more sophis-
ticated compound microscope. In 1838, Matthias Schleiden, working with plants, and a year lat-
er Theodor Schwann, working with animal cells, concluded that cells were the basic units of life
and that complex organisms were composed of “aggregates” of these units (Howland, 1973). For
some time this concept competed with Haeckel’s idea formulated in 1868 that life consisted of
protein aggregates (“monera”) that were formed directly from inorganics, a notion that can be
traced to Aristotle (Howland, 1973).

The concept that cells contain material vital for life (“protoplasm”) was advanced during this
era by Purkinje (1825), and the concept that cells were derived from other cells came from Vir-
chow in 1858. Interestingly, both Schleiden and Schwann supported a competing idea to Vir-
chow’s, that cellular structure derived directly from the nucleus and the nucleus derived from the
nucleolus (Howland, 1973). Virchow also applied his observations to medical theory of the time,
giving rise to modern pathology (Florey, 1959).

The cell theory is to biology what the atomic theory is to chemistry or elementary particles
are to physics. Our preoccupation has been with the question of how studies of animal cells in cul-
ture could lead to an understanding of the whole organism or integrated physiology. Since the first
experiments in tissue culture by Ross Harrison (1907), the possibility was raised that knowledge
could be gained about these fundamental units in an environment that could be manipulated and
controlled. Observations of Harrison concerning the appearance of cellular-proccesses in the cul-
tures helped settle a debate between pioneer cytologist Camillo Golgi and neuroanatomist Ramón
y Cajál regarding the genesis of the processes. One proposal was that processes developed inde-
pendently, then fused with the cells, while the idea supported by Harrison’s data called for the cells
themselves to produce the processes. Almost immediately outcries were raised about the artificial-
ity of the situation and the artifactual nature of cellular behavior. These objections are still being
raised and the purpose of this chapter is to address these questions. Our approach will be general
but not comprehensive, as this would be beyond our present ability and inclination (Sato et al.,
1960).

The single most important objection to the suitability of studying cells in culture was that for
over 50 years after the experiments of Harrison there did not exist cultures that exhibited the spe-
cialized properties of the tissue of origin. Cultures from muscle did not contract, from glandular
tissue did not secrete hormones, from liver did not secrete bile, etc. How, then, could culture stud-
ies contribute to the understanding of integrated physiology? Everything in culture looked like fi-
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broblasts. The predominant view for decades was that the artificial conditions of culture caused
cells to “differentiate” into some tissue culture-type cell. This was shown to be due to the selective
overgrowth of fibroblasts, which had a selective advantage in the serum-based media available at
the time. With the discovery of platelet-derived growth factor (Balk et al., 1973; Ross et al., 1974;
Antoniades and Scher, 1977) and hormonally defined media (Sato et al., 1982; Hayashi and Sato,
1976; Barnes and Sato, 1980), the selective advantage of fibroblasts becomes perfectly under-
standable.

With knowledge of the selective advantage of fibroblasts, methods analogous to the enrich-
ment culture methods of microbiology were devised to culture specialized cells with physiological
properties of the tissue of origin (Sato et al., 1970; Sato, 1981). A number of specialized cell lines
were developed in this way, mostly from differentiated tumors developed by Jacob Furth (1955).
These include adrenal cortical cells that respond to adrenocorticotropic hormone (ACTH) to pro-
duce steroids (Y1), pituitary cells that secrete ACTH (ATT20), pituitary cells that secrete growth
hormone and prolactin (GH series), neuroblastoma cells that secrete transmitters, teratocarcino-
ma cells that undergo differentiation in culture, glioma cells with properties of astrocytes (C6),
Leydig cells that produce steroids, and pigmented melanoma cells (Sato et al., 1970, 1982; Sato
and Ross, 1979). Other labs around this time were establishing gamma globulin-secreting B cell
myelomas, muscle cells, mast cells, etc. (Sato, 1981).

Some comments would be appropriate at this time. Certainly cells in culture must exhibit dif-
ferentiated function if culture studies would be of value in understanding integrated physiology.
The establishment of the above-mentioned cell lines is a beginning. The Y1 cells deserve special
mention. These adrenal cortical cells secrete steroids in response to ACTH. This means that the
cultured cells display at least a part of the repertoire of physiologic responses found in the animal.
Since its establishment many physiologic responses have been found in cultured cells. Perhaps
someday all the effector substances and responses found in physiology will be displayed and stud-
ied in culture. It has been estimated that there are 400 different kinds of cells in the animal body.
This estimate is mostly based on histology and surely is an underestimate because of the limits of
the methodology. We have a fair way to go before each and every cell type is established in culture
and available for study.

In the face of skepticism concerning the relevance of studying cells in culture, it would be use-
ful to draw some generalizations on this matter. The first generalization that might be useful is that
the more basic the question the more likely the answer will be relevant for whole animal physiol-
ogy. Some examples are given. In the 1950s and 1960s Harry Eagle (1955) and associates studied
the nutritional requirements of cells in culture and found they required more amino acids and less
vitamins than were required by the whole animal. This is because some amino acids, such as argi-
nine, are produced in specialized tissues, such as the liver, and some of the vitamins, such as vita-
min E, are required by specialized tissues. The cultured cells gave an accurate picture of the situa-
tion in the animal, where there is a division of labor between the tissues. Cultured cells did not, as
a result of culturing, assume new biosynthetic properties or suddenly require vitamins useful for
specialized function. Vitamins that are involved in coenzymes in basic metabolic pathways are re-
quired by all cultured cells. The results of Eagle’s experiments are that they point out the stability
of differentiated properties throughout experimental manipulation.

In the 1960s, Perry, Penman, and Darnell showed that ribosomal RNA molecules in cultured
cells are first formed as large precursors, which are cleaved to the final subunit size. Such a basic
process could not be different in cultured cells and cells in the body, and this has proved to be the
case. Steiner (1977), using cultured insulinomas, showed that the double-chained insulin mole-
cule was formed as a single chain with a connecting peptide. The connecting peptide is cleaved
out and the two chains are joined by disulfide bonds. Such a basic process could not be different
in culture and the whole animal and such has been found to be true. The concept of messenger
RNA was challenged by Henry Harris when he found that most of the RNA synthesized in cul-
tured cells did not exit the nucleus. This was later shown to be due to the fact that mRNAs are
synthesized as large precursors, of which only a portion emerges from the nucleus to direct pro-
tein synthesis. Such a phenomenon contributed to the discovery of introns and RNA splicing. The
organization of genes into introns and exons and the synthesis of messenger RNA as first a large
precursor are too basic to be reinvented by cells when they are put into culture.

In some cases the ease of manipulation of cells in culture makes it possible to obtain infor-
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mation that would be extremely difficult to get from whole animal experiments. Two examples
come readily to mind. In the period of intense nuclear bomb testing a controversy raged over the
sensitivity of human cells to ionizing irradiation. This was settled by the Puck group using single-
cell plating tissue culture methods (Puck and Marcus, 1955). Their results showed that human
cells were much more sensitive to irradiation than previously thought. Prior to 1957, the diploid
number of human chromosomes was thought to be 48. J. H. Tjio, using cultured cells and the hy-
potonic method of T. C. Hsu, found the correct number to be 46 (Tjio and Levan, 1956). This
led to the Denver classification of chromosomes, the association of chromosomal anomalies with
disease, and the detailed characterization of human chromosomes. These tissue culture experi-
ments have had a large impact on medical practice—especially genetic counseling.

In some cases, culture techniques have made possible the discovery of substances that could
not be made in whole animal experiments. If a young animal is hypophysectomized it ceases
growth and radioactive sulfur is not incorporated into the cartilage of the epiphysis of the long
bones. If the animal is injected with growth hormone these processes are restored. If the bones are
incubated in vitro with hypophysectomized serum, 35S is not incorporated into cartilage. If growth
hormone is added, sulfation still does not occur but the serum of hypophysectomized animals in-
jected with growth hormone supports sulfation. This led to the discovery of the insulin-like growth
factors that are made in the liver in response to growth hormone (Salmon and Daughaday, 1957).
The classic approach of ablating the liver of hypophysectomized animals injected with growth hor-
mone is not feasible.

If an animal is ovariectomized and fragments of its ovary are implanted in its spleen, the im-
plant grows as a large tumorous mass (Biskind and Biskind, 1944). The explanation offered at the
time was that ovarian steroids were not produced and delivered to inhibit gonadotropin secretion,
because the ovarian tissue in the spleen would deliver its steroids through the hepatic portal sys-
tem to the liver, where they would be inactivated before reaching the general circulation. As a re-
sult the pituitary would oversecrete gonadotrophin, causing the implant to grow. When the im-
planted ovaries were grown in culture and cloned, the cloned cells would grow in the spleens of
animals only if they were ovariectomized. The cells did not exhibit a dependence on gonadotrophin
in culture but to a contaminant in preparations of luteinizing hormone. This led to the conclu-
sions that serum was masking hormonal dependencies and that the function of serum in cell cul-
ture media might be to provide complexes of hormones and that some of these hormones might
be novel. The novel factor was called ovarian growth factor (OGF) and its name was later changed
to fibroblast growth factor (FGF) (Clark et al., 1972). Two possible avenues of these studies that
were not followed up on were that OGF (FGF) might be a gonadotrophin or a mediator of go-
nadotrophin. In several instances results from culture were so at odds with conventional wisdom
that they were discounted as cell culture artifacts.

In several instances, Levi-Montalcini discovered that animals bearing a certain tumor had en-
larged sympathetic ganglia (Levi-Montalcini and Hamburger, 1953). In a culture assay, extracts of
the tumor, snake venom, and salivary gland extracts greatly stimulated explanted ganglia. That
such an odd assortment and sources of activity in a dubious assay system should evoke suspicion
of its relevance to physiology was understandable. The active principle turned out to be nerve
growth factor (NGF), and later Levi-Montalcini showed that antibodies to NGF injected into fe-
tal animals prevented the normal development of the sympathetic ganglia. Today there is little
doubt that NGF plays a central role in the development and regulation of the sympathetic ner-
vous system. Thyrotropin releasing hormone (TRH) was discovered and isolated by measuring
thyrotropin-stimulating hormone (TSH) release from explanted pituitaries. TRH was shown to
release prolactin from cultured growth hormone (GH) cells (Tashjian et al., 1968). This was nat-
urally viewed as an artifact of pituitary tumor cultures until it was shown that injection of TRH
into animals also released prolactin.

Perhaps the most extreme example of cell culture as the essential means to discovery and char-
acterization of physiological regulators has been the characterization of the heparin-binding fi-
broblast growth factor family and the transforming growth factor � superfamily. Although mem-
bers of the two families can be delivered to tissues by blood cells (platelets, leukocytes, etc.) in rare
situations, members of the family largely serve as intrinsic mediators of external signals to tissues
and cell-to-cell communication within tissues. Both were discovered and characterized by cell cul-
ture methods, and to date there have been no tissues in which one or more members of these two
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families are not present. The FGF family now consists of 9 genetically distinct ligands and upward
of 100 receptor variants that arise by combinatorial alternate splicing in four genes (Jaye et al.,
1992).

Largely, analyses from cells in culture have revealed that different FGF ligands and splice vari-
ants of the receptor are expressed in different cell types within the same tissue at different times
and in different combinations. In addition to this diversity, monomeric products of the FGF re-
ceptor genes oligomerize to result in the active signal transduction complex. To have impact on
this, different monomers must be expressed in the same cell at the same time. On top of all this,
results show that the FGF receptor complex is probably a ternary one of FGF ligand, ectodomain
of monomeric variants described above, and a heparan sulfate chain that is heterogeneous with re-
spect to length, monosaccharide composition, and sulfation, but may be a third source of diversi-
ty in biological function of the FGF family (Kan et al., 1993). Cultured cells in the absence of the
confounding complexity of the tissue matrix with respect to carbohydrates are the means to dis-
sect out the latter contribution.

Can the use of culture techniques raise the level of conceptualization of integrated physiolo-
gy to new heights? Two lines of argument suggest that such is the case. First of all, the classic meth-
ods of discovering hormones—glandular ablation and injection of extracts—has probably run its
course. This method will not serve for paracrine and autocrine factors, which are becoming rec-
ognized as real and important factors both for the regulation of normal cells and for the develop-
ment of cancer. This point is aptly illustrated by the experiments of Salmon and Daughaday (1957)
in the discovery of insulin-like growth factors and the experiment of De Larco, which first dis-
covered the transforming growth factors (De Larco and Todaro, 1976). The second argument
comes from the fact that when the serum of a medium is replaced with hormones, it is a complex
mixture. Classic experiments tended to reveal a single hormone for a target tissue. What is the sig-
nificance of this finding? Probably that 1013 cells cannot coexist in a coordinated fashion in an or-
ganism without the finest subtlety in the regulation of its basic units. The simplicity we seek for
intellectual satisfaction is likely to elude us. Probably simple unit processes are assembled in such
great combinatorial complexity as to boggle the mind. The complexity of hormone mixtures re-
quired by cell cultures is only the tip of a large iceberg. These are the regulatory factors we can find
by present methods. As new methods appear, the situation will become more complex.

Complexity and interactions in extracellular influences on cellular functions is not limited to
hormones and growth factors, but includes nutrients and vitamins also, as shown by Ham and col-
leagues (see Bettger and Ham, 1982). These cellular responses and processes are as basic as those
by which cells replicate and transcribe nucleic acid or translate proteins, and culture studies have
been useful in devising therapeutic approaches to cancer. The human myelogenous leukemia cell
line HL60 has played a pivotal role for studying differentiation of human leukemia cells. In par-
ticular, differentiation induced by all-trans retinoic acid (RA) led directly to the finding that cells
from patients with acute promyelocytic leukemia [APL; French–American–British (FAB) classi-
fication M3] terminally differentiate in response to RA both in vitro and in vivo (Breitman et al.,
1980). Cytodifferentiation therapy of APL by RA is now an established alternate treatment for this
disease. This therapy offers many benefits, including the decreased need for intensive hospital care.
Kaoru Miyazaki showed similar effects on lung tumor cells in culture (Barnes et al., 1981).

Takahashi and Breitman discovered retinoylation (retinoic acid acylation) a covalent modifi-
cation of proteins occurring in a variety of eukaryotic cell lines (Breitman et al., 1980). They also
found that proteins in HL60 cells were labeled by 17�-estradiol, progesterone, 1,25-(OH)2 vita-
min D, triiodothyronine, thyroxine, and prostaglandin E2 (PGE2). All of these hormones, except
PGE2, may be nongenomic and mediated by covalently modifying proteins. Are these reactions
found in culture experiments operative in the animal, and what is their physiological significance?
How dangerous is it to extrapolate cell culture results to the situation in vivo?

We have sought examples of culture experiments that have given erroneous results. Although
these are not abundant, some possibilities can be cited. For instance, it is well recognized that cells
often become chromosomally unstable and karyotypically abnormal as culture progresses (Todero
and Green, 1963). A prediction of the diploid mouse chromosome number based on a 3T3 cell
line karyotype, for example, would be grossly inaccurate. As another example, it is often observed
that on continual passage in culture, cells are selected that are capable of producing autocrine
growth factors. These may confer a selective advantage on the cell in culture and probably result
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from aberrant expression of genes normally repressed in the cell type from which the cultures are
derived. A direct application of observations using such cells to the normal endocrine physiology
of the organism thus would be misleading.

It has been suggested that senescence in vitro, one of the accepted characteristics of normal
cell cultures, may actually be an artifact, resulting from abnormal oxidative damage under routine
culture conditions for other nonphysiological stresses, such as exposure to nonphysiological serum
components (Ames et al., 1993). Some cell types can be grown without senescence if the endocrine
stimulation is appropriate (e.g., thyroid epithelial cells in the presence of thyroid-stimulating hor-
mone in vitro), and these serum-free cells are inhibited by serum in the culture medium (Ambesi-
Impiombato et al., 1980; Loo et al., 1987). In fact, serum is toxic at 100% for all cells in culture
except for vascular endothelial cells. Certainly serum differs from interstitial fluid. What is toxic
in serum? Is the factor(s) important in physiology? It is unlikely that we can recreate the in vivo
environment of a cell sufficiently well as not to produce occasional artifacts. If an ovarian cell is
implanted under the kidney capsule, a teratoma results. Surely we are at times placing cells in an
unsuitable situation in culture as to evoke unnatural responses such as teratoma formation.

What problems seem important at the moment, related to the question of culture and in vivo
relevance? We come back to the situation in which, when the serum in the medium of various cell
types is replaced by hormones (factors), the cells require a complex mixture. Do these operate in
vivo and how will we be able to tell? Part of the complexity is likely the result of redundancy of
function among extracellular messengers, protecting the organism from catastrophic failure should
interference occur with a single physiological signaling pathway. An understanding of the physio-
logical significance of these more complex and interrelated interactions will probably require the
most recent and sophisticated techniques: transgenic and gene knockout animals, highly specific
synthetic hormone antagonists based on detailed knowledge of ligand–receptor interactions, and
dominant negative receptor constructions based on a similarly detailed understanding of receptor
interactions and signaling mechanisms. At the present time two very active fields of research us-
ing cell culture are the mechanism of hormone action and the nature of cancer. Cancer biology
and hormone mechanisms studies converge at several points at surface protein tyrosine kinases, at
transcriptional control, and the hormonal stimulation of the transcription of protooncogenes.
Hormone mechanism studies and cancer biology studies are most conveniently carried out in cul-
ture. The phenomena discovered in culture are so basic as surely to apply to the situation in vivo.
In the case of cancer the oncogenes discovered in vitro are found in the animal and a therapeutic
approach suggested by culture experiments is efficacious in humans.

Cohen found that epidermal growth factor (EGF) activates a tyrosine kinase that begins a
complex cascade (Ushiro and Cohen, 1980). Hunter and Sefton (1980) found that the src onco-
gene is a tyrosine kinase that begins a cascade that results in overriding growth control. Nishizu-
ka and Berridge have in culture studies elucidated the diacyl glycerol formation by phospholipase,
the diacyl glycerol activation of protein kinases, and the mobilization of calcium by the phospho-
tidyl inositols (Nishizuka, 1986). Rodbell discovered G proteins, etc. Much of the present knowl-
edge in these areas derived from work in animal virology and tumor virus biology, areas that are
dependent on cell culture approaches in most respects.

Several neural progenitor cells have been identified first in cultures. Raff et al. (1983) showed
that proliferating O-2A stem cells were able to differentiate into oligodendrocytes and type 2 as-
trocytes in vitro. Groves et al. (1993) demonstrated that week-old cultured O-2A progenitor cells
could be successfully transplanted into demyelinated lesions in adult spinal cords and produce ex-
tensive remyelination. These data suggest the possibility of expanding O-2A progenitors in cul-
ture for transplants to humans afflicted with demyelinating disorders, e.g., multiple sclerosis. In
addition, several groups are studying the effects of growth factors of O-2A progenitors, suggesting
that endogenous regulation of adult O-2A progenitor proliferation may provide another thera-
peutic strategy to enhance remyelination.

Neural stem cells with the potential to give rise to differentiated subtypes of central nervous
system neurons are of particular importance in future advances in tissue transplantation and engi-
neering. These cultures cannot be established by routine means developed for rodent or human fi-
broblasts in serum-containing medium. For instance, one such line derived from mouse embryon-
ic brains is dependent on epidermal growth factor for survival, and is growth inhibited by serum
(Loo et al., 1987). Cultured under serum-free conditions, these cells maintain a normal karyotype
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despite extended passage in culture. These cells express astrocyte markers in the presence of trans-
forming growth factor � (Sakai et al., 1990), and express nestin, a marker of neural stem cells, in the
neural precursor state in the absence of transforming growth factor � (Loo et al., 1994). A variety of
systems of this type exist, each requiring specialized cell culture techniques (see Chapter 58).

Cancer biology studies in culture are instructive to contemplate in regard to the relationship
between in vivo and in vitro behavior. The Rous sarcoma virus assay was based on the formation
of foci in vitro, which was based on the ability to overcome contact inhibition and grow in soft
agar. These properties correlate well with tumorigenicity in the animal (Freedman and Shin, 1974).
These aspects of cell culture behavior have been used to identify and isolate oncogenes. Cell cul-
ture experiments identifying oncogenes such as ras strengthen the argument that basic processes
can be identified with assurance in cell culture, because these genes have subsequently been im-
plicated in a variety of human tumors in vivo (Shi and Weinberg, 1982). Studies of transforming
growth factors were an offshoot of tumor virology studies that depended on cell culture method-
ology almost entirely from conception to proof (De Larco and Todaro, 1976). Now it is clear that
these molecules have important functions in basic processes such as embryonic development. That
these molecules had not been discovered in the previous 50 years by scientists using the classic ap-
proaches of developmental biology points out the power of the cell culture approach to identify
extracellular endocrine-like messengers.

In a related approach, human papilloma virus (HP16) genes E6 and E7 have been used to im-
mortalize cells from fetal cartilage, lung epithelium, skin (keratinocyte), tracheal epithelium, pan-
creas, kidney, and liver (Thompson et al., 1997; Zabrenetzky et al., 1997). The viral genes are in-
troduced via retrovirus vectors produced with a packaging cell line. Interestingly, human leukocyte
antigen (HLA) Class I and Class II molecules are not expressed in these cells, suggesting potential
for wide application to transplantation and tissue engineering if the neoplastic potential of the cells
can be resolved favorably.

Cell culture approaches have contributed to major modern advances in the development and
use of embryonal and lineage-specific stem cells. These provide essential models in studies of nor-
mal and abnormal biological processes, as well as potentially unlimited sources of differentiation-
competent cells for tissue engineering. Differentiation toward multiple lineages can be induced in
culture by treatment with retinoic acid, substratum manipulation, growth factor addition or with-
drawal, and other approaches. Stem cell lines now include embryonal stem cells from rhesus mon-
keys, common marmosets, and humans (Thomson et al., 1995, 1996, 1998; Thomson and Mar-
shall, 1998), as well as human primordial germ cells developed by Gerhardt et al. (see Chapter 58).
Tissue-specific stem cell precursor culture systems (both tissue and embryonal stem cell derived)
exist for a variety of tissues, including cardiomyocyte, endothelial, neural, hematopoietic, liver,
pancreas, and other endoderm-derived endocrine cell types.

We are passing from a period when the in vivo relevance of culture studies was rejected out of
hand to a period of uncritical acceptance. We are counseling critical acceptance. In physics we are
told we are nearing the end of knowing all we can about the material universe by knowing all the
fundamental particles and their interactions. One day we will approach this situation in biology,
when we know all the cells and their interactions. As we progress, we will transition from mar-
veling at the enormity of what we do not know to marveling at the complexity, subtlety, and co-
ordination of what we learn about the biochemistry of life.
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Regulation of Cell Behavior 
by Matricellular Proteins

Amy D. Bradshaw and E. Helene Sage

INTRODUCTION

The extracellular milieu is critical for the control of the behavior of every cell in all tissues. Many
factors can contribute to the environment of a cell—for example, cell–cell contact, growth fac-

tors, extracellular matrix proteins, and matricellular proteins. All of these components act togeth-
er to regulate cell surface protein activity, intracellular signal transduction, and subsequent gene
expression, which lead to proliferation, migration, differentiation, and ultimately the formation
of complex tissues. This chapter focuses on matricellular proteins as modulators of extracellular
signals. The matricellular proteins are characterized as secreted, modular proteins that are associ-
ated with the extracellular matrix but do not act as structural constituents (Bornstein, 1995). Pre-
sumably, the function of matricellular proteins is to provide a link between the extracellular ma-
trix and the cell surface receptors, or the cytokines and proteases localized in the extracellular
environment, the activity of which might be affected by this interaction. Thrombospondin-1 and
thrombospondin-2, tenascin-C, osteopontin, and SPARC (an acronym for “secreted protein,
acidic and rich in cysteine”) are representatives of this class of proteins. A growing body of evi-
dence points to these proteins as important mediators of growth factor, extracellular matrix, and
cell signaling pathways (Table 11.1). Consequently, in vitro systems designed to mimic tissue con-
ditions should consider the influence of matricellular proteins.

MATRICELLULAR PROTEINS

Thrombospondin-1 and Thrombospondin-2
Thrombospondin-1 is a 450,000-Da glycoprotein with seven modular domains (Bornstein

and Sage, 1994). To date, five different paralogs of thrombospondin have been identified, throm-
bospondins-1–5. This chapter reviews the two most characterized forms, thrombospondin-1 and
thrombospondin-2. At least five different extracellular matrix-associated proteins are able to bind
to thrombospondin-1: collagens I and V, fibronectin, laminin, fibrinogen, and SPARC (Bornstein,
1995; Clezardin et al., 1988). Likewise, cell surface receptors for thrombospondin are multiple
and include the integrin family of extracellular matrix receptors (Bornstein, 1995; Hynes, 1992).
Given the significant number and variety of thrombospondin-1-binding proteins, it is of little sur-
prise that a wide variety of functions have been attributed to this protein, some of which appear
to be contradictory. Many of these disparities may, however, actually reflect the dynamic interac-
tion of thrombospondin-1 with other extracellular factors, which can influence cells in different
ways to give rise to distinct cellular outcomes.

Several published studies describe the antiangiogenic properties of thrombospondin-1, where-
as other investigators have reported an apparent stimulation of new blood vessel formation by
thrombospondin-1. A potential source of variability is the assay used to perform the experiments.
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A number of the studies that support an antiangiogenic function for thrombospondin-1 were car-
ried out in vitro in a defined environment. For example, incubation of both aortic and microvas-
cular endothelial cells with antithrombospondin antibodies significantly inhibited cord formation,
a model of angiogenesis in vitro (Iruela-Arispe et al., 1991). Likewise, aortic endothelial cells trans-
fected with antisense thrombospondin-1 cDNA generated twice as many capillary-like structures
on a gelled basement membrane in comparison to control cells that produce higher levels of throm-
bospondin-1 (DiPietro et al., 1994). In contrast, the rat aortic explant model, in which throm-
bospondin-1 has been found to stimulate angiogenesis, is more complex, with many cell types that
affect the outcome (Nicosia and Tuszynski, 1994). Rings of rat aorta grown in collagen or fibrin
matrices supplemented with increasing amounts of thrombospondin-1 showed a concentration-
dependent increase in the number of microvessels. Thrombospondin-1 did not appear to act di-
rectly on the endothelial cells in this assay, but rather affected the myofibroblasts present in the
aortic rings by stimulation of their proliferation as well as their secretion of a heparin-binding pro-
tein(s). The authors speculated that perhaps the secreted protein could orient thrombospondin-1
in the matrix in such a way as to promote microvessel formation. The effect of thrombospondin-
1 in angiogenic assays illustrates the versatility of function of this matricellular protein in distinct
microenvironments. In all likelihood, the activity of thrombospondin-1 in these experiments re-
flects the interaction of the matricellular protein with specific cell surface receptors and other ex-
tracellular cytokines to elicit defined cellular responses.

One cytokine known to interact with thrombospondin-1 is scatter factor/hepatocyte growth
factor (HGF), a known angiogenesis-promoting factor (Lamszuz et al., 1996). Apparently, throm-
bospondin-1 is able to sequester HGF in the matrix through its association with other matrix mol-
ecules and prevent interaction of the cytokine with its cellular receptor. Thus in the rat corneal
model of angiogenesis, thrombospondin-1 will inhibit HGF-induced neovascularization in a con-
centration-dependent manner (Lamszuz et al., 1996).

Thrombospondin-1 has also been shown to interact specifically with another cytokine, trans-
forming growth factor � (TGF-�) (Schultz-Cherry and Murphy-Ullrich, 1993). This interaction
leads to activation of the latent form of TGF-�, presumably through a conformational change in
the cytokine that allows interaction with cell surface receptors (Schultz-Cherry et al., 1994). Con-
sequently, the presence of thrombospondin-1 in the extracellular milieu can affect the activity of
this potent, multifunctional cytokine. In fact, generation of a thrombospondin-1 null mouse has
confirmed the importance of thrombospondin-1-mediated activation of TGF-� in vivo. The phe-
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Table 11.1. Matricellular proteinsa

Extracellular Extracellular
matrix Adhesive (�) vs. Growth factor matrix

Protein interaction Receptor counteradhesive (�) modulation formation

Thrombospondin-1 Col I and V, Integrin, � HGF (�), ?
Fn, Ln, Fg CD-36 TGF-� (�)

Thrombospondin-2 ? ? � ? �
Tenascin-C Fn Integrin, � EGF (�), ?

annexin II � bFGF (�),
PDGF (�)

Osteopontin Fn; Col I, II, Integrin, � ? �
III, IV, and V CD-44

SPARC Col I, III, IV, ? � bFGF (�), �
and V VEGF (�),

PDGF (�),
TGF-� (�)

aThis is not a complete list of all activities and receptors for these proteins. For references, refer to the text. Abbreviations: Col, collagen; Fn, fi-
bronectin; Ln, laminin; Fg, fibrinogen; HGF, hepatocyte growth factor; TGF-�, transforming growth factor �; EGF, epidermal growth factor; PDGF,
platelet-derived growth factor; bFGF, basic fibroblast growth factor; VEGF, vascular endothelial growth factor.



notype manifested in the absence of thrombospondin-1 expression mimics to some degree the phe-
notype of the TGF-� null mouse (Crawford et al., 1998). Specifically, similar pathologies of the
lung and pancreas were observed in both mice; importantly, thrombospondin-1 null mice treated
with thrombospondin-1 peptides showed a partial restoration of active TGF-� levels and a rever-
sion of the lung and pancreatic abnormalities toward tissues of wild-type mice.

Thrombospondin-1 is also able to influence cell adhesion and cell shape. For example, it will
diminish the number of focal adhesions of bovine aortic endothelial cells and thus will promote a
migratory phenotype (Murphy-Ullrich and Höök, 1989). Thrombospondin-1, therefore, has been
proposed to modulate cell–matrix interaction to allow for cell migration when necessary. Accord-
ingly, thrombospondin-1 expression is observed during events such as dermal wound repair, when
cell movement is required (DiPietro et al., 1996). Thrombospondin-1 is also expressed by many
tumor cells and might also facilitate metastatic migration (Tuszynski and Nicosia, 1996; Weinstat-
Saslow et al., 1994). In fact, metastatic human carcinoma cells, transfected with antisense throm-
bospondin-1 cDNA to reduce thrombospondin-1 protein expression, lost their capacity to prolif-
erate and metastasize in athymic mice (Castle et al., 1991).

Fewer functional studies have been performed with thrombospondin-2, although a throm-
bospondin-2 null mouse has been generated that has revealed some interesting insight into this
protein. Thrombospondin-2 has been shown to inhibit angiogenesis in vivo. Pellets containing re-
combinant thrombospondin-2 were implanted in the rat cornea to test whether neovasculariza-
tion was enhanced. Thrombospondin-2 was able to inhibit basic fibroblast growth factor (bFGF)-
induced vessel invasion to nearly the same degree as thrombospondin-1 (Volpert et al., 1995).
Thus, the observation that the thrombospondin-2 null mouse appears to have a greater degree of
vascularization in the skin was in accordance with the hypothesis that thrombospondin-2 could
serve as an endogenous regulator of angiogenesis in mice (Kyriakides et al., 1998). In fact, the ex-
pression pattern of thrombospondin-2 is more consistent with the importance of this protein in
vascular formation, because the mRNA for thrombospondin-2 is more closely associated with the
vasculature in developing tissues in comparison to that of thrombospondin-1 (Iruela-Arsipe et al.,
1993). However, the mechanism by which thrombospondin-2 affects the degree of vascularization
is unknown. Interestingly, another observation from the thrombospondin-2 null mouse was that
of altered collagen fibrillogenesis in the skin, relative to that seen in wild-type mice. The collagen
fibrils in the null mice were larger in diameter, had aberrant contours, and were disordered. Pre-
sumably this effect on collagen fibril formation resulted in less tensile strength of the skin in throm-
bospondin-2-null mice versus their wild-type counterparts (Kyriakides et al., 1998).

Thrombospondin-1 and -2 can act as negative regulators of cell growth. In particular, en-
dothelial cells are susceptible to an inhibition of proliferation by both proteins and, as such, have
been classified as inhibitors of angiogenesis. However, the variety of cell surface receptors for
thrombospondin allows for diverse signaling events in different cell types; consequently, there
might be situations when thrombospondin appears to support angiogenesis as well. Throm-
bospondin-1 has been shown to modulate the activity of at least two cytokines, TGF-� and HGF,
and thus, either diminish activity, in the case of HGF, or enhance activity, as seen for TGF-�. Fi-
nally, thrombospondin-1 can alter cell shape to promote a migratory phenotype. Further charac-
terization of the thrombospondins, including closer examination of the remaining family mem-
bers (thrombospondins 3–5), will no doubt yield fascinating insight into this multifunctional gene
family.

Tenascin-C
Tenascin-C is a matricellular protein with a widespread pattern of developmental expression

in comparison to a restricted pattern of expression in adult tissues (Koukoulis et al., 1991). In ad-
dition to tenascin-C, two other less characterized forms of tenascin have been identified: tenascin-
R and tenascin-X (Erickson, 1993; Jones and Copertino, 1996). This review focuses on tenascin-
C, because it is the best characterized of the three known tenascins. Tenascin-C consists of six
subunits (or arms) linked by disulfide bonds into a 2000-kDa molecule that can associate with fi-
bronectin in the extracellular matrix (Erickson, 1993). Like thrombospondin-1, a number of dif-
ferent functions have been attributed to tenascin-C and, accordingly, a number of cell surface re-
ceptors appear to mediate distinct properties of this matricellular protein. At least five different
integrins are known receptors for tenascin-C, as well as annexin II (Yokosaki et al., 1996; Srira-
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marao et al., 1993; Chung et al., 1996). Although the integrins appear to support cell adhesion to
tenascin-C, annexin II is thought to mediate the counteradhesive function attributed to this pro-
tein. Hence, tenascin-C can act as either an adhesive or as a counteradhesive substrate for differ-
ent cell types, dependent on the profile of receptors expressed on the cell surface (Crossin, 1996).

Tenascin-C has also been shown to modulate the activity of growth factors: specifically, it pro-
motes epidermal growth factor (EGF)-dependent and bFGF-dependent cell growth (End et al.,
1992; Jones and Rabinovitch, 1996). In fact, Jones et al. (1997) have shown that smooth muscle
cells plated in a collagen gel secrete matrix metalloproteinases (MMPs) that degrade the collagen
to expose integrin receptor binding sites. Engagement of these receptors induces tenascin-C ex-
pression; tenascin-C is subsequently deposited into the extracellular matrix and can itself serve as
an integrin ligand. The deposition of tenascin-C leads to cell shape changes initiated by a redistri-
bution of focal adhesion complexes concomitant with a clustering of EGF receptors on the cell
surface. Presumably, clustering of the EGF receptors facilitates EGF signaling and thereby en-
hances the mitogenic effect of EGF. Conversely, when MMP activity is inhibited, tenascin-C ex-
pression is decreased and the cells become apoptotic ( Jones et al., 1997). Thus, tenascin-C is able
to modulate EGF activity such that the presence of this matricellular protein supports cell growth
and its absence induces programmed cell death.

Given the widespread expression of tenascin-C in the developing embryo, the lack of an overt
phenotype in the tenascin-C null mouse was surprising (Saga et al., 1992). In particular, the high
level of tenascin-C expression in the central and peripheral nervous systems had indicated that the
absence of this protein might lead to neuronal abnormalities. Although no histologic differences
could be detected in the brains of tenascin-C null mice, they do appear to have some behavioral
aberrations (Steindler et al., 1995; Fukamauchi et al., 1996). Interestingly, the genetic background
of the tenascin-C null mouse is likely to be a major factor in the identification of tissues in which
tenascin-C might be functionally important. For example, Nakao et al. (1998) used three differ-
ent congenic mouse lines to study the effect of Habu-snake venom-induced glomerulonephritis in
a tenascin-C null background. Although the disease was worse in all tenascin-C null mice in com-
parison to wild-type controls, each line exhibited a different level of severity. Induction of the dis-
ease in one strain, GRS/A, resulted in death from irreversible renal failure. Moreover, mesangial
cells cultured from tenascin-C null animals did not respond to cytokines such as platelet-derived
growth factor (PDGF) unless exogenous tenascin-C was included in the culture medium (Nakao
et al., 1998). Hence, tenascin-C is also able to modulate the activity of this growth factor as ob-
served previously for EGF. Tenascin-C provides another example of a matricellular protein able to
affect growth factor efficacy.

Although tenascin-C shows a limited pattern of expression in the adult, an induction of
tenascin-C is seen in many tissues undergoing wound repair or neoplasia (Mackie et al., 1988;
Higuchi et al., 1993; Giachelli et al., 1998). Thus tenascin-C, like the other matricellular pro-
teins, is ideally suited to act as a modulator of cell shape, migration, and growth. That no devel-
opmental abnormalities are manifested in the tenascin-C null mouse points to the greater impor-
tance of tenascin-C in remodeling events that take place in response to injury or transformation.

Osteopontin
As the name implies, osteopontin was originally classified as a bone protein. A more thorough

examination, however, reveals a widespread expression pattern for this protein with multiple po-
tential functions (Denhardt and Guo, 1993). Osteopontin associates with the extracellular matrix,
in that it binds to fibronectin and to collagens I, II, III, IV, and V (Mukherjee et al., 1995; Chen
et al., 1992; Butler, 1995). Osteopontin also affects cellular signaling pathways by virtue of its ca-
pacity to act as a ligand for multiple integrin receptors as well as CD44 (Denhardt and Noda,
1998; Weber et al., 1996). Thus osteopontin, like most of the matricellular proteins, is able to act
as a bridge between the extracellular matrix and the cell surface. Because matricellular proteins
might be synthesized, secreted, and incorporated into the extracellular matrix with greater ease
than more complex secreted proteins, which must be incorporated into fibrils and assembled into
a network, a bridging function might be useful during remodeling events in the organism when
rapid conversion of the cellular substrata is required for cell movement.

In support of this concept, Weintraub et al. (1996) showed that transfection of vascular
smooth muscle cells with antiosteopontin cDNA reduced adhesion, spreading, and invasion of
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three-dimensional collagen matrices. Addition of osteopontin to the collagen gel restored the abil-
ity of these cells to invade the gel. Interestingly, osteopontin also appears to be susceptible to mod-
ification by extracellular proteases, which have revealed cryptic ingetrin binding sites within the
sequence. The protease thrombin cleaves osteopontin at the N-terminal domain and exposes an
integrin �9�1 binding site (Smith et al., 1996; Smith and Giachelli, 1998). In addition, Senger
et al. (1996) reported that endothelial cells treated with vascular endothelial growth factor (VEGF)
increased their expression of the integrin �v�3, another osteopontin cell surface receptor, con-
comitantly with an increase in osteopontin. These investigators also showed an increase in the
amount of thrombin-processed osteopontin in tissues injected with VEGF and radiolabeled os-
teopontin. The significance of this result lies in the enhanced support of endothelial cell migra-
tion in vitro by thrombin-cleaved versus full-length protein. Because the migratory activity of the
endothelial cells was blocked partially by an anti-�v�3 antibody, the remainder of the activity was
attributed to �9�1 or to another cell surface receptor (Senger et al., 1996).

The promotion of cell survival is another property ascribed to osteopontin. Denhardt and
Noda (1998) have reported that human umbilical vein endothelial cells plated in the absence of
growth factors will undergo apoptosis. If these cells are plated on an osteopontin substrate, how-
ever, apoptosis is inhibited. Furthermore, rat aortic endothelial cells subjected to serum withdrawal
undergo programmed cell death, a response inhibited by an osteopontin substratum. In fact, it is
the ligation of integrin �v�3 by osteopontin at the cell surface that induces NF-�B, a transcrip-
tion factor that controls a variety of genes through direct binding to their promoter regions. Thus
osteopontin and other �v�3 ligands can protect cells from apoptosis (Scatena et al., 1998).

Finally, osteopontin appears to be involved in inflammatory responses. Expression of osteo-
pontin was found to increase during intradermal macrophage infiltration, and purified osteopon-
tin injected into the rat dermis led to an increase in the number of macrophages at the site of ad-
ministration. Importantly, antiosteopontin antibodies inhibited macrophage accumulation in a rat
intradermal model after a potent macrophage chemotactic peptide was used to induce an inflam-
matory response (Giachelli et al., 1998).

The phenotype of the osteopontin null mouse supports the hypothesis that osteopontin can
affect macrophage activity. Although the number of macrophages did not appear to differ signif-
icantly in incisional wounds of wild-type and osteopontin null mice, the amount of cell debris was
higher in wounds of the latter animals. Because macrophages are thought to be primary mediators
of wound debridement, osteopontin could be important in the regulation of macrophage func-
tion (Liaw et al., 1998). Collagen fibril formation in the deeper dermal layers of the wounded os-
teopontin null mice also appeared to be affected. Osteopontin null mice have smaller collagen fi-
brils compared to wild-type controls. Similar to thrombospondin-2, osteopontin might affect
collagen fibrillogenesis especially at wound sites, because no differences were seen in the size of col-
lagen fibrils in unwounded skin (Liaw et al., 1998).

Osteopontin and its repertoire of cell surface receptors represent components of a pathway
used by cells in need of rapid movement or migration. In addition, the ligation of osteopontin by
certain cell surface receptors supports cell survival and thus provides a mechanism for a given tis-
sue to protect a subset of cells, expressing the appropriate receptor, from apoptosis. Hence, osteo-
pontin is a useful protein in events that require cell movement and discriminate cell survival, such
as wound healing and angiogenesis.

SPARC
SPARC (also known as BM-40 and osteonectin) was first identified as a primary component

of bone but has since been known to have a wider distribution (Lane and Sage, 1994). Increased
expression of SPARC is observed in many tissues undergoing diverse remodeling events. For ex-
ample, SPARC is found in the gut epithelium, which normally exhibits rapid turnover, and in heal-
ing wounds. An increase in SPARC is observed during glomerulonephritis, liver fibrosis, and in
association with many different tumors. Like the other matricellular proteins, SPARC interacts
with the extracellular matrix by binding to collagens I, III, IV, and V (Lane and Sage, 1994).
SPARC has also been shown to bind to thrombospondin-1 and to a variety of growth factors pres-
ent in the extracellular space. For example, SPARC binds to PDGF AB and BB and prevents their
interaction with PDGF cell surface receptors. PDGF-stimulated mitogenesis is inhibited by the
addition of SPARC (Raines et al., 1992). SPARC can also prevent VEGF-induced endothelial cell
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growth, in that it binds directly to the growth factor and thereby prevents VEGF receptor stimu-
lation of the mitogen-activated protein kinases, Erk-1 and Erk-2 (Kupprion et al., 1998). Inter-
estingly, a variety of mitogenic stimulators are inhibited by SPARC in culture, some of which do
not necessarily associate physically with this protein. For example, SPARC is thought not to bind
to bFGF, but SPARC inhibits bFGF-stimulated endothelial cell cycle progression (Hasselaar and
Sage, 1992). Apparently, the effect of SPARC on cell proliferation is complex and could occur
through (1) a direct prevention of receptor activation and/or (2) a pathway mediated by a cell sur-
face receptor recognizing SPARC. Unlike the other matricellular proteins described here, a recep-
tor(s) for SPARC is currently unidentified.

Another significant effect of SPARC on cells in culture is its capacity to elicit changes in cell
shape. Many cell types plated on various substrata retract their filopodia and lamellopodia and as-
sume a rounded phenotype after exposure to SPARC. Bovine aortic endothelial cells, for example,
are prevented from spreading in the presence of SPARC (Sage et al., 1989). Clearly cell rounding
could contribute to the inhibition of cell cycle, mentioned previously; however, these two effects
of SPARC appear to be independent. Motamed and Sage (1998) have shown that inhibition of ty-
rosine kinases reverses the counteradhesive function of SPARC but has no effect on cell cycle in-
hibition. Thus, at least in endothelial cells, SPARC appears to mediate two aspects of cell behav-
ior through different mechanisms.

The targeted inactivation of the SPARC gene in mice has allowed a more thorough examina-
tion of SPARC activity. In support of SPARC as a regulator of cell proliferation, primary mes-
enchymal cells isolated from SPARC null mice proliferated faster than did their wild-type coun-
terparts. In addition, kidney mesangial cells exhibited a more spread morphology and a higher
proportion of intact transcytoplasmic actin cables in vitro (Bradshaw et al., 1999). These results
indicate that the absence of endogenous SPARC affects the intracellular architecture that gives this
cell type its characteristic shape. The identification of a SPARC receptor(s) will elucidate the dis-
tinct properties of SPARC in different cell types.

In addition to its effect on cell cycle, evidence shows that SPARC mediates extracellular ma-
trix accumulation through a TGF-�-dependent pathway. Mesangial cells isolated from SPARC
null mice showed a decreased collagen I expression accompanied by a decrease in the levels of the
cytokine TGF-�1 in comparison to wild-type cells. TGF-� is a known positive regulator of extra-
cellular matrix synthesis in the kidney (MacKay et al., 1989). Addition of recombinant SPARC to
SPARC null mesangial cultures restored the levels of collagen I and TGF-� nearly to those of wild-
type cells (Francki et al., 1999). Thus it appears that SPARC can act as a regulator of TGF-� and,
by extension, collagen I in mesangial cells.

Once again, we see SPARC as an example of a multifunctional protein able to regulate cell
shape and modulate growth factor activity. In addition, SPARC appears to govern cell cycle tra-
verse, perhaps in some cases independently of direct growth factor interaction (Funk and Sage,
1991). Surprisingly, a cell surface receptor for SPARC has proved elusive, given that most other
matricellular proteins appear to be ligands for a variety of receptors. Characterization of the SPARC
receptor(s) will provide valuable information for understanding SPARC activity as well as the ac-
tion of matricellular proteins in general.

CONCLUSIONS
In addition to the proteins described here, others are also potential candidates for inclusion

in the family of matricellular proteins. These include small proteoglycans such as the matrix-asso-
ciated protein, decorin, which has been shown to be an endogenous regulator of TGF-� activity
(Border et al., 1992), as well as the connective tissue growth factor, Cyr 61/Def10, and neurob-
lastoma overexpressed gene (CCN) gene family (Bork, 1993). The CCN family of proteins are se-
creted, modular, and show adhesive activity for various cell types. Cyr 61 enhances bFGF-induced
mitogenesis in fibroblasts (Kireeva et al., 1996). Furthermore, Cyr 61 protein associates with both
the extracellular matrix and cell surfaces (Yang and Lau, 1991). Further analysis of these proteins
and their actions will expand our comprehension of matricellular proteins and the functions they
serve in regulating cell interaction with components of their immediate environment.

In any cellular environment, numerous extracellular signals are in place to control cell be-
havior. In adult tissues, injury and disease both lead to a wide-scale release of multiple factors, ei-
ther secreted from cells or sequestered in the extracellular matrix, all of which are capable of elic-
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iting potent cellular responses. Appropriately, an increase in the expression of many matricellular
proteins is associated with pathologic events. Hence, the matricellular proteins appear to be ideal-
ly suited to act as modulators of these extracellular signals. They are able to serve as bridges be-
tween the extracellular matrix and cell surface receptors, such that cell shape changes or cell move-
ments can be initiated prior to matrix breakdown or synthesis. At least three matricellular proteins,
thrombospondin-2, osteopontin, and SPARC, appear to participate in matrix synthesis, either
through the promotion of collagen fibrillogenesis or the enhancement of collagen production. Ma-
tricellular proteins can either inhibit or potentiate specific growth factor signal transduction path-
ways. Thus, different growth factor effects may be amplified or subdued by the presence or ab-
sence of these proteins. The fact that multiple receptors exist for most of the matricellular proteins
allows for diverse functional consequences for different cell types in a complex tissue in response
to a matricellular ligand. A given repertoire of cell surface receptors can stimulate (or inhibit) a
particular pathway in a cell-type-dependent manner. Apparently, evolution has fine-tuned these
proteins to serve as specialized mediators of extracellular signals that provide a coordinated, effi-
cient resolution of tissue injury.
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Growth Factors
Thomas F. Deuel and Nan Zhang

INTRODUCTION

Tissue remodeling is an essential component in the process of wound healing and thus in the
normal maintenance and survival of all organisms. Tissue remodeling occurs throughout the

entire temporal span of injury and repair. However, although abundant evidence using histologic
methods has accumulated to detail the sequence of appearance of cell types that characterize wound
healing, the mechanisms that initiate and sustain the process remain to be established (Ross, 1968;
Deuel et al., 1991; Pierce and Mustoe, 1995). What has become increasingly clear from analysis
of properties of growth factors and other cytokines is their importance in the initiation and prop-
agation of the processes that begin with injury and end with a healed wound. These factors and
their receptors dictate cell type and tissue specificity of response, and the regulation of their genes
at the level of transcription has established the time course of their expression. Their properties are
those needed in the wound healing process.

Because growth factors applied directly to wounds accelerate the normal process of wound
healing in vivo, it seems likely that the properties described for the growth factors in vitro are re-
capitulated in vivo (Grotendorst et al., 1985; Paulsson et al., 1987; Sprugel et al., 1987; Pierce et
al., 1988, 1989a, 1991, 1992; Terracio et al., 1988; Greenhalgh et al., 1990; Hart et al., 1990;
Quaglino et al., 1990; Shaw et al., 1990; Antoniades et al., 1991; Deuel et al., 1991; Mustoe et
al., 1991; Nagaoka et al., 1991; Soma et al., 1992; Reuterdahl et al., 1993; Sundberg et al., 1993;
Pierce and Mustoe, 1995). It is also important to recognize that properties of growth factors may
be important in the development of abnormalities in the vascular wall, such as atherosclerosis and
in tumor growth, suggesting that deregulation of growth factors and other cytokines may have se-
rious consequences for the host and that tight regulation of their activities is needed for normal
function (Broadley et al., 1989; Golden et al., 1991; D’Amore and Smith, 1993; Forsberg et al.,
1993). Compelling evidence is therefore available to indicate the importance of growth factors and
other cytokines in the wound healing process. However, the specific roles of these endogenous fac-
tors remain to be established in normal wound healing, and the signals that regulate the sites and
time of their expression are little understood.

This chapter provides an overview of roles of the platelet-derived growth factor (PDGF) and
other cytokines as models of factors that initiate and propagate a number of the normal processes
required for the orderly progression of inflammation, tissue remodeling, and repair.

PDGF was initially described as a potent mitogen. However, PDGF directs cell migration,
activates diverse cell types, and up-regulates expression of genes that otherwise are quiescent and
not expressed at significant levels. This latter property of PDGF appears to establish gene activa-
tion pathways that are unique to different cell types. It provides a temporal sequence of expression
of different pathways that may be of central importance in tissue remodeling and repair, a prop-
erty required of a signaling molecule in the wound healing process. Experiments in which PDGF
has been directly applied to wounds have shown that PDGF accelerates the normal healing process;
it does not distort it, indicating that PDGF can up-regulate genes needed for wound healing in a

CHAPTER 12

Principles of Tissue Engineering Copyright © 2000 by Academic Press
Second Edition All rights of reproduction in any form reserved. 129



precise order. However, there is little if any information to establish the relative contributions of
PDGF and different growth factors to the healing of normal wounds, and thus experimental strate-
gies continue to focus on in vitro properties of growth factors. Additional models and reagents are
needed to directly test these results in vivo.

WOUND HEALING
Normal wound healing may be separated operationally into different stages that overlap and

proceed in a clear sequence to a healed wound. Initially, platelets release granule products, and
products of the coagulation process are deposited locally. The sequential migration of neutrophils,
monocytes, and fibroblasts into wounds begins immediately and continues over the first several
days. Wound macrophages (derived from circulating monocytes) and fibroblasts become activat-
ed, to initiate a cascade of new gene expression that results in de novo synthesis of growth factors
and other cytokines, synthesis of extracellular matrix proteins (including collagen), and prolifera-
tion of fibroblasts. Later, tissue remodeling results in active collagen turnover and cross-linking
that lasts from 2 weeks to 1 year postwounding.

Factors that arise locally account for the cell migration and activation of fibroblasts in wounds
(Arey, 1936; Dunphy, 1963; Liebovich, 1975). However, circulating platelets are invariably asso-
ciated with wounds and are now known to release factors originally stored within intracellular com-
partments, such as the platelet granules, into wounds. These factors attract neutrophils, mono-
cytes, fibroblasts, and other (tissue-specific) cells, such as the smooth muscle cell. Platelets are now
considered to be important mediators in the initiation of inflammation and subsequent tissue re-
modeling and repair. Platelet release is initiated by products of coagulation, such as thrombin, and
by platelet exposure to foreign surfaces, such as collagen. Platelet release occurs within seconds of
platelet activation. Synthesis of other potent molecules, such as the prostaglandins and leu-
kotrienes, also influences intracellular responses and extracellular activities that contribute signif-
icantly to early events within wounds. These factors also initiate the transcriptional activation of
genes that encode proteins with other signaling roles, serving to attract inflammatory cells locally.
Because inflammatory cells are in close proximity to platelets in a number of models of inflam-
mation (immune complex disease and atherosclerosis), it is likely that platelets are important in
the earliest stages of different inflammatory states. Platelets and inflammatory cells appear to “talk”
to each other in essential ways, through release of cytokines and growth factors to attract addi-
tional inflammatory cells and to activate transcription of factors that regulate or encode addition-
al mediators of inflammation and wound repair. Studies with PDGF in the in vivo context sup-
port these functional roles for platelet secretory proteins.

PDGF was originally identified as a potent mitogen in serum for mesenchymally derived cells.
Purified human PDGF is predominantly a heterodimeric molecule consisting of two separate but
highly related polypeptide chains (A and B chains) (Hart et al., 1990). The B chain of PDGF is
�92% identical with the protein product of the v-sis gene, the oncogene of simian sarcoma virus,
an acute transforming retrovirus, and thus is a protooncogene. Both BB and AA homodimers of
PDGF also have been isolated from natural sources and have been shown to be expressed in many
cell types of diverse origins, including macrophages, endothelial cells, smooth and skeletal muscle
cells, fibroblasts, glial cells, and neurons. These cells secrete molecules with PDGF-like activity.
The detection of these molecules has been associated with the expression of the mRNAs for A and
B chains that can be specifically associated with chain isoforms of PDGF. However, identification
of the specific isoform(s) at the level of the protein has been difficult because reagents to detect
each isoform specifically are not readily available. Multiple PDGF-AA transcripts have been de-
tected in cells that appear to be alternative splice variants of a single seven-exon gene (Collins et
al., 1987; Tong et al., 1987). Three splice variants result in short and long processed proteins, 110
and 125 amino acids (Collins et al., 1987; Tong et al., 1987; Matoskova et al., 1989) in length,
and may be important because of differential regulation of the transcripts and because they appear
to bind with different affinities to the extracellular matrix (Ostman et al., 1989; Nagaoka et al.,
1991). The transcripts for both proteins are widely expressed in multiple cell types.

Each of the three isoforms (BB, AB, and AA) binds to the PDGF-� receptor, whereas only
the BB isoform binds with significant affinity to the type of PDGF receptor-� (Hart et al., 1988;
Heldin et al., 1988; Matsui et al., 1989). Both receptor types are highly homologous transmem-
brane tyrosine kinases and are expressed in a cell type-specific manner, not only governing cell tar-
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get specificity of the PDGF response (Eriksson et al., 1992), but also adding both complexity and
thus diversity to the potential roles of PDGF in inflammation and wound healing. The functions
of PDGF in vivo thus are regulated by the need for specific ligand–receptor interactions to trans-
duce the signals required for various functions of PDGF and the up-regulation of other genes that
propagate the cascade of events initiated by PDGF.

Growth Factors and Cytokines Active as Early Mediators 
of the Inflammatory Process

In order to investigate and thus to understand the roles of growth factors and other cytokine
mediators of inflammation, tissue remodeling, and wound healing, experimental strategies were
designed to first isolate and characterize these factors, to analyze their properties in vitro, to de-
termine the sites and levels of expression achievable in vivo, and to develop reagents and experi-
mental models to analyze normal functions of growth factors and other cytokines in the intact an-
imal. Early work focused on the roles of PDGF as a mitogen largely because it was the first mitogen
to be purified. However, in addition to the striking potency of PDGF as a mitogen, PDGF also is
strongly chemotactic for human monocytes and neutrophils, a property of PDGF that may be
more important in early phases of inflammation. Optimal concentrations of PDGF that are re-
quired for maximum chemotactic and mitogenic activity are 20 and 1 ng/ml, respectively (Deuel
et al., 1982), concentrations of PDGF that are well below those measured in human serum (�50
ng/ml) (Deuel et al., 1982). Because platelets aggregate and release at wound sites, the concentra-
tions of PDGF at these sites may be substantially higher than those in serum. Furthermore, PDGF
is a chemoattractant for fibroblasts and smooth muscle cells but requires a somewhat higher con-
centration (Seppa et al., 1981; Senior et al., 1983), suggesting that PDGF may also be involved
later in wound healing through its influence on fibroblast and smooth muscle cell movement (Se-
nior et al., 1983).

In contrast to the PDGF AB isoform, the chemotactic potential of PDGF AA has been con-
troversial. This controversy was important to resolve because the A chain homodimers of PDGF
(PDGF AA) are widely expressed in normal and transformed cells. However, PDGF AA has been
independently established as a strong chemoattractant for human monocytes, granulocytes, and fe-
tal bovine ligament fibroblasts. Relevant to the roles of monocytes/tissue macrophages in the wound
healing process, it was shown that highly purified (�98%) monocytes require the addition of lym-
phocytes or interleukin 1 (IL-1) for chemotactic responsiveness to PDGF AA but not for the chemo-
tactic activity of formyl-methionyl-leucyl-phenylalanine (fMLP) or C5a. Monocytes therefore re-
quire activation before becoming responsive to PDGF as a chemoattractant. Activation of
lymphocytes or exogenous cytokines is required for monocytes to respond chemotactically to PDGF
AA but not to fMLP or C5a, suggesting that regulation of the chemotactic response of the mono-
cyte to PDGF AA by the lymphocyte or cytokines may be another regulatory level of importance
in the ultimate pathway to tissue remodeling and wound healing in vivo (Shure et al., 1992).

The effect of PDGF on cell migration was extended to other platelet granule proteins when
it was shown that �-thromboglobulin (TG-�) is a highly active chemotactic factor for fibroblasts
(Senior et al., 1983). Platelet factor 4 also is a potent chemoattractant. Lymphokines, a peptide
derived from the fifth component of complement, collagen-derived peptides, fibronectin, tropo-
elastin, and elastin-derived peptides are wound-associated factors that also are potent chemoat-
tractants with differing cell type specificity (Postlethwaite et al., 1976, 1978, 1979; Senior et al.,
1982).

In addition to its roles in cell migration, PDGF also activates the polymorphonuclear leuko-
cyte (Tzeng et al., 1984) and is capable of inducing monocyte activation responses, as evaluated
by generation of superoxide anion (O2) from the membrane-associated oxidase system, release
of granule enzymes, and enhanced cell adherence and cell aggregation. Superoxide anion release
in monocytes is observed at 10 ng/ml and the levels of PDGF-dependent release are compara-
ble to release induced by 10�7 ml/liter fMLP. The potency of PDGF to induce this response in
monocytes is of the same magnitude as that observed in polymorphonuclear leukocytes (PMNs).
Similarly, lysozyme release and monocyte adherence are increased in a dose-dependent manner
in response to PDGF and achieve maximal responses at 40 ng/ml PDGF. The PDGF concen-
tration required to achieve maximal monocyte aggregation was twofold (60 ng/ml) that found
for PMNs and, at this concentration of PDGF, it is likely to occur only in the immediate vicin-
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ity of platelet aggregates. PDGF thus induces the full sequence of cell activation events in hu-
man monocytes, similar to human PMNs, and this property may well be of major significance
in the release of enzymes and other factors required to begin the process of tissue breakdown re-
quired for remodeling.

Other early cellular effects important to inflammation and repair also may be initiated by the
release of PDGF from platelets and cells within the wound. For example, collagenase expression
was studied in normal human skin fibroblasts that were cultured for 24 hr in the presence of PDGF.
Collagenase release is required for the breakdown of collagen necessary for the later remodeling of
collagen and for tissue repair (Gross, 1976; Bauer et al., 1985; Pierce et al., 1989b). A dose-de-
pendent, saturable increase in collagenase activity in culture media was observed with paralleled
increases in immunoreactive collagenase protein, suggesting the enhanced synthesis of an im-
munologically unaltered enzyme. The specificity of this effect was demonstrated by comparing the
collagenase stimulatory effect with that on total protein synthesis and DNA synthesis. Under in
vitro conditions that produced a 2.5-fold increase in collagenase synthesis, there was an �20% in-
crease in total protein synthesis and no detectable change in DNA synthesis. In addition, as a sec-
ond control, platelet factor 4, another platelet-derived protein, caused a 20% increase in colla-
genase expression. In time-course studies, stimulation of collagenase synthesis was first observed
8–10 hr after exposure to the growth factor. Furthermore, when cells were exposed to PDGF for
�24 hr, an increase in the rate of collagenase synthesis was seen for �6 hr after PDGF was re-
moved, after which the rate reverted to control levels. Growth factor-regulated expression of col-
lagenase may be of unique importance to tissue remodeling, because it occurs somewhat later than
the most immediate responses to PDGF at the time collagen degradation may be essential for pro-
gression of remodeling and tissue repair (Bauer et al., 1985).

Patients with Werner’s syndrome, an autosomal recessive disorder, undergo an accelerated ag-
ing process and premature death. Fibroblasts from such patients typically grow poorly in culture
but have a markedly attenuated mitogenic response to platelet-derived growth factor and fibro-
blast growth factor (FGF). In contrast, these cells have a full mitogenic response to fetal bovine
serum. The Werner’s syndrome cells express high constitutive levels of collagenase in vitro. How-
ever, no induction of collagenase occurs in the Werner’s syndrome fibroblasts in response to PDGF.
The coupling of the failure of one or more PDGF-mediated pathways in Werner’s syndrome cells
with the phenotype of this disorder is perhaps important support for roles of PDGF and other cy-
tokines in tissue remodeling (Bauer et al., 1986).

Inflammatory Response Mediators Activate 
Transcription of Quiescent Genes

Another potentially highly important role of PDGF and other growth factors and cytokines
in wound healing is the up-regulation of early-intermediate response genes in cells activated by
PDGF. In response to PDGF and other cytokines, fibroblasts and other cells initiate transcription
and expression of genes that are dormant in the absence of stimulation. The products of some of
these genes are important in the intracellular propagation of the mitogenic signal but others are
important for intercellular communication, directed cell migration, and activation of cells of dif-
ferent types. The products of these genes (Cochran et al., 1983; Kohase et al., 1987; Rollins et al.,
1988; Pierce et al., 1989a,b) may serve to coordinate a second wave of diverse responses designat-
ed to combat wound infection and to initiate and propagate the healing process.

The PDGF early/early-intermediate response genes JE and KC were first isolated by differ-
ential colony hybridization (Cochran et al., 1983) and only later were identified as cytokines be-
longing to a newly described superfamily of small inducible genes (SIGs) (Kawahara and Deuel,
1989) (now known as the chemokine family). This family surprisingly includes platelet granule
proteins, such as the platelet basic protein and platelet factor 4. These PDGF-induced cytokines
suggest pathways of gene activation that may account in part for cell type specificity and the nor-
mal temporal responses of wound healing. The JE gene encodes a basic (pI � 10.4) 148-amino
acid polypepetide (Rollins et al., 1988; Kawahara and Deuel, 1989) that shows 82% amino acid
identity with the murine JE gene (Timmers et al., 1990). Both rat and murine JE gene products
contain N-terminal hydrophobic leader sequences, virtually identical alternating hydrophobic and
hydrophilic domains, a single N-linked glycosylation site at position 126 that is conserved in both
the murine and rat JE genes, and identical intron–exon splice junctions.
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The importance of the JE gene product was suggested when the human homolog of the ro-
dent JE gene was identified as monocyte chemotactic protein-1 (MCP-1) (Yoshimura et al.,
1989b). MCP-1 is identical with monocyte chemotactic and activating factor (MCAF) (Furutani
et al., 1989), MCP (Decock et al., 1990), HC11 (Chang et al., 1989), and with the smooth mus-
cle cell chemotactic factor (SMC-CF) (Graves et al., 1989). Both the MCP-1 and rodent JE genes
are induced in fibroblasts by PDGF [also serum, phorbol myristate acetate (PMA), double-strand-
ed RNA, and interleukin-1] and each cross-hybridizes to the same bands on Southern blots
(Rollins et al., 1989). Antibodies raised to the murine JE cross-react with MCP-1. MCP-1 is a po-
tent factor chemotactic for monocytes but not for neutrophils (Yoshimura et al., 1989a), a speci-
ficity of cell type recognition that is not seen with many of the other chemotactic factors that have
been characterized (Senior et al., 1989), suggesting a unique role in the inflammatory process. Oth-
er cytokines with sharply defined functional activity also have been identified in the chemokine
family. MCP-1/SMC-CF or related molecules appear to be the major chemotactic factor(s) re-
leased by a number of tumor cell lines as well (Graves et al., 1989). This relationship calls to at-
tention the surprising parallels that have been found between tumor cells and activated cells such
as the fibroblast.

The genes of this family are normally not expressed at detectable levels but can be induced in
the presence of the appropriate stimuli. Remarkably, each of the inducers has an important role in
cell growth, inflammation, or immune responses. Increasing knowledge of this family of genes and
their products has suggested an enlarging role for PDGF and other cytokines in the sequential and
cell type-specific development of inflammation and the evolution of the wound healing process
(Kawahara et al., 1991).

Biologic Properties of SIG (Chemokine) Family Members
Neutrophil activation protein/IL-8 (NAP-1/IL-8) is a highly cell type-specific activator and

chemotactic factor for neutrophils but not monocytes (Yoshimura et al., 1987). NAP-1/IL-8 was
identified in conditioned medium of lipopolysaccharide-stimulated monocytes (Walz et al., 1987;
Yoshimura et al., 1987) and its gene (3-10C ) was cloned independently as a staphylococcal en-
terotoxin A-induced gene from peripheral blood leukocytes (Schmid and Weissmann, 1987).
NAP-1 is also chemotactic for T lymphocytes and basophils (Larsen et al., 1989; Leonard et al.,
1990) and is the N-terminal processed form of endothelial-derived leukocyte adhesion inhibitor
(LAI), an inhibitor of neutrophil adhesion that protects endothelial cells from neutrophil-medi-
ated damage (Gimbrone et al., 1989; Kawahara et al., 1991).

MCP-1 is chemotactic for monocytes. It was purified from the culture media of human
glioma cell line U-105MG (Yoshimura et al., 1989a), THP-1 cells (Matsushima et al., 1989), phy-
tohemagglutinin-stimulated mononuclear cells (Robinson et al., 1989), and double-stranded
RNA [poly(rI)�poly(rC)]-stimulated fibroblasts (Van Damme et al., 1989; Kawahara et al., 1991).

Macrophage inflammatory protein-1 (MIP-1) was purified in two forms (MIP-1, MIP-2)
from lipopolysaccharide-stimulated RAW264.7 cells and is chemotactic for polymorphonuclear
cells (Wolpe et al., 1988). MIP-1 induces oxidative burst and degranulation in neutrophils and
promotes inflammatory reactions. MIP-1 is also a prostaglandin-independent pyrogen (Davatelis
et al., 1989). MIP-2 is a potent chemotactic factor for neutrophils and causes neutrophil degran-
ulation, but does not induce an oxidative burst (Kawahara et al., 1991).

Platelet factor 4 (PF4) is a platelet granule protein that is chemotactic for both neutrophils
and monocytes (Deuel et al., 1981). It has immunoregulatory activity (Katz et al., 1986) and can
inhibit angiogenesis (Maione et al., 1990). Platelet basic protein, connective tissue-activating pep-
tide III (CTAP-III), �-thromboglobulin, and neutrophil-activating peptide-2 (NAP-2) are N-ter-
minal proteolytic processed forms of a single gene product, CTAP-III is mitogenic for human der-
mal fibroblasts (Castor et al., 1983), and NAP-2 is induced in monocytes when they are exposed
to lipopolysaccharidis and can stimulate the release of elastase from human neutrophils (Walz and
Baggiolini, 1986; Kawahara et al., 1991).

Melanoma growth stimulatory activity (MGSA) is a mitogen for cultured melanoma and pig-
mented (nevus) cells (Richmond et al., 1988). Primary melanoma cells secrete MGSA and for this
reason it has been suggested to be an autocrine regulator of growth. The protein product of MGSA
is identical to the gro-� gene isolated by subtractive hybridization of mRNA from transformed
hamster CHEF/16 cells. The rat analog, cytokine-induced neutrophil chemoattractant (CINC),
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is chemotactic for neutrophils (Watanabe et al., 1989). The murine analog (KC) is a PDGF in-
ducible gene (Cochran et al., 1983; Kawahara et al., 1991).

Regulation of JE Gene Expression by Glucocorticoids
The role of PDGF and other cytokines in the induction of otherwise unexpressed genes has

resulted in additional insights into the wound healing process. The addition of dexamethasone and
other steroid drugs to PDGF- and serum-stimulated BALB/c 3T3 fibroblasts prevents the PDGF-
and serum-dependent induction of the JE gene in a dose-dependent manner. Furthermore, in-
duction follows the rank order of potency expected for glucocorticoid receptor-mediated antiin-
flammatory activity. The inhibition appears to be highly specific for inflammatory mediators, sug-
gesting that the role of PDGF in the induction of selective SIG family members may be a highly
important step at which glucocorticoids negatively influence both inflammation and repair (Kawa-
hara et al., 1991).

Growth Factors and Accelerated Healing
Much new information vis-à-vis the roles of growth factors and other cytokines has resulted

from the direct application of PDGF to experimental wounds in animals. Morphometric meth-
ods and histologic techniques have been used to compare wounds treated with supraphysiological
concentrations of growth factors to untreated wounds. This approach, coupled with the in vitro
approaches cited above, has greatly clarified roles of PDGF-enhanced tissue repair and remodel-
ing and has stimulated similar experiments with other cytokines as well.

In one set of experiments, exogenous PDGF was applied locally, and once only, to incisional
wounds in rats and rabbits. PDGF accelerated tissue repair in a dose-dependent manner (Pierce
et al., 1988; Mustoe et al., 1991). The single application of PDGF to rat incisions enhanced by
150 to 170% over a 3-week time course the strength required to “break” the healing wound (Pierce
et al., 1988). PDGF accelerated healing by 4–6 days over the first 2 weeks and by 5–10 days be-
tween 2 and 7 weeks postwounding (Pierce et al., 1989a). At 89 days postwounding, both PDGF-
treated and control wounds had achieved similar wound strength (�90% of unwounded dermis),
and doses therefore induced a long-lasting enhancement rate of healing, supporting the view that
PDGF and other growth factors initiate events required for normal healing of wounds and en-
hance the normal rate of wound healing and tissue remodeling.

In these wounds, PDGF significantly increased the rate of increase of cellularity and granu-
lation tissue formation. The early appearance of wounds treated with PDGF is that of a highly ex-
aggerated inflammatory response. An increased neutrophil influx was seen at 12 hr. A marked in-
crease in influx of macrophages and, later, fibroblasts was found from day 2, persisting through 21
days postwounding (Pierce et al., 1988). Furthermore enhanced cellular function of fibroblasts
could be established in treated wounds. Increased numbers of procollagen-containing fibroblasts
were strikingly apparent as early as 2 days postwounding. At 28 days, it was not possible to dis-
tinguish activated from nonactivated fibroblasts in treated and untreated wounds. These results
indicate that PDGF accelerates the healing response.

Furthermore, within limits of detection, PDGF also results in a healed wound that cannot be
distinguished from its untreated counterpart (Pierce et al., 1989a). PDGF also appears to be mul-
tifunctional in diverse ways, perhaps through the recruitment and activation of macrophages and
fibroblasts and through up-regulation of expression at different cytokine genes whose functions
and cell type specificity provide additional diversity to the normal healing process.

Another polypeptide growth factor that is stored in the granules of platelets, transforming
growth factor � (TGF-�), may also be very important in tissue repair (Sporn et al., 1986). Both
PDGF and TGF-� increase collagen formation, DNA content, and protein levels in wound cham-
bers implanted in rats (Sporn et al., 1983; Grotendorst et al., 1985). TGF-� enhances the reversible
formation of granulation tissue when injected subcutaneously into newborn mice (Roberts et al.,
1986). A single application of human TGF-� at the time of wounding advanced by 2–3 days the
breaking strength required to rupture the incision margins after when assayed at 1 week. The
marked augmentation of wound healing using both human PDGF (hPDGF) and recombinant c-
sis homodimers (rPDGF-B) revealed a unique pattern of response when compared with the results
obtained with TGF-� (Mustoe et al., 1987; Pierce et al., 1988).

Circular excisional wounds also were placed through the dermis of the rabbit ear to the level
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of underlying cartilage, a model that does not allow contraction from the wound margins (Mus-
toe et al., 1991). Ingrowth of extracellular matrix and granulation tissue was measured by histo-
morphometric techniques (Mustoe et al., 1991). A single application of PDGF increased gran-
ulation tissue �200% at 7 days in association with a predominance of fibroblasts and
collagen-containing extracellular matrix (Mustoe et al., 1991). The healed wound again was in-
distinguishable from the control, non-PDGF-treated healed wound. Interestingly, PDGF also
nearly doubled the rate at which reepithelialization occurred and neovascularization was promi-
nent in granulation tissue. These unexpected findings in view of the known cell type specificity of
PDGF suggested up-regulation either of PDGF receptors or of other cytokine genes with resul-
tant cell type-specific epithelial and/or endothelial cell functions. Whereas again the mechanisms
of the PDGF effect are not established, the influence of a single application of a growth factor re-
markably accelerated the inflammatory response and the subsequent tissue remodeling to result in
a healed wound of normal appearance.

In this model, PDGF accelerated deposition of matrix largely composed of glycosaminogly-
cans and later of collagen (Pierce et al., 1991). The normal sequence in repair and the acceleration
of wound healing, to all appearances, are identical to those in an untreated wound, supporting the
view that the role of PDGF is to accelerate normal wound healing in human wounds. It has been
demonstrated in human wounds that PDGF AA expression is increased within healing pressure
ulcers. The accumulation of PDGF AA is accompanied by activated fibroblasts, extracellular ma-
trix deposition, and active neovessel formation. However, far less PDGF AA is present in chronic
nonhealing wounds. Thus, up-regulation of PDGF AA may be important in the normal repair
process as well (Robson et al., 1992; Mustoe et al., 1994; Pierce et al., 1994).

PDGF BB, bFGF, and epidermal growth factor (EGF), applied locally at the time of wound-
ing, cause a twofold increase in complete reepithelialization of treated wounds, whereas TGF-�
significantly inhibits reepithelialization. Both PDGF BB and TGF-� increased the depth and area
of new granulation tissue, the influx of fibroblasts, and the deposition of new matrix into wounds.
Explants from treated wounds remained metabolically more active than controls, incorporating
473% more [3H]thymidine into DNA and significantly more [3H]leucine and [3H]proline into
collagenase-sensitive protein (Mustoe et al., 1991). The different response to growth factors un-
derscores the importance of tissue and cell type specificity of the growth factors to tissue repair and
perhaps also the need for exquisite timing of induction of different factors in the orderly progres-
sion of the healing process.

The use of these wound healing models provided the basis to suggest at least one mechanism
whereby PDGF may function in vivo (Mustoe et al., 1989; Pierce et al., 1989a). Animals that were
pretreated with glucocorticoids or total body irradiation to reduce circulating monocytes to non-
detectable levels had a sharply reduced influx of wound macrophages. PDGF was tested in these
animals. It was shown that the PDGF-induced acceleration of incisional repair was abrogated in
glucocorticoid-treated animals (Pierce et al., 1989a). However, PDGF attracted a significant in-
flux of fibroblasts into the compromised wounds of animals. The fibroblasts lacked procollagen
type I, suggesting the requirement of the wound macrophage to support stimulation of fibroblast
procollagen type I synthesis. PDGF alone does not stimulate procollagen type I synthesis when
added directly to fibroblasts in vitro (Blatti et al., 1988; Rossi et al., 1988). However, PDGF-acti-
vated macrophages synthesize TGF-� (Pierce et al., 1989a), a potent activator of the fibroblast pro-
collagen type I gene (Ignotz and Massague, 1986; Rossi et al., 1988). It is suggested that TGF-�
may be a second signal messenger to induce collagen formation in PDGF-treated wounds. This
suggestion is supported directly in experiments in which macrophages and fibroblasts in PDGF-
treated incisional wounds were shown to contain increased levels of intracellular TGF-� (Pierce et
al., 1989a).

The results with wound healing models and PDGF have illustrated much about inflamma-
tion, tissue remodeling, and the process of wound healing. Other in vivo models of PDGF-treat-
ed wounds also indicate that PDGF stimulates normal and reverses deficient dermal repair (Gro-
tendorst et al., 1985; Lynch et al., 1987; Sprugel et al., 1987; Greenhalgh et al., 1990), and have
suggested roles for this growth factor in inflammation (Circolo et al., 1990), uterine smooth mus-
cle hypertrophy (Mendoza et al., 1990), lens growth and transparency (Brewitt and Clark, 1988),
and central nervous system gliogenesis (Richardson et al., 1988). What may be the most impor-
tant conclusions are that PDGF has the potential to initiate and accelerate the process and to sus-
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tain the process to an end point that is effectively identical to untreated wounds. The most im-
portant mechanisms of its activity may be the consequences of its potent chemotactic activity and
its ability to induce multiple autocrine loops that lead to an endogenous cascade of new gene ac-
tivation and cell-specific cytokine synthesis within the healing wound. Clinical trials have now es-
tablished the efficacy of PDGF in advancing the healing of diabetic ulcers. PDGF is now “in the
clinic.”

ROLE OF BASIC FIBROBLAST GROWTH FACTOR 
AND ANGIOGENESIS

Normal wound healing can be divided into three phases: inflammation, fibroplasia, and
maturation provoked by liberated angiogenic factors. Vessel-dense granulation tissue is central
to the process of tissue repair. The formation of new blood vessels provides a route for oxygen
and nutrient delivery, as well as a conduit for components of the inflammatory response. En-
dogenous bFGF, like PDGF, is also found in the wound site and is presumed to be a necessary
part of natural wound healing. Mechanically damaged endothelial cells and burned wound tis-
sue release significant amounts of bFGF into the wound area, suggesting that damaged en-
dothelial cells at the cut edges of blood vessels, as well as other damaged cells at the site of a
wound, may provide an early source of bFGF (McNeil et al., 1989; Muthukrishnan et al., 1991;
Gibran et al., 1994). A slightly later and more sustained supply of bFGF at the wound site is
delivered by the invading activated macrophages (Baird et al., 1985; Rappolee et al., 1988; Fid-
des et al., 1991). Moreover, recombinant bFGF has been shown to enhance healing, if added
exogenously to a wound site (Brew et al., 1995). It is now clear that bFGF can act as an angio-
genic factor in vitro (Montesano et al., 1986) and in vivo (Folkman and Klagsbrun, 1987), di-
recting endothelial cell migration and proliferation, and that bFGF is a mitogen to endothelial
cells. It also up-regulates expression of plasminogen activator and the �v�3 integrin that pro-
motes both migration of endothelial cells and luminal formation (Pepper et al., 1991; Fried-
lander et al., 1995). The effects of stimulating endothelial cell growth, capillary differentiation,
and connective tissue cell growth by bFGF contribute to wound healing and tissue regeneration
(Gibran et al., 1994; Steenfos, 1994).

Wound healing involves the interactions of many cell types, and is controlled in part by
growth factors. Intercellular communication mediated by gap junctions is considered to play an
important role in the coordination of cellular metabolism during the growth and development of
tissues and organs. Basic fibroblast growth factor, known to be important in wound healing, has
been found to increase gap junctional protein annexin 43 expression and intercellular communi-
cation in endothelial cells and cardiac fibroblasts (Abdullah et al., 1999). It has been proposed that
an increased coupling is necessary for the coordination of these cells in wound healing and angio-
genesis, and that one of the actions of bFGF is to modulate intercellular communication. In a va-
riety of animal models, exogenous bFGF has been shown to accelerate wound healing by speed-
ing granulation tissue formation and increasing fibroblast proliferation and collagen accumulation
at the site of a subcutaneously implanted sponge in rats (Davidson et al., 1985; Buckley-Sturrock
et al., 1989). Fresh wound tensile strength has also been increased (McGee et al., 1988). Howev-
er, the greatest benefit from the application of exogenous bFGF can probably be obtained in cases
in which wound healing is impaired. Research on skin flaps indicates that bFGF has the potential
to increase viability by accelerating flap revascularization when administered in a sustained release
manner (Hom and Winters, 1998). This may have applications to open or nonunion fractures
with impaired wound healing. Despite encouraging experimental results to date coming from stud-
ies showing that treatment of genetically diabetic mice with recombinant bFGF not only increased
fibroblast and capillary density in the wound, but also accelerated wound closure, clinical appli-
cation of recombinant human bFGF has fallen short of expectations. In a randomized double-
blind placebo-controlled study, direct application of bFGF to nonhealing ulcers of diabetic pa-
tients did not accelerate wound healing (Richard et al., 1995). In a subsequent randomized
placebo-controlled trial to study the effect of recombinant bovine bFGF on burn healing, all pa-
tients treated with bFGF had faster granulation tissue formation and epidermal regeneration, com-
pared with those in the placebo group. Superficial and deep second-degree burns treated with
bFGF healed in a mean of 9.9 days (SD 2.5) and 17.0 days (SD 4.6), respectively, compared with
12.4 (2.7) and 21.2 (4.9) days. No adverse effects were seen locally or systematically with bFGF.
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It is indicated that bFGF effectively decreased healing time and improved healing quality. Clini-
cal benefits for use of bFGF in burn wounds would be shorter hospital stays and the patients’ skin
quickly becoming available for harvesting and grafting (Fu et al., 1998).

OTHER ROLES OF GROWTH FACTORS AND CYTOKINES
A growing appreciation for roles of growth factors in many normal and abnormal processes

is emerging from numerous other investigations of a diverse nature. For example, TGF-� and
TGF-� are expressed with high specificity in developing mouse embryo (Twardzik, 1985; Heine
et al., 1987), PDGF may mediate normal gliogenesis (Richardson et al., 1988); maternally en-
coded FGF, TGF-�, and PDGF have been implicated as important in the developing Xenopus em-
bryo (Kimelman and Kirschner, 1987; Weeks and Melton, 1987; Mercola et al., 1988); and bFGF
is a potential neurotrophin during development (Anderson et al., 1988). PDGF also has been iden-
tified within plaques and is a potent vasoconstrictor and thus has been implicated in the genesis
of atherosclerosis (Berk et al., 1986; Libby et al., 1988). Furthermore, it is secreted from endothelial
cells and arterial smooth muscle cells ( Jaye et al., 1985; Sejersen et al., 1986; Martinet et al., 1987;
Tong et al., 1987; Barrett and Benditt, 1988; Majesky et al., 1988; Rubin et al., 1988) and acti-
vated monocytes/macrophages (Martinet et al., 1987). Elevated levels of PDGF receptors are
found on synovial cells in patients with rheumatoid arthritis (Rubin et al., 1988). In each instance,
however, when the in vitro studies are considered in the context of roles of the growth factors in
inflammation and tissue repair, it seems likely that common roles of growth factors are associated
with normal development and the abnormal remodeling is associated with disease states, indicat-
ing the importance of attention to mechanisms that regulate cell type and temporal levels of ex-
pression of the growth factors and their cognate receptors.

CONCLUSIONS
Much needs to be learned concerning the roles of growth factors and cytokines if we are to

establish fully how they function in both normal and dysregulated tissue remodeling. Remarkable
progress over the past several years has resulted from the identification, isolation, cloning, and char-
acterization of the properties of these molecules and their use in wound healing models. The most
important lesson learned from their use appears to be that the growth factors and cytokines are
important to initiate and accelerate the normal processes involved in going from injury to repair.
Questions for future avenues of investigation should address mechanisms by which these factors
initiate and propagate the processes and the regulatory signals that govern cell type specificity, dif-
ferentiation responses in cells migrating into and dividing within wounds, and the temporal se-
quences needed for orderly progression to a healed and ultimately functional tissue.
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Tissue Engineering Bioreactors
Lisa E. Freed and Gordana Vunjak-Novakovic

INTRODUCTION

One approach to tissue engineering is to create an in vitro environment that embodies the bio-
chemical and mechanical signals that regulate tissue development and maintenance in vivo.

Figure 13.1 shows our in vitro tissue engineering system, which has three major components (Freed
and Vunjak-Novakovic, 1998): (1) metabolically active cells able to express their differentiated
phenotype, (2) polymeric scaffolds that provide a three-dimensional (3D) structure for cell at-
tachment and tissue growth, and (3) bioreactor culture vessels that provide an in vitro environ-
ment in which cell–polymer constructs can develop into functional tissues. These constructs can
potentially be used in vitro, for controlled studies of tissue growth and function, or in vivo, for tis-
sue repair. As compared to in vivo implantation of dissociated cells and/or biodegradable materi-
als alone, the implantation of a functional engineered tissue can improve the localization of cell
delivery and promote graft fixation and survival. In addition, in vitro bioreactor studies can be de-
signed to distinguish the effects of specific biochemical and physical signals from the complex in
vivo milieu (e.g., host endocrinologic and immunologic responses), thus providing useful, com-
plementary information regarding the process of the formation of 3D tissues starting from isolat-
ed cells.

In this chapter, we focus on tissue engineering bioreactors, which will be defined as in vitro
culture systems designed to perform at least one of the following four functions: (1) establish spa-
tially uniform cell distributions on 3D scaffolds, (2) maintain desired concentrations of gases and
nutrients in the culture medium, (3) provide efficient mass transfer to the growing tissue, and (4)
expose developing tissues to physical stimuli. We further focus this chapter on engineered tissues
based on biodegradable cell culture templates, although bioreactors are also being utilized in con-
junction with nondegradable cell culture substrates (e.g., microcarriers, hollow fibers, membranes)
to study the assembly of cells into 3D structures (e.g., Jessup et al., 1993; Unsworth and Lelkes,
1998; Qiu et al., 1999) and to develop hybrid bioartificial organs (e.g., Jauregui et al., 1997; Lan-
za and Chick, 1997; Bader et al., 1995).

The dimensional and functional requirements of the tissue to be engineered determine the
specific design requirements for the cell–polymer–bioreactor system. In this chapter, we will use
two examples of engineered tissues, cartilage and cardiac muscle, to illustrate general and tissue-
specific principles of bioreactor design and operation.

CELL–POLYMER CONSTRUCTS
Cell types studied using our model system (Fig. 13.1) were obtained from cartilage, bone mar-

row, or cardiac muscle of developmentally immature animals. In particular, we have studied artic-
ular chondrocytes from 2- to 4-week-old bovine calves (Freed et al., 1994b) and 2- to 8-month-
old rabbits (Freed et al., 1994a), bone marrow stromal cells from 16-day-old embryonic chicks
(Martin et al., 1998) and 2- to 4-week-old bovine calves (Martin et al., 1999a), and cardiac cells
from 14-day-old embryonic chicks and 1- to 2-day-old neonatal rats (Carrier et al., 1999). Cells
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were isolated by enzymatic digestion, in some cases serially expanded in monolayers, and inocu-
lated into bioreactors containing 3D polymer scaffolds.

The polymer scaffold we have best characterized and most used to date is made of polygly-
colic acid (PGA), processed into a 97% porous, nonwoven mesh of fibers 13 
m in diameter (Freed
et al., 1994c). The average distance between the fibers was calculated to be 62 
m (Vunjak-No-
vakovic et al., 1998). This scaffold decreases its mass by 50 or 70% after 4 or 8 weeks of cultiva-
tion, respectively (Freed et al., 1994c). In this chapter, we consider our “scaffold” to be a fibrous
PGA disk with a diameter of 5 mm and a thickness of 2 mm.

Structural assessments of engineered tissues include (1) presence and spatial arrangement of
cells and extracellular matrix (ECM), determined histologically, immunohistochemically, and by
electron microscopy (e.g., Riesle et al., 1998; Carrier et al., 1999), (2) quantitative distributions
of specific components, determined by computer-based image analysis of histological sections
(Martin et al., 1999b; Vunjak-Novakovic et al., 1998), (3) cell number, determined from the
amount of DNA (Kim et al., 1988), (4) sulfated glycosaminoglycan (GAG) content, determined
by dimethylmethylene blue dye binding (Farndale et al., 1986), (5) total protein content, deter-
mined by a Biorad protein assay kit (Carrier et al., 1999), (6) total collagen content, determined
from hydroxyproline (Woessner, 1961), (7) type II collagen content, determined by inhibition en-
zyme-linked immunosorbent assay (ELISA) (Freed et al., 1998), and (8) amounts of type IX col-
lagen, creatine kinase, and sarcomeric myosin, determined by densitometric analysis of Western
blots (Riesle et al., 1998; Papadaki et al., 1999).

Functional assessments of engineered tissues include (1) cell metabolism, assessed from glu-
cose consumption and lactate production (Obradovic et al., 1999) and from enzymatic conver-
sion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Carrier et al.,
1999), (2) cell damage, assessed from medium concentrations of lactate dehydrogenase (LDH)
(Carrier et al., 1999), (3) ECM synthesis rates, determined by macromolecular incorporation of
radiolabeled tracers (Freed et al., 1998), (4) cartilage mechanical properties (equilibrium modu-
lus, dynamic stiffness, hydraulic permeability, streaming potential), determined in static and dy-
namic radially confined compression (Vunjak-Novakovic et al., 1999a), and (5) cardiac tissue elec-
trophysiological properties (conduction velocity, signal amplitude, excitation threshold, maximum
capture rate), assessed from macroscopic impulse propagation studies using an array of extracellu-
lar electrodes (Bursac et al., 1999).

BIOREACTOR TECHNOLOGIES

Cell Seeding
Cell seeding of 3D scaffolds is the first step of bioreactor cultivation of engineered tissues.

Seeding requirements include (1) high yield, to maximize cell utilization, (2) high kinetic rate, to
minimize the time in suspension for anchorage-dependent and shear-sensitive cells, and (3) high
and spatially uniform distribution of attached cells, for rapid and uniform tissue growth.

In the case of engineered cartilage, these requirements are best met using mixed flasks (Fig.
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Fig. 13.1. Tissue engineering
system. Cells (e.g., isolated from
cartilage or cardiac tissue) are
seeded onto three-dimensional
polymer scaffolds (e.g., fibrous
meshes) using bioreactors (e.g.,
spinner flasks, rotating vessels,
or perfused cartridges). The re-
sulting engineered tissue con-
structs can be used either for in
vitro research or in vivo implan-
tation (Freed and Vunjak-Nova-
kovic, 1998).



13.2) containing scaffolds threaded onto needles embedded in the flask stopper (up to 12 scaffolds
on four needles per flask). Isolated cells and culture medium are added (120 ml medium, 5 � 106

cells per scaffold) and the flask is magnetically stirred at 50–80 rpm. Under these conditions, es-
sentially all cells attach throughout the scaffold volume in less than 24 hr (Fig. 13.2) and main-
tain their spherical shape (Vunjak-Novakovic et al., 1998). In this system, magnetic stirring main-
tains a uniform cell suspension and provides relative velocity between the cells and the scaffolds at
an average intensity of turbulence below that causing cell damage or detachment (Cherry and Pa-
poutsakis, 1988). The kinetics and possible mechanisms of cell seeding were related to the forma-
tion of cell aggregates using a simple mathematical model, which can be used to optimize seeding
conditions for specific scaffold sizes and cell seeding densities (Vunjak-Novakovic et al., 1998).

The above cell seeding requirements can also be met using rotating vessels. These bioreactors
are filled with culture medium, to which prewetted scaffolds and cells are added, and the vessel is
rotated as a solid body in a horizontal plane at 12–15 rpm (Freed and Vunjak-Novakovic, 1995,
1997a). Cardiac constructs seeded in rotating vessels had higher metabolic activity indexes than
those seeded in spinner flasks, implying that optimal hydrodynamic conditions for cell seeding de-
pend on cell type (Carrier et al., 1999).

Tissue Cultivation
Approximately 1–3 days after seeding, cell–polymer constructs are transferred into a variety

of cultivation vessels, including static and mixed flasks, and rotating and perfused vessels, as de-
picted in Fig. 13.3. The flask system contains 120 ml of culture medium and up to 12 tissue tis-
sue constructs that are fixed in place (Fig. 13.3a). Flasks either are operated statically or are mixed
at 50–80 rpm using a 4-cm-long magnetic stir bar. Medium is exchanged batchwise (at a rate of
50% every 2–3 days or 3 ml per construct per day), whereas gas exchange is provided by surface
aeration of culture medium via loosened side arm caps.

Rotating bioreactors with two different geometries, the slow-turning lateral vessel (STLV)
(Fig. 13.3b) (Schwarz et al., 1992) and the high-aspect-ratio vessel (HARV) (Fig. 13.3c) (Prewett
et al., 1993), have been used to engineer cartilage and cardiac tissues in ground-based studies (e.g.,
Freed and Vunjak-Novakovic, 1995, 1997a). The STLV is configured as the annular space between
two concentric cylinders, the inner of which is a silicone gas exchange membrane, whereas the
HARV is a cylindrical vessel with a gas exchange membrane at its base. These vessels contain 100–
110 ml of culture medium and up to 12 tissue constructs, and are operated by solid-body rotation
in a horizontal plane at rates of 15–40 rpm. Viscous coupling induces a rotational flow field that
can suspend tissue constructs without external fixation (Freed and Vunjak-Novakovic, 1995). Ves-
sel rotational speed is adjusted such that constructs remain suspended close to a stationary point
within the vessel, relative to an observer on the ground, due to a dynamic equilibrium between the
acting gravitational, centrifugal, and drag forces. Medium is exchanged batchwise (at a rate of 50%
every 2–3 days or 3 ml per construct per day), and is equilibrated with gas continuously.

A rotating-wall perfused vessel (RWPV) (Fig. 13.3d) developed at the National Aeronautics
and Space Administration (NASA) (Jessup et al., 1996) was used to engineer cartilage in the mi-
crogravity environment of space and in a control study on Earth (Freed et al., 1997). The RWPV
is configured as an annular space between two concentric cylinders, with the medium inlet at one
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Fig. 13.2. Dynamic cell seeding. Schematic: mixed flask system used to seed cells
onto 3D polymer scaffolds. Graph: normalized concentration of cells remaining in the
culture medium as a function of time following flask inoculation (Reprinted with 
permission from Vunjak-Novakovic et al., 1998. Copyright 1998 American Chemical
Society).



Fig. 13.3. Bioreactor culture vessels. (a) Flask (static or mixed), (b) slow-turning lateral vessel (STLV), (c) high-aspect-ratio vessel (HARV), (d) rotating-wall perfused vessel (RWPV),
(e) perfused column, and (f ) perfused chamber. A summary of operating conditions is given for each vessel type.

Cultivation vessel Spinner flask Rotating vessel Rotating vessel Rottaing wall perfused Perfused column Perfused chamber

(static or mixed) (STLV) (HARV) vessel (RWPV)

Operating volume (cm 3) 120 110 100 125 15 3, 10 or 30

Engineered tissues Fixed in place; Freely settling; Freely settling; Freely settling; Fixed in place; Fixed in place;

(5 mm diameter x 2 mm thick discs) up to 12 per vessel up to 12 per vessel up to 8 per vessel up to 10 per vessel up to 4 per vessel up to 5 per vessel

Operating mode

(a) medium exchange Batch-wise Batch-wise Batch-wise Periodic medium recirculation Continuous medium recirculation Continuous medium recirculation

(3 cm3per tissue per day) (3 cm3per tissue per day) (3 cm3per tissue per day) (80 cm3every 6 hrs) (2-3 cm3/hr) (0.1 - 30 cm3/min)

 and exchange  and exchange  and exchange

(5-10 cm3per tissue per day) (2.5-15 cm3per tissue per day) (1-30 cm3per tissue per day)

(b) gas exchange Continuous, Continuous, Continuous, Continuous, Continuous, Continuous,

via surface aeration via an internal membrane via an internal membrane via an external membrane via an external gas exchanger via an external gas exchanger

Mixing mechanism Static flask: none Construct settling Construct settling In microgravity: rotation of inner Recirculating flow Recirculating flow

Mixed flask: magnetic stirring in rotational flow in rotational flow and outer cylinders at same or

different rates; viscous pumping

In unit gravity: vessel rotation 

as a solid body

Fluid flow Static flask: none Laminar Laminar Laminar Laminar Laminar

Mixed flask: turbulent

Mass transfer in bulk medium Static flask: molecular diffusion Convection Convection Convection (due to differential Convection Convection

Mixed flask: turbulent convection (due to construct settling) (due to construct settling) viscous pumping or (due to recirculation) (due to recirculation)

construct settling)

References Vunjak-Novakovic et al. Freed and Vunjak-Novakovic Vunjak-Novakovic et al. (1997a) Freed et al. (1997) Williams et al. (1998) Vunjak-Novakovic et al. (1999b)

(1996, 1998, 1999a) (1995, 1997a) Carrier et al. (1999) Obradovic et al. 91997) Searby et al. 91998)

Freed and Vunjak-Novakovic (1997b Freed et al. (1998) Papadaki et al. (1999)

Carrier et al. (1999) Vunjak-Novakovic et al. (1999a)

Bursac et al. (1999) Riesle et al. 91998)

Carrier et al. (1999)

Neitzel et al. (1998)



end and the medium outlet via a filter on the central cylinder. A flat disk at one end of the central
cylinder serves as a viscous pump. The RWPV contains 125 ml of culture medium and holds up
to 10 tissue constructs. In microgravity, the inner and outer cylinders were differentially rotated
at rates of 10 and 1 rpm, respectively; on Earth, the vessel was rotated as a solid body at 28 rpm.
Medium was periodically recirculated between the culture vessel and an external membrane gas
exchanger at a rate of 4 ml/min for 20 min four times per day, and was exchanged at a rate of 5–
10 ml per construct per day.

Perfused columns were designed to allow nondestructive assessment of tissue development
over the course of cultivation using magnetic resonance imaging (Fig. 13.3e) (Obradovic et al.,
1997; Williams et al., 1998). The columns have an inlet at the base, an outlet at the top, and con-
tain 15 ml of culture medium and up to four constructs that are fixed to a centrally positioned
needle. Medium is continuously recirculated between the column and an external membrane gas
exchanger at a rate of 2–3 ml/hr, and is exchanged at rates of 2–15 ml per construct per day.

Perfused chambers (Fig. 13.3f ) were designed to allow tissue culture in the microgravity en-
vironment of space, and for control studies under conditions of unit gravity on Earth or artificial
gravity in space (Vunjak-Novakovic et al., 1999b). The chamber is configured as a central com-
partment bounded by a porous membrane and an annular space. The medium inlet is in the cen-
tral tissue culture space and the medium outlet is in the peripheral cell-free space. Chambers con-
tain 3, 10, or 30 ml of medium and up to five tissue constructs. Medium is continuously
recirculated between the chamber and an external membrane gas exchanger at rates of 1–30 ml/
min, and is exchanged at rates of 1–30 ml per construct per day. Chambers are mounted on a cir-
cular tray that allows automated sampling and on-line microscopy.

Hydrodynamic Conditions in Bioreactors
In static flasks, mass transfer in the bulk medium occurs by molecular diffusion, and there is

no fluid flow at the surfaces of the tissue constructs. In mixed flasks, mass transfer is by convec-
tion, and fluid flow at the surfaces of the tissue constructs is turbulent, such that the smallest tur-
bulent eddies have sizes of 250 
m and velocities of 0.4 cm/sec (Vunjak-Novakovic et al., 1996).

In rotating vessels, laminar flow at the construct surfaces was demonstrated by flow visual-
ization conducted using tracer particles illuminated by a sheet of laser light (Neitzel et al., 1998)
(Fig. 13.4a). Particle image velocimetry (PIV) studies, done by either cross-correlation of particle
images in window of the flow field or by individual particle tracking, allowed quantitation of the
velocity vector at every location in the plane of the light sheet (Fig. 13.4b) (Neitzel et al., 1998).
These data were used to calculate maximal shear stresses at the construct surface, which were on
the order of 0.8 dyn/cm2 for a 120-ml rotating vessel containing one model construct and oper-
ated such that the inner and outer cylinders were rotated at 13 and 37 rpm, respectively. The ob-
served velocity fields were predicted numerically (Fig. 13.4c) and were used to calculate the rates
of mass transport of chemical species through the medium to the construct. Residence time dis-
tribution studies demonstrated efficient convective mixing due to gravitational construct settling
in rotating vessels (Freed and Vunjak-Novakovic, 1997b). In particular, mixing efficiencies were
comparable for an STLV containing 12 model constructs and rotated at 15–28 rpm and a spin-
ner flask containing 12 constructs and stirred at 50–80 rpm.

In perfused columns and chambers, fluid flow is laminar and mass transfer is by convection
due to recirculation.

BIOREACTOR MODULATION OF TISSUE FORMATION
In this section, we describe several studies that demonstrate how bioreactors can modulate 3D

tissue formation in vitro. General design principles for tissue engineering bioreactors include main-
taining desired levels of chemical species in the bulk medium, providing efficient mass transfer
from the medium to the tissue surfaces, and exposing developing tissues to physical stimuli. These
bioreactor functions can result in increased size and improved structure and function of engineered
tissues, as follows. The effects of biochemical, hydrodynamic, and mechanical factors were stud-
ied for engineered cartilage cultured in rotating bioreactors (Fig. 13.5). In one case, medium oxy-
gen tension, pO2, and pH were varied using STLVs operated under the same hydrodynamic con-
ditions (Fig. 13.5a); in another case, hydrodynamic and mechanical factors were varied using
RWPVs operated with comparable medium compositions (Fig. 13.5b). The specific effects of hy-
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Fig. 13.4. Flow conditions around a suspended construct in a rotating bioreactor. (a) Visualization of the fluid flow field using tracer particles and laser light. (b) Ve-
locity field determined experimentally by particle image velocimetry. (c) Velocity field determined by numerical simulation (Neitzel et al., 1998).



drodynamic factors and the accompanying changes in mass transfer were further studied by sys-
tematically comparing engineered cartilage and cardiac muscle cultured in different bioreactors
(Fig. 13.6).

Biochemical factors were varied by establishing two groups: (1) pO2 � 87 mm Hg, pH �
7.0 and (2) pO2 � 43 mm Hg, pH � 6.7 in STLVs operated with or without an internal gas ex-
change membrane (Obradovic et al., 1999). Cartilaginous constructs were compared with respect
to several parameters, including yield of lactate to glucose (YL/G), construct thickness, and the
amounts and distributions of glycosaminoglycan. In group 2, low pO2 and pH were associated
with anaerobic cell metabolism (YL/G of 2.2 mol/mol) as compared to group 1, in which higher
values of pO2 and pH were associated with more aerobic cell metabolism (YL/G of 1.7–1.8 mol/
mol). Constructs grown aerobically for 5 weeks were approximately 2.5 mm thick and had a high
fraction [�6% of wet weight (ww)] of uniformly distributed GAG, except for a 460-
m-thick
outer capsule (Fig. 13.5a). In contrast, constructs grown anaerobically were only about 1.6 mm
thick and had markedly lower GAG fractions (1.5–3.5% ww) that decreased with increasing
depth. One key bioreactor function is thus to provide efficient gas exchange for control of medi-
um pO2 and pH.

Hydrodynamic conditions and mechanical factors were varied by utilizing rotating bioreac-
tor vessels on Earth and in the microgravity environment of space, aboard the Mir Space Station
(Freed et al., 1997). In particular, cartilaginous constructs were first cultured in STLVs for 3
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Fig. 13.5. (a) Effects of biochemical factors on engineered cartilage. Comparison of constructs cul-
tivated in medium with relatively high pO2 and pH, or with lower pO2 and pH (due to higher or
lower rates of bioreactor gas exchange). Histology: safranin-O staining for glycosaminoglycan.
Graph: glycosaminoglycan fraction as a function of depth from the construct surface (From
Obradovic et al., 1999, Oxygen is essential for bioreactor cultivation of tissue engineered carti-
lage. Biotechnol. Bioeng. 63, 197–205. Reprinted by permission of Wiley-Liss, Inc., a subsidiary
of John Wiley & Sons, Inc.). (b) Effects of hydrodynamic and mechanical factors on engineered
cartilage. Comparison of constructs cultivated in the presence of higher levels of hydrodynamic
and mechanical stimuli (due to gravitational settling on Earth) or relatively quiescently (aboard the
Mir Space Station). Histology: safranin-O staining for glycosaminoglycan. Graphs: glycosamino-
glycan fraction and equilibrium modulus (Freed et al., 1997). Data are the average �SD of three
to four independent measurements.



months on Earth and then in RWPVs for an additional 4 months either on Earth or aboard Mir.
During cultivation on Earth, constructs were exposed to relatively higher levels of hydrodynamic
shear (due to gravitational settling) and mechanical stimuli (due to construct collisions with the
rotating vessel walls) as compared to on Mir, where constructs floated freely in the culture medi-
um. Medium values of pH and pO2 were comparable in the two groups. Cartilaginous constructs
were compared with respect to several parameters, including dimensions, wet weight fractions of
GAG, and equilibrium moduli in radially confined compression. Constructs grown for 7 months
on Earth retained their initial discoid shape, were large (429 mg ww), and had high GAG frac-
tions (8.8% ww) and equilibrium moduli (0.93 MPa) (Fig. 13.5b). In contrast, constructs grown
for 3 months on Earth and then 4 months on Mir tended to become more spherical, were small-
er (330 mg ww), and had lower GAG fractions (3.6% ww) and equilibrium moduli (0.31 MPa).
Other important functions of tissue engineering bioreactors are thus to provide appropriate levels
of hydrodynamic and mechanical stimuli.

Cartilaginous constructs seeded in mixed flasks (Fig. 13.2) and then cultured for 6 weeks in
static or mixed flasks (Fig. 13.3a) or in rotating vessels (STLVs) (Fig. 13.3b) were compared with
respect to several parameters, including YL/G, wet weight fractions of GAG, and equilibrium mod-
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Fig. 13.6. Effects of hydrodynamic factors. (a) Effects on engineered cartilage. Molar ratio of lac-
tate production and glucose utilization (lactate/glucose), glycosaminoglycan fraction, and equi-
librium modulus in constructs cultured in static or mixed flasks, or in rotating vessels (STLVs)
(Obradovic et al., 1997; Vunjak-Novakovic et al., 1999a). (b) Effects on engineered cardiac tissue.
Glucose/lactate ratio, DNA content, and metabolic activity index (MTT/DNA) of constructs cul-
tured in static or mixed flasks, or in rotating vessels (HARVs) (From Carrier et al., 1999, Cardiac
tissue engineering: Cell seeding, cultivation parameters and tissue construct characterization.
Biotechnol. Bioeng. 64, 580–589. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John
Wiley & Sons, Inc.). (a,b) Horizontal lines represent lactate/glucose ratios of 2 and 1, which cor-
respond to theoretical values for anaerobic and aerobic metabolism, respectively. Data are the av-
erage �SD of three to four independent measurements.



ulus in radially confined compression (Obradovic et al., 1997; Vunjak-Novakovic et al., 1999a).
Values of YL/G for constructs cultured statically, in mixed flasks, and in rotating vessels were, re-
spectively, 1.7, 1.3, and 1.3 mol/mol, implying that cell metabolism was more aerobic under mixed
than static culture conditions (Fig. 13.6a) (Obradovic et al., 1997). GAG fractions and equilibri-
um moduli were significantly higher for constructs grown in rotating vessels as compared to either
static or mixed flasks (Fig. 13.6a) (Vunjak-Novakovic et al., 1999a). In static flasks, diffusional
constraints of mass transport resulted in thin, fragile constructs in which GAG accumulated main-
ly in a 1-mm-thick outer region. In mixed flasks, turbulent conditions apparently induced the for-
mation of capsules at the construct surfaces that were up to 400 
m thick and consisted of mul-
tiple layers of elongated cells and little GAG. In rotating vessels, dynamic laminar flow patterns
permitted the growth of constructs with high, spatially uniform GAG fractions. These studies
demonstrate that hydrodynamic factors, such as mixing pattern and flow regime, play a key role
in determining the structure and function of engineered cartilage.

Cardiac-like constructs seeded in mixed flasks (Fig. 13.2) and then cultured for 2 weeks in
static or mixed flasks (Fig. 13.3a) or in rotating vessels (HARVs) (Fig. 13.3c) were compared with
respect to several parameters, including YL/G, cellularity (DNA per construct), and metabolic ac-
tivity index (MTT units/mg DNA) (Carrier et al., 1999). Values of YL/G for constructs cultured
statically, in mixed flasks, and in rotating vessels were, respectively, 2.0, 1.6, and 1.0 mol/mol, im-
plying anaerobic, partially aerobic, and aerobic cell metabolism (Fig. 13.6b). Cellularities and
metabolic activity indexes of constructs cultured statically were markedly lower than those of con-
structs cultured in either mixed flasks or rotating vessels (Fig. 13.6b) (Carrier et al., 1999). These
studies demonstrate that hydrodynamic factors affect the structure and function of engineered car-
diac tissue in a manner consistent with that observed for engineered cartilage (Fig. 13.6a).

BIOREACTOR CULTIVATION OF FUNCTIONAL TISSUES

Cartilage
Cartilaginous constructs cultured for 6 weeks in rotating bioreactors (STLVs) were continu-

ously cartilaginous over their entire cross-sectional areas (6.7 mm in diameter � 5mm thick)
(Freed et al., 1998) and contained an interconnected network of collagen fibers that resembled
that of articular collagen with respect to overall organization, fiber diameter (Fig. 13.7a) (Riesle et
al., 1998), and molecular structure (type II represented more than 90% of the total collagen)
(Freed et al., 1998). As compared to native bovine calf articular cartilage, 6-week constructs had
comparable cellularities, 68% as much GAG, and 33% as much collagen type II per unit wet
weight (Freed et al., 1998). Extracellular matrix synthesis rates decreased to approximately 60%
of initial over 6 weeks, and the fraction of newly synthesized macromolecules released into the cul-
ture medium decreased from about 25% of total at 4 days to less than 4% at 6 weeks. Over 7
months of in vitro cultivation, the GAG fraction and equilibrium modulus reached or exceeded
values measured for native cartilage (Fig. 13.7a). However, other properties of 7-month constructs
remained subnormal (e.g., collagen fraction, the concentration of pyridinium cross-links, and dy-
namic stiffness were, respectively, 34, 30, and 46% as high as in native cartilage) (Freed et al., 1997;
Riesle et al., 1998). Construct mechanical properties (i.e., equilibrium modulus, hydraulic per-
meability, dynamic stiffness, and streaming potential) correlated with the wet weight fractions of
GAG, collagen, and water (Vunjak-Novakovic et al., 1999a).

Cardiac Tissue
Cardiac-like tissues cultivated for 1 week in mixed flasks were 5 mm in diameter and 1.3 mm

thick and had a 50- to 70-
m-thick tissuelike region at the construct periphery in which cells ex-
pressed the muscle-specific protein sarcomeric tropomyosin and exhibited cardiac-specific ultra-
structural features, including intercalated disks and sarcomeres (Bursac et al., 1999) (Fig. 13.7b).
As compared to native neonatal rat ventricles, 1-week constructs had 16% as much DNA per unit
wet weight (Fig. 13.7b), and similar indexes of cell size (protein/DNA) and metabolic activity
(MTT/DNA). The peripheral region of constructs was electrically excitable and could be captured
over a wide range of pacing frequencies (80–270 beats/min) (Fig. 13.7b) (Bursac et al., 1999).
Impulses propagated at conduction velocities that were half of those in native neonatal rat ventri-
cles (Bursac et al., 1999) (Fig. 13.7b). Contractile cardiac-like tissues were also grown in rotating
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vessels (HARVs), and were shown to contain the gap-junctional protein connexin-43, creatine ki-
nase isoform MM, sarcomeric myosin heavy-chain protein (Papadaki et al., 1999), muscle desmin,
cardiac troponin T, and sarcomeric tropomyosin (Carrier et al., 1999).

TISSUE ENGINEERING BIOREACTORS: STATE OF THE ART
In contrast to a large number of tissue engineering studies focusing on scaffold design and in

vivo tissue repair using cells and/or biomaterials, there has been relatively little work in the area of
bioreactors. As described in this chapter, specific bioreactor design features can be exploited to im-
prove the structure and function of engineered tissues, including in particular (1) flow and mix-
ing patterns that can result in efficient and spatially uniform seeding of polymer scaffolds, (2) en-

152 Freed and Vunjak-Novakovic

Fig. 13.7. Bioreactor cultivation of functional tissues. (a) Cartilage. Micrographs show the ultra-
structural appearance of collagen networks in a 6-week construct and in native calf articular car-
tilage (Riesle et al., 1998, Collagen in tissue engineered cartilage: Types, structure and cross-links.
J. Cell. Biochem. 71, 313–327. Reprinted by permission of Wiley-Liss, Inc., a subsidiary of John
Wiley & Sons, Inc.). Graphs: glycosaminoglycan fraction and equilibrium modulus of constructs
cultivated in rotating vessels (STLVs) for 3 days, 6 weeks, and 3 or 7 months (Freed et al., 1997;
Vunjak-Novakovic et al., 1999a). Dotted lines represent ranges of parameters measured for native
cartilage. (b) Cardiac muscle. Recording: electrophysiological response of construct to electrical
stimulation at a rate of 80 bpm. Micrographs: ultrastructural demonstration of sarcomeres (outer
photo) and an intercalated disk (inset). Graphs: DNA content and conduction velocity of 1-week
constructs and native neonatal rat ventricles (Bursac et al., 1999). Data are the average �SD of
three to six independent measurements.



hanced mass transport of chemical species through the medium and to the tissue surfaces, and (3)
physical stimulation of the tissue during its development.

Our early studies demonstrated increased thickness and improved structure of engineered car-
tilage when scaffolds were seeded in orbitally mixed petri dishes as compared to static dishes (Freed
et al., 1994b). The concept of maintaining a uniform suspension of isolated cells and providing
relative velocity between cells and the scaffold during seeding was improved by using mixed flasks
and rotating vessels (Freed and Vunjak-Novakovic, 1995, 1997a; Vunjak-Novakovic et al., 1996,
1999a). The kinetics and mechanisms of seeding in mixed flasks, which are at this time the pre-
ferred system for cell seeding of 3D scaffolds, were characterized in detail (Vunjak-Novakovic et
al., 1998).

Engineered cartilage cultured in mixed flasks was structurally superior to that grown in or-
bitally mixed dishes, which was in turn superior to that grown statically (Vunjak-Novakovic et al.,
1996). Efficient convective mixing demonstrated for mixed flasks and rotating vessels (Freed and
Vunjak-Novakovic, 1997b) implies that both bioreactors can maintain constant concentrations of
chemical species in the bulk medium. The hydrodynamic environment present in rotating vessels
(Fig. 13.4) stimulated the development of engineered cartilage that was metabolically and me-
chanically functional (Fig. 13.5). Engineered tissues (cartilage, cardiac) grown in rotating vessels
were structurally and functionally superior to constructs grown in either static or mixed flasks (Fig.
13.6). Although the mechanisms underlying these effects are yet to be determined, others have hy-
pothesized that hydrodynamic forces affect cultured cells via pressure fluctuations, stretching the
cell membrane, and/or shear stress (Berthiaume and Frangos, 1993; Smith et al., 1995).

The bioreactor systems we have used to date (Fig. 13.3) promote mass transfer to the con-
struct surface, but do not enhance the relatively slow diffusion of chemical species to the construct
interior. This has not been an overwhelming problem in the engineering of cartilage, an avascular
tissue with low cellularity (only about 4–5% of the wet weight), which can be cultivated in biore-
actors to a thickness exceeding that of native articular cartilage (i.e., 5 mm) (Freed et al., 1998).
However, diffusional limitations of mass transport have severely curtailed efforts to engineer tis-
sues that normally have high vascularity and/or cellularity. In particular, only very low thickness-
es were reported to date for engineered bone (250–500 
m) (Ishaug et al., 1997; Martin et al.,
1998) and cardiac tissue (50–180 
m) (Eschenhagen et al., 1997; Bursac et al., 1999; Carrier et
al., 1999).

Other groups have demonstrated advantages of using culture systems that provide continu-
ous perfusion and mechanical stimulation during cultivation. In one system, growing constructs
were directly perfused with culture medium within 1.2 ml cartridges (Dunkelman et al., 1995).
Engineered cartilage cultivated in these bioreactors for 2–4 weeks repaired osteochondral defects
and integrated with underlying bone in a 2-year rabbit study (Schreiber et al., 1999). In other sys-
tems, cartilage (Grande et al., 1997) and skeletal muscle (Chromiak et al., 1998) constructs were
surrounded by culture medium that was continuously recirculated through a closed loop. In all
the above cases, perfusion of medium reportedly improved tissue growth and metabolism by en-
hancing mass transfer and reducing the variations in medium concentrations of gases, nutrients,
metabolites, and regulatory factors that occur in periodically refed cultures. In addition, closed-
loop perfused bioreactors reduce the risk of contamination during long-term cell cultivation.

The fact that physical stimuli modulate tissue development has motivated the design of sev-
eral bioreactor systems in which growing tissues are exposed to mechanical forces. A system that
exposed cartilaginous constructs to dynamic compression at physiological frequencies enhanced
ECM synthesis rates as compared to statically loaded controls (Buschmann et al., 1995). Likewise,
a system that exposed cartilaginous constructs to physiological levels of intermittent hydrostatic
pressure enhanced GAG deposition as compared to nonpressurized controls (Carver and Heath,
1999). A system that exposed skeletal muscle constructs to static and dynamic tension was associ-
ated with increased size and improved function (Vandenburgh et al., 1991). The concept of ten-
sile loading was extended by exploiting the native contractile properties of collagenous cell culture
substrates. Examples include engineered tissue containing genetically modified cells that secreted
human growth hormone for up to 3 months in mice (Vandenburgh et al., 1996), engineered car-
diac muscle that contracted and in some cases secreted recombinant �-galactosidase for up to 10
days in vitro (Eschenhagen et al., 1997), and engineered tendon that repaired gap defects over 3
months in rabbits (Young et al., 1998). In all of the above studies, the presence of mechanical forces
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(externally applied or internally generated) during cultivation stimulated the development of en-
gineered tissues, presumably by providing physical stimuli normally present in vivo.

A novel bioreactor system for vascular tissue engineering elegantly demonstrates the combined
benefits of continuous perfusion and mechanical stimulation (Niklason et al., 1999). Tubular poly-
mer scaffolds seeded with smooth muscle cells were placed in a stirred vessel and cultivated in the
presence of pulsatile radial stress, applied via highly distensible silicone tubing in the construct lu-
men. Under these conditions, small-caliber (6 mm in diameter) arteries with high rupture
strengths and high suture retention strengths could be cultivated over 2 months in vitro; these re-
mained patent for up to 24 days following in vivo implantation in swine.

SUMMARY AND RESEARCH NEEDS
In this chapter, we have discussed the design and operating principles of tissue engineering

bioreactors developed for the cultivation of engineered tissues starting from isolated cells and 3D
biodegradable scaffolds. Bioreactor technologies can be utilized to grow functional tissues for in
vivo implantation, and for controlled in vitro studies of how biochemical and physical factors reg-
ulate tissue development. In general, the functions of the bioreactor are to seed cells onto 3D scaf-
folds and to provide appropriate stimuli during in vitro tissue development. Specific design re-
quirements depend on the dimensions, complexity, and application of the tissue to be engineered.
Further advances in bioreactor technologies that are likely have a major impact on the field of tis-
sue engineering include (1) improved control over culture medium composition, (2) new meth-
ods to provide physiological levels of mechanical stimuli to engineered tissues in vitro, (3) new
techniques to induce and/or mimic vascularization of engineered tissues in vitro, (4) determina-
tion of appropriate conditions and duration of in vitro culture prior to implantation, and (5) ex-
tension from animal model systems to human cell sources and scales.

Acknowledgments
This work was supported by the National Aeronautics and Space Administration (Grants

NAG9-836 amd NCC8-174). The authors thank G. P. Neitzel, J. B. Brown, and M. Smith for
the bioreactor fluid dynamics data shown in Fig. 13.4, and R. Langer for helpful advice.

References
Bader, A., Knop, E., Fruehauf, N., Crome, O., Boeker, K., Christians, U., Oldhafer, K., Ringe, B., Pichlmayr, R., and

Sewing, K. F. (1995). Reconstruction of liver tissue in vitro: Geometry of characteristic flat bed, hollow fiber, and
spouted bed bioreactors with reference to in vivo liver. Artif. Organs 19, 941–949.

Berthiaume, F., and Frangos, J. (1993). Effects of flow on anchorage-dependent mammalian cell-secreted products. In
“Physical Forces and the Mammalian Cell” ( J. Frangos, ed.), p. 139. Academic Press, San Diego, CA.

Bursac, N., Papadaki, M., Cohen, R. J., Schoen, F. J., Eisenberg, S. R., Carrier, R., Vunjak-Novakovic, G., and Freed, L.
E. (1999). Cardiac muscle tissue engineering: Towards an in vitro model for electrophysiological studies. Am. J. Phys-
iol. 277, H433–H444.

Buschmann, M. D., Gluzband, Y. A., Grodzinsky, A. J., and Hunziker, E. B. (1995). Mechanical compression modulates
matrix biosynthesis in chondrocyte/agarose culture. J. Cell Sci. 108, 1497–1508.

Carrier, R., Papadaki, M., Rupnick, M., Schoen, F. J., Bursac, N., Langer, R., Freed, L. E., and Vunjak-Novakovic, G.
(1999). Cardiac tissue engineering: Cell seeding, cultivation parameters and tissue construct characterization.
Biotechnol. Bioeng. 64, 580–589.

Carver, S. E., and Heath, C. A. (1999). Increasing extracellular matrix production in regenerating cartilage with intermit-
tent physiological pressure. Biotechnol. Bioeng. 62, 166–174.

Cherry, R. S., and Papoutsakis, T. (1988). Physical mechanisms of cell damage in microcarrier cell culture bioreactors.
Biotechnol. Bioeng. 32, 1001–1014.

Chromiak, J. A., Shansky, J., Perrone, C., and Vandenburgh, H. (1998). Bioreactor perfusion system for the long-term
maintenance of tissue-engineered skeletal muscle organoids. In Vitro Cell. Dev. Biol.: Anim. 34, 694–703.

Dunkelman, N. S., Zimber, M. P., LeBaron, R. G., Pavelec, R., Kwan, M., and Purchio, A. F. (1995). Cartilage produc-
tion by rabbit articular chondrocytes on polyglycolic acid scaffolds in a closed bioreactor system. Biotechnol. Bioeng.
46, 299–305.

Eschenhagen, T., Fink, C., Remmers, U., Scholz, H., Wattchow, J., Weil, J., Zimmermann, W., Dohmen, H. H., Schafer,
H., Bishopric, N., Wakatsuku, T., and Elson, E. L. (1997). Three-dimensional reconstitution of embryonic car-
diomyocytes in a collagen matrix: A new heart muscle model system. FASEB J. 11, 683–694.

Farndale, R. W., Buttle, D. J., and Barrett, A. J. (1986). Improved quantitation and discrimination of sulphated gly-
cosaminoglycans by the use of dimethylmethylene blue. Biochim. Biophys. Acta 883, 173–177.

Freed, L. E., and Vunjak-Novakovic, G. (1995). Cultivation of cell-polymer constructs in simulated microgravity. Biotech-
nol. Bioeng. 46, 306–313.

Freed, L. E., and Vunjak-Novakovic, G. (1997a). Microgravity tissue engineering. In Vitro Cell Dev. Biol. 33, 381–385.

154 Freed and Vunjak-Novakovic



Freed, L. E., and Vunjak-Novakovic, G. (1997b). Tissue culture bioreactors: Chondrogenesis a model system. In “Princi-
ples of Tissue Engineering” (R. P. Lanza, R. Langer, and W. L. Chick, eds.), pp. 151–165. Academic Press, San 
Diego, CA, and Landes, Austin, TX.

Freed, L. E., and Vunjak-Novakovic, G. (1998). Culture of organized cell communities. Adv. Drug Delivery Rev. 33, 15–
30.

Freed, L. E., Grande, D. A., Emmanual, J., Marquis, J. C., Lingbin, Z., and Langer, R. (1994a). Joint resurfacing using
allograft chondrocytes and synthetic biodegradable polymer scaffolds. J. Biomed. Mater. Res. 28, 891–899.

Freed, L. E., Marquis, J. C., Vunjak, G., Emmanual, J., and Langer, R. (1994b). Composition of cell–polymer cartilage
implants. Biotechnol. Bioeng. 43, 605–614.

Freed, L. E., Vunjak-Novakovic, G., Biron, R., Eagles, D., Lesnoy, D., Barlow, S., and Langer, R. (1994c). Biodegradable
polymer scaffolds for tissue engineering. Bio/Technology 12, 689–693.

Freed, L. E., Langer, R., Martin, I., Pellis, N., and Vunjak-Novakovic, G. (1997). Tissue engineering of cartilage in space.
Proc. Natl. Acad. Sci. U.S.A. 94, 13885–13890.

Freed, L. E., Hollander, A. P., Martin, I., Barry, J. R., Martin, I., and Vunjak-Novakovic, G. (1998). Chondrogenesis in a
cell-polymer-bioreactor system. Exp. Cell Res. 240, 58–65.

Grande, D. A., Halberstadt, C., Naughton, G., Schwartz, R., and Manji, R. (1997). Evaluation of matrix scaffolds for tis-
sue engineering of articular cartilage grafts. J. Biomed. Mater. Res. 34, 211–220.

Ishaug, S. L., Crane, G. M., Miller, M. J., Yasko, A. W., Yaszemski, M. J., and Mikos, A. G. (1997). Bone formation by
three-dimensional stromal osteoblast culture in biodegradable polymer scaffolds. J. Biomed. Mater. Res. 36, 17–28.

Jauregui, H. O., Mullon, C. J.-P., and Solomon, B. (1997). Extracorporeal artificial liver support. In “Principles of Tissue
Engineering” (R. P. Lanza, R. Langer, and W. L. Chick, eds.), pp. 463–479. Academic Press, San Diego, CA, and
Landes, Austin, TX.

Jessup, J. M., Goodwin, T. J., and Spaulding, G. (1993). Prospects for use of microgravity-based bioreactors to study three-
dimensional host–tumor interactions in human neoplasia. J. Cell. Biochem. 51, 290–300.

Jessup, J. M., Goodwin, T. J., Garcia, R., and Pellis, N. (1996). STS-70: First flight on EDU-1. In Vitro Cell. Dev. Biol.:
Anim. 32, 13A.

Kim, Y. J., Sah, R. L., Doong, J. Y. H., and Grodzinsky, A. J. (1988). Fluorometric assay of DNA in cartilage explants us-
ing Hoechst 33258. Anal. Biochem. 174, 168–176.

Lanza, R. P., and Chick, W. L. (1997). Endocrinology: Pancreas. In “Principles of Tissue Engineering” (R. P. Lanza, R.
Langer, and W. L. Chick, eds.), pp. 405–425. Academic Press, San Diego, CA, and Landes, Austin, TX.

Martin, I., Padera, R. F., Vunjak-Novakovic, G., and Freed, L. E. (1998). In vitro differentiation of chick embryo bone
marrow stromal cells into cartilaginous and bone-like tissues. J. Orthop. Res. 16, 181–189.

Martin, I., Shastri, V. P., Padera, R. F., Langer, R., Vunjak-Novakovic, G., and Freed, L. E. (1999a). Bone marrow stromal
cell differentiation on porous polymer scaffolds. Trans. Orthop. Res. Soc. 24, 57.

Martin, I., Obradovic, B., Freed, L. E., and Vunjak-Novakovic, G. (1999b). A method for quantitative analysis of gly-
cosaminoglycan distribution in cultured natural and engineered cartilage. Ann. Biomed. Eng. 27, 1–7.

Neitzel, G. P., Nerem, R. M., Sambanis, A., Smith, M. K., Wick, T. M., Brown, J. B., Hunter, C., Jovanovic, I., Malaviya,
P., Saini, S., and Tan, S. (1998). Cell function and tissue growth in bioreactors: Fluid mechanical and chemical en-
vironments. J. Jpn. Soc. Microgr. Appl. 15 (Suppl. II), 602–607.

Niklason, L. E., Gao, J., Abbott, W. M., Hirschi, K. K., Houser, S., Marini, R., and Langer, R. (1999). Functional arter-
ies grown in vitro. Science 284, 489–493.

Obradovic, B., Freed, L. E., Langer, R., and Vunjak-Novakovic, G. (1997). Bioreactor studies of natural and engineered
cartilage metabolism. Proc. of the Topical Conference on Biomaterials, Carriers for Drug Delivery, and Scaffolds for Tis-
sue Engineering, 335–337.

Obradovic, B., Carrier, R. L., Vunjak-Novakovic, G., and Freed, L. E. (1999). Oxygen is essential for bioreactor cultiva-
tion of tissue engineered cartilage. Biotechnol. Bioeng. 63, 197–205.

Papadaki, M., Bursac, N., Langer, R., Schoen, F. J., Vunjak-Novakovic, G., and Freed, L. E. (1999). Towards a function-
al tissue engineered cardiac muscle: Effects of cell culture substrate and medium serum concentration. Soc. Biomater.
25th Annu. Meet. Trans., p. 359.

Prewett, T. L., Goodwin, T. J., and Spaulding, G. F. (1993). Three-dimensional modeling of T-24 Human bladder carci-
noma cell line: A new simulated microgravity culture system. J. Tissue Cult. Methods 15, 29–36.

Qiu, Q., Ducheyne, P., and Ayyaswamy, P. (1999). Fabrication, characterization and evaluation of bioceramic hollow mi-
crospheres used as microcarriers for 3D bone tissue formation in rotating bioreactors. Biomaterials 20, 989–1001.

Riesle, J., Hollander, A. P., Langer, R., Freed, L. E., and Vunjak-Novakovic, G. (1998). Collagen in tissue engineered car-
tilage: Types, structure and cross-links. J. Cell. Biochem. 71, 313–327.

Schreiber, R. E., Ilten-Kirby, B. M., Dunkelman, N. S., Symons, K. T., Rekettye, L. M., Willoughby, J., and Ratcliffe, A.
(1999). Repair of osteochondral defects with allogeneic tissue-engineered cartilage implants. Clin. Orthop. Relat. Res.
367S, S382–S395.

Schwarz, R. P., Goodwin, T. J., and Wolf, D. A. (1992). Cell culture for three-dimensional modeling in rotating-wall ves-
sels: An application of simulated microgravity. J. Tissue Cult. Methods 14, 51–58.

Searby, N. D., de Luis, J., and Vunjak-Novakovic, G. (1998). Design and development testing of a space station cell cul-
ture unit. Proc. Conf. Environ. Microgravity Flight Impl., Danvers, MA, 1998. 1–4.

Smith, R. L., Donlon, B. S., Gupta, M. K., Mohtai, M., Das, P., Carter, D. R., Cooke, J., Gibbons, G., Hutchinson, N.,
and Schurman, D. J. (1995). Effect of fluid-induced shear on articular chondrocyte morphology and metabolism in
vitro. J. Orthop. Res. 13, 824–831.

Unsworth, B. R., and Lelkes, P. I. (1998). Growing tissues in microgravity. Nat. Med. 4, 901–907.
Vandenburgh, H. H., Swadison, S., and Karlisch, P. (1991). Computer-aided mechanogenesis of skeletal muscle organs

from single cells in vitro. FASEB J. 5, 2860–2867.

13 Bioreactors 155



Vandenburgh, H. H., DelTatto, M., Shansky, J., Lemaire, J., Chang, A., Payumo, F., Lee, P., Goodyear, A., and Raven, L.
(1996). Tissue-engineered skeletal muscle organoids for reversible gene therapy. Hum. Gene Ther. 7, 2195–2200.

Vunjak-Novakovic, G., Freed, L. E., Biron, R. J., and Langer, R. (1996). Effects of mixing on tissue engineered cartilage.
AIChE J. 42, 850–860.

Vunjak-Novakovic, G., Obradovic, B., Bursac, P., Martin, I., Langer, R., and Freed, L. E. (1998). Dynamic seeding of
polymer scaffolds for cartilage tissue engineering. Biotechnol. Prog. 14, 193–202.

Vunjak-Novakovic, G., Martin, I., Obradovic, B., Treppo, S., Grodzinsky, A. J., Langer, R., and Freed, L. E. (1999a). Biore-
actor cultivation conditions modulate the composition and mechanical properties of tissue engineered cartilage. J.
Orthop. Res. 17, 130–138.

Vunjak-Novakovic, G., Preda, C., Bordonaro, J., Pellis, N., de Luis, J., and Freed, L. E. (1999b). Microgravity studies of
cells and tissues: From Mir to ISS. Am. Inst. Phys. Conf. Proc. 458, 442–452.

Williams, S. N. O., Burstein, D., Freed, L. E., Gray, M. L., Langer, R., and Vunjak-Novakovic, G. (1998). MRI mea-
surements of fixed charge density as a measure of glycosaminoglycan content and distribution in tissue engineered
cartilage. Trans. Orthop. Res. Soc. 23, 203.

Woessner, J. F. (1961). The determination of hydroxyproline in tissue and protein samples containing small proportions
of this imino acid. Arch. Biochem. Biophys. 93, 440–447.

Young, R. G., Butler, D. L., Weber, W., Caplan, A. I., Gordon, S. L., and Fink, D. J. (1998). Use of mesenchymal stem
cells in a collagen matrix for achilles tendon repair. J. Orthop. Res. 16, 406–413.

156 Freed and Vunjak-Novakovic



Tissue Assembly in Microgravity
Brian R. Unsworth and Peter I. Lelkes

INTRODUCTION

The increasing disparity between demand and availability of human donor organs for the re-
placement of dysfunctional organs in patients has raised serious ethical and legal issues and

prompted an intensive search for alternatives to human allotransplants or xenotransplantation.
Generation of tissue-engineered replacement organs, e.g., by means of three-dimensional (3D) in
vitro cell culture, may present a suitable substitute for donor organ transplantation. Multicellular
spheroids can be generated from one cell type only (homotypic), or comprise different cell types
from the same tissue (heterotypic). Such spheroids have provided new insights into the biological
responses of in vivo-like multicellular assemblies, e.g., on radiation injury (Schwachöfer, 1990), in
developing drug resistance (Kerbel et al., 1994), and in understanding phenotypic changes asso-
ciated with tumor invasiveness (Schuster et al., 1994). Although such multicellular spheroids are
a first step toward assembling complex 3D tissue equivalents, there are several inherent limitations,
such as their size and the restricted diffusion of nutrients and oxygen; additionally, spheroids �1
mm in diameter generally contain a hypoxic, necrotic center surrounded by a rim of viable cells
(Sutherland et al., 1986).

In progressing beyond spheroids, creation of properly assembled and differentiated tissues
from single cells in suspension has attracted an interdisciplinary approach, collectively known as
tissue engineering. One major aim of this potentially multibillion dollar venture is to generate vi-
able/functional tissue-equivalents that can serve as replacement tissues, in lieu of allotransplanta-
tion (Langer and Vacanti, 1993). Resorbable polymeric scaffolds, made, for example, of fibrous
polyglycolic acid, serve as provisional, biodegradable matrices for cell seeding (Cima et al., 1991).
As detailed elsewhere in this volume, such scaffolds can be molded into complex geometric shapes.
Importantly, these scaffolds, in particular when treated with growth factors or adhesive proteins,
promote cellular proliferation and 3D assembly (Kim and Mooney, 1998). After the controlled
biodegradation of the scaffolds, the 3D cellular constructs form neotissues and neoorgans, such as
skin, cartilage, blood vessels, bladders, and heart valves (Langer and Vacanti, 1995; Shinoka et al.,
1997, 1998; Atala, 1998; Niklason and Langer, 1997; Mayer et al., 1997). Similarly, RGD pep-
tides conjugated to poly(ethylene glycol) promote aggregation and differentiation of neural cells
in suspension, thus eliminating the need for microcarriers and facilitating the use of these aggre-
gates as replacement tissues (Dai et al., 1994). Some of these bioengineered replacement tissues are
currently being tested in animals (Krewson and Saltzman, 1996; Atala, 1998; Shinoka et al., 1998;
Fauza et al., 1998) and await human trials.

A major focus of tissue engineering is how to best generate functional 3D constructs, large
enough to serve as replacement organs or suitable for scientific studies of in vitro drug effects/tox-
icity, oxygen diffusion in tissues, etc. The high shear forces of conventional stirred fermentors/
rollers are a disadvantage because they damage the cells and hinder proper tissue-specific differ-
entiation. Decreasing the stir rate while increasing the medium viscosity might partially reduce the
hydrodynamic damage (Moreira et al., 1995); however, aggregates formed under these conditions

CHAPTER 14

Principles of Tissue Engineering Copyright © 2000 by Academic Press.
Second Edition All rights of reproduction in any form reserved. 157



still exhibit necrotic centers. As detailed in Chapter 13, tissue constructs on biodegradable scaf-
folds have been successfully cultured in stirred bioreactors (Freed and Vunjak-Novakovic, 1997).

MICROGRAVITY AS A NOVEL TISSUE CULTURE VENUE
Efforts at tissue assembly would benefit from a venue that promotes cell–cell association,

while avoiding the detrimental effects of high shear stress. Such a venue might be provided by mi-
crogravity (Dintenfass, 1986). In an effort to embellish the potential beneficial effects of micro-
gravity and low fluid shear for cell culture here on Earth, scientists at the National Aeronautics and
Space Association (NASA) introduced rotating-wall vessel (RWV) cell culture biotechnology. The
principles of this system, which combines low fluid shear stress and randomization of the gravita-
tional vectors, are described in detail in Chapter 13.

The use of the different incarnations of the RWV bioreactors is largely dictated by oxygen re-
quirements of the cultured cells. Due to its geometry and the use of a large-surface-area, flat-mem-
brane oxygenator at the rear of the chamber, the oxygenation capacity of the high-aspect-ratio ves-
sel (HARV) is higher than that of the slow-turning lateral vessel (STLV). STLV-type bioreactors,
consisting of a cylindrical growth chamber that contains an inner corotating cylinder with a gas-
exchange membrane, are suited for cells with low oxygen requirements. HARVs, on the other
hand, are mostly used for cell types that require more oxygen per unit volume of culture medium.

In the past, conventional stirred fermentors were used as “controls” for assessing the contri-
butions of impeller-induced shear forces on tissue assembly (Lelkes et al., 1998). Alternatively,
Fang et al. suggested use of vertically positioned RWVs as dynamic controls, with the axis of the
vessels being parallel to gravity. Due to the centrifugal forces of the rotating motion, the vertical
position provides a near-normal gravity environment, as opposed to the simulated microgravity in
the horizontal position (Fang et al., 1997).

A more sophisticated version of the STLV-type RWV bioreactor, called the rotating-wall per-
fused vessel, allows the investigator to study the individual contributions of fluid shear stress and
(simulated) microgravity. In these vessels, controlled shear stress can be induced by independent-
ly rotating the inner and the outer walls. An addition to the family of RWVs, specifically devel-
oped by NASA for use in space, is the hydrodynamic focusing bioreactor, which provides new ca-
pabilities for long-duration operation in orbit as well as on the ground. Of additional advantage,
both of these systems can be fully automated for changing, sampling, and/or modifying the cul-
ture medium without stopping the vessel rotation. This capability is very important, in view of
our finding that even short cessation of microgravity, or its initiation, can activate cellular signal-
ing pathways (Lelkes and Unsworth, 1998).

The differentiation of cell aggregates grown in the simulated microgravity environment of
RWV bioreactors is based on the interplay between two beneficial factors: (1) low shear stress,
which promotes close apposition (spatial colocation) of the cells, and (2) randomized gravitation-
al vectors, which either directly affect gene expression or indirectly facilitate paracrine/autocrine
intercellular signaling, e.g., through restricted diffusion of differentiative humoral factors ( Jessup
et al., 1993; Schwarz et al., 1992). To date, numerous groups have been utilizing RWV bioreactor
biotechnology to facilitate the assembly of macroscopic, differentiated, tissuelike 3D constructs
(also called proto-tissues, tissue equivalents, or organoids) from a variety of normal and trans-
formed cell types. RWV bioreactors provide a suitable in vitro venue for culturing otherwise re-
calcitrant cells, such as viruses (Long et al., 1998) and human tumor cells (Becker et al., 1997; In-
gram et al., 1997). The resulting differentiated 3D tissue constructs secrete valuable bioproducts,
such as antibodies and antigens ( Jessup et al., 1997), and ultimately may serve as possible re-
placement organs.

RWV bioreactors are also used to further differentiate in vitro preassembled bioengineered tis-
sue equivalents, such as skin (D. Dimitrijevich, personal communication) and cartilage (Freed and
Vunjak-Novakovic, 1997), as well as to culture intact tissues, such as fragments of liver (Khaous-
tov et al., 1995), tonsils (Margolis et al., 1997) or kidney (A. Nor and P. I. Lelkes, unpublished).
RWV biotechnology in conjunction with an appropriate scaffold/matrix might also provide a suit-
able venue for generating 3D constructs of neuronal cells, capable of “thinking,” i.e., establishing
functional neuronal connections (P. I. Lelkes et al., unpublished). For a summary of the diverse
cell types (to date more than three dozen) cultured in RWV bioreactors, see Unsworth and Lelkes
(1998a). This a very dynamic, rapidly evolving field of research, and a very up-to-date list of 
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publications and other information may be found on the NASA web site at http://idi.usra.edu/
peer review/taskbook/taskbook.html.

In the RWV culture environment, homotypic organoids express tissue-specific differentiation
markers beyond the levels seen in conventional tissue culture ( Jessup et al., 1997; Unsworth and
Lelkes, 1998b). RWV culture also induces significant changes in the repertoire of expressed genes
(Hammond et al., 1999). Nonetheless, these prototissues fail to recapitulate faithfully the pheno-
typic diversity of the parental tissues. Important components, notably mesenchymal/interstitial
cells, as well as tissue-specific extracellular matrices, are absent, as is the microvasculature.

Organotypic differentiation of the 3D constructs, both normal and neoplastic, is enhanced
in heterotypic cocultures comprising phenotypically diverse cells (Galvan et al., 1995; Goodwin
et al., 1997; Zhau et al., 1997). Specifically, coculture of tumor cells and normal stromal cells in
RWV bioreactors leads to the formation of “differentiated” tumor masses, which may become valu-
able tools in cancer research (Zhau et al., 1997). Such 3D tumor cell constructs could also serve
as in vitro models for studying inter- and intracellular signaling involved in clonal expansion, for
studying phenotypic instability, and for testing drug/radiation resistance. On the other hand, dif-
ferentiated 3D constructs from normal tissue, besides their potential usefulness as replacement or-
gans, could also serve as tissue equivalents for more realistic toxicity studies and thus provide yet
another novel alternative to animal testing.

VASCULARIZATION: OVERCOMING SIZE LIMITATIONS 
OF TISSUE ASSEMBLIES

In conventional fermentors, macroscopic assemblies of cell aggregates that exceed about 1 mm
in size invariably develop necrotic cores. In the unique culture conditions in RWV bioreactors, dis-
sociated cells can assemble into macroscopic tissue aggregates up to 1 cm in size, and these are
largely devoid of such necrotic cores. Clearly, all denovo tissue-engineered constructs will eventu-
ally require internal, blood vessellike conduits for the delivery of oxygen and nutrients as well as
for the removal of waste products. In spite of sporadic claims to the contrary, inclusion of en-
dothelial cells in the mixture of cells cultured in the RWV bioreactors, with the stated purpose of
generating vessellike conduits (Goodwin et al., 1993), has, to the best of our knowledge, so far
failed to yield spontaneous in situ “vasculogenesis” (Chopra et al., 1998). In these simplistic co-
cultures, endothelial cells remain viable and organize largely into homotypic clusters without form-
ing tubular structures. In contrast, the expansion of tissue fragments, such as of liver (Khaoustov
et al., 1995) and kidney (A. Nor and P. I. Lelkes, unpublished studies), in the RWV environment
is accompanied by a commensurate increase in the density of microvessels. This process, sugges-
tive of angiogenesis, indicates that it may be possible to grow blood vessels in RWV bioreactors,
provided the cells are seeded onto/into an appropriate permissive environment, such as a branch-
ing scaffold or an extracellular matrix construct containing angiogenic growth factors (Eiselt et al.,
1998; Griffith et al., 1997). Clearly, organoid vascularization is one of the foremost, yet so far elu-
sive, goals that may determine the medical/clinical usefulness of in vitro-generated tissue equiva-
lents.

FROM SINGLE CELLS TO TISSUES IN SPACE
It has been known for more than 20 years that single cells respond to microgravity in space

by alterations in cellular morphology and function (Montgomery et al., 1978; Claassen and Spoon-
er, 1994). According to Cogoli and Cogoli-Greuter (1998), more than 25 different cell types have
been flown in space. Earlier studies reported that during space flight, cell suspensions preferen-
tially aggregate and yield higher cell densities than they do on Earth (Lorenzi et al., 1995). One
reason for enhanced cell–cell interactions may be that microgravity induces a tissue-specific up-
regulation of cell adhesion molecules, extracellular matrix proteins, and their respective receptors.
In line with this notion, studies on board Spacelab indicated a significant increase in collagen syn-
thesis in human dermal fibroblasts in microgravity (Seitzer et al., 1995). However, in whole ani-
mals the response might be different and might be determined by hormonal and other physio-
logical factors (Backup et al., 1994; Lelkes et al., 1994; Davidson et al., 1999).

For some cultured cells, for which the expression of certain “glue proteins” such as collagen
is up-regulated in simulated microgravity in the RWV environment (Lelkes et al., 1998), one might
predict that an excursion into space may be beneficial. Indeed, when PC12 pheochromocytoma
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cells were grown in space and serially passaged over approximately a 10-week period, the degree of
aggregation and the rate of proliferation of the samples in space was significantly accelerated in
comparison to ground controls (Unsworth and Lelkes, 1998a). The rate of glucose consumption,
a measure of cellular metabolic activity and of proliferation, was approximately five times higher
in space than on the ground (Fig. 14.1). Similarly, large cellular aggregates were observed in space,
but not under static conditions on Earth (Unsworth and Lelkes, 1998a). These results, although
preliminary, suggest that the space environment might be advantageous for generating neuronal/
neuroendocrine tissue equivalents using PC12 cells. For these cells, the ensuing cultures yielded
larger and/or more differentiated organoids, compared with parallel cultures maintained at 1 g on
Earth.

For other cells, however, which are adversely affected by microgravity, such as bone, cartilage,
or muscle, a “space-walk” might yield inferior results. This hypothesis was tested, in part, on Shut-
tle/Mir missions: in one of these outings, cartilaginous constructs that were flown for 4 months
in space proved to be mechanically inferior to the ground controls (Freed et al., 1997). This find-
ing might reflect a direct adverse effect of microgravity on cellular processes involved in the syn-
thesis, secretion, and assembly of glycosaminoglycans and other extracellular matrix proteins, in
keeping with the well-known adverse effects of space flight on bone and cartilage (Bonting, 1992).
On the other hand, the superiority of cartilaginous constructs on Earth might reflect the effects of
mechanical loading on the differentiation of the bioengineered constructs (Freed et al., 1997).

Thus, mass culture in space may not be advantageous for each and every cell type in terms of
generating functional replacement tissues. In contrast to the cartilage experiment, other investi-
gators in the cadre of the Office of Life and Microgravity Sciences Applications/Microgravity Re-
search Division (OLMSA/MRD) Cell Culture Biotechnology Group, who have flown cells in the
RWV aboard diverse Shuttle missions, reported enhanced cellular responses (e.g., aggregation and
secretion of bioactive products) as compared to control cells cultured in RWVs on Earth (Jessup
et al., 1996). Taken together, these data suggest a rather cautionary approach toward the potential
use of “space factories” for producing medically/scientifically useful tissue equivalents. The out-
come might be highly cell type specific.

IN VITRO EMBRYOLOGY
In addition to their potential usefulness as a cell culture venue for mass producing replace-

ment prototissues, simulated microgravity in the RWV bioreactors also offers an innovative, in
vitro tool for studying instructional cues and mechanisms involved in organogenesis. Important-
ly, the RWV environment supports both cellular differentiation and tissue expansion. This mim-
ics developmental organogenesis in vivo, and is in stark contrast to conventional tissue culture,
where cells either differentiate or proliferate (see also Chapter 9).

160 Unsworth and Lelkes

A

B

Fig. 14.1. PC12 cell culture main-
tained for a prolonged period of
time (up to 80 days) in space. The
left panel shows enhanced “cell
growth” in space vs. ground-
based controls. Cell growth was
inferred from the rate of glucose
consumption. The micrographs
depict the relative sizes of DNA-
stained cell aggregates in space
(A) and on Earth (B). Original
magnification: �50.



We are using RWV bioreactors for in vitro embryology, in order to understand mechanisms
controlling neuroendocrine differentiation of bipotential, sympathoadrenal cells of the adrenal
gland (Lelkes et al., 1998). The culture environment of the RWV specifically induces the forma-
tion of macroscopic, 3D organoids and causes differentiation of PC12 cells, an adrenal medullary
tumor cell line, along the neuroendocrine pathway. This differentiation is associated with rapid
activation of intracellular signaling pathways involved in the control of organ-specific differ-
entiation (Lelkes and Unsworth, 1998). The tissue-specific differentiation in the RWV bioreac-
tors seems to mimic closely events occurring during in vivo organogenesis. Thus the system offers
a promising approach to investigating molecular mechanisms operating during embryogenesis.
The repertoire of genes expressed in microgravity-reared 3D tissue constructs, both in RWV cul-
tures on Earth and in space, is significantly altered from that observed in cells cultured at unit grav-
ity and might resemble more closely the panel of genes expressed in situ (Kaysen et al., 1999).

GRAVITATIONAL SENSING
The gravity responsiveness of single cells has raised speculations about the existence of gravi-

ty-sensing mechanisms and of specialized gravity receptors (Montgomery et al., 1978). A prime
candidate for gravitational sensing is the cytoskeleton (Ingber, 1997; Hughes-Fulford and Lewis,
1996). At the single-cell level, alterations in the cytoskeletal architecture might explain changes in
the vectorial cascade of intracellular phosphorylation cascades (Schmitt et al., 1996). The func-
tional impairment of space-flown lymphocytes, such as altered capping/patching and locomotion
(Cogoli-Greuter et al., 1996; Pellis et al., 1997), which has been attributed to alterations in pro-
tein kinase C (PKC)-dependent signaling, may also result from cytoskeletal rearrangement in mi-
crogravity. In this context, studies by us and others suggest that the simulated microgravity con-
ditions in RWV bioreactors may mimic some of the alterations in cellular signaling observed in
space (Cooper and Pellis, 1998; Lelkes and Unsworth, 1998). For example, when PC12 cells were
briefly (15 min to 24 hr) cultured in RWV bioreactors, neurotrophin signaling was impaired at
the levels of receptor autophosphorylation and postreceptor signaling, resulting in impaired MAP
kinase activation, altered integrin signaling, and changes in the nuclear translocation of transcrip-
tion factors (Lelkes and Unsworth, 1998).

The question remains: What is fundamentally different between simulated microgravity in
RWV bioreactors and the real thing in space? Are the differences due to distinct g levels (10�2 g
in RWV vs. 10�4–10�6 g in space), or due to residual physical forces (sedimentation; low but fi-
nite shear stress) on Earth? A definite answer will have to wait until the experiments can be per-
formed on board the International Space Station—in microgravity in the absence of shear stress—
as well as under conditions in which gravitational forces can be artificially restored by using an on-
board, low-speed centrifuge.

CAVEATS
Microgravity, either simulated or in space, has the potential to become a useful venue for 

the mass production of replacement tissues, which could help to overcome the shortage of donor
organs. For the time being the usefulness of this approach is just a promise, yet to be realized. Sim-
ilarly, the advantages of RWV-generated 3D tumor cell organoids have to be substantiated scien-
tifically and clinically. And yet, although this field is just barely beyond its infancy, microgravity-
based organoid formation should and will find its niche in the wider area of tissue engineering.

It has yet to be proved whether tissue-engineered 3D constructs “from space,” once removed
from suspension cultures, will remain intact and functional long enough to become fully vascu-
larized by anastomosing with the host tissue. To further enhance their postmicrogravity coherence,
the prototissues can be encapsulated into semipermeable poly(lysine)/alginate microcapsules. This
encapsulation may also facilitate xenotransplantation by providing an immunoprotective barrier
(Sagen et al., 1993).

The anticipated differentiation of certain cell types, such as endothelial cells or neuronal cells,
might be thwarted in microgravity by blunted cellular responses to a variety of growth factors, such
as basic fibroblast, platelet-derived, or neuronal growth factors (Davidson et al., 1999; Lelkes and
Unsworth, 1998). Therefore, the concept of directly applying these growth factors, as intriguing
as it sounds, may not work in microgravity. Alternative signaling pathways leading to cellular dif-
ferentiation may have to be targeted (Cooper and Pellis, 1998).
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Using the space environment, rather than the simulated microgravity facilities here on Earth,
requires a round-trip ticket. The beginning and the end of this voyage are particularly stressful,
both for astronauts and at the level of single cells, for which simulated launch conditions were
found to cause alterations in gene expression (Fitzgerald and Hughes-Fulford, 1996; Tjandraw-
inata et al., 1997). Therefore, when conducting cellular experiments in space, it is mandatory to
include both an additional set of ground controls that simulate the conditions of a shuttle launch,
and an onboard 1-g centrifuge to control for these potentially deleterious forces. At present it is
not clear how cellular responses induced by launch conditions will impact subsequent experiments
carried out in space.

Another problem may be posed by DNA damage owing to elevated levels of radiation in space.
Enhanced DNA damage could translate into cytogenetic alterations of the tissues formed in space
(Horneck et al., 1996, 1997).

CONCLUSIONS
Microgravity, either simulated on Earth or experienced in space, provides a venue for the for-

mation of tissue-engineered, highly differentiated 3D constructs. In this venue, recalcitrant cells
thrive, even if they otherwise would not grow outside the body. Prototissues generated in this en-
vironment will be of importance clinically as potential replacement tissues, thus alleviating the cur-
rent shortage of donor organs. Moreover, these constructs will serve as differentiated macroscop-
ic tissue equivalents in diverse areas of in vitro biomedical research, such as toxicology and tumor
biology, thus providing a possible alternative to animal testing. The possibility for recapitulating,
in vitro, the complex cellular events occurring during organogenesis, for example, opens the door
for a comprehensive analysis of the molecular control of developmental processes that depend on
cell–cell and cell–extracellular matrix interactions. The advent of the International Space Station
early in the next millennium will provide laboratory facilities in which we may be able to expand
our current studies from simulated microgravity on the ground to real microgravity in space.
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In Vivo Synthesis of Tissues 
and Organs

Ioannis V. Yannas

SCALE OF FUNCTIONAL DEFICIT: 
MACROMOLECULE VERSUS ORGAN

Medical treatment in antiquity emphasized the use of herbs, potions, and, eventually, the semi-
purified chemical substances that were extracted from them. In the twentieth century, ad-

vances in the chemistry of natural substances led to the discovery, and later synthesis, of vitamins,
hormones, and antibiotics. Inevitably, the ancient predisposition to believe in the healing power
of drugs spawned the gigantic pharmaceuticals industry. The successes of chemical therapeutics
have been based on the fact that a large number of medical problems are caused by some kind of
defect at the macromolecular level—usually an excess or a deficiency of a protein (e.g., insulin),
sometimes resulting from an error in a gene—that can be chemically treated.

Failure of an entire organ is a very different medical problem. Rather than originating in a de-
fect at the nanoscale, loss of organ function occurs at the scale of the centimeter. Such failure can
occur as a result of a large variety of causes, such as heart failure due to oxygen deficiency of heart
muscle (itself resulting frequently from circulatory failure), kidney failure due to cancer, and fail-
ure of the central nervous system due to spinal cord injury. Drug treatment is not effective in or-
gan failure because the cause of the problem is loss of an entire mass of functioning tissue, repre-
senting loss of a large number of cells, soluble proteins, and insoluble extracellular matrix, rather
than being a singular defect in molecules.

Five approaches have been successfully used to treat loss of organ function: transplantation,
autografting, implantation of passive prosthesis, in vitro synthesis, and in vivo synthesis (regener-
ation). Transplantation from a donor to another person (host) has led to certain spectacular but
short-lived successes (Medawar, 1944), unless the host and donor were identical twins, because the
host typically rejects the transplanted organ after a period of weeks to a few years. Studies have em-
phasized development of techniques for increasing host tolerance (Cooper et al., 1997). Auto-
grafting circumvents this problem by ensuring that donor and host are the same person, as in pa-
tients with serious burns (Burke et al., 1974) or with seriously injured nerves (Millesi, 1967). This
procedure has suffered from the trauma that is inflicted on the patient during harvesting of the
autograft; also, the procedure falls short when the loss of organ mass exceeds typically 50% of the
total. Implantation of passive prostheses provides temporary function, extending to 15 years in
some cases; in the long run, the biologic environment destroys, and is itself damaged by, the man-
made materials used in these prostheses. Examples are the total hip prosthesis (Kohn and
Ducheyne, 1992) and the cardiac pacemaker (Neuman, 1998). In vitro synthesis of tissues and or-
gans has been attempted over the past 15 years and the progress that has been made is reviewed in
detail in several chapters in this volume. In vivo synthesis leads to organ regeneration and is the fo-
cus of this chapter. This process was originally developed in the context of treatment of massive
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skin wounds in animals and humans; however, over the past 15 years it has led to synthesis not
only of skin but also of peripheral nerves and the knee meniscus.

The description of in vivo organ synthesis will start with an examination of the basic param-
eters of the living environment (wound bed, animal) in which the desired synthesis takes place.
Because it is subject to homeostatic control, the living environment offers unexpectedly controlled
conditions for the synthesis.

BASIC PARAMETERS OF THE LIVING ENVIRONMENT 
DURING IN VIVO ORGAN SYNTHESIS

The most successful procedure used to achieve in vivo synthesis requires use of an analog of
the extracellular matrix (ECM). Examples are grafting of the analog onto a freshly excised skin
wound bed or bridging the gap between the tubulated stumps of a freshly transected peripheral
nerve with an ECM analog. In each of these two cases the wound bed is typically supplied with a
constant flow of exudate that contains cells and cytokines or growth factors. Following a process
of induced regeneration, the exudate is converted into physiologic tissue by the process of regen-
eration; if such conversion does not occur in adult mammals, the exudate will be spontaneously
converted into nonphysiologic scar or fibrotic tissue by the process of repair. Unlike in the fetus,
the vast majority of tissues and organs in adults are not spontaneously regenerated following re-
moval, e.g., by surgical excision. If the ECM analog has been appropriately selected, i.e., if it is a
regeneration template, normal repair processes are blocked and a regenerate (newly synthesized
physiologic organ) is synthesized in the wound bed within weeks. The ECM analog may not, by
itself, suffice to induce regeneration of physiologic tissue: cells of a given type may have to be seed-
ed into it before grafting. Rigid rules are used to study the structure and function of the new or-
gan and the term “regenerate” is usually reserved for an almost completely faithful replica of the
physiologic organ.

The process of in vivo synthesis is modeled as if it were taking place inside a bioreactor (wound
bed) surrounded by a reservoir (animal) (Fig. 15.1). Conditions inside the animal are subject to
homeostatic control; this environment offers approximate constancy in many characteristics of the
exudate that flows into the wound bed. Although the flow rate of exudate as well as its composi-
tion vary somewhat from day to day during the wound healing process, the temperature and the
pH are maintained constant. The exudate and the template (possibly seeded with cells in advance)
are the two critically necessary components in the synthetic reaction. The stability of the living en-
vironment that supplies this basic reaction component effectively cancels the conventional need
of the experimenter to isolate the bioreactor from the reservoir.

The bioreactor feed consists of two components. The flow of exudate from surrounding tis-
sues into the wound bed starts seconds after formation of the wound bed by excision and consti-
tutes the endogenous feed. The ECM analog, occasionally seeded with cells, is supplied immedi-
ately after excision as well and constitutes the exogenous feed. The reservoir maintains the
bioreactor contents at constant temperature and pH and, in addition, supplies it with a continu-
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Fig. 15.1. In vivo synthesis of tis-
sues and organs is modeled as if
it were taking place inside a
bioreactor (wound bed) that is
surrounded by a reservoir (ani-
mal). Exudate flows continuous-
ly from the reservoir to the bio-
reactor. The exudate contains
cells, cytokines, and several oth-
er soluble substances, but not in-
soluble matrix components. Con-
ditions inside the animal are
subject to relatively strict ho
meostatic control. (Courtesy of
M.I.T.)



ous flow of exudate consisting of cells, cytokines, and other diffusible components. Exudate typ-
ically does not contain ECM components; matrix components that are required for the synthesis
are supplied exogenously in the form of an ECM analog. The selection of structural features of the
ECM analog supplied to the wound bed is critical and is discussed in the next section. If the ap-
propriate ECM analog (template) is omitted entirely, or if the selection of analog and cell content
is inappropriate, the reaction sequence inside the wound bed eventually yields repaired, not re-
generated, tissue. The template is therefore required to block the normal repair process in the
wound bed. Repaired tissue typically consists of epithelialized, undifferentiated connective tissue,
often referred to as scar or fibrotic tissue. An organ consisting mostly of repaired tissue does not
function physiologically. The process of in vivo synthesis of a physiologic organ is also referred to
as an instance of in situ organ synthesis, a term used interchangeably with in vivo synthesis.

Experimental study of in vivo synthesis is routinely complicated by lack of reproducibility
from one reaction site to another, nominally identical, anatomic site. The site or tissue substrate
on which the reaction is taking place may vary in chemical composition, surface area, or other pa-
rameters that affect the kinetics and mechanism of the desired reaction. In the absence of such site-
to-site reproducibility it is very difficult to develop results that are statistically significant without
performing an inordinately large number of experiments. In vivo organ synthesis is potentially be-
set by the same set of problems, originating either in lack of reproducibility of conditions from
one wound bed to another in the same animal or from a wound bed in one animal to that in an-
other. The problem of wound-to-wound variability was dramatically minimized, almost practi-
cally eliminated, in the pioneering experiments of Billingham and Medawar (1951, 1955), who
developed the concept of the anatomically constant wound bed. In their rodent models, skin was
routinely excised down to the layer of muscle that lies under the dermis. With the exception of
end effects, the contents of this wound bed, including the exudate that flows into it, are nearly
identical from one site to the next. The precise choice of dimensions of an anatomically constant
bed varies with the goal of the investigator. In experiments in which the synthesis of peripheral
nerve in rats has been studied, an anatomically constant wound bed has consisted of a gap, ap-
proximately 10 mm long, along the cylindrical geometry of the nerve fiber; the ECM analog, in
the form of a matrix filler inside a cylinder, has been grafted as a bridge for this gap. Studies of re-
generation in the knee meniscus have also been based on a careful choice of geometry. Criteria for
the selection of an anatomically well-defined wound bed have been published (Yannas, 1997).

The sequence of chemical reactions and biological interactions inside the wound bed is of
great complexity. Precise knowledge of such a mechanistic sequence is necessary in order to design
a regeneration template without recourse to extensive experimentation. In the absence of such in-
formation, the experimenter relies on empirical data relating the structure of the experimental de-
vice to the structure or function of the tissue or organ that is under study. An example is mea-
surement of the moisture evaporation rate from a full-thickness skin wound bed in the guinea pig
wound model that has been treated with a dermis regeneration template (DRT) seeded with ker-
atinocytes. Following a 14-day period, which is necessary to achieve epidermal confluence over the
newly synthesized dermal substrate, the new epidermis becomes keratinized and forms an effec-
tive barrier that impedes moisture evaporation from the body. Another example is the continuous
measurement of the velocity of an electrical signal that is conducted by a regenerating nerve, pre-
viously treated with a nerve regeneration template (NRT). This measurement yields a virtually
continuous record of the regeneration process and yields the time required for achievement of near-
ly physiologic values. Neither of the last two examples provides by itself definitive proof that a new,
physiologically functioning organ has been synthesized; additional properties of the new organ
need to be determined before its synthesis can be established. However, the noninvasive measure-
ments of function cited above allow the investigator to monitor the progress of the synthesis from
beginning to end using the same animal. The less attractive alternative is to use invasive measure-
ments, e.g., histologic data, which provide information on only one time point per animal. Irre-
spective of the method of measurement, data on the degree of completion of a given property are
usefully converted to a physiologic index, a measure of the closeness of a given structural or func-
tional property of the regenerate to the intact adjacent organ.

Mammals typically possess a very small but finite potential for spontaneous regeneration of
most of their organs. For example, a cylindrical defect measuring considerably less than about 1
cm in diameter in the long bone of many mammals is spontaneously refilled with apparently phys-
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iologic bone (Shapiro, 1988); a gap less than about 5 mm in the transected rat sciatic nerve, pre-
viously treated by inserting the two nerve stumps into a silicone tube, is spontaneously synthesized
as a fairly successful regenerate (Lundborg, 1987; Lundborg et al., 1982a–d; Dahlin et al., 1995).
The minimum mass of dermis that can be spontaneously regenerated in adults appears to be zero
(Billingham and Medawar, 1951, 1955; Madden, 1972; Peacock, 1984; Boykin and Molnar,
1992).

Organ mass that has been synthesized using the techniques described in this chapter must be
corrected for organ mass that can be synthesized spontaneously at the same anatomically constant
wound bed. This correction for “background” regeneration (or spontaneous regeneration) can be
determined simply as the amount of organ mass synthesized in the absence of exogenous feed. Tis-
sue or organ synthesis that has resulted from use of an exogenous feed is referred to as induced re-
generation. It is clear that the net effect of the exogenous feed on a given physiologic index of the
new organ cannot be quantitatively appreciated until the index has been carefully corrected for the
contribution of background regeneration.

FUNDAMENTAL DESIGN PRINCIPLES FOR TISSUE 
AND ORGAN REGENERATION TEMPLATES

By definition, the template essentially interacts with components of the exudate (cells and cy-
tokines) sufficiently to modify drastically the kinetics and mechanism of the spontaneous process
that normally converts exudate to scar tissue. Such an interaction requires the template surface to
be adequately close and accessible to cells migrating from the exudate; migrating cells that have
approached close enough require the template surface to be populated with the appropriate type
and density of cell binding sites; such interaction must be allowed to proceed over the necessary
time period. Finally, when the interaction has successfully modified the kinetics and mechanism
of wound healing away from repair, it is required that the template remove itself even as new tis-
sue is being synthesized adjacent to the surface of the template. Each of these steps in the function
of a template must be executed, and each, in turn, must be translated into a design requirement
for the template. The structural features that lend function to a regeneration template will be de-
scribed separately below: features that constitute the porous network structure (scale 1–100 
m)
will be discussed first, followed by features that describe the macromolecular network (scale 1–
100 nm).

Critical Cell Path Length: Maximum Dimension of Template
Host cells migrating into the template require adequate nutrition during the entire time of

residence in it. For modeling purposes, the complexity of nutritional requirements of the cell are
simplified by defining a critical nutrient that is required for normal cell function; such a nutrient
is assumed to be metabolized by the cell at a rate R in moles/cm3/sec. The nutrient is pictured be-
ing transported from the wound bed, where the concentration of nutrient is assumed to be a con-
stant, C0, over a distance L through the exudate until it reaches the cell (Fig. 15.2). In the early
days following implantation of the template there is no angiogenesis and the nutrient is, therefore,
transported exclusively by diffusion, which is characterized by a diffusivity D in cm2/sec. Dimen-
sional analysis readily yields the cell lifeline number

S � RL2/DC0, (1)

which characterizes the relative magnitude of the rate of nutrient supply to the cell by diffusion
and the rate of nutrient consumption by the cell. If the rate of consumption of the critical nutri-
ent exceeds greatly the rate of supply, S � 1, and the cell must soon die. At steady state the rate of
consumption of nutrient by the cell just equals the rate of transport by diffusion over the distance
L. Under conditions of steady state, S is of order 1, and the value of L becomes the critical cell path
length, Lc, the longest distance away from the wound bed boundary along which the cell can mi-
grate without requiring nutrient in excess of that supplied by diffusion. For many cell nutrients of
low molecular weight Lc is of order 100 
m, a distance short enough to suggest the need for very
close proximity between wound bed and implant (Yannas and Burke, 1980). The requirement for
proximity is critical and suggests that a graft may not “take” unless the template has met this de-
manding condition of physicochemical contact.
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Upper and Lower Bounds of Template Pore Diameter
Having successfully migrated onto the template surface a host cell is visualized interacting

with an appropriate site on the matrix and binding onto it. Cells commonly make use of cell sur-
face receptors, e.g., the family of integrin receptors, to bind on a matrix surface; typically, each re-
ceptor binds on a specific binding site on the matrix surface. A highly detailed model of a partic-
ular interaction between a cell type and a matrix surface must specify the nature of the receptor
and the binding site, as well as the number of receptors utilized per bound cell. The description of
cell–matrix binding given below assumes no such specific knowledge.

We are interested in estimating the structural requirements for a porous solid that binds all or
almost all of the cells of a given type in contact with it. We want to estimate the relation between
the average pore diameter of a matrix and its capacity for binding cells. The surface density of
bound cells can be expressed as �c, equal to the number of bound cells Nc per unit surface A of
the porous template. �c is also equal to the number of bound cells per unit volume of porous tem-
plate, �c, divided by the specific surface of the template, �. The latter is equal to the surface per
unit volume of template and is expressed in units of mm2/cm3 template:

�c � Nc/A � �c/�. (2a)

If additional information becomes available on the nature of the binding interaction, the mod-
el can become more detailed. If � receptor sites are utilized per bound cell, and if each receptor is
bound to one binding site, the number of binding sites per unit surface will be Nc�/A. Then the
volume density of binding sites, �bs, will be equal to ��c and the surface density of binding sites
will be equal to

�bs � ��c � �Nc/A � ��c/� � �bs/�. (2b)

We will now compare the cell surface density of two matrices that have identical chemical
composition but quite different average pore diameter. It is known that when other structural fea-
tures, such as the pore volume fraction, remain constant, the specific surface increases with a de-
crease in average pore diameter. The average pore diameter as well as the pore volume fraction of
a template can be controlled by careful control of the conditions of freezing prior to drying by sub-
limation (freeze drying or lyophilization) (Dagalakis et al., 1980). In the example of a matrix that
has been experimentally studied for possible template function, the average pore diameter is 10

m and the volume density, �c, of fibroblasts that are bound on the matrix has been observed by
light microscopy to be of order 107 cells/cm3 porous matrix. The number of receptors that are uti-
lized per bound cell is not known. For this matrix, the specific surface � is calculated, using a sim-
ple model that relates the shape and size of pores to their surface, to be about 8 � 104 mm2/cm3

matrix volume. According to Eq. (2a), the surface density of bound cells is equal to �c � 107/8
� 104 � 125 cells/mm2 for this matrix. Next we consider a matrix that has an average pore di-
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Fig. 15.2. Model of the interface between host tissue and an implant (or the at-
mosphere, in the case of an unimplanted wound) adjacent to its surface. A cell
from the host interface has migrated into the exudate, which flows out of host
tissue. Will the cell receive sufficient nutrient by diffusion from host tissue to
migrate all the way to the implant (or the atmosphere)? A critical cell nutrient
is transported from the host interface, where the nutrient concentration is 
assumed to be equal to C0, over a distance L, through the exudate until it reach-
es the migrating cell, where it is metabolized at a rate R. Angiogenesis has not
yet occurred; therefore, nutrient transport takes place strictly by diffusion, char-
acterized by a diffusivity D. Dimensional analysis allows calculation of the crit-
ical cell path length, Lc, an estimate of the maximum permissible distance of
separation between the host tissue surface and the implant; it is of order 100

m. The value of Lc is also an estimate of the minimal thickness of exudate cov-
ering an unimplanted wound bed that is required to accommodate migrating
cells through its thickness. (Courtesy of M.I.T.)



ameter as large as 300 
m. The specific surface in this case is estimated to be only about 3 � 103

mm2/cm3. On the other hand, because both matrices have the same chemical composition, they
also have the same type and density of binding sites, and it follows that the surface density of bound
cells, �c, is the same in both matrices. However, the volume density of bound cells is only �c �
�c�, or 125 (3 � 103) � 3.75 � 105/cm3 matrix. The conclusion is that the volume density of
bound cells in the matrix with the 300-
m pore diameter is approximately 27 times lower than
in the matrix with the 10-
m pore diameter. The calculation suggests the importance of the spe-
cific surface of the porous template; if the surface is insufficiently large, an insufficient number of
cells in the wound bed will be bound on the matrix. These considerations suggest a maximum pore
diameter requirement for the template, solely to meet the binding needs of the cells interacting
with it. In the absence of further information, the absolute magnitude of this upper bound for the
pore diameter is determined by experiment.

The discussion above makes it obvious that there is also need for a minimum pore diameter,
about equal to the characteristic diameter of the cells, of order 10 
m, which must migrate inside
the template volume prior to binding on specific sites on its surface. Thus, the specific surface of
a regeneration template, and consequently its average pore diameter, are limited both by an upper
and a lower bound, as observed experimentally (Yannas, 1998; Yannas et al., 1989).

Template Residence Time
The structural parameters discussed in the preceding section were required to make the cell

binding sites on the template accessible to the cells in the exudate. Once such a rendezvous has
been accomplished successfully, the next steps in the function of the template require the exudate–
matrix interaction to be specific enough to yield new physiologic tissue and eventually the entire
organ. While organ synthesis is being pursued at the wound bed the template must leave the site.

A template must be in place long enough for the specific interaction to take place but it must
eventually disappear so as not to interfere with the synthetic process. These considerations are con-
sistent with a template residence time, which has both a lower and an upper bound. The appro-
priate time period is approximately equal to that required for synthesizing relatively mature tissue
at the specific organ site by regeneration. The latter is a priori unknown; it will be taken to be of
the same order as that required to complete the conventional wound healing process at that
anatomical site. At the expiration of this period the template is required to remove itself. Because
the template is a cross-linked network it cannot diffuse away from the reaction site. The simplest
design that can accomplish this disappearing act is one in which the macromolecular network un-
dergoes degradation by enzymes of the wound bed to harmless low-molecular-weight fragments
that diffuse away from the site of organ synthesis. These assumptions lead to the hypothesis of iso-
morphous tissue replacement (Yannas and Burke, 1980; Yannas, 1998):

tb/th � O(1). (3)

In Eq. (3) tb denotes a characteristic time constant for degradation of the template at the tissue
site where a new organ is synthesized with a time constant of th. The ratio of the two constants is
on the order of one, as indicated by Eq. (3).

This hypothesis has received some experimental support from two critical observations. When
the ratio in Eq. (3) was much smaller than one, indicative of a very rapidly degrading template,
the wound healing process resulted in synthesis of scar, as would have been the case if the template
was not there. It was also observed that when the ratio in Eq. (3) was much larger than one, the
template remained in the wound bed as an intractable implant and wound closure by epithelial-
ization did not occur (Yannas and Burke, 1980).

Adjustment of the degradation rate of the ECM analog to satisfy Eq. (3) requires adjustment
of the chemical composition of the ECM analog. Assays have shown that the resistance of the net-
work to degradation by wound bed enzymes, such as the collagenases, increases with its cross-link
density (Yannas, 1981; Yannas et al., 1975b). The cross-linking reaction is simply based on a
process in which the water in the ECM analog is removed below �1 wt%; the result of drastic de-
hydration is formation of interchain amide bonds by condensation (Yannas and Tobolsky, 1967).
The advantage of this process is that no cross-linking agent is used. Additional cross-linking can
be introduced by reaction with glutaraldehyde (Yannas et al., 1980); however, the cross-linked ma-
trix must subsequently be rinsed exhaustively in order to remove traces of the toxic cross-linking
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agent (Yannas et al., 1989). Still a third procedure for increasing the resistance to degradation in-
volves incorporation of a glycosaminoglycan (GAG) in the ECM analog (Yannas et al., 1975a).

Use of three independent methods of adjusting the degradation rate provides substantial de-
sign flexibility. In this fashion the enzymatic degradation rate can be varied over a wide range, pro-
viding implants that, without losing their biological activity during preparation, can be designed
effectively to disappear from the new organ site between a few and several days (skin) or between
a few and several weeks (peripheral nerve). The time constant th varies greatly from one organ site
to the next in the same animal species; if an ECM analog of the same composition is to be stud-
ied in a different site, the network structure must be adjusted accordingly (Yannas et al., 1975a,b,
1989). There is also species-to-species variation: the half-life of the dermis regeneration template
in the full-thickness (full-depth) skin wound in the swine model is 15.5 days but only 7 days in a
similar type of wound in the guinea pig model (Orgill et al., 1996).

Chemical Composition
The chemical composition of the ECM analogs that have induced regeneration is relatively

simple. The analogs used successfully so far have been graft copolymers of type I collagen and a
sulfated glycosaminoglycan. The GAG component has a dual role: on one hand, it increases the
resistance to degradation (Yannas et al., 1975a); on the other, specific GAG components, togeth-
er with type I collagen, appear to possess specific biological activity (Shafritz et al., 1994). The ra-
tio collagen/GAG is adjusted to meet these two requirements and a covalent reaction is employed
to graft the GAG chains onto the chains of the collagen substrate (Yannas et al., 1980).

The mechanistic steps by which the chemical identity of collagen/GAG graft copolymers pro-
motes regeneration are still under study; however, there is sufficient evidence to suggest a nearly
complete hypothesis that is based on the observed association between inhibition of wound con-
traction and regeneration (Yannas, 1998).

It has long been known that the mammalian fetus is capable of regeneration whereas the adult
is not (Mast et al., 1992a,b). A rule of thumb suggests that the third trimester of mammalian ges-
tation is the turning point from wound closure primarily by synthesis of physiological tissues and
organs (regeneration) to closure by wound contraction and scar synthesis (repair). In amphibians,
it has been known that the turning point is metamorphosis from tadpole to young adult (frog)
(Wallace, 1981). Basic information on changes in wound healing behavior with development has
been, however, less available in mammals, primarily due to experimental difficulties in studying
wound healing in mammalian fetal models. The question was tackled in a study of the amphib-
ian frog (Rana catesbeiana), in which wound closure was studied quantitatively during develop-
ment from the larva (tadpole) to the young adult (frog). It was observed that, during larval devel-
opment, wound contraction gradually became more important and regeneration became
increasingly insignificant as a mechanism for wound closure. Following metamorphosis to the
young adult, skin wounds closed by a combination of contraction and synthesis of scar tissue
whereas regeneration did not contribute to wound closure (Yannas et al., 1996). These observa-
tions supported the presence of an antagonistic relation between wound contraction and regener-
ation.

Other studies have suggested that effective inhibition of wound contraction is necessary for
dermal regeneration in full-thickness skin wounds in the guinea pig (Yannas, 1981; Yannas et al.,
1982, 1989). In these studies it was shown that contraction was inhibited strongly by grafting the
wound with an ECM analog with very specific structure (eventually named the dermal regenera-
tion template because it was observed that it induced regeneration of a nearly physiological der-
mis); even slight deviations from the structure of the DRT led to strong contraction. Such data
cannot be explained by hypothesizing that the DRT acted as a mechanical splint that physically
hindered contraction; several other ECM analogs, differing slightly in structure and with me-
chanical stiffness that was either somewhat higher or lower than that of the DRT, were incapable
of inhibiting contraction in the same animal model. Rather, the observations with ECM analogs
support further the hypothesis that wound contraction and spontaneous regeneration are mutu-
ally exclusive phenomena (Yannas, 1998).

Wound contraction is mediated partly by migratory fibroblasts and partly by contractile fi-
broblasts (CFBs) (Rudolph et al., 1992). An early hypothesis has suggested that the DRT inhibits
contraction by disrupting the large-scale organization of the CFB population, which is involved
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in formation of a three-dimensional network, capable of supporting contractile mechanical stress-
es across the macroscopic wound bed (Yannas, 1988; Murphy et al., 1990). But how does the tem-
plate interfere with formation of this hypothetical network at the scale of the cell? This question
has been answered in terms of the specific cell–matrix interactions that are entered into between
the CFB and the binding sites on the DRT. It is known that fibroblasts bind to naturally synthe-
sized ECM by formation of highly specialized transmembrane links, involving integrins, which are
referred to as fibronexi (Hynes, 1990). Accordingly, it has been suggested that the strong contrac-
tion-inhibiting activity of the DRT consists in establishing early connections with contractile cells
of the wound bed, thereby preventing eventual formation of cell–ECM connections (fibronexi).
By doing so, the DRT inhibits the function of the endogenous ECM, which is synthesized long
after the DRT has been grafted, and thereby prevents the formation of an organized CFB network
that is capable of contraction (Yannas, 1998). However, the identity of binding interactions be-
tween CFBs and the ECM analogs are still not well understood. Although the mechanistic hy-
pothesis presented above has been based primarily on data from skin wounds, there is evidence
that similar considerations apply in peripheral nerve wounds as well (Chamberlain et al., 1998a).

EXAMPLES OF IN VIVO ORGAN SYNTHESIS

Skin Regeneration Template
In vivo synthesis of a partly physiological skin organ using the dermis regeneration template

has been demonstrated clinically with a population of massively burned patients (Burke et al,.
1981; Heimbach et al., 1988) following extensive studies with animal models (Yannas et al.,
1975a,b, 1981, 1982). Patients with loss of a substantial fraction of total body surface area (TBSA)
face an immediate threat to their survival, originating mainly in the loss of their epidermis. One
result of this loss is an increase by an order of magnitude of the moisture evaporation rate from
the body, which, if left uncorrected, leads to excessive dehydration and eventually to shock. An-
other result is a sharp increase in risk for massive bacterial infection, which, if allowed to progress,
frequently resists treatment and leads to sepsis. Even when patients manage to survive these im-
mediate threats there is a residual serious problem of quality of life, originating in the occurrence
of crippling contractures and disfiguring scars, both of which are sequels of the normal repair
process. Conventional treatment is based on use of autografting, which yields excellent results at
the treatment site but which is burdened by the trauma caused at the donor site as well as by the
unavailability of donor sites when the TBSA exceeds about 40–50%.

Of the two major tissue types that together comprise skin, the epidermis regenerates sponta-
neously provided there is a dermal substrate underneath. The dermis does not regenerate sponta-
neously in the adult. In clinical studies of the DRT, the latter has been used as a cell-free device
and has induced regeneration of the dermis, thereby providing the essential substrate for sponta-
neous regeneration of the epidermis. A keratinocyte-seeded DRT that induces simultaneous for-
mation of a dermis and an epidermis in the guinea pig model has been referred to as a skin re-
generation template (SRT); however, the evidence has since suggested that the DRT does not
require seeding with cells prior to grafting in order to induce regeneration of the dermis in the
swine model, which is much more similar to the human than the guinea pig mode. Following der-
mis regeneration by the unseeded DRT, epidermal cells from the wound edges migrate into the
center of the wound and form a mature epidermis (Orgill et al., 1996). In summary, although the
seeded DRT induces simultaneous regeneration of skin in the guinea pig model, the unseeded
DRT induces sequential regeneration of skin in the swine model. The kinetics of simultaneous re-
generation do not depend on the size of the wound whereas those of sequential regeneration do;
accordingly, the cell-seeded DRT would appear to be more useful in a clinical setting, where speed
of wound closure is of essence. However, the data suggest that in vivo synthesis of skin does not
require anything more than the DRT, and the latter directly induces synthesis of the dermis only;
this explains the use of the term DRT in place of SRT.

The DRT is used as a bilayer device, consisting of an inner layer of the active ECM analog
and an outer layer of elastomeric poly(dimethyl siloxane). The layer of silicone is removed about
2 weeks after grafting the device, having served the important temporary role of controlling mois-
ture flux and bacterial invasion at the site of organ synthesis (wound bed) as well as allowing han-
dling, including cutting and suturing, by the surgeon. The structure of the DRT comprises a col-
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lagen:chondroitin 6-sulfate ratio of 98:2; lower and upper bounds of pore diameter of 20 � 4 
m
and 125 � 35 
m, respectively; and lower and upper bounds of residence time in the wound bed
of 5 and 15 days, respectively (Yannas et al., 1981, 1982, 1989). Clinical use of the DRT has em-
phasized treatment of patients with massive burns as well as those who require resurfacing of large
or small scars from burns. With wounds of relatively small characteristic dimension, e.g., 1 cm,
epithelial cells migrating at speeds of order 0.5 mm/day from each wound edge can provide a con-
fluent epidermis within 10 days. In such cases, the unseeded template fulfills all the design speci-
fications set above for in vivo organ synthesis. However, the wounds incurred by a massively burned
patient are typically of characteristic dimension of several centimeters, often more than 20–30 cm.
These wounds are large enough to preclude formation of a new epidermis by cell migration alone
within a clinically acceptable time frame, say 2 weeks. Current clinical protocol favors use of a very
thin autoepidermal graft, thin enough not to leave behind a scarred donor site, to cover the neo-
dermis (Burke et al., 1981; Heimbach et al., 1988; Spence, 1998).

Nerve Regeneration Template
Loss of peripheral nerve function typically involves the loss of innervation in the arms, legs,

or face, leading to loss of motor and sensory function (paralysis). A common cause of loss of nerve
function is accidental mechanical trauma or surgery. In a well-studied experimental model of in-
jury, the nerve trunk is cut along the entire diameter (transection) and the two stumps are insert-
ed in a tube, usually made of silicone elastomer, other synthetic polymers, or, more recently, col-
lagen (Lundborg, 1987; Archibald et al., 1995; Valentini and Aebischer, 1997; Chamberlain et al.,
1998b).

The length of the gap that separates the stumps in the tubulated rat model can be adjusted
and is an important experimental variable that controls the probability of success in a regeneration
process (Lundborg et al., 1982a). It has been observed that spontaneous elongation of the con-
ducting fibers (axons) along the gap is complete, leading to some recovery of function, when the
gap length is not much larger than about 5 mm; in contrast, the probability of regeneration is zero
when the gap length is as large as 15 mm. This information allows the experimenter to estimate
the extent of spontaneous (background) regeneration in the tubulated gap model at about 5 mm;
therefore, any recovery of function that occurs across a gap much longer than that can be consid-
ered to result from induced regeneration. In practice, a gap length of 15 mm in the rat sciatic nerve
is somewhat too large to place in the femur of the rat and, for this reason, a 10-mm gap length has
been used extensively and has yielded reliable data provided that the appropriate controls have been
used to separate out spontaneous from induced regeneration.

A wound in the sciatic nerve is experimentally attractive because the loss of function is limit-
ed primarily to contraction of the plantar muscle in the foot; loss of function or recovery from loss
can, accordingly, be monitored by measuring the velocity or amplitude of an electric signal that is
experimentally transmitted along the sciatic nerve (Madison et al., 1992). Unlike currently avail-
able procedures for monitoring the recovery of skin function following full-thickness loss, this elec-
trophysiological procedure provides for convenient and minimally invasive monitoring of the ki-
netics of recovery over almost the entire period of healing. Use of electrophysiological procedures
has shown that recovery of peripheral nerve function following transection of the rat sciatic nerve
extended to beyond 2 years. This lengthy period appears necessary for the slow turnover (remod-
eling) processes inside the nerve trunk that lead to increase in diameter of conducting fibers (ax-
ons) and result in slow but critical increases in conduction velocity (Chamberlain et al., 1998b).
On the other hand, the characteristic time constant for the short-term healing events at the site of
the transection that lead to wound closure appear to extend to about 6–10 weeks, clearly longer
than the time constant for healing in skin, which is about 1.5 weeks (Table 15.1).

The nerve regeneration template (NRT) has typically been studied in a wound bed formed
by excising either a 10-mm or a 15-mm gap in the sciatic nerve of the rat. Early versions of the
NRT inserted inside a silicone tube led to the first evidence of substantial regeneration across a
gap of 15 mm in the rat sciatic nerve (Yannas et al., 1987). The device incorporating the NRT is
a collagen tube filled with the porous ECM analog, which has chemical composition similar to
that of the DRT. The similarity between the templates ends there. The average pore diameter of
the NRT is 5 
m, an order of magnitude smaller than the middle of the range 20–120 
m for
pore diameter in the DRT. The residence time is on the order of 6–8 weeks, much shorter than
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that for the DRT (about 15 days). Finally, the pore channels of the NRT are highly aligned along
the tube axis rather than being randomly oriented, as with the DRT (Chang and Yannas, 1992).
The differences between the two templates are highlighted in Table 15.1.

Nerves regenerated in animals with use of the NRT have shown recovery of the velocity of
electric signal transmission to an extent of 70% of physiological value. However, recovery of sig-
nal amplitude has reached only between 20 and 40% of the intact tissue (Chamberlain et al.,
1998b). Neurological studies of performance of regenerated nerves are not complete and it is not
yet possible to deduce the extent of recovery of physiological walking behavior (gait).

Regeneration of the Knee Meniscus
Joint stabilization and lubrication, as well as shock absorption, are the main functions of the

knee meniscus. Its structure is that of fibrocartilage, distinct from that of articular cartilage, con-
sisting primarily of type 1 collagen fibers populated with meniscal fibrochondrocytes. As in artic-
ular cartilage, the architecture of collagen fibers is complex. The shape of the meniscus suggests
one-half a doughnut, in which the collagen fibers are arranged in a circumferential pattern that is
additionally reinforced by radially placed fibers. Meniscus tearing occurs often during use, caus-
ing pain and dysfunction. The accepted treatment is partial or complete excision of torn tissue;
however, the result is often unsatisfactory, because the treated meniscus has an altered shape that
is incompatible with normal joint motion and stability. In the long term such incompatibility leads
to joint degeneration, eventually leading to osteoarthritis, a very painful condition.

Regeneration of the surgically removed meniscus was induced following surgical deletion (ex-
cision) of the torn segment, amounting to about 80% of total mass, and implantation of a device
that was based on a graft copolymer of type I collagen–chondroitin 6-sulfate copolymer (Stone et
al., 1989, 1990). The precise structural parameters of this matrix have not been reported in the
literature, so it is not possible to discuss the results of this study in terms of possible similarities
and differences with the DRT and NRT. The experimental study was based on the canine knee
joint, which is particularly sensitive to alterations of structure that lead to biomechanical dys-
function. In this model, joint instabilities rapidly deteriorate to osteoarthritic changes, which can
be detected experimentally. The canine meniscus regenerates poorly following excision, resulting
in a biomechanically inadequate tissue that does not protect the joint from osteoarthritic changes.
In one animal study, knee joints were subjected to resection of the medical meniscus and the le-
sion was treated either by an autograft or an ECM analog, or was not treated at all. Joint function
was evaluated by studying joint stability, gait, and treadmill performance, and extended over 27
months. No evidence was presented to show that the structure of the ECM analog was optimized
to deliver a maximal regenerative effect. Two-thirds of the joints implanted with the ECM analog,
two-thirds of the joints that were autografted, and only one-fourth of the joints that were resect-
ed without further treatment showed regeneration of meniscal tissue. These results were inter-
preted to suggest that the ECM analog supported significant meniscal regeneration and provided
enough biomechanical stability to minimize degenerative osteoarthritis in the canine knee joint
(Stone et al., 1989, 1990).

The feasibility of extending this treatment to humans was studied using patients with either
an irreparable tear of the meniscal cartilage or a major loss of meniscal cartilage. Patients remained
in the study for at least 36 months. Irreparably damaged meniscal tissue was first deleted and the
ECM analog was implanted in its place. Regeneration of meniscal cartilage was observed at 
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Table 15.1. Structural properties of two regeneration templates

Design parameter of
Regeneration template

ECM analog Dermis Nerve

Residence time, weeks 1.5 6–8
Average pore diameter, 
m 20–120 5
Pore channel orientation Random Axial



the site of implantation with the ECM analog while the template was undergoing degradation.
The results were compared with those obtained with another group of patients who had been sub-
jected to meniscectomy (removal of damaged meniscal tissue without the treatment), during the
same period of observation. Patients who were implanted with the ECM analog showed signifi-
cant reduction in pain as well as greatly improved resumption of strenuous activity relative to the
untreated control group (Stone et al., 1997).

SUMMARY
Studies have examined the process by which tissue and organs can be synthesized in vivo

through use of ECM analogs; this process is also referred to as induced regeneration. Although
several ECM analogs have been studied, only one of these, specified by a narrowly defined struc-
ture, has been shown to be capable of partial regeneration of skin in full-thickness skin wounds in
animal models and in humans. Another ECM analog with a structure that has been specified equal-
ly narrowly has partially regenerated nerves over very large distances. The structural specificity of
these templates appears to be related to the requirement for inhibition of wound contraction pri-
or to the incidence of regeneration.
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Organotypic and Histiotypic
Models of Engineered Tissues

Eugene Bell

INTRODUCTION

Work with intact tissues or tissue fragments in the form of organ cultures has had a long histo-
ry in experimental embryology in studies devoted to causal relationships between different

tissues on which the emergence of differentiated structures depend. It has been recognized that al-
though two-dimensional cell cultures usually lose the characteristic histologic organization and
most of the physiologic functions of the original tissue, organ cultures retain both, and can per-
mit the process of development to unfold. But organ culturing in experimental embryology, un-
like cell culturing, has consisted of explanting organ anlage, or pieces of intact tissue precursors,
under conditions that preserved tissue integrity and discouraged cells from moving out of the ex-
plant and from engaging in DNA synthesis in preparation for cell division. Stability of the organ-
cultured explant can be attributed, in large measure, to the matrix scaffolds with which the cells
in tissues are associated. What cells do in organotypic explants, is for a large part, regulated by in-
structive scaffolds, already embedded in the extracellular matrix (ECM), and by the flow of infor-
mation between different contiguous tissues through the ECM. Adequate nutrient medium and
physical forces that act on scaffolds and cells may play a role in determining the maintenance and
developmental potential of an explant. The disadvantages of organ cultures include their short life,
their tendency to undergo central necrosis, the occurrence of vascular occlusion, and the difficul-
ty of preparing standard models, because no two explants are identical.

An alternative approach to the study of tissues in vitro consists of reconstituting stable spe-
cific tissues with scaffolds, into which cells of the tissue of origin are seeded (Bell et al., 1979). The
key requirements for constituting standard models are the appropriate matrix scaffold and a source
of cells. Signals may be provided by cells capable of generating them and/or by the addition of sig-
nals added to the scaffold or to the culture medium to induce mitogenesis, tissue morphogenesis,
and differentiation. Also important may be the application of forces that tissue development re-
quires and, insofar as they are known, the medium or media and other conditions of culture need-
ed to promote survival in vitro. The result can be the fabrication of standardized models that close-
ly resemble actual tissues in many respects.

THE COLLAGEN GEL MODEL
A generic collagen gel model of a two-tissue, or organotypic, system is shown in Fig. 16.1.

The model uses a collagen gel scaffold prepared by combining, in the cold, a neutralized 0.3–1.0
mg/ml solution of acid extracted collagen with medium, serum, and mesenchymal cells (Bell et
al., 1979)—dermal fibroblasts, for example, if the goal is to fabricate a skin equivalent. The bac-
teriological petri plate or other vessel, to which cells do not attach, into which the mix is poured,
is incubated at 37�C in a 5% CO2 incubator. The collagen polymerizes, when neutralized and
warmed, forming a lattice of fine fibrils, 10–20 nm in size, which trap fluid. The result is a gel in
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which the previously added cells are distributed. The mesenchymal cells in the gel extend and at-
tach podial processes to the collagen fibrils and withdraw the processes with the attached fibrils
toward the cell body. As the fibrils are bundled by the cells, fluid is squeezed out of the lattice. The
process of gel contraction, known as syneresis, can reduce the size of the collagen lattice 30- to 40-
fold, depending on the cell and collagen concentration used. The condensed gel is tissuelike in its
consistency, providing a substrate on which epithelial, endothelial, or mesothelial cells may be plat-
ed. What has been described in the foregoing sequence is the formation of an untethered gel, be-
cause the tissue equivalent releases from the plate and floats. Tethered gels can be prepared by cast-
ing the initial cell–collagen–medium mix in a tissue culture plate or vessel, or, cell-seeded pregel
mixes can be poured into chambers in which a peripheral grab-rail is provided, around which gels
can form to provide a holdfast, limiting contraction to one dimension (Bell et al., 1989; Bell,
1995a). It was found that restrained tissue equivalents were two to three times stronger than un-
restrained tissues and that biosynthesis of collagen by dermal fibroblasts under restrained condi-
tions was greater than that under unrestrained conditions, possibly related to prostaglandin E2
(PGE2) output by resident cells, because PGE2 inhibits collagen biosynthesis. PGE2 is produced
at about half the level, by cells in restrained tissues, of that produced by cells in unrestrained tis-
sue equivalents. Weinberg and Bell (1986) used velcro to restrain the ends of cell-seeded tubular
gels that contracted only in the thickness mode.

Porter et al. (1998) have studied the mechanisms of gel contraction in restrained and unre-
strained gels and attribute contraction in the former to cell migration through the gel. They point
out that how a cell behaves in a tissue depends on the mechanical signals it receives from the ma-
trix. The self-organization of tissue equivalents and the movement of cells within collagen gels have
been reviewed (Tranquillo, 1999).

MODELS OF CELL INTERACTIONS IN COLLAGEN LATTICES
Coculturing interactive tissue-specific subsets of cells that are combined in an appropriate

scaffold will be reviewed in an exemplary way. We will focus first on the skin, because it has been
used to model developmental, immunologic, and pathologic events. We will touch on other mod-
els by tissue type and discuss other forms of collagen scaffolds and techniques used, in addition to
gels, for building tissue and organ models.

The Skin Equivalent as a Developmental Model
As long ago as 1963, Dodson, in Honor Fell’s laboratory in Cambridge, isolated dermis from

the metatarsus of 12-day chick embryos and subjected it to freeze–thaw cycles before combining
it with epidermis that alone was unable to differentiate. Although it lacked living cells, the frozen–
thawed dermis, constituting a structurally intact scaffold and probably rich in growth and differ-
entiation factors, was sufficient to support keratinocyte differentiation in vitro. A control, con-
sisting of heat-killed dermis, failed to promote keratinocyte differentiation. Similar combinations
using adult acellular dermis and keratinocytes, made many years later (Heck et al., 1985; Cuono
et al., 1987), were used successfully as transplants to patients requiring skin.

The first skin consisting of “living” dermis and epidermis reconstituted from cultivated cells
and collagen scaffolding (Bell et al., 1979, 1981, 1983) was shown to undergo virtually complete
differentiation in vitro, lacking, however, pigment, sweat glands, neurogenic elements, a micro-
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Fig. 16.1. Formation of tissue
equivalent. A generic collagen
gel model of a two-tissue system.



circulation, and hair follicles. The model can be reproduced faithfully and be kept alive in vitro for
months, at least. Although collagenolytic activity is high in young dermal equivalents (Nusgens et
al., 1984; Rowling et al., 1990), possibly associated with tissue remodeling, it has been observed
that the resistance of dermal equivalents to breakdown by collagenase is greatly enhanced by 30
days of cultivation in vitro, suggesting that extensive cross-linking (probably by cell-secreted lysyl
oxidase) of the collagen fibrils has occurred, as shown by Rowling et al. (1990). Continued differ-
entiation of the model in vitro and the resemblance of cells in the matrix to their in vivo counter-
parts, rather than to cells grown on plastic in two dimensions, are distinguishing features
(Coulomb et al., 1983). Collagen processing by cells grown on two-dimensional (2D) substrates
is known to be deficient in that the exported molecule retains the procollagen C- and N-terminal
telopeptides normally cleaved by peptidases (Freiberger et al., 1980). In the collagen lattice scaf-
fold, processing and subsequent polymerization, for which it is a requirement, proceed normally
(Nusgens et al., 1984).

Populating matrix scaffolds, other than collagen lattices (gels), with dermal fibroblasts to pro-
duce dermal equivalents followed the introduction of the original work that reported the fabrica-
tion of both dermal and skin equivalents (Bell et al., 1979, 1981). Materials used include nylon,
Vicryl (Hansbrough et al., 1993), and Biobrane (Hansbrough et al., 1994). The commercial prod-
uct Dermagraft (Advanced Tissue Sciences) uses the technique of seeding the Vicryl scaffold with
allogeneic fibroblasts.

With the contracted dermal equivalent overplated by keratinocytes, the time required to con-
stitute a skin model is 14 to 21 days, in the course of which at least three different media may be
used: (1) An initial medium supports the contractile activity of the mesenchymal cells (dermal fi-
broblasts) until an equilibrium size is attained and no further contraction occurs. The process of
contraction takes about 4 days. (2) At that time a second medium is applied and keratinocytes are
plated on the surface of the dermal equivalent. To promote keratinocyte proliferation, low con-
centrations of Ca2�, epidermal growth factor (EGF), and an up-regulator of cyclic AMP are re-
quired. (3) A third medium is used during the second phase of epidermal development, calling for
high [Ca2�] and air-lifting to expose the epidermis to the atmosphere to induce keratinization and
differentiation of a stratum corneum (Parenteau et al., 1991; Bell et al., 1991). The skin equivalent
can be populated with melanocytes (Topol et al., 1986) by plating them on the cell-populated der-
mal equivalent before the application of keratinocytes. Each melanocyte services about 20–30 sur-
rounding keratinocytes, leading to skin pigmentation in vitro. Pigment passes into keratinocytes
through a melanocyte podial process that has made contact with the keratinocyte plasma mem-
brane.

The Skin Equivalent as an Immunological Model
The skin equivalent can be constituted with cultivated parenchymal cells free of any subsets

of immune cells normally found in the dermis and epidermis. Using the X chromosome as a ge-
netic marker, female cells are used to make up skin equivalents, which are then transplanted to
male hosts across a major histocompatibility barrier, e.g., from Brown Norway to Fisher rats. Sher
et al. (1983) demonstrated in the rat model, by karyotyping cells grafted in skin equivalents, that
allogeneic fibroblasts were not rejected. It has been reported that clinical trials of skin equivalents
made up with human allogeneic keratinocytes as well as allogeneic fibroblasts do not provoke an
immune reaction in recipients (Parenteau et al., 1994). The model should be a valuable tool for
determining the roles played by cells of the immune system and the microcirculation in allograft
rejection of actual skin. It should allow use of cells of any genotype and of human origin to study
genetic abnormalities, as well as the contribution of specific genetic loci to skin development by
transplanting skin equivalents to immunodeficient rodents.

The Skin Equivalent as a Disease Model
Because either normal or aberrant skin cells can be incorporated into skin equivalents, mod-

els of disease states can be fabricated. A psoriasis model was fabricated to test the contribution of
psoriatic dermal fibroblasts to the expression of features of the disease in vitro (Saiag et al., 1985).
A button of normal keratinocytes suspended in medium was plated in the centers of dermal equiv-
alent disks constituted with normal human or psoriatic dermal fibroblasts, and the rate of spread-
ing of keratinocytes over the dermal substrate was measured. It was observed that the psoriatic fi-
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broblasts induced hyperproliferation and greater spreading of keratinocytes compared with the
growth and spreading induced by control fibroblasts, suggesting that dermal cells may play a role
in the progress of the disease (Fig. 16.2).

In addition to the study of psoriasis, and other epidermal diseases such as epidermolysis bul-
lous, the model should provide an in vitro basis for studying dermal connective tissue disorders,
including dermatosparaxiis and sclerosis. It is obvious that any pair of populations of mesenchy-
mal cells and epithelial cells, of which one or both is diseased or aberrant, can be used in the three-
dimensional coculturing system for studying the expression of features of the disease and testing
modalities of treatment.

The Skin Equivalent as a Wound Healing Model
Two-tissue skin models can be used in vitro to analyze the role of dermis in epidermal wound

healing (Bell and Scott, 1992). After constituting a differentiated skin equivalent in a 24-mm mul-
tiwell well-plate insert, a central disk of the skin is removed with a punch (Fig. 16.3). The acellu-
lar layer of collagen in contact with the membrane of the insert is replaced and the remainder of
the gap is filled with a collagen scaffold to the level of the interface between the dermis and epi-
dermis. The rate of overgrowth of the neodermis by keratinocytes and the development of the epi-
dermis can be taken as measures of the effectiveness of the design of neodermis as an interacting
substrate. The wound healing model can accommodate acellular dermal scaffolds with or without
signals to test their effectiveness in attracting dermal fibroblasts from the surrounding matrix.

OTHER TYPES OF EPITHELIAL–MESENCHYMAL MODELS
A generic model for many types of epithelial–mesenchymal combinations is schematized in

Fig. 16.1. Tables 16.1 and 16.2 suggest only some of the combinations for organotypic cocultur-
ing. Many others are possible. We are not suggesting that combinations need be restricted to ep-
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Fig. 16.2. Disease model. Normal
keratinocytes are plated within an
8-mm-diameter circle of a 24-
mm-diameter collagen lattice
seeded with normal or psoriatic
dermal fibroblasts. Keratinocyte
growth and spreading are fol-
lowed. Psoriatic fibroblasts are re-
sponsible for hyperproliferation of
keratinocytes.

Fig. 16.3. Wound healing model.



16 Organo/Histiotypic Models 185

Table 16.1. Partner tissues for the reconstitution of organ-equivalent models

Nervous
glandular

Tissue type Epithelial Endothelial immune Mesenchymal Ref.

Skin Keratinocytes, — — Dermal fibroblasts Bell et al.
melanocytes (1979, 1981);

Topol et al. 
(1986)

Skin HaCaT cells, — — Dermal fibroblasts Schoop et al.
keratinocytes (1999)

Cornea Epithelium Endothelium — Corneal fibroblasts Minami et al.
(keratocytes) (1993)

Blood–brain — Endothelium Monocytes Pericytes, Bell et al. (1990),
barrier fibroblasts Beigel and 

Pachter (1994)
Bronchial Bronchial — — Bronchial wall Zhang et al. (1999)

wall epithelium myofibroblasts
Laryngeal Laryngeal — — Lamina propria, Yamaguchi et al.

mucosa epithelium fibroblasts (1996)
Gut Mucosal cells — — Fibroblasts, Montgomery 

smooth muscle (1986)
cells

Vascular — Endothelium — Smooth muscle Weinberg and
cells, advential Bell (1986)
fibroblasts

Vascular — Somatostatin gene — Transferred to Sarkar et al. (1999)
from vascular vascular 
endothelium smooth muscle

Nerve — — Neurons, motor Glial cells Bergsteinsdottir
neurons, cells et al. (1993),
of floorplate, Guthrie and Pini
neural precursor (1995),
cells Tomooka et al.

(1993)
Nerve — — Microglia and Zietlow et al.

embryonic (1999)
dopaminergic
neurons

Capillary Epithelium from — — Adipocytes, Mori et al. (1989)
networks bone marrow fibroblasts

from bone
marrow

Capillaries Aortic endothelium — — Pericytes Akita et al. (1997)
Pancreatic — — Islet glandular Islet fibroblasts Lanza et al.

islets cells (1995), Soon-
Shiong et al.
(1993)

Blood–brain — Endothelium Monocytes Pericytes, Bell et al. (1990)
barrier fibroblasts Beigel and 

Pachter (1990)
Hair follicles Hair follicles — — Dermal fibroblasts Rogers et al.

(1988)
Thyroid Glandular epithelium — — Thyroid fibroblasts Bell et al. (1984)



ithelial–mesenchymal combinations. For example, interactions between populations that are
coderivatives embryologically can also be modeled in a three-dimensional system in vitro. In the
development of the nervous system both attractive and repellent signals guide the course of axons
en route to end point targets (Guthrie and Pini, 1995). The authors seeded a collagen gel scaffold
with two components, either ventral explants of rat hind brain or spinal cord and floor plate ex-
plants from which the former tissues were separated in the scaffold gel. It is shown that outgrowth
of motor axons from aspects of hind brain or cord that faced the plate were greatly reduced, sug-
gesting that diffusible factors from the floor plate can exclude motor axons from certain regions of
the developing nervous system. The existence of chemorepellants as well as chemoattractants has
been discussed (Research News, 1995). They divide into at least two families of proteins, netrins
and semaphorins, responsible for growth cone guidance. It is suggested that a single factor can in-
duce attraction or repulsion, depending on the cells involved.

VASCULAR MODELS

Vascular Models with Cells Added
Vascular models that examine the effect of shear and other forces on monolayers of endothe-

lial cells in vitro have been developed by Nerem et al. (1993), who have shown that the rate of en-
dothelial cell proliferation is decreased by flow and that entry of cells into a cycling state is inhib-
ited. They point out the limitations of the 2D system because the important component of cyclic
stretch of basement membrane, which the endothelium normally synthesizes and on which it rests,
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Table 16.2. Models consisting of a single cell type in or on a matrix scaffold

Cell type Type of scaffold Ref.

Adipocytes Collagen gel Kagan and Bell (1989)
Primary mammary Collagen Lee et al. (1985)

epithelia Englebreth–Holm Streuli et al. (1991)
Swarm tumor matrix

Liver cells Collagen gel sandwich Yarmush et al. (1992),
Toner et al. (1993), 
Bader et al. (1995)

Liver cells Polyvinyl alcohol Kneser et al. (1999),
Poly(lactic acid)– Mooney et al.
poly(glycolic) acid (1994), Shakado
copolymer et al. (1995)

Type I collagen gel � Takeshita et al. (1995)
laminin or Matrigel Nishikawa et al. (1996)

Hollow Fiber �
collagen gel,
collagen gel

Bladder Non-woven Atala et al. (1992)
urothelium polyglycolic acid

Chondrocytes Alginate beads Puelacher et al. (1994)
Bipolymer Hauselmann et al. (1994)
Collagen gel Wakitani et al. (1998)

Mesenchymal stem cells Ceramics Dennis et al. (1992)
(osteoblasts)

Endothelial cells Collagen gel � bFGF Vernon and Sage (1999)
or vascular endothelial 
growth factors

Keratocytes Collagen gel � SPARC cells Mishima et al. (1998)
Ocular fibroblasts Collagen gel Porter et al. (1998)
Bone marrow stromal cells Gelatin sponge Krebsbach et al. (1998)



is absent. They suggest that a coculture system in which the endothelium is supported on smooth
muscle tissue would be superior for providing a more physiologic environment. Such a system was
developed by Weinberg and Bell (1986), who showed that a basal lamina was laid down between
the endothelium and the contiguous smooth muscle tissue, cast in the form of a small-caliber tube
in vitro. Fabricating the vessel was a three-step procedure. The first tissue layer cast around a small-
caliber mandrel was a smooth muscle cell media, whose ends were anchored in a velcro cuff or held
fast by ridges and grooves in the mandrel until radial contraction made space for bands that were
secured around the ends. Hence the mechanical restraint imposed on the contracting tube allowed
contraction to occur radially but not longitudinally, because each end of the vessel equivalent was
held fast. The second tissue layer cast was the adventitia surrounding the smooth muscle media.
To make room for it, the fluid expressed from the collagen gel scaffold was drawn out of the cast-
ing tube, and the mixture of adventitial fibroblasts suspended in medium containing neutralized
collagen was introduced into the space between the media and the wall of the cylindrical casting
chamber. After the adventitia had contracted radially but not longitudinally, because the media
provided a frictional surface that prevented it, the mandrel was extracted, leaving a lumen of the
tissue tube that was filled with a suspension of endothelial cells. The cells came to rest on the in-
ner surface of the media as the tube was rotated.

Histologic analysis showed that the smooth muscle cells of the media were oriented in paral-
lel with the long axis of the tissue tube that had formed, rather than circumferentially, as they dis-
pose themselves in vivo. By modifying the foregoing procedure to allow the forming vessel to con-
tract freely in its length (L’Heurex et al., 1993; Hirai et al., 1994), simply by eliminating the
restraining ties at the ends of the mandrel, the smooth muscle cells orient circumferentially as they
do in vivo. Similar results are obtained by applying pulsatile pressure, causing the media of the ves-
sel to expand radially (Kanda et al., 1993). Another method (Tranquillo et al., 1996) is based on
the observation that polymerizing collagen fibrils align in a magnetic field (Torbert and Ronziere,
1984). By orienting the model devised by Weinberg and Bell (1986), in which the ends of the de-
veloping vessel are tethered, with its long axis parallel to a strong magnetic field during fibriloge-
nesis, it has been shown that collagen fiber orientation is circumferential. The fiber orientation
provides contact guidance for smooth muscle cells that encircle the vessel in a direction perpen-
dicular to its length. The use of the new models in experimental animal systems should provide
an opportunity to validate their design. Although the more normal organization of the cells of the
media should reduce the excessive compliance of the structure that resulted from the longitudinal
orientation of the smooth muscle cells, the degree of benefit is still a concern that should be re-
solvable in animal model trials. The collagen gel lattice may not provide the structural resistance
typical of an actual artery, but other collagen scaffolds may (Bell, 1995b). It should also be possi-
ble to manipulate in vitro conditions by enriching scaffolds with instructive molecules able to in-
duce differentiation of the elastic lamina normally present in arteries.

Vascular Models without Cells
Vascular prostheses constructed from Dacron and other synthetics have been in use for many

years but are known to elicit persistent inflammatory reactions and to become occluded. The ther-
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Table 16.3. Acellular models consisting of a matrix scaffold but expected to attract or be
populated by host cells

Cell type Scaffold type Ref.

Endothelial, smooth muscle, Submucosa, including stratum Sandusky et al. (1992)
adventiyial fribroblast compactum of the jejunum

Same as above Polyurethane � poly(L-lactic acid) Leenslag et al. (1988)
Same as above Poly(tetrafluoroethylene) van der Lei et al.

(1991), Stronck
et al. (1992)



mosetting polymers are not biodegradable and do not integrate with host tissues, but some suc-
cesses have been reported under limited conditions in experimental animals (Table 16.3). For the
foregoing reasons, other acellular materials have been proposed and tried as arterial substitutes.
Animal tissues that resemble arteries have been used with some success, in particular, the porcine
small intestine (Sandusky et al., 1992). The mucosal cells are scraped off the luminal side and the
muscular layers are removed from the abluminal side, leaving the stratum compactum, a dense,
highly organized fibrillar collagen matrix and the looser connective tissue of the mucosa. The ma-
terial can be used as a scaffold for cells in vitro and has been used in animal experiments. In vivo,
it is invaded by capillaries that contribute cells that provide an intima, whereas smooth muscle cells
migrating from the anastomoses provide a media.

SELECTION OF SCAFFOLDS OTHER THAN GELS 
FOR MODEL SYSTEMS

A rationale for the selection of collagen scaffolds for tissue engineering has been presented
elsewhere (Bell, 1995b). Because in vitro models of promise usually lead to trials in experimental
animals, which are costly, the argument for the use of a scaffolding material with the evolutionary
success credentials of the collagen polymers is strong. Hence we focus on the variety of forms of
collagen scaffolds that can be assembled in the laboratory. In addition to gels, foam, fiber, and
membrane scaffolds are mentioned.

Collagen Foam Scaffolds
Collagen foams (often called sponges) were early described by Chvapil (1977). Collagen

foams are fabricated by freeze-drying a solution of collagen placed in a mold of some desired con-
figuration. The collagen concentration can be of the order of 1–5 mg/ml. Results depend on the
mold design and the choice of freeze–dry cycle. The foams produced should have communicat-
ing compartments between 50 and 100 
m in cross-section, and should be free of a surface skin,
which will interfere with cell seeding. Foams made from monomeric collagen solutions are frag-
ile, but nonetheless can be seeded with cells without having been cross-linked. Like gels, uncross-
linked or mildly cross-linked foams are readily contracted by mesenchymal cells. Unlike collagen
gels, they do not restrict cell division because cells in the foam compartments occupy surfaces,
whereas cells in gels are completely surrounded by collagen matrix. After physical or chemical
cross-linking [ultraviolet (UV) light, for example] of sufficient intensity and duration, foam scaf-
folds become resistant to contraction by tissue cells and exhibit decreased or increased resistance
to breakdown by collagenase, depending on the cross-linking regimen. Cross-linking with alde-
hyde produces resilient material but destroys all biologic information intrinsic to collagen poly-
mers.

Foams have been used for the fabrication of numerous tissue types. Sabbagh et al. (1998) have
shown that the growth and stratification of urothelial cells occur on the collagen foam and con-
clude that the tissue formed is suitable for grafting. The foam scaffold seeded with bone marrow
cells lends itself to medium perfusion, which improves cell survival and differentiation (Glowacki
et al., 1998). MacPhee et al. (1994) have used foams as a means of harvesting organ-derived en-
dothelial cells by coating foams with fibroblast growth factor-1 (FGF-1) and implanting them in
the skin, peritoneum, abdominal mesentery, epimysium, liver, and spleen. Single cells, of which
25% were endothelial, were obtained after collagenase digestion and further concentrated to ob-
tain cultures of high purity. Swope et al. (1997) have produced skin equivalents using collagen
foams as a dermal scaffold seeded with dermal fibroblasts. Scaffolds were overplated with ker-
atinocytes after mixing with a measured number of melanocytes determined by cell sorting.

Collagen Fiber Scaffolds
Scaffolds consisting of spun collagen fibers have been manufactured at Tissue Engineering

Inc. Fibers with diameters of 300 nm, as well as larger fibers (in the micrometer range) have been
made on a commercial scale. They can be formed into wools by tangling (Fig. 16.4). Figure 16.5
is a scanning electron micrograph of the wool, into which cells are easily seeded (Fig. 16.6). When
cross-linked by methods that do not alter the native 67-nm cross-banding, the fibers are consid-
erably more resistant to collagenase than are foam or gel scaffolds.
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Collagen Membrane Scaffolds
Collagen membranes can be prepared by allowing collagen in solution to dry on a surface to

which it will not bind, like Teflon or polyethylene. To promote formation of fibrils the solution is
neutralized and warmed to 37�C, allowing the collagen to polymerize and form the fibrils. Before
it begins to gel the solution is spread on a suitable surface and allowed to dry. The thickness of the
membrane can be controlled by the concentration of collagen used, and by the thickness of the gel
that is allowed to form after neutralized collagen is poured into the mold in which it is dried. Mem-
branes may be cross-linked by a variety of methods (Gorham, 1991), particularly to improve their
wet strength. For example, aldehydic cross-linking will prevent cell attachment, and UV cross-link-
ing will reduce resistance to collagenase, so that the ultimate use of the membrane will dictate the
mode of cross-linking.

CELL SIGNALING AND THE ENRICHMENT OF SCAFFOLDS
Great progress has been made in developmental and cell biology in the area of cell signaling.

Its relevance for the reconstitution of prosthetic devices in tissue engineering cannot be overlooked.
Whether scaffolds are seeded with cells before they are implanted, or whether they mobilize cells
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Fig. 16.4. Collagen foam–fiber wool containing fibers 30

m in diameter (patent pending, 09/282,088).

Fig. 16.5. Scanning electron micrograph of fiber–foam
wool. The foam appears as irregular membranous ele-
ments between fibers that are flattened by the freeze-
drying process.



from adjacent host tissues, the cells, which become associated with a scaffold enriched with sig-
naling molecules, must be able to respond to them in a manner that leads to the differentiation of
the tissues designed to be replaced by the prosthesis. Some tissue cells are able to rebuild tissues,
even in vitro, without the help of signals from a source other than themselves. They must, how-
ever, be combined under the right conditions, as described above. The two principal cell types of
skin enjoy a paracrine relationship, providing signals for each other that are sufficient for the re-
constitution of a well-differentiated two-layered skin. This relationship is expressed during devel-
opment and throughout postnatal life.

Answering the general question, concerning which adult cells retain the capacity to respond
to signals that were responsible for tissue differentiation in the embryo and fetus, is important for
exvivo tissue engineering—that is, for enriching implantable devices. For example, it has been
shown that postnatal bone growth and fracture healing in mammals, in particular, endochondral
ossification, is a process driven by the same molecular signals that function in the embryo. One of
those signals, the protein Indian hedgehog (Ihh), is involved in regulating prenatal bone develop-
ment. The Hedgehog gene family, in vertebrates, in addition to Ihh, includes Sonic hedgehog
(Shh) and Desert hedgehog (Dhh), coding for proteins that play a role in a broad range of mor-
phogenetic events in the course of development. They are thought to function by binding to and
activating their specific receptors, believed to be Patched, and a seven-pass membrane protein,
Smoothened. Ihh is secreted by prehypertrophic chondrocytes and in turn activates parathyroid
hormone-related protein, which down-regulates the rate of chondrocyte differentiation (Vortkamp
et al., 1998). Further evidence that the expression of the Hedgehog family of genes is not limited
to prenatal development has been provided by Traiffort et al. (1998), who show the presence of
Ihh, Shh, and Dhh in various other adult tissues in the rat. Although Shh was found localized in
the Purkinje cell layer of the adult brain, it remains to be shown what role the protein plays in that
tissue.

Identifying a secreted signal that is responsible for initiating the morphogenetic and func-
tional specialization of a developing or susceptible cell is the first step in the causal sequence lead-
ing to gene activation. The second step is the identification of the signal’s receptor, and the third
step is that of finding the factor or factors responsible for translocating the signal to the nucleus,
where the most downstream component will act as a transcription factor. Such a sequence has at
least in part been elucidated for a class of secreted signaling proteins called Wnt. The large family
of Wnt genes encode proteins (rich in cysteine) that are responsible for the regulation of cell fate.
They act in an autocrine or paracrine manner by redirecting the transcriptional programs of tar-
get cells. They can also form gradients and activate genes in a concentration-dependent way. The
proteins of a class called Frizzled have been identified as the receptors for Wnt proteins, and �-
catenine found downstream of Frizzled can translocate to the nucleus and act as a transcription
factor (Wodarz and Nusse, 1998). It is well known that the development of tissues in vitro is pro-
moted by the use of added signals such as cytokines; keeping up with the stream of newly discov-
ered families of signaling molecules seems a necessity for the future of tissue engineering.

GOALS AND USES OF MODEL TISSUE AND ORGAN BUILDING
One of the major goals of model tissue building is the reconstitution of three-dimensional tis-

sue or organ equivalents that faithfully resemble actual body parts, in order to better understand

190 Eugene Bell

Fig. 16.6. Fiber–foam wool
into which dermal fibro-
blasts have been seeded. By
day 14 the cells are sur-
rounded by newly synthe-
sized extracellular matrix.
Magnification: A, 100�; B,
320�.



cell and tissue interactions and functions under controlled and reproducible conditions. From this
point of view the model offers an opportunity to study signaling between cell populations of dif-
ferent embryologic origin. It is useful for analysis of disease states and for seeking remedies for
them. The model can serve as a test system for toxicity, diagnostic, and cell migration assays; it can
be used for the cultivation of viruses such as papilloma virus, which depend on cycling and differ-
entiating cells. It has the advantage, if constituted with human cells, of giving responses to toxins
that may be different from those given by animal cells. Cells in an organized tissue exhibit reduced
susceptibility to damage as compared with cells grown on a monolayer (Bell et al., 1991).

A second major goal is the development of tissue and organ models that eventually can serve
as prostheses. To reach the goal, model making and in vitro testing go hand in hand with testing
in experimental animals. Model tissues for transplantation can take many forms: (1) they can be
seeded with parenchymal cells that normally populate the tissue being replaced; (2) they can be
acellular but designed to mobilize cells from contiguous tissues; (3) they can be constituted with
degradable biopolymer scaffolds that are permissive, with the expectation that the cells with which
they are seeded or which populate them will create a tissue-specific extracellular matrix and asso-
ciated scaffolding; or (4) they can be instructive, being provided with an enriched scaffold able to
influence the activities of cells. If the goal of tissue engineering is the induction of regeneration,
the design and selection of models must be based on their success in vivo.
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Quantitative Aspects of Tissue
Engineering: Basic Issues 
in Kinetics, Transport,

and Mechanics
Alan J. Grodzinsky, Roger D. Kamm, and Douglas A. Lauffenburger

INTRODUCTION

A chapter on quantitative aspects of tissue engineering remains difficult to write at this point
in the development of tissue regeneration and cell therapy processes. Although cell functional

behavior and underlying molecular mechanisms are becoming increasingly amenable to quanti-
tative approaches, incorporating these into the complex interactions among multiple cell types
in organized tissue is currently beyond the scope of feasibility. A historical parallel may be drawn
to the decades-long lag between the advent of the petrochemical industry and the useful intro-
duction of rigorous analysis in terms of fundamental physicochemical theories decades later.
Thus, it is clear that today’s beginning attempts in tissue engineering must be highly empirical,
with design based largely on intuition and experience, much like the petrochemical industry in
the 1930s.

Following this parallel, however, it can be recalled that in the 1940s the concept of unit op-
erations appeared, in which each particular chemical production plant could be broken down into
some component processes that had some similarities to processes in different types of production
plants. In this way, basic principles of chemical reactors, heat exchangers, material separation
equipment, and so forth were elucidated in very simple quantitative terms. It was not that math-
ematical models for these unit operations were immediately combined into a comprehensive quan-
titative description of the entire plant—which is, of course, common practice today—but instead
merely that important design parameters of the components could be identified, and in some cases
the direction of their manipulation for process improvement could be indicated.

This, then, appears to be the state of affairs for tissue engineering at the beginning of the twen-
ty-first century: that key parameters governing components of the overall device or procedure
might be identifiable, and some design principles for how they could be altered toward an im-
proved device or procedure might be developed. In a manner analogous to the unit operations,
simple mathematical descriptions of cell and tissue processes can be constructed for purposes of
elucidating what properties matter and how they can be manipulated. Our chapter therefore pro-
vides a brief overview of how major cell and tissue properties can be described and quantified in
most basic form. These properties include molecular and cell transport through tissue, molecular
interactions with cells, and tissue mechanics.

CHAPTER 17
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MOLECULAR INTERACTIONS WITH CELLS
There are three main classes of molecules that must be dealt with in the context of cell inter-

actions in tissue: soluble nutrients, soluble signaling molecules, and molecules associated with the
extracellular matrix. The latter two classes interact with cells primarily via cell surface receptors,
whereas the former class can either bind to cell surface receptors or pass directly across the cell
membrane.

Nutrients
For nutrient molecules that pass directly across the cell membrane—either by passive diffu-

sion or via carrier proteins—such as oxygen, glucose, and amino acids, the kinetics of uptake and
metabolism generally follow a Michaelis–Menten type dependence. That is, at low concentrations
the rate is first order in concentration but as concentration increases the rate asymptotically ap-
proaches a constant plateau. In combination with transport rates through tissue, as described be-
low, the consumption of nutrients can be analyzed in a fairly straightforward manner. If transport
is modeled as simple diffusion through a medium in which cells are embedded as point sinks, the
nutrient concentration distribution, L(x), in the tissue is governed by the combined diffusion/re-
action equation:

(1)

where D is the diffusion coefficient, k is the maximal uptake rate constant per cell. KM is the sat-
uration constant, � is the cell density, and x is the spatial distance from the source. For simple nu-
trients, the source is typically the bloodstream. Significant depletion of nutrient, and hence pos-
sible nutrient deprivation, will occur when the ratio of uptake to diffusion becomes small. This
ration can be usefully expressed in terms of the Thiele modulus: � � (�kX2/D)1/2, where X is the
overall distance away from the source—for simple nutrients, this can be considered the mean dis-
tance between microcirculatory blood vessels. (this is an approximate expression, assuming that
the uptake rate is constant with value k throughout the tissue.) When �  1, the steady-state nu-
trient concentration becomes significantly less than the exogenous level. Transplantation of cells
within a polymeric matrix can often give rise to depletion of important nutrients from levels re-
quired for sustained cell viability, when � is great and X is large because the implant is not ade-
quately vascularized. Nutrient transport limitations have been examined both theoretically and ex-
perimentally for the important case of encapsulated cells (Colton, 1995).

Growth Factors and Other Regulatory Molecules
Many molecules important in tissue engineering, however, cannot be dealt with quite so sim-

ply. Regulatory molecules such as growth factors, along with nutrient carriers such as iron-bearing
transferrin, bind reversibly to plasma membrane receptors and are then internalized by the cell by
means of invaginating membrane structures in a process known as endocytosis. The receptor/li-
gand complexes are carried to intracellular organelles termed endosomes, from which they are sort-
ed to a variety of fates, including lysosomal degradation and recycling to the cell surface (see Fig.
17.1). This entire process, known as trafficking, is quite complicated, and the distribution of fates
for a particular ligand can quantitatively vary as a function of its concentration as well as some of
its biochemical and biophysical properties.

In the absence of trafficking, and when there is only a simple one-step reversible binding
process, kinetic mass action equations can be written for the number of bound and free surface re-
ceptors and their ligands (L). At equilibrium, the number (C) of receptors (R) found in the bound
state is given by the expression

(2)

R
�

is the total number of surface receptors, constant only when trafficking processes are elim-
inated. KD is the dissociation equilibrium constant, equal to the ratio of the receptor/ligand dis-
sociation rate constant to the association rate constant: kr/kf . It is essentially the reciprocal of the
receptor/ligand binding affinity. Commonly, however, ligands can bind to multiple receptors on
the surface of a given cell, or receptors can be found in various states possessing different ligand
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binding affinities. The interested reader is referred elsewhere for a detailed discussion of how to
treat these more complicated situations (Lauffenburger and Linderman, 1996).

However, trafficking is almost universally present under physiological conditions, and the
overall dynamics of uptake and metabolism of ligands and their receptors are strongly influenced
by internalization, degradation, and recycling. Kinetic mass action equations can be written for
the set of events shown in Fig. 17.1, and the dynamics of ligands and receptors in the various cell
and tissue compartments can be thereby analyzed for purposes of understanding key design para-
meters (Lauffenburger and Linderman, 1996).

For instance, consider a molecular ligand delivered to a tissue at rate VL. For ligands such as
growth factors, the source may be other cells in the tissue—perhaps implanted cells expressing a
desired growth factor—or a polymeric controlled-release device or the bloodstream. Assuming a
spatially homogeneous source, the steady-state ligand concentration will be approximately given
by (assuming, for simplicity, that receptor and ligand recycling are negligible) the expression

(3)

where V �R is the receptor synthesis rate per cell, keR and keC are the free receptor and bound re-
ceptor internalization rate constants, respectively, and kdeg is a rate constant for extracellular pro-
teolytic ligand degradation.

Following Wiley (1985), the corresponding steady-state number of receptor/ligand com-
plexes per cell, which typically governs the functional response, is then approximately given by

(4)

Rmax is equal to V �R/keR, and Kss is equal to keCkf /[keR(kr � keC)]. Note the similarity in form
to Eq. (2), which governs the number of complexes in the absence of trafficking. Thus, traffick-
ing determines the number of available surface receptors and the effective ligand binding 
affinity.

When ligand concentrations are not spatially homogeneous, then the local value of L at any
spatial position within the tissue must be determined by including the effects of diffusion as in Eq.
(1). Here x would be the thickness of tissue away from the source. Moreover, in place of the sim-
ple metabolic uptake rate constant, k, the net dynamics of trafficking must be incorporated to ac-
count for ligand consumption.

Binding and trafficking rate constants can be measured in cell culture assays, using ligands la-
beled with fluorescent or radioactive tags. Descriptions of basic experimental procedures and cor-
responding methods of analysis can be found elsewhere (Lauffenburger and Linderman, 1996).

Extracellular matrix components can compete with cells for binding ligand, and in some cir-
cumstances may serve as a reservoir due to the reversible nature of protein/protein association. At
equilibrium, this binding can be characterized using an expression analogous to Eq. (2). Extracel-
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Fig. 17.1. Schematic illustration of receptor/ligand trafficking. L is intact ligand,
L� is undegraded ligand; Rs , Cs, Ri , and Ci are cell surface and intracellular free
and bound receptors; kf and kr are receptor/ligand association and dissociation
rate constants; keR and keC are internalization rate constants for free and bound
receptors; kd and kdR are degradation rate constants for ligand and receptor;
kx and kxR are recycling rate constants for ligand and receptor; Vs is the recep-
tor synthesis rate.



lular matrix components may exhibit binding interactions with cell surface receptors; when they
are sufficiently immobilized by their linkage within the matrix, Eq. (2) again can represent these
interactions in the simplest case. As with soluble ligands, though, more complicated interactions
can arise with multiple receptors for different domains of a particular matrix component.

Expressions such as Eqs. (1)–(4) can be used to estimate the rate of ligand delivery required
to maintain a desired level of cell surface complexes and/or free ligand concentration. The num-
ber of surface complexes typically is important for determining the cell functional response. We
emphasize, though, that it is likely that the rate of ligand binding to receptors to form signaling
complexes may govern cell responses as much, or more so, than the static level of complexes (Wi-
ley, 1992). Quantification of the dependence of cell behavior on complex levels and dynamics,
however, remains in its infancy at present. A small number of particular examples can be offered
as guidelines, including proliferation responses of fibroblasts to epidermal growth factor (Knauer
et al., 1984), leading to improvements in cell level principles for growth factor design and deliv-
ery (Reddy et al., 1996a,b). A further level of complication in analysis arises from the presence of
autocrine ligands in a wide spectrum of tissue physiological processes, though quantitative mod-
eling and experimental studies are now being pursued on this aspect as well (Forsten and Lauf-
fenburger, 1992; Lauffenburger et al., 1998).

MOLECULAR AND CELL TRANSPORT THROUGH TISSUE
Movements of molecular as well as cellular species through tissue is a vital aspect of most tis-

sue engineering processes, because the whole point of the intervention is to alter the composition
of a local region from what it had been prior to the therapy. As mentioned above, transport of nu-
trients and regulatory factors into a cellular implant is generally required. Also, the goal of certain
implanted devices is to release regulatory factors into the surrounding tissue. The synthesis of neo-
tissues involves placing cells within a matrix composed of natural materials (e.g., collagen) or syn-
thetic polymers (e.g., biodegradable templates). Within this environment, the cells also secrete and
regulate the assembly of their own extracellular matrix composed of collagens, proteoglycans, gly-
coproteins, and a variety of macromolecules that are important in cell–matrix and cell–cell inter-
actions. Solute transport through this tortuous and often dense matrix plays a critical role in the
maintenance of cell viability and in the successful growth and development of the intact tissue.
Moreover, colonization of implants or grafts by cultured or host cells is often desirable. And, in
some cell therapies, mainly those involving immune white blood cells, the movement of cells from
an injection site into certain tissue regions is essential for them to carry out their intended func-
tions.

Molecular Diffusion and Convection
Cell biosynthesis requires transport of low-molecular-weight metabolites and waste products,

which occurs primarily by diffusion. Many other solutes play key roles as mediators of cell behav-
ior and in cell production and turnover of extracellular matrix, including growth factors, hor-
mones, cytokines, and endogenous proteinases and their natural inhibitors. Transport of regula-
tory factors can be crucial in tissue regeneration (Perez et al., 1995) and can be reduced severly by
interactions with matrix (Dowd et al., 1999). In addition, the assembly of a physicochemically and
mechanically functional matrix requires transport of newly synthesized matrix macromolecules 
to appropriate locations within the extracellular space. These matrix proteins and proteoglycans
(as large as several megadaltons) have such low intratissue diffusivities that even slight fluid con-
vection within the matrix can significantly enhance macromolecular transport (Garcia et al.,
1996).

In general, transport depends on the size and charge of the solute, and the density (tortuosi-
ty), water content, and charge of the matrix (Garcia et al., 1998) (see Fig. 17.2). Although the prin-
cipal modes of transport are molecular diffusion and convection (Deen, 1987), electrostatic in-
teractions can also affect the partitioning and transport of charged solutes into and within a
charged matrix (Grodzinsky, 1983). In this regard, it is useful to note that matrix charge density
at the macroscale is often associated with the content of glycosaminoglycan chains attached to pro-
teoglycans. At the scale of the cell, the dense, negatively charged glycocalyx at the surface of many
cell types can also affect transport across the cell membrane.

Each cell and tissue type presents unique challenges for providing adequate transport in tis-
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sue engineering design. For example, the density of cells in liver and kidney is typically much high-
er than that in connective tissues such as ligament, tendon, and cartilage. On the other hand, con-
nective tissue cells grow within a very dense, hydrated, negatively charged matrix that may be sev-
eral millimeters thick but with little or no vascular or lymph supply. Some cells are best grown on
surfaces whereas others require three-dimensional matrix encapsulation. The mechanical environ-
ment of cells also varies greatly: vascular cells are subjected to fluid shear and to pulsatile stresses
and strains within vessel walls; cartilage, bone, and other soft connective tissue cells must sustain
peak mechanical stresses as high as 10–20 MPa (100–200 atm). These dynamic stresses produce
fluid flows within the matrix that can affect intratissue solute transport and the concentration of
solute species at the boundaries of tissues in vivo (O’Hare et al., 1990). Such effects must there-
fore be taken into account in tissue engineering design in vitro.

Given these diverse tissue types and geometric constructs, mathematical modeling of trans-
port processes can be critically important in the design of tissue reactors, the basic understanding
of the spatial and temporal distribution of small and large solutes in newly developing tissues, and
the understanding of failure modes that might result from inadequate transport. We briefly sum-
marize below the governing transport laws for solutes within tissues, and the boundary conditions
at the tissue/media interface. These general laws may then be adapted to the particular cell and
tissue types of interest.

First, the one-dimensional flux Ni of the i th species within the tissue due to diffusion, con-
vection, and electrical migration (ohmic conduction) is described by the flux equation:

(5)

where ci is the solute concentration at the position x, � is the matrix (tissue) porosity, zi is the va-
lence of the solute (if charged), U is the fluid velocity relative to the matrix (averaged over the to-
tal matrix area), and E is the electric field within the matrix (e.g., induced by diffusion of ionic
species or by electrokinetic effects such as flow-induced streaming potentials through a charged
matrix). The intrinsic transport parameters Di, 
i , and Wi represent, respectively, the intratissue
diffusivity of the solute, the electrical mobility, and a hindrance factor for convection that incor-
porates hydrodynamic and steric interactions between solute molecules and the matrix molecules
forming the “pore” walls. Even in the absence of net fluid convection, frictional hydrodynamic and
steric interactions between solute, matrix, and solvent can play a critical role in transport, and may
cause significant differences between the intratissue values of Di, 
i , and their corresponding val-
ues in free solution (Deen, 1987). In general, the flux Eq. (5) is general in that it applies to ionic
solutes in the medium, small neutral and charged solutes (e.g., amino acids, glucose), and large
neutral and charged macromolecular solutes. For small solutes, W r 1, and the values of Di and

i , may be close to their free solution values; for larger solutes, W  1, and Di and 
i as written
in Eq. (5) implicitly incorporate associated hindrance factors (Deen, 1987).

It is therefore necessary to measure or estimate values for the intrinsic transport parameters
Di, 
i, and Wi in order to predict solute distribution profiles within the tissue construct. To pre-
dict the spatial and temporal distribution of solutes in the neotissue, the flux equation is incorpo-
rated into the continuity law:

(6)
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Fig. 17.2. The flux of macromolecular and small solutes within a cell-
seeded matrix results from diffusion, convection (fluid velocity U), and
electrical migration if the solute is charged; an electric field E exists with-
in the tissue (caused by fluid flow or by ion concentration gradients).



where Gi and Ri represent chemical reaction rates associated with binding of solutes to cells or ma-
trix molecules. In the absence of binding, electric migration, and convection effects, the continu-
ity law, Eq. (6), reduces to Fick’s second law for molecular diffusion. For the case of purely diffu-
sive nutrient transport within a matrix containing cells acting as point sinks, the continuity law,
Eq. (6), would reduce to the diffusion/reaction Eq. (1) above.

Electroneutrality within the tissue, including charges on all solute (i) and matrix molecules
(m), requires that:

(7)

Although tissues may have a high water content, the concentration of solutes within tissue
water may be very different from that in the bathing medium because of size and charge effects.
In general, the solute partition coefficient � is defined as the ratio of the solute concentration with-
in the tissue fluid to that in the bathing medium, � � c tiss/c med. This partition coefficient acts as
a boundary condition for the flux and continuity equations, which are written specifically in terms
of solute concentrations inside the tissue. In addition, for charged solutes in the presence of a
charged matrix, this partitioning is further modified due to Donnan equilibrium considerations
for positively and negatively charged species, giving the Donnan partition boundary conditions
(Maraudas, 1979):

(8)

Finally, it is useful to recast the continuity law in terms of the dimensionless Peclet number
Pe, which is defined as the ratio of solute convection plus migration fluxes to the diffusive flux
(Grimshaw et al., 1989):

(9)

(10)

where X is the characteristic tissue thickness over which transport must occur. Thus, Eq. (9) takes
the form of a modified Fick’s second law, and puts into perspective the relative importance of the
convective and electrical migration terms given values for X, Di, Wi, and 
i. It is apparent that for
solutes having small enough Di and/or large enough fluid flow, convection may have a significant
effect in determining the solute distribution within the tissue. Said another way, convection and
intratissue electrokinetic (e.g., electrophoretic) effects could significantly augment the transport of
nutrients and macromolecules compared to diffusion alone, over tissue dimensions X.

Cell Migration
Polymeric scaffolds are often introduced, into which it is hoped that certain cell types will mi-

grate while others do not. For instance, regeneration of bone tissue for enhanced healing of full-
thickness injuries requires that osteoprogenitor cells from surrounding tissue colonize an im-
planted scaffold, and that endothelial cells migrate in, to achieve neovascularization, whereas
connective tissue fibroblast influx is undesirable. There are two approaches for controlling migra-
tion: (1) surface chemistry of the implanted material for selective cell adhesion interactions with
the surface, influencing migratory behavior in a differential manner among various cell types, and
(2) release of chemotactic attractants from within the implanted material to induce enhanced mi-
gratory responses of particular cell types.

The rate of cell population movement into a tissue can be quantified using a cell transport
flux expression analogous to that for molecular diffusion and convection (Tranquillo et al., 1988):

(11)

where 
 is the cell random motility coefficient, analogous to a molecular diffusion coefficient and
� is the chemotaxis coefficient; � is a biphasic function of the attractant concentration, A, because
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chemotaxis arises from a spatial difference in the number of receptor/attractant complexes across
a cell length. The first term in Eq. (11) represents cell dispersion down the spatial gradient of cell
density, whereas the second term yields a directed, “convective” velocity for cell migration in the
direction of an attractant concentration gradient. The values 
 and � can be measured in a vari-
ety of cell population assays, such as movement through a porous filter or under an agarose gel.
They can alternatively be calculated from individual cell tracking assays in which cell speed, di-
rectional persistence time, and directional orientation bias are determined, because the cell popu-
lation parameters are related by theory to the individual cell parameters. Details on these ap-
proaches can be found elsewhere (Lauffenburger and Linderman, 1996).

A fair amount of effort has been devoted to quantitative understanding of how substrata prop-
erties of materials affect cell migration. A central concept that is beginning to show general verifi-
cation is that the speed of migration depends in biphasic manner on the strength of cell/substra-
tum adhesiveness (see Fig. 17.3) (DiMilla et al., 1991). This principle can account for a wide range
of experimental observations of how migration speed varies with the density of extracellular ma-
trix ligands immobilized on biomaterial surfaces, and for the effects of ligand affinity and com-
peting soluble ligand (Palecek et al., 1997; Wu et al., 1994). This lack of monotonicity is unfor-
tunate, of course, because it makes design of a material quite problematic; unless the full
quantitative picture is well characterized one may produce a substratum either too strongly adhe-
sive or too weakly adhesive for effective cell locomotion. Additional modulating approaches may
be possible, though, by means of other parameters influencing migration speed. For instance, the
dependence illustrated in Fig. 17.3 actually entails the ratio of cell/substratum adhesiveness to ef-
fective cell contractile force, so on a given substratum migration can be enhanced or inhibited by
factors altering cell force generation or the substratum compliance.

CELL AND TISSUE MECHANICS
The mechanics of a tissue or tissue substrate play a central role in many situations, ranging

from the fabrication of cell-based vascular grafts to wound healing. The transmission of stresses
between the extracellular matrix and cell, or between the cell membrane and its nucleus, is an im-
portant factor in controlling the biological response of the cell to its environment. Even cell motil-
ity and adhesion are influenced by the elastic characteristics of the substrate on which they are
grown. To appreciate these factors requires an understanding of mechanics, both at the microscale
(e.g., a single microtubule and its interaction with the actin filaments) and at the macroscale (e.g.,
the elastic properties of a cell-based tissue implant). Some of the basic concepts are outlined here,
along with some examples of how these concepts are applied in the field of tissue engineering.

Elasticity
Before dealing with some of the complexities of real biologic materials, consider first the case

of a simple uniform and isotropic elastic medium. The elasticity of a material is typically charac-
terized by its stress–strain relationship, where the stress is the force acting per unit area and the
strain is the fractional change in length of the specimen, both of which are tensorial quantities. In
the case of uniaxial stress, a material might exhibit a stress–strain relation of the type shown in Fig.
17.4. In this instance, the relationship is linear (or nearly so) for small strains, but becomes non-
linear as strains increase above a certain level. The elastic, or Young’s, modulus (E ) is defined as
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Fig. 17.3. Qualitative representation of typical dependence of cell migra-
tion speed on the ratio of cell-substratum adhesion strength to cell-gener-
ated contractile force.



the ratio of stress to strain; in this example, E would be constant for small strains, but eventually
would increase as the material experiences increasing strain.

The elastic modulus of most biologic tissues is highly nonlinear, exhibiting an increasing elas-
tic modulus for higher strains. The fibrous elements that comprise the tissue matrix, however, are
more likely to be linearly elastic over an appreciable range of strain. Elastin, for example, which
can be stretched up to 300% of its initial length, has a nearly constant modulus. Table 17.1 shows
the elastic moduli for several tissues and tissue components. Another important property of the
material is the maximum amount of strain it can experience before it fractures, some values of
which are also given in the table.

In contrast to elastic deformation in which there exists a unique relation between the applied
stress and material strain, in plastic deformation, the material experiences an irreversible defor-
mation, usually at high levels of stress, and fails to return to its original length when the stress is
removed.

All the above applies to uniaxial loading. If a material is isotropic, then its elasticity is the same,
regardless of the direction in which it is tested, and its mechanical properties can be completely
characterized by two parameters, e.g., its elastic modulus and Poisson ratio, �. Anisotropic mate-
rials, however, exhibit different stress–strain characteristics along the different coordinate direc-
tions. The wall of an artery, for example, is extremely stiff in the circumferential and axial direc-
tions, but relatively compliant in the radial direction. The description of such materials can lead
to considerable complexity as evidenced by the fact that in a truly anisotropic material, 21 con-
stants analogous to the Young’s modulus are required to characterize completely a material’s elas-
ticity. Intermediate between these two extremes lie materials that are transversely isotropic, that is,
materials that exhibit isotropic behavior in two dimensions, but different properties in the third.
Many biological materials (blood vessels, ocular sclera) can be well characterized as transversely
isotropic because the primary force-supporting structures (collagen and elastin fibers) are orient-
ed primarily in one plane.

The existence of contractile elements, such as smooth muscle cells in vessel walls or the my-
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Fig. 17.4. A plot of stress (s) vs.
strain (e), showing an initial lin-
ear region in which the Young’s
modulus (E) is constant, and a
nonlinear region with increasing
E, leading ultimately to fracture
of the specimen.

Table 17.1. Elastic constants for a variety of biologic materialsa

Material Elastic modulus Yield stress Max. strain Ref.

Cortical bone 6–30 GPa 50–200 MPa — Cowin et al. (1987)
Collagen fibers 500 MPa 50 MPa 0.1 Kato et al. (1989)
Elastin 100 kPa 300 kPa 3.0 Mulcherjee et al. (1976)
Cartilage 10 MPa 8–20 MPa 0.7–1.2 Woo et al. (1987)
Skin 35 MPa 15 MPa 1.1 Yamada (1970)
Muscle facia 340 MPa 15 MPa 1.17 Yamada (1970)
Tendon 700 MPa 60 MPa 0.10 Yamada (1970)

aNote that in many instances, the stress–strain relationship is highly nonlinear; the elastic moduli in those cases
represent an approximate, characteristic value.



ocardium, or actin filaments in the cytoskeleton, lends further complexity to material properties.
As far as the elastic properties of the material are concerned, active constriction can be thought of
as influencing both the elastic modulus of the material and the length of the sample under zero
stress.

Viscoelasticity and Pseudoelasticity
Although some materials (e.g., elastin, collagen) show an immediate elastic response such that

they exhibit an immediate and constant deformation following the application of stress, tissues
more often respond in a time-dependent fashion (Fig. 17.5). The initial elastic response of such
materials is followed by a period of additional deformation or creep, asymptotically approaching
an equilibrium state at long times. Alternatively, when subjected to a periodic load, these materi-
als display a degree of hysteresis when stress is plotted against strain. This is termed a viscoelastic
response and is a result of several processes internal to the tissue. One is the transient movement
of liquid through the tissue due to the nonuniform distribution of interstitial pressure that results
from the application of stress. For example, if a disk or cartilage is subjected to a load as in Fig.
17.5, a gradient in fluid pressure is set up between the central regions and the edge of the speci-
men, which causes fluid to be expelled. The rate of deformation during this phase is clearly de-
pendent on the permeability of the tissue.
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Fig. 17.5. (a) Stress (s; top) and strain (e; bottom) plotted against time in a maneuver in
which the stress is abruptly reduced. In a purely elastic material (dotted line), the strain
immediately adjusts to a new level consistent with the new applied stress. A viscoelas-
tic material (solid line) exhibits a further reduction in strain (creep), indicative of con-
tinued deformation following an initial elastic response. (b) The response of a cylindri-
cal sample of cartilage subjected to a sudden compressive stress. The sample continues
to compress with time as a result of water being expelled from the tissue through a
porous platen. Reproduced with permission from Mow and Mak (1987).

Fig. 17.6. Pseudoelastic behavior of biological tissue. A stress–strain plot for
a segment of a canine carotid artery undergoing cyclic loading; first and third
cycles shown. T1 is the axial tension, l1 is the axial stretch ratio, and L(t)/L0
with L0 is the relaxed length. The sample exhibits different curves for loading
and unloading, which are highly reproducible. Reproduced with permission,
from Lee et al. (1967).



Biological tissues are often referred to as pseudoelastic (Fung, 1981), in that, with periodic
loading, they evolve to a stress–strain pattern that is repeatable from one cycle to the next and rel-
atively insensitive to the strain rate. The resulting curve typically differs on extension from relax-
ation, exhibiting some degree of hysteresis (Fig. 17.6). By treating the loading and unloading ma-
neuvers separately, the viscoelastic characteristics of the material can be incorporated into an
otherwise elastic description of the material.

It is often necessary to simulate the true viscoelastic response of a tissue specimen, as, for ex-
ample, when subjected to an abrupt increase in load (Fig. 17.5). Several simple models have been
devised for this purpose. Although these make no attempt to mimic the mechanism responsible
for the viscoelasticity, they are useful descriptors that can be used to represent certain viscoelastic
characteristics. The most common among these models are the Maxwell, Voight, and Kelvin mod-
els. Each is composed of a one or more springs and dashpots as shown in Fig. 17.7.

These simple models are sometimes used as a basis for constructing more complex descrip-
tions of the material. For example, a continuum description has been used to study the mechani-
cal characteristics of leukocytes (Schmid-Schönboin et al., 1981), based on the Kelvin model 
of Fig. 17.7, by arranging them in various series and parallel networks. Other models for the 
cytoskeleton take explicit account of the fibrous microstructure (Satcher and Dewey, 1996; 
MacKintosh and Janmey, 1997; Stamenovic et al., 1996).

Measurement of Mechanical Properties
A variety of methods have been employed to determine the mechanical characteristics of bi-

ological specimens, the method being determined by the elastic characteristics of the material, its
size, and the particular property of interest.

For large-scale samples, the simplest measurement that yields the elastic modulus of a speci-
men is the uniaxial strain test, in which the sample is grasped at two ends and pulled while axial
strain and stress are simultaneously measured. In order to minimize end effects, the sample is of-
ten necked down to a lateral dimension in the central section, smaller than the ends, and the strain
is measured directly in the necked region. Because stresses in both directions perpendicular to the
axial of the specimen are zero, the elastic modulus is determined by the ratio of stress to strain, 
E � �X /�X. Poisson’s ratio can be determined from the change of thickness of the specimen in the
direction perpendicular to the applied stress. If the sample is anisotropic, additional uniaxial tests
in the other two coordinate directions can be used. Alternatively, stresses can be applied in two (bi-
axial) or three (triaxial) dimensions simultaneously. These tests yield more information about the
material, but do so at the cost of greater complexity.

These tests are most often used to measure the properties of a material in tension. The com-
pressive characteristics are also often of interest, especially in materials such as bone and cartilage,
which are often subjected to compressive loads in vivo. For this purpose, specimens are generally
cut into the shape of a short cylinder and compressed between two platens. In the case of carti-
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Fig. 17.7. Three commonly used
models for viscoelastic behavior
composed of viscous elements
(dashpots) and elastic elements
(springs).



lage, the platens may be permeable to allow water to escape as the sample is compressed, thereby
obtaining information on the permeability of the sample from the time-dependent compression
following the application of a load. Both confined and unconfined compression tests are useful.
The advantage of confined compression, in which the sample is placed in a rigid cylindrical cham-
ber, typically with nonpermeable side walls, is that the stress, strain, and flow of water are purely
axial and the results can be more easily interpreted.

Any of the tests just mentioned are capable of measuring nonlinearities in the stress–strain
behavior of a material. As mentioned earlier, biological materials typically become stiffer as the
sample is stretched. Therefore, it is important to test the material with loads in the range of those
the specimen is likely to experience in vivo. It is equally important to know the zero-stress state of
a tissue, which, as has been demonstrated for a variety of vessels, is not necessarily achieved sim-
ply by reducing the transmural pressure to zero (Liu and Fung, 1988).

All these tests require excised specimens to be cut or machined into a particular shape. Often
in the case of biological tissues, it is desirable to obtain measurements from the in vivo state so as
to avoid the artifacts that are necessarily introduced by specimen removal. Although advantageous
in many respects, in vivo testing also limits the choice of testing methods available. Fung and Liu
(1995) argued for the importance of making measurements in vivo, and have demonstrated how,
in the case of a blood vessel, a battery of tests may be used to measure the mechanical properties
of the arterial wall. Other methods—for example, the simple indentation of the material by a probe
(Lai-Fook et al., 1976)—can also be used.

Methods for testing the elastic and viscoelastic properties of cells and even individual mole-
cules are rapidly becoming available. One approach, micropipette aspiration, has been used in sev-
eral studies (Evans and Yeung, 1989) on various cell types. Introduced over 20 years ago to study
red blood cell mechanics and later for leukocytes, the cell is partially drawn into a micropipette by
means of a negative pressure. Knowing the pressures acting, and monitoring the extent of cell de-
formation by microscopy, allow for estimation of cell elasticity. Cell poking, a method analogous
to the indentation studies just discussed, can also be applied to individual cells (Zahalak et al.,
1990).

Newer methods have been developed that take advantage of our ability to attach ligand-coat-
ed microspheres to cell receptors or individual molecules, and then manipulate these microspheres
in a specified manner. Microsphere displacement can be controlled by the use of laser tweezers
(Block et al., 1989; Kuo and Sheetz, 1993; Kuo, 1995) or a magnetic trap (Glogauer and Ferrier,
1998); rotations can be produced by magnetic fields using a method termed magnetic twisting cy-
tometry (Wang and Ingber, 1994). In these methods, both the applied forces (or torques) and dis-
placements (or rotations) can be monitored, from which elastic and viscoelastic properties can be
inferred.
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Patterning of Cells and Their
Environment

Shuichi Takayama, Robert G. Chapman, Ravi S. Kane, and George M. Whitesides

INTRODUCTION

Control of the cell culture environment is crucial for understanding cell behavior and for engi-
neering cell function. This chapter describes the use of a set of microfabrication techniques

called “soft lithography” for patterning the substrate to which cells attach, the location and shape
of the areas to which cells attach, and the fluid environment surrounding the cells, all with mi-
crometer precision. Some examples wherein these techniques have helped to clarify problems in
fundamental cell biology are summarized. The methods described are experimentally simple, in-
expensive, and well suited for patterning biological materials.

How do tissues assemble in vivo? Once an appropriate community of cells has organized, how
does it perform its functions? Answering these fundamental biological questions, and using the in-
formation thus obtained for engineering tissues, require the ability to study the behavior of cells
in controlled environments. Some of the challenges in trying to control the environment experi-
enced by individual cells lie in the size scales of the stimuli that need to be controlled (from the
angstrom scale for molecular detail, through the micrometer scale for an individual cell, to the mil-
limeter and centimeter scale for groups of cells) as well as in the number of the types of stimuli
that need to be addressed (the composition of the culture media, the topography and chemical
composition of the surface to which the cells attach, the nature of neighboring cells, the temper-
ature, etc.).

Microfabrication and micropatterning using stamps or molds fabricated from elastomeric
polymers (soft lithography) provide versatile methods for generating 10- to 100-
m-sized patterns
of proteins and ligands on surfaces, 50- to 500-
m-sized culture chambers, and 10- to 100-
m-
sized laminar flows of culture media in capillaries (Xia and Whitesides, 1998). Soft lithographic
methods are relatively simple and inexpensive; the elastomeric polymer most often used in these
procedures—poly(dimethylsiloxane), or PDMS—has several characteristics that make it attrac-
tive for biological applications. This chapter gives an overview of the application of soft lithogra-
phy to the patterning of cells, their substrates, and their fluid environment.

SOFT LITHOGRAPHY
As the need of biologists to control and manipulate materials on the micrometer scale has in-

creased, so has the need for new microfabrication techniques. Our laboratory has developed a set
of microfabrication techniques that are useful for patterning on the scale of 0.5 
m and larger. We
call these techniques “soft lithography” because they use elastomeric (that is, soft) stamps, molds,
membranes, or channels (Xia and Whitesides, 1998).

Many other techniques can and have been used to pattern cells and their environment (Ham-
marback et al., 1985; López et al., 1993a; Park et al., 1998; Vaidya et al., 1998). The most com-
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monly used method has been photolithography. This technique has, of course, been highly devel-
oped for the microelectronics industry; it has also been adapted, with varying degrees of success,
for biological studies (Hammarback et al., 1985; Kleinfeld et al., 1988; Ravencroft et al., 1998).
As useful and powerful as photolithography is (it is capable of mass production at 200-nm reso-
lution of multilevel, registered structures), it is not always the best or only option for biological
studies. It is an expensive technology; it is poorly suited for patterning nonplanar surfaces; it pro-
vides almost no control over the chemistry of the surface and hence is not very flexible in gener-
ating patterns of specific chemical functionalities or proteins on surfaces; it can generate only two-
dimensional microstructures; and it is directly applicable to patterning only a limited set of
photosensitive materials (e.g., photoresists).

Soft lithographic techniques are inexpensive, are procedurally simple, are applicable to the
complex and delicate molecules often required in biochemistry and biology, can be used to pat-
tern a variety of different materials, are applicable to both planar and nonplanar substrates (Jack-
man et al., 1995), and do not require stringent control (such as a clean room environment) over
the laboratory environment beyond that required for routine cell culture (Xia and Whitesides,
1998). Access to photolithographic technology is required only to create a master for casting the
elastomeric stamps or membranes, and even then, the requirement for chrome masks—the prepa-
ration of which is one of the slowest and most expensive steps in conventional photolithography—
can often be bypassed (Deng et al., 1999; Duffy et al., 1998; Grzybowski et al., 1998; Qin et al.,
1996). Soft lithography offers special advantages for biological applications, in that the elastomer
most often used (PDMS) is optically transparent and permeable to gases, is flexible and seals con-
formally to a variety of surfaces (including petri dishes), is biocompatible, and can be implanted
if desired. The soft lithographic techniques that we will discuss include microcontact printing, pat-
terning with microfluidic channels, and laminar flow patterning.

SELF-ASSEMBLED MONOLAYERS
Because many of the studies involving the patterning of proteins and cells using soft lithog-

raphy have been carried out on self-assembled monolayers (SAMs) of alkane thiolates on gold, we
give a brief discussion of SAMs (Bain and Whitesides, 1988b; Bishop and Nuzzo, 1996; Dela-
marche and Michel, 1996; Dubois and Nuzzo, 1992; Merritt et al., 1997; Ostuni et al., 1999;
Prime and Whitesides, 1993; Ulman, 1996). SAMs are organized organic monolayer films (Fig.
18.1A) that allow control at the molecular level over the chemical properties of the interface by
judicious design and fabrication of derivatized alkane thiol(s) adsorbed to the surface of films of
gold or silver. The ease of formation of SAMs, and their ability to present a range of chemical func-
tionality at their interface with aqueous solution, make them particularly useful as model surfaces
in studies involving biological components. Furthermore, SAMs can be easily patterned by sim-
ple methods such as microcontact printing (
CP) with features down to 500 nm in size and small-
er (Xia and Whitesides, 1998). These features of SAMs make them the best structurally defined
substrates for use in patterning proteins and cells. SAMs on gold are used for the majority of ex-
periments requiring the patterning of proteins and cells, because they are biocompatible, easily
handled, and chemically stable [for example, silver oxidizes relatively rapidly, and Ag(I) ions are
cytotoxic].

Methods for Preparing Homogeneous SAMs and Mixed SAMs
Single-component (homogeneous) SAMs of alkanethiolates on gold are formed by exposing

a surface of gold to a solution containing, or to the vapors of, an alkane thiol (RSH). The surface
properties of these SAMs are determined by the nature of the terminal groups (schematically rep-
resented by half-circles at the tips of the SAMs in Figs. 18.1 and 18.2). Gold substrates are pre-
pared on glass cover slips or silicon wafers by evaporating a thin layer of titanium (1–5 nm) to
promote the adhesion of gold to the support, followed by a thin layer of gold (10–200 nm) (DiMil-
la et al., 1994). The SAMs formed on these gold substrates are stable to the conditions used for
cell culture, but care should be taken to avoid strong light and temperatures above �70�C, be-
cause both can result in degradation of the SAM (Huang and Hemminger, 1993; Ostuni et al.,
1999).

Mixed SAMs, or SAMs composed of two or more types of thiols adsorbed to a surface, can
be formed directly by coadsorption of two or more alkane thiols from solution (Fig. 18.2A,B) (Bain
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and Whitesides, 1988a; Lahiri et al., 1999a; Mrksich et al., 1995), or by the reaction of a nucle-
ophile, such as an amine (H2NR), with a preformed SAM that presents interchain carboxylic an-
hydride groups. The anhydride-presenting surface is an exceptionally useful one and is easily pre-
pared by the dehydration of single-component SAMs of HS(CH2)nCO2H (n � 10 or 15) (Fig.
18.2C) (Yan et al., 1998). The anhydride method results in mixed SAMs composed of 1:1 mix-
tures of terminal amide (UCOHNR) groups and carboxylic acid (UCO2H/UCO2

�) groups.
The surface properties of mixed SAMs are determined by contributions from the various terminal
groups present—the amount of each contribution being determined, qualitatively, by the degree
of exposure of that terminal group at the surface (Bain et al., 1989; Bain and Whitesides, 1989).
In some cases the contribution of one terminal group will predominate, especially if that terminal
group is long or large enough to screen the contribution of the shorter terminal group. For exam-
ple, the characteristics of mixed SAMs prepared by the interchain anhydride methods are often de-
termined predominantly by nature of the (UCOHNR) groups, because these are longer and shield
the (UCO2H/UCO2

�) groups (Fig. 18.2C) (Yan et al., 1997). The anhydride method makes it
possible to generate mixed SAMs with a range of surface characteristics rapidly and conveniently.
This method is experimentally simple, and both HS(CH2)10CO2H and a variety of amines are
commercially available. It is thus unnecessary to synthesize the alkane thiols required in the older
methods of making functionalized SAMs.
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Fig. 18.1. Schematic illustration of the adsorption of proteins and the attachment of a cell to a self-
assembled monolayer (SAM). The components of the SAM and the protein molecule are drawn
roughly to scale; the cell is much reduced in relative size. See text for details.

Fig. 18.2. Preparation of
mixed SAMs that present a
ligand by three methods:
direct, common interme-
diate, and anhydride. These
mixed SAMs are useful for
the specific adsorption of
the protein that binds the
incorporated ligand (L).
See text for details.



Preventing Protein Adsorption: Inert Surfaces
Proteins play an integral part in the adhesion of cells with surfaces: they are the glue that ce-

ments the cells to the surface. Thus, if one can control the interaction of proteins with a surface,
one can begin to control the interaction of cells with that surface (Fig. 18.1). Most surfaces adsorb
proteins. Thus, the main challenge in controlling the interactions of proteins and cells with sur-
faces lies in finding surfaces that resist nonspecific adsorption of proteins (surfaces that we call “in-
ert,” for brevity). Inert surfaces provide the background necessary for spatially restricting protein
adsorption or for preparing surfaces that bind only specific proteins, and are used in patterning
proteins and cells (Merritt et al., 1997), as biomaterials (Andrade et al., 1987; Helmus and
Hubbell, 1993), and in the construction of biosensors (Mrksich and Whitesides, 1995).

Single-component SAMs terminated in oligo(ethylene glycol) (EGn ), oligomers longer than
n � 3, resist the adsorption from solution of a variety of proteins that range in size (15–340 kDa)
and charge (pI � 6–12) (Prime and Whitesides, 1991, 1993). Mixed SAMs containing as little as
50% of an HS(CH2)11EG6OH [mixed with HS(CH2)11CH3] show good protein resistance, as
do mixed SAMs presenting a 1:1 mixture of terminal UCOHN(CH2CH2O)nR (n � 6, R � H
or CH3) and UCO2H/UCO2

� groups. Other work has established that EGn groups are not
unique in their ability to resist adsorption of proteins, and, as an example, SAMs presenting
UCH2CH2CH2S(uO)U groups are also effective in resisting protein adsorption (Deng et al.,
1996). R. G. Chapman, L. Yan, S. Takayama, R. E. Holmlin, and G. M. Whitesides (unpublished
results) have surveyed a large number of functional groups for their ability to resist the nonspecif-
ic adsorption of proteins, and found that polar functional groups that do not contain H-bond
donors often make good components of inert surfaces. The combination of inert and adsorptive
surfaces with soft lithographic techniques enables the facile patterning of proteins and cells.

Controlled Protein Adsorption
Protein-specific mixed SAMs that present ligands for specific adsorption of a protein of in-

terest, while resisting the nonspecific adsorption of other proteins, have been prepared by several
techniques: (1) by coadsorption of a thiol that forms inert surfaces with a thiol that presents a li-
gand specific for a particular protein (Fig. 18.2A) (Mrksich et al., 1995; Sigal et al., 1996); (2) by
the common intermediate method, whereby an amine terminated in a ligand is coupled to a mixed
SAM presenting UEG3OH (the inert surface component) and UEG6OCH2COOH (the com-
ponent to which ligands are coupled) (Fig. 18.2B) (Lahiri et al., 1999a); (3) by the anhydride
method, whereby a mixture of two amines—one terminated with a ligand and the other with an
“inert” functional group (for example, H2NCH2CH2EG2OH)—is allowed to react with a sur-
face that presents interchain anhydride groups (Fig. 18.2C) (R. G. Chapman, L. Yan, and G. M.
Whitesides, unpublished results). The common intermediate method and the anhydride method
are more convenient than, and preferable to, the direct method, because they require less organic
synthesis.

MICROCONTACT PRINTING

Patterning Ligands, Proteins, and Cells 
Using Microcontact Printing

Microcontact printing is a technique that uses the relief pattern on the surface of an elas-
tomeric PDMS stamp to form patterns on the surfaces of various substrates (Fig. 18.3A) (Xia and
Whitesides, 1998). The stamp is “inked” with a solution containing the patterning component,
dried, and brought into conformal contact with a surface for intervals ranging from a few seconds
to minutes. The patterning component transfers to the substrate in the regions where the stamp
contacts the substrate. The kinds of components used as ink for 
CP include thiol derivatives that
form SAMs on gold and silver; activated silanes that react with the SiOH groups present on the
surface of silicon; various ligands (usually amine containing compounds) that react with activat-
ed SAMs (generated using the techniques described in the previous section) (Lahiri et al., 1999b;
Yan et al., 1998); and robust proteins that can withstand drying and stamping (Bernard et al.,
1998; St. John et al., 1998).

Although the use of proteins as the ink is limited to sturdy proteins, even the more delicate
ones can be patterned utilizing microcontact printing. This patterning of proteins is accomplished
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by preparing areas of protein-adsorptive SAMs and allowing proteins to adsorb onto those regions
from solutions. For example, López et al. (1993b) used microcontact printing to pattern gold sur-
faces into regions terminated in methyl groups, when surrounded by inert oligo(ethylene glycol)
groups. Immersion of the patterned SAMs in solutions of proteins such as fibronectin, fibrinogen,
pyruvate kinase, streptavidin, and immunoglobulins resulted in adsorption of the proteins on the
methyl-terminated regions. The pattern of adsorbed proteins could be characterized by scanning
electron microscopy; the layers of adsorbed protein appeared to be homogeneous. Alternatively,
proteins can be anchored to ligands patterned onto surfaces by 
CP. Lahiri et al. (1999b), for ex-
ample, patterned streptavidin by 
CP of its ligand, biotin, onto activated SAMs (using the method
illustrated in Fig. 18.2B), and then allowing the protein to bind to the patterned ligand.

All eukarytoic cells, and many prokaryotic cells, are too delicate to be dried or stamped and
cannot be patterned directly by 
CP. The ability of 
CP to create patterns of ligands and proteins,
however, allows the patterning of many anchorage-dependent cells (Fig. 18.1), confining them to
specific regions of a substrate; these techniques strongly influence the size and shape of the cells
(Fig. 18.3C). For example, Mrksich et al. (1996) used microcontact printing to pattern gold or sil-
ver substrates into regions presenting oligo(ethylene glycol) groups and methyl groups. After coat-
ing the substrates with fibronectin, bovine capillary endothelial cells attached only to the methyl-
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Fig. 18.3. Examples of microcontact printing experiments. (A) Typical procedure. A poly(di-
methylsiloxane) (PDMS) stamp is prepared by pouring PDMS prepolymer on a “master,” curing
the PDMS and removing it from the master. A solution containing the patterning component of in-
terest (“ink”) is applied to this stamp and the solution allowed to dry. This inked stamp is placed
on a substrate to allow the ink to transfer to the substrate. A patterned substrate remains after re-
moval of the stamp. (B) Selective adsorption of fibronectin onto a surface patterned into protein-
adsorptive and non-protein-adsorptive self-assembled monolayers by microcontact printing as 
visualized by immunostaining. (C) Patterned attachment and spreading of cells on the protein-
patterned substrate in B.



terminated, fibronectin-coated regions of the patterned SAMs. The cells remained attached in the
pattern defined by the underlying SAMs for 5–7 days. 
CP has also been used to pattern astroglial
cells on silicon substrates (Craighead et al., 1998). Astroglial cells attached selectively to 50-
m-
wide bars of N-1-[3-(trimethoxysilyl)propyl]diethylenetriamine (DETA) SAMs patterned on a sil-
icon surface. Zhang et al. (1999) have synthesized oligopeptides containing a cell adhesion motif
at the N terminus connected by an oligo(alanine) linker to a cysteine residue at the C terminus.
The thiol group of cysteine allowed the oligopeptides to form monolayers on gold-coated surfaces.
A combination of microcontact printing and these self-assembling oligopeptide monolayers was
used to pattern gold surfaces into regions presenting cell adhesion motifs and oligo(ethylene gly-
col) groups that resist protein adsorption. Wheeler et al. (1999; Branch et al., 1998) created pat-
terns of covalently bound ligands and proteins on glass cover slips and used these patterns to con-
trol nerve cell growth.

Fundamental Studies in Cell Biology 
Using Microcontact-Printed Substrates

The ability to design SAMs to be either protein adsorptive or nonadsorptive, when combined
with the ability of 
CP to pattern such SAMs routinely on size scales smaller than that of a single
cell (2–50 
m), has led to new studies on the effect of patterned surface environments and cell
shape on cell behavior (Table 18.1).

Singhvi et al. (1994) used 
CP to prepare substrates consisting of square and rectangular is-
lands of laminin surrounded by nonadhesive regions, and studied the behavior of rat hepatocytes
on them. The cells conformed to the shape of the laminin patterns, allowing one to control cell
shape independently of the extracellular matrix (ECM) ligand density. The investigators compared
cells grown on various patterns and observed that cell shape, regardless of ECM ligand density, was
the major determinant of cell growth and differentiation. Chen et al. (1997, 1999) used 
CP to
prepare substrates that presented circular cell-adhesive islands of various diameters and interisland
spacings. Such patterns allowed them to control the extent of cell spreading without varying the
total cell–matrix contact area. They found that the extent of spreading (the projected surface area
of the cell) and not the area of the adhesive contact controlled whether the cell divided, remained
in stationary phase, or entered apoptosis. Dike et al. (1999) used 
CP to prepare substrates with
cell-adhesive lines of varying widths. They found that bovine capillary endothelial (BCE) cells cul-
tured on 10-
m-wide lines underwent differentiation to capillary tubelike structures containing
a central lumen. Cells cultured on wider (30 
m) lines formed cell–cell contacts, but these cells
continued to proliferate and did not form tubes. These studies indicate that cell growth, function,
and differentiation can be controlled, at least in some cases, by patterning the surface of the sub-
strate to which cells adhere.

In another study, Bailly et al. (1998) used micropatterned substrates in studies of the regula-
tion of protrusion shape during chemotactic responses of mammalian carcinoma cells. They plat-
ed rat mammary carcinoma cells on gold-coated glass cover slips having 10-
m-wide adhesive
lanes. On stimulation with epidermal growth factor (EGF), the cells extended lamellipods lateral-
ly, over the nonadhesive part of the substrate. These results showed that lamellipod extension could
occur independently of any contact with the substrate. Contact formation was, however, neces-
sary for stabilizing the protrusion.


CP is an excellent method for patterning surfaces with complex and delicate organic groups,
and it is the soft lithographic method that has been most utilized for patterning the substrate.

MICROFLUIDIC PATTERNING
Microfluidic channels can be used to pattern surfaces by restricting the flow of fluids to de-

sired regions of a substrate (Fig. 18.4). The patterning components—such as ligands, proteins,
and cells—are deposited from the solution to create a pattern on the substrate.

Delamarche et al. (1997, 1998) used microfluidic patterning (
FP) to pattern immunoglob-
ulins with submicron resolution on a variety of substrates, including gold, glass, and polystyrene.
Only microliters of reagent were required to cover square millimeter-sized areas. Patel et al. (1998)
developed a method to generate micron-scale patterns of any biotinylated ligand on the surface of
a biodegradable polymer. These investigators prepared biotin-presenting polymer films, and pat-
terned the films by allowing solutions of avidin to flow over them through 50-
m channels fab-
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Table 18.1. Examples of patterning cells using microcontact printing

Initial component Proteins Effect observed 
Substrate Features patterned patterned (cells patterned) Refs.

Gold 2- to 80-
m Hexadecane thiol, Laminin Primary rat hepatocytes Singhvi et al. (1994)
rectangles hexa(ethylene adhere and spread only

glycol)–terminated on laminin-coated islands;
alkane thiol cell shape controls cell 

growth and function
Gold 60-
m lines Hexadecane thiol, Fibronectin BCE cells were confined Deng et al. (1996)

separated by tri(propylene to the hexadecane thiol
120 
m sulfoxide)–terminated SAM regions for 1–2 days

alkane thiol then started to spread
into other areas

Thin gold 25- to 50-
m Hexadecane thiol, Fibronectin Patterned adsorption of fibro- Mrksich et al. 
film (12 ridges and tri(ethylene glycol)– nectin; cells are confined (1996)
nm) on grooves terminated alkane to tri(ethylene glycol)-
polyure- thiol terminated alkane thiol
thane SAM regions for at least

5 days
Gold 3- to 40-
m Hexadecane thiol, Fibronectin, Extent of cell spreading Chen et al. (1997,

squares and tri(ethylene glycol)- vitronectin, (not the area of adhesive 1999)
circles terminated alkane collagen, anti- contact) controls apoptosis

thiol integrin �1 of bovine capillary endo-
antibody, or thelial cells
anti-integrin
�v�3

Silicon Features of 1 Octadecyltrichlorosilane, — LRM 55 cells (astroglial cell Craighead et al.

m and larger N-1-[3-(trimethoxysilyl) line) selectively attached (1998)

propyl]diethylenetri- to DETA-patterned surfaces
amine, polylysine in presence of serum-con-

taining media; rat hippo-
campal neurons attach to 
poly(lysine)-patterned 
regions

Gold and Circles and Hexadecane thiol, Fibronectin Cell cycle progression of BCE Huang et al. (1998)
silicon squares of 5 tri(ethylene glycol)- cells were controlled by

to 80 
m terminated alkane cell shape and cytoskeletal 
thiol tension

Gold 10-
m lines Hexadecane thiol, Vitronectin Chemotactic response of  Bailly et al. (1998)
hexa(ethylene glycol)- MTLn3 metastatic rat mam-
terminated alkane mary adenocarcinoma 
thiol cells; lamellipod extension

is independent of contact 
with the substratum

Gold Squares and Peptides containing — Human epidermoid carcinoma Zhang et al. (1999)
lines of 20 
m cell adhesion motifs A431 cells, primary human
and larger and cysteine, embryonic kidney 293

hexa(ethylene cells, bovine aorta endo-
glycol)-terminated thelial cells, and NIH 3T3
alkane thiol fibroblasts

Gold 10- or 30-
m- Hexadecane thiol, Fibronectin BCE cells can be switched Dike et al. (1999)
width lines tri(ethylene glycol)- between growth, apoptosis,
and 5- or terminated alkane and differentiation by 
10-
m squares thiol altering the geometry of

spreading
Glass that 10-
m lines Poly(lysine), bovine BSA, laminin On a patterned surface, Branch et al. (1998)

presents N- serum albumin neural somata and den- Wheeler et al.
hydroxy- laminin drites preferred poly(lysine) (1999)
succini- surfaces whereas axons
mide preferred surfaces present-
esters or ing laminin/poly(lysine)
aldehydes mixtures



ricated in PDMS. The avidin moieties bound to the biotin groups on the surface, and served as a
bridge between the biotinylated polymer and biotinylated ligands. Patterns created with biotiny-
lated ligands containing the RGD or IKVAV oligopeptide sequences determined the adhesion and
spreading of bovine aortic endothelial cells and PC12 nerve cells. Folch and Toner (1998) and
Folch et al. (1999) used 
FP to produce patterns of cells on biocompatible substrates. Micropat-
terns of collagen or fibronectin deposited from fluids in capillaries were used to cause cells to ad-
here selectively to various biomedical polymers, and to heterogeneous or microtextured substrates.
On removing the elastomeric stamp, the bare areas of the substrate could be seeded with more ad-
hesive cell types such as fibroblasts. This procedure produced micropatterned cocultures. By al-
lowing different cell suspensions to flow through different channels, patterns composed of two cell
types were also generated.

The mild conditions used with 
FP permit the patterning not only of small molecules and
proteins, but also of more delicate components such as cells. By filling individual channels with
different fluids, multiple components can be patterned at the same time without the need for mul-
tiple steps or the accompanying technical concerns of registration.

LAMINAR FLOW PATTERNING
Laminar flow patterning (LFP) is a technique that can pattern surfaces, and the positions of

cells on them, in useful ways. It can also pattern fluids (Takayama et al., 1999) themselves. This
technique utilizes a phenomenon that occurs in microfluidic systems as a result of their small di-
mensions—that is, low Reynolds number flow. The Reynolds number (Re) is a nondimensional
parameter describing the ratio of inertial to viscous forces in a specific flow configuration. It is a
measure of the tendency of a flowing fluid to develop turbulence. The flow of liquids in capillar-
ies often has a low Re and is laminar. Laminar flow allows two or more layers of fluid to flow next
to each other without any mixing other than by diffusion of their constituent molecular and par-
ticulate components.

Figure 18.5 shows a typical setup for LFP experiments, along with images from some repre-
sentative work. A network of capillaries is made by bringing a patterned PDMS slab into confor-
mal contact with a petri dish. By flowing different patterning components from the inlets, pat-
terns of parallel stripes are created in the main channel (Fig. 18.5A,B). The positions and
environments of cells can be controlled simultaneously in several stripes in the same channel (Fig.
18.5C). Figure 18.5D shows patterning of the substrate with different proteins; Fig. 18.5E shows
patterning cell position by deposition from laminar fluid flows; Fig. 18.5F illustrates the use of
patterned culture media to deliver chemicals selectively to cells. In this experiment, bovine capil-
lary endothelial cells covered the entire bottom face of the capillary; the fluorescence micrograph
visualizes only those cells over which medium containing a fluorescent dye was allowed to flow.
Figure 18.5G is another example of patterning the culture media. In this experiment, digestion of
fibronectin on the channel surface and sequestering of calcium by ethylenediaminetetraacetic acid
(EDTA) cause cells to detach and contract. When a solution of trypsin/EDTA was allowed to flow
over only a portion of a cell, the treated part of the cell detached and contracted; the untreated
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Fig. 18.4. Patterning substrates using microfluidic channels. (A) A poly(dimethylsiloxane) (PDMS)
mold is brought into conformal contact with the surface of a substrate to form microfluidic chan-
nels. (B) The channels are filled with a solution containing patterning components. (C) The chan-
nels are washed clean of the patterning solution and the PDMS mold is removed. This sequence
of steps results in generation of patterns of adsorbed proteins on the substrate.



Fig. 18.5 Examples of laminar flow patterning experiments. (A) Top view of the capillary network.
A poly(dimethylsiloxane) (PDMS) membrane containing micron-sized channels molded in its sur-
face was placed on the flat surface of a petri dish to form a network of capillaries. (B) A close-up
view of the junctions where the inlets converge into a single main channel. Micrographs were ob-
tained for this area of the capillary system. (C) Cross-sectional view of the main channel, looking
from the outlet toward the inlet. The patterning of the substrate, the cell positions, and the fluid
environment can be controlled simultaneously in the same capillary. (D) Patterning substrate with
bovine serum albumin (BSA) and BSA colabeled with mannose and fluorescein (man–FITC–BSA).
(E) Patterned cell deposition. Chick erythrocytes and Escherichia coli were deposited selectively
in their designated lanes by patterned flow of cell suspensions. Adherent cells were visualized
with a fluorescent nucleic acid stain (Syto 9). (F) Using patterned media to selectively stain BCE
cells. Syto 9 and media were allowed to flow from the designated inlets. (G) Using patterned me-
dia to detach bovine capillary endothelial cells selectively. Trypsin/EDTA and media were allowed
to flow from the designated inlets. (D–F) Fluorescence micrographs taken from the top through
PDMS. (G) Phase contrast image observed by an inverted microscope looking through the poly-
styrene petri dish. White dotted lines identify channels not visible with fluorescence microscopy.
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part remained spread (for example, see arrow in Fig. 18.5G). Because no physical barriers are re-
quired to separate the different liquid streams, different liquids can flow over different portions of
a single cell.

LFP has some features that make it complementary to other patterning techniques used for
biological applications. It takes advantage of the easily generated multiphase laminar flows to pat-
tern fluids and to deliver components for patterning. The ability to pattern the growth medium is
a special feature that cannot be achieved by other processes. This method can pattern over delicate
structures, such as a portion of a mammalian cell. This type of patterning is difficult by other tech-
niques. LFP can also give simultaneous control over the surface patterns, cell positioning, and the
fluid environment in the same channel.

CONCLUSION AND FUTURE PROSPECTS
Soft lithography brings to microfabrication low-cost, simple procedures, rapid prototyping of

custom-designed devices, three-dimensional capability, and biocompatibility. These techniques al-
low patterning of cells and their environments with great convenience and flexibility at dimen-
sions down to micrometers. We have described three complementary soft lithographic tech-



niques—microcontact printing, patterning using fluids in microfluidic channels, and laminar flow
patterning—that are useful in their ability to pattern the cell culture environment.

Microcontact printing is perhaps the simplest method for patterning surfaces and also pro-
vides the highest resolution with the greatest flexibility in the shape of the patterns generated. It
is most useful when one needs to pattern two types of ligands or proteins, and when the “ink” is
able to withstand drying and stamping. Microfluidic channels are well suited for patterning sur-
faces using delicate objects such as proteins and cells. They are also useful when multiple ligands,
proteins, or cells need to be patterned. Laminar flow patterning is similar to patterning with in-
dividual microfluidic channels except that the individual flows are kept from mixing with each
other by laminar flow, not by physical walls. The ability to pattern the fluid environment is the
distinguishing feature of this method, and enables laminar flow to be used to pattern the distribu-
tion of different fluids over the surface of a single mammalian cell. This capability allows pattern-
ing of portions of a single cell, and remodeling of the cell culture environment, both in the pres-
ence of living cells.

The potential applications of soft lithography are just starting to be explored. There are many
cell culture environments that we have not discussed in this chapter, but that can potentially be
patterned utilizing soft lithographic methods. For example, topographical features created in
PDMS affect cell spreading (Flemming et al., 1999). Silicone polymers can sense and affect the
mechanical tension within cells (Burton and Taylor, 1997; Sai et al., 1999). With the availability
of various three-dimensional fabrication techniques, much more work is expected in three-di-
mensional patterning of the cell culture substrate (Breen et al., 1999; Jackman et al., 1998; Terfort
et al., 1997). The fourth dimension, time, is also an interesting factor. Experiments such as trypsin-
mediated remodeling of the exposed surfaces of cells and supports presenting adsorbed proteins
using laminar flow demonstrate that real-time temporal changes in the cell culture environment
are possible (Takayama et al., 1999). The optical transparency of PDMS makes it possible to pat-
tern the intensity of light in cell cultures (Paul et al., 1999; Xia and Whitesides, 1998). The abil-
ity of soft lithography to pattern magnetic materials, and the nonmagnetic character of PDMS,
makes it an attractive method for patterning of magnetic fields (Palacin et al., 1996). The gas per-
meability of PDMS may be useful in patterning the gas of the surrounding cells. PDMS is elec-
trically insulating, and the ability to mold or fabricate electrically conducting wires in it should al-
low patterning of electric fields (Kenis et al., 1999). Gravitational fields can also be affected:
microfluidic culture chambers with adherent cells can be turned upside down without loss of the
culture media. Temperature, fluid shear, and other factors may also be accurately patterned.

The potential of a cell is predetermined by its genetics. Realization of that potential depends,
inter alia, on whether the cell is exposed to the appropriate environment. Soft lithography pro-
vides tools for patterning cells and their environments with a high degree of control. This capa-
bility aids efforts to understand fundamental cell biology and advances our ability to engineer cells
and tissues. The ease with which electronic components or other nonbiological components can
be fabricated with soft lithography also paves the way for the engineering of cells and tissue for use
in biosensors and other hybrid systems that combine living and nonliving components.
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Cell Interactions with Polymers
W. Mark Saltzman

INTRODUCTION

Synthetic and naturally occurring polymers are an important element in new strategies for pro-
ducing engineered tissue (Langer and Vacanti, 1993; Hubbell, 1995). Several classes of poly-

mers have proved to be most useful in biomedical applications, including situations in which the
polymer remains in intimate contact with cells and tissues for prolonged periods (Table 19.1).
These polymers might be appropriate for tissue engineering applications, as well. But to select ap-
propriate polymers for tissue engineering, it is necessary to understand the influence of the poly-
mer on cell viability, growth, and function.

This chapter briefly reviews previous work on the interactions of tissue-derived cells with poly-
mers, particularly the types of synthetic polymers that have been employed as biomaterials. In flow-
ing blood, the interactions of cells, particularly platelets, with synthetic polymer surfaces are also
an important aspect of biomaterials design, but are not considered here.

METHODS FOR CHARACTERIZING CELL 
INTERACTIONS WITH POLYMERS

Cell interactions with polymers are usually studied using cell culture techniques. Although in
vitro experiments do not reproduce the entire range of cellular responses observed following im-
plantation of materials, the culture environment provides a level of control and quantification that
cannot be easily obtained in vivo. To study cell interactions, cells in culture are usually plated over
a polymer surface and the extent of cell adhesion and spreading on the surface is measured. By
maintaining the culture for longer periods, the influence of the substrate on cell viability, func-
tion, and motility can also be determined. Because investigators use different techniques to assess
cell interactions with polymers, and because the differences between experimental techniques are
potentially important for interpretation of interactions, the most frequently used in vitro methods
are reviewed in this section.

Adhesion and Spreading
Most tissue-derived cells are anchorage dependent and require attachment to a solid surface

for viability and growth. For this reason, the initial events that occur when a cell approaches a sur-
face are of fundamental interest. In tissue engineering, cell adhesion to a surface is critical because
adhesion precedes other events, such as cell spreading, cell migration, and, often, differentiated
cell function.

A number of different techniques for quantifying the extent and strength of cell adhesion have
been developed. In fact, so many different techniques are used that it is usually difficult to com-
pare studies performed by different investigators. This situation is further complicated by the fact
that cell adhesion depends on a large number of experimental parameters (Lauffenburger and Lin-
derman, 1993), many of which are difficult to control. The simplest methods for quantifying the
extent of cell adhesion to a surface involve three steps: (1) suspension of cells over a surface, (2) in-
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cubation of the sedimented cells in culture medium for some period of time, and (3) detachment
of loosely adherent cells under controlled conditions. The extent of cell adhesion, which is a func-
tion of the conditions of the experiment, is determined by quantifying either the number of cells
that remain associated with the surface (the “adherent” cells) or the number of cells that were ex-
tracted with the washes. Radiolabeled or fluorescently labeled cells can be used to permit mea-
surement of the number of attached cells. Alternatively, the number of attached cells can be de-
termined by direct visualization, by measurement of the concentration of an intracellular enzyme,
or by binding of a dye to an intracellular component such as DNA. In many cases, the adherent
cells are further categorized based on morphological differences (e.g., extent of spreading, forma-
tion of actin filament bundles, presence of focal contacts). This technique is simple, rapid, and be-
cause it requires simple equipment, it is commonly performed. Unfortunately, it is often difficult
to control the force that is provided to dislodge the nonadherent cells, making it difficult to com-
pare results obtained from different laboratories, even when they are using the same technique.

This disadvantage can be overcome by using centrifuge (McClay et al., 1981) or a flowing flu-
id (McIntire, 1994) to provide a reproducible detachment force. In centrifugal detachment assays,
the technique described above is modified slightly: following the incubation period, the plate is
inverted and subjected to a controlled detachment force by centrifugation. In most flow cham-
bers, the fluid is forced between two parallel plates (Lawrence et al., 1987). Prior to applying the
flow field, a cell suspension is injected into the chamber, and the cells are permitted to settle onto
the surface of interest and to adhere. After some period of incubation, flow is initiated between
the plates. These chambers can be used to measure the kinetics of cell attachment, detachment,
and rolling on surfaces under conditions of flow. Usually, the overall flow rate is adjusted so that
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Table 19.1. Polymers that might be useful in tissue engineering a

Polymer Typical application

Polydimethylsiloxane, silicone elastomers Breast, penile, and testicular prostheses,
(PDMS) catheters, drug delivery devices,

heart valves, hydrocephalus shunts,
membrane oxygenators

Polyurethanes (PEUs) Artificial hearts and ventricular assist
devices, catheters, pacemaker leads

Poly(tetrafluoroethylene) (PTFE) Heart valves, vascular grafts, facial
prostheses, hydrocephalus shunts,
membrane oxygenators, catheters, 
sutures

Polyethylene (PE) Hip prostheses, catheters
Polysulfone (PSu) Heart valves, penile prostheses
Poly(methyl methacrylate) (pMMa) Fracture fixation, intraocular lenses,

dentures
Poly(2-hydroxyethylmethacrylate) (pHEMA) Contact lenses, catheters
Polyacrylonitrile (PAN) Dialysis membranes
Polyamides Dialysis membranes, sutures
Polypropylene (PP) Plasmapheresis membranes, sutures
Poly(vinyl chloride) (PVC) Plasmapheresis membranes, blood 

bags
Poly(ethylene–covinyl acetate) Drug delivery devices
Poly(L-lactic acid), poly(glycolic acid), Drug delivery devices, sutures

and poly(lactide–coglycolide) (PLA,
PGA, and PLGA)

Polystyrene (PS) Tissue culture
Poly(vinyl pyrrolidone) (PVP) Blood substitutes

aInclusion in this list is based on past use in biomedical devices, from reviews by Peppas and Langer (1994)
and Marchant and Wang (1994).



the flow is laminar, and the shear stresses at the wall approximate those found in the circulatory
system; however, these chambers can be used to characterize cell detachment under a wide range
of conditions.

Radial flow detachment chambers have also been used to measure forces of cell detachment
(Cozens-Roberts et al., 1990). Because of the geometry of the radial flow chamber, in which cells
are attached uniformly to a circular plate and fluid is circulated from the center to the periphery
of the chamber along radial paths, the fluid shear force experienced by the attached cells decreases
with radial position from the center to the periphery. Therefore, in a single experiment, the influ-
ence of a range of forces on cell adhesion can be determined. A spinning disk apparatus can be
used in a similar fashion (Horbett et al., 1988). Finally, micropipette techniques can be used to
measure cell membrane deformability or forces of cell–cell or cell–surface adhesion (Evans, 1973;
Lamoureux et al., 1989; Tozeren et al., 1989).

Migration
The migration of individual cells within a tissue is a critical element in the formation of the

architecture of organs and organisms (Trinkhaus, 1984). Likewise, cell migration is likely to be an
important phenomenon in tissue engineering, because the ability of cells to move, either in asso-
ciation with the surface of a material or through an ensemble of other cells, will be an essential
part of new tissue formation or regeneration. Cell migration is also difficult to measure, particu-
larly in complex environments. Fortunately, a number of useful techniques for quantifying cell mi-
gration in certain situations have been developed. As in cell adhesion, however, no technique has
gained general acceptance, so it is often difficult to correlate results obtained by different tech-
niques or different investigators.

Most experimental methods for characterizing cell motility can be divided into two categories.
In visual assays, the movements of a small number of cells are observed individually (Gail and
Boone, 1970; Zigmond, 1977; Allan and Wilkinson, 1978; Parkhurst and Saltzman, 1992). Pop-
ulation techniques, on the other hand, allow the observation of the collective movements of groups
of cells; in filter chamber assays the number of cells migrating through a membrane or filter is mea-
sured (Boyden, 1962), whereas in under-agarose assays the leading front of cell movement on a
surface under a block of agarose is monitored (Nelson et al., 1975). The experimental details of
these assays, as well as their advantages and limitations, have been reviewed (Wilkinson et al.,
1982). Both visual and population assays can be quantitatively analyzed, enabling the estimation
of intrinsic cell motility parameters, such as the random motility coefficient and the persistence
time (Gail and Boone, 1970; Dunn, 1983; Lauffenburger, 1983; Buettner et al., 1989; Farrell et
al., 1990).

Aggregation
Cell aggregates are important tools in the study of tissue development, permitting correlation

of cell–cell interactions with cell differentiation, viability, and migration, as well as subsequent tis-
sue formation. The aggregate morphology permits reestablishment of cell–cell contacts normally
present in tissues; therefore, cell function and survival are often enhanced in aggregate culture
(Matthieu et al., 1981; Landry et al., 1985; Koide et al., 1989; Cirulli et al., 1993; Parsons-
Wingerter and Saltzman, 1993; Peshwa et al., 1994). Because of this, cell aggregates may also be
useful in tissue engineering, enhancing the function of cell-based hybrid artificial organs (Nyberg
et al., 1993) or reconstituted tissue transplants (Langer and Vacanti, 1993).

Aggregates are usually formed by incubating cells in suspension, using gentle rotational stir-
ring to disperse the cells (Moscona, 1961). Although this method is suitable for aggregation of
many cells, serum or serum proteins must be added to promote cell aggregation in many cases
(Matsuda, 1988), making it difficult to characterize and control the aggregation process. special-
ized techniques can be used to produce aggregates in certain cases, principally by controlling cell
detachment from a solid substratum (Koide et al., 1989; Parsons-Wingerter and Saltzman, 1993;
Takezawa et al., 1993). Synthetic polymers produced by linking cell-binding peptides (such as
RGD and YIGSR) to both ends of poly(ethylene glycol) (PEG) have been used to promote ag-
gregation of cells in suspension (Dai et al., 1994).

The kinetics and extent of aggregation can be measured by a variety of techniques. Often, di-
rect visualization of aggregate size is used to determine the extent of aggregation (Moscona, 1961).
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The kinetics of aggregation can be monitored by measuring aggregate size distributions over time,
which is facilitated by the use of computer image analysis techniques (Munn et al., 1993; Dai et
al., 1994) or electronic particle counters (Orr and Roseman, 1969). Specialized aggregometers
have been constructed to provide reproducible and rapid measurements of the rate of aggregation;
in one such device, small-angle light scattering through rotating sample cuvettes was used to pro-
duce continuous records of aggregate growth (Thomas and Steinberg, 1980).

Cell Function
In tissue engineering, one is usually interested in promotion of some cell-specific function.

For example, protein secretion (Cima et al., 1991) and detoxification (Gutsche et al., 1994) are es-
sential functions for hepatocytes. Production of extracellular matrix (ECM) proteins is important
in the physiology of many cells, such as chondrocytes (Benya and Shaffer, 1982), osteoblasts
(Ishaug et al., 1994), and fibroblasts (Tamada and Ikada, 1994). In some cases, the important cell
function involves the coordinated activity of groups of cells, such as the formation of myotubules
in embryonic muscle cell cultures (Stol et al., 1985) or the contraction of the matrix surrounding
fibroblasts (Bell et al., 1979; Barocas et al., 1995). In these cases, cell function is monitored by
watching for changes in the morphology in the culture.

CELL INTERACTION WITH POLYMER SURFACES

Effect of Polymer Chemistry on Cell Behavior

Synthetic polymers
For cells attached to a solid substrate, cell behavior and function depend on the characteris-

tics of the substrate. Consider, for example, the experiments described by Folkman and Moscona
(1978), in which cells were allowed to settle onto surfaces formed by coating conventional tis-
sue culture polystyrene (TCPS) with various dilutions of poly(2-hydroxyethyl methacrylate) 
(pHEMA). As the amount of pHEMA added to the surface was increased, the surface became less
adhesive and cell spreading decreased; spreading was quantified by measuring the average cell
height on the surface. Average cell height correlated with the rate of cell growth (Fig. 19.1), sug-
gesting that cell shape, which was determined by the adhesiveness of the surface, modulated cell
proliferation. In these experiments, two simple polymers (TCPS and pHEMA) were used to pro-
duce a series of surfaces with graded adhesivity. These experiments demonstrate that the nature of
a polymer surface will have important consequences for cell function, an observation of consider-
able significance with regard to the use of polymers in tissue engineering.

Following a similar experimental rationale, a number of groups have examined the relation-
ship between chemical or physical characteristics of the substrate and behavior or function of at-
tached cells. Results from a number of similar studies are summarized in Figs. 19.2 and 19.3. Cell
adhesion appears to be maximized on surfaces with intermediate wettability (Fig. 19.2) (Horbett
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Fig. 19.1. Cell shape and cell
growth are modulated by prop-
erties of a polymer surface. Cell
culture surfaces were produced
by evaporating diluted solutions
of pHEMA onto TCPS. The up-
take of [3H]thymidine was used
as a measure of proliferation.
The size of the symbol repre-
sents the relative cell height;
small symbols represent cells
with small heights, and therefore
significant spreading; large sym-
bols represent cells with large
heights, and therefore negligible
spreading. Data replotted from
Folkman and Moscona (1978).



et al., 1985; van Wachem et al., 1987; Ikada, 1994; Tamada and Ikada, 1994), although there are
some obvious exceptions. For most surfaces, adhesion requires the presence of serum and, there-
fore, this optimum is probably related to the ability of proteins, such as fibronectin (Horbett and
Schway, 1988), to absorb to the surface. In the absence of serum, adhesion is enhanced on posi-
tively charged surfaces (van Wachem et al., 1987). Fibroblast spreading has been correlated with
surface free energy (Fig. 19.3), but the rate of fibroblast growth on polymer surfaces appears to be
relatively independent of surface chemistry (van der Valk et al., 1983; Horbett et al., 1985; Saltz-
man et al., 1991). Cell viability may also be related to interactions with the surface (Ertel et al.,
1994). The migration of surface-attached fibroblasts (Saltzman et al., 1991), endothelial cells (Has-
son et al., 1987), and corneal epithelial cells (Pettit et al., 1994) has been measured as function of
polymer surface chemistry; rates of cell migration depend on the nature of the surface, although
no general trends have emerged. Collagen synthesis in fibroblasts has been correlated with contact
angle, with higher rates of collagen synthesis per cell for the most hydrophobic surfaces (Tamada
and Ikada, 1994).

Polymers can frequently be made more suitable for cell attachment and growth by surface
modification. In fact, polystyrene (PS) substrates used for tissue culture are usually treated by glow-
discharge (Amstein and Hartman, 1975) or exposure to sulfuric acid to increase the number of
charged groups at the surface, which improves attachment and growth of many types of cells. Treat-
ment of pHEMA, a nonadhesive polymer, with sulfuric acid also improved adhesion of endothe-
lial cells and permitted cell proliferation on the surface (Hannan and McAuslan, 1987). Modifi-
cation of PS or PET, poly(ethylene terephthalate), by radiofrequency plasma deposition enhanced
attachment and spreading of fibroblasts and myoblasts (Chinn et al., 1989). Again, many of the
effects of surface modification appear to be secondary to increased adsorption of cell attachment
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Fig. 19.2. The relationship between cell adhesion and water-in-air
contact angle for a variety of polymer surfaces. Data replotted from
Tamada and Ikada (1994) for fibroblasts (�), Ikada (1994) for L cells
(�), Hasson et al. (1987) for endothelial cells (�) van Wachem et al.
(1987) for endothelial cells (�), and Saltzman et al. (1991) for fibro-
blasts (�).

Fig. 19.3. The relationship between cell spreading and surface free
energy for fibroblasts cultured on a variety of polymer surfaces. Data
replotted from van der Valk et al. (1983) and Schakenraad et al.
(1986). FEP, fluoroethylenepropylene copolymer; PE, polyethylene;
PS, polystyrene; PEU, polyurethane; PSu, polysulfone; PMMA,
poly(methyl methacrylate); TCPS, tissue culture polystyrene.



proteins, such as fibronectin and vitronectin, to the surface. On the other hand, some reports have
identified specific chemical groups at the polymer surface [such as hydroxyl (UOH) (Curtis et al.,
1983; Lydon et al., 1985) or surface CUO functionalities (Chinn et al., 1989)] as important fac-
tors in modulating the fate of surface-attached cells.

So far, no general principles that would allow prediction of the extent of attachment, spread-
ing, or growth of cultured cells on different polymer surfaces have been identified. For specific
cells, however, interesting correlations have been made with parameters such as the density of sur-
face hydroxyl groups (Curtis et al., 1983), density of surface sulfonic groups (Kowalczynska and
Kaminski, 1991), surface free energy (van der Valk et al., 1983; Baier et al., 1985; Schakenraad et
al., 1986), fibronectin adsorption (Chinn et al., 1989), and equilibrium water content (Lydon et
al., 1985), but exceptions to these correlations are always found. Complete characterization of the
polymer, including both bulk and surface properties, is critical to understanding the nature of the
cell–polymer interactions (Tyler et al., 1992).

Although the interactions of cells with implanted polymers is much more difficult to mea-
sure, the surface chemistry of polymers appears to influence cell interactions in vivo. For example,
the ability of macrophages to form multinucleated giant cells at a hydrogel surface has been cor-
related with the presence of certain chemical groups at the surface: macrophage fusion decreases
in the order (CH3)2NU � UOH � UCOUNHU � USO3H � UCOOH(UCOONa)
(Smetana et al., 1990; Smetana, 1993). A similar hierarchy has been observed for CHO cell ad-
hesion and growth on surfaces with grafted functional groups: CHO cell attachment and growth
decreased in the order UCH2NH2 � UCH2OH � UCONH2 � UCOOH (Lee et al., 1994).

Biodegradable polymers
Biodegradable polymers slowly degrade and then dissolve following implantation. This fea-

ture may be important for many tissue engineering applications, because the polymer will disap-
pear as functional tissue regenerates (Vacanti et al., 1988). Biodegradable polymers may provide
an additional level of control over cell interactions: during polymer degradation, the surface of the
polymer is constantly renewed, providing a dynamic substrate for cell attachment and growth.

Homopolymers and copolymers of poly(l-lactic acid), poly(glycolic acid), and poly(lactide–
co-glycolide) (PLA, PGA, PLGA) have been frequently examined as cell culture substrates, because
they have been used as implanted sutures for several decades (Schmitt and Polistina, 1967; Schnei-
der, 1967; Kulkarni et al., 1971; Wasserman and Levy, 1975). Chondrocytes proliferate and se-
crete glycosaminoglycans within porous meshes of PGA and foams of PLA (Freed et al., 1993).
Rat hepatocytes attach to blends of biodegradable PLGA polymers and secrete albumin for 5 days
in culture (Cima et al., 1991). Neonatal rat osteoblasts also attach to PLA, PGA, and PLGA sub-
strates and synthesize collagen (Ishaug et al., 1994).

Cell adhesion and function have been examined on a variety of other biodegradable polymers.
When cells from an osteogenic cell line were seeded onto polyphosphazenes produced with a va-
riety of side groups, the rate of cell growth as well as the rate of polymer degradation depended on
side group chemistry (Laurencin et al., 1993). Fibroblasts and hepatocytes attached to poly(phos-
phoesters) with a variety of side group functionalities (Saltzman et al., 1991). Proliferation of fi-
broblasts, as well as attachment and neurite outgrowth from PC12 and dorsal root ganglia cells,
have been examined on tyrosine-based polycarbonates and polyarylates (Kohn, 1994; Zhou et al.,
1994).

Synthetic polymers with adsorbed proteins
Cell attachment, migration, and growth on polymer surfaces appear to be mediated by pro-

teins, either adsorbed from the culture medium or secreted by the cultured cells. Because it is dif-
ficult to study these effects in situ during cell culture, often the polymer surfaces are pretreated
with purified protein solutions. In this way, the investigators hope that subsequent cell behavior
on the surface will represent cell behavior in the presence of a stable layer of surface-bound pro-
tein. Cell spreading, but not attachment, has been correlated with fibronectin adsorption to a va-
riety of surfaces (Horbett and Schway, 1988; Chinn et al., 1989; Pettit et al., 1994). Rates of cell
migration on a polymer surface have been shown to depend on the concentration of preadsorbed
adhesive proteins (Calof and Lander, 1991; DiMilla et al., 1993), as well as the presence of solu-
ble inhibitors to protein-mediated cell adhesion (Wu et al., 1994). It appears that the rate of mi-
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gration is optimal at intermediate substrate adhesiveness, as one would expect from mathematical
models of cell migration (Lauffenburger and Linderman, 1993).

Hybrid polymers with immobilized functional groups
Surface modification techniques have been used to produce polymers for cell attachment (Ika-

da, 1994). For example, chemical groups can be added to change the wettability of the surface,
which often influences cell adhesion (Fig. 19.2), as described above. Alternatively, whole proteins
such as collagen can be immobilized to the surface, providing the cell with a substrate that more
closely resembles the ECM found in tissues (Tamada and Ikada, 1994). Collagen and other ECM
molecules have also been incorporated into hydrogels by either adding the protein to a reaction
mixture containing monomers and initiating polymerization (Civerchia-Perez et al., 1980; Car-
bonetto et al., 1982; Woerly et al., 1993), or mixing the protein with polymerized polymer, such
as pHEMA, in appropriate solvents (Stol et al., 1985).

To isolate certain features of ECM molecules, and to produce surfaces that are simpler and
easier to characterize, smaller biologically active functional groups have been used to modify sur-
faces. These biologically active groups can be oligopeptides (Massia and Hubbell, 1989), saccha-
rides (Schnaar et al., 1978), or glycolipids (Blackburn and Schnaar, 1983). Certain short amino
acid sequences appear to bind to receptors on cell surfaces and mediate cell adhesion. For exam-
ple, the cell-binding domain of fibronectin contains the tripeptide RGD (Arg-Gly-Asp).* Cells at-
tach to surfaces containing adsorbed oligopeptides with the RGD sequence and soluble, synthet-
ic peptides containing the RGD sequence reduce the cell-binding activity of fibronectin
(Pierschbacher and Ruoslahti, 1984), demonstrating the importance of this sequence in adhesion
of cultured cells. A large number of ECM proteins (fibronectin, collagen, vitronectin, throm-
bospondin, tenascin, laminin, and entactin) contain the RGD sequence. The sequences YIGSR
and IKVAV in laminin also have cell-binding activity, and mediate adhesion in certain cells.

Because RGD is critical in cell adhesion to ECM, many investigators have examined the ad-
dition of this sequence to synthetic polymer substrates. Synthetic RGD-containing peptides have
been immobilized to poly(tetrafluoroethylene) (PTFE) (Massia and Hubbell, 1991a), PET (Mas-
sia and Hubbell, 1991b), polyacrylamide (Brandley and Schnaar, 1988), polyurethane (PEU) (H.-
B. Lin et al., 1992; H. Lin et al., 1994), poly(carbonate urethane) (Breuers et al., 1991), PEG
(Drumheller et al., 1994), poly(vinyl alcohol) (PVA) (Matsuda et al., 1989), PLA (Barrera et al.,
1993), and poly(N-isopropylacrylamide–co-N-n-butylacrylamide) (Miura et al., 1991) substrates.
The addition of RGD has induced cell adhesion, cell spreading, and focal contact formation on
otherwise nonadhesive or weakly adhesive polymers (Massia and Hubbell, 1989; 1991a; Hubbell
et al., 1991; Lin et al., 1994). Because cells contain cell adhesion receptors that recognize only cer-
tain ECM molecules, use of an appropriate cell-binding sequence has led to cell-selective surfaces
as well, whereby the population of the cells that adhered to the polymer was determined by the
structure of the peptide (Hubbell et al., 1991).

In previous studies, the presence of serum proteins attenuated the adhesion activity of pep-
tide-grafted PEU surfaces (Lin et al., 1994), highlighting a difficulty in using these materials in
vivo. This problem may be overcome, however, through the development of base materials that are
biocompatible yet resistant to protein adsorption. One of the most successful approaches for re-
ducing protein adsorption or cell adhesion has been production of surfaces rich in PEG (Desai and
Hubbell, 1991; Merrill, 1993; Drumheller and Hubbell, 1995). For example, polymer substrates
composed of PEG in highly cross-linked matrices of acrylic acid and trimethyloylpropane triacry-
late completely resisted protein adsorption and cell adhesion, but readily supported adhesion af-
ter derivitization with cell-binding peptides (Drumheller and Hubbell, 1994). Alternatively, ma-
trices formed directly from synthetic polypeptides may also be useful for cell adhesion. Genes
coding the � sheet of silkworm silk have been combined with genes coding fragments of fi-
bronectin to produce proteins that form very stable matrices with cell adhesion domains (Pronectin
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F; Protein Polymer Technologies, Inc.). Synthetic proteins based on peptide sequences from elastin
have been used as cell culture substrates: in the presence of serum, fibroblasts and endothelial cells
adhered to the surfaces of matrices formed by �-irradiation cross-linking of polypeptides contain-
ing repeated sequences GGAP, GGVP, GGIP, and GVGVP (Nicol et al., 1993).

In addition to cell-binding peptides, a variety of other biologically active molecules have been
used to enhance cell adhesion to surfaces. For certain cells, adhesion has been enhanced by ad-
sorption of homopolymers of basic amino acids, such as polylysine and polyornithine. Likewise,
covalently bound amine groups have influenced cell attachment and growth (Kikuchi et al., 1992;
Massia and Hubbell, 1992). The immobilization of saccharides to polymers has also influenced
cell attachment and function. Rat hepatocytes adhered, via asialoglycoprotein receptors, to sur-
faces derivatized with lactose and remained in a rounded morphology consistent with enhanced
function in culture (Kobayashi et al., 1986, 1992; Gutsche et al., 1996). Similar results have been
obtained with polymer surfaces derivatized with N-acetylglucosamine, which was recognized by a
surface lectin on chicken hepatocytes (Gutsche et al., 1994). A variety of carbohydrates have been
immobilized on polyacrylamide disks, making them suitable for cell culture (Schnaar et al., 1978).

Influence of Surface Morphology on Cell Behavior
The microscale texture of an implanted material can have a significant effect on the behavior

of cells in the region of the implant. Fibrosarcomas developed with high frequency, approaching
50% in certain situations, around implanted Millipore filters; the tumor incidence increased with
decreasing pore size in the range 450 to 50 
m (Goldhaber, 1961, 1962). In a recent study, porous
polymer membranes containing certain structural features (nominal pore size � 0.6 
m and
fibers/strands  5 
m) were associated with enhanced new vessel growth (Brauker et al., 1992).

The behavior of cultured cells on surfaces with edges, grooves, or other textures is different
than behavior on smooth surfaces. In many cases, cells oriented and migrated along fibers or ridges
in the surface, a phenomenon called contact guidance from early studies on neuronal cell cultures
(Weiss, 1934, 1945). Fibroblasts have also been observed to orient on grooved surfaces (Brunette,
1986), particularly when the texture dimensions are 1 to 8 
m (Dunn and Brown, 1986). The de-
gree of cell orientation depended on both the depth (Clark et al., 1991) and pitch (Dunn and
Brown, 1986) of the grooves. Not all cells exhibit the same degree of contact guidance when cul-
tured on identical surfaces: baby hamster kidney (BHK) and Madin–Darby canine kidney
(MDCK) cells oriented on 100-nm-scale grooves in fused quartz, but cerebral neurons did not
(Clark et al., 1991). Fibroblasts, monocytes and macrophages, but not keratinocytes or neu-
trophils, spread when cultured on silicon oxide with grooves with a 1.2-
m depth and a 0.9-
m
pitch (Meyle et al., 1995).

Substrates with peaks and valleys also influenced the function of attached cells. Polydi-
methylsiloxane (PDMS) surfaces with 2- to 5-
m texture maximized macrophage spreading
(Schmidt and von Recum, 1992). Similarly, PDMS surfaces with 4- or 25-
m2 peaks uniformly
distributed on the surface provided better fibroblast growth than did 100-
m2 peaks or 4-, 25-,
or 100-
m2 valleys (Schmidt and von Recum, 1992).

Use of Patterned Surfaces to Control Cell Behavior
A variety of techniques have been used to create chemically patterned surfaces containing cell

adhesive and nonadhesive regions. These patterned surfaces have been useful for examining fun-
damental determinants of cell adhesion, growth, and function. For example, individual fibroblasts
were attached to adhesive microislands of palladium that were patterned onto a nonadhesive pHE-
MA substrate using microlithographic techniques (O’Neill et al., 1986). By varying the size of the
microisland, the extent of spreading and hence the cell surface area were controlled. On small is-
lands (�500 
m2) cells attached but did not spread, whereas on larger islands (4000 
m2) cells
spread to the same extent as in unconfined monolayer culture. Cells on large islands proliferated
at the same rate as cells in conventional culture, and most cells attached to small islands prolifer-
ated at the same rate as suspended cells. For 3T3 cells, however, contact with the surface enhanced
proliferation, suggesting that anchorage can stimulate cell division by simple contact with the sub-
strate as well as by increased spreading.

A number of other studies have employed patterned surfaces in cell culture. Micrometer-scale
adhesive islands of self-assembled alkane thiols were created on gold surfaces using a simple stamp-
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ing procedure (Singhvi et al., 1994), which served to confine cell spreading to islands. When he-
patocytes were attached to these surfaces, larger islands (10,000 
m2) promoted growth, but small-
er islands (1600 
m2) promoted albumin secretion. Stripes of a monoamine-derivatized surface
were produced on fluorinated ethylene propylene films by radiofrequency glow discharge (Ranieri
et al., 1993). Because proteins adsorbed differently to the monamine-derivatized and the untreat-
ed stripes, striped patterns of cell attachment were produced. A similar approach, using pho-
tolithography to produce hydrophilic patterns on a hydrophobic surface, produced complex pat-
terns of neuroblastoma attachment and neurite extension (Matsuda et al., 1992). A variety of
substrate microgeometries, and cell attachment patterns, were created by photochemical fixation
of hydrophilic polymers onto TCPS or hydrophobic polymers onto PVA through patterned pho-
tomasks: bovine endothelial cells attached and proliferated preferentially on either the TCPS sur-
face (on TCPS/hydrophilic patterns) or the hydrophobic surface (on PVA/hydrophobic patterns)
(Matsuda and Sugawara, 1995). When chemically patterned substrates were produced on self-as-
sembled monolayer films using microlithographic techniques, neuroblastoma cells attached to and
remained confined within amine-rich patterns on these substrates (Matsuzawa et al., 1993).

Surfaces containing gradients of biological activity have also been useful tools in cell biology,
particularly for examining haptotaxis, the directed migration of cells on surfaces with gradients of
immobilized factors (Brandley and Schnaar, 1989; Brandley et al., 1990).

CELL INTERACTIONS WITH POLYMERS IN SUSPENSION
Most of the studies reviewed in the preceding section examined the growth, migration, and

function of cells attached to a solid polymer surface. This is a relevant paradigm for a variety of
tissue engineering applications, wherein polymers will be used as substrates for the transplantation
of cells or as scaffolds to guide tissue regeneration in situ. Polymers may be important in other as-
pects of tissue engineering, as well. For example, polymer microcarriers can serve as substrates for
the suspension culture of anchorage-dependent cells, and therefore might be valuable for the in
vitro expansion of cells or cell transplantation (Demetriou et al., 1986). In addition, immunopro-
tection of cells suspended within semipermeable polymer membranes is another important ap-
proach in tissue engineering, because these encapsulated cells may secrete locally active proteins
(Emerich et al., 1994) or function as small endocrine organs (Lacy et al., 1991) within the body.

The idea of using polymer microspheres as particulate carriers for the suspension culture of
anchorage-dependent cells was introduced by van Wezel (1967, 1985). As in planar polymer sur-
faces, the surface characteristics of microcarriers influence cell attachment, growth, and function.
In the earliest studies, microspheres composed of diethylaminoethyl (DEAE)–dextran were used;
these spheres have a positively charged surface and are routinely used as anion-exchange resins.
DEAE–dextran microcarriers support the attachment and growth of both primary cells and cell
lines; the best growth occurred when the surface charge was optimized (Levine et al., 1979). In ad-
dition to dextran-based microcarriers, microspheres that support cell attachment have been pro-
duced from PS (Jacobson and Ryan, 1982; Fairman and Jacobson, 1983; Gutsche et al., 1994),
gelatin (Wissemann and Jacobson, 1985), and many of the synthetic and naturally occurring poly-
mers described in the preceding sections. To support cell attachment and growth, the microcarri-
er surface has been modified chemically, or by immobilization of proteins ( Jacobson and Ryan,
1982), peptides ( Jacobson and Ryan, 1982) or carbohydrates (Gutsche et al., 1994). Suspension
culture techniques can be used to permit cell interactions with complex three-dimensional poly-
mer formulations, as well. For example, cells seeding onto polymer fiber meshes during suspen-
sion culture resulted in more uniform cell distribution within the mesh than was obtained by in-
oculation in static culture (Freed and Vunjak-Novakovic, 1995).

In cell encapsulation techniques, cells are suspended within thin-walled capsules or solid ma-
trices of polymer. Alginate forms a gel with the addition of divalent cations under very gentle con-
ditions and, therefore, has been frequently used for cell encapsulation (Lim and Sun, 1980). Cer-
tain synthetic polymers, such as polyphosphazenes, have also been used to encapsulate cells by
cation-induced geltion (Bano et al., 1991). Low-melting-temperature agarose has also been stud-
ied extensively for cell encapsulation (Nilsson et al., 1983). Methods for the microencapsulation
of cells within hydrophilic or hydrophobic polyacrylates by interfacial precipitation have been de-
scribed (Dawson et al., 1987; Sefton et al., 1987), although the thickness of the capsule can limit
the permeation of compounds, including oxygen, through the semipermeable membrane shell. In-
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terfacial polymerization has been used to produce conformal synthetic membranes on cells or cell
clusters (Sawhney et al., 1994), thereby providing immunoprotection while dramatically reducing
the diffusional distances.

Hollow fibers are frequently used for macroencapsulation; cells and cell aggregates are sus-
pended within thin fibers composed of a porous, semipermeable polymer. Chromaffin cells sus-
pended within hollow fibers formed from a copolymer of vinyl chloride and acrylonitrile, which
are commonly used as ultrafiltration membranes, have been studied as potential treatments for
cancer patients with pain (Joseph et al., 1994) or for Alzheimer’s disease (Emerich et al., 1994).
Other materials have been added to the interior of the hollow fibers to provide a matrix that en-
hances cell function or growth: chitosan (Zienlinski and Aebischer, 1994), alginate (Lacy et al.,
1991), and agar (Sullivan et al., 1991) have been used as internal matrices.

CELL INTERACTIONS WITH THREE-DIMENSIONAL 
POLYMER SCAFFOLDS AND GELS

Cells within tissues encounter a complex chemical and physical environment that is quite dif-
ferent from commonly used cell culture conditions. In vitro methods for growing cells in tissue-
like environments may have direct application in tissue engineering (Vacanti et al., 1988; Thomp-
son et al., 1989). Previous investigators have used three-dimensional cell culture methods to
simulate the chemical and physical environment of tissues (Bell et al., 1979; Yang et al., 1979;
Schor, 1980; Schor et al., 1980, 1981; Richards et al., 1983; Chen et al., 1985; Haston and Wilkin-
son, 1988; Saltzman et al., 1992). White blood cells, fibroblasts, pancreatic cells, epithelial cells,
and nervous tissue cells have been cultured in gels containing ECM components, and the dynamics
of cell motility (Parkhurst and Saltzman, 1992; Dickinson et al., 1994), aggregation (Krewson et
al., 1994), and force generation (Barocas et al., 1995) within gels have been studied. Often, tis-
sue-derived cells cultured in ECM gels have reformed multicellular structures that are reminiscent
of tissue architecture.

Gels of agarose have also been used for three-dimensional cell culture. Chondrocytes, which
dedifferentiate when cultured as monolayers, reexpressed a differentiated phenotype when cultured
in agarose gels (Benya and Shaffer, 1982). When fetal striatal cells were suspended in three-di-
mensional gels of hydroxylated agarose, �50% of the cells extended neurites in gels containing
between 0.5 and 1.25% agarose, but no cells extended neurites at concentrations above 1.5%, an
agarose concentration corresponding to an average pore radius of 150 nm (Bellamkonda et al.,
1995). Neurites produced by PC12 cells within agarose gels, even under optimal conditions, are
much shorter and fewer in number than neurites produced in gels composed of ECM molecules,
however (Krewson et al., 1994).

Macroporous hydrogels have been produced from pHEMA-based materials, using either
freeze–thaw or porosigen techniques (Oxley et al., 1993). These materials, when seeded with chon-
drocytes, have been studied as cartilage replacement (Corkhill et al., 1993). Similar structures have
been produced from PVA by freeze–thaw cross-linking (Cascone et al., 1995). Although cells ad-
here poorly to pHEMA and PVA surfaces, adhesion proteins can be added during the formation
to encourage cell attachment and growth. Alternatively, water-soluble polymers containing adhe-
sive peptides, such as RGDS, have been photopolymerized to form a gel matrix around vascular
smooth muscle cells: cells remain viable and elongate within the gel during subsequent culture
(Moghaddam and Matsuda, 1991).

Fiber meshes (Mikos et al., 1993) and foams (Lo et al., 1995, 1996; Thomson et al., 1995)
of PLGA, PLA, and PGA have been used to create three-dimensional environments for cell pro-
liferation and function, and to provide structural scaffolds for tissue regeneration. When cultured
on three-dimensional PGA fiber meshes, chondrocytes proliferated, producing glycosaminogly-
cans and collagen and forming structures that were histologically similar to cartilage (Puelacher et
al., 1994). The physical dimensions of the polymer fiber mesh influenced cell growth rate, with
slower growth in thicker meshes (Freed et al., 1993). Changing the fluid mechanical forces on the
cells during the tissue formation also appeared to influence the development of tissue structure
(Freed and Vunjak-Novakovic, 1995). A variety of techniques have been developed for the pro-
duction of foams of biodegradable polymers, which may also be useful in the production of three-
dimensional tissuelike structures.
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Matrix Effects
Jeffrey A. Hubbell

INTRODUCTION

The extracellular matrix is a complex chemically and physically cross-linked network of proteins
and glycosaminoglycans. The matrix serves to organize cells in space, to provide them with en-

vironmental signals to direct site-specific cellular regulation, and to separate one tissue space from
another. The interaction between cells and the extracellular matrix is bidirectional and dynamic:
cells are constantly accepting information on their environment from cues in the extracellular ma-
trix, and cells are frequently remodeling their extracellular matrix. In this chapter, the proteins in
the extracellular matrix and their cell surface receptors are introduced, and mechanisms by which
cells transduce chemical information in their extracellular matrix are discussed. Methods for spa-
tially displaying matrix recognition factors are described, both in the context of model systems for
investigation of cellular behavior and from the perspective of creation of bioactive biomaterials for
tissue engineering therapies.

The extracellular matrix serves at least three functions in its role controlling cell behavior: it
provides adhesion signals, it provides growth factor binding sites, and it provides degradation sites
to give way to the enzymatic activity of cells as they migrate (Roskelley et al., 1995). An under-
standing of these interactions is important in tissue engineering, because it may be desirable to
mimic the biological recognition molecules that control the relationships between cells and their
natural biomaterial interface, namely, the extracellular matrix. The components of the extracellu-
lar matrix are on one level immobilized, but not necessarily irreversibly. Cell-derived enzymes, such
as tissue transglutaminase, serve to cross-link chemically certain components of the extracellular
matrix, such as fibronectin chains to other fibronectin chains and to fibrillar collagen chains. Oth-
er components are more transiently immobilized, such as growth factors within the extracellular
matrix proteoglycan network. This network can be partially degraded, and the growth factors can
be proteolytically cleaved, to mobilize the growth factors under cellular control. Not all of the sig-
nals of the extracellular matrix are biochemical in nature. A biomechanical interplay exists between
cells and their extracellular matrix, and this interaction may play an important role in the func-
tional regulation in many tissues, particular in load-bearing tissues. This chapter considers only
the biochemical aspects of biological recognition; the reader is referred elsewhere for treatments of
the role of the extracellular matrix as a biomechanical regulator of cell behavior (He and Grinnell,
1994; Dickenson et al., 1994; Grinnell, 1999).

EXTRACELLULAR MATRIX PROTEINS AND THEIR RECEPTORS
Interactions between cells and the extracellular matrix are mediated by cell surface glycopro-

tein and proteoglycan receptors interacting with proteins bound within the extracellular matrix.
This section begins with an introduction of the glycoprotein receptors on cell surfaces involved in
cell adhesion. The topic then turns to the extracellular matrix proteins to which those receptors
bind, with a discussion of the active domains of those proteins that bind to the cell surface recep-
tors. Finally, the role of cell surface-associated enzymes in the processing and remodeling of the
extracellular matrix is addressed.
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There are four major classes of glycoprotein adhesion receptors that are present on cell sur-
faces, three of which are involved primarily in cell–cell adhesion and one of which is involved in
both cell adhesion to other cells and cell adhesion to the extracellular matrix. The first three are
introduced briefly, and the fourth more extensively.

The cadherins are a family of cell surface receptors that participate in homophilic binding
(i.e., the binding of a cadherin on one cell with an identical cadherin on another cell) (Takeichi,
1991; Adams and Nelson, 1998; Shapiro and Colman, 1998; Alattia et al., 1999). These mole-
cules allow a cell of one type (e.g., endothelial cells) to recognize other cells of the same type and
are important in the early stages of organogenesis. These interactions depend on the presence of
extracellular Ca2+ and may be dissociated by calcium ion chelation. Because all cadherins are pres-
ent on cell surfaces, cadherins are not involved directly in cell interactions with the extracellular
matrix. They may be involved indirectly, in that they may organize cell–cell contacts in concert
with another receptor system that is involved in regulation of cell–extracellular matrix binding.

A second class of receptors is the selectin family (Bevilacqua et al., 1991; Lasky, 1995; Vest-
weber and Blanks, 1999). These membrane-bound proteins are involved in heterophilic binding
between blood cells and endothelial cells in a manner that depends, as the cadherins, on extracel-
lular Ca2+. These proteins contain lectinlike features and recognize branched oligosaccharide struc-
tures in their ligands, namely the sialyl Lewis X and the sialyl Lewis A structures (Varki, 1994). As
with the cadherins, these receptor–ligand interactions are important primarily in cell–cell inter-
actions, and this is particularly true in the context of inflammation.

A third class of receptors is the immunoglobulin family, proteins that are denoted as cell ad-
hesion molecules (CAMs) (Grumet, 1991; Hunkapiller and Hood, 1989). These proteins bind
their protein ligands in a manner that is independent of extracellular Ca2+ and they participate in
both homophilic and heterophilic interactions. As with the cadherins and the selectins, they bind
to other cell surface proteins and are thus primarily involved in cell–cell interactions. Selected
members of the integrin class of adhesion receptors represent one class of ligand for these recep-
tors, are as discussed below.

The fourth class of adhesion receptors is the integrin family (Ruoslahti, 1991; Hynes, 1992).
Although the other three classes of receptors described briefly above are involved primarily in cell–
cell recognition, the integrins are involved in both cell–cell and cell–extracellular matrix binding.
The integrins are dimeric proteins, consisting of an � and a � subunit assembled noncovalently
into an active dimer. There are many known � and � subunits, with at least 15 such � subunits
and 8 such � subunits that are capable of assembly into at least 21 �� combinations. The �� com-
binations present in the �1, �2, and �3 subclasses are shown in Table 20.1; the �1, �2, and �3
subclasses are the most commonly expressed integrins and are thus arguably the most generally im-
portant. The �2 integrins are involved primarily in cell–cell recognition; for example, the integrin
�L�2 binds to two intercellular adhesion molecules (ICAM-1 and ICAM-2), both members of
the immunoglobulin class of adhesion receptors described in the preceding paragraph. By contrast,
the �1 and �3 integrins are primarily involved in cell–extracellular matrix interactions. The �1
and �3 integrins bind to numerous proteins present in the extracellular matrix, as illustrated in
Table 20.1. These proteins include collagen, fibronectin, vitronectin, von Willebrand factor, and
laminin.

Collagen is the primary structural protein of the tissues; the reader is referred elsewhere for 
a focused review on this extensive topic (Vanderrest and Garrone, 1991; Cremer et al., 1998;
Fratzl et al., 1998). Many forms of collagen exist, most of which are multimeric and fibrillar. To
these collagens many other adhesion proteins bind, thus collagen has the role of organizing many
other proteins that interact with and organize cells. Collagen also interacts directly with integrins,
primarily �1�1, �2�1, and �3�1.

Fibronectin is a globular protein that is present in nearly all tissues; fibronectin has been ex-
tensively reviewed elsewhere (Schwarzbauer, 1991; Miyamoto et al., 1998; Magnusson and Mosh-
er, 1998). Fibronectin also exists in many forms, depending on the site in the tissues and the reg-
ulatory state of the cell that synthesized the fibronectin. Almost all cells interact with fibronectin,
primarily through the so-called fibronectin receptor �5�1, and to a lesser extent through the �3
integrin �v�3 as well as other integrins, as will be described below.

Vitronectin is a multifunctional adhesion protein found in the circulation and in many tis-
sues (Preissner, 1991). The protein is active in promoting the adhesion of numerous cell types and
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binds primarily to the so-called vitronectin receptor, �v�3, as well as to �v�1 and to the platelet
receptor �IIb�3. von Willebrand factor is an adhesion protein that is primarily involved in the ad-
hesion of vascular cells; the reader is referred elsewhere for a detailed review (Ruggeri, 1997; Sadler,
1998). It is synthesized by megakaryocytes, the platelet-generating cells of the bone marrow, and
is stored in the � granules of circulating platelets. Activation of the platelet leads to the release of
the granule contents, including the von Willebrand factor. von Willebrand factor is also synthe-
sized by and stored within the endothelial cell. A multimeric form of the protein, where tens of
copies of the protein may be linked together into insoluble form, is found in the subendothelium
and is involved in blood platelet adhesion to the subendothelial tissues on vascular injury.

Laminin is a very complex adhesion protein that is generally present in the basement mem-
brane, the proteins immediately beneath epithelia and endothelia, as well as in many other tissues,
as reviewed in detail elsewhere (Timpl, 1996; Timpl and Brown, 1996; Ryan et al., 1996; Au-
mailley and Smyth, 1998). Laminin is present in a family of forms (Malinda and Kleinman, 1996;
Engvall and Wewer, 1996). The classic form was purified from the extracellular matrix of Engel-
breth–Holm–Swarm tumor cells and consists of a disulfide cross-linked trimer of one �1 (400,000
Da), one �1 (210,000 Da), and one �1 (200,000 Da) polypeptide chain. This form binds to the
�1 integrins �1�1, �2�1, �3�1, �6�1, and �7�1, and to the �3 integrins �v�3 and �IIb�3, as
well as to other integrins. A number of other laminin forms exist, composed of ��� combinations
of �1, �2, �3, �4, or �5; �1, �2, or �3; and �1 or �2 chains. The details of the differences in
function of all of the various laminin forms remain unknown, but it is clear that several of them
do stimulate very different behaviors in a variety of cell types. Laminin is a particularly important
component of the basal lamina, i.e., the extracellular matrix beneath monolayer structures such as
epithelia, mesothelia, and endothelia (Schwarzbauer, 1999). For example, laminin contains nu-
merous domains that bind to endothelial cells (Ponce et al., 1999), and these are undoubtedly im-
portant in regulating a variety of cell type-specific functions, as discussed below.

The extracellular matrix proteins described above are very complex. They contain sites re-
sponsible for binding to collagen, for binding to glycosaminoglycans (as described below), for
cross-linking to other extracellular matrix proteins via transglutaminase activity, for degradation
by proteases (as described briefly below), and for binding to integrin and other adhesion receptors
(as described in detail immediately below). Because the proteins must be so multifunctional, the
sites that serve the singular function of binding to integrins comprise a small faction of the pro-
tein mass. In most cases, the receptor-binding domain can be localized to an oligopeptide sequence
less than 10 amino acid residues in length, and this site can be mimicked by linear or cyclic
oligopeptides of identical or similar sequence as that found in the protein (Humphries, 1990; Ya-
mada, 1991; Ruoslahti, 1991). The first such minimal sequence to be identified was the tripeptide
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Table 20.1. Selected members of the integrin receptor class and their ligands

Integrin heterodimer Ligands

�1�1 Collagen, laminin
�2�1 Collagen, fibronectin, laminin
�3�1 Collagen, fibronectin, laminin
�4�1 Fibronectin, vascular cell adhesion molecule-1
�5�1 Fibronectin
�6�1 Laminin
�7�1 Laminin
�v�1 Collagen, fibrinogen, fibronectin, vitronectin, von Willebrand factor
�x�2 Complement protein C3bi, fibrinogen, factor X
�M�2 Complement protein C3bi
�L�2 Intercellular adhesion molecule-1, intercellular adhesion molecule-2
�v�3 Bone sialoprotein, fibrinogen, fibronectin, laminin, thrombospondin,

vitronectin, von Willebrand factor
�IIb�3 Fibrinogen, fibronectin, laminin, thrombospondi, vitronectin, von

Willebrand factor



RGD (Ruoslahti and Pierschbacher, 1987) (the single-letter amino acid abbreviation nomencla-
ture is shown as a footnote in Table 20.2). Synthetic RGD-containing peptide, when appropri-
ately coupled to a surface or a carrier molecule (see below), is capable of recapitulating most of the
adhesive interactions of the RGD site in the protein fibronectin, including integrin binding. At
least for the case of integrin binding via �v�3, the RGD ligand alone is capable of also inducing
integrin clustering and, when the signal is presented at sufficient surface concentration, focal con-
tact formation and cytoskeletal organization (Massia and Hubbell, 1991). It is not yet clear if this
is the case for RGD binding by all integrins; e.g., in binding by �5�1, it would appear that inter-
actions with cell surface proteoglycans are also necessary (Bloom et al., 1999). Many receptor-bind-
ing sequences other than the RGD tripeptide have been identified by a variety of methods, and
some of these sequences are shown in Table 20.2. In these receptor-binding sequences, the affini-
ty is highly specific to the particular ordering of the amino acids in the peptide; for example, the
peptide RDG, containing the same amino acids but in a different sequence, is completely inactive
in binding to integrins.

Of the adhesion peptides, one class contains the central RGD sequence. The sequence is mod-
ified by the flanking residues, modifying the receptor specificity of the receptor-binding sequence.
For example, the sequence found in fibronectin is RGDS; in vitronectin, it is RGDV; in laminin,
it is RGDN; and in collagen, it is RGDT. Other adhesion peptides maintain the central D residue,
such as the REDV and LDV sequences of fibronectin. The REDV and LDV sequences are rela-
tively specific in their binding and interact with the integrin �4�1; RGD peptides also bind to
�4�1, but the REDV and LDV sequences bind essentially only to �4�1.

In addition to peptides that bind to the integrin adhesion receptors, there are other peptide
sequences that bind to other nonintegrin receptors. As an example, laminin bears several such se-
quences, such as the YIGSR, SIKVAV, and RNIAEIIKDI peptides. The YIGSR (Graf et al.,
1987a,b) sequence binds to a 67-kDa monomeric nonintegrin laminin receptor (Meecham, 1991).
As do the integrin receptors, this laminin receptor also interacts via its cytoplasmic domain with
intracellular proteins involved with linkage to the f-actin cytoskeleton (Massia et al., 1993). The
YIGSR sequence is involved in the adhesion and spreading of numerous cell types (see below). The
SIKVAV sequence in laminin binds to the neuronal cell surface receptor and stimulates the ex-
tension of neurites (Tashiro et al., 1991).

In addition to the highly sequence-specific binding of adhesion peptides to cell surface re-
ceptors, most of the adhesion proteins also bind to cell surface components by less specific mech-
anisms. These proteins contain a heparin-binding domain (so called because of the use of heparin
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Table 20.2 Selected cell binding domain sequences of extracellular matrix proteinsa

Protein Sequenceb Role

Fibronectin RGDS Adhesion of most cells, vis �5�1
LDV Adhesion
REDV Adhesion

Vitronectin RGDV Adhesion of most cells, via �v�3
Laminin A LRGDN Adhesion

SIKVAV Neurite extension
Laminin B1 YIGSR Adhesion of many cells, via 67-kDa

laminin receptor
PDSGR Adhesion

Laminin B2 RNIAEIIKDI Neurite extension
Collagen I RGDT Adhesion of most cells

DGEA Adhesion of patelets, other cells
Thrombospondin RGD Adhesion of most cells

VTXG Adhesion of platelets

aFrom Hubbell (1995), after Yamada and Kleinman (1992).
bSingle-letter amino acid code: A, alanine, C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine;
G, glycine; H, histidine; I, isoleucine; K, lysine; M, methionine; N, asparagine; P, proline; Q, glutamine; R,
arginine; S, serine; T, threonine; V, valine; W, trytophan; Y, tyrosine.



affinity chromatography in purification of the protein) that binds to cell surface proteoglycans that
contain heparin sulfate or chondroitin sulfate glycosaminoglycans (Wight et al., 1992; Jackson et
al., 1991; Gallagher, 1997; Lyon and Gallagher, 1998). The peptide sequences that bind to cell
surface proteoglycans are rich in cationic residues, such as arginine (R) and lysine (K), relative to
their anionic residues, aspartic acid (D) and glutamic acid (E), and they also contain hydrophobic
amino acids, such as alanine (A), isoleucine (I), leucine (L), proline (P), and valine (V). Several of
these sequences are shown in Table 20.3. For example, the heparin-binding sequence in fibronectin
bears a sequence of PRRARV, having a motif of XBBXBX, which is observed in several cell adhe-
sion proteins, X being a hydrophobic residue and B being a basic residue, either K or R. These sites
within adhesion proteins such as fibronectin and laminin bind to cell surface proteoglycan in par-
allel, with interaction by the integrin-binding sites to stabilize the adhesion complex (LeBaron et
al., 1988). Cell–cell adhesion molecules also employ cell surface proteoglycan-binding affinity,
e.g., neural cell adhesion molecule (NCAM) bears the domain KHKGRDVILKKDVR, which
binds to heparan sulfate and chondroitin sulfate proteoglycans (Kallapur and Akeson, 1992). The
interactions with cell surface proteoglycans are much less specific than those with integrins; the
binding is not as sensitive to the order of the oligopeptide sequence and moreover the effect can
be mimicked simply by R or K residues immobilized on a surface, albeit certainly with a great loss
in specificity (Massia and Hubbell, 1992).

The extracellular matrix is subject to dynamic remodeling under the influence of cells in con-
tact with it. Cells seeded in vitro on an extracellular matrix of one composition may adhere, spread,
form focal contacts, remove the initial protein, secrete a new extracellular matrix of different pro-
tein composition, and form new focal contacts (Dejana et al., 1988).

Cell surface-bound and cell-derived free enzymes play an important role in this remodeling
of the extracellular matrix (Mosher et al., 1992). For example, cell-released protein disulfide iso-
merases are released from cells to cross-link protein covalently in the extracellular matrix by disul-
fide bridging (Mayadas and Wagner, 1992). Cell-derived transglutaminases also form an amide
linkage between the �-amino group of lysine and the �-carboxyl group of glutamic acid to cross-
link proteins chemically in the extracellular matrix. These processes are responsible, for example,
for the assembly of the globular adhesion protein fibronectin into fibrils within the extracellular
matrix beneath cells.

Membrane-bound and cellularly released enzymes are also involved in degradation of the ex-
tracellular matrix to permit matrix remodeling and cell migration (Chen, 1992; Birkedall-Hansen,
1995; Blasi, 1993; Shapiro, 1998). Cell-released matrix metalloproteinases such as collagenase and
gelatinase, serine proteases such as urokinase plasminogen activator and plasmin, and cathepsins
are each involved in both remodeling and degradation during cell migration. Accordingly, the ma-
trix–cell interaction should be understood to be bidirectional: the cell accepting information from
the matrix, and the matrix being tailored by the cell.

One of the important roles of cell-associated enzymatic degradation of the extracellular ma-
trix is in mobilization of growth factor activity. Because growth factors are such powerful regula-
tors of biological function, their activity must be highly spatially regulated. One means by which
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Table 20.3. Proteoglycan binding domain sequences of extra-
cellular matrix proteinsa

Proteinb Sequence

XBBXBX Consensus sequence
PRRARV Fibronectin
YEKPGSPPREVVPRPRPGV Fibronectin
RPSLAKKQRFRHRNRKGYRSQRGHSRGR Vitronectin
RIQNLLKITNLRIKFVK Laminin

aAfter Hubbell (1995); references contained in Massia and Hubbell (1992).
bAn X indicates a hydrophobic amino acid; basic amino acids are underlined.



this occurs in nature is by high-affinity binding interactions between growth factors and the three-
dimensional extracellular matrix in which they exist. Many such growth factors bind heparin,
meaning that they, like adhesion proteins, bear domains that bind extracellular matrix heparan sul-
fate and chondroitin sulfate proteoglycans. For example, basic fibroblast growth factor binds hep-
arin with high affinity (Faham et al., 1996, 1998). Vascular endothelial cell growth factor is an-
other example of a heparin-binding growth factor (Fairbrother et al., 1998). These growth factors
are strongly immobilized by binding to extracellular matrix proteoglycans, and they can be mobi-
lized under local cellular activity, e.g., by degradation of these proteoglycans, or, in the case of vas-
cular endothelial cell growth factor, by cleavage of the main chain of the growth factor away from
the heparin-binding domain by plasmin activated at the surface of a nearby cell (Keyt et al., 1996).

MODEL SYSTEMS FOR STUDY OF MATRIX INTERACTIONS
Because the extracellular matrix adhesion proteins may be mimicked, at least to some degree,

by small synthetic peptides, it is possible to investigate cell–substrate interactions with well-de-
fined systems. Foundational to them all are the interactions of cells with the surface (other than
with adhesion peptides intentionally endowed on the surface) that would produce cell adhesion.
These so-called nonspecific interactions are between cell surface receptors and proteins that have
adsorbed to the surface. Due to this role played by adsorbing proteins, some introduction to the
protein and surface interactions leading to adsorption is warranted. The thermodynamic and ki-
netic aspects of protein adsorption have been reviewed and the reader is referred elsewhere for a
more detailed treatment (Andrade and Hlady, 1986; Wojciechowski and Brash, 1991; norde and
Lyklema, 1991). The primary driving force for protein adsorption is the hydrophobic effect: wa-
ter near a hydrophobic surface fails to hydrogen bond with that surface and thus assumes a more
highly ordered structure in which the water is more thoroughly hydrogen bonded to itself than is
the case in water far away from the surface. A protein can adsorb to this surface, acting like a sur-
factant, and thus replace the hydrophobic surface material with a polar surface capable of hydro-
gen bonding with water. This releases the order in the water, with a net result of a large entropic
gain. Electrostatic interactions, e.g., between charges on D, E, K, or R residues on the protein with
cationic or anionic functions on the surface material, play a lesser but important role as well; be-
cause proteins generally bear a net negative charge, anionic surfaces typically adsorb less protein
than do cationic surfaces. These observations, overly generalized here, guide one to examine mod-
el surfaces that are hydrophilic and nonionic, as well as being derivatizable, to permit coupling of
the adhesion peptide under study.

The tendency for proteins to adsorb to material surfaces has been exploited as a method by
which to immobilize peptides onto substrates for study. Ruoslahti and Pierschbacher (1986) have
described the peptide Ac-GRGDSPASSKGGGGSRLLLLLLR-NH2 (where the Ac indicates that
the N terminus is acetylated and the NH2 indicates that the C terminus is amidated to block the
terminal charges) for this purpose. The LLLLLL stretch is hydrophobic and adsorbs avidly to hy-
drophobic polymer surfaces and effectively immobilizes the cell-binding RGDS sequence from fi-
bronectin. Nonadhesive proteins such as albumin have also been grafted with RGD peptide, e.g.,
by binding to amine groups on lysine residues on the albumin; adsorption of the albumin conju-
gate thus immobilizes the attached RGD peptide (Danilov and Juliano, 1989).

Surfaces coated with hydrophilic polymers have also been employed to graft adhesion pep-
tides. One simple system that has been useful is glass modified with a silane, 3-glycidoxypropyl
triethoxysilane; once the silane is grafted to the surface the epoxide group is hydrolyzed to produce
UCH2CH(OH)CH2OH groups pendant from the surface (glycophase glass). The hydroxyl
groups serve as sites for covalent immobilization of adhesion peptide, e.g., via the N-terminal pri-
mary amine (Massia and Hubbell, 1990). Titration of the surface density of grafted RGD peptides
versus cell response using this system revealed quantitative information on the number density of
interactions required to establish morphologically complete cell spreading (Massia and Hubbell,
1991). A surface density of approximately 10 fmol/cm2 of RGD was required to induce spread-
ing, focal contact formation, integrin �v�3 clustering, �-actinin and vinculin colocalization with
�v�3, and f-actin cytoskeletal assembly in human fibroblasts cultured on this synthetic extracel-
lular matrix. This surface density corresponds to a spacing of roughly 140 nm between immobi-
lized RGD sites, demonstrating that far less than monolayer coverage is sufficient to promote cell
responses. Silane-modified quartz has been employed as a surface to study the role of RGD sites
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and heparin-binding domains of adhesion proteins in osteoblast adhesion and mineralization,
demonstrating a strong benefit for the involvement of both modes of adhesion (Rezania and Healy,
1999). The base material, glycophase glass, is only modestly resistant to protein adsorption and
thus nonspecific cell adhesion; accordingly, it is difficult to conduct an investigation of long-term
interactions, during which the adherent cells may be synthesizing and secreting their own extra-
cellular matrix to adsorb to the synthetic one experimentally provided. This has motivated explo-
ration with substrates that are more resistant to protein adsorption.

An enormous amount of research has been expended into grafting material surfaces with wa-
ter-soluble, nonionic polymers such as poly(ethylene glycol), HO(CH2CH2O)nH. This vast body
of research has been extensively reviewed elsewhere (Harris, 1992; Llanos and Sefton, 1993; Ami-
ji and Park, 1993). Poly(ethylene glycol) has been immobilized on surfaces by numerous means;
three particularly effective means will be addressed below.

Thiol compounds chemisorb avidly to gold surfaces (Bain and Whitesides, 1989; Lopez et
al., 1993). When those thiols are terminal to an alkane group, RU(CH2)nUSH, the group ad-
sorbs in perfect monolayers; the thiol–gold interaction contributes about half of the energy of in-
teraction, and the alkane–alkane van der Waals interaction contributes the other half. According-
ly, it is easy to employ alkane ethiols to display, in very regular fashion, some functionality R on a
gold-coated substrate (so long as the R group is not so large as to inhibit monolayer packing ster-
ically, in which case it can be diluted with a nonfunctional alkane thiol). Using this approach,
Prime and Whitesides (1993) immobilized an oligo(ethylene glycol)-containing alkane thiol,
HSU(CH2)11(OCH2CH2)nOH. Protein adsorption was investigated on surfaces formed with
this alkane thiol and a hydrophobic coreactant, HSU(CH2)10CH3. Degrees of polymerization
(n) as low as 4 were observed to limit dramatically the adsorption of even very large proteins, such
as fibronectin. When the oligo(ethylene glycol) monolayer was incomplete, i.e., when the mono-
layer was mixed with the hydrophobic alkane thiol, longer oligo(ethylene glycol) functions were
able to preserve the protein repulsiveness of the surface. Because the background amount of pro-
tein adsorption on these materials is so low, one would expect them to be very useful as substrates
for peptide attachment for studies with model synthetic extracellular matrices, e.g., with
HSU(CH2)11(OCH2CH2)nUNHURGDS.

Drumheller and Hubbell (1994a,b,c) have developed a polymeric material that was highly re-
sistant to cell adhesion for use in peptide grafting. Materials that contain large amounts of poly(eth-
ylene glycol) generally swell extensively, rendering material properties sometimes unsuitable for
cell culture or medical devices. To circumvent this, the poly(ethylene glycol) swelling was con-
strained by distributing it as a network throughout a densely cross-linked network of a hy-
drophobic monomer, trimethylolpropane triacrylate. This yielded a material with the surface hy-
drophilicity of a hydrogel but with mechanical and optical properties of a glass. These materials
were highly resistant to protein adsorption, even after an adsorptive challenge to the material with
a very large adhesion protein, laminin, and even over multiweek durations. When the polymer
network was formed with small amounts of acrylic acid as a comonomer, the polymer still remained
cell nonadhesive. The carboxyl groups near the polymer surface were useful, however, as sites for
derivatization with adhesion peptides such as the RGD and YIGSR sequences. Because the ad-
sorption of proteins to those surfaces was so low, materials endowed with inactive peptides such
as the RDG supported no cell adhesion.

Numerous other approaches are possible. One of particular interest, because of its ease of use,
is adsorption. Block copolymers, consisting of adsorbing domains and nonadsorbing domains, can
be adsorbed to material surfaces and can be used to regulate biological interactions, e.g., when the
nonadsorbing domains are poly(ethylene glycol), surfaces that display very low levels of nonspecif-
ic adhesion can be generated (Amiji and Park, 1992). One convenient class of polymers includes
ABA block copolymers of poly(ethylene glycol) (the A blocks) and poly(propylene glycol) (B), in
which the hydrophilic and cell-repelling poly(ethylene glycol) domains flank the central hy-
drophobic and adsorbing poly(propylene glycol) block. The central hydrophobic block adsorbs well
to hydrophobic surfaces, thus immobilizing the hydrophilic polymer and thereby resisting cell ad-
hesion (Amiji and Park, 1992). Cell adhesion peptides can be displayed at the tips of these hy-
drophilic chain termini, and a very effective and simple model surface can be obtained (Neff et al.,
1998). Similar constructions can be designed for anionic surfaces, e.g., by using a polycationic block
as a binding domain, with poly(ethylene glycol) chains attached thereto (Elbert and Hubbell, 1998).
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CELL PATTERN FORMATION BY SUBSTRATE PATTERNING
The ability to control material surface properties precisely enables the formation of designed

architectures of multiple cells in culture and potentially in vivo as well. Large-scale architectures
have been formed by patterning adhesive surfaces. Three methods for patterning have been par-
ticularly powerful—photolithography, mechanical stamping, and microfluidics.

Photolithographic methods have been employed to impart patterns on cell adhesion surfaces.
Alkoxysilanes have been chemisorbed to glass surfaces (using the same grafting chemistry as with
the glycophase glass described above), and ultraviolet light was employed to degrade the alkoxy
group selectively to yield patterns of surface hydroxyl groups (Healy et al., 1994). These hydroxyl
groups were used as sites for reaction with a second layer of an amine-containing alkoxysilane.
These aminated regions supported cell adhesion and thus formed the cell-binding regions on the
patterned substrate (Kleinfeld et al., 1988). Patterned amines on polymer surfaces have also been
employed to induce cell patterning via adhesive domains patterned on a nonadhesive background
(Ranieri et al., 1993). These approaches have been combined with the bioactive peptide technol-
ogy described above. For example, patterned amines have been used as grafting sites for the adhe-
sive peptide YIGSR to pattern neurite extension on material surfaces (Ranieri et al., 1994). One
of the goals of this work was to create neuronal networks as a simple system in which to study com-
munication among networks of neurons. A powerful system for such work has been provided by
using adhesive aminoalkylsilanes patterned on a nonadhesive perfluoroalkylsilane background
(Stenger et al., 1992). Polymers have been synthesized explicitly for the purpose of attaching ad-
hesive peptide sequences such as RGD, and these will be very useful in future studies of cell–cell
interactions in neuronal and other cell systems (Herbert et al., 1997). Such patterned surfaces have
been formed to control cell shape and size, in order to gain deeper insight into the interplay be-
tween cell biomechanics and cell function (Thomas et al., 1999). It is particularly convenient in
photopatterning studies to develop photochemistries on materials specifically for the purpose of
immobilizing polymers and polymer–peptide adducts (Moghaddam and Matsuda, 1993); this has
been addressed, e.g., with phenylazido-derivatized surfaces (Matsuda and Sugawara, 1996; Sug-
awara and Matsuda, 1996).

Alkane thiols on gold have also been patterned using simple methods. Contact printing has
been employed for this purpose (Kumar et al., 1995). Conventional photolithographic etching of
silicon was employed to make a master printing stamp, a negative of which was then formed in
silicone rubber. Structures as small as 200 nm were preserved in the silicone rubber stamp. The
stamp was then wetted with a cell adhesion-promoting alkane thiol, HSU(CH2)15UCH3.
Stamping a gold substrate resulted in creation of a pattern of the hydrophobic alkane group. The
stamped gold substrate was then treated with the cell-resistant alkane thiol HSU(CH2)11
(OCH2CH2)6OH. Using this system it was possible to create adhesive patches of defined size on
a very cell-nonadhesive substrate (Singhvi et al., 1994). Microcontact printing can also be em-
ployed with binding approaches other than alkane thiols binding to gold, e.g., adhesion proteins
such as laminin have been stamped onto reactive silane-modified surfaces to produce patterns to
guide neurite outgrowth in culture (Wheeler et al., 1999). This very flexible and powerful system
will be useful in a wide variety of cell biological and tissue engineering applications.

A third powerful method is based on microfluidic systems, in which silicone rubber stamps
are formed with silicon masters; the stamps are pressed to a surface, and the thin spaces patterned
thereby are employed as capillaries to draw up fluid, containing a treatment compound, onto de-
sired regions of the surface. The fluid can contain a soluble, adsorbing polymer with an attached
adhesion peptide (Neff et al., 1998), or it can contain a peptide with some affinity linker for the
surface. In the practice of the latter, it is powerful to employ the very high-affinity streptavidin–
biotin pair, e.g., by biotinylating the polymer at the surface and exposing, with the aid of the mi-
crofluidics channels, to peptide conjugated to streptavidin (Cannizzaro et al., 1998; Patel et al.,
1998).

SIGNAL TRANSDUCTION AND FUNCTIONAL REGULATION 
VIA THE EXTRACELLULAR MATRIX

Cell interaction with adhesive substrates is known to provide information to the cells via nu-
merous means, and this topic has been extensively reviewed (Roskelley et al., 1995; O’Toole, 1997;
Katz and Yamada, 1997; Yamada, 1997; Aplin et al., 1998; Sechler et al., 1998; Aota and Yama-
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da, 1997; Miyamoto et al., 1998). The biochemical mechanisms underlying these interactions are
likely numerous and have not yet been fully elucidated. One key mechanism involves the focal
contact as a site for catalysis. Integrin clustering induces tyrosine phosphorylation of several pro-
teins, many of which still have unknown function (Kornberg et al., 1991; Guan, 1997). One of
these proteins is a 125-kDa tyrosine that localizes, after it is tyrosine phosphorylated, at the sites
of focal contacts; this protein has been accordingly named pp125 focal adhesion kinase, or
pp125fak (Schaller et al., 1992; Vuori, 1998; Danen et al., 1998). Thus, although the cytoplasmic
domain of integrins bears no direct catalytic activity, clustering of integrins is known to stimulate
tyrosine phosphorylation and further specific kinases are known to assemble at the sites of clus-
tered integrins. Interestingly, when cells were permitted to spread via a non-integrin-mediated
mechanism, specifically by interaction of cell surface proteoglycans with surface-adsorbed polyca-
tions, phosphorylation of intracellular proteins did not occur (Guan et al., 1991). The phospho-
rylation of these proteins, associated with focal contact formation, is known to be an important
signal for survival of a variety of cell types (Ffrisch et al., 1996; Globus et al., 1998).

Cell interactions with extracellular matrix have been demonstrated to exert control over the
function of the adherent cells in numerous models; examples in cell spreading and migration, he-
patocyte gene expression, mammary cell differentiation, endothelial cell morphological regulation,
and neurite extension from neurons will be cited as examples in the following discussions.

Cell spreading, adhesion, and migration are each related to interactions with the extracellu-
lar matrix (Huttenlocher et al., 1995). The role of RGD ligand surface density in mediating ad-
hesion morphology, e.g., the formation of focal contacts and the organization of f-actin cytoskeletal
structure, was described above. Mooney et al. (1995) have demonstrated that the rate of hepato-
cyte spreading, i.e., the rate at which the hepatocyte projected area increases, was strongly depen-
dent on the surface density of the adhesion ligand, in this case laminin. It has been demonstrated,
both mathematically and experimentally, that the surface density of adhesion proteins influences
the rate of cell migration (DiMilla et al., 1993). Ligand density too low leads to inadequate trac-
tion and adhesion strength for cell migration, and ligand density too high may provide adhesion
strength excessive for cell migration (Ward and Hammer, 1993; Palecek et al., 1997). Cell migra-
tion can dramatically impact cell proliferation for cells that are contact inhibited, i.e., where cell–
cell contact exerts an inhibitory effect on cell proliferation. Zygourakis et al. have examined both
on theoretical grounds (1991a) and by experiment (1991b) that prolonged cell–cell contact in
slowly migrating contact-inhibited cells dramatically limits the rate at which cells proliferate.

Hepatocytes are notoriously difficult to culture over durations extending beyond several days;
they begin to lose several of their hepatocyte-specific characteristics, e.g., the synthesis and secre-
tion of albumin (Clayton and Darnell, 1983). The loss or retention of hepatocyte-specific func-
tion may relate to interactions with the extracellular matrix. For example, when hepatocytes were
permitted to spread on laminin adsorbed to surfaces at differing surface densities, the secretion of
albumin was seen to be influenced substantially (Mooney et al., 1995). When hepatocyte spread-
ing was limited by seeding on patterned alkane thiol/alkane thiol–oligo(ethylene oxide) surfaces
as described above, cell shape was seen to influence albumin secretion substantially. Cells were seed-
ed on adhesive patches ranging from 1600 to 10,000 
m2, as well as on unpatterned surfaces.
When cell spreading was limited to 1600 
m2 by the size of the spot, albumin secretion was al-
most triple that of cells seeded on unpatterned substrates and allowed to spread maximally. When
hepatocytes were cultured on laminin substrates, albumin expression was elevated relative to cells
cultured on tissue culture plastic; moreover, this elevation of expression was specific to albumin
relative to other genes (Bissell et al., 1990). Hepatocytes cultured on fibronectin or laminin at pro-
tein surface densities of 1, 50, or 100 ng/cm2 were seen to be switchable between differentiation
(at low protein surface density) and growth (at high surface density), regardless of the identity of
the extracellular matrix adhesion protein (Mooney et al., 1992).

Endothelial cells have also been demonstrated to be responsive to their extracellular matrix,
particularly to laminin in the basal lamina (Risau, 1995; Bischoff, 1997; Malinda et al., 1999).
Most of the relevant experimentation has been performed on Matrigel, reconstituted extracellular
matrix from Engelbreth–Holm–Swarm tumor cells; this matrix contains large amounts of laminin
of the particular form described above. When endothelial cells were cultured on tissue culture plas-
tic, they formed a polygonal monolayer. When they were cultured on Matrigel, they formed cap-
illary-like tubes in a complicated interconnected network. This tube formation was not inhibited
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by soluble YIGSR, added to inhibit competitively the interaction of the 67-kDa laminin receptor
with the YIGSR site in laminin. When soluble SIKVAV was added, however, the tubes submerged
into the protein gel and formed new branches. This observation may relate to regulation of cell-
associated protease activity; stimulation with SIKVAV in protein or with soluble SIKVAV increased
the activity of matrix metalloproteinases (Kanemoto et al., 1990; Stack et al., 1990). In culture,
this peptide stimulated elongation of endothelial cells (Grant et al., 1992). Other receptor-medi-
ated interactions with extracellular matrix proteins have also been shown to be important in en-
dothelial cell functional regulation; for example, angiogenesis in vivo was dependent on the inte-
grin �v�3 (Brooks et al., 1994). Interestingly, purely mechanical means can also be employed to
induce capillary-like tube formation; when endothelial cells were seeded on photolithographical-
ly formed thin adhesive lines, tube formation was induced (Spargo et al., 1994).

The extracellular matrix has been observed to play an important role in the regulation of neu-
ronal behavior both in vivo and in vitro (Kapfhammer and Schwab, 1992; McKerracher et al.,
1996). For example, neurons in culture extend more neurites on laminin than on fibronectin sub-
strates. This activity has been localized to the active peptide regions of laminin; the sequence
YIGSR appears to be involved primarily in neuronal adhesion, whereas the SIKVAV site stimu-
lates neurite extension in vitro. Amines that bind to cell surface proteoglycans have also been use-
ful in stimulating neurite outgrowth, although presumably by less specific mechanisms than with
the peptides described above. Likewise, patterns on surfaces have been employed to induce and
guide neurite outgrowth, e.g., with patterns between hydrophobic and hydrophilic regions
(Stenger et al., 1992) or with patterns of the laminin-derived peptides YIGSR and SIKVAV
(Ranieri et al., 1993).

TRANSLATION TO WORKING BIOMATERIAL SYSTEMS
Although one goal of biomaterials and tissue engineering research is certainly to develop sys-

tems for the quantitative study of biological interactions, another is to develop practical novel ther-
apeutics. Many of the concepts described above, both in terms of development of model surfaces
and with regard to manipulating cellular behavior, are directly transferable; however, some cau-
tionary comments should be made. It is not only the chemical identity of an adhesion peptide that
determines its biological activity, but also its amount. This was very clearly demonstrated by Pale-
cek et al. (1997), who showed that small amounts of an adhesion molecule could enhance cell mi-
gration, whereas larger amounts could inhibit it. They further demonstrated that this effect de-
pended on, among other features, the affinity of the receptor–ligand pair, the number of receptors,
and the polarization of receptors from the leading to the trailing edge of the cell. Given that many
of these features depend on the state of the cell and can be modulated by the cell’s biological en-
vironment, e.g., by the growth factors to which the cell is exposed (Maheshwari et al., 1999), many
confounding features must be considered in translation from model to practical application.
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Polymer Scaffold Processing
Robert C. Thomson, Albert K. Shung, Michael J. Yaszemski,

and Antonios G. Mikos*

INTRODUCTION

Polymer scaffolds must possess many key characteristics, including high porosity and surface area,
structural strength, and specific three-dimensional shapes, to be useful as materials for tissue

engineering. These characteristics are determined by the scaffold fabrication technique, which
must be developed such that it does not adversely affect the biocompatibility of the material of
construction. Novel processing techniques have been developed to manufacture scaffolds with 
desirable and reproducible characteristics, which have been used to demonstrate the feasibility of
regenerating human tissue. These polymer scaffold fabrication techniques have been tailored to
create scaffolds with particular characteristics that will satisfy the critical tissue engineering re-
quirements of specific organs.

Restoration of organ function by utilizing tissue engineering technologies often requires the
use of a temporary porous scaffold. The function of the scaffold is to direct the growth of cells mi-
grating from surrounding tissue (tissue conduction) or the growth of cells seeded within the porous
structure of the scaffold. The scaffold must therefore provide a suitable substrate for cell attach-
ment, proliferation, differentiated function, and, in certain cases, cell migration. These critical re-
quirements can be met by the selection of an appropriate material from which to construct the
scaffold, although the suitability of the scaffold may also be affected by the processing technique.
Many biocompatible materials can be potentially used to construct scaffolds. However, a
biodegradable material is normally desired because the role of the scaffold is usually only a tem-
porary one. Many natural and synthetic biodegradable polymers, such as collagen, poly(�-hy-
droxyesters), and poly(anhydrides), have been widely and successfully used as scaffold materials
due to their versatility and ease of processing (Thomson et al., 1995). Many researchers have used
poly(�-hydroxyesters) as starting materials from which to fabricate scaffolds using a wide variety
of processing techniques. These polymers have proved successful as temporary substrates for a
number of cell types, allowing cell attachment, proliferation, and maintenance of differentiated
function. Poly(�-hydroxyesters), such as poly(l-lactic acid) (PLLA), poly(lactic–co-glycolic acid)
(PLGA) copolymers, and poly(glycolic acid) (PGA), are linear, uncross-linked polymers. These
materials are biocompatible, degradable by simple hydrolysis, and are Food and Drug Adminis-
tration (FDA) approved for certain clinical applications.

The major requirement of any proposed polymer processing technique is not only the uti-
lization of biocompatible materials, but that the process should in no way affect the biocompati-
bility of the polymer. The processing technique should also allow the manufacture of scaffolds with
controlled porosity and pore size, both important factors in organ regeneration. A highly porous
scaffold is desirable to allow cell seeding or migration throughout the material. Pore size plays a
critical role in both tissue ingrowth and the internal surface area available for cell attachment. A
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large surface area is required so that a high number of cells, sufficient to replace or restore organ
function, can be cultured.

The mechanical properties of the scaffold are often of critical importance especially when re-
generating hard tissues such as cartilage and bone. Although the properties of the solid polymer
and the porosity of the scaffold have a profound effect on its mechanical properties, polymer pro-
cessing can also be influential in this respect. The tensile strength may, for example, be enhanced
due to the crystallization of polymer chains. Alternatively, the manufacturing process may cause a
reduction in the molecular weight of the polymer, resulting in a deleterious effect on mechanical
properties. The shape of a hard tissue is often important to its function and in such cases the pro-
cessing technique must allow the preparation of scaffolds with irregular three-dimensional geome-
tries.

A further design consideration is the incorporation of bioactive molecules into the polymer
matrix. Inactivation of bioactive molecules by exposure to high temperatures or a harsh chemical
environment is the major obstacle to successful drug incorporation and delivery from a degrad-
able scaffold. However, if localized controlled delivery of bioactive molecules to the site of grow-
ing tissue can be achieved, it would provide a powerful tool to aid in organ regeneration.

The technique used to manufacture scaffolds for tissue engineering is dependent on the prop-
erties of the polymer and its intended application. Scaffold manufacturing techniques were there-
fore developed using commercially available starting materials: small solid polymer chunks or in
some cases long fibers. The techniques that were developed involved either heating the polymers
or dissolving them in a suitable organic solvent. The viscous behavior of the polymers above their
glass transition or melting temperatures and their solubility in various organic solvents were two
of the more important characteristics to consider during process development.

A plethora of new fabrication methods have been investigated specifically for the purpose of
tissue engineering. Several of the more established scaffold fabrication techniques are described in
this chapter as well as some of the developments in polymer processing. Each technique has its ad-
vantages, but none can be considered as an ideal method of scaffold fabrication to be employed
for all tissues. The choice of a fabrication technique, or the development of a new one, is depen-
dent on the critical requirements for the tissue of interest.

FIBER BONDING
Fibers provide a large surface area: volume ratio and are therefore desirable as scaffold mate-

rials. One of the first biomedical uses of PGA was as a degradable suture material, which is why it
is commercially available in the form of long fibers. PGA fibers in the form of tassels and felts were
utilized as scaffolds in organ regeneration feasibility studies (Cima et al., 1991). However, these
scaffolds lacked the structural stability necessary for in vivo use. A fiber bonding technique was
therefore developed to prepare interconnecting fiber networks with different shapes for use as scaf-
folds in organ regeneration (Mikos et al., 1993a).

PLLA is dissolved in methylene chloride, a nonsolvent for PGA, and the resulting polymer
solution is cast over a nonwoven mesh of PGA fibers in a glass container. The solvent is allowed
to evaporate and residual amounts are removed by vacuum drying. A composite material is thus
produced consisting of nonbonded PGA fibers embedded in a PLLA matrix. The PLLA–PGA
composite is then heated to a temperature above the melting point of PGA for a given time peri-
od. During heating the PGA fibers join at their cross-points as melting commences, but the two
polymers do not join due to their immiscibility in the melt state. The composite is quenched to
prevent any further melting of the PGA fibers during cooling. After heat treatment, the PLLA ma-
trix of a PLLA–PGA composite membrane is selectively dissolved in methylene chloride and the
resulting bonded PGA fibers are vacuum dried. Using this technique, the fibers are physically
joined without any surface or bulk modification and retain their initial diameter. The PLLA ma-
trix is required to prevent collapse of the PGA mesh and to confine the melted PGA to a fiberlike
shape (Fig. 21.1). The heating time is also of critical importance because prolonged exposure to
the elevated temperature results in the gradual transformation of the PGA fibers into spherical do-
mains.

Bonded PGA fiber structures with high porosities and area:volume ratios are produced using
this manufacturing method and utilize only biocompatible materials. In this respect, the structures
produced are highly suitable as scaffolds for organ regeneration. In addition, they demonstrate
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structural integrity, which is lacking in the PGA tassels and felts used in organ regeneration feasi-
bility studies. However, the stipulations concerning the choice of solvent, immiscibility of the two
polymers, and their relative melting temperatures restrict the general application of this technique
to other polymers. In addition, the technique does not lend itself to easy and independent control
of porosity and pore size.

An alternative method of fiber bonding has been developed to fabricate tubular scaffolds use-
ful in regeneration of tissues such as blood vessels, intestines, and ureters. This method involves
coating a nonbonded mesh of PGA fibers with solutions of PLLA or PLGA (Mooney et al., 1996a).
The mesh is attached to a rotating Teflon cylinder and is sprayed with an atomized polymer solu-
tion. As spraying continues, a coat of PLLA (or PLGA) builds up on the PGA fibers and forms
bonds at their cross-points. Longer spraying times result in thickening of the PGA fibers due to
PLLA deposition. Although a bonded PGA mesh is formed by this process, the surface of the scaf-
fold presented to transplanted cell populations is a thin coat of PLLA or PLGA. Cell attachment,
growth, and function are then determined by the coating rather than by the PGA mesh. This coat-
ing may be advantageous if the mechanical properties of PGA fibers are required but the surface
properties of PLLA or PLGA are more desirable for the transplanted cell population. The me-
chanical properties of the bonded mesh are a result of both the PGA fibers and the additional sta-
bility supplied by the PLLA or PLGA coating. Thus, if the integrity of the bond created by the
coating is compromised, either through mechanical stresses or degradation of the PLLA or PLGA,
the stability and mechanical properties of the bonded structure are adversely affected. Unfortu-
nately, this method of fiber bonding does not address the problem of creating scaffolds with com-
plex three-dimensional shapes, but it has proved successful for producing hollow tubes. This
method was utilized to create tubular structures for the support of smooth muscle cells and extra-
cellular matrix proteins (Kim et al., 1998). After 7 weeks in culture, these tubes maintained their
shape and structure while exhibiting high cellularity with smooth muscle cells and extracellular
matrix (ECM) proteins filling the PGA pores.

SOLVENT CASTING AND PARTICULATE LEACHING
In order to overcome some of the drawbacks associated with the fiber bonding preparation, a

solvent-casting and particulate-leaching technique has been developed (Mikos et al., 1994). With
appropriate thermal treatment, porous constructs of synthetic biodegradable polymers can be pre-
pared with specific porosity, surface:volume ratio, pore size, and crystallinity for different applica-
tions. The technique has been validated for PLLA and PLGA scaffolds, but can be applied to any
other polymer that is soluble in a solvent such as chloroform or methylene chloride.
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Fig. 21.1. A scanning electron photomicrograph
of a PGA-bonded fiber mesh, prepared by a fiber
bonding technique, embedded in PLLA, heated at
a temperature of 195�C for 90 min and at 
235�C for 5 min. From Mikos et al. (1993). Prepa-
ration of poly(glycolic acid) bonded fiber struc-
tures for cell attachment and transplantation. J.
Biomed. Mater. Res. 27, 183–189. Copyright
1993 John Wiley & Sons, Inc. Reprinted by per-
mission of John Wiley & Sons, Inc.



Sieved salt particles are dispersed in a PLLA/chloroform solution and cast into a glass con-
tainer. The salt particles utilized are insoluble in chloroform. The solvent is allowed to evaporate
and residual amounts are removed by vacuum drying. The PLLA in the resulting PLLA/salt com-
posite membranes is highly crystalline, but this can be controlled by one of two means depending
on the desired crystallinity of the final membrane. In the first processing option, the PLLA/salt
composite membranes are immersed in water to leach out the salt. This results in highly crystalline,
salt-free PLLA membranes, which are then dried. The alternative option involves a heat treatment
stage to produce PLLA membranes with controlled crystallinity. PLLA/salt composite membranes
are heated at a temperature above the PLLA melting temperature to ensure complete melting of
the polymer crystallites formed during the previous processing step. The melted PLLA membranes
with dispersed salt particles are either annealed by cooling at a slow, controlled rate to, produce
semicrystalline membranes with specific crystallinity, or quenched, to produce amorphous mem-
branes. Finally, the membranes are immersed in water to leach out the salt and the resulting salt-
free PLLA membranes are then dried.

Highly porous membranes with porosities up to 93% and an interconnected pore structure
can be produced using this solvent-casting and particulate-leaching technique (Fig. 21.2). The
porosity of porous PLLA membranes can be controlled by varying the amount of salt used to con-
struct the composite material. The pore size of the membrane can also be controlled independently
of the porosity by altering the size of the salt particles. Scaffolds with pore sizes up to 500 
m have
been fabricated using this method. Membranes with high surface area:volume ratios are produced,
and the ratio is dependent on both salt weight fraction and particle size. In addition, the crys-
tallinity of PLLA membranes can be tailored to that desired for each application. These charac-
teristics are all desirable properties of a scaffold for organ regeneration. The major disadvantage of
this technique is that it can only be used to produce thin wafers or membranes (up to 2 mm in
thickness). A three-dimensional scaffold cannot be directly constructed. Membrane lamination or
melt molding, however, can circumvent this problem.

One of the problems associated with the aforementioned technique is that the polymer scaf-
folds produced are brittle and therefore inappropriate for soft tissue applications. To overcome this
limitation, PLGA has been blended with poly(ethylene glycol) (PEG) and fabricated into pliable
foams using the solvent-casting/particulate-leaching method (Wake et al., 1996). As the amount
of PEG in the blend is increased, the pliability of the foams is increased. Thus, thick polymer mem-
branes can be prepared with the ability to be rolled into tubes without damaging the pore struc-
ture. Using this method, foam scaffolds can be fabricated in a tubular form. These scaffolds have
great potential in soft tissue engineering in a variety of applications, such as regeneration of blood
vessels and the esophagus.

A concern with scaffolds made with PLLA or PLGA is the even seeding of cells, which is re-
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Fig. 21.2. A scanning electron
micrograph of a 75:25 PLGA
scaffold with 90% porosity, using
sodium chloride of size range
300–500 mm as a porogen. From
Ishaug et al. (1997). Bone forma-
tion by three-dimensional stro-
mal osteoblast culture in bio-
degradable poymer scaffolds. J.
Biomed. Mater Res. 36, 17–28.
Copyright 1997 John Wiley &
Sons, Inc. Reprinted by permis-
sion of John Wiley & Sons, Inc.



lated to the hydrophobicity of the polymer. To counter this issue, a technique has been developed
in which porous PLGA scaffolds are soaked in an aqueous solution of a hydrophilic polymer such
as poly(vinyl alcohol) (PVA) (Mooney et al., 1994). Hepatocytes seeded on the treated scaffolds
have been shown to be present in much higher densities than in untreated scaffolds.

An alternative method to overcome the difficulty of seeding cells in PLLA or PLGA scaffolds
involves the prewetting the scaffolds with ethanol (Mikos et al., 1994). In this approach, porous
polymer scaffold disks are soaked in ethanol for 1 hr. The scaffolds are then submersed in water to
prewet them. Chondrocytes and hepatocytes seeded on the prewetted scaffolds have been shown
to exhibit a uniform distribution throughout the scaffolds. This technique could also be poten-
tially useful for seeding other types of cells as well.

MEMBRANE LAMINATION
The construction of scaffolds with three-dimensional anatomical shapes is necessary for the

regeneration of hard tissues such as cartilage and bone, whose function is partially dependent on
geometry. Membrane lamination offers a means of constructing highly porous biomaterials with
anatomical shapes (Mikos et al., 1993b). However, the lamination procedure is useful only if it
preserves the uniform porous structure of the original membranes. Also, the boundary between
two layers must be indistinguishable from the bulk of the device. The methodology to process
biodegradable polymer scaffolds with anatomical shapes involves the construction of a contour
plot of the particular three-dimensional shape. The shapes of the contours are cut from highly
porous biodegradable membranes prepared using the solvent-casting and particulate-leaching
technique described above. A small quantity of chloroform is then coated onto the contacting sur-
faces of adjacent membranes and a bond is formed. Thus, the desired three-dimensional shape is
constructed layer by layer (Fig. 21.3).

The porous structure of the PLLA and PLGA membranes used to validate the technique was
unaffected by the lamination procedure, and no boundary between the layers was observed. This
method can be used to prepare three-dimensional anatomically shaped PLLA and PLGA scaffolds
with bulk properties identical to those of the individual membranes. This technique can not be
applied to the lamination of PGA because it is soluble only in highly toxic solvents. A similar
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Fig. 21.3. An example of a
membrane-laminated PLLA
scaffold with a noselike
shape. Reprinted from Bio-
materials 14, A. G. Mikos, G.
Sarakinos, S. M. Leite et al.;
Laminated three-dimension-
al biodegradable foams for
use in tissue engineering, pp.
323–330. Copyright 1993,
with permission from Else-
vier Science.



method of membrane lamination was used to produce tubular stents (Mooney et al., 1994). Flat
porous scaffolds of PLGA are manufactured using the solvent-casting and particulate-leaching
method. These are then wrapped around a Teflon cylinder and the overlapping edges are laminat-
ed using a small amount of chloroform to fuse the two polymer surfaces together. The Teflon tube
is then removed to leave an open-ended tube, which is then capped by laminating end pieces. These
constructs have been proposed as scaffolds for the regeneration of tubular tissues such as intestine.

MELT MOLDING
Melt molding, an alternative method of constructing three-dimensional scaffolds, has many

advantages over membrane lamination. PLGA scaffolds have been produced by leaching PLGA/
gelatin microsphere composites formed using a molding technique (Thomson et al., 1995). A fine
PLGA powder is mixed with previously sieved gelatin microspheres and poured into a Teflon mold,
which is heated above the glass transition temperature of the polymer. The PLGA/gelatin micro-
sphere composite is subsequently removed from the mold and placed in distilled–deionized wa-
ter. The gelatin, which is soluble in water, is leached out, leaving a porous PLGA scaffold with a
geometry identical to the shape of the mold.

Using this method it is possible to construct PLGA scaffolds of any shape simply by chang-
ing the mold geometry. The porosity can be controlled by varying the amount of gelatin used to
construct the composite material. The pore size of the scaffold can also be altered, independently
of the porosity, by using microspheres of different diameters. In addition, because this technique
does not utilize organic solvents and is carried out at relatively low temperatures, it has potential
for the incorporation and controlled delivery of bioactive molecules. These molecules may be in-
corporated either into the polymer or into the gelatin microspheres. Gelatin has been used in the
past as a vehicle for controlled delivery (Thomson et al., 1995). This scaffold-manufacturing tech-
nique can also be applied to PLLA and PGA. However, higher temperatures are required because
these polymers are semicrystalline and must therefore be heated above their melting temperatures.
The use of higher temperatures to mold these polymers may exclude the possibility of drug in-
corporation. It also entails the use of a leachable component other than gelatin, because this ma-
terial becomes insoluble in water after exposure to the required elevated temperatures. This man-
ufacturing method satisfies many of the scaffold preparation design criteria and offers an extremely
versatile means of scaffold preparation. Although gelatin microspheres were utilized to validate the
feasibility of this technique, alternative leachable components such as salt or other polymer mi-
crospheres may be used.

EXTRUSION
Although extrusion has been widely incorporated in the processing of industrial polymers, it

has not been widely used for the fabrication of polymer scaffolds in tissue engineering applica-
tions. Widmer et al. (1998), however, developed an extrusion process in combination with the
aforementioned solvent-casting technique to fabricate porous, biodegradable tubular conduits for
the purpose of peripheral nerve regeneration (Fig. 21.4).

Briefly, PLGA or PLLA polymers are first fabricated into composite wafers with sodium chlo-
ride as a porogen by the solvent-casting technique. The wafers are cut to the desired length and
placed in a customized extrusion tool. The tool is mounted on a hydraulic press and heated to the
appropriate processing temperature. Pressure is then applied between the nozzle and the piston of
the extrusion tool and the polymer/salt composite is extruded as a tube. After cooling, the salt is
leached out by immersion in water and the entire scaffold is then vacuum dried.

The main parameter involved with the extrusion of these polymers is the extrusion tempera-
ture. The higher the extrusion temperature, the lower the pressure required to initiate extrusion.
The pore morphology of the conduits is not significantly affected by this processing method un-
less very high extrusion temperatures are used. At high extrusion temperatures, a decrease in mol-
ecular weight is most likely caused by thermal degradation of the polymer. Pore diameter is also
decreased at very high extrusion temperatures due to the increase in polymer viscosity. However,
the most important variables affecting the porosity and pore size of the conduits are the salt weight
fraction and salt crystal size, respectively. By varying these two parameters, the porosity and pore
size can be easily tailored to incorporate the loading of cells or carriers for growth factors into the
conduits.
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THREE-DIMENSIONAL PRINTING
One of the major challenges in processing polymer scaffolds for tissue engineering is creating

complex three-dimensional shapes to emulate the tissue that the scaffold is designed to repair or
replace. The three-dimensional printing (3DP, a trademark name) fabrication technique has been
applied in an attempt to fulfill this requirement. The 3DP technique belongs to a family of fabri-
cation techniques collectively known as solid free-form (SFF) methods, including methods such
as stereolithography and laser sintering (Park et al., 1998). In 3DP, a thin layer of polymer pow-
der is spread over a piston. An inkjet printer head prints a liquid binder, usually chloroform for
polymer systems, onto the powder layer. The position of the printer head is entirely controlled via
a computer-assisted design and manufacture (CAD/CAM) program. The piston is dropped and
the polymer powder and liquid layering steps are repeated. The previously printed liquid binder
then joins this powder layer to the underlying powder layer. This process is repeated until the de-
sired construct is complete. In this manner, intricate three-dimensional shapes can be made layer
by layer with a resolution down to 300 
m. The scaffolds can be made porous by incorporating
salt in the polymer powder bed. PLLA and PLGA scaffolds have been fabricated using this tech-
nique. The strengths of 3DP-constructed polymer scaffolds using PLLA or PLGA are comparable
to those fabricated by compression molding using the same base material (Giordano et al., 1996).

Constructs produced with this method have been investigated for several different tissue en-
gineering applications, including organogenesis of liver tissue (Griffith et al., 1997). Surface mod-
ification of PLLA substrates for cell adhesion also has been performed using 3DP (Park et al.,
1998). Porous scaffolds fabricated using this process have been fashioned into cylinders with in-
terconnected longitudinal channels for the purpose of hepatocyte transplantation (Kim et al.,
1998). These scaffolds show great promise in cell transplantation applications due to their branch-
ing morphology and porous structure, which may serve to promote angiogenesis and tissue in-
growth.

GAS FOAMING
Although the process of solvent casting/particulate leaching is well established in fabricating

porous polymer scaffolds, it does have some drawbacks. One major concern is the use of organic
solvents during processing. Organic solvent residues left behind from the processing can have tox-
ic effects in vitro and elicit an inflammatory response in vivo. To overcome this problem, a fabri-
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Fig. 21.4. A photomicrograph of a porous
tubular PLLA scaffold processed by an extru-
sion technique suitable for peripheral nerve re-
generation. Reprinted from Biomaterials 19,
M. S. Widmer, P. K. Gupta, L. Lu et al., Manu-
facture of porous biodegradable polymer con-
duits by an extrusion process for guided tissue
regeneration, pp. 1945–1955. Copyright 1998,
with permission from Elsevier Science.



cation method has been developed to create porous matrices utilizing a gas foaming technique to
avoid the use of organic solvents (Mooney et al., 1996b). In this method, PLGA pellets are com-
pression molded into solid disks. After compression, the disks are exposed to high-pressure CO2
to saturate the polymer. The subsequent reduction in pressure to ambient levels causes the nucle-
ation and formation of pores in the polymer matrix from the CO2 gas. However, the matrices
formed have a closed pore morphology, which may be undesirable for tissue engineering applica-
tions.

In order to produce an open pore morphology using the gas foaming method, a technique
has been developed to use this method in conjunction with the particulate-leaching technique
(Harris et al., 1998). In this process, salt particles and PLGA pellets are mixed together and com-
pressed to form solid disks. The disks are saturated with high-pressure gas and the pressure is sub-
sequently reduced. The salt particles are then leached out. The combination of gas foaming and
particulate leaching leads to a porous polymer matrix with an open, interconnected morphology
without the use of any organic solvents. Smooth muscle cells have been found to readily adhere
and proliferate on scaffolds fabricated with this process. By precluding the use of organic solvents,
this technique may see widespread use in cell transplantation applications of many types of cells,
including hepatocytes, chondrocytes, and osteoblasts.

FREEZE DRYING
Another method to fabricate polymer scaffolds with variable porosity and pore size utilizes an

emulsion/freeze-drying process (Whang et al., 1995). Water is added to a solution of PLGA in
methylene chloride to create an emulsion. The mixture is then homogenized, poured into a cop-
per mold, and quenched in liquid nitrogen. After quenching, the polymer scaffold is freeze dried
to remove the water and solvent. Scaffolds with porosity of up to 90% and median pore sizes in
the range of 15 to 35 
m can be fabricated with an interconnected pore structure. In comparison
to solvent casting/particulate leaching, the scaffolds produced with this method offer much high-
er specific pore surface area as well as the ability to make thick (�1 cm) polymer scaffolds, but the
overall size of the pores is smaller.

Freeze drying has also been applied in another fashion to fabricate porous polymer foams for
use in drug delivery applications (Hsu et al., 1997). Scaffolds using this technique have been made
with several different types of polymers, including PLLA, PLGA, PGA, and a PLGA/poly(propy-
lene fumarate) (PPF) blend. The desired polymer is dissolved in glacial acetic acid or benzene and
frozen to �10�C. The frozen solution is then freeze dried in a lyophilizer for a week to remove the
solvent. The type of polymer used has a large effect on the morphology of the resulting foams.
PLGA/PPF foams typically have a leaflet morphology whereas PLLA, PLGA, and PGA foams have
a capillary morphology. The type of polymer used also plays a large role in the release of drugs em-
bedded in the polymer matrix. PLGA/PPF foams release drugs at a much faster rate than do foams
made with PLGA. The lower molecular weight of the PPF allows more penetration of water into
the matrix, which causes greater diffusion of drug out of the foam. Polymer foams made in this
fashion, however, may not be well suited for tissue engineering applications, due to their closed
pore morphologies and are limited to drug delivery use.

PHASE SEPARATION
Phase separation has been utilized in a novel alternative method of scaffold manufacture,

which has been developed primarily to address the problem of drug delivery (Lo et al., 1995). The
ability to deliver bioactive molecules from a degrading polymer scaffold to cells within or sur-
rounding the scaffold is an attractive one because it could potentially allow manipulation of tissue
growth and cell function. In order to achieve this goal, the scaffold manufacturing process must
lend itself to incorporation of bioactive molecules and must not cause any loss of drug activity due
to exposure to harsh chemical or thermal environments. Porous PLLA and poly(phosphoester)
scaffolds with small hydrophilic and hydrophobic bioactive molecules have been manufactured us-
ing the following phase-separation technique. First, the polymer is dissolved in a solvent (molten
phenol or naphthalene) at a low temperature (55�C for phenol and 85�C for naphthalene). The
bioactive molecule is then dissolved or dispersed in the resulting homogeneous solution, which is
then cooled in a controlled fashion until liquid–liquid phase separation is induced. The resulting
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bicontinuous polymer and solvent phases are then quenched to create a two-phase solid. The so-
lidified solvent is then removed by sublimation, leaving a porous polymer scaffold with bioactive
molecules incorporated within the polymer. Drug release experiments have shown that the activ-
ity of small bioactive molecules is not adversely affected by the chemical and thermal conditions
utilized in this phase-separation technique. This technique has proved useful as a means of incor-
porating small molecules into polymer scaffolds. However, incorporating and releasing drugs with
large protein structures without loss of activity remain a challenge.

POLYMER/CERAMIC COMPOSITE FOAMS
Bone regeneration presents some interesting and unique challenges to engineers and scientists

interested in scaffold design. First, because almost all bone defects are irregularly shaped, any pro-
posed scaffold processing technique must be sufficiently versatile to allow the formation of porous
polymer-based materials with irregular three-dimensional shapes. Second, the scaffold must have
high strength to replace the structural function of bone temporarily until it is regenerated. Al-
though poly(�-hydroxyesters) have been used in a solid form for many orthopedic applications,
the compressive strength of foam scaffolds constructed of these materials rapidly declines with in-
creasing porosity (Thomson et al., 1995).

In order to improve the mechanical properties of these foams, short hydroxyapatite fibers were
incorporated into the poly(�-hydroxyester) framework in order to reinforce the scaffold (Thom-
son et al., 1998). A melt-molding technique such as the one previously described would be desir-
able as a means to produce a three-dimensional scaffold. Unfortunately, melt molding is not suit-
ed to the manufacture of a composite foam. The reinforcing effect of fibers within a polymer matrix
is effective only if the fibers can be evenly distributed throughout the polymer such that the de-
gree of fiber–polymer contact is maximized and fiber–fiber contact is held to a minimum. Because
achieving an even fiber distribution by attempting to mix two solid phases (polymer and fiber) pri-
or to molding is extremely difficult, a solvent-casting technique is employed.

Hydroxyapatite short fibers and a porogen (either gelatin microspheres or salt particles) are
first dispersed in a PLGA/dichloromethane solution. The result, after solvent evaporation and dry-
ing, is a composite material consisting of hydroxyapatite fibers and a porogen embedded in a PLGA
polymer membrane. The required three-dimensional shape is then achieved by compression mold-
ing the composite material. Subsequent leaching of the porogen then leaves a porous composite
scaffold of PLGA reinforced with short hydroxyapatite fibers (Fig. 21.5). Within a range of fiber
contents, these scaffolds have superior compressive strength compared to nonreinforced PLGA
scaffolds of the same porosity.

Another process that utilizes hydroxyapatite to reinforce PLGA foams involves the use of par-
ticulate hydroxyapatite rather than the use of fibers (Devin et al., 1996). This technique utilizes
an emulsion to create the porous scaffold. The NaCl and the particulate hydroxyapatite are first
suspended in a PLGA solution in chloroform. An aqueous PVA solution is then added to the sus-
pension to form an emulsion. The emulsion is cast into cylindrical molds and then vacuum dried.
The dried matrices are then submersed in water to leach out the salt and form the porous scaf-
folds. The concentration of the PVA solution and the diameter of the salt crystals both control the
diameter of the pores formed, which range from 18 to 150 
m in diameter. Increasing the weight-
percent of hydroxyapatite particles in the initial polymer suspension increases the compressive
strength of the final matrix. The compressive properties of the composite scaffold are of the same
order of magnitude as those of cancellous bone.

An alternative method to formulate polymer/ceramic composites has been proposed using a
novel phase transition technique (Zhang and Ma, 1999). In this process, hydroxyapatite powder
is added to a PLGA/dioxane solution. The mixture is frozen for several hours to induce phase sep-
aration and then freeze dried to sublimate the solvent. The formed composite foams exhibit an in-
terconnected irregular pore morphology with a polymer/hydroxyapatite skeleton. The compres-
sive strength of these foams is significantly higher than that of foams made from pure PLGA. The
porosity, pore size, and pore structure can all be controlled by changing the polymer concentra-
tion, hydroxyapatite amount, solvent type, and phase-separation temperature. Composite foams
with porosity of up to 95% and pore size in the range of 30 to 100 
m can be fabricated with this
method.
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IN SITU POLYMERIZATION
All of the polymer-processing techniques discussed thus far have described methods to man-

ufacture prefabricated scaffolds, which may then be used to regenerate the appropriate tissue. Pre-
fabricated scaffolds are suitable for most tissues engineering applications; however, there are many
instances in orthopedic surgery when mechanical stability must be restored immediately. In such
cases, a nondegradable bone cement, usually poly(methyl methacrylate) (PMMA), is used to fill
the bone defect and provide mechanical stability. A degradable, poly(propylene fumarate)(PPF)-
based bone cement has been developed to provide the same function but on a temporary basis
(Yaszemski et al., 1996; Peter et al., 1999a). PPF is an unsaturated linear polyester and is a viscous
liquid at room temperature. It can be cross-linked at the time of surgery to form a solid degrad-
able bone cement via an addition polymerization with N-vinyl pyrrolidone (N-VP). As the cross-
linking reaction proceeds, the PPF is transformed from a viscous liquid to a puttylike state before
finally solidifying. During its liquid and putty states, the cement can be injected or molded into
the bone defect. It is therefore well suited for this application because many bone injuries result in
defects that are relatively inaccessible without further surgical exposure and are geometrically ill
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Fig. 21.5. Scanning electron pho-
tomicrographs of highly porous
composite scaffolds constructed
of PLGA and hydroxyapatite
short fibers using a solvent-cast-
ing and melt-molding technique.
Sodium chloride particles of size
ranging from 300 to 500 mm
were used as a porogen with an
original weight-percent of (a)
70% and (b) 90%. Reprinted
from Biomaterials 19, R. C. Thom-
son, M. J. Yaszemski, J. M. Pow-
ers et al., Hydroxyapatite fiber
reinforced poly(alphahydroxy
ester) foams for bone regenera-
tion, pp. 1935–1943. Copyright
1998, with permission from Else-
vier Science.



defined. Most addition polymerization reactions are exothermic and generate large quantities of
heat. In the case of PMMA, which is polymerized in situ, this is sufficient to cause some local tis-
sue necrosis. In contrast, much less heat is generated by the cross-linking reaction between PPF
and N-VP (Peter et al., 1999b), and no local tissue necrosis has been noted in in vivo studies
(Yaszemski et al., 1996). Two other components are incorporated into the PPF cement at the time
of cross-linking. The first is NaCl, which leaches out to provide pores into which new bone can
grow, and the second is �-tricalcium phosphate, which is an osteoconductive material that facili-
tates new bone growth. Incorporation of �-tricalcium phosphate also enhances the mechanical
properties of the cement. By using high-molecular-weight PPF and incorporating �-tricalcium
phosphate, the mechanical properties of the scaffold can be closely matched to that of human tra-
becular bone (Peter et al., 1997, 1998). In this manner, a temporary osteoconductive scaffold may
be formed in situ to replace the mechanical function of bone until new bone, stimulated to form
in the scaffold pores, can assume this structural role.

CONCLUSIONS
The diversity of organ structure and function is such that the design requirements of scaffolds

for tissue engineering are specific to the tissue of interest. Consequently, the processing technique
employed to manufacture a polymer scaffold with the desired characteristics must be chosen or
developed appropriately. Several novel manufacturing techniques have been developed to process
synthetic polymers into porous scaffolds with large void volumes for cell seeding and sufficient
surface area for cell attachment. Each technique has particular advantages, such as ease of fabrica-
tion, superior structural strength, or the ability to incorporate and deliver bioactive molecules, but
none can be considered as an ideal method of scaffold fabrication to be employed for all tissues.
The choice of a scaffold fabrication technique is therefore a question of setting priorities to deter-
mine the critical requirements. Future challenges in polymer scaffold processing include the fab-
rication of high-strength scaffolds for hard tissue replacement at load-bearing sites and the ability
to incorporate and deliver proteins and growth factors without loss of activity. All of the methods
discussed in this chapter are viable and promising ways to produce polymer scaffolds for tissue re-
generation and repair.
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Biodegradable Polymers
James M. Pachence and Joachim Kohn

INTRODUCTION

The design and development of tissue-engineered products has benefited from many years of
clinical utilization of a wide range of biodegradable polymers. Newly developed biodegradable

polymers and novel modifications of previously developed biodegradable polymers have enhanced
the tools available to create clinically important tissue engineering applications The increased de-
mands placed on biomaterials for novel sophisticated medical implants such as tissue engineering
constructs continues to fuel the interest in improving the performance of existing medical-grade
polymers and in developing new synthetic polymers. This chapter surveys those biologically de-
rived and synthetic biodegradable polymers that have been used or are under consideration for use
in tissue engineering applications. The polymers are described in terms of their chemical compo-
sition, breakdown products, mechanism of breakdown, mechanical properties, and clinical limi-
tations. Also discussed are product design considerations in processing of biomaterials into a final
form (e.g., gel, membrane, matrix) that will effect the desired tissue response.

BIODEGRADABLE POLYMER SELECTION CRITERIA
The selection of biomaterials plays a key role in the design and development of tissue engi-

neering product development. Although the classical selection criterion for a safe, stable implant
dictated choosing a passive, “inert” material, it is now understood that any such device will elicit
a cellular response (Peppas and Langer, 1994). Therefore, it is now widely accepted that a bioma-
terial must interact with tissue to repair, rather than act simply as a static replacement. Further-
more, biomaterials used directly in tissue repair or replacement applications (e.g., artificial skin)
must be more than biocompatible: they must elicit a desirable cellular response. Consequently, a
major focus of biomaterials for tissue engineering applications centers around harnessing control
over cellular interactions with biomaterials, often including components to manipulate cellular re-
sponse within the supporting biomaterial as a key design component. It is important for the tis-
sue engineering product developer to have several biomaterials options available, because each ap-
plication calls for a unique environment for cell–cell interactions. Such applications include (1)
support for new tissue growth (wherein cell–cell communication and cell availability to nutrients,
growth factors, and pharmaceutically active agents must be maximized); (2) prevention of cellu-
lar activity (when tissue growth, such as in surgically induced adhesions, is undesirable); (3) guided
tissue response (enhancing a particular cellular response while inhibiting others); (4) enhancement
of cell attachment and subsequent cellular activation (e.g., fibroblast attachment, proliferation,
and production of an extracellular matrix of dermis repair); (5) inhibition of cellular attachment
and/or activation (e.g., platelet attachment to a vascular graft); and (6) prevention of a biological
response (e.g., blocking antibodies against homograft or xenograft cells used in organ replacement
therapies).

Biodegradable polymers are applicable to those tissue engineering products for which tissue
repair or remodeling is the goal, but not where long-term materials stability is required. Biodegrad-
able polymers must also possess (1) manufacturing feasibility, including sufficient commercial
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quantities of the bulk polymer; (2) the capability to form the polymer into the final product de-
sign; (3) mechanical properties that adequately address short-term function and do not interfere
with long-term function; (3) low or negligible toxicity of degradation products, in terms of both
local tissue response and systemic response; and (4) drug delivery compatibility in applications that
call for release or attachment of active compounds.

BIOLOGICALLY DERIVED BIORESORBABLES

Type I Collagen
Collagen is the major component of mammalian connective tissue, animal protein, account-

ing for approximately 30% of all protein in the human body. It is found in every major tissue that
requires strength and flexibility (e.g., skin, bone). Fourteen types of collagens have been identi-
fied, the most abundant being type I (van der Rest et al., 1990). Because of its abundance (it makes
up more than 90% of all fibrous proteins) and its unique physical and biological properties, type
I collagen has been used extensively in the formulation of biomedical materials (Pachence et al.,
1987; Pachence, 1996). Type I collagen is found in high concentrations in tendon, skin, bone, and
fascia, which are consequently convenient and abundant sources for isolation of this natural poly-
mer.

The structure, function, and synthesis of type I collagen have been thoroughly investigated
(Piez, 1984; Tanzer and Kimura, 1988). Collagen proteins, by definition, are characterized by a
unique triple-helix formation extending over a large portion of the molecule. The three peptide
subunits that make up the triple helix of collagen have similar amino acid composition, each chain
comprising approximately 1050 amino acid residues. The length of each subunit is �300 nm, and
the diameter of the triple helix is �1.5 nm. The primary structure of collagen (with its high con-
tent of proline and hydroxyproline, and with every third amino acid being glycine) shows a strong
sequence homology across a genus and the adjacent family line. Because of its phylogenetically
well-conserved primary sequence and its helical structure, collagen is only mildly immunoreactive
(De Lustro et al., 1987; Anselme et al., 1990). The individual collagen molecules will sponta-
neously polymerize in vitro into strong fibers that can be subsequently formed into larger orga-
nized structures (Piez, 1984). The collagen may be further modified to form intro- and intermo-
lecular cross-links, which aid in the formation of collagen fibers, fibrils, and then macroscopic
bundles that are used to form tissue (Nimni and Harkness, 1988). For example, tendon and liga-
ments are composed mainly of oriented type I collagen fibrils, which are extensively cross-linked
in the extracellular space. Added strength via in vivo cross-linking is imparted onto the collagen
fibers by several enzymatic (such as lysyl oxidase) and nonenzymatic reactions; the most extensive
cross-linking occurs at the telopeptide portion of the molecule.

Collagen cross-linking can be enhanced after isolation through a number of well-described
physical or chemical techniques (Pachence et al., 1987). Increasing the intermolecular crosslinks
(1) increases biodegradation time, by making collagen less susceptible to enzymatic degradation;
(2) decreases the capacity of collagen to absorb water; (3) decreases its solubility; and (4) increases
the tensile strength of collagen fibers. The free �-amines on lysine residues on collagen can be uti-
lized for cross-linking, or can similarly be modified to link or sequester active agents. These sim-
ple chemical modifications provide a variety of processing possibilities and consequently the po-
tential for a wide range of tissue engineering applications using type I collagen.

It has long been recognized that substrate attachment sites are necessary for growth, differ-
entiation, replication, and metabolic activity of most cell types in culture. Collagen and its inte-
grin-binding domains (e.g., RGD sequences) assist in the maintenance of such attachment-de-
pendent cell types in culture. For example, fibroblasts grown on collagen matrices appear to
differentiate in ways that mimic in vivo cellular activity and exhibit nearly identical morphology
and metabolism (Silver and Pins, 1992). Chondrocytes can also retain their phenotype and cellu-
lar activity when cultured on collagen (Toolan et al., 1996). Such results suggest that type I colla-
gen can serve as tissue regeneration scaffolds for any number of cellular constructs.

The recognition that collagen matrices could support new tissue growth was exploited to de-
velop the original formulations of artificial extracellular matrices for dermal replacements (Yannas
and Burke, 1980; Yannas et al., 1980; Burke et al., 1981). Yannas and Burke were the first to show
that the rational design and construction of an artificial dermis could lead to the synthesis of a der-
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mislike structure with physical properties that “would resemble dermis more than they resembled
scar” (Burke et al., 1981). They created a collagen–chondroitin sulfate composite matrix with a
well-described pore structure and cross-linking density that optimizes regrowth while minimizing
scar formation (Dagalakis et al., 1980). The reported clinical evidence and its simplicity of con-
cept make this device an important potential tool for the treatment of severely burned patients
(Heimbach et al., 1988).

Collagen gels were used by Bell at the Massachusetts Institute of Technology to create a cell-
based system for dermal replacement (Bell et al., 1991; Parenteau, 1999). This living skin equiv-
alent (commercially known as Alpligraf ) is composed of a mixture of live human fibroblasts and
soluble collagen in the form of a contracted gel, which is then seeded with keratinocytes. A num-
ber of clinical investigators have tested such cell-based collagen dressings for use as a skin graft sub-
stitute for chronic wounds and burn patients.

Glycosaminoglycans
Glycosaminoglycans (GAGs), which consist of repeating disaccharide units in linear arrange-

ment, usually include a uronic acid component (such as glucuronic acid) and a hexosamine com-
ponent (such as n-acetyl-d-glucosamine). The predominant types of GAGs attached to naturally
occurring core proteins of proteoglycans include chondroitin sulfate, dermatan sulfate, keratan sul-
fate, and heparan sulfate (Heinegard and Paulsson, 1980; Naeme and Barry, 1993). The GAGs are
attached to the core protein by specific carbohydrate sequences containing three or four mono-
saccharides.

The largest GAG, hyaluronic acid (hyaluronan), is an anionic polysaccharide with repeating
disaccharide units of n-acetylglucosamine and glucuronic acid, with unbranched units ranging
from 500 to several thousand. Hyaluronic acid can be isolated from natural sources (e.g., rooster
combs) or via microbial fermentation (Balazs, 1983). Because of its water-binding capacity, dilute
solutions of hyaluronic acid are viscous.

Like collagen, hyaluronic acid can be easily chemically modified, as by esterification of the
carboxyl moieties, which reduces its water solubility and increases its viscosity (Balazs, 1983; Sung
and Topp, 1994). Hyaluronic acid can be cross-linked to form molecular weight complexes in the
range 8 to 24 � 106 or to form an infinite molecular network (gels). In one method, hyaluronic
acid is cross-linked using aldehydes and small proteins to form bonds between the CUOH groups
of the polysaccharide and the amino to imino groups of the protein, thus yielding high-molecu-
lar-weight complexes (Balazs and Leshchiner, 1986). Other cross-linking techniques include the
use of vinyl sulfone, which reacts to form an infinite network through sulfonyl–bis-ethyl cross-
links (Balazs and Leshchiner, 1985). The resultant infinite-network gels can be formed into
sheaths, membranes, tubes, sleeves, and particles of various shapes and sizes. No species variations
have been found in the chemical and physical structure of hyaluronic acid. The fact that it is not
antigenic, eliciting no inflammatory or foreign body reaction, makes it desirable as a biomaterial.
Its main drawbacks in this respect are its residence time and the limited range of its mechanical
properties.

Because of its relative ease of isolation and modification and its superior ability in forming
solid structures, hyaluronic acid has become the preferred GAG in medical device development.
It has been used as a viscoelastic during eye surgery since 1976 and has undergone clinical testing
as a means of relieving arthritic joints (Weiss and Balazs, 1987). In addition, gels and films made
from hyaluronic acid have shown clinical utility to prevent postsurgical adhesion formation (Ur-
mann et al., 1991; Holzman et al., 1994; Medina et al., 1995).

Chitosan
Chitosan is a biosynthetic polysaccharide that is the deacylated derivative of chitin. Chitin is

a naturally occurring polysaccharide that can be extracted from crustacean exoskeletons or gener-
ated via fungal fermentation processes. Chitosan is a �-1,4-linked polymer of 2-amino-2-deoxy-
d-glucose; it thus carries a positive charge from amine groups (Kaplan et al., 1994). It is hypothe-
sized that the major path for chitin and chitosan breakdown in vivo is through lysozyme, which
acts slowly to depolymerize the polysaccharide (Taravel and Domard, 1993). The biodegradation
rate of the polymer is determined by the amount of residual acetyl content, a parameter that can
easily be varied. Chemical modification of chitosan produces materials with a variety of physical
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and mechanical properties (Muzzarelli et al., 1988; Wang et al., 1988; Laleg and Pikulik, 1991).
For example, chitosan films and fibers can be formed utilizing cross-linking chemistries and adapt-
ed techniques for altering from other polysaccharides, such as treatment of amylose with epichloro-
hydrin (Wei et al., 1977). Like hyaluronic acid, chitosan is not antigenic and is a well-tolerated
implanted material (Malette et al., 1986).

Chitosan has been formed into membranes and matrices suitable for several tissue engineer-
ing applications (Hirano, 1989; Sandford, 1989; Byrom, 1991). Chitosan matrix manipulation
can be accomplished using the inherent electrostatic properties of the molecule. At low ionic
strength, the chitosan chains are extended via the electrostatic interaction between amine groups,
whereupon orientation occurs. As ionic strength is increased, chain–chain spacing is diminished;
the consequent increase in the junction zone and stiffness of the matrix result in increased average
pore size. Chitosan gels, powders, films, and fibers have been formed and tested for applications
such as encapsulation, membrane barriers, contact lens materials, cell culture, and inhibitors of
blood coagulations (East et al., 1989).

Polyhydroxyalkanoates
Polyhydroxyalkanoate (PHA) polyesters are degradable, biocompatible, thermoplastic mate-

rials made by several microorganisms (Miller and Williams, 1987; Gogolewski et al., 1993). They
are intracellular storage polymers whose function is to provide a reserve of carbon and energy
(Dawes and Senior, 1973). Depending on growth conditions, bacterial strain, and carbon source,
the molecular weights of these polyesters can range from tens into the hundreds of thousands. Al-
though the structures of PHAs can contain a variety of n-alkyl side chain substituents (see Struc-
ture 1), the most extensively studied PHA is the simplest: poly(3-hydroxybutyrate) (PHB).

Imperial Chemical Industries (ICI; London, United Kingdom) developed a biosynthetic
process for the manufacture of PHB, based on the fermentation of sugars by the bacterium Al-
caligenes eutrophus. PHB homopolymers, like all other PHA homopolymers, are highly crystalline,
extremely brittle, and relatively hydrophobic. Consequently, the PHA homopolymers have degra-
dation times in vivo on the order of years (Holland et al., 1987; Miller and Williams, 1987). The
copolymers of PHB with hydroxyvaleric acid are less crystalline, more flexible, and more readily
processible, but suffer from the same disadvantage of being too hydrolytically stable to be useful
in short-term applications when resorption of the degradable polymer within less than 1 year is
desirable.

PHB and it copolymers with up to 30% of 3-hydroxyvaleric acid are now commercially avail-
able under the trade name Biopol. It was found previously that a PHA copolymer of 3-hydroxy-
butyrate and 3-hydroxyvalerate, with a 3-hydroxyvalerate content of about 11%, may have an op-
timum balance of strength and toughness for a wide range of possible applications. PHB has been
found to have low toxicity, in part due to the fact that it degrades in vivo to d-3-hydroxybutyric
acid, a normal constituent of human blood. Applications of these polymers previously tested or
now under development include controlled drug release, sutures, and artificial skin as well as in-
dustrial applications such as paramedical disposables (Yasin et al., 1989; Doi et al., 1990).

EXPERIMENTAL BIOLOGICALLY DERIVED BIORESORBABLES
Synthetic biomolecules are beginning to find a place in the repertoire of biomaterials for med-

ical applications. Model synthetic proteins structurally similar to elastin have been formulated by
Urry and co-workers (Nicol et al., 1992; Urry, 1995). Using a combination of solid-phase peptide
chemistry and genetically engineered bacteria, they synthesized several polymers having homolo-
gies to the elastin repeat sequences of valine-proline-glycine-valine-glycine repeat (VPGVG). The
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tyrate) and copolymers with hy-
droxyvaleric acid. For a ho-
mopolymer of HB, Y � 0;
commonly used copolymer ra-
tios are 7, 11, and 22 mol% of
hydroxyvaleric acid.



constructed amino acid polymers were formed into films and then cross-linked. The resultant films
have intriguing mechanical responses, such as a reverse-phase transition: when a film is heated, its
internal order increases, translating into substantial contraction with increasing temperature (Urry,
1995). The films can be mechanically cycled many times, and the phase transition of the polymers
can be varied by amino acid substitution. Copolymers of VPGVG and VPGXG have been con-
structed (where X is the substitution) that have been shown to have a wide range of transition 
temperatures (Urry, 1995). Several medical applications are under consideration for this system,
including musculoskeletal repair mechanisms, ophthalmic devices, and mechanical and/or elec-
trically stimulated drug delivery.

Other investigators, notably Tirrell and Cappello, have combined techniques from molecu-
lar and fermentation biology to create novel protein-based-biomaterials (Cappello, 1992; Ander-
son et al., 1994; Tirrell et al., 1994). These protein polymers are based on repeat oligmeric pep-
tide units, which can be controlled via the genetic information inserted into the producing
bacteria. It has been shown that the mechanical properties and the biological activities of these pro-
tein polymers can be programmed, suggesting a large number of potential biomedical applications
(Krejchi et al., 1994).

Another approach to elicit an appropriate cellular response to a biomaterial is to graft active
peptides to the surface of a biodegradable polymer. For example, peptides containing the RGD se-
quence have been grafted to various biodegradable polymers to provide active cell-binding surfaces
(Hubbell, 1995).

Synthetic Polymers
From the beginnings of the study of materials sciences, the development of highly stable ma-

terials has been a major research challenge. Today, many polymers are available that are virtually
nondestructible in biological systems, e.g., Teflon, Kevlar, or poly(ether-ether-ketone). On the oth-
er hand, the development of degradable biomaterials is a relatively new area of research. The vari-
ety of available, degradable biomaterials is still too limited to cover a wide enough range of diverse
material properties. Thus, the design and synthesis of new, degradable biomaterials is currently an
important research challenge.

Due to the efforts of a wide range of research groups, a large number of different polymeric
compositions and structures have been suggested as degradable biomaterials. However, in most
cases no attempts have been made to develop these new materials for specific medical applications.
Thus, detailed toxicological studies in vivo, investigations of degradation rate and mechanism, and
careful evaluations of the physicomechanical properties have so far been published for only a very
small fraction of those polymers. This leaves the tissue engineer with only a relatively limited num-
ber of promising polymeric compositions to choose from. The following section is limited to a re-
view of the most commonly investigated classes of biodegradable, synthetic polymers.

Poly(�-hydroxy acids)
Naturally occurring hydroxy acids, such as glycolic, lactic, and �-caproic acids, have been uti-

lized to synthesize an array of useful biodegradable polymers for a variety of medical product ap-
plications. As an example, bioresorbable surgical sutures made from poly(�-hydroxy acids) have
been in clinical use since 1970; other implantable devices made from these versatile polymers (e.g.,
internal fixation devices for orthopedic repair) are becoming part of standard surgical protocol
(Helmus and Hubbell, 1993; Shalaby and Johnson, 1994; Hubbell, 1995).

The ester bonds of the poly(hydroxy acids) are cleaved by hydrolysis, which results in a de-
crease in the polymer molecular weight (but not mass) of the implant (Vert and Li, 1992). This
initial degradation occurs until the molecular weight is less than 5000, at which point cellular
degradation takes over. The final degradation and resorption of the poly(hydroxy acid) implants
involve inflammatory cells (such as macrophages, lymphocytes, and neutrophils). Although this
late-stage inflammatory response can have a deleterious effect on some healing events, these poly-
mers have been successfully employed as matrices for cell transplantation and tissue regeneration
(Freed et al., 1994a,b). The degradation rate of these polymers is determined by initial molecular
weight, exposed surface area, crystallinity, and (in the case of copolymers) ratio of the hydroxy acid
monomers.

The poly(hydroxy acid) polymers have a modest range of mechanical properties and a corre-
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spondingly modest range of processing conditions. Nevertheless, these thermoplastics can gener-
ally be formed into films, tubes, and matrices using such standard processing techniques as mold-
ing, extrusion, solvent casting, and spin casting. Ordered fibers, meshes, and open-cell foams have
been formed to fulfill the surface area and cellular requirements of a variety of tissue engineering
constructs (Helmus and Hubbell, 1993; Freed et al., 1994b; Hubbell, 1995; Wintermantel et al.,
1996). The poly(hydroxy acid) polymers have also been combined with other materials, e.g.,
poly(ethylene glycol), to modify the cellular response elicited by the implant and its degradation
products (Sawhney et al., 1993).

Poly(glycolic acid), poly(lactic acid), and their copolymers
Poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and their copolymers are the most widely

used synthetic degradable polymers in medicine. Of this family of linear aliphatic polyesters, PGA
has the simplest structure (see Structure 2) and consequently enjoys the largest associated litera-
ture base. Because PGA is highly crystalline, it has a high melting point and low solubility in or-
ganic solvents. PGA was used in the development of the first totally synthetic absorbable suture
(Frazza and Schmitt, 1971). The crystallinity of PGA in surgical sutures is typically in the range
46–52% (Gilding and Reed, 1979). Due to its hydrophilic nature, surgical sutures made of PGA
tend to lose their mechanical strength rapidly, typically over a period of 2 to 4 weeks postimplan-
tation (Reed and Gilding, 1981).

In order to adapt the materials properties of PGA to a wider range of possible applications,
researchers undertook an intensive investigation of copolymers of PGA with the more hydropho-
bic poly(lactic acid). Alternative sutures composed of copolymers of glycolic acid and lactic acid
are currently marketed under the trade names Vicryl and Polyglactin 910. Due to the presence of
an extra methyl group in lactic acid, PLA (Structure 3) is more hydrophobic than PGA. The hy-
drophobicity of high-molecular-weight PLA limits the water uptake of thin films to about 2%
(Gilding and Reed, 1979) and results in a rate of backbone hydrolysis lower than that of PGA
(Reed and Gilding, 1981). In addition, PLA is more soluble in organic solvents than is PGA.

It is noteworthy that there is no linear relationship between the ratio of glycolic acid to lactic
acid and the physicomechanical properties of their copolymers. Whereas PGA is highly crystalline,
crystallinity is rapidly lost in PGA–PLA copolymers. These morphological changes lead to an in-
crease in the rates of hydration and hydrolysis. Thus, copolymers tend to degrade more rapidly
compared with either PGA or PLA (Gilding and Reed, 1979; Reed and Gilding, 1981).

Because lactic acid is a chiral molecule, it exists in two stereoisomeric forms that give rise to
four morphologically distinct polymers. d -PLA and l -PLA are the two stereoregular polymers, d,l -
PLA is the racemic polymer obtained from a mixture of d- and l-lactic acid, and meso-PLA can be
obtained from d,l -lactide. The polymers derived from the optically active d and l monomers are
semicrystalline materials, whereas the optically inactive d,l -PLA is always amorphous. Generally,
l -PLA is more frequently employed than d -PLA, because the hydrolysis of l -PLA yields l (�)-lac-
tic acid, which is the naturally occurring stereoisomer of lactic acid.

The differences in the crystallinity of d,l -PLA and l -PLA have important practical ramifica-
tions: because d,l -PLA is an amorphous polymer, it is usually considered for applications such as
drug delivery, where it is important to have a homogeneous dispersion of the active species with-
in a monophasic matrix. On the other hand, the semicrystalline l -PLA is preferred in applications
where high mechanical strength and toughness are required—for example, sutures and orthope-
dic devices (Christel et al., 1982; Leenstag et al., 1987; Vainionpää et al., 1987. PLA, PGA, and
their copolymers are also being intensively investigated for a large number of drug delivery appli-
cations. This research effort has been comprehensively reviewed by Lewis (1990).
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Structure 2. The linear aliphatic
polyester with the simplest struc-
ture.



Some controversy surrounds the use of these materials for orthopedic applications. Accord-
ing to one review of short- and long-term response to resorbable pins made from either PGA or
PGA:PLA copolymer, in over 500 patients, 1.2% required reoperation due to device failure, 1.7%
suffered from bacterial infection of the operative wound, and 7.9% developed a late noninfectious
inflammatory response that warranted operative drainage (Böstman, 1991). Subsequently it has
become evident that the delayed inflammatory reaction represents the most serious complication
of the use of the currently available degradable fixation devices. The mean interval between fixa-
tion and the clinical manifestation of this reaction is 12 weeks for PGA and can be as long as 3
years for the more slowly degrading PLA (Böstman, 1991). Whether avoiding reoperation to re-
move a metal implant outweighs an approximately 8% risk of severe inflammatory reaction is a
difficult question; in any event, an increasing number of trauma centers have suspended the use
of these degradable fixation devices. It has been suggested that the release of acidic degradation
products (glycolic acid for PGA, lactic acid for PLA, and glyoxylic acid for polydioxanone) con-
tributes to the observed inflammatory reaction. Thus, the late inflammatory response appears to
be a direct consequence of the chemical composition of the polymer degradation products, for
which there is currently no prophylactic measure (Böstman, 1991). A solution to these problems
for orthopedic (and perhaps other) applications requires the development of a polymer that is more
hydrophobic than PGA or PLA, degrades somewhat more slowly, and does not release acidic degra-
dation products on hydrolysis.

Polydioxanone
The poly(ether-ester) polydioxanone (PDS) is prepared by a ring-opening polymerization of

p-dioxanone. PDS has gained increasing interest in the medical field and pharmaceutical field due
to its degradation to low-toxicity monomers in vivo. PDS has a lower modulus than does PLA or
PGA, thus it became the first degradable polymer to be used to make a monofilament suture. PDS
has also been introduced to the market as a suture clip as well as a bone pin marketed under the
name ORTHOSRB in the United States and Ethipin in Europe (Ray et al., 1981; Greisler et al.,
1987; Mäkelä et al., 1989).

Poly(�-caprolactone)
Poly(�-caprolactone) (PCL) (Structure 4) is an aliphatic polyester that has been intensively

investigated as a biomaterial (Pitt, 1990). The discovery that PCL can be degraded by microor-
ganisms led to evaluation of PCL as a biodegradable packaging material (Pitt, 1990). Later, it was
discovered that PCL can also be degraded by a hydrolytic mechanism under physiologic condi-
tions (Pitt et al., 1981a). Under certain circumstances, cross-linked PCL, can be degraded enzy-
matically, leading to “enzymatic surface erosion” (Pitt et al., 1981b). Low-molecular-weight frag-
ments of PCL are reportedly taken up by macrophages and degraded intracellularly, with a tissue
reaction similar to that to the other poly(hydroxy acids) (Pitt et al., 1984). Compared with PGA
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Structure 3. The extra methyl group confers hydrophobicity.

Structure 4. An aliphatic polyester that can be degraded hydrolytically under physiologic conditions.



or PLA, the degradation of PCL is significantly slower. PCL is therefore most suitable for the de-
sign of long-term, implantable systems such as Capronor, a 1-year implantable contraceptive de-
vice (Pitt, 1990).

Poly(�-caprolactone) exhibits several unusual properties not found among the other aliphat-
ic polyesters. Most noteworthy are its exceptionally low glass transition temperature of �62�C and
its low melting temperature of 57�C. Another unusual property of poly(�-caprolactone) is its high
thermal stability. Whereas other tested aliphatic polyesters had decomposition temperatures (Td)
between 235 and 255�C, poly(�-caprolactone) has a Td of 350�C, which is more typical of poly(or-
tho esters) than aliphatic polyesters (Engelberg and Kohn, 1991). PCL is a semicrystalline poly-
mer with a low glass transition temperature of about �60�C. Thus, PCL is always in a rubbery
state at room temperature. Among the more common aliphatic polyesters, this is an unusual prop-
erty, which undoubtedly contributes to the very high permeability of PCL for many therapeutic
drugs (Pitt et al., 1987).

Another interesting property of PCL is its propensity to form compatible blends with a wide
range of other polymers (Koleske, 1978). In addition, �-caprolactone can be copolymerized with
numerous other monomers (e.g., ethylene oxide, chloroprene, tetrahydrofuran, d-valerolactone,
4-vinylanisole, styrene, methyl methacrylate, vinylacetate). Particularly noteworthy are copoly-
mers of �-caprolactone and lactic acid that have been studied extensively (Pitt et al., 1981a; Feng
et al., 1983). The toxicology of PCL has been extensively studied as part of the evaluation of
Capronor. Based on a large number of tests, the monomer, �-caprolactone, and the polymer, PCL,
are currently regarded as nontoxic and tissue-compatible materials. Consequently, the Capronor
system has undergone Food and Drug Administration (FDA)-approved phase I and phase II clin-
ical trials (Pitt, 1990).

It is interesting to note that in spite of its versatility, PCL has so far been predominantly con-
sidered for controlled-release drug delivery applications. In Europe, PCL is being used as a
biodegradable staple, and it stands to reason that PCL (or blends and copolymers with PCL) will
find additional medical applications in the future. The most comprehensive review of the status
of PCL has been by Pitt (1990).

Poly(ortho esters)
Poly(ortho esters) are a family of synthetic degradable polymers that have been under devel-

opment for several years (Heller et al., 1990). Devices made of poly(ortho esters) can be formu-
lated in such a way that the device undergoes “surface erosion”—that is, the polymeric device de-
grades at its surface only and will thus tend to become thinner over time rather than crumbling
into pieces. Because surface-eroding, slablike devices tend to release drugs embedded within the
polymer at a constant rate, poly(ortho esters) appear to be particularly useful for controlled-release
drug delivery (Heller, 1988); this interest is reflected by the many descriptions of these applica-
tions in the literature (Heller and Daniels, 1994).

There are two major types of poly(ortho esters). Originally, poly(ortho esters) were prepared
by the condensation of 2,2-diethoxytetrahydrofuran and a dialcohol (Cho and Heller, 1978) and
marketed under the trade names Chronomer and Alzamer. On hydrolysis, these polymers release
acidic by-products that autocatalyze the degradation process, resulting in degradation rates that
increase with time. Later, Heller et al. (1980) synthesized a new type of poly(ortho ester) based on
the reaction of 3,9-bis(ethylidene-2,4,8,10-tetraoxaspiro{5,5}undecane) (DETOSU) (see Struc-
ture 5) with various dialcohols. These poly(ortho esters) do not release acidic by-products on hy-
drolysis and thus do not exhibit autocatalytically increasing degradation rates.
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Structure 5. Poly(ortho esters).
The specific composition shown
here is a terpolymer of hexade-
canol (1,6-HD), trans-cyclo-
hexyldimethanol (t-CDM), and
DETOSU.



Polyanhydrides
Polyanhydrides were first investigated in detail by Hill and Carothers (1932) and were considered
in the 1950s for possible applications as textile fibers (Conix, 1958). Their low hydrolytic stabili-
ty, their major limitation for industrial applications, was later recognized as a potential advantage
by Langer et al. (see Rosen et al., 1983), who suggested the use of polyanhydrides as degradable
biomaterials. A study of the synthesis of high-molecular-weight polyanhydrides has been published
by Domb et al. (1989, 1994).

A comprehensive evaluation of the toxicity of the polyanhydrides showed that, in general, the
polyanhydrides possessed excellent in vivo biocompatibility (Laurencin et al., 1990). The most im-
mediate applications for polyanhydrides are in the field of drug delivery. Drug-loaded devices are
best prepared by compression molding or microencapsulation (Mathiowitz et al., 1988). A wide
variety of drugs and proteins, including insulin, bovine growth factors, angiogenesis inhibitors
(e.g., heparin and cortisone), enzymes (e.g., alkaline phosphatase and �-galactosidase), and anes-
thetics, have been incorporated into polyanhydride matrices and their in vitro and in vivo release
characteristics have been evaluated (Chasin et al., 1990). One of the most aggressively investigat-
ed uses of the polyanhydrides is for the delivery of chemotherapeutic agents. One particular ex-
ample of this application is the delivery of bis-chloroethylnitrosourea (BCNU) to the brain for the
treatment of glioblastoma multiformae, a universally fatal brain cancer (Langer, 1990). For this
application, polyanhydrides derived from bis-(p-carboxyphenoxy propane) and sebacic acid (see
Structure 6) received FDA regulatory clearance in the fall of 1996 and are currently being mar-
keted under the name Gliadel.

Polyphosphazenes
Polyphosphazenes consist of an inorganic phosphorous–nitrogen backbone (see Structure 7),

in contrast to the commonly employed hydrocarbon-based polymers (Scopelianos, 1994). Con-
sequently, the phosphazene backbone undergoes hydrolysis to phosphate and ammonium salts,
with the concomitant release of the side group. Of the numerous polyphosphazenes that have been
synthesized, those that have some potential use for medical products are substituted with amines
of low pKa, and those with activated alcohol moieties (Allcock, 1990; Crommen et al., 1992; Lau-
rencin et al., 1993). The most extensively studied polyphosphazenes are hydrophobic, having flu-
oroalkoxy side groups. In part, these materials are of interest because of their expected minimal
tissue interaction, which is similar to Teflon.

Aryloxyphosphazenes and closely related derivatives have also been extensively studied. One
such polymer can be cross-linked with dissolved cations such as calcium to form a hydrogel ma-
trix because of its polyelectrolytic nature (Allcock and Kwon, 1989). Using methods similar to al-
ginate encapsulation, microspheres of aryloxyphosphazene have been used to encapsulate hy-
bridoma cells without affecting their viability or their capacity to produce antibodies. Interaction
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Structure 6. Poly(SA–HDA anhydride). This composition represents one of many
polyanhydrides that have been explored. The clinically relevant polyanhydrides
are copolymers of sebacic acid and p-carboxyphenoxy propane.

Structure 7. Polyphosphazene. Shown here is a polymer containing an amino acid es-
ter attached to the phosphazene backbone.



with poly(l-lysine) produced a semipermeable membrane. Similar materials have been synthesized
that show promise in blood contacting and in novel drug delivery applications.

Poly(amino acids) and pseudo-poly(amino acids)
Because proteins are composed of amino acids, many researchers have tried to develop syn-

thetic polymers derived from amino acids to serve as models for structural, biologic, and im-
munologic studies (see Structure 8). In addition, many different types of poly(amino acids) have
been investigated for use in biomedical applications (Anderson et al., 1985). Poly(amino acids) are
usually prepared by the ring-opening polymerization of the corresponding N-carboxy anhydrides
that are obtained by reaction of the amino acid with phosgene (Bamford et al., 1956).

Poly(amino acids) have several potential advantages as biomaterials. A large number of poly-
mers and copolymers can be prepared from a variety of amino acids. The side chains offer sites for
the attachment of small peptides, drugs, cross-linking agents, or pendant groups that can be used
to modify the physicomechanical properties of the polymer. Because these polymers release natu-
rally occurring amino acids as the primary products of polymer backbone cleavage, their degrada-
tion products may be expected to show a low level of systemic toxicity.

Poly(amino acids) have been investigated as suture materials (Spira et al., 1969), as artificial
skin substitutes (Aiba et al., 1985), and as drug delivery systems (Mitra et al., 1979; McCormick-
Thomson and Duncan, 1989). Various drugs have been attached to the side chains of poly(amino
acids), usually via a spacer unit that distances the drug from the backbone. Poly(amino acid)–drug
combinations investigated include poly(l-lysine) with methotrexate and pepstatin (Campbell et
al., 1980), and poly(glutamic acid) with adriamycin and norethindrone (van Heeswijk et al.,
1985).

Despite their apparent potential as biomaterials, poly(amino acids) have actually found few
practical applications. The N-carboxy anhydrides, the starting materials, are expensive to make and
difficult to handle because of their high reactivity and moisture sensitivity. Most poly(amino acids)
are highly insoluble and nonprocessible materials. Because poly(amino acids) degrade via enzy-
matic hydrolysis of the amide bond, it is difficult to reproduce and control their degradation in
vivo because the level of enzymatic activity varies from person to person. Furthermore, the anti-
genicity of polymers containing three or more amino acids excludes their use in biomedical ap-
plications (Anderson et al., 1985). Because of these difficulties, only a few poly(amino acids), usu-
ally derivatives of poly(glutamic acid) carrying various pendant chains at the �-carboxylic acid
group, are currently being investigated as implant materials (Lescure et al., 1989).

As an alternative approach, James and Kohn (1997) and Kemnitzer and Kohn (1997) have
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Structure 8. A poly(amide car-
bonate) derived from desamino-
tyrosyl tyrosine alkyl esters. This
is an example for a group of new,
amino acid-derived polymers.



replaced the peptide bonds in the backbone of synthetic poly(amino acids) by a variety of such
“nonamide” linkages as ester, iminocarbonate, urethane, and carbonate bonds. The term “pseudo-
poly(amino acid)” is used to denote this new family of polymers in which naturally occurring
amino acids are linked together by nonamide bonds.

The use of such backbone-modified pseudo-poly(amino acids) as biomaterials was first sug-
gested in 1984 (Kohn and Langer, 1984). The first pseudo-poly(amino acids) investigated were a
polyester from N-protected trans-4-hydroxy-l-proline and a poly(iminocarbonate) from tyrosine
dipeptide (Kohn and Langer, 1985, 1987). Several studies indicate that the backbone modifica-
tion of conventional poly(amino acids) in general improves their physicomechanical properties
(Ertel and Kohn, 1994; Fiordeliso et al., 1994; James and Kohn, 1997). This approach is applic-
able to, among other materials, serine, hydroxyproline, threonine, tyrosine, cysteine, glutamic acid,
and lysine; it is only limited by the requirement that the nonamide backbone linkages give rise to
polymers with desirable material properties. Additional pseudo-poly(amino acids) can be obtained
by considering dipeptides as monomeric starting materials. Hydroxyproline-derived polyesters
(Kohn and Langer, 1987; Yu et al., 1987; Yu-Kwon and Langer, 1989), serine-derived polyesters
(Zhou and Kohn, 1990), and tyrosine-derived polyiminocarbonates (Pulapura et al., 1990) and
polycarbonates (Pulapura and Kohn, 1992) represent specific embodiments of these synthetic con-
cepts.

CREATING MATERIALS FOR TISSUE-ENGINEERED PRODUCTS
As described in this chapter, the bulk polymer properties and the cellular response to bioma-

terials are important selection criteria for the design of a tissue-engineered product. In addition,
the ability to mold the biomaterial into the appropriate cellular-level architecture must be consid-
ered, and such architecture must be compatible with the desired tissue response. Hubbell classi-
fied approaches to choosing biomaterials for various tissue engineering applications according to
type of tissue response sought: (1) conducting tissue responses and architectures, (2) inducing tis-
sue responses and architectures, and (3) blocking tissue responses (Hubbell, 1995; Wintermantel
et al., 1996). Implicit in this consideration is that the specific material architecture (e.g., mem-
brane, gel, matrix, tube) is critical to the tissue engineering product design and thus influences the
choice of biomaterials.

Barriers: Membranes and Tubes
Design formats requiring cell activity on one surface of a device while precluding transverse

movement of surrounding cells onto that surface call for a barrier material. For example, periph-
eral nerve regeneration must allow for axonal growth and at the same time preclude fibroblast ac-
tivity that could produce neural-inhibiting connective tissue. Structures such as collagen tubes can
be fabricated to yield a structure dense enough to inhibit connective tissue formation along the
path of repair while allowing axonal growth through the lumen (Li et al., 1992). Similarly, colla-
gen membranes for periodontal repair provide an environment for periodontal ligament regrowth
and attachment while preventing epithelial ingrowth into the healing site (van Swol et al., 1993).
Antiadhesion formulations using hyaluronic acid, which prevent ingrowth of connective tissue at
a surgically repaired site, also work on this concept (Urmann et al., 1991).

Gels
Gels are used to provide a hydrogel scaffold, to encapsulate, or to provide a specialized envi-

ronment for isolated cells. For example, collagen gels for tissue engineering were first used to main-
tain fibroblasts, which were the basis of a living skin equivalent (Parenteau, 1999). Gels have also
been used for the maintenance and immunoprotection of xenograft and homograft cells such as
hepatocytes, chondrocytes, and islets of Langerhans used for transplantation (Sullivan et al., 1991;
Chang, 1992; Lacy, 1995). Semipermeable gels have been created to limit cell–cell communica-
tion and interaction with surrounding tissue, and to minimize movement of peptide factors and
nutrients through the implant. In general, nondegradable materials are used for cell encapsulation
to maximize long-term stability of the implant. In the future, however, it may be possible to for-
mulate novel “smart” gels in which biodegradation is triggered by a specific cellular response in-
stead of simple hydrolysis.
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Matrices
It has been recognized since the mid-1970s that three-dimensional structures are an impor-

tant component of engineered tissue development (Yannas and Burke, 1980; Yannas et al., 1980).
Yannas and co-workers were the first to show that pore size, pore orientation, and fiber structure
are important characteristics in the design of cell scaffolds. Several techniques have subsequently
been developed to form well-defined matrices from synthetic and biologically derived polymers,
and the physical characteristics of these matrices are routinely varied to maximize cellular and tis-
sue responses (Fenkel et al., 1997; Langer and Vacanti, 1993). These engineered matrices have led
to several resorbable templates for tissue regeneration.

CONCLUSION
Research in the use of currently available biomaterials and in developing novel bioresorbable

polymers has helped to drive the establishment of the field of tissue engineering. Despite a wide
range of possible choices, there is a tendency to choose those bioresorbable polymers that have a
history of regulatory approval instead of letting the application guide the choice of material. The
latter approach, moreover, may require lengthy and costly polymer development work. Nonethe-
less, in order to gain the sort of precise control over cell response and cell interactions with sur-
rounding tissues that is expected of tissue engineering applications, continued research on new
bioresorbable polymers will be necessary.
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Approaches to Transplanting
Engineered Cells and Tissues

Janet Hardin-Young, Jeffrey Teumer, Robert N. Ross, and Nancy L. Parenteau

INTRODUCTION

Approaches to the use of living cells in tissue engineering is dictated by the primary purpose of
the implant, be it metabolic or structural and the availability of a suitable cell source. Whatev-

er the intended mode of action of tissue-engineered grafts, the function is provided either direct-
ly or indirectly by the cellular component. Determining where these cells will come from plays a
pivotal role. Cellularization of an implant can be achieved through recruitment of host cells in
vivo, directed in vivo tissue formation, ex vivo cell propagation, and in vitro organotypic tissue cul-
ture. Tissue scaffolds and living tissue implants are by no means static devices once inside the body.
Therefore the inflammatory response of the host plays a key role in determining the persistence,
long-term structure, and functionality of the engineered implant. Another important parameter
is the immunologic response when using cells not from the host. Fortunately, certain allogeneic
human cells may be transplanted successfully with little or no immune response. However, special
measures such as immune therapy, genetic modification, or encapsulation must be taken to intro-
duce xenogeneic cells. Reagents and methods used in the culture of cells should be screened and
validated for safety to guard against untoward changes in the cell population or introduction of
adventitious agents during processing. This is true regardless of the cell source.

The ultimate goal of tissue engineering is to replace, repair, or enhance biological function in
the event of damaged, absent, or dysfunctional elements, often at the scale of a tissue or an organ.
Engineered tissues are achieved by using cells that are manipulated through their extracellular en-
vironment to develop living biological substitutes for cells and tissues that are lacking. Many dif-
ferent strategies may be used to accomplish this goal, but they all have in common the enlistment
of living cells for therapeutic use.

Among the chief factors that dictate the best strategy for developing and utilizing engineered
tissues are technical feasibility, required properties of the implant, and the interaction of the host
with the graft. This chapter is a general discussion of such factors, and the possible approaches that
can be used to transplant cells and reestablish tissues. Specific applications of transplanting engi-
neered cells and tissues will be covered in more detail in subsequent chapters.

DEVELOPING WORKABLE STRATEGIES
Successful development of an engineered biologic substitute depends on contributions from

such diverse fields as cell biology, extracellular matrix biochemistry, biomaterials science, biomed-
ical engineering, biochemistry, immunology, cell culture technology, chemical engineering, and
physiology. Having identified a clinical need, the decision to go forward with the development of
a particular tissue-engineered product is based on a careful evaluation of available scientific knowl-
edge and an assessment of present and near-term technical capabilities. The concept is then test-
ed in the laboratory for its overall scientific merit and for proof of principle. After laboratory evi-
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dence suggests proof of principle, the approach is refined and modified by further in vitro and an-
imal experimentation, and eventually by clinical trials.

Reproducibility of results is a critical consideration. No tissue engineering process can suc-
ceed without the high probability that the product will consistently have the desired characteris-
tics. Reproducibility of the product is achieved through standardization of protocols that are built
on a substantial foundation of fundamental technical knowledge, the deepest possible under-
standing of the basic mechanisms involved, careful experimentation, and direct technical experi-
ence. Without these things, the target tissues to be modeled, the laboratory and manufacturing
techniques required to develop the product, and the native tissue all remain essentially black boxes.
Such unknowns are the antithesis of reproducible results. For ex vivo expansion of most cells types,
precise regulation of pH, oxygen tension, seeding density, growth factors, and nutrients is required.
The development of commercial processes to provide a living cell-based product depends on a
thorough understanding of the metabolic and physical requirements of the specific cells and on
the technical expertise to provide them in quantities large enough to support a commercially vi-
able enterprise.

The final test of the clinical applicability of a tissue-engineered product is the ability to pro-
vide sufficient quantities of reliably reproducible product at a reasonable cost. Even the most
promising ideas fail as commercial products if they are proved unfeasible as a result of irrepro-
ducibility, cost, unavailability of cell source, or inability to direct the host response to the implant.
How an implant is expected to function determines the features that must be designed into it
(Table 23.1) and the industrial plan for how it is to be produced. Design approaches range from
the relatively simple use of cultured cells (Green et al., 1979; Brittberg et al., 1994) to the use of
what could be termed organ equivalents, in which there is an attempt to replicate both structure
and function (Parenteau et al., 1992; Bilbo et al., 1993; Wilkins et al., 1994).

The best approach is not always obvious and must often be arrived at through experimenta-
tion, including clinical trials. For example, the repair of articular cartilage is being investigated us-
ing undifferentiated cultured chondrocytes (Brittberg et al., 1994), chondrocyte precursors in col-
lagen, matrix alone (Reddi, 1994; Speer et al., 1979; von Schroeder et al., 1991; Wakitani et al.,
1994), and differentiated cartilage analogs (Vacanti et al., 1991; Freed et al., 1993, 1994a,b). Car-
tilagenous matrix forms readily in vitro and in vivo, but its long-term phenotype is difficult to con-
trol. Isolated human chondrocytes from a small biopsy seeded on bioresorbable polymer (Cao et
al., 1998) have been expanded in an attempt to provide custom-engineered autologous cartilage
transplants for the reconstruction of the nose or outer ear (Naumann et al., 1998).

Use of differentiated cartilage analogs for articular cartilage repair has faced problems of in-
adequate tissue integration with adjacent host cartilage. The difficulties stem from the biology of
the host articular cartilage, which is a relatively acellular, avascular, dense matrix that undergoes
little interstitial remodeling. Only empirical data will determine which of these is the best ap-
proach. The best therapy will be the one that reproducibly forms articular cartilage, effect long-
term repair, and is cost effective.
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Table 23.1. Types of engineered tissues

Type of tissue Graft role Example

Physical Primarily biomechanical Bone (Habal and Reddi, 1994; 
Thomson et al., 1995)

Blood vessels (Termin et al., 1994)
Physiological Physiological Liver (Dunn et al., 1989; 

Sussman et al., 1994)
Kidney (Humes, 1995)

Chemical Produce soluble, diffusible Pancreatic islets 
component (Mikos et al., 1994)

Neuroendocrine substance 
(Aebischer et al., 1994)

Combination Multiple Skin (Sabolinski et al., 1996)



In the case of organotypic analogs of skin, such as the Apligraf human skin equivalent (HSE),
the situation of tissue response is quite different from that of cartilage. The development of an
organotypic HSE is particularly important because these in vitro three-dimensional skin constructs
show morphologic and biochemical profiles expressed in living skin. This serves as a benefit rather
than a hindrance. Formation of an organotypic analog results in a robust multifunctional tissue
that, unlike cartilage, is able to interact and integrate with the wound to affect healing on multi-
ple levels (see Chapter 65).

Tissue structure, whether only minimally achieved prior to implantation or more complete-
ly developed in culture, must be achieved quickly in vivo for optimum cell function. A vascular
implant, for example, must serve immediately as an efficient conduit for blood and not trigger the
formation of thrombi. Not only should the implant not be rejected by the host, but the implant
should foster the migration of native cells to the site. Implantation must not interfere with nor-
mal function of the existing tissue or of the organ. A bone graft must not significantly weaken the
site around the implant. Finally, the implant must become, as much as possible, a fully function-
al analog of the native tissue in the implantation site.

MODE OF ACTION—AN IMPORTANT DESIGN CONSIDERATION
The desired mode of action of a graft dictates the type of implant necessary and determines

important functional and mechanical requirements of the graft. Engineered tissue implants
presently in use or under investigation can be grouped into four general categories that focus on
its primary function (Table 24.1): physical, chemical, physiologic, and a combination of graft roles.
These modes of action are discussed below.

Physical Grafts
The primary mode of action of physical grafts (e.g., ligament, cartilage, or vascular replace-

ments) is to perform a biomechanical structural role. The biomechanics depend heavily on the ex-
tracellular component of the graft and on the capacity for living cells of the graft (attracted to the
site of the graft or implanted with the graft) to maintain that structure. This, however, may be too
simplistic a view for tissue engineering. For example, physical properties are of acute concern on
implantation of a vascular graft. The surface of the graft must not elicit a thromogenic response and
the structure must be able to withstand arterial pressure without threat of aneurysm. In addition,
the material must have more than adequate suture retention characteristics. Therefore, it is obvious
to focus on the initial physical properties and short-term effects of the grafts. Although this is a nec-
essary first step, and there has been some exciting progress in this area (see Chapter 34), unlike an
inert device, a tissue graft, whether cellular or noncellular, will be expected to interact with the body.
Because of this, the biology and physiology of the cells become increasingly important postimplant
and will ultimately determine the long-term patency of the grafts, just as they can in autologous
saphenous vein grafts. This general concept of the physical structure ultimately depending on cell
biology and physiology is likely true for most physical tissue-engineered grafts.

There are clinical situations in which a relatively large tissue mass is required physically to fill
the space of tissue lost as a result of surgical resection (e.g., tissue replacement after mastectomy)
(Eiselt et al., 1998). Living tissues for “bulking” applications are limited by the ability to vascu-
larize the tissue. Problems to solve in designing such a tissue-engineered product with such a mode
of action include designing an acellular structural framework to fill the space, providing a suitable
matrix for the localization of transplanted cells, and promoting vascularization of the forming tis-
sue. One approach has been to allow a scaffold to prevascularize prior to seeding with functional
cells (Wake et al., 1995). Attempts have been made to enhance this process by seeding the matrix
with polymer microspheres containing a potent angiogenic molecule [vascular endothelial growth
factor (VEGF)] for controlled release to promote vascularization at the site of tissue formation
(Eiselt et al., 1998).

Physiologic or Chemical Grafts
In grafts that are intended to have a physiologic or chemical mode of action, the biological or

biochemical properties of the graft are more important than the physical structure or mechanical
properties of the graft. Products of the constituent cells are of greater concern than properties of
the extracellular component of the graft.
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A variety of tissue-engineered implants with physiologic or chemical function are under de-
velopment. For example, biodegradable polymer scaffolds have been developed to support the
growth of hepatocytes on implantable microcarriers (Davis and Vacanti, 1996). Biologic function
of these hepatocyte transplants has been demonstrated in animal models by production of albu-
min and other liver products, and by clearing bilirubin and urea metabolites. Pancreatic islet cell
transplants are likewise under investigation (Hayashi et al., 1998).

Even in the design of physiologic and chemical grafts, however, the contribution of an extra-
cellular matrix component and mechanical properties must be understood, because they may be
important for cell regulation. The function of cultured rat hepatocytes, for example, is improved
when cells are cultivated between two collagen layers that provide extracellular matrix contact and
permit proper cell polarization (Dunn et al., 1992; Ezzell et al., 1993).

Combination
There are instances in which several aspects of the implant are key elements to its effective-

ness. Certain types of grafts are intended to perform two or more equally important functions. For
example, cultured human skin has important physical structure and biologic function. The graft
skin is a distinct physical structure that covers a physical defect. The stratum corneum serves as an
immediate barrier to water loss and infection while the living layers promote wound healing
through their biologic interaction with the host wound bed.

ROLE OF THE HOST
It should be clear that the host interaction with the tissue-engineered product is an important

consideration. The success of the implant depends on working with the host response in such a
way that the metabolic requirements and appropriate regulatory signals are provided by and to the
implant. An initial inflammatory response is followed by vascularization and migration of mes-
enchymal cells into the graft (Kemp et al., 1995). Unlike normal wound healing, however, there
seems to be a well-defined period of 5 to 10 weeks during which the host response to an implant
can be directed toward integration or toward inflammation and “rejection” of the implant. If the
process is not directed toward tissue integration by this time, inflammatory mechanisms of the for-
eign body reaction are mobilized, and the body attempts to eliminate or isolate the implant. This
is an innate, nonspecific immune response. Strategies to avoid this destruction therefore become
major design considerations.

It is thought by some that the inflammatory response to an implant is not only beneficial but
necessary for the recruitment of host cells. Our experience both in animals and in the clinic sug-
gests that directed tissue integration through signals other than those of acute inflammation might
be sufficient and more desirable. Inflammation, when unchecked, can lead to fibrosis, and in some
cases, destruction of the implant architecture and/or encapsulation of the implant.

The degree of graft remodeling and cell replacement by the host tissue varies by type of im-
plant. If the graft is to replace a lost or deficient function, the implanted cells should naturally be
designed to persist and function for a long time. Premature loss of implanted cells through
turnover, lack of ability for self-propagation and/or maintenance, and an inflammatory or immune
response by the host would undermine the goals of the therapy. In other cases, however, popula-
tion by the host cells and remodeling of the structure may be requirements for achieving proper
function. In bone grafts, for example, cell population or repopulation and remodeling of the ex-
tracellular matrix are important for achieving stable mechanical properties. Another example of
this is the host cellularization and remodeling of a small-caliber vascular graft made of collagen
(discussed in Chapter 33).

In the case of cultured skin, which will be used in a variety of acute and chronic wounds, flex-
ibility of the implant’s response, durability of the engineered tissue, and its ability to direct a pos-
itive host response are key to its effectiveness. Remodeling of cultured skin is advantageous and re-
sults in improved function and appearance in the dermatologic surgery patient (Eaglstein et al.,
1991). The persistence and remodeling of Apligraf (Graftskin) (Apligraf is a registered trademark
of Novartis) human skin equivalent, for example, is dependent on the type of application (see
Chapter 67). Contribution from the host varies depending on the wound environment and the
biology, biochemistry, and physiology of both the cellular elements and the extracellular matrix of
the graft.
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Whatever the intended mode of action of tissue-engineered grafts, the function is provided
either directly or indirectly by the cellular component. Therefore, determining where these cells
will come from plays a pivotal role.

SOURCE OF CELLS
Tissue engineering requires a reliable source of viable cells for processing. Which source of

cells is best used for a tissue-engineered product depends on may factors, including the function-
al requirements of the implant as well as the feasibility of collecting, processing, and storing these
cells and the tissue-engineered product. Timing is an issue. For example, an off-the-shelf product
is more likely to be used in a timely manner compared with a product that requires custom pro-
duction. Economic considerations are also important. The cost of finding source material, culti-
vating it, and manipulating some cell types often limits what can be accomplished in tissue engi-
neering.

If the implant relies on in vivo cell growth after reimplantation, in vitro expansion of cells is
less critical. An example of this is bone marrow transplantation, because marrow cells have the po-
tential to reconstitute the recipient’s hematopoietic tissue without significant prior in vitro culture
and expansion. In most cases, however, it is necessary to expand the cell number by some in vitro
method prior to implantation. Success of the process therefore depends on the ability to scale up
the culture system without altering the desirable characteristics of the cultivated cells.

Currently, only a few cell types (e.g., keratinocytes, fibroblasts, chondrocytes, and myoblasts)
can be expanded in significant numbers in culture. For other cell types (e.g., normal hepatic, neur-
al, or pancreatic islet cells), it is not currently possible to expand in culture a sufficient number of
normal cells for clinical use. For such cell types, alternative strategies (e.g., genetic modification or
the use of cultivated cell lines) are being explored. Sources of cells may be autologous (obtained
from the same individual for whom the graft is intended), allogeneic (obtained from an individ-
ual of the same species who is genetically distinct from the individual for whom the graft is in-
tended), or xenogeneic (obtained from an individual of a species different from the species of in-
dividual for whom the graft is intended).

Autologous Cells
The most direct source of cells for transplant is autologous tissue. The use of autologous tis-

sue obviates the difficulties of overcoming noncompatibility with the host’s immune system, which
is a challenge in grafting any nonhost material into an immunocompetent host. Cell number can
be increased from autologous sources in two ways: (1) autologous cell expansion or (2) autologous
cell recruitment. In autologous cell expansion, cells are harvested from a patient biopsy, grown in
culture to the desired number, and then reimplanted into the body. In autologous cell recruitment,
in vivo conditions are manipulated to foster migration of the desired cell population to the site.

For autologous cells to be useful, cultivation of the cell type must permit expansion of the
population to a number sufficient to meet the functional need of the implant within a time frame
that suits the needs of the patients. The time required to harvest tissue from the patient, expand
the cells in culture, and construct the implant can be a critical limitation of autologous material.
If the tissue is needed to sustain life, the time needed to manufacture the implant may not be con-
sistent with patient survival. In addition, healthy tissue may be sparse or unavailable. The cost and
inherent variability of each autologous, custom-made device may limit clinical feasibility and must
be considered in comparison with alternatives that are likely to be available. Cost and variability
may be partially alleviated by providing an automated, controlled means of processing patient tis-
sue, which can be placed directly in the hospital laboratories. This strategy is being used for the
cultivation of patients’ hematopoietic cells (Koller et al., 1993; Van Zant et al., 1994).

Cultured autologous cells were the first clinical application of cellular tissue engineering. Au-
tologous keratinocytes were grown in culture and grafted onto burn victims (Gallico et al., 1984).
In this procedure, a small biopsy of skin is taken from an uninjured area of a burn patient. The
keratinocytes of the epidermis are then isolated from this biopsy, and their number is increased in
tissue culture (Rheinwald and Green, 1975). These cultured keratinocytes are then grafted to the
patient as confluent sheets of cells after having been expanded as much as 2000-fold from the ini-
tial biopsy (Epicel, Genzyme Tissue Repair, Cambridge, MA) (Green et al., 1979).

Autologous cultured chondrocytes (Carticel, Genzyme Tissue Repair, Cambridge, MA) are
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being used to treat articular cartilage injuries in humans. Chondrocytes are harvested from an un-
involved area of the injured knee, expanded in culture, and then surgically seeded into the articu-
lar defect and held in place with a piece of periosteal sheath, also harvested from the patient.
Arthroscopic examination has shown smooth-surfaced articular cartilage regenerated in the site of
the original lesions in patients followed for up to 5.5 years after implantation (Brittberg et al.,
1994).

Autologous cell recruitment
Recruitment of autologous cells to restore or enhance tissue function can also be achieved in

vivo by providing an appropriate acellular scaffold designed to foster cell infiltration. Such im-
plants are designed to guide cell migration and thus enable cells recruited from the patient’s pop-
ulation of cells to differentiate and replace the implanted regeneration scaffold with a functional,
living tissue. The matrix components of the implant are resorbed and eventually replaced by new,
host-derived, extracellular matrix. Implanted scaffolds may also contain chemical factors that stim-
ulate chemotaxis and cell differentiation. For example, acellular bone grafts are cellularized by cells
recruited from the marrow, blood, or periosteum and are most likely stimulated by bone mor-
phogenic proteins bound to the bone matrix (Reddi and Anderson, 1976).

Because regeneration scaffolds do not contain live cells at the time of implantation, produc-
tion and storage of the product are simplified. These advantages are balanced by the disadvantage
that the clinical success of regeneration scaffolds is totally dependent on appropriate cellular re-
cruitment from the host. In some cases, critical steps in cellular recruitment may be either inade-
quate or lacking entirely. Recruitment may be aided by the use of bound growth factors or con-
comitant gene therapy such as the use of VEGF (Takeshita et al., 1996) or other angiogenic or
chemotactic factors.

In some cases, the scaffold must provide immediate physical functionality during the early
acellular stage and must also induce host regeneration of new tissue. Many such regeneration scaf-
folds have been produced from components of the natural extracellular matrix. Scaffold grafts in
the form of bone powders are used routinely in facial bone repair. Composite scaffolds of con-
trolled porosity and physical characteristics are being developed to direct bone formation (Thom-
son et al., 1998). Matrix scaffolds have also shown promise in the repair of dermis (Burke et al.,
1981; Yannas et al., 1982, 1989; Livesey et al., 1995), tendons (Goldstein et al., 1989; Kato et al.,
1991), nerves (Chang and Yannas, 1992), meniscus (Stone et al., 1990), and blood vessels (see
Chapter 32).

Allogeneic Cells
One way of minimizing the limitations of supply inherent in strategies that rely on autolo-

gous cells is the development of tissue-engineered products from allogeneic cells. The use of allo-
geneic cells allows banking of cells. This permits safety and functional performance screening.
Moreover, because allogeneic material can be free from the variability associated with patient-de-
pendent autologous sources, it permits the development of a consistently reproducible and cost-
effective product. Such standardized allogeneic cell sources also allow the construction of complex
tissues (Wilkins et al., 1994) that would otherwise be prohibitively expensive in time, money, and
effort if they were to be produced by custom manufacture from autologous sources.

An example of this is the formation of the Apligraf HSE. A method for cultivating human
keratinocytes from neonatal foreskin, using a minimally supplemented basal medium (MSBM),
was reported in 1992 (Johnson et al., 1992). Three passages in culture provide approximately 1010

cells for cryostorage as a cell bank. Subsequent culture of these cells for one passage results in an
additional 10-fold increase in cell number, which is then sufficient to produce approximately 100–
200 m2 of HSE constructs from a single source. This allogeneic skin equivalent provides both the
advantages of a skin graft without the need for harvesting tissue and the production of large quan-
tities of consistent material.

Immortalized Cell Lines
Cell lines may be derived from cells that have undergone certain genetic changes that permit

them indefinite proliferation as long as their metabolic requirements are satisfied. Such immor-
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talized cell lines can be used to overcome some of the source limitations of current cell culture tech-
nology. The genetic changes that immortalize these cell lines are usually accompanied by some loss
of differentiated structure and function, however. Although this dedifferentiation may make these
cells significantly different from their native counterparts, because these cells remain somewhat
plastic, such cell lines are more amenable to gene transfer. Specific properties can thus be engi-
neered into them to produce desired therapeutic proteins, perform selected cell functions, or over-
come host immune reaction.

Safety is a concern when using cell lines, however, because immortalized cells exhibit some of
the properties of neoplastically transformed cells. Such cell lines are thus considered to be partial-
ly transformed cells with a predisposition to become fully neoplastic cells capable of forming tu-
mors in the recipient. Tissue engineering strategies that use cell lines can take this danger into ac-
count in a variety of ways. Techniques of encapsulation of the cell line, extracorporeal use, or
control of immortalization using conditions that select against gene expression such as tempera-
ture or drug sensitivity can limit the cells and risk to the patient. A hepatocyte cell line has been
used in an extracorporeal system to treat acute liver failure (Sussman et al., 1994).

Xenogeneic Sources
For some cell types, the tissue demand cannot be met through the use of autologous or allo-

geneic sources. This has led to strategies that employ xenogeneic tissues. Technology employing
cell encapsulation, immune protection, extracorporeal systems, and genetic manipulation is being
developed to enable the use of xenogeneic tissues and organs, because one need only breed enough
animals to meet demand. The use of xenogeneic tissue requires extra attention to the problem of
rejection by the patient’s immune system. Xenogeneic cells are feasible only if the tissues can be
used effectively. For example, porcine pancreatic islet transplantation will have limited feasibility
if the tissue remains difficult to harvest and requires a number of animals for each treatment. Cost
and quality-control issues associated with islet preparation could be restrictive.

Microencapsulation techniques have been used to permit transgenic implants (Basic et al.,
1996). In general, however, the problem remains unsolved of designing membranes that selective-
ly restrict permeation by some effector molecules of the immune system but permit, or even facili-
tate, permeation by other biologically active molecules of roughly equivalent size (Edge et al., 1998).

THE IMMUNOLOGY OF NONAUTOLOGOUS CELLS
Although there are significant differences in the mechanisms of allograft and xenograft rejec-

tion, there are important common features. Destruction of implanted tissues by the patient’s im-
mune system is a hurdle when nonautologous cells are used. These are acquired immune responses,
the mechanisms of true graft rejection. For example, the mitigation of complement-mediated re-
jection is believed to be a major hurdle for the transplantation of xenogeneic cells (Schilling et al.,
1976). Once the hyperacute rejection is prevented, transplantation of xenogeneic cells will face
many of the same problems associated with allograft rejection.

Allograft rejection is primarily a T cell-mediated immune response. In conventional organ
transplantation, cytotoxic T cells (cytotoxic T lymphocytes, CTLs) specific for alloantigens pres-
ent on the endothelial cells attack the vasculature of the grafted organ, which leads to destruction
of the graft (Adams et al., 1994; Pober et al., 1986). Passenger leukocytes contributes to the re-
sponse by stimulating the expansion of donor-reactive T helper cells, which are necessary for the
generation of CTLs.

Not all cell types are equal in their ability to elicit a host immune response. Donor cells can
be classified on the basis of their ability to act as target cells for effector CTLs, and their expres-
sion of histocompatibility leukocyte antigen (HLA) proteins. Some cell populations (e.g., leuko-
cytes and endothelial cells) are strongly allostimulatory. These professional antigen-presenting cells
(APCs) constitutively express major histocompatibility complex (MHC) class I, class II, and cos-
timulatory proteins (e.g., B7 and CD40), are capable of stimulating naive T cells, resulting in the
expansion of alloreactive T helper cells, and serve as targets for effector CTLs. Other cell types clas-
sified as nonprofessional APCs are less allostimulatory (e.g., keratinocytes, smooth muscle cells,
and fibroblasts) (Murray et al., 1995; Laning et al., 1997). Nonprofessional APCs do not consti-
tutively express MHC class II proteins (Gaspari and Katz, 1988) and are unable to induce the ac-
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tivation and expansion of required T helper cells because they lack the functioning costimulatory
molecules necessary for proper T cell activation.

One approach to using allogeneic cells in tissue engineering has been to use pure populations
of allogeneic nonprofessional APC cells that are weakly or nonallostimulatory and do not contain
endothelial cells or passenger leukocytes. The Apligraf HSE, an allogeneic construct containing
only human fibroblasts and keratinocytes, is an example of such an engineered graft (Wilkins et
al., 1994). This skin construct contains both purified keratinocyte and fibroblast populations and
has been shown in both preclinical (Theobald et al., 1993; Laning et al., 1999; Moulton et al.,
1999) and clinical (Falanga et al., 1998) studies not to sensitize recipients.

In situations in which the donor cells are strongly allostimulatory, there are several approaches
that might be used to control the host immune response, including traditional therapies used in
solid organ transplants. Host immune response is not only determined by the allogenicity of the
individual cell types that comprise the graft but also by the accessibility to the graft by the host
immune system. Developing appropriate animal models to investigate the allogenicity of a graft is
critical. Immunocomprised mice such as the severe combined immunodeficient (SCID) mouse
lack functioning immune systems, which allows them to accept human tissue transplants. A num-
ber of humanized SCID mouse models have been developed to assess the antigenicity of both or-
gan grafts and engineered tissue grafts. For example, SCID mice humanized with human white
blood cells reject allogeneic human skin but not an allogeneic HSE (Briscoe et al., 1999).

In most cases, tissue engineered grafts will be avascular when transplanted. Because endothe-
lial cells are a primary target of graft rejection, the absence of allogeneic endothelium in an engi-
neered graft is an important element for the immunologic success of the engineered grafts. In ad-
dition, the lack of an established vasculature may beneficially limit the initial interaction between
the host immune system and the graft cells.

In summary, the use of allogeneic and xenogeneic cells in tissue engineering provides alter-
natives to the use of autologous cells in some circumstances. The specific types of cells used in the
graft will determine the degree of immunoreactivity of the graft and will therefore determine the
immunologic approach used to obtain graft acceptance. In some cases the alloreactivity of the graft
will be negligible, so that no special treatment is necessary for graft acceptance. The use of allo-
geneic or xenogeneic cells does entail particular safety considerations.

SAFETY CONSIDERATIONS
Reagents and methods used in the culture of autologous cells should be screened and vali-

dated for safety to guard against untoward changes in the cell population or introduction of ad-
ventitious agents during processing. This is true regardless of the cell source. Each autologous sam-
ple must be kept isolated throughout the process to avoid possible exposure to cells or tissues from
other individuals. This becomes a primary limitation to achieving economies of scale in process,
because each tissue must be treated on a “custom” basis (Schaeffer et al., 1999). With allogeneic
sources, sufficient safeguards must be in place to minimize the possibility of transmitting an in-
fectious agent from the donor to the host. Although allogeneic sources must be carefully screened
to guard against transmission of such infectious diseases as human immune deficiency and he-
patitis viruses, there is adequate time and access to the cells permitting thorough screening of cell
banks for adventitious agents, abnormal karyotype, tumorigenicity, and phenotypic changes, even
well beyond their point of use. This can yield a product with less risk than traditional blood and
organ transplants, which already have an excellent safety record. Because the need for batch isola-
tion is eliminated, this permits a scalable process using prescreened material.

The use of xenogeneic cells present a special safety consideration, the possibility of introduc-
ing into the human population viruses that are not known or understood, and that might be path-
ogenic in humans. Therefore animal tissues must be thoroughly screened (Fishman, 1998) and
would likely come from tightly controlled, closed animal herds.

CONCLUSION
From this overview, we can see there are many options to consider in the design and produc-

tion of an engineered tissue grafts. The cultivation and manipulation of cells for the practical pur-
poses of producing functional tissue present a number of formidable but rewarding challenges to
both the biologist and the engineer.
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Cryopreservation
Jens O. M. Karlsson and Mehmet Toner

INTRODUCTION

Cold has the power to preserve and the power to destroy. Consider, for instance, the woolly mam-
moth finds in Siberia—the tissues of these late Pleistocene animals have been sufficiently well

preserved to make possible the isolation of intact protein (Prager et al., 1980) and DNA (Johnson
et al., 1985) after as much as 50,000 years of frozen storage. On the other hand, the destructive
effects of cold temperatures are also well known: frostbite destroys skin tissue, and frost damage
to plants causes major crop losses every year. Scientists have exploited the deleterious effects of low
temperatures: freeze–thaw cycles are routinely used by biologists to deliberately lyse cells; in
cryosurgery, liquid-nitrogen-cooled probes are used to ablate cancerous tissue. In order to also har-
ness the preservative powers of cold, making possible the storage of living biological materials in
a state of “suspended animation,” it is necessary to prevent cell and tissue damage during the po-
tentially destructive procedures of freezing and thawing. Although the challenges presented by this
problem are sometimes daunting, the potential benefits of cryopreservation to medicine and
biotechnology are great.

A significant body of knowledge has been accumulated about the mechanisms of freezing-re-
lated damage to cells, the key component of bioartificial organs and tissues (Mazur, 1984). Math-
ematical models have made possible the prediction of the physicochemical response of cells to
freezing (Pitt, 1992; Toner, 1993) and the rational design of cell freezing protocols by computer-
aided optimization (Karlsson et al., 1996). Although the progress in developing cryopreservation
procedures for cells is encouraging, the scale and complexity of tissues and organs present addi-
tional problems that must be overcome before cryopreservation can become widely used for these
systems (Karlsson and Toner, 1996). Thus, cryopreservation technology is currently evolving in
parallel with the field of tissue engineering as a whole: significant advances have been made to date,
but many challenges remain. In this chapter, we present an overview of the principles of cryobiol-
ogy as they apply to both cells and tissues, emphasizing the use of mathematical models to guide
the design and optimization of cryopreservation procedures.

APPLICATIONS OF CRYOPRESERVATION TECHNOLOGY 
IN TISSUE ENGINEERING

Cryobiology is becoming a focus of research in tissue engineering, because preservation is a
core technology in bringing cell-based medical devices to market. Effective preservation proce-
dures are required at the following critical steps in the tissue engineering production cycle:

1. Screening of source cells: Nonautologous source cells must be extensively tested for ad-
ventitious agents. Such validation can require months of time (Bell and Rosenberg, 1990), during
which the source cell pool must be preserved in order to prevent contamination or genotypic
changes.

2. Cell banking: To ensure reproducibility in the manufacturing process, the United States
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Food and Drug Administration requires the establishment of Master and Working Cell Banks,
which must be preserved under conditions that assure genetic stability (Wiebe and May, 1990).

3. Inventory control: Adequate preservation technology is a prerequisite to maintaining a
product inventory in order to meet end-user demand. Because cell expansion over several weeks
may be necessary to populate a tissue-engineered device (Green et al., 1979), just-in-time manu-
facturing approaches can be difficult to implement. Thus, the lead time for product delivery may
be unacceptably long if long-term storage is not possible.

4. Quality control: Cryopreservation of cell or tissue samples at each step of production can
be used for subsequent quality-control testing, and for creating cell and tissue archives docu-
menting the manufacture of each lot of tissue. Because regulation of tissue-engineered devices is
still an evolving area, such archives may become necessary for validation of the manufacturing
process.

5. Biological manipulations: Freeze–thaw protocols can be used to effect desirable biological
changes in tissue. By selectively destroying or impairing immunostimulatory cells, the cryopreser-
vation process can reduce tissue immunogenicity (Taylor et al., 1987; Ingham et al., 1993). In skin
grafting applications, freezing can be used to reduce the metabolic activity of fresh tissue to ther-
apeutically optimal levels (Naughton et al., 1997; Naughton, 1999).

6. Product distribution: Shipping of tissue-engineered products from the manufacturing
plant to the end-user requires product stability in transit. Adequate technologies for long-term tis-
sue preservation are especially critical for companies with a single manufacturing facility, because
constraints on product distribution caused by shelf life limitations will impede access to geo-
graphically distant markets.

7. Tissue banking: The need for tissue or organ replacements in hospitals is variable and in-
herently unpredictable. Thus, to ensure immediate availability of tissue-engineered devices, it will
be necessary to establish clinical tissue banks.

Compared with other methods of storing cells and tissue (refrigeration, chemical preserva-
tion, in vitro culture), freezing to cryogenic temperatures has the benefits of affording long shelf
lives with assured genetic stability, virtually no risk of microbial contamination during storage, and
improved cost effectiveness (as an illustrative example, the cost of liquid nitrogen used for cryo-
genic storage is approximately $1/gallon, whereas serum required to maintain a tissue in culture
costs well over $1000/gallon). Thus, cryopreservation is currently the most viable approach to
meet the requirements of production, distribution, and end-use of tissue-engineered products.

CHALLENGES IN CRYOPRESERVATION 
PROTOCOL DEVELOPMENT

The cryopreservation process causes significant changes in the thermal, chemical, and physi-
cal environment in the tissue, with attendant risks of biological damage. Temperature changes are
mainly due to heat-transfer boundary conditions imposed by the freezing and warming methods,
but can also be affected by the latent heat of fusion of ice in the tissue. The chemical environment
may be altered prior to freezing by addition of cryoprotectant agents, but it is also modulated by
the formation of ice in the suspending medium. The growth of this ice phase removes water from
the remaining unfrozen solution, thus enriching the medium in solutes, and lowering the chemi-
cal potential of the unfrozen water. In addition to effecting these chemical changes, the presence
of ice also modifies the physical environment in the tissue, causing alterations in tissue structure.
Furthermore, mechanical forces may arise in the tissue due to thermal stress phenomena. Every
change imposed on the tissue during cryopreservation disrupts homeostasis, and has the potential
to cause irreversible damage.

In order to minimize tissue destruction during freezing and thawing, methods for chemical
and thermal processing must be optimized. Chemical manipulations are typically limited to the
introduction of one or more cryoprotectant additives into the tissue before freezing, and removal
of these additives after thawing. One must choose the types of cryoprotectant to use, and develop
a protocol for adding and removing these chemicals with a minimum of deleterious effects to the
tissue. Addition and dilution protocols typically involve one or more steps of bathing the tissue in
a solution of specified composition and temperature, for a given amount of time (i.e., three para-
meters must be specified for each step). Thermal processing methods are usually specified in terms
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of the temperature versus time profile T (t) to be imposed at the boundary of the tissue, because
our ability to control the spatial temperature in the tissue interior is limited. The temperature his-
tory T (t) may be linear or nonlinear, but for design purposes it is customarily divided into piece-
wise linear segments, each of which is defined by a constant rate of temperature change, and a lim-
it temperature (or time) at which the next segments begins (thus two parameters must be specified
for each segment).

Consider now the development of a cryopreservation procedure. If there are n steps in the
chemical-processing protocol, and m steps in the temperature profile, there will be at least p � 3n
� 2m protocol parameters to optimize. Because there is interaction between the various process-
ing steps (e.g., the effect of cooling rate depends on the cryoprotectant concentration; the effect
of the warming procedure depends on the preceding freezing protocol), all p parameters should be
simultaneously optimized. Whereas in the simplest case, n � 2 (a single cryoprotectant addition
step and a single dilution step) and m � 2 (linear cooling and linear warming), optimization us-
ing a full factorial design with only two levels for each parameter would require 2p � 1024 ex-
periments. Clearly, the number of experiments required for rigorous optimization of cryopreser-
vation procedures is prohibitively large, even for the simplest class of protocols. Thus, it is common
practice to optimize sequentially individual parameters in the protocol, using as few as p � 1 ex-
periments (for two levels per parameter) to yield a pseudooptimal solution that will be strongly
dependent on the initial values used in the search. As a result of the shortcomings of experimen-
tal protocol optimization, the empirical development of cryopreservation procedures has been lim-
ited to systems that are relatively robust, or those in which damage can be tolerated (McGrath,
1985). The successful design of cryopreservation procedures for complex tissues, however, will
probably require the use of theoretical models and computer-aided optimization methods. Thus,
the mechanisms of tissue damage during freezing and thawing must be understood, and appro-
priate mathematical models developed.

CRYOBIOLOGY OF CELLS

Background and Historical Perspective
The study of the behavior of individual cells during freezing and thawing provides a starting

point for analysis of tissue damage during cryopreservation. Cells are usually the key component
of an engineered tissue, providing the tissue-specific bioactivity required to achieve a therapeutic
effect. Even in tissues designed to have a purely biomechanical function (e.g., heart valves), the
presence of a viable cell population will reduce the risk of postimplantation graft failure (McNal-
ly and McCaa, 1988). Thus, even though there are multiple modes of injury to tissue during cry-
opreservation, minimizing cell damage must be a major goal in designing protocols for the freez-
ing and thawing of tissue, as well as for cryoprotectant addition and removal.

The first reports of low-temperature biological research are found in the writings of Sir Robert
Boyle (1693). However, significant progress toward development of successful cryopreservation
protocols was not made until the twentieth century, when two major breakthroughs were achieved.
First, the 1949 discovery of the cryoprotective properties of glycerol led to the now ubiquitous and
successful use of cryoprotectant additives in freezing media (Polge et al., 1949). Second, the use of
mathematical models to predict the behavior of cells during freezing was pioneered by Mazur
(1963), and paved the way for subsequent successes in predicting cell damage due to intracellular
ice formation (reviewed by Karlsson et al., 1993b). In what follows, an overview of the principles
of cell cryobiology and the mathematical models describing the governing phenomena will be giv-
en, after which we will turn to the problem of tissue preservation.

Experimental Observations of Cell Freezing
The response of the cell to the freezing process can be observed using a cryomicroscope, a mi-

croscope fitted with a low-temperature stage. Modern cryomicroscope designs use digital feedback
control systems to achieve precise temperature regulation, and include a video camera for quanti-
tative image analysis (Diller, 1982). As can be seen in Fig. 24.1, the cell response depends on the
method of freezing, and, in particular, the cooling rate is a critical parameter in determining the
outcome of the freezing protocol. When the extracellular ice forms, a chemical potential differ-
ence across cell membranes results, driving water out of the cell by osmosis. However, the plasma
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membrane has a finite permeability to water, the magnitude of which determines the rate of wa-
ter efflux and the corresponding time scale of cell dehydration. Thus, if the rate of cooling is suf-
ficiently slow to allow the intracellular solution to equilibrate with its external environment by ex-
pressing water through the cell membrane, the cell will dehydrate extensively with decreasing
temperature (see A and B, Fig. 24.1). On the other hand, if the cooling rate is fast compared with
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Fig. 24.1. Behavior of cells during freezing, observed using a cryomicroscope. Three separate
freezing experiments are shown, in which rat hepatocytes were cooled at different rates: 10�C/
min (A, B), 100�C/min (C, D), and 400�C/min (E, F). Cells are shown after seeding of extracellu-
lar ice at �1�C (A, C, E) and after cooling to �40�C (B, D, F).



the rate of water efflux, low temperatures are reached before significant dehydration can occur. In
this latter case, the cell remains largely undeformed, but there is a very high probability of ice for-
mation in the cell, inasmuch as the intracellular solution is in a supercooled nonequilibrium state.
Because cryomicroscopes use transmitted light, intracellular ice formation appears as a darkening
of the cytoplasm, due to scattering of light by ice crystals in the cell (E and F, Fig. 24.1). At inter-
mediate cooling rates, cells are partially dehydrated, and thus near equilibrium. However, there is
still some supercooling of the cytoplasm, and therefore intracellular ice crystals may form in some
cells (C and D, Fig. 24.1).

If one measures the survival of cells frozen using various cooling rates, one finds that post-
thaw viability decreases with increasing rate of cooling (Mazur et al., 1972). The cooling rate at
which the probability of cell survival drops to 50% also corresponds to the cooling rate at which
50% of cells are observed to form intracellular ice (Toner, 1993). However, at very low rates of
cooling, a drop-off in survival is seen with decreasing rates of cooling (Fig. 24.2). Based on exper-
imental observations of the cooling rate dependence of cell survival, Mazur et al. (1972) proposed
the two-factor hypothesis of cell freezing injury, which posits that two distinct mechanisms are re-
sponsible for cell damage during cryopreservation.

One mode of injury is dominant at high cooling rates, and is associated with intracellular ice
formation. The mechanism of damage has not been fully elucidated, but is thought to be due to
mechanical disruption of the plasma membrane and/or other structures by intracellular ice crys-
tals (Karlsson et al., 1993b). A dissenting theory holds that the cell membrane is damaged by os-
motic stresses arising from intracellular supercooling, and that extracellular ice crystals grow into
the cytoplasm following membrane rupture (Muldrew and McGann, 1994). In either case, the ex-
tent of damage will be higher with increasing supercooling, and thus the probability of cell sur-
vival decreases with increasing cooling rate.

A second mode of injury, unrelated to intracellular ice formation, is hypothesized to be active
at low cooling rates. This mechanism of cell damage is usually referred to as “solution effects” in-
jury and is believed to be related to cell dehydration, mechanical deformation of the cell, and/or
the prolonged exposure to high intra- and extracellular concentrations of electrolytes and cry-
oprotectants (Mazur et al., 1972). Because the extent of cell dehydration and the time of exposure
to these deleterious conditions both increase with decreasing cooling rate, cell damage due to so-
lution effects should decrease at increasing rates of cooling.

Thus, as shown in Fig. 24.2, there is an optimum cooling rate at which the two mechanisms
of damage are balanced, and the probability of cell survival reaches a maximum. Optimal values
of other protocol parameters (e.g., in multistep freezing procedures) can similarly be explained in
terms of a balance between solution effects and intracellular ice formation (Karlsson et al., 1996).
Although the experimental evidence supports the universality of the two-factor hypothesis as a
qualitative explanation of cell damage during freezing, the optimum cryopreservation method is
known to differ from cell type to cell type (Mazur et al., 1972). This is a result not only of vari-
able sensitivity to freezing injury, but also of variations in cell biophysical properties such as the
water permeability of the plasma membrane and the activity of ice nucleating catalytic sites in the
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Fig. 24.2. Effect of cooling rate on cell survival. According to the two-factor
hypothesis, cell damage at low cooling rates is due to cell dehydration and
attendant exposure to concentrated solutions, whereas cell injury at high
rates of cooling is due to intracellular ice formation.



cell, which affect the rate of dehydration and the probability of intracellular ice formation, re-
spectively (McGrath, 1988; Toner, 1993). Thus, every cell type requires its own cryopreservation
protocol to be developed and optimized, a fact that has spurred efforts to develop rational design
methods for the optimization of freezing and warming procedures (Karlsson et al., 1996). Such
computer-aided design techniques require theoretical models of the behavior of cells at low tem-
peratures.

Mathematical Modeling of the Cellular Response
to Cryopreservation

The use of mathematical models to predict the effect of cryopreservation on cells was pioneered
by Mazur (1963), who developed the first models of water transport during freezing. Though use-
ful for advancing our understanding of the qualitative behavior of cells during cryopreservation,
these early models were unable to predict the probability of intracellular ice formation. This prob-
lem was subsequently addressed by Pitt and co-workers, who developed a series of phenomenolog-
ical models based on fitting probability distributions to the experimental data (Pitt, 1992), and by
Cravalho and co-workers, who initiated an effort to develop a mechanistic thermodynamic model
of the intracellular water–ice phase transition (Cravalho, 1976; Karlsson et al., 1993b). The latter
effort culminated with the development of a mechanistic, fully integrated model of water transport,
intracellular ice nucleation, and crystal growth in the presence of cryoprotectants (Karlsson et al.,
1994), based in part on the earlier work of Toner and colleagues (1990), in which classical nucle-
ation theory was successfully used to predict the probability of intracellular ice nucleation in the ab-
sence of cryoprotectants. The essential model equations are described below.

The description of cell dehydration is based on the original two-compartment, membrane-
limited transport model of Mazur (1963), modified here to take into account the presence of cry-
oprotectants:

(1)

where V is the volume of the cell cytoplasm; V0, the initial value of V; A, the cell membrane sur-
face area; t, time; �s and �s, the initial values of the volume fraction and osmolarity of intracel-
lular solutes (native electrolytes and cryoprotectant additives), respectively; T, temperature; T0, the
equilibrium melting temperature of water; �Hf, the specific heat of fusion of water; vw, the spe-
cific volume of water; Lpg, the membrane water permeability at T0; ELp, the activation energy for
water transport; and R, the gas constant. The main assumptions of this model are that the intra-
cellular solution is ideal and well mixed, and that the cell membrane is impermeable to all species
except water. Equation (1) can be solved numerically for a given cooling protocol T(t) to yield pre-
dictions of cell volume, water content, solute content, and cytoplasmic supercooling (Fig. 24.3).
These parameters are required in order to predict the probability of ice formation in the cell. Fig-
ure 24.3 shows predicted values of water content, cryoprotectant concentration, and cell 
supercooling for rat hepatocytes frozen using various cooling rates. If cooling is fast, the water con-
tent and intracellular cryoprotectant concentration remain approximately constant during freez-
ing. As a result, the cytoplasmic supercooling increases almost linearly with decreasing tempera-
ture, dramatically increasing the probability of intracellular ice formation. In contrast, for slow
cooling rates, the cell dehydrates extensively, allowing the intracellular solution to remain in ther-
modynamic equilibrium (no supercooling) for temperatures as low as �40�C. Thus, the proba-
bility of intracellular ice formation will be very small. On the other hand, the loss of cell water
caused by slow freezing results in significant increase in the intracellular concentration of cry-
oprotectant and electrolytes, possibly reaching cytotoxic levels.

The intracellular ice nucleation model is based on classical nucleation theory (Christian,
1975; Turnbull and Fisher, 1949), first applied to intracellular ice formation predictions by Ton-
er (Toner et al., 1990). This model has subsequently been extended to incorporate the effects of
cryoprotectant additives on the rate of ice nucleation (Karlsson et al., 1993a, 1994). The total rate
of formation of ice nuclei inside one cell is given by

J � IOV � ISA � IVV, (2)
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where J is the nucleation rate per cell; IO, IS, and IV are specific nucleation rates corresponding to
three different mechanisms: homogeneous nucleation (IO), and heterogeneous nucleation medi-
ated by catalytic sites on the cell surface (IS) or inside the cell volume (IV), respectively. According
to classical nucleation theory, the rate of homogeneous nucleation has a temperature dependence
of the form

IO � �O exp[��O �T�2T�3], (3)

where �T is the extent of supercooling of the solution, and �O and �O are the kinetic and ther-
modynamic nucleation rate parameters, respectively. The coefficients �O and �O are dependent
on temperature and on the chemical composition of the solution (Karlsson et al., 1994). The rates
of heterogeneous nucleation can be determined as follows (Karlsson et al., 1993a):

IS � wS�O exp[�kS�O �T�2T�3], (4)

IV � wV�O exp[�kV�O �T�2T�3], (5)

where wS, kS, wV, and kV are kinetic and thermodynamic coefficient scaling factors for surface-
catalyzed and volume-catalyzed nucleation, respectively, and are constants that can be determined
experimentally (Karlsson et al., 1993a).

The crystal growth model assumes that ice nuclei grow spherically, and that growth is rate
limited by diffusion of water monomers to the ice–liquid interface. The total volume of ice form-
ing inside a cell during freezing is given by

(6)

where N is the number of intracellular ice nuclei; ti , the time of nucleation event i; �, a nondi-
mensional crystal growth parameter; and D, the effective diffusivity of water in the cytoplasm. N
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Fig. 24.3. Predicted temperature dependence of intracellular water content (A),
DMSO concentration (B), and supercooling (C), during freezing of rat hepatocytes at
the indicated cooling rates. Adapted from Karlsson et al. (1993a), with permission
from the Biophysical Society.



and ti can be determined from Eq. (2); the calculation of � and D has been previously described
by Karlsson et al. (1994).

Figure 24.4 illustrates the effects of cooling rate and cryoprotectant concentration on ice for-
mation in mouse oocytes. When freezing the cells in 2 M glycerol, the cell volume crystallizes com-
pletely on appearance of the first ice nucleus. However, the nucleation temperature can be de-
pressed either by using slow cooling to dehydrate the cell, or by using ultrarapid cooling to lower
the ice formation temperature kinetically (Karlsson et al., 1994). When 8 M glycerol is used, ice
crystal growth is arrested before the volume of intracellular ice reaches damaging levels, for all cool-
ing rates. This effect is due to the lowering of the water diffusivity D by highly concentrated cry-
oprotectant solutions, and is the basis for vitrification technology (Fahy et al., 1984). Innocuous
levels of intracellular ice formation can also be achieved with lower, nontoxic concentrations of
cryoprotectant, by using a multistep temperature profile with an initial slow cooling step to de-
hydrate the cell, and a subsequent rapid cooling step to suppress ice nucleation kinetically (Karls-
son et al., 1996). Mathematical models are essential in designing and optimizing such protocols.

Cryoprotectant Additives
Polge and co-workers discovered in 1949 that addition of glycerol to a suspension of sper-

matozoa prior to freezing resulted in a dramatic increase in the number of viable cells recovered
after thawing (Polge et al., 1949). Many other chemicals have since been found to have cryopro-
tective properties, but glycerol and dimethyl sulfoxide (DMSO) remain the most commonly used
to date. Cryoprotectants are typically categorized into two groups according to their ability to en-
ter the cell. Examples of permeating cryoprotectants include glycerol, DMSO, ethylene glycol, and
1,2-propanediol. Nonpermeating cryoprotectants include polyvinyl pyrrolidone, hydroxyethyl
starch, and various sugars (e.g., trehalose). The mechanism of cryoprotection by these chemicals
is not fully understood. However, both permeating and nonpermeating cryoprotectants reduce the
concentration of intracellular water, thus reducing the rate at which the remaining water mole-
cules can form damaging ice crystals. Furthermore, permeating cryoprotectants act as a solvent,
diluting the intracellular electrolyte solution when water is removed from the cell during freezing,
and thus protecting the cell from damage due to solution effects (Mazur, 1984). There is also ev-
idence that cryoprotectants may directly interact with the plasma membrane and cell proteins to
stabilize these structures (Timasheff, 1982; Anchordoguy et al., 1991). Nonetheless, cryoprotec-
tant chemicals may also be cytotoxic, in particular if the time of exposure is long, or if they are
used in high concentrations (Fahy, 1986). Cell damage may also occur during the prefreeze addi-
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Fig. 24.4. Predicted volume frac-
tion of intracellular ice during
freezing of mouse oocytes at the
indicated cooling rates. The cells
were equilibrated with 2 M (A) or
8 M (B) glycerol prior to freezing.
For simplicity, homogeneous nu-
cleation ( IO ) was the only ice
formation mechanism included
in these simulations. Reprinted
with permission from Karlsson et
al. (1994), J. Appl. Phys. 75(9),
Fig. 4, p. 4448. Copyright 1994,
American Institute of Physics.



tion and postthaw removal of cryoprotectant, as a result of osmotic stresses (Levin and Miller,
1981). Thus, care must be taken in choosing the type of additive to use, determining the mini-
mum concentration that will result in effective cryoprotection, and designing protocols for addi-
tion and removal of the cryoprotectant.

Because the cell membrane is usually more permeable to water than to cryoprotectants, ad-
dition of a cryoprotective chemical to a cell suspension will result in the characteristic “shrink–
swell” behavior shown in Fig. 24.5. Assuming the cell is initially suspended in an isotonic solu-
tion, the addition of cryoprotectant will create a hypertonic environment. Water will be removed
from the cell by osmosis, faster than the rate at which the cryoprotectant can diffuse into the cell,
and thus the cell shrinks. The rate of water transport decreases as the cell dehydrates, because the
increased intracellular tonicity reduces the osmotic pressure difference across the membrane. When
the rate of water efflux equals the rate of cryoprotectant influx, the cell volume is at an extremum,
after which cryoprotectant permeation will dominate the transport, and the cell will slowly in-
crease in volume as cryoprotectant diffuses into the cell. During this swelling phase, water also
reenters the cell, driven by the osmotic pressure difference generated by the intracellular cryopro-
tectant.

To effect cryoprotectant removal after thawing, the cell suspension is diluted, resulting in dy-
namics opposite to those observed during cryoprotectant addition. The cells initially swell as wa-
ter rapidly enters, then slowly shrink as the cryoprotectant diffuses out. The cell volume reaches
its maximum when the water and cryoprotectant fluxes balance each other.

Conditions that cause large excursions of cell volume are deleterious (Gao et al., 1995b). There
is thought to be a critical minimum cell volume below which cells are damaged (Meryman, 1970).
Similarly, if the cell volume becomes too large, lysis may result. Thus, it is important to predict the
volumetric response of cells during cryoprotectant loading and dilution, in order to prevent os-
motic damage. The coupled transport of cryoprotectant and water across the cell membrane is of-
ten modeled using the Kedem–Katchalsky formalism (Kedem and Katchalsky, 1958), but can be
adequately described by a two-parameter model (Kleinhans, 1998): The volume flux of cryopro-
tectant entering the cell is

Ja � Pva(�a
ex � �a

in), (7)

where P is the permeability of the membrane to the cryoprotectant; va, the specific volume of the
cryoprotectant agent; and �a

ex and �a
in, the cryoprotectant osmolarity in the extracellular and in-

tracellular solution, respectively. The water flux into the cell is given by

Jw � �LpRT [(�e
ex � �a

ex) � (�e
in � �a

in)], (8)

where Lp is the membrane water permeability and �e
ex and �e

in are the electrolyte osmolarity in
the extracellular and intracellular solution, respectively. The rate of change of the cell volume is
then equal to the sum of these two fluxes, multiplied by the instantaneous cell area. The resulting
differential equation can be solved numerically (Kleinhans, 1998).

In order to predict the excursions of the cell volume during cryoprotectant loading and re-
moval, the permeability parameters Lp and P must be known. They can be determined using stan-
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Fig. 24.5. Shrink–swell behavior of cells during exposure to a penetrating cry-
oprotectant additive (CPA). The cell volume initially decreases due to osmot-
ically driven water loss, then increases as cryoprotectant and water enter the
cell. Cell damage can result if the transient volume change is too large.



dard parameter estimation techniques by fitting the model equations to measurements of cell vol-
ume during a shrink–swell experiment. These measurements can be obtained by video microscopy
using specially designed microdiffusion or microperfusion stages, or using electronic particle size
counters with large numbers of cells (McGrath, 1997).

If the permeability parameters are known, computer simulations can be used to design pro-
tocols for adding and removing cryoprotectant (Levin and Miller, 1981; Arnaud and Pegg, 1990;
Gao et al., 1995b). Typically, cryoprotectants are added and removed in multiple steps, in which
cells are exposed to a series of solutions, the compositions of which have been optimized to min-
imize cell volume transients. Furthermore, the time of exposure must be chosen to ensure that cells
have fully equilibrated with the solution. A third parameter is the temperature, because cryopro-
tectant toxicity usually decreases with decreasing temperature. However, whereas the membrane
permeability also decreases at low temperatures, there is a trade-off between reduced toxicity and
the longer equilibration times required.

CRYOBIOLOGY OF TISSUE

Transport Processes: Size Effects
Although the principles of cell cryobiology provide a starting point for the design and opti-

mization of cryopreservation procedures for living tissue and organs, the additional challenges pre-
sented by the scale of engineered tissues and organs must be considered (Karlsson and Toner,
1996). On the microscopic length scale of a single biological cell, gradients in temperature, pres-
sure, and solute concentration can typically be neglected; i.e., these quantities can be assumed to
be spatially uniform in the cell (Mazur, 1963). However, due to the macroscopic dimensions of
tissue, significant spatial variations in the thermal, chemical, and mechanical state of the system
are expected. Moreover, because desired changes in flux of mass (i.e., cryoprotectant addition and
dilution) and heat (i.e., cooling and warming) can be imposed only at the boundary conditions of
the system, our ability to control the state of the tissue during cryopreservation is limited.

The rate of cryoprotectant loading into tissues prior to freezing, and removal after thawing,
will be limited by diffusion through the matrix. Cryoprotectant transport kinetics in various types
of tissue have been quantified by nuclear magnetic resonance spectroscopy (Fuller et al., 1989),
high-performance liquid chromatography (Carpenter and Dawson, 1991), and osmometry (Borel
Rinkes et al., 1992a). Typical values for the diffusion coefficient of DMSO in the extracellular ma-
trix are on the order of D � 10�5 cm2/sec. For simple tissue geometries, the permeation of cry-
oprotectant into or out of the tissue can be calculated from solutions of the diffusion equation sub-
ject to appropriate boundary conditions (Crank, 1975). In many cases, the penetration depth (�)
of cryoprotectant into the tissue can be approximated by the equation

(9)

Thus, DMSO penetrates a tissue to a depth of approximately 1 mm after 15 min, and 2 mm af-
ter 1 hr. Equilibration of a 1-cm-thick tissue with cryoprotectant should require overnight incu-
bation. Whereas these time scales are often impractical, and may result in cell damage due to ex-
cessive exposure to cryoprotectant, incubation times used in practice often result in incomplete
equilibration, with low cryoprotectant concentration in the tissue interior (Hu and Wolfinbarger,
1994).

Mass transport in tissue during freezing and thawing also gives rise to nonuniform concen-
tration distributions; their analysis often requires consideration of coupled heat-transfer and phase-
transformation processes, in addition to diffusive transport. Cooling and solidification of tissue
can be described by a Stefan-like energy equation (Viskanta et al., 1997): during freezing, the pref-
erential exclusion of solutes from the ice lattice lowers the chemical potential of the unfrozen wa-
ter, creating a driving force for water transport. Models for the ensuing solute redistribution (Kör-
ber, 1988) and cell dehydration (Levin et al., 1977; Rubinsky, 1989) have been derived. Because
local thermodynamic equilibrium is assumed at the interface between the growing ice crystals and
the unfrozen solution, the energy equation and mass transport models are coupled via the phase
diagram of the solution (Viskanta et al., 1997); i.e., not only does the rate of cooling affect the dis-
tribution of water and solute in the tissue, but the rate of mass diffusion in the unfrozen liquid af-
fects the temperature distribution in the system. Numerical solutions of the equations governing

 � ≈ Dt .
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tissue freezing indicate that significant gradients in temperature and solution composition result
(Rubinsky, 1989; Viskanta et al., 1997).

We know from cell cryobiology that the cooling rate is a major determinant of the outcome
of the cryopreservation procedure (see previous discussion of experimental observations of cell
freezing). Due in part to the phase change in the tissue, in part to the low thermal conductivity
and high heat capacity of biological materials, the local rate of temperature change experienced by
a cell will depend on its location within the tissue (Diller, 1992). Thus, localized cell damage may
result in sections of tissue in which the rates of cooling and warming are significantly different
from the optimal treatment. Thermal gradients may be significant even in cryopreservation of thin
tissues such as skin, due to packaging requirements. There are two possible strategies for mini-
mizing heat-transfer-related problems in tissue cryopreservation. The first is to reduce the sensi-
tivity of cell survival to the rate of change of temperature: it is known that cryoprotectants broad-
en the “survival signature” (Fig. 24.2), increasing the range of survivable cooling rates (Mazur,
1984). The second approach is to improve the rate of heat transfer within the tissue in order to re-
duce thermal gradients: one promising method is the use of electromagnetic radiation for warm-
ing of cryopreserved tissue (Bai et al., 1992).

Damage Mechanisms
Cells are the vital element of engineered organs and tissue, and their survival must be a pri-

ority in the design of cryopreservation procedures. However, the effects of freezing and thawing
on other tissue components, such as extracellular matrix and synthetic elements, must also be con-
sidered. Due to the complex structure of organized tissue, there is a larger number of possible dam-
age mechanisms for tissue than for isolated cells (Karlsson and Toner, 1996). The major modes of
injury to tissue during cryopreservation are discussed below.

The cooling rate dependence of the survival of cells in cryopreserved tissue is qualitatively sim-
ilar to the classic survival signature for cells in suspension (Fig. 24.2), indicating that the two-fac-
tor hypothesis of freezing injury is also valid for cells in tissue (Borel Rinkes et al., 1992b; Mul-
drew et al., 1994). However, there are important quantitative differences between cells in tissue
culture and isolated cells, and these affect the design of freezing and thawing protocols. For ex-
ample, corneal keratocytes cultured in monolayers are more sensitive to the cooling rate but less
sensitive to cryoprotectant than are disaggregated keratocytes, and the optimal cryopreservation
protocols for the cultured and isolated cells are significantly different (Armitage and Juss, 1996).
In vitro culture has been observed to affect the behavior of other cell types during cryopreserva-
tion, typically increasing the probability of intracellular ice formation compared with isolated cells
(Karlsson and Toner, 1996). These effects may be due to a number of factors, including facilita-
tion of intracellular ice formation via gap junctions or other cell–cell interactions (Berger and
Uhrik, 1996), changes in the biophysical properties of cell membranes by cell isolation procedures
or by phenotypic changes in tissue culture (Sandler and Andersson, 1984; Yarmush et al., 1992),
and sensitivity to injury dependent on the state of cell adhesion (Hetzel et al., 1973; Hornung et
al., 1996).

In addition to these differences between cells in a tissue environment and cells in isolation,
there can be differences between cells within the tissue. An obvious but important example is that
of tissue in which two or more distinct cell types exist in coculture, such as keratinocytes and fi-
broblasts in skin (Wilkins et al., 1994) or hepatocytes and fibroblasts in liver (Bhatia et al., 1997).
Because the optimal cooling rate (and by extension, the optimal value of other processing parame-
ters) may differ significantly between dissimilar cell types (Karlsson et al., 1993b), development of
cryopreservation techniques for tissues with multiple cell species is particularly difficult. Even for a
tissue populated with a single cell species, the effective low-temperature response of the cells can de-
pend on their location within the tissue. This effect results from the fact that cell dehydration dur-
ing freezing and thawing is driven by the low chemical potential of extracellular ice: the larger the
distance of a cell from the ice phase, the larger the effective resistance to water transport (Levin et
al., 1977; Diller and Raymond, 1990). Thus, in tissues with multiple cell layers, interior cells will
retain more water during freezing. Furthermore, physical separation of interior cells from the ex-
tracellular ice phase may inhibit surface-catalyzed nucleation of intracellular ice in these cells (Ton-
er, 1993). These factors will give rise to spatially varying requirements for optimal cell survival.

Besides direct injury to cells, cryopreservation procedures may cause damage to molecular
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structures critical to tissue function. For example, there is evidence that cryoprotectant additives,
osmotic stress, and low temperatures adversely affect intercellular tight junctions in epithelial
monolayers (Armitage et al., 1995). Furthermore, cell–substrate attachment points may be a tar-
get of cryoinjury, resulting in detachment and loss of cells after freezing and thawing (Hornung et
al., 1996). The extracellular matrix is deformed by ice crystals during freezing (Persidsky and
Luyet, 1975), and is exposed to hypertonic concentrations of electrolytes and cryoprotectant.
Nonetheless, the mechanical properties of tissues such as cartilage and skin do not appear to be
significantly affected by the cryopreservation procedure (Arnoczky et al., 1988; Foutz et al., 1992).

Last, we must consider damage to the macroscopic tissue structure. One such mode of injury
has been identified in tissues with significant luminal spaces, a common example being a vascu-
larized organ. During the freezing process, ice forms first in the vasculature, causing dehydration
of the surrounding tissue (Rubinsky, 1989). If cooling is slow, a significant volume of water will
then accumulate and solidify in the vascular space, exerting potentially damaging pressure on tis-
sue structures. In liver tissue, overdistention and rupture of blood vessels and sinusoids by this
mechanism is an important mode of cryoinjury (Rubinsky et al., 1990). Potential solutions to this
problem can be learned from freezing-resistant and freeze-tolerant organisms such as the wood frog
Rana sylvatica and the winter flounder Pseudopleuronectes americanus, which can survive freezing
temperatures by secreting glucose (acting as a cryoprotectant) and antifreeze glycoproteins (which
bind the surfaces of ice crystals) into their circulation, respectively, in order to control ice growth
in the vasculature (Duman and De Vries, 1974; Storey et al., 1992). Such strategies have met with
limited success in vitro (Rubinsky et al., 1994).

The macroscopic structure of an organ or tissue may also be compromised by fractures formed
in the solidified tissue during freezing and thawing. Due in part to thermal gradients in the spec-
imen, in part to volumetric expansion resulting from the water–ice phase transition, significant
stress develops during cooling and warming. These mechanical stresses can exceed the strength of
the frozen material, causing fractures in the tissue. Such fractures have proved problematic in the
cryopreservation of arteries, because grafts must be intact to be useful clinically (Pegg et al., 1997).
Likewise, attempts to preserve more complex organs are hampered by structural damage caused
by gross fractures (Fahy et al., 1990; Rabin et al., 1997). Current approaches to mitigate mechan-
ical damage include the use of cryoprotectants, which appear to reduce thermal stress in aqueous
solutions (Gao et al., 1995a), and the use of slow warming rates to reduce thermal gradients until
glassy regions in the tissue undergo softening (Pegg et al., 1997). Advances in mathematical mod-
eling of thermal stresses during freezing and thawing will make possible the design of cryopreser-
vation procedures that minimize the probability of tissue fracture (Rabin and Steif, 1998).

SUMMARY AND FUTURE DIRECTIONS
The challenge in development of cryopreservation technology for living biological systems is

twofold. The first challenge is to determine the optimal (minimally damaging) protocol among an
essentially infinite number of possibilities. The diversity of potential pathways for damage during
freezing, thawing, and the loading and removal of cryoprotectant makes it difficult to find a suc-
cessful procedure. Thus, theoretical modeling of the dominant damage mechanisms is often re-
quired to make the optimization problem tenable. Models of cell damage during freezing are now
sufficiently advanced to make possible the rational design of cooling procedures using computer
simulations. However, although the mechanisms of damage to tissue during cryopreservation are
also becoming better understood, adequate models are not yet available for all relevant processes.
The second challenge lies in implementation of the cryopreservation protocol determined to be
optimal. Due to the macroscopic dimensions and unfavorable transport properties of biological
tissue, it is often impossible to impose the designed chemical and thermal profiles uniformly in
the tissue, resulting in suboptimal processing. In addition, differences in the optimal protocols for
dissimilar tissue components may lead to conflicting requirements in heterogeneous tissue.

Future research efforts toward the development of cryopreservation methods for tissue engi-
neering must therefore focus on the two problems described above. Fundamental experimental
and theoretical research is required to elucidate the mechanisms of damage during cryopreserva-
tion, and to develop predictive models of these deleterious processes. Likewise, techniques for ac-
curate measurement of the biophysical properties of tissues must be developed in order to obtain
necessary model parameters. Strategies toward enabling implementation of optimal protocols in-

304 Karlsson and Toner



clude minimizing temperature and concentration gradients, and improving robustness by de-
creasing system sensitivity to variations in protocol parameters. Although some of these goals may
be achieved by novel technology (e.g., electromagnetic heating to reduce thermal gradients), a
complementary approach should be the consideration of cryopreservation requirements in the de-
sign of engineered tissues and organs. By suitable choice of device geometry, material properties,
and cells, it will be possible to increase system robustness during the chemical and thermal pro-
cessing required for cryopreservation.

The critical need for effective cryopreservation technology in tissue engineering is an impe-
tus for accelerated efforts toward solving the fundamental problems described in this chapter. Al-
though the remaining scientific and technological challenges are formidable, significant progress
has been achieved to date through interdisciplinary research activities, and prospects for the future
are bright.
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Immunomodulation
Denise Faustman

INTRODUCTION

The application of novel basic science concepts to transplantation may permit a broader and im-
proved therapeutic use of cellular and whole organ transplantation therapies in humans. One

embodiment of this concept involves the elimination of immunosuppressive drugs and treatment
in the host. For instance, genetically engineered or modified donor cells may be rendered less im-
munogeneic and the host could potentially receive either no immunosuppressive drugs or de-
creased dosages of drugs. Advances, especially for cellular transplants have allowed novel therapies
to progress to human trials. Furthermore, improvements in the immunomodulations of the donor
cells, to render them resistant to graft rejection, have identified previously new immune barriers,
such as recurrent disease in immunoprotected islet cells due to type I diabetes. In this chapter, the
barriers yet to be overcome will be highlighted, especially as they relate to the specific challenges
of each clinical setting. The promise of transplantation therapy will be highlighted as it relates to
preliminary human trials, even in the setting of cross-species transplants.

A long-standing goal of the transplant community has been to overcome immunologic rejec-
tion of transplanted tissues and organs. Although much of the research has been devoted to iden-
tifying new immunosuppressive agents and new combinations of existing agents for allotrans-
plantation, immunosuppression still carries significant short-term side effects, especially enhanced
susceptibility to infection. For xenografts, even stronger immunosuppressive regimens are expect-
ed to be necessary. One solution to xenograft acceptance may reside in novel therapeutic strategies
that strive to prevent the need for immunosuppression.

Our laboratory has attempted to avert transplant rejection by immunologically intervening
at a new attack point in the rejection cascade. Tissues and cells were treated before transplantation
to conceal or eliminate the antigens that summon immune rejection. This technology is some-
times referred to as “donor antigen modification” or, more stylistically, “designer tissue and organs”
(Faustman and Coe, 1991). Our intention was to modify the graft at the molecular level in order
to avoid immunosuppression of the host. Earlier efforts at modifying the graft at the cellular lev-
el by elimination of donor lymphoid cell populations were successful in mice in the allograft set-
ting, but ineffective for whole organ survival in even lower species or in cellular transplants in high-
er species or across species barriers. Designer tissues and organs modified at the molecular level
offered greater selectivity and latitude in tailoring the graft to escape immune detection. Donor
antigen modification contrasts with a protocol of bone marrow chimerism (i.e., a bone marrow
transplant and a solid organ transplant from the same donor to ensure acceptance of the organ),
whereby host immune manipulations are employed.

Without the risks of systemic immunosuppression, designer tissues and organs could be ther-
apeutic for a broad range of chronic conditions that are not life threatening. They also could be
offered to conventional organ transplant patients at earlier stages of their disease when patients are
healthier and better able to withstand surgical intervention. The main risk with designer tissues
and organs is that the modified donor tissue could be rejected, a risk commonly encountered with
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any transplant. Because designer tissue can be potentially rendered safer and may ultimately avoid
host intervention with toxic drugs, a broader spectrum of diseases could be treated and at earlier
time points without induced morbidity.

The purpose of this chapter is to describe the evolution of research on designer tissues and to
trace its contribution to a growing body of transplant research. Research in murine hosts demon-
strated the successful transplantation of xenogeneic cells and tissues modified at the molecular lev-
el without immunosuppression. Transplant success of cells across species by donor antigen modi-
fication allowed the extension of these concepts to the genetic level. The ability to modify antigens
either at the DNA, RNA, or protein level offers tremendous latitude in the development of new
biological therapies. Variations on the designer tissue concept are being probed in animal models
of diabetes, solid organ failure, and neurological diseases. A concept launched in the laboratory in
the early 1990s has already culminated in landmark human clinical trials for Parkinson’s and Hun-
tington’s disease using donor-modified pig neurons into humans.

The wide range of applications of designer tissues and organs for allo- and xenotransplanta-
tion is readily apparent; modified donor cells, tissues, and organs can be considered potential ther-
apies for an almost limitless number of conditions as long as the dominant antigens are identified
and then effectively shielded or eliminated prior to implantation.

ORIGIN OF THE DESIGNER TISSUE CONCEPT
Our idea of targeting donor antigens instead of modifying the host immune system was stim-

ulated by research on the molecular events surrounding the killing of target cells by cytotoxic T
lymphocytes (CTLs; hereinafter referred to as T cells). In an elegant study, Spits and co-workers
(1986) identified the sequential stages of T cell destruction of the target cell. In contrast to earli-
er research, which focussed primarily on the T cell, they examined the roles of cell surface mark-
ers on both the T cell and the target cell. By using antibodies against different cell surface mark-
ers to block distinct stages, they were able to tease apart in vitro the interactions between molecules
on the T cell and the target cell. They were among the first to identify three stages in T cell cyto-
toxicity: (1) adhesion between T cell and target cell, (2) T cell receptor activation, and, (3) T cell
lysis of the target cell.

A critical finding was that one of the major classes of histocompatibility antigens on the sur-
face of the target cell—the major histocompatibility complex (MHC) class I molecules—was in-
volved in both adhesion to, and activation of, the T cell. Class I antigens and other classes of anti-
gens encoded by the MHC complex serve to distinguish “self” from “non-self” because they differ
across species and between members of the same species. Class I antigens have long been eliciting
T cell cytotoxicity, but this study offered more detailed insight into their pivotal role. What this
study also demonstrated was that antibodies to class I antigens could prevent T cell adhesion and
activation, thereby interfering with lysis.

Spits and co-workers crystallized the importance of class I antigens in immune rejection of
tumors. With this study’s goal centering on enhancing tumor rejection, we departed on the idea
of a central role of target class I antigens as pivotal in tumor escape, and perhaps similarly focused
on an opposing role for manipulation in transplantation. As a test antigen, we chose to mask class
I on donor cells with antibody fragments, and then transplant the donor antigen-modified cells
into nonimmunosuppressed hosts.

First Demonstration of the Concept
Using a xenogeneic model, the first successful demonstration of the designer tissue concept

was demonstrated (Faustman and Coe, 1991). We found that when we coated the graft with an-
tibody fragments to conceal class I antigens, the graft eluded the host immune system indefinite-
ly and functioned normally. The host developed tolerance to the treated graft because secondary
transplants of untreated tissue were later accepted. The mechanism of donor-specific tolerance is
still not fully defined, but may involve induction of T cell anergy through altered donor class I
density. Altered class I density may be pivotal in T cell shaping in both the periphery as well as the
thymus, as defined by Pestano et al. (1999).

The graft consisted of purified human cadaveric islets that had been incubated with antibody
fragments before being implanted into nonimmunosuppressed mice. We decided to produce very
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pure antibody fragments because they lacked the portion of the antibody molecule that binds com-
plement, the Fc fragment. When the Fc fragment is enzymatically cleaved from the F(ab�)2 frag-
ment, the purified F(ab�)2 fragment binds to the graft for several days without fixing complement,
which would have destroyed the graft. Grafts survived for 200 days and functioned appropriately,
as determined by assays for human C� peptide, a proinsulin processing product. Finally, human
liver cells similarly treated with antibody fragments also survived for an extended period.

Treatment with whole antibodies to class I antigens failed to prolong graft survival, as did
treatment with whole antibodies and antibody fragments to CD29. CD29 is an antigen unique-
ly expressed on the passenger lymphocytes that accompany the graft because they cannot be en-
tirely eliminated during the purification process. Finally, treatment of the graft with polyclonal an-
tibody fragments to all antigenic determinants on human islets prolonged graft survival until the
point when class I antibody fragments were removed from the mixture. Graft rejection ensued at
a slower rate, attesting to the critical role of class I antigens as pivotal for this transplantation bar-
rier, although recognizing the possible importance of other antigens in additional immune re-
sponses.

For the sake of rigor, we selected a xenogeneic instead of an allogenic model to test the de-
signer tissue concept. If designer tissues could succeed in the demanding case across a species bar-
rier, then they could be considered for simpler antigeneic models. In other respects, however, our
xenogeneic model represented the height of simplicity. First, the tissue contained only one domi-
nant antigen that needed to be masked. We found that human islet tissue highly expressed class I
antigens, while displaying only minimal expression of two adhesion molecules, intercellular adhe-
sion molecule-1 (ICAM-1), and lymphocyte function-associated antigen-3 (LFA-3) (which in oth-
er tissues are thought to stabilize binding and to contribute to T cell activation). Second, the vas-
culature could be separated from the tissue to avoid hyperacute rejection, the earliest and most
formidable barrier to discordant xenograft acceptance. Third, our model targeted antigens at the
protein level rather than at the genetic level. Our goal was to conceal protein antigens that already
appeared on the surface of graft cells. Other approaches, discussed later in this chapter, targeted
antigens not at the protein level, but at the DNA and RNA level. The use of more sophisticated
transgenic and antisense technology, respectively, can similarly prevent antigen expression and val-
idated the donor antigens as a target for the immune response.

In summary, this tough xenogeneic model confirmed the paramount role of class I antigens
in islet cell rejection. By providing a challenging test of the designer tissue concept, it also helped
to launch a novel therapeutic strategy.

EXPANSION OF RESEARCH ON DESIGNER TISSUES
After our study was published, our laboratory and others began to probe the potential of de-

signer tissues, using a variety of donor antigen modifications techniques as well as masking anti-
gens with protein fragments in varying transplantation settings. The body of early research, in part
summarized in Table 25.1, can be classified in four distinct groups based on the technique used to
modify the donor tissue. The techniques currently employed for donor antigen modification are
presented in Table 25.1 as it relates to the level of interference utilized to prevent normal cell sur-
face protein expression. The methods include antibody masking, gene ablation, gene addition, and
RNA ablation.

Antibody Masking
Antibody masking of xenogeneic tissue is the first of the donor antigen modification tech-

niques to progress to primate and human trials. Pancreatic islet cells and neurons are the most com-
mon types of donor cells to be camouflaged with antibody masking, although any type of tissue
can theoretically be treated once the dominant antigens have been identified. All of the studies
cited below targeted class I antigens using antibody fragments.

Islet cell masking for the treatment of diabetes was early on pursued with mixed results. Os-
orio and colleagues (1994b) targeted class I antigens in a mouse allograft model. To approximate
a diabetic state, the mice first were treated with a drug that chemically induced hyperglycemia.
Then they received islet allografts that had been pretreated with antibody fragments. Graft sur-
vival was prolonged relative to controls, but within one month the grafts were eventually rejected.
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Investigators attributed eventual allograft rejection to a variety of possibilities, including the ab-
sence of sufficient quantities of F(ab�)2 fragments, antiidiotypic antibodies against the F(ab�)2 frag-
ment, and an immune pathway independent of class I activation of T cells.

Steele and colleagues (1994) investigated islet cell transplants in a primate model. Cynomol-
gus monkeys received either allogeneic or xenogeneic (human) islets. The grafts were pretreated
with antibody fragments to class I antigens. Histologic evidence of donor islets were present
months after transplantation into nonimmunosuppressed monkeys.

Neuronal xenografts with antibody masking have been investigated for Huntington’s disease
(Pakzaban et al., 1995) and Parkinson’s disease (Burns et al., 1994). In the first study, fetal pig stri-
atal cells were implanted into rats whose striatum had been lesioned 1 week earlier with injections
of quinolinic acid. These injections destroy striatal neurons in an attempt to stimulate the dys-
function present in Huntington’s disease. Rats received either untreated tissue or tissue pretreated
with F(ab�)2 fragments against porcine class I antigens. Of the control rats receiving untreated tis-
sue, some were immunosuppressed with cyclosporin A (CsA) whereas others were not. Three to
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Table 25.1. Designer donor tissuesa

Technique/tissue Allo/xeno Donor/recipient Target Ref.

Masking antibody
Islets Xeno Human/mouse Class I Faustman and Coe 

(1991)
Islets Xeno Human/mouse All surface Faustman and Coe 

antigens (1991)
Islets Allo/xeno Human or Class I Steele et al. (1994)

monkey/monkey
Islets Allo Mouse/mouse Class I Osorio et al. (1994b)
Neurons Xeno Pig/rat Class I Pakzaban et al.

(1995)
Neurons Xeno Pig/monkey Class I Burns et al. (1994)
Liver cells Xeno Human/mouse Class I Faustman and Coe

(1991)
Neurons Xeno Pig/rat Class I Dinsmore et al.

(1996)
Gene ablation

Islets Allo Mouse/mouse Class I Markmann et al.
(1992)

Islets Allo Mouse/mouse Class I Osoria et al. (1993)
Islets Allo Mouse/mouse Class I Osoria et al. (1994b)
Liver cells Allo/xeno Mouse/mouse/ Class I Li and Faustman

guinea pig/frog (1993)
Kidneys Allo Mouse/mouse Class I Coffman et al. (1993)

Gene addition
White blood Xeno Mouse or CD59 Platt (1994)

cells pig/humanb

Endothelial cells Xeno Pig humanb CD46, CD55, Fodor et al. (1994)
CD46/CD55
hybrid

Endothelial cells Xeno Pig humanb CD46/CD55, Miyagawa et al.
CD59 (1994)

Hearts Xeno Pig/baboon CD55, CD59 Miyagawa et al.
(1995)

Hearts, kidneys Xeno Pig/monkey CD59 McCurrey et al.
lungs (1995)

COS cells Xeno Pig/humanb H transferase Sandrin et al. (1995)
aAdapted from Faustman, D. (1997). Designer tissues and organs. In “Xenotransplantation” (D.K.C. Cooper,
E. Kemp, J. L. Platt, and D. J. White, eds.), Ch. 28. Springer-Verlag, Germany.
bHuman serum in vitro.



four months later, graft survival was found to be prolonged in animals given F(ab�)2-treated grafts
and in the CsA-treated animals given unaltered grafts. Grafts did not survive in nonimmunosup-
pressed controls. Graft volume, determined histologically with the aid of computer image analy-
sis, was significantly larger in the CsA group compared with the F(ab�)2 group. Yet in both of these
groups, immunohistochemistry revealed graft cytoarchitecture to be well organized and graft ax-
ons to have grown correctly in the direction of their target nuclei. It was encouraging that pig neu-
rons appeared to be capable of locating their target.

In a similar study design, Burns and co-workers (1994) applied antibody masking to a pri-
mate model of Parkinson’s disease. Porcine mesencephalic neuroblasts were implanted into mon-
keys with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinsonism. Mea-
sures of locomotor activity and dopamine fiber density in the host striatum confirmed that
pretreatment of donor tissue with F(ab�)2 fragments succeeded in restoring motor function and
replenishing dopamine fibers at the site of implantation. A control animal, maintained on CsA af-
ter receiving untreated cells, showed similar improvement. A nonimmunosuppressed control
showed no improvement after transplantation, suggesting graft rejection.

The studies described in this section highlight the range of potential applications of antibody
masking in both allo- and xenotransplants. Islet cell masking has encountered unexpected hurdles
in the application of type I diabetes. However, neuronal cell masking has been sufficiently effec-
tive to usher in human clinical trials.

Gene Ablation
Gene ablation, or gene “knockout” technology, offers another vehicle to modify donor tissue

and organs. With gene ablation, the gene or genes encoding protein antigens can be permanently
deleted, thereby eliminating antigen expression in all cells. In one common method of gene abla-
tion, the target gene is inactivated in cultured embryonic stem cells via homologous recombina-
tion; a target vector containing an inactive version of the gene recombines with, and thereby re-
places, the wild-type gene. Through reintroduction of the embryonic cells into a foster mother and
through selective breeding, progeny can be produced that are homozygous for the mutation. Re-
jection by the host immune system is expected to be avoided when the targeted gene encodes a
protein antigen slated for expression on the surface of donor cells.

The major advantage of gene ablation over protein modification of donor tissue is that the
antigen is permanently eliminated in all cells, tissues, and organs in which it is expressed. The ma-
jor limitation is that it is available only in mice, which are too phylogenetically distant from hu-
mans to be considered as suitable donors. The permanent nature of the modification also can some-
times be a limitation, especially when the protein encoded by the gene has additional functions.
Inactivation of the gene might lead to physiological changes that compromise the utility of the
donor tissue. Gene ablation can also target genes that encode proteins essential for the target pro-
tein expression.

Several transplantation laboratories have exploited the availability of knockout mice deficient
in �2-microglobulin. �2-Microglobulin is a peptide that performs a chaperone function as part of
the class I molecule and is necessary for its assembly and expression. Mice homozygous for the �2-
microglobulin mutation fail to display class I antigens on the cell surface, a feature that makes them
highly desirable for transplantation studies. Although much of the research described below has
focused on islet cell and liver cell xenotransplants, one project examined whole organ allografts.
Coffman and co-workers (1993) found that kidneys from �2-microglobulin-deficient mice func-
tioned significantly better in allogeneic recipients than did kidneys from normal mice.

The fate of pancreatic islet transplants from �2-microglobulin-deficient mice has been ex-
plored in several studies. The islets showed prolonged survival when implanted into a normal
mouse strain (Markmann et al., 1992; Osorio et al., 1993). Most grafts survived indefinitely
(�80% beyond 100 days) and were capable of reversing hyperglycemia that had been chemically
induced prior to transplantation. Investigators attributed the few instances of graft rejection to
three possibilities. First, some surface expression of class I antigens can occur in the absence of �2-
microglobulin. The presence of even a fraction of the total number of class I antigens may be suf-
ficient for T cell recognition and lysis. Second, �2-microglobulin circulating in the serum of the
recipient can be used to reconstitute class I antigens on the donor tissue (because �2-microglobu-
lin is a highly conserved protein not encoded by genes at the MHC locus). Third, rejection of the
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tissue from �2-microglobulin-deficient donors may be mediated by other immune pathways, such
as by natural killer cells. Support for the second and third possibilities was presented by Li and
Faustman (1993) in their study of liver cell allo- and xenografts.

MECHANISMS OF GRAFT SURVIVAL AFTER CLASS I DONOR
ABLATION OR ANTIBODY MASKING

The performance of highly divergent cross-species transplants has allowed the �2-microglob-
ulin-deficient donor model to be more closely studied. First, as the donor and recipient diverge
phylogenetically, so does the homology of the �2-microglobulin proteins, and donor grafts have
slower reconstitution of surface class I with host �2-microglobulin. These highly divergent cross-
species transplants demonstrate delayed �2-microglobulin reconstitution of surface class I from
the serum from host animals. Unfortunately, these grafts demonstrate shortened survival times,
suggesting some donor class I antigen expression is beneficial after the transplant is established.

The reconstitution of donor surface class I with host �2-microglobulin in the gene ablation
model or even in the antibody masking model has a marked advantage. The grafts in the majori-
ty of cases survive indefinitely. Furthermore, the primary grafts permit secondary nongenetically
manipulated or non-antibody-masked grafts to survive similarly if from the same donor (Faust-
man and Coe, 1991). The data in total suggest donor-specific tolerance occurs in these transplant
models.

This important demonstration of tolerance induction was studied by the use of gene ablation
models with more permanent class I ablation. With the thought that a little is good so more should
be better, other gene ablation models, such as the ablation of other class I assembly genes, were
tested, i.e., genes Tap1, Tap2, Lmp2, Lmp7, etc. Often these donor gene ablation models were used
as F1 donor mice with two sequential class I processing steps interrupted. Uniformly, these cellu-
lar transplants from these donors performed less well and the hosts never developed secondary tol-
erance sufficient for secondary same-donor transplants (D. Faustman, personal communication).

Insights into the mechanisms of T cell tolerance in hosts receiving class I-ablated grafts may
have recently been clarified. In a publication by the Cantor laboratory, peripheral CD8 T cell tol-
erance was mechanistically characterized from the viewpoint of peripheral tolerance maintenance
(Pestano et al., 1999). It has been recognized for years that the persistence of peripheral class I-ex-
pressing cells is necessary for peripheral CD8+ T cell tolerance (Vidal-Puig and Faustman, 1994).
Using �2-microglobulin-deficient hosts, transferred and potentially cytotoxic and mature CD8 T
cells were transferred into the mutant host. The transferred T cells then failed to engage their T
cell receptors. The CD8 cells down-regulated their CD8 gene expression and underwent apopto-
sis. Thus inhibition or interference of the T cell receptor and CD8 binding to host class I triggered
these CD8 cells into a pathway of cell death. This is an extremely important observation and prob-
ably underlies the reason why �2-microglobulin or class I-masked donor cellular transplants es-
cape T cell death. The lack of class I expression immediately after transplantation eliminated po-
tential T cell killing. As the graft gradually reexpresses class I, it is protected from the next layer of
the immune response, natural killer cell lysis of totally class I-negative transplants.

Prevention of Graft Rejection Does Not Prevent Recurrent Disease:
The Challenge of Cellular Transplants in Type I Diabetes

The fate of pancreatic islet transplants from �2-microglobulin-deficient mice has been ex-
plored in several studies. The islets show prolonged survival when implanted into allogeneic mouse
strains (Markmann et al., 1992; Osorio et al., 1993). Graft rejection of donor antigen-modified
islets almost invariably occurs when the recipients are already nonobese diabetic (NOD) mice
(Markmann et al., 1992). This recurrent disease process is a barrier that is not overcome by
xenografts. Soon after implantation, NOD mice, at a slightly delayed rate, reject islet allografts
from �2-microglobulin-deficient mice or class I-masked xenogeneic islets. This is in contrast to
the success with recipients whose diabetes is chemically induced. NOD mice, unlike those with
chemically induced diabetes, spontaneously develop an autoimmune form of diabetes that destroys
the grafts. In this respect, NOD mice more closely resemble humans with type I diabetes.

Previous reports have published many effective therapies that prevent autoimmune diabetes
development in animal models. The list is long and experiments are not always consistent, mak-
ing it difficult to identify therapies that are effective at preventing NOD disease. In contrast to the
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long list of “cures” for the not-yet diabetic NOD mouse, the list of “cures” for the already diabet-
ic NOD mouse is short (Table 25.2). The transplant barrier of achieving long-term islet survival
in diabetic NOD mice is a significant problem that largely stands unconquered.

Since 1992, two research groups have published new therapies for diabetic NOD and BB ro-
dents, combining them with syngeneic islet transplantation. The data are limited and in most cases
the work was unsuccessful, except for some approaches utilizing tumor necrosis factor � (TNF-�)
or direct inducers or mimics of TNF-� such as the bacillus of Calmette–Guerin (BCG),
lipopolysaccharide (LPS), or interleukin-1 (IL-1). As Table 25.2 shows, TNF-� or TNF-� stimu-
lants retard the recurrent and very brisk autoimmune destruction of syngeneic islets. It should be
stressed the isogeneic islet survival is not permanent. A histologic examination of the syngeneic
grafts in NOD mice reveals that TNF-�-treated mice have transplanted islets surrounded by large
clusters of mononuclear lymphocytes and, with extended transplantation times, invading lym-
phocytes, thus explaining that syngeneic islet survival is prolonged and rarely permanent.

Table 26.2 highlights the next significant problem, i.e., the allograft survival data. If the data
are extended to the more clinically relevant allograft islet transplant barrier, islets are uniformly re-
jected when transplanted into already diabetic NOD mice. In fact, an inspection of the peer-re-
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Table 25.2. Islet transplantation into diabetic NOD/BB hostsa

Islet survival

Treatments Isographs Allographs

Donor islet Recipient % Days % Days Ref.

0 CFA 66 �100 0 12 Wang et al. (1992)
0 CFA 90 �40 — — Ulaeto et al. (1992)
0 BCG 80 �100 0 11 Lakey et al. (1994)
Cultured islets Nicotin/Desf — — 57 38 Nomikos et al. (1986)
0 TNF-� 0 30 — — Rabinovitch et al. (1995)
Cultured islets Mycophenolate — — 0 2 Hao et al. (1992)
0 �CD4 — — 0 22 Gill and Coulombe (1994)
GAD�/� — 100 �40 — — Yoon et al. (1999)
Class I�/� — — — 0 8 Markmann et al. (1992)

(�2microglobulin�/�)
IL-4 0 0 14 — — Smith et al. (1997)
IL-10 — — — 0 14
Class I�/� — — — 0 14 Faustman and Coe (1991)

[masking F(ab�)2]
0 IL-1 Rantag 0 14 — — Sandberg et al. (1997)
0 IL-4 � IL-10 0 �20 — — Faust et al. (1996)
IL-12 0 0 30 — — Yasuda et al. (1998)
IL-10 0 0 14 — — Yasuda et al. (1998)
0 �CD4 — — 0 5c Koulmanda et al. (1998)
0 �CD3 — — 0 5c Koulmanda et al. (1998)
0 CP, CTLA4 Ig, — — �50 114c Koulmanda et al. (1998)

�CD4 � �CD3
0 �CTLA Ig — — 0 5c Koulmanda et al. (1998)
0 CPc, �CD4 � — — 0 5c Koulmanda et al. (1998)

�CD3
0 Lef — — 0 5 Guo et al. (1998)
0 Vitamin D, CsA 80 60 — — Casteels et al. (1998)
0 CsA � IL-10 0 34 — — Rabinovitch et al. (1997)
0 CsA � IL-4 0 60 — — Rabinovitch et al. (1997)
aThe focus is only on biological approaches, not immunoisolation technologies.
bAbbreviations: CFA, complete Freund’s adjuvant; BCG, bacillus of Calmette–Guerin; Nicotin, nicotinamides; Desf, desferioxamine; IL, interleukin;
GAD, glutamic acid decarboxylase; CP, cyclophosphamide; Lef, leflunomide; CsA, cyclosporin A.
cRecipients were prediabetic NOD mice and grafts were xenografts of pig origin.



viewed literature indicates a remarkable paucity of success, other than a single report of a non-
clinically applicable approach (lymph mode irradiation with bone marrow transplantation) and
encapsulation data published frequently as meeting abstracts and a report using islets with ablat-
ed glutamic acid decarboxylase (GAD). The lack of success of islet allografts and xenografts in di-
abetic NOD or BB rodents still allowed the launching of many of these same new approaches in
human clinical trials in type I diabetic patients. Ideally, islet allograft methods should work in rel-
evant autoimmune animal models prior to human clinical trials. As Table 26.2 demonstrates, most
if not all of the major islet transplant strategies have been tested in NOD mice or BB rats and failed
to demonstrate efficacy. Again, Li and colleagues demonstrated prolonged islet allograft survival
in already diabetic NOD mice, but this involved total-body irradiation with bone marrow trans-
plantation (Li et al., 1995).

Graft rejection almost invariably occurs, however, when the recipients are NOD mice (Mark-
mann et al., 1992; Osorio et al., 1994a). Islet allografts from �2-microglobulin-deficient mice are
rejected by NOD mice at a slightly delayed rate, but still soon after implantation. This is in con-
trast to the success with recipients whose diabetes is chemically induced. NOD mice, unlike those
with chemically induced diabetes, spontaneously develop an autoimmune form of diabetes that
destroys the graft because it displays a variety of antigens identical to autoantigens. In this respect,
NOD mice more closely resemble humans with type I diabetes. These findings suggest that elim-
ination of class I antigens alone will not be sufficient for the treatment of humans with type I di-
abetes. One of the many directions for future research is to pinpoint on the graft the autoantigens
that induce autoimmune rejection.

Elimination of class I antigens also may be insufficient for selected tissues and selected com-
binations of donor and host species. Liver cells from �2-microglobulin-deficient donors were im-
planted into allogeneic recipients and two different of xenogeneic recipients (Li and Faustman,
1993). The allotransplants and the xenotransplants into guinea pigs were not effective. In contrast,
xenotransplants of mouse cells into frog recipients survived; when liver cells were transplanted from
humans to mice in antibody-masking experiments, they were accepted (Faustman and Coe, 1991).
These studies show the results of class I antigen removal to varying extents, according to the species
combination of donor and host.

Gene ablation experiments have demonstrated the advantages and limitations of eliminating
class I antigens. There are clearly dominant antigens on islet cells and neurons in some allogeneic
and xenogeneic combinations. However, class I antigens may play a secondary role depending on
the type of donor tissue, the species combination, and/or the disease state of the recipient. In these
cases, other dominant antigens need to be identified and targeted.

THE LAUNCHING OF XENOGENEIC HUMAN CLINICAL TRIALS 
IN THE UNITED STATES USING IMMUNOMODULATION

Few cross-species transplantation technologies have progressed to human clinical trials. In part
this has been due to primate models showing minimal efficiency. Also, early whole organ human
clinical trials in the 1970s demonstrated minimal success, even with massive dosages of immuno-
suppression. Finally, some segments of the medical community have been concerned about cross-
species infections, therefore necessitating new technologies to avoid the use of donor species close-
ly related to humans, i.e., baboons. The testing of novel transplantation approaches needs to avoid
the limitation of a severely compromised host immune system with decreased resistance to fight
infections.

Clinically close primate and rat models are available for neurological diseases such as Parkin-
son’s disease. Using the masking class I antibody fragment approach, animal studies show promise
for porcine neurons for spinal cord injuries in rat models and procine liver cells for transient liver
failure from hypotension or infection. Fetal neuronal xenografts with antibody masking have been
investigated for Huntington’s disease and Parkinson’s disease (Deacon et al., 1997). In the first
study, fetal pig striatal cells were implanted into rats whose striatum had been lesioned 1 week ear-
lier with injections of quinolinic acid. These injections destroy striatal neurons, and attempt to
stimulate the dysfunction present in Huntington’s disease. Rats received either untreated tissue or
tissue pretreated with F(ab�)2 fragments against porcine class I antigens. Of the control rats re-
ceiving untreated tissue, some were immunosuppressed with CSA and others were nonimmuno-
suppressed. Graft volume, determined histologically with the aid of computer image analysis, was
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significantly larger and well-organized, and graft axions were correctly grown in the direction of
their target nuclei. It was encouraging that pig neurons appeared to be capable of locating their
target. Also, because of the use of fetal tissue, the transplanted mass was significantly enlarged at
the time of autopsy, demonstrating posttransplantation survival as well as growth of the transplant.
Six Parkinson’s patients have now been treated with fetal pig neurons masked with class I antibody
fragments and have reported long-term survival (�2 years), with patients demonstrating mild to
marked functional improvements. Six more patients were similarly treated with fetal pig neurons
and CSA. These patients showed less clinical improvement but still had function exceeding base
line. At 8 months, one of these patients died of a thromboembolic event and an autopsy was per-
formed. As reported by Deacon et al. (1997), similar to the primate studies performed before clin-
ical trials, the fetal pig neurons survived and correctly produced axons over long distances in the
brain toward their target nuclei. This confirmed the optimism of the suitability of using pig tissue
in this transplant setting, and the masking approach to decrease tissue immunogenicity.

Additional clinical trials of masked neuron transplants have continued in the United States.
To date, an additional 11 patients in a Food and Drug Administration (FDA)-scrutinized clinical
trial have been enrolled in a phase II/III trial using pig cells for Parkinson’s disease. The FDA has
approved 36 patients for 18 months in this blinded human study for safety and efficacy. The ad-
vantages of the donor antigen modifications methods include the lack of host interventions, thus
allowing a broader audience for applications of cellular transplants for disease treatments.

GENE ADDITION
Gene addition is a technique especially promising for transplantation of solid organs, the most

challenging type of transplant, and represents another form of donor antigen modification. Solid
organs are particularly troublesome from the point of view of transplantation and they are subject
to hyperacute rejection. Hyperacute rejection, the first wave of assault against discordant xeno-
grafts, results in rapid rejection within minutes to hours. The vascular endothelium, which can-
not be removed prior to transplant, expresses the epitope, the target of hyperacute rejection (Platt,
1994). Preformed antibodies that bind to �-Gal activate complement, resulting in loss of vascu-
lar integrity, hemorrhage, ischemia, and necrosis.

Gene addition involves the insertion of a foreign gene (or transgene) early in development.
The desired gene is microinjected into the nucleus of a fertilized egg, thereby giving rise to a ma-
ture animal with the transgene incorporated into the genome of each cell. The desired gene or
genes used thus far in xenograft research encode proteins designed to inhibit hyperacute rejection.
Gene addition is advantageous because it can be readily undertaken in many kinds of donor ani-
mals, particularly swine. Swine are among favored donor animals for solid organ transplants be-
cause of their ease of breeding and domestication, low maintenance costs, similarities to humans
in organ size and physiology, and fewer ethical objections. The other advantages of gene addition,
like those for gene ablation, are permanence and versatility. Many sections of this book highlight
these approaches and are discussed in detail in other chapters.

RNA ABLATION
RNA ablation is another promising strategy that strives to prevent antigen expression at the

RNA level by blocking transcription or translation. RNA ablation can be achieved through the
creation of oligodeoxynucleotides that are complementary to, and hybridize with, DNA or RNA
sequences to inhibit transcription or translation, respectively.

RNA ablation in the transplant field has been less frequently pursued to date. For example,
Ramanathan and co-workers identified an oligodeoxynucleotide that inhibited induction of class
I and ICAM expression by interferon-� (Ramanathan et al., 1994). The studies were performed
in vitro in a cell line, K562, that normally has low-level expression of class I antigens. They first
postulated that the oligodeoxynucleotide acted in the early stages of interferon-� induction rather
than posttranslationally. In their follow-up study, they showed that the oligodeoxynucleotide act-
ed even earlier via a novel mechanism—it inhibited binding of interferon-� to the cell surface (Ra-
manathan et al., 1994; Ramakrishnan and Houston, 1984). This may be an unusual mechanism
for an oligodeoxynucleotide, but it only enhances the possibilities for xenotransplant research.
What these studies provide is yet another means of blocking expression of class I antigens or oth-
er transplantation antigens.
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COMMENT
Designer tissues and organs through donor antigen modification hold tremendous promise

for xenotransplantation. Research in animal models has already demonstrated that long-term
xenograft survival can be achieved without immunosuppression. This achievement has galvanized
the transplantation community, for it shows that an overwhelming obstacle to xenograft accep-
tance can be alleviated in select settings. Immune rejection need not occur if graft antigens can be
immunologically masked or genetically eliminated. Researchers now have at their disposal a bat-
tery of techniques that operate at the DNA, RNA, or protein level to remove or conceal antigens.
Xenotransplanation is within reach, not just for patients with life-threatening conditions, but also
for patients with chronic conditions. As testimony to widespread applications for chronic condi-
tions, the first clinical trial of designer tissues is for patients with Parkinson’s disease.

The successes with cellular and tissue xenografts still are not the final solution for the far more
difficult task of whole organ xenotransplantation or recurrent autoimmune disease. Solid organs
have a multiplicity of antigens, particularly those which elicit hyperacute rejection. Once all of the
dominant antigens are identified, the therapeutic strategy for whole organs and tissues is concep-
tually identical—modify the donor, not the host. The barriers for recurrent autoimmunity still
stand, but it is hoped that donor antigen modification is beneficial.
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Immunoisolation
Beth A. Zielinski and Michael J. Lysaght

INTRODUCTION

Serious investigative efforts in the field of immunoisolated cell therapy began in the late 1970s
and early 1980s. Since then, cellular encapsulation has evolved into a broad-based approach for

the delivery of gene products for treating diseases or conditions that respond to sustained release
of biotherapeutic substances. This review chronicles the technological developments underlying
the progress and evolution in cell therapy and summarizes results available from the initial clini-
cal evaluations of this approach.

Two decades ago, Chick et al. (1977) and later Lim and Sun (1980) successfully maintained
glucose homeostasis in chemically induced diabetic rats using encapsulated allogeneic islets. Ef-
forts to develop the artificial pancreas have continued and have fostered the development of an ex-
panding array of device formats relying on a large repository of biomaterials. Cell encapsulation
technology has also expanded to the treatment of chronic pain (Sagen et al., 1993; Joseph et al.,
1994; Decostard et al., 1998) and to neurodegenerative diseases, including Parkinson’s disease
(Tresco et al., 1992a,b; Aebischer et al., 1994a; Tseng et al., 1997; Sautter et al., 1998), Alzheimer’s
(Hoffman et al., 1993) and amyotrophic lateral sclerosis (ALS) (Sagot et al., 1995; Tan et al., 1996).
Other disorders that have been addressed with this type of therapy include hypocalcemia (Aebis-
cher et al., 1986), dwarfism (Chang et al., 1993), anemia (Koo and Chang, 1993; Rinsch et al.,
1997), hemophilia (Colton, 1996; Brauker et al., 1998), and cancer (Geller et al., 1997a,b). Hu-
man trials have been initiated for diabetes (Soon-Shiong et al., 1994; Scharp et al., 1994), chron-
ic pain (Aebischer et al., 1994b; Buscher et al., 1996), and ALS (Ezzell, 1995; Aebischer et al.,
1996).

TECHNOLOGY
Encapsulation is based on the premise that cells, once sequestered within a semipermeable

membrane, are isolated from the immune system and therefore cannot be recognized and/or de-
stroyed by normal host defenses. The membrane also presents a barrier to any potential outgrowth
of cells into the host parenchyma, thus permitting the use of mitotically active cell lines. Bidirec-
tional diffusion through the membrane of small-molecular-weight molecules such as oxygen, glu-
cose, cellular secretogues, and bioactive cellular products allows for continued maintenance of en-
capsulated cell viability and sustained release of the molecules of interest. Species such as host
complement, antibodies, and immune effector cells may be inhibited from passing through the
membrane (Fig. 26.1). Available barriers range from tight (approximately 30-kDa molecular-
weight cutoff, semipermeable) to open (up to about 0.6-
m pore size, microporous). Immuno-
genicity of the encapsulated cell population plays a key role in governing the selection of a mem-
brane with the appropriate molecular-weight cutoff (Colton, 1996). Microporous membranes are
increasingly being investigated for encapsulated allogeneic cells, i.e., cells isolated from and im-
planted into members of the same species. Relevant mechanisms of host recognition and im-
munoreactivity appear cellular in nature and therefore may require only the exclusion of host ef-
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fector cells. Tighter membranes, although potentially more restrictive to diffusion of nutrients and
secreted product, seem preferable when encapsulating xenogeneic cell types, i.e., cells isolated from
tissue derived from a member of a species other than that of the implanted recipient. Membranes
of this type include those having lower molecular-weight cutoffs and those alternatively designed
to trap host immune complexes and prevent their entry into the capsule lumen (Colton, 1996;
Wang, 1998). Xenogeneic cells may induce cellular and humoral immune responses based on im-
munoreactive secretogues and appear vulnerable to natural and elicited antibodies and to host
complement. In addition, transfer of xenogeneic virus from transplant to host is also a concern.
Thus, tighter membranes not only provide protection against cellular attack but may also confer
protection against immune rejection mediated by macromolecules and retard xenogeneic viral
transfer (Colton, 1996; Morris, 1996).

Several capsule formats have been studied. Biohybrid implants directly anastamosed to host
vasculature have been examined in both rodents and pancreatectomized diabetic dogs (Sullivan et
al., 1991; Maki et al., 1993). Vascular implants have waned in popularity as a result of their in-
trinsic complexity and the need for long-term anticoagulation when using blood-contacting 
devices. Nonvascular devices include spherical microcapsules, cylindrical hollow-fiber macrocap-
sules, flat sheet devices (Geller et al., 1997b), and planar macrocapsules (Ezzell, 1995). Microcap-
sule implants can be formed by interfacial coacervation of weak polyelectrolytes such as sodium
alginate and poly(l-lysine) (Lim and Sun, 1980) or chitosan and carboxymethylcellulose (Yoshio-
ka et al., 1990). In one popular approach, droplets of cells suspended in sodium alginate are
dripped into a bath of calcium chloride, resulting in formation around the droplet of an interfa-
cial film of insoluble calcium alginate. The droplets can subsequently be overcoated with several
alternating layers of poly(l-lysine) and alginate. In a related technique, water-insoluble polyacry-
lates can also be formed into microcapsule walls by interfacial precipitation (Boag and Sefton,
1987; Dawson et al., 1987; Sugamori and Sefton, 1989; Mallabone et al., 1989; Crooks et al.,
1990; Broughton and Sefton, 1990). Here, cells are suspended in a polymer solution and extrud-
ed into a precipitating bath of nonsolvent. Viability of encapsulated cells in this system, however,
appears to be marginal possibly because of contact with organic solvent during preparation or be-
cause of inadequate diffusive properties of the polymeric membrane (Crooks et al., 1990). A sin-
gle spherical bead typically contains only a few hundred cells or a single islet, and tens or hundreds
of thousands are required to provide a full therapeutic dosage. In contrast, macrocapsules employ
much larger depots to contain the full therapeutic dosage in one or a few implants. Macrocapsules
are shaped as cylinders or planes and typically one dimension is held below 1 mm. Macrocapsules
are fabricated from preformed hollow-fiber or planar membranes prepared by phase inversion of
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Fig. 26.1. A cross-sectional view of cells encapsulated in a polymer hollow-fiber macrocapsule.
Diameter is typically 600 to 1200 mm. Wall thickness is approximately 10% of diameter. Cells
grow within the lumen of the hollow fiber and are protected from host immune destruction by the
semipermeable polymer membrane. Low-molecular-weight species such as cellular secreto-
gogues, oxygen, glucose, and other essential nutrients pass through the membrane freely, thus
maintaining cell viability and allowing for continuous release of bioactive cellular products. De-
pending on the selectivity of the encapsulating membrane, host antibodies and complement com-
ponents may be wholly or partially excluded from the capsule lumen. Host immune effector cells
are always prevented from passing through immunoisolatory membranes.



water-insoluble polymers quenched in a nonsolvent bath. Molecular-weight cutoff of the mem-
brane depends on conditions of fabrication and formulation and may be selected to be in a range
from 30 kDa to over 106 Da. The resulting membranes are then filled with cell suspension and
sealed appropriately. In contrast to spherical microcapsules, lumens of macrocapsule implants are
usually completely empty prior to cell loading and therefore require the addition of a supportive
matrix for optimal cell viability. Both natural and synthetic lumenal matrices have been investi-
gated. Natural matrices include polysaccharides such as alginate and chitosan and cross-linked pro-
teins such as collagen (Lanza et al., 1992; Zielinski and Aebischer, 1994). All are hydrogels with
low (2–5%) solid content and hence offer little resistance to diffusive transport. Investigation of
synthetic matrices has included the use of poly(vinyl alcohol) (PVA) foams (Li et al., 1998).

Three types of cells may be employed for encapsulation: primary postmitotic cells, mitotical-
ly active cell lines, and engineered cell lines (Colton, 1996). Postmitotic cell types, particularly
islets of Langerhans, dominate early literature (Chick et al., 1977; Lim and Sun, 1980; Sullivan et
al., 1991; Lacy et al., 1991; Lanza et al., 1992, 1993; Gerasimidi-Vazeou et al., 1992; Soon-
Shiong et al., 1993; Maki et al., 1993). Primary cells are isolated from excised glands of donor an-
imals. The cells are enzymatically digested, adapted to in vitro tissue culture conditions, and then
encapsulated. Primary cells are advantageous when regulated release or the secretion of multiple
cellular products is desired. Postmitotic cells also adequately provide initial insight into therapeu-
tic efficacy, although isolated tissue may not be available in sufficient quantity to keep up with de-
mands of most applications in large animal studies or human applications. Both allogeneic and
xenogeneic sources have been investigated. Both have been successful in small-animal models;
however, xenogeneic cells in large-animal hosts appear to require tighter membranes and more
stringent immunoisolatory measures than do their allogeneic counterparts. Inappropriate choice
of encapsulating membrane resulting in a lack of immunoprotection and sensitization of the host
may explain early problems associated with xenogeneic cell viability.

Mitotically active cell lines provide an alternative to the use of primary cells. Cell lines are eas-
ier to maintain in tissue culture and serve as a continuous source of graftable cells. By their very
nature, cell lines possess the ability to proliferate within the capsule; however, growth may be con-
strained by contact inhibition and metabolic factors (Lysaght et al., 1994). Dividing cell lines can
also be genetically engineered to produce the desired gene product (Chang et al., 1993; Tan et al.,
1996; Rinsch et al., 1997; Sautter et al., 1998). Cell lines of both xenogeneic and allogeneic ori-
gin have been successfully encapsulated. Use of mitotically active cell lines for encapsulated cell
therapy, although advantageous, requires careful attention to patient safety in the unlikely event
of capsule rupture. Allogeneic cell lines, due to similarities in their genetic profile and the profile
of the implanted recipient, may possess the ability to proliferate outside the capsule without pro-
voking immunological recognition. Risk of immune evasion may even be greater in immuno-
privelaged sites such as the central nervous system (CNS) (Morris, 1996). Allogeneic cell lines
would almost certainly need to be transfected with suicide genes prior to encapsulation and im-
plantation, although studies showing the effectiveness of this approach are not yet available. Xeno-
geneic cell lines are more immunogenic than allogeneic lines and therefore are more susceptible to
destruction by a host in the event that they escape the capsule. In studies conducted to date, both
peripherally located xenogeneic cells and those transplanted into the CNS have been shown to be
recognized and completely destroyed by the host immune system (Fuchs and Bullard, 1988;
Somerville and d’Apice, 1993). Cited studies are not exhaustive, nevertheless many investigators
believe xenogeneic cell lines may be a wiser choice for encapsulation and implantation.

CLINICAL
The first clinical trials of immunoisolation were initiated in 1993 (Soon-Shiong et al., 1994).

By April of 1999, five phase I clinical trials had been reported for diabetes, chronic pain, and ALS
(Soon-Shiong et al., 1994; Scharp et al., 1994; Aebischer et al., 1994b; Ezzell, 1995; Buscher et
al., 1996), and phase II clinical trials were being initiated for chronic pain in the United States.
The trials are summarized in Table 26.1. Trials involving encapsulated allogeneic islets for the treat-
ment of diabetes were initiated to provide proof of principle for encapsulation technology. Those
investigations involving chronic pain and ALS have advanced to the next step, which involves the
evaluation of human-relevant devices and protocols. If such studies prove successful, this technol-
ogy may then move directly into large-scale regulatory trials and thence to clinical practice.
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Based on the previous success of encapsulated islet transplants in rodent and dog models,
Soon-Shiong et al. (1994) and Scharp et al. (1994) have conducted clinical investigations involv-
ing type I and type II diabetic patients. The two investigative groups, however, have used very dif-
ferent methods. Soon-Shiong et al. implanted modified islet-containing alginate microcapsules
into the peritoneum of a 38-year-old diabetic male. The patient, immunosuppressed with 50 mg/
day of cyclosporin for a preexisting kidney transplant, received a total dose of �106 pooled allo-
geneic islets administered at two separate time intervals. Soon-Shiong et al. utilized purified algi-
nate microcapsules with a high guluronic acid content, which his earlier studies had identified as
possibly having improved biocompatibility and increased mechanical strength compared to stan-
dard alginate capsules (Otterlei et al., 1991; Soon-Shiong et al., 1991) Insulin secretion from the
encapsulated islets was noted 24 hr following implantation of 700,000 microcapsules. Exogenous
insulin administration was decreased during this period. Following a supplemental dose of
350,000 encapsulated islets, insulin administration further decreased and at 9 months postim-
plantation, exogenous insulin administration was discontinued for 1 month then resumed. Pe-
ripheral neuropathy, a common complication associated with diabetes and experienced by this pa-
tient, was reported to be alleviated posttransplant. Results are difficult to evaluate because other
investigators have achieved similar or better results using unencapsulated islets in immunosup-
pressed recipients. At best this preliminary clinical trial demonstrated that the encapsulation pro-
cedure did not adversely affect cell viability or function relative to unencapsulated islets. It offers
little insight into the extent of immunoprotection provided by this approach.

Scharp’s clinical trial was designed to investigate whether immunoisolation protects against
the autoimmune challenge of type I diabetes. This is an important issue because autoimmune re-
jection of transplanted islets normally destroys unencapsulated islets in a nonimmunosuppressed
host. Islets were encapsulated in semipermeable hollow-fiber macrocapsules having a nominal mol-
ecular-weight cutoff of approximately 65 kDa. The islets, isolated from a single donor, were sus-
pended in 1% sodium alginate and then loaded into preformed acrylic copolymer capsules. Ap-
proximately 50 islets were loaded into each capsule. Four capsules, three containing islets and
alginate and one containing just alginate, were implanted subcutaneously into each type I and type
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Table 26.1. Current clinical trials using cell encapsulation therapy

Application Investigator/country/year Device/polymer/cell type Brief results

Chronic pain Aebischer et al. (Cytotherapeutics)/ Hollow fiber/acrylic, 50 kDa/ n � 10; histologic and biochemical
Switzerland/1994 calf adrenal chromaffin cells evidence of cell viability and

functionality following explant at 
45–155 days; no evidence of 
complications due to implantation

Chronic pain Aebischer et al. (Cytotherapeutics)/ Hollow fiber/acrylic, 100 kDa/ n � 15; histologic and biochemical
United States/1995 (Phase I); calf adrenal chromaffin cells evidence of cell viability and
1999 (Phase IIA trials being functionality following explant at
initiated) 200 days; no evidence of

complications due to implantation
ALS Aebischer et al. (Cytotherapeutics)/ Hollow fiber/Polysulfone, 280 n � 6; nanogram quantities of CNTF

Switzerland/1995 kDa/engineered baby hamster measured in patient CSF up to 17
kidney cells weeks postimplantation; evidence

of cell viability following retrieval
Diabetes Soon-Shiong et al./United States/ Microcapsule/alginate, 100 n � 1; (immunosuppressed);

1994 kDa/allogeneic islets adequate regulation of patient
glucose at 9 months

Diabetes Scharp et al. (Neocrin)/United Hollow fiber/acrylic, 65 kDa/ n � 9; good biocompatibility; no
States/1994 allogeneic islets immune complications; cell

viability and stimulated insulin
release shown following explant
at 2 weeks



II diabetic patient and nondiabetic control subjects. The net dosage of islets (150) is about 4000�
less than would be required for therapeutic implant. During the 2-week implant period, blood glu-
cose levels of all three groups appeared to be unchanged from preimplant values. On retrieval of
the capsules, in vitro analysis revealed differences in glucose responsiveness between the cell-loaded
explants of the diabetic groups and those of the control group. Explanted capsules from the con-
trol group responded appropriately to both glucose and theophylline challenges. Those from the
experimental groups, on the other hand, responded only to stimulation with theophylline. Dif-
ferences in responsiveness were attributed to chronic hyperglycemia in the diabetic patients, which
likely stressed the islets and impaired insulin secretion. Histologic analysis of retrieved capsules
showed substantial cell viability and minimal host tissue reaction in all cases. The investigators
conclude that this trial demonstrated the short-term biocompatibility and acute immunoprotec-
tive capacity of semipermeable membranes under immunologically challenging conditions.
Longer duration studies are planned.

In addition to diabetes, clinical trials involving chronic pain were conducted in Switzerland
and the United States by Aebischer and Goddard (Aebischer et al., 1994a; Buscher et al., 1996).
These trials flow from earlier collaboration with Sagen et al. demonstrating reduction of chronic
pain by the implantation of encapsulated bovine adrenal chromaffin cells in rodents. Studies in
larger animals confirmed the immunoisolatory properties of the membrane and were used to de-
velop and validate an implant suitable for intrathecal implantation in humans (Joseph et al., 1994).
The first clinical trial conducted in Switzerland involved 10 end-stage cancer patients suffering
from intractable pain. Results have been reported for the entire series and published for the 7 of
the 10 patients (Buscher et al., 1996). Each of the 10 patients received a 5-cm-long tethered de-
vice, having a molecular-weight cutoff of approximately 50 kDa, which contained approximately
2 million cells suspended in a supportive alginate matrix. The device was implanted in the lum-
bar subarachnoid space through a series of expanding catheters during a minimally invasive surgi-
cal procedure very analogous to a spinal tap. The silicone tether located at one end of the device
allowed for simple withdrawal of the implant if necessary or desirable. Capsules were retrieved for
analysis in some patients and recovered postmortem in others. Implant duration ranged from 41
to 172 days. Cell survival in all evaluable cases was confirmed by histology, by catecholamine re-
lease postretrieval, and in selected cases by immunohistochemistry. Patients in the open-label study
showed a decline in intake of narcotics and reduction in pain ratings. Although preliminary, this
protocol represents the first successful clinical trial of a human-relevant immunoisolation device
and confirms the immunoprotective function of semipermeable membranes in nonimmunosup-
pressed xenogeneic hosts.

Based on the results obtained from the Swiss trials, FDA-approved phase I clinical trials were
initiated in the United States by Cytotherapeutics (Providence, RI). These trials were designed to
test the safety of intrathecal implantation of encapsulating devices into end-stage cancer patients
suffering from chronic pain. In addition, survival of the encapsulated xenogeneic bovine chro-
maffin cells was evaluated following device retrieval. Fifteen patients were enrolled in the trial. Tri-
al protocol paralleled that implemented in the initial clinical trials conducted in Switzerland. No
clinically significant safety issues associated with the implantation procedure were observed in any
of the patients enrolled. Following retrieval and histologic and biochemical analysis, devices were
shown to contain viable and functional encapsulated bovine chromaffin cells for up to 200 days
postimplantation. As a result of the success of this phase I trial, phase IIA clinical trials were initi-
ated by Cytotherapeutics and Astra AB of Sweden, and patient enrollment was completed in Jan-
uary, 1999. The trial is being conducted at four clinical sites in the United States and Europe.

A second clinical trial underway in Switzerland involves the delivery of ciliary neurotrophic
factor (CNTF) for treatment of amyotrophic lateral sclerosis (Ezzell, 1995; Aebischer et al., 1996).
ALS, often called Lou Gehrig’s disease in the United States, is characterized by the progressive de-
generation of motor neurons, resulting in movement disorder and eventual respiratory failure due
to loss of neurons innervating the chest wall and diaphragm. Administration of neurotrophic fac-
tors such as CNTF has been shown in vitro and in small animal models to protect against death
of motor neurons. Systemic delivery of CNTF is unfavorable because of rapid clearance in the
serum and toxicity of high doses of purified CNTF. Sagot et al. (1995) and Tan et al. (1996) have
demonstrated efficacy with encapsulated baby hamster kidney (BHK) cells releasing recombinant
CNTF in a mouse model of ALS. In studies conducted by Sagot et al., BHK cells, after transfec-
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tion with the gene for mouse CNTF, produced 100 ng of CNTF per million cells per day in this
study. After encapsulation and subcutaneous implantation, the transfected cells prolonged the lives
of diseased mice by 40% relative to controls and improved motor function on several behavioral
assays. In addition, the phrenic nerves of experimental mice, which innervate the diaphragm, were
also shown to contain 50% more myelinated motor neurons than controls. Clinical trials based
on these studies were initiated by Aebischer et al. (1996) using cells transfected with the gene for
human CNTF. Six ALS patients were implanted with polymer capsules containing BHK cells ge-
netically engineered to secrete human CNTF. Encapsulating devices and surgical procedures were
modeled after those used for clinical trials involving implantation of encapsulated bovine chro-
maffin cells for the alleviation of chronic pain (Aebischer et al., 1994a; Buscher et al., 1996). Pri-
or to implantation, devices were shown to release approximately 0.5 
g of human CNTF per day
in vitro. Following intrathecal implantation, 170–6200 pg/ml of CNTF were measured within
the patients’ cerebrospinal fluid for at least 17 weeks postimplanation (Aebischer et al., 1996).
CNTF levels were undetectable in all patients prior to implantation. On retrieval, all devices
showed good viability and CNTF output. This trial represents the first clinical combination of im-
munoisolation and gene therapy.

FUTURE DIRECTIONS
Future progress of immunoisolated cell therapy will result from both the aggressive clinical

application of existing technology and the continued development of new generations of capsules,
cells, and clinical application. Techniques may be developed that allow capsule membranes to be
modified so as to enhance encapsulated cell viability. Microvascularization of the external portion
of the capsule membrane has been suggested by researchers at Baxter Healthcare Corp. as a means
of improving the performance of their encapsulation devices for insulin-secreting cells (Brauker et
al., 1992, 1995; Danheiser, 1995). Promoting the growth of blood vessels in close proximity to
the membrane may increase bidirectional diffusion of essential nutrients and cellular secreto-
gogues, thus enhancing viability and function of the encapsulated cell population. Other modifi-
cations in membrane fabrication and capsule design involve the use of biodegradable hydrogel 
microspheres (Lanza and Chick, 1997). Researchers at Biohybrid Technologies propose the de-
velopment of biodegradable cell microcapsules that remain intact only for the life cycle of the en-
capsulated cell population (Danheiser, 1995; Lanza and Chick, 1997). Following degradation of
the protective capsule, remains of the grafted cells would be phagocytosed by the host immune
system. A new batch of microspheres could be injected or treatment could be ceased. Host sensi-
tization remains a potential problem with this procedure; induction of host tolerance is a poten-
tial upside. Other technological advancements include the use of photopolymerized conformal
coatings that entrap individual cells or small cell clusters and the use of systems that combine dif-
ferent polyanionic and polycationic moieties to encapsulate cells (Basta et al., 1996; Tun et al.,
1996; Wang et al., 1997; Hill et al., 1997).

The future of cell encapsulation is closely entwined with that of human gene therapy. The
span of therapeutic applications will increase as cells are tailored to release any of the variety of
bioactive molecules whose genes are being identified. In addition, cell lines might be engineered
to adapt to an encapsulated environment by incorporation of genes that induce mitotic arrest fol-
lowing exogenous administration of appropriate agents. Other cell types, such as genetically engi-
neered myoblasts, may prove useful as progenitor cells that spontaneously differentiate following
tubule formation (Deglon et al., 1996; Rinsch et al., 1997). Such approaches permit cell growth
within the capsule but circumvent problems associated with unrestrained cell proliferation. Alter-
natively, it may be possible to induce quiescent cell lines to proliferate within the capsule when the
cell population declines. Modifications of cell lines in these ways, along with optimization of lu-
menal supportive matrices, have the potential to create capsules possessing an indefinite supply of
cells that will not require replacement or reloading.

Future applications of encapsulated cell therapy are likely to include to other CNS disorders
such as Huntington’s and Alzheimer’s disease and a variety of non-CNS related diseases, includ-
ing hemophilia and malignant cancer (Emerich and Sandberg, 1994; Emerich et al., 1994; Dan-
heiser, 1995; Geller et al., 1997a,b). Emerich et al. investigated an animal model of Huntington’s
disease and its response to encapsulated cell therapy. Kordower et al. (1995) reported that poly-
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mer macrocapsules containing engineered, nerve growth factor-producing BHK cells are capable
of rescuing degenerating cholinergic neurons in fornix-lesioned cynomolgus macaques, an animal
model of relevance to Alzheimer’s disease. Scientists at Baxter Healthcare have initiated preclini-
cal trials using recombinant factor IX produced by encapsulated engineered human fibroblasts for
the treatment of hemophilia B (Danheiser, 1995; Brauker et al., 1998) In addition, Baxter’s gene
therapy group reported studies of encapsulated cell therapy as a delivery system for the slow re-
lease of tumor-associated antigen in order to induce specific host immune responses to treat ma-
lignant cancer (Geller et al., 1997a,b). Local delivery of cytokines from encapsulated cells for the
induction of potent nonspecific immune responses is another potential application that may en-
hance more specific immune reactions.

In the past two decades, cell encapsulation technology has progressed from in vitro investiga-
tion, through small-animal and large-animal studies, into full-scale clinical investigation (see Fig.
26.2). Understanding the immunologic and molecular basis of host response to implanted devices,
though incomplete, has proved adequate for successful first-generation implants. The underlying
portfolio has expanded from initial focus on diabetes to CNS applications and then further into
the realm of human gene therapy. The use of genetically engineered cell lines with modified en-
capsulation devices represents the likely focus of future applications. Immunoisolation is thus
poised to represent the first clinical confluence of organ substitution and molecular medicine.

26 Immunoisolation 327

Fig. 26.2. The chronological development of encapsulated cell therapy. The timeline is divided
into two main branches—microcapsules and macrocapsules; further bifurcations refer to appli-
cations. Side branches represent studies that lead to the current clinical trials in diabetes, chron-
ic pain, and ALS. All cited contributions have been referenced elsewhere in this paper.
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Engineering Challenges 
in Immunoisolation 
Device Development

Efstathios S. Avgoustiniatos, Haiyan Wu, and Clark K. Colton

INTRODUCTION

One approach to minimizing or eliminating systemic immunosuppression in cell therapies is the
use of tissue-engineered implantable immunobarrier (also called immunoisolation) devices, in

which the tissue is protected from immune rejection by enclosure within a semipermeable mem-
brane or encapsulant. This chapter deals with those factors that influence the performance and en-
gineering design of immunobarrier devices: (1) tissue supply from primary or cell culture sources,
(2) protection from immune rejection, in light of the mechanisms thought to operate in the pres-
ence of a semipermeable membrane, the properties of that membrane, and the implications for bi-
ology and device design, and (3) maintenance of cell viability and function, its relationship to de-
vice design, and the role of, and factors affecting, oxygen-supply limitations. Emphasis is given to
the third area dealing with oxygen-supply limitations and its effect on viability and function. Af-
ter reviewing recent work in this area, a detailed example is provided of how engineering analysis
can be applied to the problem of enhancing oxygen supply by in situ oxygen generation.

Immunoisolation is the enclosure of transplanted tissue in a semipermeable membrane in or-
der to protect it from immune rejection, thereby creating an implantable biohybrid artificial or-
gan. Immunobarrier devices of this type are under study for the treatment of a variety of diseases.
Biohybrid artificial organs have previously been reviewed extensively (Colton and Avgoustiniatos,
1991; Lanza et al., 1992a; Aebischer et al., 1993; Christenson et al., 1993; Bellamkonda and Ae-
bischer, 1994; Lanza and Chick, 1994, 1995a,b; Lysaght et al., 1994; Mikos et al., 1994; Aebis-
cher and Lysaght, 1995; Colton, 1995, 1996). Many of the topics discussed in this chapter have
previously been presented in great detail (Colton, 1995). This article focuses on the engineering
challenges involved in the attempt to make implantable immunoisolation devices a clinical reali-
ty. These challenges are examined largely in the context of a biohybrid artificial pancreas for treat-
ment of diabetes, but the problems and general principles are applicable to other uses of cell ther-
apy as well.

ENGINEERING CHALLENGES
The essential elements of an implanted device that incorporates encapsulated cells are shown

in Fig. 27.1, which illustrates the case of a biohybrid artificial pancreas. The implanted tissues are
separated from the host by an immunoisolation membrane. Cells can be encapsulated at a high
tissuelike density, as illustrated in Fig. 27.1, or dispersed in an extracellular gel matrix, such as agar,
alginate, or chitosan. The membrane prevents or retards access of cellular and humoral immune
components to the transplanted tissue but permits passage of the secreted product (insulin). At the
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same time there must be sufficient access to nutrients, such as glucose and oxygen, and removal of
secreted metabolic waste products, such as lactic acid, carbon dioxide, and hydrogen ions. Trans-
planted cells must be supplied with nutrients by diffusion from the nearest blood supply, through
surrounding tissue, the immunoisolation membrane, and the graft tissue itself.

Engineering challenges exist in three areas: (1) supply of tissue, (2) protection from immune
rejection, and (3) maintenance of cell viability and function.

Supply of Tissue
The amount of tissue required for transplantation in an immunoisolation device is deter-

mined by the secretion rate of the desired agent per cell and the amount of the active agent re-
quired by the body (Colton, 1995); it depends on the specific medical application (Avgoustiniatos
and Colton, 1997a) and ranges from about 106 in central nervous system applications to about
109 cells in diabetes. The complexity and difficulty of all aspects of the problem increase with the
volume of implanted tissue required. Thus, it is not surprising that some central nervous system
applications, which require the least amount of transplanted tissue (Avgoustiniatos and Colton,
1997a) are the first to advance to clinical testing (Aebischer and Lysaght, 1995).

There are various sources of tissue. Most common is primary tissue (terminally differentiated,
postmitotic cells) used immediately after isolation or following culture. Cultured, dividing cell
lines, either native or genetically modified with recombinant DNA, have been studied and are at-
tractive from the standpoints of harvesting large volumes of cells and of meeting regulatory stan-
dards of uniformity, sterility, and safety. In the case of primary tissue, only xenogeneic sources are
practical because of the limited supply of human tissue. With cultured cell lines, as with primary
tissue, immunoisolation is easier to accomplish with allogeneic than with xenogeneic cells. How-
ever, some investigators prefer xenogeneic cell lines because such cells would be rejected by the host
if the device broke and released unencapsulated cells (Aebischer and Lysaght, 1995), whereas al-
logeneic cells might not be so easily rejected, especially if they were tumorigenic.

In applications in which tissue requirements are high, such as for the treatment of diabetes,
supplying the required amount of tissue will represent the largest cost component for manufac-
ture of the implant. A cell line that secretes insulin at a sufficiently high rate and that regulates the
concentration of glucose in the plasma at the physiological set-point for humans is needed. In the
meantime, effort has gone into isolating porcine islets of Langerhans, because porcine insulin has
been used in humans for years and the islets regulate the glucose concentration to an appropriate
level. Current processes are based on laboratory-scale methodology involving pancreas digestion
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Fig. 27.1. Essential elements of
an implanted device that incor-
porates encapsulated cells, illus-
trating the case of a biohybrid ar-
tificial pancreas. Reproduced,
with permission, from Colton
(1995).



by collagenase, followed by centrifugation with Ficoll density gradients. Innovative improvements
are needed for the development of an economical large-scale process for producing large numbers
of viable and functioning islets with high yield.

Preventing Immune Rejection
Possible rejection pathways elicited by immunoisolation are shown in Fig. 27.2. The process

may begin with diffusion across the immunobarrier of immunogenic tissue antigens that have been
shed from the cell surface, secreted by live cells, or liberated from dead cells. Recognition and dis-
play of these antigens by host antigen-presenting cells initiate the cellular and humoral immune
responses. The former response leads to activation of cytotoxic cells, macrophages, and other im-
mune cells. Prevention of cells entering the tissue compartment is easily achieved using micro-
porous membranes. This may be the only requirement for immunoisolation of allogeneic tissue,
at least for periods up to several months (Korsgren and Jansson, 1994). With xenografts, keeping
out components of the humoral immune response is more difficult to accomplish. Such compo-
nents include cytokines and lymphokines (e.g., interleukin-1), which can have deleterious effects
on � cells, as well as newly formed antibodies to immunogenic antigens that have leaked across
the barrier. In addition, there may be naturally occurring antibodies, most likely IgM, to cell sur-
face antigens on xenografts. Antibodies produced during preexisting autoimmune disease, such as
type I diabetes, might also bind to cell surface antigens. Last, macrophages and certain other im-
mune cells can secrete low-molecular-weight reactive metabolites of oxygen and nitrogen, includ-
ing free radicals, hydrogen peroxide, and nitric oxide, which are toxic to cells in a nonspecific fash-
ion. The extent to which these agents may play a role in causing rejection of immunoisolated tissue
depends on how far they can diffuse before they are inactivated by chemical reactions.

Cytotoxic events occur if antibodies and complement components pass through the mem-
brane. Binding of the first component (C1q) to an IgM, or two or more IgG molecules, initiates
a cascade that culminates in the formation of the membrane attack complex, which can lyse a sin-
gle cell. IgM (910 kDa) and C1q (410 kDa) are both larger than IgG, so if host IgM and C1q can
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be prevented from crossing the barrier, then a specific, antibody-mediated attack on the islet cell
should be averted. If the alternative complement pathway is activated and not inhibited by the im-
planted tissue, then passage of C3 (200 kDa) across the membrane must also be prevented. Small
complement breakdown products, such as C5a (10 kDa), may also pose a problem (Chang, 1998).
Both IgM and C1q have a smallest dimension of about 30 nm and should be completely retained
by a membrane with a maximum pore diameter of 30 nm. The pores of a hydrophobic membrane
in contact with extracellular fluid are likely to be coated with a monolayer of protein �10 nm
thick. Thus, pores with diameters of about 50 nm would be needed to allow C1q and IgM to pass
through. Amicon PM30 polysulfone membranes with nominal cutoff of 30 kDa (Hagihara et al.,
1997) as well as Nucleopore membranes with 0.1-
m pore size (Ohgawara et al., 1998) have been
reported to prevent the permeation of C1q and smaller complement components.

The precise mechanism(s) that may play a role in rejection of encapsulated tissue are, in gen-
eral, incompletely understood, and probably depend on the specific types of cells present, the
species and its phylogenetic distance from humans, and the concentration of humoral immune
molecules to which the implanted tissue is exposed. The latter depends on the transport proper-
ties of the immunoisolation membrane, as well as on the total mass of cells implanted (which af-
fects the magnitude of the immune response), the tissue density, and the diffusion distances be-
tween tissue and immunoisolation membrane (which affect access of the humoral components
generated to the graft tissue). If free radicals and other reactive oxygen and nitrogen species pose
a significant problem, no passive membrane barrier will be able to provide immunoisolation, and
some other approach (e.g., scavenging of free radicals, immunomodulation of transplanted tissue,
local suppression of host immune response) will be necessary. However, even if this preceding is-
sue is not a problem, if complete retention of IgG (or even C1q and IgM) coupled with passage
of albumin and iron-carrying transferrin (81 kDa) is required, there remains a problem because of
the size discrimination properties of membranes in which there is invariably a wide distribution
of pore sizes. If cytokine transport must also be prevented, the problem is even more difficult.
However, some surprising results suggest it is not hopeless. Alginate poly(lysine) microcapsules,
found to be impermeable to IgG (150 kDa) and permeable to the cytokine IL-1b (17.5 kDa),
could be made permeable to transferrin but remained impermeable to the lower molecular-weight
cytokine tumor necrosis factor (TNF; 51 kDa) by increasing their guluronic acid content (Kulseng
et al., 1997). The suggested explanation for this result is that TNF in its active form is a bell-shaped
trimeric molecule consisting of three identical subunits (17 kDa), in contrast to transferrin, which
consists of one single polypeptide chain, resulting in the trimeric TNF having a more expanded
tridimensional structure.

Cell Viability and Function
Maintenance of cell viability and function is essential and is limited by the supply of nutri-

ents and oxygen. Diffusion limitations of oxygen in tissue in vivo are far more severe than those of
glucose because the concentration of glucose in tissue is many fold higher (Tannock, 1972). The
requirements of specific tissues for other small molecules and for macromolecules are poorly un-
derstood or have not yet been quantified; transport limitations for large molecules are highly de-
pendent on immunoisolation membrane properties, whereas oxygen limitations are always seri-
ous. If the local oxygen concentration drops to sufficiently low levels, the cells will die. Hypoxia
at levels high enough to keep cells alive can nonetheless have deleterious effects on cell functions
that require high cellular ATP concentrations—for example, ATP-dependent insulin secretion
(Dionne et al., 1993).

Oxygen supply to encapsulated cells depends in a complicated way on a variety of factors, in-
cluding (1) the site of implantation and the local oxygen partial pressure (pO2) in the blood, (2)
the spatial distribution of host blood vessels in the vicinity of the implant surface, (3) the oxygen
permeability of the membrane or encapsulant, (4) the oxygen consumption rate of the encapsulat-
ed cells, (5) the geometric characteristics of the implant device, and (6) the tissue density and spa-
tial arrangement of the encapsulated cells or tissues. The original concept of a biohybrid artificial
organ (Colton, 1995), and the design that has received the most extensive study in large animals, is
an intravascular arteriovenous shunt in the form of a semipermeable membrane tube through which
arterial blood flows and on the outside of which the implanted tissue is contained in a housing. This
approach provides the best physiologic oxygen supply (pO2 � 100 mmHg) but suffers from the
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need to break the cardiovascular system and may be limited to a small fraction of patients. One al-
ternative is an extravascular device in the form of a planar or cylindrical diffusion chamber im-
planted, for example, in subcutaneous tissue or intraperitoneally. Such devices are exposed to the
mean pO2 of the microvasculature, around 40 mmHg. Implantation in soft tissue is further disad-
vantaged if a foreign body response occurs, producing an avascular layer adjacent to the membrane,
typically on the order of 100 
m thick. This fibrotic tissue increases the distance between blood
vessels and implant, and the fibroblasts in that layer consume oxygen. Discovery of a class of mi-
croporous membranes that induce neovascularization at the material–tissue interface by virtue of
the membrane microarchitecture (Brauker et al., 1995) may ameliorate the severity of this problem.
The angiogenic process takes 2–3 weeks (Padera and Colton, 1996) for completion, and the vas-
cular structures remain indefinitely. By bringing some blood vessels close to the implant, oxygen de-
livery is improved. Another alternative for an extravascular implant is spherical microcapsules, im-
planted, for example, in the peritoneal space. The spherical geometry is advantageous from the
standpoint of mass transfer, but the large volume of microcapsules employed, and the tendency for
most to attach permanently to peritoneal surfaces, may lead to clinical problems.

Despite encouraging results with various tissues and applications (Aebischer and Lysaght,
1995; Colton, 1995), the problem of oxygen transport limitations is one of the major hurdles that
remain. The maximum pO2 (about 40 mmHg for the microvasculature) available for extravascu-
lar devices limits the steady-state thickness of viable tissue that can be supported. Potentially even
more severe than these steady-state limitations is the hypoxic environment surrounding the device
during the first few days after implantation. This situation is ameliorated only as new blood ves-
sels grow toward the device–host tissue interface. During this period, anoxia likely exists within
regions of the device, leading to death of a substantial fraction of the initially implanted tissue.

Islets are particularly prone to oxygen supply limitations because they have a relatively high
oxygen consumption rate (Dionne, 1990). In the normal physiologic state they are highly vascu-
larized and are supplied with blood at arterial pO2. When cultured in vitro under ambient nor-
moxic conditions, islets develop a necrotic core, the size of which increases with increasing islet
size, as is to be expected as a result of oxygen diffusion and consumption within the islet (Dionne,
1990). Despite the extensive literature on immunoisolation of islets (Colton and Avgoustiniatos,
1991; Colton, 1995), only scant attention has been paid to the issue of islet viability within im-
planted immunobarrier devices. What is clear from these collective studies is that all attempts to
support larger volumes of islet tissue in high density within the device (i.e., conditions wherein all
or most of the internal device volume is occupied by viable islet tissue) have led to massive islet
necrosis, invariably in regions furthest from the oxygen source. With few exceptions, only by sus-
pending islets in an extracellular gel matrix at very low islet volume fractions (e.g., 1–5%), which
greatly increases the size of the implanted device, have investigators been able to maintain the vi-
ability of initially loaded islets. However, use of such low tissue density puts undesirable constraints
on the maximum number of islets that can be supported in a device of a size suitable for surgical
implantation. There are some reports about the function and morphologic appearance of islets
contained within such devices (Altman et al., 1988; Brunetti et al., 1991; Colton and Avgoustini-
atos, 1991; Lacy et al., 1991; Brauker et al., 1992; Hill et al., 1992; Lanza et al., 1992a,b, 1993;
Scharp et al., 1994; Colton, 1995). Critical parameters such as the number and volume of viable
islets that could be supported, as well as the development of islet necrosis and fibrosis, are being
examined (Suzuki et al., 1998a,b, 1999). In one study (Suzuki et al., 1998b) with syngeneic trans-
plantation of islets in a titanium ring chamber into streptozotocin (STZ)-induced diabetic mice,
devices containing 250 implanted islets were rarely successful in normalizing blood glucose con-
centration at 4 weeks after transplantation, whereas the success rates were comparable using de-
vices loaded with 500, 750, and 1000 islets. The highest success rate was obtained by implanting
two devices, each loaded with 500 islets. The number of viable islets that remained at explanta-
tion between 1 and 12 weeks postimplantation was consistent with the notions that (1) the vol-
ume of viable islet tissue that can be supported by a particular device configuration is determined
primarily by the rate of supply of oxygen to the tissue contained therein, and (2) most of the loss
of viable � cell mass occurs during the first few days after transplantation as a result of the hypoxic
environment around the immunobarrier device, which presents the most severe oxygen-supply
limitations.

This problem has been observed in naked transplantation (Davalli et al., 1996) in a study in
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which syngeneic islets were transplanted under the kidney capsule of normal and diabetic mice.
In grafts harvested 1 and 3 days after transplantation, islets had undergone substantial damage, as
evidenced by the presence of apoptotic nuclei, large fused masses with central necrosis, and re-
duced graft insulin content. Tissue remodeling was evident after 7 days, and good vascularization
and oxygenation of the remaining islets were achieved at day 14. The association of apoptosis with
the loss of transplanted islets has also been observed by others (Paraskevas et al., 1997) and may
be a general response to severe hypoxia as well as perhaps other factors such as conditions of iso-
lation and culture, glycemic state, and the nonspecific inflammatory reaction associated with the
transplantation procedure. In any event, the hypoxic environment for several days following trans-
plantation is a problem common to both naked and immunobarrier transplantation.

OXYGEN-SUPPLY LIMITATIONS
Although supply of high-molecular-weight nutrients and waste elimination may be impor-

tant factors in immunoisolation, work cited in the previous section suggests that the most critical
factors affecting viability and function are the limitations imposed on oxygen supply to tissues in
immunobarrier devices. It is therefore not surprising that this area has attracted increased atten-
tion over the past few years, and work has been reported in several areas aimed at enhancing oxy-
gen supply or reducing the impact of these limitations.

Implantation Site
Gel-encapsulated tissues are often implanted intraperitoneally. The peritoneal cavity provides

a large surface area and offers the advantage of insulin delivery in the neighborhood of the portal
vein, which is more physiologic than peripheral insulin delivery obtained, for example, by subcu-
taneous implantation. However, the peritoneal cavity has several disadvantages (Leblond et al.,
1999), including delayed and reduced insulin absorption; high peritoneal macrophage population
(85% of peritoneal fluid cells), which may induce a fibrotic reaction; high mechanical stress be-
cause of continuous movement; possibility of severe pain if a peritoneal reaction occurs; clumping
of microcapsules, especially likely in large animals and humans because of the higher number of
capsules that have to be implanted; and poor cell oxygenation. The available oxygen partial pres-
sure in the peritoneal cavity is about 40 mmHg, roughly the same as in the microvasculature. This
latter factor led investigators to hypothesize that the intrapleural cavity may be a more suitable site
for cell implantation (Kaur and Vacanti, 1996) because the oxygen partial pressure of fluids in the
pleural cavity is a direct reflection of that in the inspired gas as a result of direct oxygen diffusion
across the alveoli to the intrapleural space.

The most successful site for implantation of nonencapsulated islets of Langerhans, particu-
larly in large animals and humans, is the liver, which also has a higher oxygen partial pressure.
Large microcapsules (above 700 
m in diameter) can cause large increases in portal vein pressure,
which has caused death of animal subjects. However, the use of small microcapsules, about 300

m in diameter, was found safe and appropriate for intraportal implantation (Leblond et al.,
1999). On the other hand, the physiologic suitability of the intrahepatic site for islet transplanta-
tion has been questioned (Guan et al., 1998).

Implant–Host Tissue Interface
The biologic response to the implant by the host tissue can play an important role in affect-

ing oxygen supply to the transplanted tissue. The details of that response depend in part on the
implantation site.

The presence of numerous macrophages adhered to the outer surface of various polymeric
hollow-fiber (Hunter et al., 1999) and planar ( Jesser et al., 1996) membranes implanted in the
peritoneal cavity of rats or mice has been reported. These macrophages may exacerbate oxygen-
supply limitations by virtue of their own oxygen consumption, and they have been associated with
rat islet graft disintegration or morphologic alteration (Jesser et al., 1996), leading to the sugges-
tion that these membranes are not entirely suitable for immunoisolation in the peritoneal cavity.
However, this phenomenon has also been observed with alginate microcapsules. In one study, sub-
cutaneous administration of a macrophage inhibitor eliminated the recurrent hyperglycemia ob-
served in streptozotocin-induced diabetic mice that had been treated with intraperitoneal trans-
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plantation of alginate–poly(l-lysine)–alginate-microencapsulated rat islets (Hsu et al., 1999).
Those findings are indicative of the detrimental effects associated with macrophage adherence to
intraperitoneal implants.

The presence of blood vessels in the vicinity of a device is especially important when implanted
subcutaneously because it minimizes the diffusion distance for oxygen. This principle can be il-
lustrated by the results of calculations we presented previously (Avgoustiniatos and Colton,
1997b). We analyzed oxygen diffusion and consumption in a planar diffusion chamber consisting
of dense islet tissue encapsulated between composite microporous membranes. We examined two
cases: (A) The outer membrane surface is overlaid with a 100-
m-thick avascular fibrotic capsule
containing a 10% volume fraction of respiring cells. Blood vessels of the microvasculature are pres-
ent outside of this layer. (B) Neovascularization is induced to occur at the membrane–host tissue
interface, and the outer membrane surface is taken to be uniformly exposed to the 40 mmHg oxy-
gen partial pressure of the microvasculature. In case A, the fibrotic capsule accounts for a 34 mmHg
partial pressure drop, 22 mmHg caused by the diffusion resistance of the tissue and 12 mmHg as-
sociated with oxygen consumption by the cells in the fibrotic layer. Another 5 mmHg drop occurs
across the 30-
m-thick membrane, leaving only about 1 mmHg for support of viable tissue, which
amounts to only an 18-
m-thick slab (assuming oxygen is supplied from both sides). A device
containing 1 ml of islet tissue for restoring normoglycemia in a human would require an en face
(surface) area of about 550 cm2, most likely too large to be practical. In case B, the oxygen partial
pressure at the outer surface of the transplanted tissue layer increases from 1 to 15 mmHg, and the
thickness of supportable tissue increases from 18 to 70 
m. The required surface area decreases to
about 140 cm2, a more feasible size.

The aforementioned discovery by Brauker et al. (1995) of membrane materials that induce
neovascularization leads to the presence of blood vessels in closer proximity to the transplanted tis-
sue than is the case with fibrotic tissue. A strategy of implantation involving prevascularization of
an immunoisolation device fabricated from such materials has been suggested (Padera and Colton,
1996) in order to prevent the extreme hypoxia that immediately follows implantation. However,
it is not known whether the resulting spatial distribution of vessels, especially the density of vas-
cular structures close to the membrane, attained by prevascularization is sufficient to support any
particular thickness of tissue that is added to the device. It has been suggested (Vasir et al., 1998)
that local hypoxia partially regulates neovascularization of grafted naked islets via up-regulation of
expression of vascular endothelial growth factor (VEGF), a potent angiogenic stimulus. VEGF is
presumably also secreted by islet tissue in immunoisolation devices, thereby further increasing the
extent of neovascularization. However, the critical issue is whether the oxygen supply available to
the tissue at the time of implantation is sufficient to maintain all of the tissue in a viable state.

To further enhance the extent of prevascularization, several studies have investigated use of
VEGF. In one study (Trivedi et al., 1999) using ported devices fabricated with vascularizing mem-
branes, VEGF in solution was infused at a very low rate through the device into the surrounding
tissue for 10 days. Histologic examination revealed a marked increase in vascular structures with-
in 15 
m of the membrane as well as farther away. Two days after infusion ceased, an insulin bo-
lus was infused into the device and its plasma concentration was followed with time. The rate of
insulin release into the bloodstream from the device with VEGF infusion was higher than that
from control devices (without VEGF) but lower than that resulting from subcutaneous injection.
These results are consistent with those of microdialysis studies with a similar device implanted sub-
cutaneously but without angiogenic factor infusion (Rafael et al., 1999). Exchange of glucose with
the microcirculation following intravenous glucose injection was poorer when the microdialysis
probe was placed within the device than when placed directly in the subcutaneous fat until 3
months after implantation, at which point they became similar.

In another study (Hunter et al., 1999), VEGF (referred to as endothelial cell growth factor;
ECGF) was incorporated into calcium alginate that filled the lumen of hollow-fiber membranes
(having either a continuous, smooth or a broken, rough outer surface), which were implanted ei-
ther subcutaneously or intraperitoneally for 65 days. The subcutaneous implant with the discon-
tinuous outer surface displayed marked neovascularization. The others did not. Nonetheless, re-
sults from both of these studies suggest that release of angiogenic factors into the surrounding host
tissue can increase the neovascularization around the device.
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Properties of Transplanted Tissue
Characterization of metabolic and secretory properties, such as oxygen consumption and in-

sulin secretion rate per unit volume of tissue, by cell lines as well as islet tissue from different donor
species is important for improving the performance of biohybrid artificial pancreas devices. One
source of insulin-secreting tissue is insulinoma cell lines, which offer the advantage of virtually un-
limited uniform tissue. Genetic engineering could be used to modify the insulin secretion and glu-
cose sensing so as to mimic that of native islets while maintaining or imparting new desirable prop-
erties, such as a lower oxygen consumption rate per unit volume and less susceptibility to hypoxic
conditions, for example, by the action of antiapoptotic genes. Extensive studies with various en-
capsulated cell lines, such as the �TC3, MIN6, and NOD-RIP-Tag mouse insulinoma cell lines,
have been performed for the purpose of characterizing relevant properties (Mukundan et al., 1995;
Papas et al., 1996; Benson et al., 1997; Kawakami et al., 1997; Ohgawara et al., 1998; Loudovaris
et al., 1999).

Another approach is use of primary tissue that is naturally hypoxia resistant. Tilapia, a tropi-
cal teleost fish, have large, anatomically discrete islets that are easily harvested. A study by Wright
et al. (1998) demonstrated that these tilapia islets are much less sensitive to hypoxia than are mam-
malian islets. For example, culturing under conditions of bulk medium oxygen partial pressure
around 25 mmHg resulted in uniform fragmentation and near-total necrosis of rat islets in less
than 24 hr but caused only central necrosis in fish islets at up to 1 week. Fish islet grafts exposed
to hypoxic culture for 72 hr prior to transplantation produced normoglycemia in diabetic nude
mice for various periods of time. The authors reported starting production of tilapia with “hu-
manized” tilapia insulin genes, which should result in islets that secrete humanized insulin.

In Situ Oxygen Generation
It is now established that limitations of oxygen supply may result in substantial viability loss,

especially immediately after implantation, such as observed in isogeneic islets in a planar diffusion
immunobarrier device implanted into diabetic mice (Suzuki et al., 1998a,b). One approach to
overcome the oxygen limitation problem is to supply implanted tissue with oxygen generated in
situ adjacent to one side of the immunobarrier device (Wu et al., 1999). On the other side, the ex-
terior of the device is exposed to either culture medium for in vitro studies or the host tissue for
in vivo conditions.

We have previously described in situ oxygen generation by electrolytic decomposition of wa-
ter in an electrolyzer (Wu et al., 1999). The electrolyzer is in the form of a thin, multilayer sheet,
within which electrolysis reactions take place on the anode and the cathode to form oxygen and
hydrogen, respectively (Erickson and Russell, 1977). The anode side is placed in close contact with
the immunobarrier device, which provides a continuous supply of oxygen to the implanted tissue.
The oxygen flux Ne (mol/cm2�sec) generated by the electrolyzer is related to the current I (am-
peres) applied between the electrodes by

I � nFAeNe, (1)

where n � 4 is the number of electrons required to make one molecule of oxygen, F is Faraday’s
constant (96,500 A�sec/equivalent), and Ae is the cross-sectional area through which oxygen dif-
fuses to the implanted tissue. The oxygen flux can be set at any desired level by appropriate con-
trol of the current. In the remainder of this chapter, we show how a theoretical model can be used
to analyze oxygen transport in a device of the type we previously employed (Wu et al., 1999). The
theoretical model provides estimates of the oxygen profiles in the tissue. In specific numerical ex-
amples applicable to in vivo conditions, we examine the effects of tissue thickness, oxygen flux,
and external partial pressure on oxygen profile characteristics, and on the maximum and mini-
mum oxygen partial pressures to which the tissue is exposed. We define different regimes of oper-
ation, depending on the direction of oxygen flux between the exterior and the device and the pres-
ence or absence of a nonrespiring region in the middle of the tissue caused by oxygen limitations,
and we formulate the oxygen flux requirement to avoid the development of such a region. The re-
sults of this analysis can be used to improve the design of experiments for the study of the effec-
tiveness of in situ electrochemical oxygen generation by providing estimates for the appropriate
value of imposed oxygen flux and the maximum possible viable tissue thickness.
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THEORETICAL ANALYSIS OF IN SITU OXYGEN GENERATION

Problem Formulation
We consider one-dimensional oxygen diffusion in Cartesian coordinates through a series of

layers (Fig. 27.3). Three different coordinates are used in this analysis: x is the distance from the
midplane of the implanted tissue space of thickness L (centimeters), considered positive in the di-
rection toward the electrolyzer; y and z are the distances from the interfaces between the implant-
ed tissue and membrane 1 and between the implanted tissue and the electrolyzer outer membrane,
respectively, both positive in the direction toward the implanted tissue layer.

The species conservation equation for oxygen in layer i is

(2)

where Di (cm2/sec) is the effective diffusion coefficient of oxygen in layer i, and Vi (mol/cm3�sec)
is the local oxygen consumption rate per unit volume in layer i. The local concentration of oxy-
gen ci (mol/cm3) is linearly related to the local oxygen partial pressure Pi (mmHg) in phase i by

ci � �iPi , (3)

where �i is the Bunsen solubility coefficient of oxygen in that phase (mol/cm3�mmHg). Combi-
nation of Eqs. (2) and (3) yields the species conservation equation for oxygen in phase i in terms
of the partial pressure Pi :

(4)

Use of partial pressures instead of concentrations eliminates need for partition coefficients between
adjacent phases because the partial pressures at equilibrium are equal across an interface.
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Fig. 27.3. Schematic diagram of a system, corresponding to an immunobarrier device with in 
situ oxygen electrochemical generation. The heavy curve is the oxygen partial pressure profile.
Membranes 1 (M1) and 2 (M2) constitute a laminated composite membrane (Wu et al., 1999). A
host tissue layer or a mass-transfer boundary layer (not shown) can be present outside M2. Pext
is the external oxygen partial pressure. PSm and PSe are the oxygen partial pressures at the mem-
brane–tissue interface opposite (x � �L/2) and nearest (x � L/2) the electrolyzer, respectively. PC
is the critical oxygen partial pressure below which hypoxic damage occurs and respiration ceases,
Ne is the oxygen flux generated by the electrolyzer, L is the thickness of the implanted tissue, Lm
is the maximum tissue thickness that can be supported by Pext , and Le is the maximum tissue thick-
ness that can be supported by Ne. Three alternative coordinate systems, x, y, and z, used in our
analysis, are also shown.



Except as noted, we focus on the implanted tissue in this study, and for simplicity we will omit
the subscript for this layer. With this simplification, the species conservation equation for oxygen
in the live implanted tissue within the chamber becomes

(5)

Oxygen consumption rate per unit volume V is assumed to follow Michaelis–Menten kinetics,

(6)

for P � PC, where Vmax is the maximum oxygen consumption rate per unit volume of tissue, 1 �
� is the live tissue volume fraction in the tissue layer, Km is the Michaelis–Menten constant, and
PC is the critical value of P below which oxygen consumption ceases.

Equation (4) must be solved simultaneously in all layers. At each interface between adjacent
layers i and j, there is equality in each phase between the oxygen partial pressure

Pi � Pj (7)

and oxygen flux

(8)

Equations (7) and (8) supply two boundary conditions necessary to solve Eq. (4) in all internal
layers. Two specified external conditions necessary to solve Eq. (4) everywhere are, at x � L/2.

(9)

and, at x � �(L/2 � Lext),

P � Pext, (10)

where Ne, the oxygen flux imposed by the electrolyzer, is taken to be positive in the negative x di-
rection; Lext is the sum of the layer thicknesses external to the tissue chamber at the side opposite
to the electrolyzer; and Pext is the external oxygen partial pressure, i.e., that in the microvascula-
ture for in vivo implantation or that of the bulk medium for in vitro culture.

We present here the analytical solution to Eq. (5) using zero-order kinetics [Km set equal to
0, V � Vmax(1 � �) � constant]. With PC � 0.1 mmHg (Anundi and De Groot, 1989; Chance
et al., 1973; Silver, 1973), the difference between this solution and that obtained with numerical
methods using the nonlinear Michaelis–Menten kinetics is negligible here because of the high val-
ues of P/Km attained (Avgoustiniatos and Colton, 1997a; Wu et al., 1999).

For pedagogical reasons, we choose to focus initially on the implanted tissue layer as an iso-
lated problem. In this case, the boundary conditions for the implanted tissue layer are expressed
in terms of the oxygen partial pressures PSe and PSm at the two tissue–membrane interfaces near-
est the electrolyzer and nearest the external host tissue or medium side, respectively:
at x � L/2,

P � PSe, (11)

and, at x � �L/2,

P � PSm, (12)

PSe and PSm, neither of which is known a priori, are shown in Fig. 27.3. Because the problem is
not symmetric about x � 0, PSe � PSm in general.

Two relations are needed in order to relate PSe and PSm to the known quantities Ne and Pext,
a flux boundary condition at x � L/2, Eq. (9), and a flux boundary condition at x � �L/2,
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(13)

where Nm is the oxygen flux across the tissue–membrane interface farthest from the electrolyzer,
also positive in the negative x direction. An oxygen balance around the tissue layer yields

Nm � Ne � VL; (14)

Nm can be viewed as the unused portion of the Ne passing through the tissue layer.
If no oxygen consumption occurs external to the implanted tissue, then the oxygen profile

between Pext and PSm, derived using the internal boundary conditions Eqs. (7) and (8), is com-
posed of linear segments, and the flux can be expressed by

(15)

where Rext is the sum of the diffusive mass transfer resistances in series external to the tissue. In an
in vitro experiment, Rext is associated with each of the two components of the membrane laminate
and the mass transfer boundary layer in the medium:

(16)

where M1 and M2 refer to the cell retentive and vascularizing membranes, respectively, kc � Dmed/
	c is the boundary layer mass transfer coefficient between the stirred medium and membrane M2,
and 	c is the concentration boundary layer thickness (Wu et al., 1999). If the device is implanted,
the expression equivalent to Eq. (16) would be

(17)

where the first term on the right-hand side is the diffusional resistance imposed by a host tissue
layer between M2 and the closest blood vessels (Avgoustiniatos and Colton, 1997b).

If the external layers contain respiring cells, as is the case with the host tissue layer and with
the vascularizing membrane M2 when infiltrated by cells, the effect on oxygen profiles can be con-
solidated into a correction to Pext:

(18)

where �PVi is the oxygen partial pressure drop through all layers caused by oxygen consumption
in layer i, m is the number of layers, and i � 1 refers to the live implanted tissue. This problem
has been analyzed elsewhere (Avgoustiniatos and Colton, 1997b). Oxygen consumption by cells
infiltrating the outer vascularizing membrane layer causes a negligible oxygen partial pressure drop.
Hence, the only nonnegligible term in the sum in Eq. (18) is that arising from respiration in the
host tissue layer found between the outer membrane and the nearest blood vessels,

(19)

for the typical situation where the host tissue is exposed to P � Km so that the local oxygen con-
sumption is independent of partial pressure.

Oxygen Partial Pressure Profile
Assuming that all the tissue layer is exposed to P � PC, Eq. (5) can be solved with boundary

conditions, Eqs. (11) and (12), to give
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(20)

The first two terms on the right-hand side of Eq. (20) represent the oxygen profile in the absence
of reaction but with the same surface partial pressures PSe and PSm, and the last term represents
the symmetrical reduction in local partial pressure resulting from oxygen consumption. These
terms are superimposable because V is taken as independent of P.

By differentiating Eq. (20) with respect to x and substituting the result into Eq. (9), we ob-
tain a relationship between PSe and PSm:

(21)

The first term on the right-hand side of Eq. (21) represents the partial pressure drop in the ab-
sence of reaction (i.e., the entire flux Ne passes unchanged through the tissue layer), and the sec-
ond term represents the reduction in this partial pressure drop arising from oxygen consumption.
Alternatively, expressing Ne in Eq. (21) in terms of Nm using Eq. (14) leads to

(22)

The first term on the right-hand side of Eq. (22) represents the partial pressure drop caused by the
unused flux Nm passing through the tissue layer, and the second term represents the additional
drop resulting from consumption. We can also eliminate V from Eq. (21) by expressing it in terms
of Ne and Nm using Eq. (14), which leads to

(23)

Equation (23) shows that the net pressure drop between the two tissue–membrane boundaries is
equal to the tissue diffusion resistance multiplied by the average of the flux (a linear function of x)
at the two boundaries.

We can also express both PSm and PSe in terms of the known external oxygen partial pressure
Pext. By rewriting Eq. (15) in terms of PSm and using Eq. (14) we obtain

(24)

Then, combining Eqs. (21) and (24) we also obtain

(25)

By substituting Eqs. (24) and (25) into Eq. (20), we obtain an expression for the oxygen par-
tial pressure profile in terms of Ne and Pext:

(26)

When oxygen enters the device from both sides, a minimum in the oxygen partial pressure
profile should exist. The position of the minimum can be calculated by differentiating Eq. (26)
with respect to x and setting the derivative equal to 0, at x � xmin,

(27)
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to obtain

(28)

A minimum exists when xmin � �L/2, when L � Ne/V, from Eq. (28), or when Nm  0, from
Eq. (14). Substituting Eq. (28) into Eq. (26) leads to the minimum oxygen partial pressure Pmin,

(29)

The second term on the right-hand side of Eq. (29) represents the oxygen partial pressure drop
through the external layers, and the third term represents the drop through the tissue layer that is
supported from the host tissue or culture medium side. By substituting Eqs. (28) and (29) into
Eq. (26), a simpler equation for the oxygen profile in terms of Pmin and xmin can be obtained:

(30)

Equation (30) implies that the profile is symmetrical around the minimum. However, the profile
extends to different lengths, Ne/V and L � Ne/V at the electrolyzer and external sides of the min-
imum, respectively. Using Eq. (28), we can apply Eq. (30) at the tissue–electrolyzer membrane in-
terface (x � L/2) to obtain a relationship between PSe and Pmin,

(31)

Maximum Supportable Tissue Thickness

Single layer of live tissue
The maximum thickness of viable tissue Lmax that can be supported in the device is

Lmax � Le � Lm, (32)

where Le and Lm are, respectively, the maximum tissue thickness that can be supported by the im-
posed oxygen flux, Ne, on one side and by oxygen diffusion from the host tissue or culture medi-
um on the other (Fig. 27.3). If Nm is positive, then, from Eq. (14), Ne is more than large enough
to sustain oxygen consumption by all tissue, and there is a positive flux left that exits the device.
If Nm is negative, then Ne is not large enough to sustain oxygen consumption by all tissue, and it
is complemented by an influx from the opposite side of the device. Setting Nm � 0 in Eq. (14)
leads to the maximum tissue thickness Le supportable from Ne:

(33)

The maximum tissue thickness supportable by diffusion from the exterior of the device, Lm,
may be determined by noting that when

(34)

the equations leading to Eq. (30) are still applicable along with

Pmin � PC. (35)

Substitution of Eqs. (34) and (35) into Eq. (29) results in a quadratic expression in Lm,
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(36)

the positive root of which is

(37)

Lm, the tissue thickness that can be supported from Pext, is independent of the oxygen flux Ne.
In order to have P � PC everywhere, it is necessary to satisfy

(38)

or, in terms of the adjustable oxygen flux Ne,

Ne � V (L � Lm), (39)

where Lm is given by Eq. (37). If the implanted tissue is proliferating, leading to an increase of L
with time, the minimum oxygen flux Ne necessary to prevent tissue death also increases.

Presence of nonrespiring tissue
Up to this point, we have considered only L ! Lmax, in which case there is a single layer of

live tissue. If L � Lmax, there must exist a nonrespiring region between x � �L/2 � Lm and x �
L/2 � Le in which P � PC and V � 0. Equation (20) cannot be applied in this case because it
was derived assuming a constant V throughout the tissue layer. Instead, we break the solution do-
main into two parts. For convenience, the origin of the coordinate system is placed on one or the
other implanted tissue–membrane interface.

At the electrolyzer side, the origin is at z � 0, where z � L/2 � x. Equation (5) retains the
same form in terms of z, and the boundary conditions and associated relationships at z � 0 and
z � Le are analogous to their previous form. With Pmin � PC, the solution becomes

(40)

PSe can be calculated by setting z � 0 in Eq. (40):

(41)

Taking the derivative of Eq. (40) with respect to z and applying Eq. (9) leads to Eq. (33), which
defines Le in terms of the known parameters Ne and V. Equation (40) represents a special case 
(Pmin � PC) of an alternative form of Eq. (30).

At the other side of the device, we solve Eq. (5) in an analogous way in terms of the distance
from the tissue–membrane interface, y � L/2 � x, in the domain between y � 0 and y � Lm. The
solution for the partial pressure becomes

(42)

PSm can be calculated by setting y � 0 in Eq. (42):

(43)

Taking the derivative of Eq. (42) with respect to y and applying Eqs. (13) and (15) leads to
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PSm � Pext � VLmRext. (44)

When nonrespiring tissue is present, PSm is always less than Pext, as shown by Eq. (44), because
oxygen diffuses from the exterior into the device. In contrast, PSm calculated from Eq. (24) can be
lower, equal to, or higher than Pext in the absence of nonrespiring tissue. Combination of Eqs. (43)
and (44) leads to the same quadratic expression, Eq. (36), whose positive root is the physical so-
lution for Lm given by Eq. (37).

CALCULATIONS
Using the equations derived in the previous section, we calculate oxygen profiles in im-

munoisolation devices supplied with oxygen by in situ oxygen generation. We use Vmax � 2.76 �
10�8 mol/cm3�sec, applicable to �TC3 cells (Mukundan et al., 1995), tissue density 1 � � �
0.75, characteristic of devices seeded with �TC3 cells and examined after in vitro culture (Wu 
et al., 1999), D� � 1.70 � 10�14 mol/cm�sec�mmHg, (D�)M1 � 1.95 � 10�14 mol/
cm�sec�mmHg, (D�)M2 � 2.79 � 10�14 mol/cm�sec�mmHg, LM1 � 30 
m, LM2 � 15 
m
(Avgoustiniatos and Colton, 1997b; Wu et al., 1999), and PC � 0.1 mmHg (Anundi and De
Groot, 1989; Chance et al., 1973; Silver, 1973). We assume Pext � 40 mmHg for our base case,
corresponding to the oxygen partial pressure of the microvasculature being present on the surface
of the outer membrane M2 with Lext � LM1 � LM2, and we ignore the negligible effect of cells
infiltrating M2 (Avgoustiniatos and Colton, 1997b). Using Eq. (6) with Km � 0, we calculate that
V � 2.07 � 10�8 mol/cm3�sec, and using Eq. (17) we calculate that Rext � 2.07 � 1011 mmHg/
(mol/cm2�sec).

Effect of Imposed Oxygen Flux Ne
Figure 27.4 depicts oxygen partial pressure P for different values of the imposed oxygen flux

Ne with a fixed implanted tissue layer thickness L � 200 
m. Using Eq. (37), Lm � 53 
m in all
cases. The five curves correspond to different types of behavior (Table 27.1). For Ne � 5 � 10�10

mol/cm2�sec, L  Le, P increases monotonically in the y direction, the oxygen generated is suffi-
cient to sustain consumption by all tissue, and there is still some left that exits to the device exte-
rior through the membranes. As Ne decreases, PSe does also. This is consistent with the first de-
rivative of PSe with respect to Ne, as given by Eq. (25) or Eq. (41), always being positive. At Ne �
4.14 � 10�10 mol/cm2�sec, L � Le, and the oxygen generated is just enough to sustain con-
sumption by all tissue. P increases monotonically with y, and there is no net oxygen transport
through the external membrane layers, where dP/dy � 0. At Ne � 3.5 � 10�10 mol/cm2�sec, Le
 L  Lmax, and oxygen supplied by the electrolyzer is not enough to support all tissue; oxygen
enters the tissue layer from both sides, resulting in a minimum in the oxygen profile (Pmin � 21
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Fig. 27.4. Oxygen partial pressure P as a function of the
distance y from the M1–tissue interface for different values
of the oxygen flux Ne generated by the electrolyzer. The
five curves correspond to five different types of behavior,
delineated in Table 27.1. In all cases Pext � 40 mmHg, 
Lm � 53 mm, and L � 200 mm.



mmHg) at y � L � Le � 31 
m. At Ne � 3.04 � 10�10 mol/cm2�sec, the tissue thickness is ex-
actly the maximum that can be supported from both sides, L � Lmax, all the tissue is still viable,
and Pmin drops to PC at a single point, y � Lm � L � Le. At the lowest flux, 2 � 10�10 mol/
cm2�sec, for which L � Lmax, the combination of Ne and Nm is insufficient to sustain consump-
tion throughout the entire tissue thickness, and a nonrespiring region develops between y � Lm
� 53 
m and y � L � Le � 103 
m, all of which is exposed to P � PC. The latter two profiles
are identical at the host side of the device, whereas they differ by a displacement in the y direction
at the electrolyzer side. This occurs because, once Pmin falls to PC, a nonrespiring region develops,
and oxygen transport at the two sides of this region is decoupled.

For a device with fixed L � 200 
m having the entire space filled with tissue and alginate 
(1 � � � 0.75), Ne � 3.04 � 10�10 mol/cm2�sec corresponds to the minimum oxygen flux that
prevents development of a nonrespiring region. If the formation of such a region must be avoid-
ed, Ne should be adjusted higher. If a cell line is used, its proliferation must be controlled. As-
suming that other nutrients or metabolic factors are not restrictive, uncontrollable proliferation
should eventually lead to the presence of two layers of live tissue next to the membranes of the de-
vice, one supplied with oxygen by the electrolyzer and the other from the exterior of the device,
with a layer of nonrespiring tissue in between. Histologic sections of tissue having these charac-
teristics have indeed been described (Colton, 1995) in devices implanted without in situ oxygen
generation. In general, one should expect proliferation to continue where P is high, and the non-
respiring region to expand where P is lowest, in the middle section of the device, until such time
as proliferation is shut off by biological means or the buildup of internal mechanical forces leads
to cessation of proliferation or destruction of the device.

Effect of Tissue Thickness L
Variation of the tissue thickness L is examined in Fig. 27.5 for Ne � 3.5 � 10�10 mol/

cm2�sec, corresponding to the middle profile in Fig. 27.4. In this case, Le � 169, Lm � 53, and
Lmax � 222 
m for all curves. For L  169 
m � Le, P increases monotonically in the y direc-
tion, the oxygen generated is sufficient to sustain oxygen consumption by all tissue, and there is
still some oxygen left that exits to the device exterior through the membrane. This applies to the
curves for the four smallest thicknesses shown in Fig. 27.5. The remaining curves correspond to
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Table 27.1. Characteristics of curves in Figs. 27.4–27.6

Oxygen partial pressure

Figure Oxygen flux Ne

Tissue thickness (�m) (mmHg)b

Number (mol/cm2 � sec � 1010) Le Lm L Regimea Pext PSm Pmin PSe

27.4 5.0 242 53 200 Le � L 40 58 58 403
4.14 200 53 200 Le � L 40 40 40 284
3.5 169 53 200 Le  L  Le � Lm 40 27 21 195
3.04 147 53 200 L � Le � Lm 40 17 0.1 132
2.0 97 53 200 L � Le � Lm 40 17 0.1 57

27.5 3.5 169 53 0 Le � L 40 113 113 113
3.5 169 53 50 Le � L 40 91 91 179
3.5 169 53 100 Le � L 40 70 70 215
3.5 169 53 134 Le � L � L* 40 55 55 222
3.5 169 53 169 Le � L 40 40 40 214
3.5 169 53 200 Le  L Le � Lm 40 27 21 195
3.5 169 53 222 L � Le � Lm 40 17 0.1 174
3.5 169 53 250 L � Le � Lm 40 17 0.1 174

27.6 2.5 121 98 200 Le  L  Le � Lm 100 66 27 116
2.5 121 79 200 L � Le � Lm 72.3 38 0.1 89
2.5 121 53 200 L � Le � Lm 40 17 0.1 89

aLe, Lm, and L* are given by Eqs. (33), (37), and (45), respectively.
bPSm, Pmin, and PSe are given by Eqs. (24), (29), and (25), respectively.



other types of behavior (see Table 27.1). For L � 169 
m � Le, P increases monotonically with
y, and there is no net oxygen transport through the external membrane layers, where dP/dy � 0.
For Le  L � 200 
m  Lmax, oxygen supplied by the electrolyzer is not enough to support all
tissue. Oxygen enters the tissue layer from both sides, resulting in a minimum (Pmin � 21 mmHg)
in the oxygen profile where the two fronts meet at y � L � Le � 31 
m. This curve is identical
to the middle curve in Fig. 27.4. For L � 222 
m � Lmax, the tissue thickness is exactly the max-
imum that can be supported from both sides. All the tissue is still viable, and Pmin drops to PC at
a single point, y � Lm � L � Le. At 250 
m, for which L � Lmax, the combined oxygen flux
from each side is insufficient to sustain consumption throughout the entire tissue thickness, and
a nonrespiring region develops between y � Lm � 53 
m and y � L � Le � 81 
m. In analogy
to curves in Fig. 27.4, the latter two profiles are identical at the host side of the device, while they
differ by a displacement in the y direction at the electrolyzer side.

In contrast to Fig. 27.4, where PSe decreased monotonically with Ne, Fig. 27.5 shows that PSe
goes through a maximum as L increases. That maximum must occur for L ! Lmax, because PSe
does not vary with L when L " Lmax. The value of this maximum partial pressure can be obtained
by differentiating Eq. (25) with respect to L and setting the derivative equal to 0, which yields the
length L* at which PSe is maximized:

L* � Le � D�Rext. (45)

If L* ! 0, the maximum in PSe occurs as L r 0 and, from Eq. (25), is equal to Pext � NeRext. Sub-
stituting L* for L in Eq. (25) gives, for L* � 0,

(46)

For the conditions applying to Fig. 27.5, Eqs. (45) and (46) give L* � 134 
m and (PSe)max �
222 mmHg, the curve for which is plotted in Fig. 27.5. The dashed line in Fig. 27.5 connects the
highest points of all oxygen profiles and is therefore a plot of PSe as a function of L.

The existence of this maximum can be understood by rewriting Eq. (25) as

(47)

The second term on the right-hand side of Eq. (47) is the partial pressure drop associated with the
imposed oxygen flux Ne in the absence of reaction, and the third term is the reduction in this par-
tial pressure drop associated with oxygen consumption. For L  L*, as L increases, the term asso-
ciated with Ne increases faster than the term associated with consumption, and PSe increases. For
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Fig. 27.5. Oxygen partial pressure P as a function of the
distance y from the M1–tissue interface, for different val-
ues of the tissue thickness L. The characteristics of the
curves are delineated in Table 27.1. The dashed line con-
necting the highest points of each oxygen profile is a plot
of PSe as a function of L. In all cases Pext � 40 mmHg, 
Lm � 53 mm, Ne � 3.5 � 10�10 mol/cm2�sec, and Le �
169 mm.



L � L*, the second-order dependence on L in the consumption term prevails and PSe drops with
increasing L, until L reaches Lmax, beyond which point PSe remains constant.

Effect of External Oxygen Partial Pressure Pext
Figure 27.6 shows the effect of Pext on oxygen profiles for a device with L � 200 
m and Ne

� 2.5 � 10�10 mol/cm2�sec. Le � 121 
m for all curves, but Lm varies because it depends on
Pext, as shown by Eq. (37). The three curves shown correspond to different types of behavior (see
Table 27.1). For Pext � 100 mmHg, corresponding to the oxygen partial pressure in arterial blood,
Lm � 98 
m, Le  L  Lmax, and the two fronts of oxygen entering the device from both sides
meet, resulting in a minimum (Pmin � 27 mmHg) at y � L � Le � 79 
m. For Pext � 72.3
mmHg, Lm � 79 
m, the tissue thickness is the maximum that can be supported from both sides,
L � Lmax, and Pmin � PC at one point, y � Lm � L � Le. At 40 mmHg, Lm � 53 
m, and L
� Lmax. The combined oxygen flux from each side is insufficient to sustain consumption by all
tissue, and a nonrespiring region develops between y � Lm � 53 
m and y � L � Le � 79 
m.

CONCLUDING REMARKS
Our analysis provides estimates of oxygen profiles in implanted tissue within a planar im-

munobarrier device with in situ electrochemical generation for different values of the adjustable
oxygen flux Ne, the tissue thickness L, and the external oxygen partial pressure Pext. It can also be
used to predict the effects of other parameters, for example, the tissue density 1 � � and the max-
imum oxygen consumption rate per unit volume of the implanted tissue, Vmax. Evaluation of oxy-
gen profile characteristics, including the minimum and maximum values of oxygen partial pres-
sure within the tissue, allows for the appropriate selection of the oxygen flux Ne and the tissue
thickness L so as to avoid the loss of tissue viability and function associated with the development
of a nonrespiring region. If a proliferating cell line is used, its proliferation must be controlled to
avoid the development of such a region. The results of this analysis can be extended to study the
possible development of damaging hyperoxic conditions and to assist in the prediction of the se-
cretory function of the implanted tissue.
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INTRODUCTION

The first reported transplantation of human fetal tissue took place in 1922, when a fetal adrenal
graft was transplanted into a patient with Addison’s disease (Hurst et al., 1922). A few years lat-

er, in 1928, fetal pancreatic cells were transplanted in an attempt to treat diabetes mellitus (Fichera,
1928). In 1957, a fetal bone marrow transplantation program was first undertaken (Thomas et al.,
1957). All of those initial experiments involving human fetal tissue transplantation failed, and it is
only in the past two decades that fetal tissue transplantation in humans has started to yield favor-
able outcomes. A number of therapeutic applications of fetal tissue have already been explored, with
variable results. Nonetheless, to date, the vast majority of studies have involved simply fetal cell, tis-
sue, or organ transplantation, without any tissue engineering sensu strictu.

Fetal tissue has also been utilized as a valuable investigational tool in biomedical science since
the 1930s. Embryologists, anatomists, and physiologists have studied fetal metabolism, fetopla-
cental unit function, premature life support, and brain activity in previable fetuses (Klopper and
Diczfalusy, 1969; Diczfalusy, 1974). In vitro applications of fetal tissue are well established and
somewhat common. Cultures of different fetal cell lines, as well as commercial preparations of hu-
man fetal tissue, have been routinely used in the study of normal human development and neo-
plasias, in genetic diagnosis, in viral isolation and culture, and to produce vaccines (Haase, 1987;
Lehrman, 1988; American Medical Association, 1990). Biotechnology, pharmaceutical, and cos-
metic companies have employed fetal cells and extraembryonic structures such as placenta, am-
nion, and the umbilical cord to develop new products and to screen them for toxicity, terato-
genicity, and carcinogenicity (Hansen and Sladek, 1989; Vawter et al., 1990). Fetal tissue banks
have been operating in the United States and abroad for many years as sources of various fetal cell
lines for research (Rojansky and Schenker, 1993).

Considering that a large body of data has emerged from research involving fetal cells or tis-
sues and that attempts at engineering virtually every mammalian tissue have already taken place,
it is highly surprising that most fetal cell lines are yet to be explored for actual tissue engineering
purposes. The true engineering of fetal tissue, through culture and placement of fetal cells into ma-
trices or membranes, or through other in vitro manipulations prior to implantation, has barely be-
gun to be investigated. Human studies are yet to be performed and very few animal experiments
have been reported thus far (Vacanti et al., 1988; Cusik et al., 1995; Fauza et al., 1998a,b). Fetal
cells were first used experimentally in engineered constructs by Vacanti et al. (1988). Interesting-
ly, this investigation was part of the introductory study on selective cell transplantation using
bioabsorbable, synthetic polymers as matrices. This same group performed another study involv-
ing fetal cells in 1995 (Cusik et al., 1995). Both experiments, in rats, did not include structural re-
placement or functional studies. The use of fetal constructs as a means of structural and functional
replacement in large animal models was first reported experimentally only in 1997 (Fauza et al.,
1998a,b). This chapter starts to explore the still exceedingly new field of fetal tissue engineering,
along with a general overview of fetal cell and tissue transplantation.
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GENERAL CHARACTERISTICS OF FETAL CELLS
Immunologic rejection (in nonautologous applications), growth limitations, differentiation

and function restraints, incorporation barriers, and cell/tissue delivery difficulties are well-known
complications of tissue engineering. Likely, many of those problems could be better managed, if
not totally prevented, if fetal tissue was used. Due to their properties both in vitro and in vivo, fe-
tal cells are, potentially, an excellent “raw material” for tissue engineering.

In Vitro
Compared with cells harvested postnatally, most fetal cells multiply more rapidly and more

often in culture (Vacanti et al., 1988; Fine, 1994; Cusik et al., 1995; Qu et al., 1996; Fauza et al.,
1998a,b). Depending on the cell line considered, however, this increased proliferation is more or
less pronounced, or, in a few cases, not evident at all (Vacanti et al., 1988; Fauza et al., 1998a,b,
2000).

Because they are very plastic in their differentiation potential, fetal cells respond better than
mature cells to environmental cues (Fine, 1994). Limited data from fetal myoblasts and osteoblasts
suggest that purposeful manipulations in culture or in a bioreactor can be designed to steer fetal
cells to produce improved constructs (Qu et al., 1996; Fauza et al., 2000). Fetal cells can survive
at lower oxygen tensions than those tolerated by mature cells and are therefore more resistant to
ischemia during in vitro manipulations (Wong, 1988). They also commonly lack long extensions
and strong intercellular adhesions (Wong, 1988; Dekel et al., 1997). Probably because of those
characteristics, fetal cells display better survival after refrigeration and cryopreservation protocols
when compared with adult cells (Groscurth et al., 1986; Wong, 1988; Fine, 1994). This enhanced
endurance during cryopreservation, however, seems to be tissue specific. For instance, data from
primates and humans have shown that fetal hematopoietic stem cells, as well as fetal lung, kidney,
intestine, thyroid, and brain tissues, can be well preserved at low temperatures, whereas non-
hematopoietic liver and spleen tissues can also be cryopreserved, but not as easily [Gage et al., 1985;
Groscurth et al., 1986; National Institutes of Health (NIH), 1988; Crombleholme et al., 1991;
Andreoletti et al., 1997; Mychaliska et al., 1998; Surbek et al., 1998].

In Vivo
The expression of major histocompatibility complex (H-2) antigens in the fetus, and hence,

fetal allograft survival in immunocompetent recipients, are age and tissue specific (Garvey et al.,
1980; Kirkwood and Billington, 1981; Statter et al., 1988; Strong, 1991; Edwards, 1992; Foglia
et al., 1986a,b; Bakay et al., 1998). The same applies to fetal allograft growth, maturation, and
function (Gonet and Renold, 1965; Mullen et al., 1977; Foglia et al., 1986a; Guvenc et al., 1997).
At least in fetal mice, the precise gestational time of detection of H-2 antigen expression and the
proportion of cells expressing these determinants depend on inbred strain, specific haplotype, tis-
sue of origin, and antiserum batch employed (Kirkwood and Billington, 1981). Nevertheless, the
precise factors governing the timing and tissue-specificity of H-2 antigen expression are yet to be
determined in most species, including humans.

In addition to H-2 antigen expression, other mechanisms also seem to govern fetal immuno-
genicity. A study in mice suggests that, by catabolizing tryptophan, the mammalian conceptus sup-
presses T cell activity and defends itself against rejection by the mother (Munn et al., 1998). In
humans, fetal cells can be found in the maternal circulation in most pregnancies and fetal pro-gen-
itor cells have been found to persist in the circulation of women many years after childbirth (Artlett
et al., 1998; Nelson et al., 1998). These preliminary data allow us to suppose that engineered con-
structs made with fetal cells should be less susceptible to rejection in allologous applications.
Xenograft implantations may also become viable, because initial studies suggest that fetal and em-
bryonic cells are also better tolerated in cross-species transplantations, including in humans (Bor-
longan et al., 1996; Deacon et al., 1997; Dekel et al., 1997; Ourednick et al., 1998; Reinholt et
al., 1998). On the other hand, while less immunogenic, some fetal cells may be too immature and
functionally limited, if harvested too early (Hullett et al., 1987; Laferty, 1988). Yet, experimental
models of fetal islet pancreatic cell transplantation have shown that, with time, the initially im-
mature and functionally limited cells will grow, develop, and eventually function normally (Hul-
lett et al., 1987). Conversely, however, certain cells, such as those from rat striatum, actually func-
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tion better after implantation if harvested early, as opposed to late, in gestation (Fricker et al.,
1997).

Fetal cells may produce high levels of angiogenic and trophic factors that enhance their abil-
ity to grow once grafted (Bjorklund et al., 1987). By the same token, those factors may also facil-
itate regeneration of surrounding host tissues (Bjorklund et al., 1987). Interestingly, significant
clinical and hematologic improvements have been described following fetal liver stem cell trans-
plantation in humans, even when there is no evidence of engraftment (Amos and Gordon, 1995).
These improvements have been attributed to regeneration of autologous hematopoiesis and inhi-
bition of tumor cell growth promoted by the infused cells, through mechanisms yet to be deter-
mined (Thomas, 1993). The underdifferentiated state of fetal cells also optimizes engraftment, by
allowing them to grow, elongate, migrate, and establish functional connections with other cells
(Fine, 1994).

Applications
Because of all the general benefits derived from the use of fetal cells, along with others spe-

cific to each cell line, several types of fetal cellular transplantation have been investigated experi-
mentally or employed in humans for decades now. Clinically, fetal cells have been useful in a num-
ber of different conditions, including Parkinson’s and Huntington’s diseases (Hoffer et al., 1988;
Lindvall et al., 1990; Kopyov et al., 1998; Tabbal et al., 1998), diabetes mellitus (Laferty, 1988;
Lehrman, 1988), aplastic anemia (Kansal et al., 1979; Harousseau et al., 1980; Lucarelli et al.,
1980; Kochupillai et al., 1987a; Lehrman, 1988; Han et al., 1990), Wiskott–Aldrich syndrome
(Broxmeyer et al., 1994; Wagner et al., 1995; Lu et al., 1996), thymic aplasia (DiGeorge syndrome)
and thymic hypoplasia with abnormal immunoglobulin syndrome (Nezelof syndrome) (Harboe
et al., 1966; August et al., 1968; Cleveland et al., 1968; Ammann et al., 1975; NIH, 1988), tha-
lassemia (Fine, 1994), Fanconi anemia (Gluckman et al., 1989); acute myelogenous and lym-
phoblastic leukemias (Lucarelli et al., 1980; Kochupillai et al., 1987b; NIH, 1988; Vilmer et al.,
1992; Wagner et al., 1995), Philadelphia chromosome-positive chronic myeloid leukemia (Bog-
danic et al., 1993), X-linked lymphoproliferative syndrome (Vowels et al., 1993; Lu et al., 1996),
neuroblastoma (Wagner et al., 1992, 1995; Lu et al., 1996), severe combined immunodeficiency
syndrome (Githens et al., 1973; Buckley et al., 1976; O’Reilly et al., 1980; Loudon and Thomp-
son, 1988; NIH, 1988), hemophilia (Fine, 1994), skin reconstruction (Fine, 1994), and neu-
rosensory hypoacusis (Magomedov, 1998). Fetal cells have also been applied to treat inborn 
errors of metabolism, including Gaucher’s disease, Fabry’s disease, fucosidosis, Hurler’s syn-
drome, metachromatic leukodystrophy, Hunter’s syndrome, glycogenosis, Sanfilippo’s syndrome,
Morquio syndrome type B, and Niemann–Pick disease (Touraine, 1983, 1989; Touraine et al.,
1991; Fine, 1994). Experimentally, fetal cell and organ transplantation has been studied in an ever-
expanding array of diseases (Crombleholme and Harrison, 1990; Nozawa et al., 1991; Czech and
Sagen, 1995; Fine, 1994; Borlongan et al., 1997; Khan et al., 1997; Scorsin et al., 1997; Winkler
et al., 1998). Nonetheless, actual fetal tissue engineering as a therapeutic means has barely started
to be explored, with very few studies undertaken thus far; these will be discussed later in more de-
tail (Fauza et al., 1998a,b, 2000; D. O. Fauza, J. Sperling, and J. P. Vacanti, unpublished data,
1999).

THE FETUS AS A TRANSPLANTATION HOST
Although there has been no account yet of a fetus receiving an engineered construct in utero,

one could envision a number of advantages of such a procedure, not only from a theoretical per-
spective, but also from clinical and experimental evidence derived from intrauterine cellular trans-
plantation studies already reported. Those potential advantages encompass induction of graft tol-
erance in the fetus, due to its immunologic immaturity; induction of donor-specific tolerance in
the fetus by concurrent or previous intrauterine transplantation of hematopoietic progenitor cells;
a completely sterile environment; the presence of hormones, cytokines, and other intercellular sig-
naling factors that may enhance graft survival and development; the unique wound healing prop-
erties of the fetus; and early prevention of clinical manifestations of disease, before they can cause
irreversible damage. Most of those advantages should be more or less evident, depending on the
gestational timing of transplantation.
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Fetal Immune Development
Among the potential benefits of in utero transplantation, the singularity of the fetal immune

system deserves special attention. In that respect, basic research on fetal development, as well as
studies involving pre- and postnatal transplantation of lymphohematopoietic fetal cells, have con-
tributed to a better understanding of the fetal immune response.

Fetal tolerance resulting in permanent chimerism has been shown to occur in nature in non-
identical twins with shared placental circulation (Lillie, 1916; Owen, 1945). Little is known, how-
ever, about precisely when and by what mechanism this tolerance is lost. During fetal develop-
ment, the precursors of the hematopoietic stem cells arise in the yolk sac, migrate to the fetal liver,
and then migrate to the thymus, spleen, and bone marrow (Metcalf and Moore, 1971). The fetal
liver has its highest concentration of hematopoietic stem cells between weeks 4 and the 20 of ges-
tation (Gale, 1987). Because of their cellular immunologic “immaturity,” the fetal liver and, to a
lesser extent, the fetal thymus have been studied as potential sources of hematopoietic stem cells
for major histocompatibility complex-incompatible bone marrow transplantation for almost four
decades now (Uphoff, 1958; Bodley et al., 1961; Amos and Gordon, 1995). Umbilical cord blood
can also be a source of hematopoietic stem cells, but it has been applied mostly between relatives,
although some success with unrelated, mismatched cord blood has also been reported (Gluckman
et al., 1989; Vilmer et al., 1992; Wagner et al., 1992; Bogdanic et al., 1993; Vowels et al., 1993;
Wengler et al., 1996).

Lymphocytes capable of eliciting graft-versus-host disease (GVHD) are found in the thymus
by week 14 of gestation, but are not detectable in the liver until week 18 (O’Reilly et al., 1983).
Despite considerable numbers of granulocyte–macrophage colony-forming cells, there is an al-
most complete absence of mature T cells up to week 14 in human fetal livers (Phan et al., 1989).
During gestation, B cell development takes place mostly in the liver and T cell development oc-
curs predominantly in the thymus. This specificity is probably the reason why fetal liver cells are
immunoincompetent for cell-mediated and T cell-supported humoral reactions, such as graft re-
jections and GVHD. Thus, in principle, tissue matching is not necessary in fetal liver transplan-
tation, if the harvest occurs up to a certain point in gestation. In a number of animal models, stud-
ies have shown that fetal liver cells induce no or merely moderate GVHD in histoincompatible
donor/recipient pairs (Uphoff, 1958; Porter, 1959; Van-Putten et al., 1968; Bortin and Saltztein,
1969; Perryman et al., 198s; Prümmer et al., 1985).

Umbilical cord blood and placental blood, on the other hand, although rich in hematopoiet-
ic progenitor cells, contain alloreactive lymphocytes (Clement et al., 1990; Deadcock et al., 1992;
Fischer et al., 1992; Harris et al., 1992; Rabian-Herzog et al., 1992; Amos and Gordon, 1995).
These lymphocytes are also immature, but it is unclear whether they are more or less reactive than
adult ones. Compared with those from adult blood, the proportions of activated T cells and
helper–inducer subsets (CD4/29) are significantly reduced, whereas the helper–suppressor (CD4/
45A) subset is significantly increased (Amos and Gordon, 1995). Cord blood natural killer cell ac-
tivity is low or similar to that in adult blood, but lymphokine-activated killer cell activity may be
higher (Keever, 1993; Gaddy et al., 1995).

Although fetal liver stem cells should not cause GVHD, they could still be subject to rejec-
tion. Because of that, fetal liver stem cell transplantation has been attempted in the clinical setting
mainly in patients with depressed immune function, such as in immunodeficiencies, replacement
therapy during bone marrow compromise, and during fetal life (in utero transplantation). The
same principle applies to the use of fetal thymus. No fatal cases of GVHD have been reported in
patients who received fetal liver stem cells harvested before week 14 of gestation (Amos and Gor-
don, 1995). This complication, however, has been reported in a patient who received liver cells
from a 16-week-old fetus (Lucarelli et al., 1979). With umbilical cord blood stem cell transplan-
tation, the incidence of GVHD has been minimal (Gluckman et al., 1989; Vilmer et al., 1992;
Wagner et al., 1992; Bogdanic et al., 1993; Vowels et al., 1993; Broxmeyer et al., 1994; Lu et al.,
1996; Wengler et al., 1996).

Applications of in utero transplantation
Cellular intrauterine transplantation has been employed clinically to treat lymphohe-

matopoietic diseases, inborn errors of metabolism, and genetic disorders, with some success (Simp-
son and Golbus, 1985; Slavin et al., 1989; Touraine et al., 1989, 1991, 1992; Touraine, 1991,
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1996; Raudrant et al., 1992; Wengler et al., 1996; Zanjani et al., 1997; Hayward et al., 1998). De-
termination of the optimal gestational age for transplantation, along with cell selection, route of
cell administration, and postinterventional tocolysis, are still evolving (Metcalf and Moore, 1971;
Crombleholme et al., 1991; Flake and Harrison, 1995; Zanjani et al., 1997; Fauza et al., 1999).

Through in utero transplantation of hematopoietic progenitor cells, both allogeneic and xeno-
geneic chimerisms have been induced in animal models and allogeneic chimerism has been
achieved in humans (Billingham et al., 1953; Binns, 1967; Zanjani et al., 1995; Wengler et al.,
1996; Yuh et al., 1997; Hayward et al., 1998; Tanaka et al., 1998). Animal studies have shown in-
duction of donor-specific allogeneic and xenogeneic tolerance in the fetus by intrauterine trans-
plantation of hematopoietic stem cells, improving survival of other grafts later in life (West et al.,
1994; Yuh et al., 1997; Tanaka et al., 1998). Tolerance, or lack thereof, of allogeneic or xenogene-
ic intrauterine implantation of engineered constructs remains to be determined, however. Like-
wise, potential therapeutical benefits of prenatal autologous implantation of engineered tissue, as
well as likely advantages stemming from the commonly scarless fetal wound healing, are yet to be
explored.

FETAL TISSUE ENGINEERING
Vacanti et al. (1988) were the first to make use of fetal cells in engineered constucts. The ex-

periment, in rats, used fetal cells from the liver, intestine, and pancreas, which were cultured, seed-
ed on bioabsorbable matrices, and later implanted. The fetal constructs were implanted in het-
erologous fashion and heterotopically, namely, in the interscapular fat, omentum, and mesentery,
with no structural replacement. They were removed for histologic analysis no later than 2 weeks
after implantation. Successful engraftment was observed in some animals that received hepatic and
intestinal constructs, but in none that received pancreatic ones.

Only in 1995 was a second study performed, by the same group, involving fetal liver con-
structs, also implanted in heterologous and heterotopic fashion in rats (Cusick et al., 1995). Fetal
hepatocytes were shown to proliferate to a greater extent than adult ones in culture and to yield
higher cross-sectional cell area at the implant. As in the first experiment, neither structural re-
placement nor functional studies were included. Fetal constructs as a means of structural and func-
tional replacement, in autologous fashion, in large-animal models, were first reported experimen-
tally in 1997 (Fauza et al., 1998a,b). Those studies, which involved treatment of surgically created
congenital anomalies with fetal-engineered tissue, are discussed below.

Congenital Anomalies
Major congenital anomalies are present in approximately 3% of all newborns (McKusick,

1990). Those diseases are responsible for nearly 20% of deaths occurring in the neonatal period
and even higher morbidity rates during childhood (Anonymous, 1989). By definition, birth de-
fects entail loss and/or malformation of tissues or organs. Treatment of many of those congenital
anomalies is often hindered by the scarce availability of normal tissues or organs, either in autol-
ogous or allologous fashion, mainly at birth. Autologous grafting is frequently not an option in
newborns due to donor site size limitations, and the well-known severe donor shortage observed
in practically all areas of transplantation is even more critical during the neonatal period.

A novel concept in perinatal surgery has been introduced, involving minimally invasive har-
vest of fetal tissue, which is then engineered in vitro in parallel to the remainder of gestation, so
that an infant with a prenatally diagnosed birth defect can benefit from having autologous, ex-
panded tissue readily available for surgical implantation in the neonatal period (Fig. 28.1). (Fauza
et al., 1998a,b, 2000). Three studies utilizing this concept have been reported at this time (Fauza
et al., 1998a,b, 2000). Each study involved a different model of a congenital anomaly, namely,
bladder exstrophy, skin, and diaphragmatic defects. In all experiments, harvest of fetal tissue was
by videofetoscopy (Figs. 28.2 and 28.3).

In the bladder reconstruction study, fetal lambs underwent surgical creation of a bladder
exstrophy defect. One group of animals had their bladder exstrophy primarily closed and anoth-
er group underwent bladder augmentation with engineered, autologous fetal bladder tissue at
birth. Fetal detrusor cells proliferated in culture significantly faster than adult ones (up to four-
fold) (Fig. 28.4). Fetal urothelial cells proliferated at expected postnatal rates. The engineered blad-
ders were radiologically normal at 3 weeks postimplantaiton (Fig. 28.5). At 2 months postopera-

28 Fetal Tissue 357



tivelly, after the synthetic matrix had already been reabsorbed, the engineered bladders were more
compliant than those primarily closed (Fig. 28.6). Histologic analysis of the engineered tissue
showed a multilayered, pseudostratified urothelial lining (transitional epithelium) on its luminal
side and overlying layers of smooth muscle cells surrounded by connective tissue. The microscop-
ic architecture of the engineered mucosa was distinct from, but resembled that of, native bladder
(Fig. 28.7). The muscular layer was hypertrophied in the exstrophic bladders primarily closed, as
expected, but normal in the engineered bladders (Fig. 28.8).

In the skin replacement study, animals were their own controls, each with two experimental
skin defects treated either with an engineered, autologous fetal skin tissue, or with an acellular
biodegradable scaffold equal to the one used for the engineered skin. Fetal dermal fibroblasts mul-
tiplied significantly faster in vitro (approximately fivefold) than the same cells harvested postna-
tally. Fetal keratinocytes multiplied at expected postnatal rates. The engineered skin grafts induced
faster epithelization of the wound (partial at 1 week and complete between 2 and 3 weeks post-
operatively) compared with the acellular ones (partial at 3 weeks and complete between 3 and 4
weeks postoperatively) (Fig. 28.9). Time-matched histologic analysis of skin architecture showed
a higher level of epidermal/dermal organization, richer vascularization, and less dermal scarring in
the wounds that received the engineered skin, compared with those that received the acellular ma-
trices (Fig. 28.9). Normal skin annexes were not observed in any grafted area up to 2 months post-
operatively, albeit some areas that received engineered skin showed an architectural pattern com-
patible with ongoing adnexal development at 8 weeks postimplantation (Fig. 28.9).

Given the limitations of autologous grafting and transplantation during the neonatal period,
autologous fetal tissue engineering may well become the only alternative for the treatment of a
number of life-threatening congenital anomalies in which new tissue is needed to repair a defect
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Fig. 28.1. Diagram representing
the concept of fetal tissue engi-
neering for surgical treatment of
birth defects. A fetus with a pre-
natally diagnosed congenital
anomaly undergoes tissue har-
vest, preferably though minimal-
ly invasive technique. The tissue
is then processed and engi-
neered in vitro while pregnancy
continues, so that the newborn
can benefit from having autolo-
gous, expanded tissue promptly
available for reconstruction at
birth.

Fig. 28.2. Diagram representing
the surgical setup for video-
fetoscopic (minimally invasive)
harvest of tissue from fetal 
lambs. Semiflexible, balloon-
tipped cannulas are used through
the access ports to the uterus in
order to prevent dissection of 
the gestational membranes from
the myometrium. Continuous
warmed saline amnioinfusion is
necessary for proper visualiza-
tion of the operating field.
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Fig. 28.3. Videofetoscopic view of the harvest of a fetal lamb’s bladder specimen for tissue engi-
neering purposes. B, Exstrophic bladder; S, bladder specimen; U, umbilical cord. The arrows point
toward titanium clips placed on the harvested bed of the bladder to prevent fetal evisceration. Re-
produced with permission from Fauza et al. (1998a).

Fig. 28.4. Phase microscopy view of fetal detrusor cells completely filling the culture plate only 3
days after harvest (�100). Reproduced with permission from Fauza et al. (1998a).



at birth. In many severe but non-life-threatening conditions, this therapeutic concept may also be-
come first choice, as suggested by the functional results of the bladder augmentation study (Fauza
et al., 1998a). This concept can be applied to virtually any cell line. It can also include in utero im-
plantation of the engineered construct, as well as different forms of cell manipulation in vitro, pri-
or to implantation (Fauza et al., 2000; D. O. Fauza, J. Sperling, and J. P. Vacanti, unpublished
data, 1999). Fetal cells can also be frozen, stored, and implanted later in life, either in autologous
or allologous fashion (D. O. Fauza et al., unpublished data, 2000). All those possibilities are cur-
rently being further pursued.

ETHICAL CONSIDERATIONS
The use of fetal tissue has always been the object of intense ethical debate. The ethical con-

troversies primarily arise from the fact that the primary source of fetal tissue is induced abortion.
Spontaneous abortion usually does not raise many moral issues. The National Institutes of Health,
the American Obstetrical and Gynecological Society, and the American Fertility Society, in accor-
dance with the provisions that control the use of adult human tissue, regulate the use of fetal spec-
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Fig. 28.5. Contrast cystograms
performed 3 weeks postopera-
tively after primary closure of an
exstrophic bladder (A) and after
augmentation of an exstrophic
bladder with autologous engi-
neered fetal tissue (B). Repro-
duced with permission from
Fauza et al. (1998a).
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Fig. 28.6. Bladder compliance curves ob-
tained 60 days after either engineered bladder
augmentation or primary closure of experi-
mental exstrophic bladders. Reproduced with
permission from Fauza et al. (1998a).

Fig. 28.7. Microscopic view of mucosa from an exstrophic bladder primarily closed (A) and from
an engineered fetal bladder tissue (B), 60 days postoperatively (hematoxylin and eosin stain)
(�100). Reproduced with permission from Fauza et al. (1998a).



imens from this latter source (NIH, 1988; Annas and Elias, 1989; Greeley et al., 1989; Gershon,
1991). However, spontaneous abortion generally yields unsuitable fetal tissue, because it is fre-
quently compromised by pathology such as chromosomal abnormalities, infections, and/or anox-
ia (NIH, 1988; Annas and Elias, 1989). Arguments on the use of fetal tissue from induced abor-
tion are largely based on somewhat limited scientific evidence, along with clashing religious and
customary beliefs about the beginning of life. Not surprisingly, despite the efforts of numerous na-
tional and international ethical committees and governmental bodies, a consensus has not yet been
reached. In the United States, in spite (or perhaps because) of a recent moratorium on federal fund-
ing for fetal tissue transplantation research, an agreement on this issue seems to be slowly form-
ing, although a stable solution may still be years away (Gershon, 1991; Strong, 1991).

This polemic notwithstanding, tissue engineering, as a novel development in fetal tissue pro-
cessing, adds a new dimension to the discussion concerning the use of fetal tissue for therapeutic
or research purposes. If specimens from a live, diseased fetus are to be used for the engineering of
tissue, which in turn is to be implanted in autologous fashion, no ethical objections should be an-
ticipated, as long as the procedure is a valid therapeutic choice for a given perinatal condition. In
that case scenario, ethical considerations are the very same that apply to any fetal intervention. On
the other hand, if fetal engineered tissue is to be implanted in heterologous fashion, ethical issues
are analogous to the ones involving fetal tissue/organ transplantation, regardless of whether the
original specimen comes from a live or deceased fetus. The distinction between autologous and
heterologous implantation of engineered fetal tissue is a critical one in that, again, no condemna-
tion of autologous use could be ethically justified.
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Fig. 28.8. Microscopic view of the muscular layer from an exstrophic bladder primarily closed (A)
and from an engineered fetal bladder tissue (B), 60 days postoperatively. Notice the evident hy-
pertrophy of muscular bundles in the exstrophic bladder closed primarily, as expected. Muscular
hypertrophy was not observed in the engineered bladders (hematoxylin and eosin stain) (�100).
Reproduced with permission from Fauza et al. (1998a).



FUTURE PERSPECTIVES
Fetal tissue engineering is one of the newest developments of the still immature fields of tis-

sue engineering and fetal surgery. As such, it is but a very promising concept that has hardly start-
ed to be explored, with many questions yet to be answered and numerous evolutionary paths, in-
cluding unsuspected ones, yet to be pursued. Most fetal cell lines are yet to be studied for tissue
engineering purposes. The optimal timing for harvest of each kind of fetal cell remains to be de-
termined, along with their growth, differentiation, cryopreservation, and antigenic properties. At
the same time, models for a better determination of embryonic and fetal age are only starting to
be determined (Evtouchenko et al., 1996). The whole subfield of in utero implantation of engi-
neered tissue awaits examination. Banks of diverse fetal cell lines, either for autologous, allologous,
or maybe even xenologous applications, are beginning to be optimized (Borel Rinkes et al., 1992;
Gluckman et al., 1992, 1993; Rubinstein, 1993; Mychaliska et al., 1998).

Fetal tissue engineering will benefit from the progress expected for tissue engineering in gen-
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Fig. 28.9. Comparative neoskin histologies from
engineered (a) and acellular (b) sites at different
times postimplantation, in weeks. Notice the
faster epithelization time and higher level of or-
ganization of the engineered specimens (hema-
toxylin and eosin stain) (�100). Reproduced with
permission from Fauza et al.(1998b).



eral, which should include several aspects of this multidisciplinary field. For instance, genetic en-
gineering could maximize or modify certain specialized fetal cell functions (Ekhterae et al., 1990).
Fetal cells are ideal targets for gene transfer due to their proliferation and differentiation capacities
(Johnson et al., 1989; Karson and Anderson, 1990). Cell surface modulation techniques current-
ly under investigation, including, but not restricted to, gene manipulation, could delete im-
munogenic sites and prevent immunorecognition, maximizing the naturally “permissive” allolo-
gous and possibly xenologous implantation of different cryopreserved fetal cells (Pollok and
Vacanti, 1996). Methods for studying interfaces between cell and different biomaterials, along with
mathematical models and in vitro systems that can predict in vivo events, should be adapted to fe-
tal cells (Nerem and Girard, 1990; Lauffenberger, 1991; Parkhurst and Saltzman, 1992; Guido
and Tranquillo, 1993; Hsieh et al., 1993; Ratner, 1995). Finally, fetal cell and construct manipu-
lation at zero gravity should be examined as tissue engineering in space starts to be explored (Saltz-
man, 1997).

As a component of the general promise of tissue engineering, fetal tissue engineering may well
become the only perinatal alternative for treatment of a number of life-threatening birth defects
in the future. As long as progress is made in the ethical debate over the use of fetal cells, its reach,
nonetheless, will likely go beyond the perinatal period, offering unique novel perspectives to var-
ious aspects of surgery.
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Pluripotent Stem Cells
Michael J. Shamblott, Brian E. Edwards, and John D. Gearhart

INTRODUCTION

Pluripotent stem cells, cells that can replicate in culture but also form many or most of the cells
comprising the body, have been described. In the mouse and a few other species, embryonic

stem and embryonic germ cells can be derived from the inner cell mass of a blastocyst, and from
primordial germ cells, respectively. These cells differentiate in vitro into a mixture of cell types, in-
cluding heart muscle cells, blood cells, neural cells, and vascular cells. This repertoire can be great-
ly expanded by using powerful enrichment and selection strategies, and purified populations of
differentiated cells can be generated. Reports of human embryonic stem and germ cells have re-
ceived significant attention in both the scientific and popular press. The capacity of these cells to
differentiate in vitro into a wide variety of cell types suggests their eventual use in the generation
of cells for tissue engineering and transplantation therapies.

Definition of a Stem Cell
A stem cell can replicate itself and produce cells that take on more specialized functions. The

breadth of function adopted by the more differentiated daughter cells and their progeny is com-
monly referred to as the developmental potential, or potency, of the stem cell. Stem cells that give
rise to only one type of differentiated cell are termed unipotent. In common usage, the relative
terms oligopotent, multipotent, and pluripotent represent an increase in the number of differ-
entiated cell types from few to many or most. A totipotent cell is one that can generate the total-
ity of cell types that comprise the organism. In practice, these few terms poorly describe a contin-
uum of possibilities.

The ability to form a wide variety of cell types makes pluripotent stem cells a promising re-
source for tissue engineering and transplantation. Through the use of enrichment, selection, ex-
pression, and sorting technologies, in vitro differentiation of stem cells will certainly contribute to
future transplantation therapies.

Developmental Potential
In order to describe more fully the potential of a stem cell, one must consider the process by

which a fertilized egg develops into a complex multicellular organism. Within several days fol-
lowing fertilization, the processes of cell cleavage, compaction, and cavitation generate a mass of
cells called the blastocyst. The blastocyst consists of two cell populations, an outer layer of cells
surrounding a fluid-filled cavity and a mass of cells within the cavity. The outer cells (trophecto-
derm) contribute to the placenta but not the embryo proper. The inner cell mass (ICM) cells fur-
ther differentiate during gastrulation to form the three germ layers of the embryo: ectoderm, meso-
derm, and endoderm. Cells of the germ layers generate all the tissues of the embryo. During
gastrulation, cells that will go on to form the germ cells (eggs and sperm) are also allocated.

Types of Pluripotent Stem Cells
There are only a few stem cell types that can be cultured and qualify for true pluripotent/

totipotent status. These include embryonal carcinoma (EC), embryonic stem (ES), and embry-
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onic germ (EG) cells. EC cells were first described as the stem cell component of teratocarcinomas
that arose following the transfer of a mouse postimplatation embryo or embryonic gonad to an ec-
topic site (Stevens, 1958). Later, similar stem cells were derived from spontaneous teratocarcino-
mas formed in both mouse (mouse EC cells) and humans (human EC cell). EC cultures are het-
eroploid and some are multipotent.

Pluripotent/totipotent stem cells have been derived from two embryonic sources. ES cells are
derived from the ICM of preimplantation embryos (Evans and Kaufman, 1981; Martin, 1981),
whereas EG cells are derived from primordial germ cells (PGCs) that (during normal development)
migrate to and colonize the gonad, eventually forming eggs and sperm (Matsui et al., 1991; Resnick
et al., 1992). Both mouse ES and EG cells demonstrate germ-line transmission in experimentally
produced chimeras (Labosky et al., 1994; Stewart et al., 1994). Mouse ES and EG cells share sev-
eral morphological characteristics such as high levels of alkaline phoshatase (AP) activity and the
presence of some specific cell surface antigens. Other important shared characteristics include
growth as multicellular colonies, normal and stable karyotypes, the ability to be continuously pas-
saged, and the capability to differentiate into cells derived from all three embryonic germ layers.
Pluripotent stem cell lines that share most of these characteristics have also been reported for chick-
en (Pain et al., 1996), mink (Sukoyan et al., 1993), hamster (Doetschman et al., 1988), pig (Shim
et al., 1997; Wheeler, 1994), rhesus monkey (Thomson et al., 1995), and common marmoset
(Thomson et al., 1996). Human pluripotent stem cells derived from PGCs (Shamblott et al., 1998)
and ICM (Thomson et al., 1998) have been described.

Multipotent stem cells can be cultured from a number of fetal and adult sources. Perhaps the
best known source is bone marrow, which contains both hematopoietic stem cells (Civin et al.,
1984) and mesenchymal stem cells (Caplan, 1991; Pittenger et al., 1999), some of which can ap-
parently also form hepatocytes (Petersen et al., 1999). Neural stem cells have also been cultured
from the ependymal cells lining the brain ventricles ( Johansson et al., 1999) and cells found in the
cerebellum (Snyder et al., 1995). It is likely that of the many lineage-restricted stem cell popula-
tions that exist in vivo, some will be amenable to in vitro growth and analysis.

Methods of Assay
Histologic, immunocytochemical, and molecular markers have been used to indirectly assess

pluripotency. These include high levels of AP and presentation of specific cell surface glycolipids
(Kannagi et al., 1983; Solter and Knowles, 1978) and glycoproteins (Andrews et al., 1984). These
properties are characteristic of pluripotent stem cells, but are neither necessary nor sufficient as a
definition.

The only direct measure of developmental potential is the analysis of cell differentiation.
There are both in vitro and in vivo methods to establish broad developmental potential. For ex-
ample, some types of stem cells can be observed (and even directed to some extent) to differentiate
in culture. When differentiation occurs, structures termed embryoid bodies (EBs) are formed;
these were initially described as arising in human (Peyron, 1939) and mouse (Stevens, 1958, 1959,
1970) germ cell tumors called teratomas and teratocarcinomas.* These cell aggregates range from
a cluster of pluripotent stem cells enclosed by a layer of endoderm to complex structures in which
inductive and stochastic developmental processes lead to a seemingly haphazard array of cell types,
including representatives of all three germ layers. The presence of differentiated cell types within
EBs has been used as evidence of cell pluripotency, as a means to study some early events in de-
velopment, and as a source of differentiated cells (Doetschman et al., 1985; Evans and Kaufman,
1981). Although useful in the production of cells for tissue engineering and transplantation, the
in vitro differentiation of pluripotent stem cells is limited by our understanding of the genes, mol-
ecules, and physical events involved and cannot easily rival in vivo differentiation.

When some types of stem cells are implanted at ectopic sties within an isogenic or immuno-
logically compromised mouse, teratomas and teratocarcinomas form. The complex physiological
milieu of the tumor provides a wide but difficult to control array of stimuli. Analysis of the vari-
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* Teratocarcinomas are malignant tumors arising from relatively undifferentiated germ cells. A wide va-
riety of highly differentiated cells and structures can be found within the tumor, including gut and res-
piratory epithelia, nerves, muscle, cartilage, and bone. The presence of stem cells within the tumor dis-
tinguishes teratocarcinomas from teratomas



ety of cell types that comprise the tumor can be used as a measure of developmental potential. If
cells that derive from all three germ layers are identified, the term pluripotent can be used. This
property alone may not be a definitive test of stem cell pluripotency, because it has been demon-
strated that visceral endoderm (yolk sac) of the rat and mouse is capable of forming highly differ-
entiated teratomas containing cells of all three embryonic germ layers (Sobis et al., 1991, 1993).
The ultimate and definitive test of developmental potency is the generation of chimeric animals.
Under the least restrictive definition, only a stem cell that can contribute to all the tissues of the
embryonic and adult organism can be said to be totipotent. This test can be performed for only a
few species, mainly the mouse.

In practice, the assignment of pluripotent and totipotent status is more difficult than the
analysis of differentiation. Bone marrow and peripheral blood contain hematopoietic stem cells
that generate all of the types of blood cells. These cells are often referred to simply as pluripotent
stem cells, in acknowledgment of their capacity to form cells of erythroid, lymphoid, and myeloid
lineages. This usage does not allow for stem cells that can be demonstrated to form representatives
of all three germ layers, but where totipotency cannot be established.

Totipotency is also a problematic term. ICM cells are capable of generating every cell of the
embryonic and adult organism, but have lost the capability to form trophoblasts and therefore can-
not entirely reconstitute a conceptus. Therefore, the ICM and stem cells derived from it are only
totipotent with respect to the embryo. Another important consideration in the use of the term
totipotent is that it is sometimes used to describe the capacity of cells form an embryo, that is, that
the cells are capable of self-organization into an organism. No known stem cell possesses this prop-
erty, so under this definition, stem cells are at best pluripotent.

A resolution to these nomenclature dilemmas is a matter of preference and will certainly be a
subject for honest debate. Under the strictest definitions, only fertilized eggs and early blastomeres
(2–4 cell stage) qualify as totipotent; however, they are not stem cells because they cannot con-
tinuously replicate. Stem cells with the demonstrated ability to form representatives of all three
germ layers are pluripotent, with special acknowledgment for cells such as mouse ES and EG cells,
which can be demonstrated to form all of the cells of the embryonic and adult organism.

DIFFERENTIATION IN VITRO

Basic Techniques
In vitro culture and differentiation of stem cells offer the hope of precise control of the process

and the products, but require responsibility for its direction. Most ES and EG cells require
leukemia inhibitory factor (LIF; �1000 U/ml) to proliferate and remain pluripotent.† The sim-
ple withdrawal of LIF from the growth media enables differentiation, albeit within a relatively nar-
row range of cell types produced. The formation of EBs has been the most common and success-
ful paradigm for more complex and varied differentiation of pluripotent stem cells. Although EBs
are spontaneously formed in mouse and human ES/EG cell cultures, their formation can be en-
hanced by withdrawing LIF from the media then plating cells in an environment conducive to 
aggregation, rather than adhesion to a substrate. This is achieved by plating cells in suspension cul-
ture in bacteriologic petri dishes or in hanging drops. A viscosity-increasing agent such as methyl-
cellulose is often added to the culture media to promote EB aggregation. After several days of
growth and influence by added factors and compounds, EBs are disaggregated and plated onto an
adhesive substrate and allowed to grow and further differentiate. With the proper combinations
of growth and differentiation factors, mouse ES (Keller et al., 1993; Wiles and Keller, 1991) and
EG (unpublished results) cell cultures can generate cells of the hematopoietic lineage and car-
diomyocytes (Klug et al., 1995; Rohwedel et al., 1996). In addition, mouse ES cells have been used
to generate in vitro cultures of neurons (Bain et al., 1995), skeletal muscle (Rohwedel et al., 1994),
vascular endothelial cells (Rohwedel et al., 1994), adipocytes (Dani et al., 1997), and visceral en-
doderm (Abe et al., 1996; Doetschman et al., 1985), which is the precursor to structures such as
the pancreas, liver, and lung.

29 Pluripotent Stem Cells 371

.
† LIF is a member of a cytokine family that heterodimerizes with the gp130 molecule. Other members
of the family, such as oncostatin M, or strategies that directly activate gp130-mediated signal transduc-
tion, can replace LIF.



Target Cell Enrichment
A number of exogenous factors have been used to direct EB differentiation. The most com-

monly used chemical reagents are retinoic acid (RA), dimethyl sulfoxide (DMSO), hexamethyl
bisacetamide (HMBA), and reagents that elevate intracellular cAMP levels, such as dibutryl-cAMP
(db-cAMP), forskolin, and 3-isobutyl-1-methyl-xanthine (IBMX). RA, cAMP elevators, and
HMBA have been used to influence the formation of neurons from EC and ES cells (Andrews et
al., 1986; McBurney et al., 1982). DMSO has been used to enhance the production of mesoder-
mal derivatives such as muscle cells (Habara-Ohkubo, 1996; McBurney et al., 1982) and endo-
dermal derivatives (Edwards and Adamson, 1986). The modes of action by which RA and DMSO
act are not fully understood, although it is clear that the effects of RA are mediated through RA
receptors and this receptor impacts the regulation of genes that contain RA-responsive elements.

Growth factors have been used in the differentiation of pluripotent stem cells. The most so-
phisticated application of growth factors is in the derivation of hematopoietic cells from mouse ES
cells. Included are stem cell factor (known as c-kit ligand, SCF, steel factor, and mast cell factor),
vascular endothelial growth factor (VEGF), erythropoitin (EPO), interleukin-1 (IL-1), IL-3, 
IL-6, IL-11, macrophage colony-stimulating factor (M-CSF), granulocyte colony-stimulating 
factor (G-CSF), granulocyte—macrophage colony-stimulating factor (GM-CSF), and bone 
morphogenic protein 4 (BMP4) (Biesecker and Emerson, 1993; Keller et al., 1993; Keller, 1995;
Kennedy et al., 1997; Palacios et al., 1995).

The exact component(s) that cause a desired differentiation effect are often unknown, except
for their activity in a bioassay. Typically, these factors are secreted by a support or feeder culture.
These feeder cultures “condition” the media in which they grow. These media are then harvested
(and sometimes concentrated) and used as a growth supplement. One example is the use of bone
marrow stromal cell conditioned medium (CM) as a component of hematopoeitic cell differ-
entiation. This CM is required for eventual production and long-term repopulation of the lym-
phoid, myeloid, and erythroid lineages (Palacios et al., 1995).

Selective Matrices
The nature of the surface a cell attaches to can have a profound impact on its characteristics.

Most ES and EG cells grow best on a feeder layer of mouse embryonic fibroblasts (primary mouse
embryo fibroblasts or STO fibroblasts) that have been irradiated or treated with mitomycin C to
make them mitotically inactive. Instead of live cells, the extracellular matrix (ECM) of these fi-
broblasts or a layer of gelatin will suffice, but often with suboptimal performance. Several adhe-
sion matrices have been employed in the growth of stem cell-derived cells. Collagens I and IV have
been used to promote adhesion and cell division in a number of cell types, including vascular en-
dothelial cells (Hirashima et al., 1999), and laminin has been shown to promote neurite outgrowth
in many neuronal culture systems, including ES cell-derived neuronal cells (Bain et al., 1995). Cell-
derived extracellular matrices such as Matrigel and human ECM (Collaborative Biomedical Prod-
ucts) have been used to support the differentiation of various cell types.

Deposition of growth factors within extracellular matrices and basement membranes is a crit-
ical phenomenon of development. Signals deposited by one cell type are subsequently read by naive
cells that grow in contact with the conditioned ECM or degrade a conditioned basement mem-
brane. It is likely that complex differentiation and tissue engineering will benefit from the use of
these types of inductive processes.

Genetic Selection
Genetic selection is a powerful strategy for generating pure or nearly pure populations of dif-

ferentiated cell types. In order to develop this strategy, a gene that is expressed specifically in the
desired cell type must be identified. This gene can be specific to a terminally differentiated cell
type or to a lineage-restricted stem cell. The promoter of the specific gene is then joined to a gene
that encodes resistance to an antibiotic drug such as neomycin (G418), hygromycin, bleomycin,
or zeocin. This construct is transfected into stem cells that are then caused to differentiate. If the
differentiating cells are treated with the antibiotic drug, all cells that cannot express the fusion gene
construct will die (Fig. 29.1). An example of genetic selection is the production of a highly pure
(�99%) population of cardiomyocytes from differentiated mouse ES cells using the �-cardiac
myosin heavy chain promoter joined to a cDNA coding for neomycin resistance (Klug et al.,
1996).
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Transcription Factor Expression
Another genetic strategy is to transfect pluripotent stem cells with a construct that causes the

expression of a factor known (or thought) to play an important role in the commitment to a de-
sired lineage. Usually, these are transcription factors. As commitment decisions are usually hierar-
chical, it is beneficial to choose a transcription factor that is influential in the earliest stages. The
promoter driving the expression can be a strong constitutive promoter, a tissue-specific promoter,
or an exogenously regulated promoter such as the commercially available tetracycline (Clontech)
and ecdysone (Invitrogen) expression systems. Examples of ES cell differentiation influenced by
transcription factor expression are the generation of skeletal muscle cells following the constitu-
tive expression of MyoD1 (Dekel et al., 1992; Shani et al., 1992) and the generation of neurons
following the constitutive expression of neuroD2 or neuroD3 (O’Shea et al., 1997).

Fluorescence-Activated Cell Sorting
Fluorescence-activated cell sorting (FACS) is a powerful method to physically select a subset

of target cells from a mixed population. This strategy is used when the target cell expresses a spe-
cific cell surface molecule.‡ The molecules can be receptors or protein, glycoprotein, or lipid sur-
face antigens. An antibody that is specific to the surface molecule is used to identify the target cell
in solution. This antibody is then tagged with a fluorophore. Target cells that fluoresce are physi-
cally segregated and saved. Negative cells are washed away or collected separately. One or more an-
tibody/fluorophore combination(s) can be used to impose highly selective criteria, allowing fine-
tuning of cell populations or the ability to recover extremely rare cell types. One complication with
FACS is that adherent cell types need to be effectively disaggregated prior to sorting. Special pre-
caution must be taken during this process to retain the specific surface molecule(s). Damage caused
by enzymatic treatment such as trypsin digestion must be minimized and should be followed by
a period of cellular recovery and resynthesis. FACS has been used as both an analytical and a prepar-
ative tool to select many cell types. One example of its use is in the study and preparation of ES
cell-derived hematopoietic stem cells prior to mouse immune system repopulation experiments
(Palacios et al., 1995).

Markers of Differentiation
Markers are used to monitor the process of differentiation. Markers can be specific proteins,

glycoproteins, glycolipids, or other metabolites made by the target cell of interest. Methods of de-
tection include histologic analysis using dyes; immunoreactivity of cells or cell homogenates to
specific antibodies; and mRNA expression by using Northern blot analysis, reverse transcriptase
and polymerase chain reaction (RT-PCR), or RNase protection assay. The loss of markers of
pluripotency can also be used to monitor differentiation. The mouse transcription factor Oct3/4§

29 Pluripotent Stem Cells 373

Fig. 29.1. Genetic selection used to obtain a specific
population of differentiated cells. A target cell-specific
promoter requiring a transcription factor (�) is joined
to a gene imparting drug resistance (▫) and transferred
into pluripotent stem cells. When the stem cells differ-
entiate, only cells that can activate, transcribe, and
translate (dashed arrow) the target cell-specific pro-
moter along with their cell-specific genes ( ) are re-
sistant to the antibiotic (�) and survive.

‡ Cells can also be loaded with enzyme substrates that fluoresce when acted on by specific endoenous en-
zymes or reporter enzymes such as �-galactosidase (Metzger et al., 1996).
§ A commonly used abbreviation for mouse Oct3 (GenBank Accession No. MUSOCT3) and Oct4
(MMOCT4P), although their reported nucleotide and predicted amino acid sequences are not identi-
cal.



is expressed in unfertilized eggs, ICM, PGCs, and pluripotent stem cells. The loss of Oct3 ex-
pression or other markers such as AP or SSEA-3 (Andrews, 1984) can be used to gauge the effec-
tiveness and progress of differentiation schemes.

EXAMPLES OF IN VITRO DIFFERENTIATION AND MARKERS

Hematopoeisis
Through the use of the selective growth media, exogenously added compounds and growth

factors, selective growth matrices, and genetic strategies, a number of different cell types have been
derived from mouse pluripotent stem cells. These include hematopoietic cells, vascular endothe-
lium, muscle cells, neurons, and visceral endoderm (Fig. 29.2).

Hematopoiesis within EBs was one of the first differentiation phenomena observed, and re-
mains one of the most thoroughly studied. Mouse ES cells are grown in a standard media con-
taining LIF. The cells are then removed from the plates by incubation in trypsin, then plated into
bacteriologic dishes and grown in 1% methylcellulose in the presence of various cytokines and oth-
er factors. After 3 days EBs form and are allowed to grow for about 2 weeks. During this time, ery-
throblasts accumulate in endothelium-lined channels or cysts, forming blood islands that are red
due to the presence of hemoglobin. EBs are then disaggregated using trypsin or other enzymes and
plated onto adhesive tissue culture plates or are harvested for analysis. Through the use of specif-
ic markers such as GATA-1, c-myb, SCL, and embryonic and adult globin, it has been shown that
most, if not all, of the hematopoietic linages are represented among the differentiated cells pro-
duced (Keller et al., 1993). Not unexpectedly, hematopoietic stem cells are produced by this
process, because EB-derived cells can be used to repopulate the hematopoietic system of a mouse
that has had its own immune system damaged or destroyed by radiation (Palacios et al., 1995).

Vascular Endothelium
Hematopoiesis and the development of a vascular system are developmentally connected.

Both are mesodermal derivatives, and are colocalized in the developing aorta–gonad–mesonephros
(AGM) region of embryo (Medvinsky and Dzierzak, 1996). It is not clear however, if there is a
common precursor (hemangioiblast) or if erythropoiesis requires endothelial cells (Kennedy et al.,
1997). Vascular endothelium is effectively produced in mouse EBs using standard culture condi-
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Fig. 29.2. Some uses of pluripo-
tent stem cells in transplantation
therapy. Pluripotent stem cells
such as embryonic stem and em-
bryonic germ cells can be genet-
ically manipulated. Pluripotent
stem cells are then allowed to
differentiate in vitro into embry-
oid bodies that contain many 
different cell types, including lin-
eage-restricted stem cells, pre-
cursor cells, and terminally dif-
ferentiated cells. Through the 
use of selection, enrichment, and
sorting, pure cell populations
can be generated. These cells are
then transplanted directly or
used to engineer tissues with
more complex architectural re-
quirements.



tions, and can organize into vessel-like channels filled with blood cells. This process can apparently
be enhanced through the expression of transforming growth factor �1 (TGF-�1) (Zhang et al.,
1998). Vascular endothelial cells can be grown out from disaggregated EBs onto collagen-coated
surfaces and studied or selected by using antibodies to CD34, platelet–endothelial cell adhesion
molecule (PECAM), VEGF receptor (flk-1), VE–cadherin and von Willebrand factor (vWf), as
well as by binding of acetylated low-density lipoprotein (Ac-LDL) (Hirashima et al., 1999; Wang
et al., 1992).

Muscle
The spontaneous contraction of ES cell-derived cardiomyocytes (heart muscle cells) is one of

the most visually and conceptually striking examples of ES cell differentiation in vitro. The rhyth-
mic contractile movements seen in these cultures suggest a great deal of specialized differentiation
and cellular organization. It is surprising, therefore, that this occurs when LIF is withdrawn from
the culture medium for �10 days. The time course of muscle-specific structural gene expression
in these cells roughly parallels that seen in the embryo. Sarcomeres with functional gap junctions
and Ca2+ channels, as well as organized myofibrils, are formed (T. Doetschman et al., 1993; T. C.
Doetschman et al., 1985; Rohwedel et al., 1994; Westfall et al., 1997). Cardiomyocytes, which
precede skeletal and smooth muscle developmentally, are formed in the greatest abundance in EBs
and have been identified through the use of specific markers such as myosin light chain, myosin
heavy chain, muscle-specific actin, and myogenin (Robbins et al., 1990). Furthermore, ventricu-
lar specification of EB-derived cells occurs, as evidenced by ventricular myosin light chain-2
(Miller-Hance et al., 1993). DMSO, RA, db-cAMP, and expression of the muscle-specific tran-
scription factor MyoD have been used to enhance the production of smooth and skeletal muscle
(Dinsmore et al., 1996; Drab et al., 1997). Expression of the M-twist transcription factor has the
opposite effect, to inhibit myogenic differentiation (Rohwedel et al., 1995).

Neural Differentiation
ES cells (Bain et al., 1995; Fraichard et al., 1995) and some EC cells (Andrews, 1984; Lang

et al., 1989; Pleasure and Lee, 1993) are readily differentiated into neuroectodermal derivatives
such as neurons and glia. Typically, ES cells are used to form EBs in the presence of RA. The EBs
are then disaggregated (or plated directly as EBs) and plated onto an adherent plastic, laminin, or
poly(d-lysine)-coated surface, where mixed populations can then be further identified and select-
ed for. General markers such as neurofilament heavy and light isoforms, microtubule-associated
protein (MAP), Tau, and �-tubulin III have been used to identify neuronal cells, and Pax-6 and
nestin have been used to identify early neuroepithelial cells. Distinct morphological characteris-
tics such as neurite elongation and dendrite formation, and more specific markers including tyro-
sine hydroxylase (TH), 5-hydroxytryptamine (5-HT), synaptophysin, Mash1, Math4a, neuro-
transmitters, and neurocan have been used to refine neuronal identification. Patch clamping has
also been used for functional identification.

The general identification of glial cells can be done by examining cells for the expression of
glial fibrillary acidic protein (GFAP). Specific identification of astrocytes can be made by using the
marker OP-4, whereas oligodendroglial cells can be identified by the markers GalC and O4.

Several different approaches have been used to influence the outcome of RA-induced EB dif-
ferentiation. Nerve growth factor (NGF) has been used to accelerate the formation of neurons
within an EB (Wobus et al., 1988), and expression of the transcription factor Noggin (O’Shea and
Gratsch, 1998) and neuroD2 and neuroD3 (O’Shea et al., 1997) lead to significant enhancement
of neuronal production. Genetic selection using an early neuroepithelial-specific transcription fac-
tor (Sox2) promoter to drive neomycin resistance resulted in efficient purification of neuroep-
ithelial progenitor cells that can then differentiate into neurons (Li et al., 1998).

Visceral Endoderm
Visceral endodermal cells give rise to a number of cell and tissue types, including the epithe-

lial lining of the digestive tract, respiratory tracts, and bladder, as well as the parenchyma of the
liver, pancreas, thyroid gland, and parathyroid gland. Visceral endoderm is generated in RA-treat-
ed mouse EC cell aggregates (Hogan et al., 1981) and EBs derived from mouse (Doetschman et
al., 1985) and human (Shamblott et al., 1998) pluripotent stem cells. Mouse EB-derived visceral
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endoderm has been shown to express many genes in common with liver, including transcription
factors such as hepatocyte nuclear factor-1 (HNF-1), HNF-3, and HNF-4 forms; enzymes such
as aldolase B (ALDO-B) and liver-type pyruvate kinase (L-PK), as well as the serum proteins �-
fetoprotein (AFP), transthyretin (TTR), albumin, and several apolipoproteins (Abe et al., 1996;
Duncan et al., 1997, 1998). This extensive representation of metabolic and regulatory molecules
suggests that visceral endoderm may be a useful cell type for the generation of several target tis-
sues, including liver and pancreas.

IN VIVO APPLICATIONS

Current Therapeutic Models
Several reports of stem cell therapy have energized and encouraged the entire field of stem cell

biology. Most of the work to date has attempted to use lineage-restricted or multipotent stems cells
rather than pluripotent stem cells. Some of this work may have a profound effect on our com-
partmentalized notions of germ layer origins. One outstanding example of stem cell-derived cell
therapy is the engrafting of neurons generated from human EC cells (NTERA-2) to rat cerebrum
damaged by induced transient ischemia (Borlongan et al., 1998). The significant cellular integra-
tion and functional recovery observed in these rats suggest the potential use of these cells to treat
stroke, Parkinson’s disease, and other human neurodegenerative disorders. Importantly, grafts of
postmitotic neurons generated from RA-treated NTERA-2 into the CNS of rodents do not lead
to tumors (�1 year of observation) (Trojanowski et al., 1997).

Multipotent neural stem cell (NSC) cultures derived from neonatal mouse cerebellum (clone
C17.2) have a broad capacity to participate in the development of the brain when implanted (Sny-
der et al., 1995). It has been reported that intracerebroventricular injection of these cells can re-
sult in widespread engraftment and correction of dysmyelination caused by a genetic lack of myelin
basic protein (MBP) in shiverer mice (Yandava et al., 1999). One of the most important aspects of
these two transplantation studies is that cells placed at one location migrated widely and correct-
ly to the desired location and engrafted in a way that led to the amelioration of a neuropatholog-
ic condition.

Cells of the central nervous system are of ectodermal origin, and, it was thought, are capable
of repopulating cells of this dermal type only. However, this developmental exclusivity has been
brought into question (Tajbakhsh et al., 1994). The demonstration that NSCs derived from mouse
forebrain striata engraft into the hematopoietic system (which is of mesodermal origin) of sub-
lethally irradiated mice suggests a greater developmental plasticity than is commonly afforded mul-
tipotent stem cells (Bjornson et al., 1999).

A similar suggestion has been made concerning bone marrow stem cells. These cells develop
into hematopoietic and mesenchymal lineages, both of which are of mesodermal origin. Demon-
stration that these stem cells can also form liver cells, which are of endodermal origin, may further
exemplify the ability of some cell types to cross dermal-origin boundaries (Petersen et al., 1999).

The use of pluripotent stem cells as a source of cells for transplantation holds great promise
due not only to the breadth of cells that could potentially be generated, but also to the ability to
manipulate the cells genetically prior to differentiation. The risks inherent with their use must also
be considered, however. As described earlier, grafting of undifferentiated mouse pluripotent stem
cells to various sites such as the mouse testis, kidney capsule, or brain leads to the formation of a
tumor. Transplantation models and eventual therapies will have to ensure that pluripotent stem
cells have been eliminated from the implant.

Genetic Manipulation
One significant advantage of the use of pluripotent stem cells in developmental studies or in

transplantation paradigms is the ease with which they can be genetically manipulated. Mouse ES
and EG cells are easily and routinely cultured and are capable of continuous passage, so tremen-
dous cell expansion is possible. This is not the case for most nontransformed euploid (chromoso-
mally normal) differentiated mouse cell lines. The human pluripotent stem cell cultures to date
are not as easily grown as their mouse counterparts, and there are no examples of the successful in-
troduction of foreign DNA into them. Fortunately, many nontransformed euploid differentiated
cell lines have the capacity for extensive cell division, so genetic alterations and selections may be
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carried out on lineage-restricted and/or differentiated human cells that are derived from pluripo-
tent stem cells.

Mouse pluripotent stem cells, and to a lesser extent human EC cells, are amenable to most
routine methods of transfection. Electroporation, lipofection, and chemically medicated and vi-
rally mediated gene delivery have all been used successfully on mouse ES cells. These methods and
novel viral/retroviral approaches are currently being investigated for use on human pluripotent
stem cells.

Mouse ES cells have been the most extensively manipulated pluripotent stem cell type. Gene
“knockout” and disruption experiments require gene targeting and homologous recombination,
both of which are routine. Adding genes and artificial genetic constructs is also easily achievable.
As described above, these strategies have been used successfully to select cell populations geneti-
cally or to direct differentiation by expression of transcription factors. In future stem cell differ-
entiation experiments, combinations of gene disruption and the addition of novel gene function
may be used to create truly customized cell populations and cells that are particularly amenable to
the assembly and function of organ structures.

Cell Delivery

Developmental potential of transplanted cells
If cell or organ transplantation is the goal of a pluripotent stem cell differentiation experi-

ment, the issues of which cells to deliver, the method of delivery, and the location of delivery will
eventually arise. The type of cell to deliver may not obvious, however. Fully differentiated and post-
mitotic cells are the most predictable and probably the safest choice, as they have function(s) that
can be defined and characterized in vitro. The finite capacity of these cells to repopulate and the
need to create many narrowly defined cell classes limits the usefulness of this approach. At the oth-
er end of the spectrum are undifferentiated pluripotent stem cells, with an enormous capacity to
repopulate and differentiate. The high probability of tumor formation will certainly limit the med-
ical application of this approach. The most obvious middle ground is the use of lineage-restricted
stem cells. Current efforts detailed above using multipotent stem cells are an excellent first ap-
proximation of this approach. Future uses may include the selection or enrichment for stem cells
that can repopulate and form several different terminally differentiated cell types. Future practices
may include the design of fully repopulating organs.

Method and location of delivery
The optimal method and location of cell delivery are dependent on several factors, including

target location, desired function, ease of access, and patient safety. Cells can be introduced as a sus-
pension or implanted as a pellet or tissue-engineered organoid. These cells and structures can be
implanted within a damaged organ or at an ectopic site.

Immunorecognition and Rejection
Immune rejection is one of the most important issues in allogeneic transplantation therapy,

whether it is whole organ, tissue, or cellular transplantation. At its most basic level, immune re-
jection is simply the result of the recognition of the graft as different from the host. Strategies to
counteract rejection involve either ways to prevent the recognition of the graft as non-self or to
prevent the physiologic reaction to the alloantigens present on the graft.

Currently, there are several pharmacologic means to prevent immune rejection. These chem-
icals tend to depress the entire immune response pathway, leading to negative side effects, namely,
an increased risk of infection. There are areas of immune privilege such as the CNS, seminiferous
tubule, or the eye. Transplantation into these regions may lessen the need for immunosuppressive
agents.

Other alternative methods to prevent graft rejection include genetic modification of the graft
tissue. In these scenarios, genes involved in antigen presentation can be disrupted, modified, or
added to in pluripotent stem cells. This strategy has been attempted with mouse ES cells. Major
histocompatibility complex (MHC) class I recognition molecules are found on all nucleated cells
and require �2-microglobulin to function. Genetic disruption of this gene highly reduces class I
antigen presentation and cytotoxic T cell response (Zijlstra et al., 1989). MHC class II molecules
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are constitutively expressed in immune cells but only rarely and weakly in nonimmune cells. Dis-
ruption of several � and � genes in mouse ES cells has been used to generate mice with limited
MHC class II antigen presentation (Cosgrove et al., 1991; Grusby et al., 1991). By combining
these disrupted alleles, class I- and II-deficient mice have been created (Grusby et al., 1993). How-
ever, grafts derived from these mice have been subject to rejection following transplantation,
though at a slower rate than normal controls. Minor histocompatibility antigens, tissue-specific
antigens, and hybrid histocompatibility antigens are also capable of causing cell-mediated graft re-
jection and may require modification before some pluripotent stem cell-derived cells can be used
for transplantation.

A technically feasible method of preventing graft rejection is to use autologous tissue. In some
cases, lineage-restricted stem cells collected from the patient, such as those found in bone marrow,
may be useful. Autologous pluripotent stem cell lines may be generated through therapeutic
cloning (Solter and Gearhart, 1999), which involves somatic cell nuclear transfer technology, sim-
ilar to the technique used in the production of the famous cloned sheep, Dolly (Wilmut 
et al., 1997). A somatic nucleus would be taken from the patient and introduced into an enucle-
ated oocyte. Pluripotent stem cells would then be derived from the resulting blastocyst. The 
resulting stem cell line could then be transplanted without rejection. This may be the most straight-
forward method to prevent graft rejection, although it would require somatic cell nuclear trans-
plantation for every patient.

SUMMARY AND FUTURE PROSPECTS

Status and Challenges
Since the first reports of human pluripotent stem cells, research emphasis has been placed on

the isolation and characterization of lineage-restricted human cells that comprise EBs. Scientific
and political challenges lie ahead with respect to this research. If these stem cells are to be of gen-
eral use in tissue engineering and transplantation, genes and factors involved in developmental and
differentiation processes will need to be elucidated and utilized. Differentiation cascades will also
have to be defined in order to generate cells that are appropriately restricted in developmental po-
tential. For pluripotent stem cell-derived tissue engineering to be practical, the above challenges
must be overcome, but will also be augmented by difficult issues of tissue architecture. In a more
practical, but no less important, sense, we must develop improved techniques for pluripotent stem
cell colony disaggregation and growth.

Pluripotent stem cell research faces political challenges as well, due to the origin of the cells.
Federal funding of the research, which is currently being debated, would be necessary to realize
rapidly the theraputic potential of these cells. Our current system of peer review and governmen-
tal oversight of scientific research funding has served scientific research well. The open communi-
cation and sharing of technologies and reagents that are possible with governmental funding stim-
ulates and encourages vigorous research. Oversight provided by the federal funding agencies can
serve to set guidelines for the pursuance of the work. There is also a place for the biotechnology
industry in this equation, with their ability to focus considerable financial resources on practical
and profitable approaches.

Significant progress has been made in mouse and human pluripotent stem cell growth, dif-
ferentiation, and transplantation. The challenges ahead are difficult but will eventually provide re-
wards by uncovering developmental mechanisms and providing cells and tissues for transplanta-
tion.
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Gene-Based Therapeutics
Lee G. Fradkin, J. Dezz Ropp, and John F. Warner

INTRODUCTION

Many inherited and acquired disease processes, characterized at the genetic level, are known
to be due to protein deficiencies or defects. Potential gene-based therapeutic strategies can

now be designed to address these diseases. The initial premise of gene therapy was to correct her-
itable genetic disorders through gene replacement. However, the true potential of gene-based ther-
apies can now be viewed in a broader context of biologics delivery for applications involving can-
cer, vaccines, genetic and metabolic disorders, viral infections, as well as cardiovascular and other
organ-based interventions. The basic goal of gene-based therapeutics is the safe and effective de-
livery of genes to the disease site with subsequent expression, under physiologic conditions, of a
therapeutic protein.

Biotechnology, in existence for approximately two decades, has traditionally focused on the
production of therapeutic proteins. This industry was formed on the concept that synthetic (i.e.,
in vitro) manufacture of therapeutic proteins offers safety, control, and cost savings over isolation
from natural sources. The diverse biologic activities provided by therapeutic proteins present great
opportunities for the treatment of disease. Despite the immense advances in this field, the indi-
vidual qualities of recombinant therapeutic proteins also present obstacles in their development,
manufacture, and utilization. The concept of gene-based therapeutics arises from a desire to min-
imize the complexity presented by utilizing protein as the delivered therapeutic and to capitalize,
instead, on the manufacture and delivery of a more generic molecule, namely, DNA encoding the
therapeutic protein. Although the protein is still the therapeutic entity per se, delivery of genes re-
quires the development of a single manufacturing process for the gene delivery vehicle that should
be generally applicable to similar vehicles bearing different genes. As with any novel technology,
however, the theory of gene-based therapeutics is more straightforward than its application. This
chapter will identify advances and current shortcomings in the technology, with highlights from
recent literature. Throughout the text the reader is referred to other recent specific reviews to avoid
their repetition. Rather than a comprehensive review of the literature, the focus of this chapter is
on those areas in which advancement is required to bring gene-based therapeutics to fruition.

The large number of genes for which the sequence has been determined through recent ad-
vances in genomics research presents a staggering potential for the future of gene-based therapeu-
tics. Further work on determining the functional activities of many of these new gene candidates
is necessary; however, in all cases, well-understood, robust gene delivery systems are required. De-
spite the infancy of gene-based therapeutics, over 300 clinical trials have been initiated in the past
decade. The maturation of this therapeutic approach will come about through the results of these
clinical trials, preclinical experimentation, and basic research in the fields of virology, cell biology,
and molecular biology.

The primary considerations for successful gene transfer technologies are manufacture of the
gene delivery vehicle, its delivery to the target tissue and cell surface, cellular internalization, in-
tracellular trafficking, nuclear uptake, and functional gene expression with appropriate, controlled
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levels of duration. In addition, safety of the delivery system, the expressed gene product, and as-
sociated immune responses are potential issues requiring evaluation. As the field of gene-based
therapeutics establishes a more solid footing, in part through addressing the issues discussed be-
low, the full potential of gene-based therapeutics in the treatment of human disease will be real-
ized.

GENE DELIVERY
Although the various viral- and plasmid-based gene delivery vehicles differ in composition

and function, their ultimate goal is the production of a therapeutic protein in sufficient quantity
at the appropriate site to elicit the desired biological responses. Viral delivery systems consist of
modified, usually nonreplicating, viral genomes carrying a specific transgene. Plasmid-based gene
delivery systems utilize a variety of agents (lipids, polymers, peptides) complexed with DNA en-
coding a transgene or utilize the “naked” DNA alone (reviewed in Maurer et al., 1999; Rolland,
1998, and references therein). The most commonly used complexing agents are cationic liposomes
and condensing agents such as poly(ethyleneimine) (PEI) and poly(l-lysine). Gene delivery vehi-
cles must successfully traverse multiple barriers as they transit from the site of administration to
their final destination, the nucleus of target cells (Mahato et al., 1997a,b). Layered over these de-
livery barriers is the added complexity that each class of vehicle (adenoviral, retroviral, plasmid-
based, etc.) has its own advantages and disadvantages that affect these potentially rate-limiting
steps. To generate functional gene-based therapeutics, there must be a clear understanding of the
requirements pertinent to the route of administration and the capabilities (as well as limitations)
of the chosen delivery vehicle.

Although the barriers encountered along the gene delivery development path differ greatly
depending on the route of administration, issues of gene delivery can be dissected temporally and
spatially into three steps: (1) extracellular trafficking, (2) uptake into target cells, and (3) intracel-
lular trafficking. Although the relative needs will vary by application, all delivery vehicles will re-
quire the ability to function at each of these steps. For instance, highly efficient DNA transport
through the cytoplasm and into the nucleus is of little consequence if the delivery vehicle never
reaches the target cells. Work in all categories of gene-based delivery has focused, therefore, more
on a mechanistic understanding of delivery and the requisite improvements necessary to overcome
these delivery barriers (Deshmukh and Huang, 1997; Lee and Huang, 1997; Meyer et al., 1997;
Onodera et al., 1999; Palsson and Andreadis, 1997). Consequently, a more thorough under-
standing of current gene delivery system capabilities has begun to emerge. In this section we ad-
dress some of the considerations regarding current gene delivery systems and outline some strate-
gies employed to overcome these barriers.

Extracellular Trafficking
On administration to the patient, gene delivery vehicles will encounter a physiologic milieu

quite different from that presented under in vitro conditions. For example, systemic intravenous
(IV) administration, perhaps the most challenging route of administration, presents several extra-
cellular trafficking barriers that are a major limitation for this delivery route. Delivery systems will
require stability within a complex array of serum proteins as well as an ability to avoid clearance
by the phagocytic cells of the reticuloendothelial system (RES). Immune clearance presents fur-
ther considerations more specific for viral systems (Anderson, 1998; Kuriyama et al., 1998; Wor-
gall et al., 1997). Poly(ethylene glycol) (PEG) and lipids conjugated to adenovirus abrogate the ef-
fect of neutralizing antibodies in vitro and in vivo (Chillon et al., 1998; O’Riordan et al., 1999).
In the case of plasmid-based systems, serum affects the biophysical and biochemical properties of
lipid–DNA complexes by altering both size and charge, leading to an increase in complex disin-
tegration, DNA release, and ultimately degradation (S. Li et al., 1999). It is likely that the deliv-
ery vehicles that arrive at the target site could differ substantially from that originally formulated
and administered to the patient. The composition of lipids in plasmid-based delivery systems af-
fects the transfection efficiency (S. Li et al., 1998; Zhao et al., 1997). Data suggest the lipid com-
position is also an important factor in the recruitment of serum proteins (S. Li et al., 1998, 1999).
There is likely a direct relationship between the serum stability of lipid–DNA-based systems and
their relative transfection efficiency (S. Li et al., 1999). In general, there is a clear need for under-
standing the subtle balance of aggregation, disassembly, and DNA degradation that are critical for
gene delivery.
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Although the interaction of plasmid delivery systems with serum components is unavoidable
following IV administration, the ultimate effect in practical terms is less obvious. Complement
depletion in mice prior to IV injection of cationic lipid–DNA complexes suggests that, although
the complexes interact with serum complement proteins, the interactions do not influence the
transfection efficiency or systemic distribution of the complexes (Barron et al., 1998). Clearly, we
need to develop a better understanding of the array of interactions delivery vehicles encounter in
order to optimize their IV administration. Serum interaction and stability studies are obviously an
important part of developing new plasmid-based delivery systems and further exploration may lead
to predictive models for in vivo activity (Goula et al., 1998; Vitiello et al., 1998: Yang and Huang,
1997, 1998).

Retroviruses are also sensitive to opsonization and inactivation by serum components fol-
lowing systemic delivery (Agrawal et al., 1999; Rother et al., 1995; Takeuchi et al., 1994, and ref-
erences therein). Furthermore, packaging cell line origin can impact immune response activation
and profoundly affect viral clearance and stability (reviewed in Anderson, 1998). Strategies de-
signed to minimize immune response activation by utilizing alternate packaging cell lines are cur-
rently ongoing (Forestell et al., 1997; Pensiero et al., 1996; Rigg et al., 1996). These issues of in
vivo stability are partially responsible for limiting the primary usage of retroviruses in humans to
ex vivo applications. However, direct in vivo intratumoral administration of retroviral vectors has
been accomplished using the p53 gene in the treatment of non-small-cell lung cancer (Roth et al.,
1996) and the interferon-� (IFN-�) gene for metastatic melanoma (Nemunaitis et al., 1999).
Overall aspects of retroviral delivery have been reviewed (Anderson, 1998; Onodera et al., 1999;
Robbins et al., 1998).

Targeting a specific disease requires knowledge of the appropriate tissue and cell types neces-
sary to express the therapeutic protein as well as an understanding of the delivery system and route
of delivery that will achieve the clinical goal. Biodistribution studies have provided a foundation
for IV delivery of lipid–DNA complexes (Mahato et al., 1998; McLean et al., 1997; Niven et al.,
1998; Osaka et al., 1996). A detailed comparison of IV versus intratracheal (IT) plasmid-based
delivery of the cystic fibrosis transductance regulator (CFTR) gene (Griesenbach et al., 1998) pro-
vides an elegant demonstration of differential uptake and expression based on the delivery route.
Following IV administration of a cationic lipid-based delivery system, DNA was delivered to dis-
tal lung in the alveolar region, including alveolar type II epithelial cells, whereas, following IT ad-
ministration, DNA was found in the epithelial lining of the bronchioles (i.e., clara cells) (Griesen-
bach et al., 1998).

Differences in gene expression profiles based on delivery route highlight another major issue
confounding development of gene-based delivery vehicles, namely, the lack of in vitro to in vivo
correlation with available models. The relevance of the in vitro model to the in vivo situation is es-
sential. As in the case of differences in expression pattern for IT versus IV delivery, the extracellu-
lar barriers differ immensely for each route of administration and ideally should be reflected in the
model. The extracellular barriers presented by blood components for IV delivery are quite differ-
ent from those presented by mucus, which is relevant for IT or aerosol lung delivery. The latter is
likely the delivery route of choice for the CFTR gene (McDonald et al., 1998), and the CF spu-
tum presents its own unique delivery barriers (Kitson et al., 1999; Stern et al., 1998).

In an attempt to quantitate the barriers for airway delivery, investigators (Kitson et al., 1999)
have developed an ex vivo sheep tracheal epithelium model to analyze directly lipid- and adenovi-
ral-based extra- and intracellular barriers. Overall, the results suggest that extracellular barriers are
a major impediment to pulmonary delivery for both lipid-based and adenoviral systems. Normal
mucus is a barrier for plasmid-based gene delivery, with a 25-fold increase in expression following
its removal; no effect of normal mucus removal was observed for adenovirus infectivity (Kitson et
al., 1999). Expression following both adenovirus and plasmid-based gene delivery was significantly
reduced in the presence of fresh CF sputum. These results suggested that the extracellular and plas-
ma membrane barrier issues should be the primary focus for increased delivery efficiency of air-
way tissue. Once lipid–DNA complexes have traversed the apical surface of the respiratory ep-
ithelial membrane, however, it was suggested that the intracellular barriers are likely similar for in
vivo and in vitro systems.

Previous attempts have been made to overcome the extracellular barrier presented by CF spu-
tum by applying surface active agents (Parsons et al., 1998) or DNase (Stern et al., 1998) to the
airway passages for enhanced transfection by adenoviral and lipidic delivery systems. Such “assist-
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ed delivery” by coadministration of an agent to provide a more hospitable environment for the de-
livery system is an attractive option for airway delivery due to ease of administration. The com-
bined use of traditional pharmaceutics or biologics and gene-based therapeutics could potentially
provide a greater benefit in such applications.

Several delivery strategies have been employed to avoid the potentially deleterious extracellu-
lar barriers of IV and IT delivery through direct administration of the gene delivery vehicle to the
tissue of interest. Examples include intratumoral injection (e.g., Nomura et al., 1999), intramus-
cular (IM) injection (e.g., Kessler et al., 1996; Marshall and Leiden, 1998; Monahan et al., 1998),
and particle bombardment (i.e., gene gun) (e.g., Mahvi et al., 1997; Rakhmilevich et al., 1999).
Delivery by the IM route can be accompanied by electroporation to enhance transfection efficiency
(Mir et al., 1999). Moreover, other invasive direct application strategies such as direct instillation
of adenovirus within the pericardial sac are in development (Lamping et al., 1997; March et al.,
1999). While minimizing the extracellular barriers the delivery vehicles are required to overcome,
the downstream barriers beginning with cell uptake still exist.

Cellular Uptake
The identification of the coxsackie and adenovirus receptor (CAR) (Bergelson et al., 1997) as

the receptor for adenovirus serotypes A, C, D, E, and F (Roelvink et al., 1998) has furthered our
understanding of the requirements for adenovirus infection. Decisions for adenoviral gene deliv-
ery strategies can now be based on a critical assessment of receptor levels in target tissues. The im-
portance of receptor levels was highlighted by analyses demonstrating the variability seen in gene
expression levels (Y. Li et al., 1999) and distribution of adenovirus receptors (Hemmi et al., 1998;
Nalbantoglu et al., 1999; Walters et al., 1999). Variability in receptor availability could profoundly
affect the outcome of adenovirus-based gene delivery and therefore should be a primary consider-
ation in developing gene delivery strategies.

The increasing ability to overcome CAR deficiency by modification of adenovirus fiber pro-
teins to provide alternative cell-binding epitopes (i.e., retargeting viral infectivity) should help to
alleviate limitations of viral delivery based solely on receptor availability (Hidaka et al., 1999;
Sandig and Strauss, 1996). Retargeting strategies, in addition to potentially overcoming the lack
of a receptor, provide an opportunity to generate the desired specificity for target cells. Without
specificity, all cells possessing the CAR will be transduced by adenovirus. This leads to potential
toxicities due to the increased dosing needed to overcome this lack of specific targeting as well as
potentially dangerous side effects due to the expression of the therapeutic gene in an inappropri-
ate cell population. Specific targeting is especially desired for the delivery of therapeutic genes pref-
erentially into tumor cells (reviewed in Bilbao et al., 1998). Several strategies aimed at eliminating
natural viral tropism while providing novel interaction, typically through antibodies (or fragments
thereof), have shown promise in proof-of-principle studies for adenovirus as well as adeno-associ-
ated virus (AAV) (Bartlett et al., 1999; Douglas and Curiel, 1997; Goldman et al., 1997; Miller et
al., 1998; Rogers et al., 1997). These strategies also effect an enhancement in transfection in cases
in which the CAR is limiting, and consequently reduce toxicity associated with the high levels of
adenovirus required to achieve a therapeutic effect (Rancourt et al., 1998). As with any secondary
modification, manufacture of these viral–antibody hybrids will present yet another challenge to
overcome before the full utility of this approach is recognized. Similarly, genetic manipulation of
the critical fiber knob, by adding alternate binding epitopes directly during viral production, pre-
sents its own manufacturing concerns related to producer cell line specificity (Dmitriev et al., 1998;
Douglas and Curiel, 1997; Krasnykh et al., 1998). In addition, potential immune recognition will
be a concern for any retargeting strategy.

Retroviral vectors, based on the prototype murine leukemia virus (MuLV), possess a natural
tropism based on receptor levels as well. Cells competent for retroviral transduction present the
natural MuLV (amphotropic) receptor and are actively dividing. Although cell division is required
for retroviral transduction (Miller et al., 1990), rapid proliferation alone is not sufficient for trans-
duction efficiency. Transduction may also be limited at the receptor level (Bauer et al., 1995;
Movassagh et al., 1998; Orlic et al., 1996; Sabatino et al., 1997). As with adenovirus, there is a re-
quirement for high-level expression of the appropriate viral receptor. Increasing the Pit2 receptor
level from 18,000 to 150,000 per cell increased the MuLV transduction efficiency from 10 to 50%
in rat 208F embryo fibroblasts (Kurre et al., 1999). Retargeting strategies for retroviral gene de-
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livery have been the subject of reviews (Anderson, 1998; Gunzburg and Salmons, 1996; Sandig
and Strauss, 1996).

In addition to the more standard reengineering of genetic and biochemical functionalities of
retrovirus, novel analyses have emerged that focus more on the physicochemical forces involved in
retroviral–cell interaction (Palsson and Andreadis, 1997). This study explored the physicochemi-
cal forces that determine the binding of the retroviral vector to the target cell and the kinetic in-
terplay between cell cycle and retroviral life cycle, events that determine the intracellular fate of
the virus and ultimately constrain the efficiency of the gene transfer process (Palsson and An-
dreadis, 1997).

Plasmid-based systems rely on ionic charge-based interactions for initial cell binding and sub-
sequent endocytosis (Hope et al., 1998, and references therein). Direct membrane fusion is the like-
ly alternate route for cationic lipid–DNA-based systems; however, the relative contribution of these
two pathways to nuclear delivery is unknown at this time. The differences in serum interactions and
transfection efficiency from one lipid formulation to another make it difficult to generalize regard-
ing uptake mechanisms (S. Li et al., 1998, 1999; Zhao et al., 1997). Furthermore, polymer-based
systems display behaviors that differ from lipid systems. Consequently, much of the plasmid-based
formulation technology development to date has relied on empirical assessments. Future formula-
tion development will require evaluation in well-defined therapeutic models.

Targeting strategies have been employed for plasmid-based systems in an attempt to increase
efficiency and specificity of delivery (e.g., Cristiano, 1998; Erbacher et al., 1999; Harbottle et al.,
1998; Hung et al., 1998; Kawakami et al., 1998; Mohr et al., 1999). Although the addition of tar-
geting elements or other protein components to plasmid-based systems is an attempt to mimic the
positive qualities of viral gene delivery systems, some of the negative consequences, such as in-
creased immunogenicity, may become more apparent. Overall, a variety of strategies and consid-
erations exist to improve the cellular uptake efficiency of gene-based therapeutics.

Intracellular Trafficking
The viral systems have naturally evolved highly efficient intracellular trafficking mechanisms

and for this reason have been exploited for gene delivery with minimal attempts to modify their
inherent functionality. Detailed understanding of the intracellular trafficking pathway for aden-
ovirus has continued to evolve, however, in order to capitalize fully on this gene delivery work-
horse (Leopold et al., 1998; E. Li et al., 1998; Miyazawa et al., 1999; Suomalainen et al., 1999; K.
Wang et al., 1998). Understanding the multiple functions afforded by the coat proteins of aden-
ovirus in the intracellular phase of its infection cycle (Greber and Kasamatsu, 1996; Greber et al.,
1993, 1994) has provided a foundation on which to build plasmid-based delivery systems. Engi-
neering of plasmid-based systems has focused on overcoming intracellular trafficking barriers such
as endosomal entrapment and nuclear uptake (reviewed in Meyer et al., 1997; Wagner, 1998).

It is difficult to generalize regarding the intracellular trafficking barriers and approaches for
plasmid-based systems due to the multitude of lipids, polymers, and peptides employed. Reviews
(Hope et al., 1998; Meyer et al., 1997) have covered this subject, and therefore the present 
discussion will be limited to common trafficking barriers (Zabner et al., 1995) and strategies to
overcome them. Endosomal release and nuclear uptake are the primary foci for improvement in
transfection efficiency (i.e., expression) following entry into the cell for plasmid-based delivery.
Decomplexation and cytoplasmic transport are perceived as the most likely secondary barriers that
need to be addressed. Increased efficiency of intracellular trafficking will result in an improved
therapeutic index and, consequently, allow reduced dosing of the plasmid delivery system to ob-
tain the desired biologic response. Such improvements should also minimize potential toxicities
related to high dosing.

Although endosomal entrapment may or may not practically limit expression (Brisson et al.,
1999; El Ouahabi et al., 1997; Laurent et al., 1999; Meyer et al., 1997; Mizuguchi et al., 1997; Zab-
ner et al., 1995), several endosomolytic agents (mostly modeled after viral elements) have been in-
corporated into plasmid-based systems (Baru et al., 1998; Wagner, 1998). A body of evidence has
begun to emerge suggesting that plasmid-based systems, analogous to retroviral systems (Miller et
al., 1990), require cell proliferation for successful transfection (Fasbender et al., 1997; Mortimer et
al., 1999; Ropp, 1999; Tseng et al., 1999; Wilke et al., 1996). The prevailing hypothesis is that nu-
clear membrane breakdown during mitosis is required for uptake of plasmid DNA into the nucle-
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us. In contrast, adenoviral vectors are able to transduce nondividing cells (Greber and Kasamatsu,
1996), suggesting that the viral genome has evolved a means to pass through the nuclear membrane.

A number of strategies to overcome the nuclear membrane are currently in development for
plasmid-based systems. Incorporation of peptide nuclear localization signals (NLSs) into plasmid
delivery systems to transport plasmid into the nucleus of quiescent cells has produced mixed re-
sults to date (Ludtke et al., 1999; Meyer et al., 1997; Sebestyen et al., 1998; Zanta et al., 1999).
Further development of such approaches will focus on appropriate presentation of the NLSs as
well as feasibility of scale-up and production. Alternatively, a nuclear transport cis-acting DNA el-
ement from SV40 may prove useful in plasmid-based systems (Dean, 1997; Graessmann et al.,
1989). An approach that circumvents the need for nuclear transport utilizes cytoplasmic expres-
sion via the T7 polymerase system (reviewed in Meyer et al., 1997). Increased expression of a mark-
er gene in mouse brain tumors (Mizuguchi et al., 1997) and direct intratumoral injection of the
T7/tk gene (Chen et al., 1998) have illustrated the potential for this approach. In vivo utility of
such strategies may be limited, however, due to potential immunogenicity issues related to the use
of a xenogenic protein (e.g., phage T7 polymerase).

The cytoplasm of the cell presents transport and stability barriers to gene delivery indepen-
dent of whether expression is nuclear or cytoplasmic. Lechardeur et al. (1999), for example,
demonstrated the potential negative impact of DNA instability within the cytoplasm for plasmid-
based systems. Clearly, an important role for the gene delivery agent, therefore, is protecting the
stability and integrity of the nucleic acid cargo during all stages of delivery. Aside from DNA loss
due to nucleases and other degradative enzymes, the cytoplasm is a viscous environment, which
limits free diffusion of plasmid-sized molecules (Luby-Phelps, 1994; and reviewed in Meyer et al.,
1997). Adenovirus overcomes this environment by utilizing specific endogenous cellular molecu-
lar motors to facilitate transport through the cytoplasm (Suomalainen et al., 1999). The under-
standing of plasmid-based transport through the cytoplasm is, however, relatively unexplored.
Only recently has the potential involvement or exploitation of cytoskeletal components for en-
hancement of plasmid-based gene delivery been addressed (Hamm-Alvarez, 1999; Kitson et al.,
1999). Understanding the intracellular trafficking of DNA from cellular uptake through delivery
into the nucleus should allow increases in the efficiencies of gene transfer. Increased efficiency of
delivery and expression will ultimately affect dosing regimens, therapeutic indices, and safety pro-
files.

PERSISTENT GENE EXPRESSION
The duration of gene expression and the impact of immunologic responses directed against

the vector and/or gene product are important considerations for gene-based therapeutics. The de-
sired level of persistence of therapeutic gene expression varies with each specific therapeutic ap-
plication. Expression of rapidly acting agents with known systemic toxicities, such as cytokines,
would be preferentially expressed in a controlled short-term manner. Therapeutic or prophylactic
vaccination, similarly, may not benefit from long-term expression of an antigen due to the poten-
tial danger of inducing immune tolerance to an organismal or tumor epitope. A study by Ochsen-
bein et al. (1999) indicates, however, the need for sustained or repeated immunization in the treat-
ment of established tumors.

Germ-line gene therapies, theoretically capable of stably directing appropriate tissue-specific
expression of therapeutic proteins prior to the onset of disease, are the subject of ongoing ethical
and legislative debate and are unlikely to be pursued vigorously in the near future. Short-term ex-
pression (i.e., several days to months) is within the capability of several gene delivery approaches.
The following section will focus on the technical aspects of achieving sustained gene expression
and begins by defining those treatments that will benefit from persistent expression.

Therapeutic Applications
Therapeutic applications requiring prolonged gene expression include both gene replacement

by somatic cell gene therapy and sustained, but nonpermanent, expression of a gene product whose
therapeutic window is restricted to its duration of expression. Although the gene replacement types
of applications represent the “holy grail” of gene therapy, e.g., the introduction of the CFTR gene
into cystic fibrosis patients to effect remission of disease, this type of treatment is unlikely to rep-
resent the first generation of significant successes in somatic cell gene therapy. There are several
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factors that make it unlikely that the initial successes in gene therapy will occur through replace-
ment of a missing or defective chromosomal gene (the exception of genes encoding secreted pro-
teins is discussed below): (1) the current gene transfer technologies may not be efficient enough
to transduce a sufficiently high percentage of affected cells in a single tissue to restore function, (2)
many diseases affect multiple organs and may require widespread gene transfer throughout the pa-
tient’s body, (3) it is unclear whether gene replacement will reverse long-established symptoms pre-
sented by the patient, and (4) the technologies for transferring large segments of DNA capable of
bearing appropriately regulated promoters are only beginning to be developed. Such regulation
may be necessary to restrict expression to the desired tissues. The current lack of a safe and repro-
ducible means by which to express stably a newly introduced gene over the human life-span by ei-
ther single or multiple doses of a vector is also an important consideration for replacement-type
applications.

Gene replacement approaches based on the transient expression of a secreted protein, how-
ever, are likely to come to fruition in the near future. Secreted proteins act both on transduced and
nontransduced cells, therefore the requirement for a high percentage of cells to be transduced is
reduced. In some cases, these diseases have been treated successfully with systemically administered
human- or animal-derived protein therapeutics as well as recombinant protein therapies (reviewed
in Buckel, 1996). Recombinant production of proteins has reduced reliance on naturally derived
proteins for a number of therapeutics, thus alleviating the risks of associated adventitious agents.
However, the relatively short duration of protein activity presents practical limitations and, hence,
provides a potential need for longer duration protein production at the disease site via gene-based
approaches. Although significant progress has been made toward increasing the effective circulat-
ing time of recombinant proteins through derivatization with agents such as PEG (Francis et al.,
1998), the effective half-lives of stabilized proteins may not allow sufficiently infrequent treatment
schedules to reduce significantly the cost or patient burden of frequent administration in some
cases. The use of slow-release matrix–protein complexes could be promising in this regard (e.g.,
Putney and Burke, 1998).

Current gene-based therapeutics technologies appear adequate to allow the moderately sus-
tained expression and, in some cases, infrequent repetitive delivery needed to ameliorate certain
genetic diseases. Although direct comparisons of the therapeutic efficacies of protein-based versus
gene-based approaches have not yet been extensively pursued, there are indications that protein
production from a newly introduced gene may be more physiologically relevant, and hence effec-
tive in some cases (Morsy et al., 1998b; Rakhmilevich et al., 1999). Among the approaches being
pursued are expression of factors VIII and IX for the treatment of hemophilia (reviewed in Her-
zog and High, 1998), �1-Antitrypsin for the treatment of emphysema and liver cirrhosis (reviewed
in Geddes and Beckles, 1995), leptin for the treatment of obesity (Morsy et al., 1998b), and apo
A-1 for the treatment of atherosclerosis (Benoit et al., 1999, and references therein).

A second type of therapeutic applications requiring relatively persistent gene expression in-
cludes those involving the treatment of diseases not necessarily caused by the absence of a protein,
but which can be treated through expression of a therapeutic protein. These therapeutic proteins
are often normally expressed in tissue- and/or condition-specific manners. Use of a gene-based ap-
proach allows expression of a therapeutic protein in a controlled spatial and temporal manner. The
applications of both protein- and gene-based approaches to deliver antiangiogenic factors to es-
tablished tumors to effect regression by reducing their vascularization provide examples of this type
of approach.

The antiangiogenic protein, angiostatin, a proteolytic fragment of plasminogen, was initially
laboriously purified from the urine and serum of tumor-bearing mice (O’Reilly et al., 1994), but
is now produced as a recombinant protein in quantities adequate for clinical trials. Through mech-
anisms not yet clear, angiostatin suppresses the angiogenesis necessary for tumor growth beyond
�1 mm (Folkman, 1972), while apparently leaving normal angiogenic processes sufficiently in-
tact to preclude systemic toxicity. The activities of angiostatin and the unrelated antiangiogenic
protein, endostatin (O’Reilly et al., 1997), require the continued presence of the therapeutic pro-
tein for efficacy; cessation of therapy leads to outgrowth of residual tumor cells.

Several reports have demonstrated the successful use of angiostatin and endostatin gene-based
therapeutics in mice (Blezinger et al., 1999; Cao et al., 1998; Griscelli et al., 1998; Liu et al., 1999;
Nguyen et al., 1998; Tanaka et al., 1998). Because expression of angiostatin or endostatin causes
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regression of tumors to micrometastatic states without completely eradicating tumor cells, both
protein and gene therapeutic approaches may benefit from the inclusion of adjuvant therapies such
as radiation (Gorski et al., 1998; Mauceri et al., 1998) or chemotherapy (Harris, 1998). Of par-
ticular interest will be whether vector-mediated antiangiogenic protein expression in situ differs
from systemic administration of recombinant proteins with respect to efficacy, toxicity, and cost.

Current Approaches for Persistence
Persistent therapeutic protein gene expression can be achieved in one of two general ways: (1)

a single dose of a persistently expressing vector or (2) repeated delivery of a less persistently ex-
pressing vector. Retroviral, adenoviral, adeno-associated viral, and plasmid-based gene delivery sys-
tems are the principal vectors being evaluated in a variety of animal and clinical models for their
ability to express therapeutic proteins following administration by several different routes. Cur-
rent considerations regarding these delivery systems involve their persistence of expression, mech-
anisms limiting that persistence, and the ability to administer repeat doses.

Immediately after infection, innate immune responses play a role in eliminating the vast ma-
jority of recombinant adenovirus (Ad) virions (Worgall et al., 1997). However, the onset of anti-
gen-driven immunity directed against the viral open reading frames (ORFs) remaining in the first
generation (E1-deleted or E1/E3-deleted) replication-deficient adenoviral vectors is chiefly re-
sponsible for limiting their duration of expression (e.g., Tripathy et al., 1996, Y. Yang et al., 1994a,
1996a). Loss of expression generally occurs by 1 month posttransduction and can be ameliorated
by codelivery of pharmacologic and vector-encoded immunosuppressive agents (Bouvet et al.,
1998; Cassivi et al., 1999; Cichon and Strauss, 1998; Elshami et al., 1995; Ilan et al., 1997; Jani
et al., 1999; Jooss et al., 1998; Kaplan and Smith, 1997; Kay et al., 1997; Lochmuller et al., 1996;
T. A. Smith et al., 1996; Vilquin et al., 1995; Yap et al., 1997) or by infection of immunodeficient
strains of mice (Barr et al., 1995; Dai et al., 1995; Elshami et al., 1995; Schowalter et al., 1999;
Yang et al., 1994b; Zsengeller et al., 1995). Although the potential safety issues regarding the use
of immunosuppressive agents in human gene-based therapeutics have not yet been addressed, these
approaches have been important in determining the mechanisms limiting the duration of gene ex-
pression and the ability to deliver vectors repetitively.

Partially, in an attempt to generate more persistent expression by reducing vector immuno-
genicity, the so-called “gutless” or “helper-dependent” adenovirus vectors have recently been de-
veloped (reviewed in Morsy and Caskey, 1999). All viral ORFs are deleted from these viral vec-
tors, leaving only the transgene, the viral terminal repeats required for replication in packaging
cells, a packaging sequence, and “stuffer” DNA to increase the genome to sufficient length for
packaging into viral capsids. Recombinant virus is generally produced by cocultivation of a plas-
mid of the recombinant genome and a helper virus expressing all required trans-acting replication
and packaging factors. Although contaminating helper virus remains an issue, studies using these
vectors demonstrate improved performance with respect to immunogenicity, safety, and duration
of expression (Chen et al., 1997; Morsy et al., 1998a; Schiedner et al., 1998).

Adeno-associated viral (AAV) vectors have been “gutless” since their inception, bearing only
the transgene flanked by the viral inverted terminal repeats necessary for replication and packag-
ing (reviewed in Carter, 2000; Hallek and Wendtner, 1996; Rabinowitz and Samulski, 1998). Plas-
mids containing the recombinant viral genome or the replication and packaging proteins are coin-
troduced into tissue culture cells by transient or stable transfection. These cells are then infected
with adenovirus or transfected with appropriate Ad gene expression plasmids to provide the helper
functions necessary to initiate and sustain the replication and packaging of AAV virions. The du-
ration of expression of AAV vectors introduced into the muscle of nonimmunosuppressed animals
can be in excess of several months (e.g., Snyder et al., 1997).

Similar to the helper-dependent Ad and AAV recombinant vectors, plasmid-based vehicles
encode only the desired therapeutic gene. Additionally, most lack protein components, reducing
the likelihood of antigen-specific immune responses that potentially shorten the duration of ex-
pression. However, in a manner essentially independent of the specific type of plasmid-based gene
delivery vehicle employed, expression declines precipitously from a peak level 8–12 hr following
IV administration to undetectable levels after 2 to 3 days (e.g., Liu et al., 1997).

The majority of plasmid-based systems utilize the human cytomegalovirus immediate-early
(hCMV-IE) promoter–enhancer due to its relative lack of cell type specificity and high activity.
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Although extensive evaluation of a variety of cell type-specific and viral promoters has been re-
ported (reviewed in Miller and Whelan, 1997; Walther and Stein, 1996), it has not become ap-
parent that other promoters express more persistently than the hCMV-IE promoter–enhancer.
This sequence is also commonly used to express transgenes in recombinant adenoviral vectors
when expression becomes lost due to cell-mediated immune responses at approximately 1 month
post-IV administration. The discrepancy between hCMV-IE promoter–enhancer persistence in
plasmid-based and adenoviral contexts may reflect different cellular responses to these vehicles and
suggests that the promoter is capable of persistent expression in some heterologous constructs. Pre-
sumably, some as yet undefined aspect of the viral genome structure, not shared by most plasmids,
facilitates persistence.

Plasmid-based gene delivery using the IM route of administration is notably different from
that of IV administration in its degree of persistent expression. Introduction of uncomplexed,
“naked”, or complexed DNAs by IM administration can result in prolonged expression (i.e.,
greater than 1 year) (e.g., Wolff et al., 1992). The mechanism by which muscle fibers persistently
express newly introduced transgenes is not yet clear. The route provides a simple means of sys-
temically expressing therapeutic proteins, but may not be suitable for all applications. For exam-
ple, IM administration of the vascular endothelial growth factor (VEGF) gene resulted in sub-
stantial gene-dependent injury at the site of injection (Springer et al., 1998). Comparisons of IM
route-dependent toxicity or pathology at the site of introduction should therefore be made for each
therapeutic protein-encoding vector.

To achieve persistent gene expression, several groups have focused on the incorporation of cis-
and trans-acting viral DNA elements into plasmid vectors. Sequences derived from viral replica-
tion origins and trans-acting origin binding factor ORFs derived from the Epstein–Barr Virus
(EBV) (Guanghuan et al., 1999; and reviewed in Sclimenti and Calos, 1998) and bovine papillo-
ma virus (BPV) (Piirsoo et al., 1996, and references therein) genomes have been used. These plas-
mid vectors are prevented from replicating by deletion of part of the replication origin necessary
for the initiation of DNA synthesis. The relative persistence of these vectors is thought to involve
the interaction of the origin binding protein with both the plasmid-born replication origin se-
quence and the host cell chromatin, tethering the plasmid and preventing its loss during cell divi-
sion (Calos, 1998). Although this model predicts that the effect of the viral elements should be
manifest predominantly in dividing cells, this has not yet been tested. An unresolved potential safe-
ty issue arises from the epidemiological association of EBV with several human cancers (Rickin-
son and Kieff, 1996) and the demonstration that B cell-directed expression of the EBV origin bind-
ing protein, EBNA-1, in transgenic mice results in the development of lymphomas (Wilson et al.,
1996). Sufficiently detailed structure–function analyses may allow the generation of mutant
EBNA-1 species that facilitate nuclear persistence while lacking oncogenic potential, if these two
activities are indeed separable.

Persistent therapeutic gene expression may be achievable through use of replicating vectors.
In general, however, their use has been avoided due to the safety issues associated with uncontrolled
in vivo viral replication. A modified replicating SV40-based plasmid system (Cooper et al., 1997)
is under development. The introduction of a specific set of mutations that reduce the oncogenic-
ity of large T antigen, without blocking its ability to bind to the origin, potentially reduce the risk
of tumorigenesis. If sufficiently limited distribution can be maintained, for example, by direct in-
tratumoral injection or by engineering cell type-specific replication, certain therapeutic applica-
tions may be achievable.

The IM route of administration has proved to result in relatively persistent in vivo expression
with both plasmid-based and viral gene delivery systems. Additionally, the use of viral elements in
plasmid-based vectors shows promise for long-term expression by other routes. With these promis-
ing advances comes the concern that expression needs to be controlled to avoid adverse responses
associated with prolonged expression. Ideally, vector transcription could be regulated in a positive
manner by administration of a short-lived nontoxic drug (Clackson, 1997; Harvey and Caskey,
1998; Rossi and Blau, 1998). In the absence of the inducer, little or no expression of the thera-
peutic gene would occur and, in this manner, gene expression can be modulated. Several such sys-
tems have been described: regulation of transcription through use of the antibiotic tetracycline (re-
viewed in Blau and Rossi, 1999), the immunosuppressive rapamycin (Magari et al., 1997; Rivera
et al., 1996; Ye et al., 1999), the insect hormone ecdysone (No et al., 1996), and the antiprogestins
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(Burcin et al., 1999, and references therein). Although promising, current outstanding issues in-
clude limited in vivo demonstration of efficacy, high basal levels of transcription in the absence of
inducer, and the possibility that these prokaryotic or chimeric repressor proteins may prove im-
munogenic, precluding repeat delivery. However, the perceived need for regulated gene expression
is, in part, an acknowledgment of the substantial progress that has been made regarding the levels
and persistence of gene expression systems.

Repeat Administration and Immune Reactivity
Prolonged therapeutic expression of proteins in vivo may also be accomplished by repetitive

delivery of vectors. Unfortunately, the impact of the innate and adaptive immune responses fol-
lowing administration of either viral or plasmid-based gene delivery particles on the effectiveness
of subsequent doses is becoming more apparent. Adenoviral (Benihoud et al., 1998; Dong et al.,
1996; Kagami et al., 1998; T. A. Smith et al., 1996; Yang et al., 1996b; Yei et al., 1994) and AAV
(Halbert et al., 1998; Manning et al., 1998) delivery systems express efficiently on repeated 
administration only in mice lacking functional adaptive immune systems [e.g., nude or severe com-
bined immunodeficient (SCID) mice] or immunocompetent mice tolerized or transiently im-
munosuppressed by pharmacologic or vector-encoded agents. Although the “gutless” Ad vectors
have been designed to avoid elicitation of adaptive immune responses by elimination of viral
ORFs, the inability to deliver repetitively AAV vectors, which lack all viral ORFs, to nonim-
munosuppressed animals bodes poorly for this approach with respect to repeat delivery. Further-
more, a study has demonstrated that prior administration of an Ad vector rendered transcription-
ally inactive by UV irradiation precluded expression from a subsequently administered Ad vector,
suggesting that the capsid proteins associated with the incoming viral genomes are sufficient to
generate a neutralizing immune response (Kafri et al., 1998).

Another means by which to avoid the adaptive immune responses that may block secondary
delivery is “serotype switching,” which involves the alternating use of recombinant viruses that are
genetically divergent so as to not elicit cross-neutralizing immune responses. Such an approach has
been reported for both Ad (Kass-Eisler et al., 1996; Mack et al., 1997; Mastrangeli et al., 1996;
Roy et al., 1998) and AAV (Rutledge et al., 1998; Xiao et al., 1999). Applications are likely to be
restricted, however, due to the limited number of Ad and AAV serotypes available in cloned form.

The ability to deliver repetitively plasmid-based gene expression constructs differs from the
viral systems in that the innate (i.e., cytokine release) immune system, rather than the adaptive
(i.e., T and B cell activation) immune sytem, appears to mediate interference. Productive IV de-
livery of a second plasmid-based construct after prior delivery of a first was shown to require a de-
lay of 9–11 days (Song et al., 1997). This “refractory period,” the length of time required between
doses for productive secondary transfection, is dependent on the amount of the first treatment
dose (Fradkin et al., 2000). When the interval between IV doses was arbitrarily set as 3 days, the
initial dose had to be reduced from a typical dose of 50 
g to 0.5–5 
g of liposome-complexed
DNA per mouse to allow subsequent gene expression. Delivery of liposome-complexed DNA via
intraperitoneal injection also showed a refractory period (Vernachio et al., unpublished data). In-
duction of the refractory period does not require expression of a protein or mRNA by the first vec-
tor, e.g., a promoterless plasmid effectively induces a refractory period of length similar to that of
an expressing plasmid. Administration of liposome-complexed plasmid by the IV route elicits rapid
IFN-�, type I IFN, TNF-�, IL-6, and IL-12 expression (Dow et al., 1999; Dow et al., unpub-
lished data; Whitmore et al., 1999), similar to that seen following immunostimulation by oligonu-
cleotides containing hypomethylated CpG motifs (reviewed in Krieg, 1996; Pisetsky, 1996). Fur-
ther studies have implicated the interferon pathway in establishment of the refractory period
(Fradkin et al., 2000). Thus, the innate immune responses to lipid–DNA complexes in vivo ap-
pear to have a profound impact on repeat gene expression.

SAFETY CONSIDERATIONS FOR GENE-BASED THERAPEUTICS
One of the primary issues surrounding any new emerging medical technology, particularly

one involving gene transfer, is safety. The development of safe and effective gene-based therapeu-
tics will require the careful choice and design of vectors for particular therapeutic applications, the
controlled assessment of toxicology in compliance with good laboratory practices, and validated
manufacturing processes following current good manufacturing practices. Regulatory groups will
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need to address certain environmental release issues due to the technology’s use of genetically mod-
ified organisms, pathogenicity of the delivery agents (e.g., viral systems), and characterization and
quality assurance of the master seed banks and vector stocks (K. T. Smith et al., 1996). Moreover,
gene transfer has potential safety and toxicity considerations associated with the delivery system
and expression of the delivered gene within cells. These considerations are all part of normal drug
development and are a sign of the maturation of gene-based therapeutics from a research tech-
nology to clinical utility.

The basic nature of gene-based therapeutic strategies to deliver and express therapeutic pro-
teins at the disease site under physiologically relevant conditions defines a new pharmacology com-
pared to more established small-molecule and recombinant protein drug treatments. Thus, novel
evaluation technologies will be employed to measure these new pharmacologic parameters to es-
tablish proper dosing regimens. For example, therapeutic proteins produced at the disease site may
be undetectable using current expression detection systems, although the biologic effect occurs.
Therefore, our sense of appropriate quantitative potency specifications to ensure biologic activity
may need to be redefined. Although numerous clinical trials have been completed or are under-
way, no gene-based therapeutics have yet been approved for commercial clinical use. Hence, with
limited published preclinical data available, pharmacologists and toxicologists will be challenged
to design relevant treatment regimens using predictive models to identify potential acute and long-
term adverse effects. However, guideline documents dealing with the preclinical safety evaluation
of biotechnology-derived products (International Conference on Harmonization, 1998) and safe-
ty aspects of gene therapy products (CPMP/SWP, 1998) have been released. Furthermore, pre-
clinical safety requirements for human somatic cell therapy and gene therapy products have been
defined by the Food and Drug Administration (FDA) (1998). Thus, initial safety guidelines are
in place to direct the safe development of gene-based therapeutics.

In spite of the tremendous potential of gene-based therapeutics to treat a variety of disease
conditions, there remain a number of safety and scientific concerns regarding the technology
(Verdier and Descotes, 1999). Some key safety considerations for gene-based therapeutics include
the toxicity associated with the delivery systems employed, the expression of novel genes in new
tissue types, interactions of the vectors with host genetic sequences, and the impact of host im-
mune responses (i.e., innate and adaptive) directed against the delivery vehicle and/or the gene
product.

The sequelae of host inflammatory and immune responses activated by any gene delivery par-
ticle (i.e., viral or plasmid-based) may play an important role in toxicity as well as impact the func-
tional duration of the therapy. The induction of various cytokines could likely contribute to dif-
ferent degrees of acute toxicity depending on the gene delivery system employed and species
evaluated, particularly with viral gene delivery (Muruve et al., 1999). Toxicity issues may be more
pronounced on systemic administration of vehicles compared to regional (e.g., intratumoral) de-
livery strategies. Although limited, preliminary studies would suggest that some gene therapeutics
can be administered safely with appropriate dosing.

Safety issues concerning activation of protooncogenes through insertional mutagenesis or in-
activation of tumor suppressor genes are important considerations, depending on the particular
delivery system employed. Concerns regarding generation of replication-competent viruses and
gene integration into germ-line tissue must be addressed. Because most viral delivery systems have
been designed to be replication defective for safety purposes, replication-competent species po-
tentially arising during manufacture must be detected. The cis- or trans-complementation of de-
fective functions inherent in the vector by either viral or cellular gene products is an additional
consideration for possible vector mobilization within the host. In the case of retroviral gene deliv-
ery, no replication-competent retrovirus (RCR) has been detected clinically following single or
multiple intratumoral injections (Nemunaitis et al., 1999). Through appropriate vector and pack-
aging cell construction, it is hoped that recombination events leading to the generation of some
of these species can be minimized.

The variety of gene delivery systems each provides a unique set of tissue specificities and prop-
erties that have advantages and disadvantages, dependent on the therapeutic application. The de-
velopment of any new therapeutic technology needs to evolve through thorough demonstrations
of preclinical safety. Although animal models can provide a certain level of safety evaluation, the
critical safety profiles need to be defined through well-designed human studies.
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LARGE-SCALE PRODUCTION ISSUES
The successful development of gene-based therapeutic approaches for treating human disease

requires progression through a well-defined set of clinical trials. Through each stage of clinical test-
ing (i.e., phases I, II, and II) larger and more diverse patient populations are required. As a result,
increasing amounts of gene-based product, processed under stringently controlled current good
manufacturing practices, will be required. The safe application of gene-based therapeutics neces-
sitates that production conditions be clearly defined with assurances that the manufacturing
process can be validated and the reagent components can be certified for safety and conformity.

There are a number of issues that have arisen in the large-scale manufacture of these novel vi-
ral and plasmid-based gene therapeutics. Viral vectors must be produced in tissue culture packag-
ing cells and are therefore subject to several specific considerations. Tissue culture cell lines used
for manufacturing vectors need to be tested for infectious agents and any growth medium com-
ponents (e.g., serum or growth factors) certified to be free of adventitious agents. Purification
schemes must be appropriate for the removal of potential contaminants or product interference,
e.g., retroviral transduction is adversely affected by proteoglycans secreted by producer cells in the
preparation of viral stocks (Le Doux et al., 1996, 1998).

Recombinant viruses are generally produced in tissue culture cells that have either been sta-
bly transfected or are transiently transfected with plasmid constructs expressing the viral ORFs re-
quired for viral DNA replication and packaging. Stably introduced expression constructs are gen-
erally maintained through drug selection of a contemporaneously introduced drug resistance gene.
The gene-based therapeutic should be purified in such a manner as to render it demonstrably free
of the selective drug. Ideally, the stability of the viral ORF under drug selection should be moni-
tored over time to ensure homogeneity in production. The use of transient transfection into un-
modified tissue culture cells reduces the burden of cell line stability characterization. However, al-
though adequate to generate materials necessary for preclinical and phase I/II trials, transient
transfection protocols have not yet been reported to be scaled up to yield the amounts of vector
required for later stage trials and commercialization.

Another issue in the large-scale manufacture of viral vectors is the variability in the number
of useful vector particles generated, i.e., the particle-to-infectivity (P:I) ratio, and their subsequent
stability on storage. These variabilities can render production lots differentially efficacious for gene
transfer and therapeutic effect. Most aspects of viral packaging are poorly understood and the P:I
ratio cannot therefore be controlled or manipulated. Additionally, titers used to calculate infectiv-
ity ratios are generally determined using tissue culture cells under conditions optimized for in vit-
ro infection; the relevant in vivo potencies are not well characterized (e.g., Forestell et al., 1995).
Methodologies to reduce P:I ratios should actively be sought because undesired inflammatory re-
sponses to both viral and plasmid-based particles are likely a function of total particle numbers de-
livered.

The generation of replication-competent virus (RCV) arising during vector production from
the recombination of the vector genome and the viral replication protein encoding ORFs has been
problematic for most viral-based gene delivery systems. Generation of RCV has been reported for
adenovirus (Lochmuller et al., 1994; Zhu et al., 1999), AAV (Allen et al., 1997; X. S. Wang et al.,
1998), and retrovirus vectors (Chong et al., 1998; Miller and Buttimore, 1986, and references
therein). Replication-competent retrovirus arising during manufacture was found to be responsi-
ble for the onset of lymphomas in vector-treated primates (Donahue et al., 1992), demonstrating
the reality of the dangers associated with RCVs. Although the possibility of recombination can be
reduced by elimination of regions of homology between the vector genome and viral ORFs (Fal-
laux et al., 1998), evidence that AAV replication-competent virus can arise through nonhomolo-
gous recombination has been presented (Allen et al., 1997). The large amounts of actively repli-
cating DNAs in packaging cells may preclude complete prevention of the generation of RCV,
particularly during large-scale production. Acceptable safe limits, if any, of such contaminants may
need to be established through rigorous preclinical testing.

Plasmid-based gene delivery vectors, due to their in vitro formulation from small-molecule
compounds (e.g., cationic lipids), do not necessarily require animal-derived growth products in
their manufacture. However, manufacturing issues exist for this class of delivery system as well.
Some aspects of plasmid DNA preparation can involve the utilization of animal-derived reagents,
i.e., the bovine pancreatic RNase often used to degrade contaminating Escherichia coli RNA in
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plasmid preparations. These components can be purified from animals free from known adventi-
tious agents; however, other unknown biologic agents may be present. A current problem in the
manufacture of plasmid-based gene delivery vehicles is our limited understanding about the in
vivo transfection-active species of formulated DNA. This has rendered the development of phys-
ical assays for ascertaining batch-to-batch variation difficult. The performance of vectors in vitro
has proved to be a poor predictor of their in vivo function; different barriers to their activity are
likely to exist in the in vivo environment. Issues involving the manufacture of gene-based prod-
ucts will be resolved as the technology and its product development continue to evolve.

CONCLUSION
The use of proteins or biologics for the therapeutic treatment of various diseases is well es-

tablished. Gene-based therapeutics provides an alternative, and potentially superior, means of de-
livering therapeutic proteins to diseased sites. Although gene-based therapeutics has tremendous
potential for treating a variety of diseases, there are a number of issues arising from preclinical and
clinical studies remaining to be addressed before clinical products are approved for routine use in
humans.

With the availability of varied types of gene delivery systems, the challenge will be to under-
stand the most appropriate delivery vehicle for each therapeutic application. Suitable manufac-
turing processes, compliant with regulatory guidelines, and well-designed clinical studies with clear
end points need to be implemented. In addition, the safety profiles need be clearly delineated. In
particular, toxicities associated with the different delivery systems (i.e., viral and plasmid-based),
novel gene expression in tissues, and host immune responses directed against the delivery vehicles
and/or gene products need to be fully understood. Preliminary indications of safety and efficacy
can be derived from preclinical studies utilizing inbred mice and rabbits. Relatively more outbred
animals, e.g., nonhuman primates and companion animals, provide models potentially more close-
ly related to the human with respect to dosing regimens, toxicity, and immune responses. Evalu-
ation of the safety and efficacy of human gene therapeutics, however, can be achieved only through
human clinical trials.

A greater understanding of cell biology, virology, immunology, and molecular biology is re-
quired to achieve the full potential of gene-based therapeutics. Fortunately, ongoing advances in
these fields of basic scientific inquiry are mirroring the challenges arising in the development of
gene-based therapeutics. Additionally, through a well-defined clinical development process, a great
deal of knowledge will be gained regarding various pragmatic aspects in the utilization of gene-
based therapeutics. The research technology of gene-based therapeutics is now positioned to move
to the next stage, intervention in human disease.
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Breast Reconstruction
Kuen Yong Lee, Craig R. Halberstadt, Walter D. Holder, and David J. Mooney

INTRODUCTION

There are many patients who need reconstructive surgery after mastectomy or lumpectomy 
due to breast cancer. Tissue engineering may provide an approach to create new soft tissue mass-

es for these applications. Various cell types can be used for breast reconstruction, including
preadipocytes, fibroblasts, smooth muscle cells, muscle myocytes, and chondrocytes. To introduce
cell–polymer constructs into the body, proper selection of polymeric materials should provide
three-dimensional support for engineered new tissue. There are two strategies for introducing the
cell–polymer constructs into the body. The first is to surgically implant and the second approach
is to deliver in a minimally invasive manner using injectable forms of materials. A critical chal-
lenge to engineer large tissue masses is vascularization, and approaches to optimize this process in-
clude delivery of angiogenic molecules or endothelial cells.

There is a significant need for breast reconstruction due to cancer; the American Cancer So-
ciety estimates that approximately 182,000 new cases of breast cancer are reported each year. Di-
rect medical costs for treating new and existing cases approach $6 billion each year, according to
the National Cancer Institute (American Cancer Society, 1997). Historically, breast cancer was
treated with radical mastectomy. This procedure removed the breast, underlying pectoral muscles,
and axillary lymph nodes. Radical breast surgery was developed at a time when breast cancers typ-
ically were very large before detection and were thus often unresectable by current standards. With
the advent of mammography and a rising awareness of the importance of breast self-examination
programs, earlier and smaller breast cancers are detected and do not warrant radical surgery. Rad-
ical mastectomy was abandoned for most patients when it became increasingly apparent that equiv-
alent survival occurred after modified radical mastectomy, which preserved the pectoral muscles
and removed less skin and fewer lymph nodes. During the past 30 years the National Surgical Ad-
juvant Breast Program (NSABP) has conducted numerous randomized prospective clinical trials
that have explored newer and less deforming treatments for breast cancer (Harris et al., 1997).
These studies have unequivocally demonstrated that for most women with small breast cancers,
simple excision (lumpectomy) of the breast cancer with sampling of the axillary lymph nodes fol-
lowed by radiation is equivalent in survival to modified radical mastectomy. However, in some
women mastectomy remains the best treatment due to extensive tumor involvement within the
breast such that removal of all or most of the breast tissue is required.

The current approaches to reconstruct breast tissue include reconstructive surgery utilizing
autologous tissue flaps, or implants of synthetic materials. Complex flap reconstructions using
transversus rectus abdominal myocutaneous (TRAM) flaps, latissimus dorsi flaps, or muscle-free
flaps from the buttock or thigh are used to reconstruct large volumes of lost breast tissue. These
are very extensive procedures with long recovery periods, and require the harvest of tissue from an-
other site in the body with its attendant side effects and complications. The advantage of this ap-
proach is that a patient’s own tissues are utilized, and the use of a tissue results in a more natural
tactile tissue quality. A more commonly used procedure involves the use of synthetic materials. In
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this process a tissue expander is placed, usually beneath the pectoral muscles, and is gradually in-
flated over several weeks to the desired size. It is subsequently removed by a relatively simple pro-
cedure and a saline-filled permanent silastic implant is placed in the cavity. Because the implant is
a foreign body there may be a substantial inflammatory response producing fibrosis, thickening,
and an unnatural shape and tactile quality. Also, implants may leak and require replacement. Sil-
icone-filled implants are now rarely used due to a possible induction of autoimmune disease caused
by the leakage of silicone.

Tissue engineering is potentially a potent approach to treat the loss of tissues or organs (Langer
and Vacanti, 1993; Mooney and Mikos, 1999), and could find wide utility in breast tissue recon-
struction. Tissues can be engineered with a number of different strategies, but a particularly ap-
pealing approach for breast reconstruction utilizes a combination of a patient’s own cells combined
with a polymeric scaffold. In this approach, tissue-specific cells are isolated from a small tissue
biopsy and expanded in vitro. The cells are subsequently placed onto polymeric scaffolds, which
act as synthetic extracellular matrices. These scaffolds deliver the cells to the desired site in body,
define a space for tissue formation, and potentially control the structure and function of the en-
gineered tissue (Putnam and Mooney, 1996; Kim and Mooney, 1998a). Utilization of biodegrad-
able polymer scaffolds leads ultimately to a new tissue mass with no permanent synthetic element.
New soft tissues, which can be transplanted into a patient and reconstruct lost breast tissue, can
potentially be created with this process (Fig. 31.1). This approach may circumvent the main lim-
itations of reconstruction of breast tissue using tissue transplantation, while eliminating the need
for the permanent implantation of synthetic prosthetic materials.

In this chapter, we summarize the various cell types that may be useful for breast reconstruc-
tion, the polymers that can potentially be utilized in this tissue engineering approach, and the de-
velopment of suitable animal models that allow one to test this concept for breast reconstruction.
In addition, we review approaches being developed to promote vascularization of the engineered
tissue, because this will be a critical challenge to engineer a large mass of soft tissue with cell trans-
plantation.

CELL TYPES FOR SOFT TISSUE ENGINEERING
Many considerations must be addressed when choosing which cell type(s) to be used in hu-

man breast tissue engineering. The first consideration is that there is substantial variability in the
size, shape, and consistency of the breast. All three factors change over time, with a tendency for
breast parenchyma (glands and ducts) to involute or regress as a woman ages, after pregnancy, and
particularly after menopause, and to be replaced by fat. Also, comparing breast tissue among
women of any given age, there is considerable variability in size, shape, tactile, elastic, and tensile
characteristics of the tissue. The tensile and elastic characteristics of the breast are produced by
three major factors: (1) the amount and quality of fat in the breast, (2) the amount and quality of
glandular and duct tissue in the breast, and (3) the mechanical characteristics of the fibrous sup-
port structures of the breast (Cooper’s ligaments). In breast reconstruction, the creation of a func-
tional breast with lactational ability is not needed and, in fact, may add to a woman’s breast can-
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Fig. 31.1. Schematic of the ap-
proach to engineer a soft tissue
replacement for women with
breast cancer. The first steps in-
clude identification and removal
of the breast tissue, then isolation
and multiplication in vitro of ap-
propriate cells derived from an-
other site in the body. These cells
are then combined with a
biodegradable polymer matrix
and implanted into the body to
recreate a soft tissue that emu-
lates the lost breast tissue.



cer risk by introducing mammary epithelial cells that may be predisposed to cancer development.
The major goal of breast reconstruction is to produce a breast mound with all of the aesthetic prop-
erties of a normal breast. A major concern for a woman undergoing breast reconstruction for can-
cer or augmentation is that the right side should match the left side and that the reconstruction
should be aesthetically correct. Also, it is important to understand that there is considerable vari-
ability in the expectations of women who undergo reconstructive or augmentation breast surgery
in terms of the desired size, shape, and elastic and tactile qualities of the breast reconstruction.
With these observations, a projection can be made that fat cells would need to be a major part of
the tissue-engineered construct and other cell types (e.g., muscle) would be needed to contribute
appropriate conformational, tensile, elastic, and tactile characteristics of the construct. Also, due
to the variability in normal breast, some individual manipulation of these constituents may be re-
quired.

A major cell type comprising normal breast tissue, and likely the engineered replacement, is
the adipocyte. Lipid-laden fat cells (adipocytes) are terminally differentiated and will not divide
further in vivo or under cell culture conditions. If these cells are to be used, they would have to be
harvested from fat in an equivalent volume required for the construct (Nguyen et al., 1990;
Kononas et al., 1993; Hang-Fu et al., 1995). Alternatively, preadipocytes could be used for engi-
neering soft tissue (Patrick et al., 1999), because these cells can potentially be expanded in culture.
These cells are fibroblast-like in structure and often contain small lipid droplets. More research is
required to best determine how to maintain the preadipocyte phenotype with growth factors or
growth medium supplementation to optimally expand and maintain these cells.

Because breast tissue is more than fat alone in most cases, additional cell types must be con-
sidered to contribute to the shape, tactile, elastic, and tensile characteristics of a breast recon-
structed by tissue engineering methods. Possible other cell types include smooth muscle cells, 
fibroblasts, skeletal muscle, and elastic cartilage. Fibroblasts contribute greatly to the support struc-
ture of the breast by laying down bands of collagen that connect the breast tissue to the skin and
to the pectoral muscle, as well as helping maintain the overall shape. Fibroblasts are an integral
component of tissue-engineered skin products, and transplantation of fibroblast-containing tis-
sues has been demonstrated successfully to replace lost skin tissue in several situations (Landeen et
al., 1992; Eaglstein and Falanga, 1998). The density and firmness of the breast are primary effects
of the glandular epithelium and ductal structure. Tissues that have similar tactile and elastic prop-
erties are almost exclusively muscle. Smooth muscle cells can be readily isolated from a number of
organs and expanded in culture. Techniques have been developed to seed these cells efficiently onto
three-dimensional scaffolds fabricated from various polymers (Kim et al., 1998), and to grow new
tissues from these cell–polymer constructs with a defined size and shape (Kim and Mooney,
1998b). Implantation of smooth muscle-containing polymers can lead to the reformation of sig-
nificant tissue masses, with reorganization of the smooth muscle tissue into appropriate three-di-
mensional structures (Oberpenning et al., 1999). Muscle myocytes can also be greatly expanded
in vitro, and have been demonstrated to reform functional tissue masses under appropriate condi-
tions (Vandenburgh and Kaufman, 1979; Vandenburgh et al., 1991). However, it remains to be
demonstrated that smooth or skeletal muscle myocytes will maintain a tissue mass over long peri-
ods of time without neural stimulation. An alternative approach is to utilize chondrocytes as a com-
ponent of an engineered breast tissue. Elastic cartilage has many of the mechanical properties of
glandular breast tissue that are potentially important for tissue engineering of breast (e.g., elastic-
ity). Chondrocytes can be readily expanded in culture and are able to survive in low oxygen ten-
sions. Chondrocytes have been used extensively in tissue engineering to engineer a variety of tis-
sue constructs both in vitro and in vivo (Atala et al., 1994; Breinan et al., 1998; Wakitani et al.,
1998).

A number of issues must be ultimately addressed in relation to cell expansion for breast tis-
sue reconstruction. In considering the number of cell types that may potentially be used, it is very
likely that a variety of growth factors will be needed for the in vitro expansion of cells. Implanted
cell-bearing polymers may also need to be created to provide the short- or long-term stimulation
of growth factors and other substances to enhance vascularization, or to provide or sustain a local
milieu that will maintain a stable, healthy tissue mass in an area that may be foreign to the tissue
(Mooney et al., 1996c; Peters et al., 1999a; Sheridan et al., 2000). Standard isolation and expan-
sion protocols must also be developed, and critical factors include aseptic technique in the harvest,
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routine quality control testing of all cultures, and long-term cell storage. It may also be possible to
isolate all the cell types required for breast tissue engineering from a single tissue source. For ex-
ample, fat contains, in addition to adipocytes, a large vascular network, composed primarily of
capillary endothelial cells and some vascular smooth muscle cells as well as a collagen stromal struc-
ture produced by fibroblasts (Williams et al., 1994). Hence, multiple cell types can potentially be
obtained from this tissue. In attempting to produce fat tissue, it may be beneficial to purify and
expand the cellular components of fat without isolating each component. This may be particular-
ly important if, as suggested by several authors, vascular endothelial cells and others exhibit organ
specificity (Bassenge, 1996; Craig et al., 1998; Murphy et al., 1998).

MATERIALS
There are two general strategies for introducing the cell–polymer constructs back into the

body in order to engineer tissues. The constructs can be implanted using an open surgical pro-
cedure (implantable material), or introduced in a minimally invasive manner utilizing syringes 
or endoscopic delivery (injectable materials). Implantable forms of materials are typically 
foams, sponges, films, and other solid devices. The typical injectable forms of materials include
hydrogels and microbeads. Most synthetic polymers, such as aliphatic polyesters, polyanhydrides,
poly(amino acids), and poly(ortho esters), are suitable for fabrication of implantable devices. On
the other hand, natural polymers, including alginate, chitosan, hyaluronic acid, and collagen, are
good examples of injectable materials. Hydrogels are highly attractive injectable forms due to the
potential to implant into the body in a minimally invasive manner. Their properties can be engi-
neered for biocompatibility, selective permeability, mechanical and chemical stability, and other
requirements as specified by the application (Jen et al., 1996). Certain polymers such as the poly-
anhydrides and collagen can be used in both types of applications (Anseth et al., 1999; Doillon 
et al., 1994).

Implantable Materials
A variety of polymers can be utilized to form solid or macroporous scaffolds for tissue engi-

neering applications (Fig. 31.2). Aliphatic polyesters of poly(glycolic acid) (PGA) and poly(lactic
acid) (PLA) are well-characterized synthetic biodegradable polymers that have been widely applied
to the biomedical field generally, and to the tissue engineering arena specifically (Wong and
Mooney, 1997). PGA has a high crystallinity, a high melting temperature, and low solubility in
organic solvents. PLA has a much more hydrophobic character than PGA due to the introduction
of the methyl group. PLA has low water uptake and its ester bond is less labile to hydrolysis ow-
ing to steric hindrance of the methyl group. Therefore, PLA degrades more slowly and has higher
solubility in organic solvents compared with PGA. Copolymers of PLA and PGA (PLGA) can be
readily synthesized and their physical properties are regulated by the ratio of glycolic acid to lactic
acid. This enables these copolymers to be used in various applications as biodegradable matrices
in tissue engineering (Mooney et al., 1995).

These aliphatic polyesters can be readily processed into various physical forms appropriate for
tissue engineering applications. A number of techniques have been proposed to generate highly
porous scaffolds, including solvent casting/particulate leaching (Mikos et al., 1994), phase sepa-
ration (Lo et al., 1995), emulsion freeze drying (Whang et al., 1995), fiber extrusion and fabric
formation (Freed et al., 1994), and gas foaming (Mooney et al., 1996b; Harris et al., 1998). Non-
woven fabrics of PGA, stabilized by spraying with PLA or PLGA solution, thus providing signif-
icant resistance to compressional forces, were successfully used to culture smooth muscle cells (Kim
and Mooney, 1998b), even with a tubular structure (Mooney et al., 1996a). Gas foaming and par-
ticulate leaching techniques have proved efficient for generating open pore structures (Fig. 31.3),
and because the gas foaming process does not require any organic solvents or high temperature,
biologically active molecules can be incorporated into these matrices without denaturation (Shea
et al., 2000; Sheridan et al., 2000). Implantation of porous polymer scaffolds leads to host tissue
ingrowth and formation of granulation tissue throughout the scaffold (Fig. 31.4).

A number of other synthetic polymers can also be utilized to fabricate scaffolds for breast 
tissue reconstruction. These include polycaprolactone, polyanhydrides, poly(amino acids), and
poly(ortho esters). Polycaprolactone (PCL) is also one of the aliphatic polyesters. PCL is a semi-
crystalline polymer with high solubility in organic solvents and low melting temperature. Because
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the degradation rate of PCL is much slower than that of PGA or PLA, it has been used as a long-
term drug delivery carrier (Pitt, 1990). The biocompatibility of PCL has been investigated in rat
(Yamada et al., 1997) and rabbit models (Lowry et al., 1997). Polyanhydrides are usually copoly-
mers of aromatic diacids and aliphatic diacids. They usually degrade by surface erosion, and their
degradation rate can be controlled, depending on the choice of diacids (Domb et al., 1989). The
degradation rates of polyanhydrides are much faster than those of poly(ortho esters) in the absence
of any additives. Therefore, polyanhydrides have been widely used as biodegradable implants for
local drug delivery of cefazolin, bupivacaine (Park et al., 1998), methotrexate (Dang et al., 1994),
and taxol (Fung et al., 1998). Poly[bis( p-carboxyphenoxy)propane-sebacic acid] was approved by
the FDA for clinical trials (Engelberg and Kohn, 1991). It is biocompatible and nontoxic, even 
in the rat brain, when compared to standard neurosurgical implants (Tamargo et al., 1989).
Poly(amino acids) have been studied due to their similarity to proteins, and have been widely in-
vestigated for biomedical applications such as sutures and artificial skin (Anderson et al., 1985).
Poly(amino acids) are usually polymerized by ring-opening of N-carboxyanhydrides, and versatile
copolymers can be prepared from various combinations of amino acids. However, due to their
highly insoluble and nonprocessible properties, “pseudo”-poly(amino acids) have been also devel-
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Fig. 31.2. Chemical structures of
various implantable and injectable
materials for tissue engineering scaf-
folds.
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Fig. 31.3. (a) Scanning electron photomicrograph of the surface of a PLGA matrix formed with the
gas foaming/particulate leaching methods. (b) Photomicrograph of hematoxylin- and eosin-
stained cross-section of new tissue formed by smooth muscle cells on the matrix shown in a after
2 weeks in culture (�400). From “Open pore biodegradable matrices formed with gas foaming;”
L. D. Harris, B.-S. Kim, and D. J. Mooney; J. Biomed. Mater. Res. Copyright © 1998 John Wiley &
Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.



oped by Kohn and Langer (1987). It was also reported that poly(amino acids) containing l-argi-
nine, l-lysine, or l-ornithine caused endothelium-dependent relaxation of bovine intrapulmonary
artery and vein, and stimulated the formation and/or release of an endothelium-derived relaxing
factor identified as nitric oxide (Ignarro et al., 1989). Poly(ortho esters) are biodegradable poly-
mers that degrade by gradual surface erosion and have been known as useful materials for con-
trolled drug delivery. Poly(ortho ester) membranes containing indomethacin (Solheim et al.,
1992), gentamycin (Pinholt et al., 1992), or insulin-like growth factor (Busch et al., 1996) have
been prepared and implanted into rats without any noticeable inflammation after degradation.

Injectable Materials
A number of polymers, mainly naturally derived, can be utilized in an injectable form (Fig.

32.2). Alginate has found the widest use to date as an injectable scaffold material for tissue engi-
neering (Atala et al., 1994) due to its simple gelation properties when ionically cross-linked with
divalent cations such as Ca2�, Mg2�, Ba2�, and Sr2� (Fig. 31.5a). Because of favorable proper-
ties, including biocompatibility, nonimmunogenicity, hydrophilicity, and relatively low cost, there
have been many attempts to utilize this material as wound dressings, dental impressions, immo-
bilization matrices, and scaffolds for cultured and transplanted cells (Klock et al., 1997; Shapiro
and Cohen, 1997; Gombotz and Wee, 1998). Alginate can be used in an injectable form either by
being preformed into small beads or by injection before or during the solidifying process. Due to
the ease of implantation in a minimally invasive manner, alginate beads have been prepared and
used for transplantation of chondrocytes (Lemare et al., 1998; Gregory et al., 1999) or hepatocytes
(Joly et al., 1997).

Alginate is not an ideal material for a tissue engineering approach because it loses divalent ions
into the surrounding medium, and then dissolves. This process is uncontrollable and unpre-
dictable. In addition, the molecular weight of many alginates is typically above the renal clearance
threshold of the kidney (Al-Shamkhani and Duncan, 1995). Alginate is also known to discourage
protein adsorption due to its hydrophilic character, and this may decrease the survival of many cell
types in alginate hydrogels (Smentana, 1993). Hydrolytically degradable covalently cross-linked
hydrogels derived from alginate have been reported (Bouhadir et al., 1999). To avoid the degra-
dation problem of alginate, polyguluronate blocks with molecular masses of 6000 Da were isolat-
ed from alginate, oxidized, and covalently cross-linked with adipic dihydrazide. The gelling of these
polymers could be readily controlled, and their mechanical properties depended on the cross-link-
ing density. An RGD-containing cell adhesion ligand has also been covalently coupled to enhance
the cellular interaction with alginate hydrogels (Rowley et al., 1999). These modified alginate hy-
drogels provided for adhesion, proliferation, and expression of a differentiated phenotype of mouse
skeletal myoblasts (Fig. 31.5b).
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Fig. 31.4. Formation of new three-dimensional tissue following implantation of a highly porous
biodegradable polymer matrix. Rat adipocytes were seeded for 24 hr onto a 13-mm-diameter, 3-
mm-thick PLA matrix and then implanted into the subcutaneous space of a female Lewis rat. The
implants were harvested 4 weeks postimplantation, fixed in formalin, embedded and 4-
m sec-
tions were stained with hematoxylin and eosin. A �2.5 magnification of the graft is shown. A well-
defined tissue is present throughout the implant site, with the establishment of a vascular bed, and
the matrix size and shape predetermine the size and shape of the engineered tissue mass. Un-
published data from W. D. Holder and C. R. Halberstadt.



Other naturally occurring polymers can also be utilized as an injectable material to achieve
breast tissue reconstruction. These include chitosan, hyaluronic acid, and collagen. Chitosan is the
second most plentiful biomass, and various derivatives of chitosan have been formed by coupling
various molecules to the reactive amino groups in the backbone (Muzzarelli, 1983; Lee et al.,
1995). Chitosan has been known to be biocompatible and biodegradable and has a low toxicity
(Chandy and Sharma, 1990; Tomihata and Ikada, 1997). This enables chitosan to be useful for
versatile biomedical applications such as plastic surgery (Biagini et al., 1991) and wound healing
(Muzzarelli et al., 1993). Chitosan matrices were fabricated and proposed as cell substrates for
bovine chromaffin cells and porcine hepatocytes due to their structural similarity to glycosamino-
glycans (Eser-Elcin et al., 1998; Elcin et al., 1999). Hyaluronic acid is known to be one of the gly-
cosaminoglycan components of the extracellular matrix and plays a significant role in wound heal-
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Fig. 31.5. (a) Alginate hydrogel,
ionically cross-linked with
Ca2�, as an injectable material
for the tissue engineering ap-
proach. From K. H. Bouhadir
and D. J. Mooney (unpub-
lished). (b) Photograph of my-
oblasts cultured on GRGDY-
modified alginate hydrogel
surfaces for 3 days. Reprinted
from Biomaterials 20; J. A. Row-
ley, G. Madlambayan, and D. J.
Mooney; “Alginate hydrogels as
synthetic extracellular matrix
materials,” pp. 45–53. Copy-
right 1999, with permission
from Elsevier Science.



ing and cell proliferation. Hyaluronic acid is degraded by hyaluronidase, which exists in cells and
serum (Afify et al., 1993). Hyaluronic acid and its derivatives have been used as a drug delivery
system (Larsen and Balazs, 1991). Hydrogels of hyaluronic acid have also been prepared by cova-
lent cross-linking with various kinds of hydrazides (Vercruysse et al., 1997). Human fibroblasts
and keratinocytes were cultured on hyaluronic acid-derived biomaterials (Zacchi et al., 1998) and
cross-linked nonanimal hyaluronic acid gel was used for facial intradermal implants (Duranti et
al., 1998). Collagen is the best known tissue-derived natural polymer. It is the main component
of all mammalian tissues, including skin, bone, cartilage, tendon, and ligament. Collagen has been
used as a tissue culture scaffold or artificial skin due to the easy attachment to it by many differ-
ent cell types. However, collagen offers a limited range of physical properties, and can be expen-
sive (Pulapura and Kohn, 1992). The attachment of cells to collagen can be altered by chemical
modification and incorporation of either fibronectin, chondroitin sulfate, or low levels of
hyaluronic acid into the collagen matrix (Srivastava et al., 1990).

ANIMAL MODELS
A primary problem with the development of tissue-engineered human breast reconstruction

or augmentation is that there are no similar animal models. Human beings are the only animals
to have developed breasts. Other primates may have small breast mounds, particularly when lac-
tating, but these are inadequate for developing large tissue constructs for partial or complete mas-
tectomy equivalents to what occurs in human patients. Cattle and goats have udders that have no
structural or functional similarity to humans. Rats and mice have multiple teats along mammary
lines extending from the neck to the inguinal region, with small mammary glands beneath each
teat. Pigs, dogs, and sheep similarly have subcutaneous mammary glands that are inconspicuous
unless the animal is lactating. Despite the lack of an ideal model, major development of concepts
can be achieved and important research questions answered using several animal models.

There has been excellent success using inbred female Lewis rats as a small animal for the de-
velopment of transplantable tissues on absorbable polymers such as PGA, PLA, PGLA, and algi-
nate (Holder et al., 1998). This model allows for transplantation of cells between individuals 
without concern for immunologic rejection, which parallels the likely autologous nature of cell
transplantation for breast engineering. In addition, the Lewis rat is larger than many other strains
and allows for the testing of larger (1–2 cm) or multiple constructs in the same animal. In order
to prevent migration of implanted materials and control the local formation of the engineered tis-
sue, a “purse-string” technique has been developed to secure implants at specific sites (Roland et
al., 1998). Briefly, a single nonabsorbable suture is passed in and out of the skin to form a circle.
The skin is lifted with a forcep, forming a pocket, and the implant is placed into the subcutaneous
tissue in the center of the circle through a small incision that is then sutured together. The purse-
string suture is then tightened to hold the implant in place. The suture may be removed 2 weeks
later and the implant will remain in place.

Another attractive animal model that allows for the transplantation of human-derived cells is
Nude (nu/nu) mice or severe combined immunodeficient (SCID) mice. These animals have a com-
promised immune systems to the extent that they will often accept xenogeneically transplanted
tissues, and these mice have been particularly useful for transplantation and immunologic studies
of human tumors, bone marrow, skin, and other tissues (Mortensen et al., 1976; Lopez-Valle et
al., 1996; Ullmann et al., 1998). They are potential models for evaluating various polymer con-
structs with and without human cells in vivo without the adverse effects of a major immunologic
reaction. Further, basic questions about human cells and polymers in vivo may be answered with-
out going to human trials prematurely. Development of these models may not be straightforward,
because there are subtle differences between strains regarding acceptance of various tissues and
growth of the implanted tissues in different sites (e.g., a tissue may grow in one mouse strain but
not another or grow in a subcutaneous site but not in an internal location). Nude mice basically
lack a T lymphocyte response whereas SCID mice lack both T and B lymphocyte responses. How-
ever, both types have natural killer cells that may interact with some transplanted materials. These
mouse colonies must be monitored closely for changes in the immune status of the mice, which
at times occur spontaneously. Human cells must be routinely screened for human immunodefi-
ciency virus (HIV), hepatitis, and mycoplasma before transplanting into immunosuppressed mice
to assure the safety of the animals and workers, and the validity of the experiments.
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In evaluating larger animals as models for breast tissue engineering, animals with skin and
subcutaneous tissues that are similar to those of humans are required in order to evaluate larger
constructs in the subcutaneous position. For this reason, the same animal must be used as a tissue
donor and recipient. Dogs generally have little fat and very loose skin and present many of the
problems of the rat in terms of migration of implanted materials. Pig skin and subcutaneous tis-
sues are very similar to human skin and tissues, but most pigs continue to undergo rapid gain
weight throughout their lives, which makes monitoring implants very difficult. We have had suc-
cess with adult miniature Yucatan pigs that tend to maintain their size without massive weight gain
(C. R. Halberstadt and W. D. Holder, unpublished data). Implanted materials can be readily mon-
itored and sites easily marked with a skin tattoo. These animals have a pectoral musculature sim-
ilar to that in humans so that subpectoral muscle sites may also be used. Primates, although relat-
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Fig. 31.6. (a) Release of 125I-
labeled growth factors ( �,
VEGF; �, FGF-2; �, EGF) from
PLGA matrices formed with
the gas foaming/particulate
leaching methods. From Pe-
ters et al. (1999a). Photo-
micrographs of tissue cross-
section after 4 weeks of 
implantation into Lewis rats
for a matrix-releasing (b) plas-
mid-encoding PDGF (�100)
and (c) control plasmid
(�400). Photomicrographs
have labels for adipose tissue
(A), polymer (P), and vessel
(V). From Shea et al. (2000).
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ed to humans, anatomically do not have any particular advantage over sheep or pigs as a model.
Further research and development will be required to establish a technology for biopsies and cel-
lular construct implantation that is efficient, technically straightforward, and minimally invasive
in any of these large animal models.

STRATEGIES TO ENHANCE THE VASCULARIZATION 
OF ENGINEERED TISSUE

A critical challenge to engineer breast tissue, or any tissue of significant thickness, is to de-
velop a vascular network that can support the metabolic needs of the engineered tissue and inte-
grate it with the rest of the body. The need for a vascular network has been strikingly demonstrated
in studies of hepatocyte transplantation, in which over 90% of the cells transplanted even on rel-
atively thin (3mm thick) scaffolds died within days following implantation (Mooney et al., 1997).
This finding of significant cell death prior to tissue vascularization is not unique to hepatocytes,
but has also been noted in smooth muscle cell transplantation as well (Cohn et al., 1997), and is
likely a general finding in all efforts to engineer tissues (Colton, 1995). The presence of vascular-
ized networks in natural metabolic organs results in a short diffusion distance between the nutri-
ent source and the cells (Thomson et al., 1995), and these vascular networks must be created in
engineered tissues as well.

There are three general approaches taken to date to promote angiogenesis in engineered tis-
sues. The first relies on vascularization, which accompanies the inflammatory response to any im-
planted foreign material. Optimization of the porosity and pore size of tissue engineering scaffolds
can increase the rate of granulation tissue formation in engineered tissues (Mikos et al., 1993;
Mooney et al., 1994). However, the blood vessel ingrowth occurs slowly with this approach, and
will likely not be sufficient to engineer large tissue volumes. The second two approaches attempt
actively to modulate the vascularization process by either delivering angiogenic molecules or blood
vessel-forming cells (endothelial cells) to the site at which the tissue is being engineered.

Site-specific delivery of angiogenic molecules may provide an efficient means of stimulating
localized vessel formation. Controlled and sustained release of angiogenic molecules from the tis-
sue engineering scaffolds may allow one to optimize this process (Eiselt et al., 1998; Peters et al.,
1999b; Sheridan et al., 2000). Various growth factors, including vascular endothelial growth fac-
tor (VEGF), basic fibroblast growth factor (FGF-2), and epidermal growth factor (EGF), could
be incorporated into a polymeric matrix and released at a controlled and sustained rate for an ex-
tended period of time (Fig. 31.6a). Alternatively, delivery of plasmid DNA encoding the angio-
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genic proteins may be another approach to generate the vascular networks in engineered tissues
(Shea et al., 2000). PLGA scaffolds containing a plasmid encoding for platelet-derived growth fac-
tor (PDGF), a potent angiogenesis promoter, greatly increased the number of blood vessels and
granulation tissue that formed compared to scaffolds, which did not deliver the plasmid DNA (Fig.
31.6, b and c).

Another potential approach to enhance angiogenesis in engineered tissues is to cotransplant
endothelial cells along with the primary cell type of interest. This approach is suggested by the ob-
servation that endothelial cells will spontaneously form capillary-like structures in vitro if cultured
in an appropriate environment (Ingber and Folkman, 1989; Pepper et al., 1992). Endothelial cells
seeded into a tissue engineering scaffold may be able to form capillaries, or capillary-like struc-
tures, which then can merge with capillaries growing into the scaffold from the host tissue. This
possibility is supported by our previous finding that transplantation of syngeneic endothelial cells
on polymer scaffolds led to a statistically significant enhancement in the density of blood vessels
in the scaffolds following 2 weeks implantation into rats (Holder et al., 1997). In addition, we have
demonstrated that the new capillaries that form in these scaffolds are composed of both the trans-
planted endothelial cells and the ingrowing cells from the host (Nör et al., 1999).

One attractive approach to engineering tissues in these models is to deliver cellular constructs
that are approximately 500 
m in thickness or less. This may optimize diffusional transport of nu-
trients to the cells while each small cell–polymer unit becomes vascularized. We have taken this
approach by designing porous alginate–RGD beads (500 
m to 3mm in diameter) for cell trans-
plantation. Because the beads are macroporous, the vascular endothelial cells can migrate into the
beads and establish a three-dimensional vascular bed in a short time. This approach can poten-
tially be combined with angiogenic factors and cells to enhance the timing of endothelialization
to promote the survival of the transplanted cells.

CONCLUDING REMARKS
Tissue engineering may provide a new therapy to reconstruct breast tissue for woman under-

going lumpectomy or mastectomy. A number of cell types and polymeric materials may be useful
to reconstruct breast tissue. In addition, it is clear that optimization of vascularization is critical to
engineer large tissues. This approach may ultimately allow one to engineer and reconstruct breast
tissue in the future with less pain and less invasive methods than those currently utilized clinically.
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Blood Vessels
Lian Xue and Howard P. Greisler

INTRODUCTION

Tissue-engineered blood vessels have a long history, beginning with early developments in poly-
meric vascular graft technology and in cell and tissue transplantation. More recent biologic ma-

nipulation is geared toward modulating the tissue reaction to implants and to thereby impacting
on the common failure modes of thrombosis and intimal hyperplasia. This chapter reviews the bi-
ologic reactions elicited by commercially available and by experimental vascular grafts and dis-
cusses various strategies designed to induce endothelialization and/or to inhibit intimal hyperpla-
sia. These strategies include endothelial cell seeding, impregnation with slow-release cytokines and
growth factors, and the use of bioresorbable polymers. Novel techniques for the in vitro produc-
tion of totally tissue-engineered blood vessels are addressed. A better understanding of physiolog-
ic and pathologic processes occurring after implantation of prosthetic grafts, combined with the
development of novel technologies, will lead the road toward the development of ideal vascular
substitutes.

The search for artificial vascular grafts dates back to 1952, when Voorhees developed Vinyon
N, the first fabric graft (Voorhees et al., 1952). The 550,000 vascular bypass surgeries performed
annually in the United States make the development of vascular substitutes a continuing priority.

Initial graft research was directed at developing inert materials that passively transported blood
and minimally interacted with blood and tissue. Poly(ethylene terephthalate) (Dacron) and ex-
panded poly(tetrafluoroethylene) (e-PTFE) are the products of this research and are currently the
most widely used prosthetic vascular grafts. However, the development of completely nonreactive
substances has proved unrealistic. Both Dacron and e-PTFE react with blood components and
perigraft tissues in both beneficial and detrimental fashions. An extraordinary expansion of our
knowledge of mechanisms of vascular response to physiologic and pathologic conditions and the
concomitant advance in the field of biomaterials have led to a more sophisticated strategy, opti-
mizing tissue–biomaterial reactions to elicit desirable results. Synthetic grafts can be coated with
proteins, anticoagulants, and antibiotics to potentially improve graft function. Similarly, synthet-
ic polymers or biologically derived structural proteins can be bonded to various bioactive cytokines
and growth factors to induce a favorable host response. Resorbable polymers comprise another
type of graft in which extensive in vivo tissue ingrowth provides the biomechanical and function-
al integrity of the vascular conduit. Following over two decades of intensive research, a better un-
derstanding of the clinical value of endothelial cell (EC) seeding is starting to emerge. The use of
tissue engineering techniques to construct a biologically viable vascular substitute is becoming fea-
sible. Genetic manipulation of vascular cells may enhance the potential function of these biolog-
ic grafts (Conte, 1998).

The efficacy of vascular grafts depends on the intrinsic properties of the graft and the hemo-
dynamic environment in which the graft is placed, as well as patient variables such as clinical in-
dication, outflow resistance, progress of primary disease, and comorbidities. An understanding of
graft pathophysiologic processes and failure modes will lay the basis for enhancement of long-term
patency rates and development of more efficacious vascular substitutes.
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GRAFT HEALING
All grafts, regardless of their composition and structure, evoke complex but predictable host

responses. Blood–biomaterial surface reactions start immediately after restoration of circulation.
The cellular and humoral responses to synthetic materials include the deposition of plasma pro-
teins and platelets, the infiltration of neutrophils and monocytes, and the migration and prolifer-
ation of endothelial and smooth muscle cells. Even the most inert substances thus far developed
are still recognized as “foreign.” The tissue/graft/blood interfaces are highly complex microenvi-
ronments that are ultimately responsible for graft patency.

Protein Adsorption
Serum proteins—such as albumin, fibrinogen, and immunoglobulin G (IgG), the most abun-

dant serum proteins—adsorb to the graft almost instantaneously following exposure to the systemic
circulation. Then, according to the Vroman effect, there is a redistribution of proteins regulated by
each protein’s relative biochemical and electrical affinity for the graft surface and by its relative abun-
dance (Vroman, 1987). Because platelets and blood cells interact predominantly with the bound
proteins and not with the prosthetic material, the constitution and concentration of bound protein
largely determine the interaction of blood and graft and therefore affect graft survival. For example,
fibrinogen, laminin, fibronectin, and vitronectin have an RGD sequence (Arg-Gly-Asp) region that
binds to the glycoprotein gIIb/IIIa receptor complex on platelet membranes. Thus, platelet depo-
sition and activation are influenced by prior protein adsorption. The binding of RGD sequence to
�2 integrins expressed on the cell surface also mediates the recruitment of the circulating leukocyte
to the graft. The neutrophils bound to immobilized IgG and fibrinogen express a deficiency in their
ability to kill bacteria, which may be partly responsible for the susceptibility of grafts to infections
(De La Cruz et al., 1998). Additional plasma proteins, including complement components, can be
activated directly by synthetic surfaces to varying degrees. The generation of complement C5a, a
monocyte chemoattractant, is greater following implantation of Dacron compared to e-PTFE grafts
in an animal model (Shepard et al., 1984). In addition, the rapid accumulation of coagulant pro-
teins such as thrombin and factor Xa on the luminal surface after implantation contributes to the
graft-associated procoagulant activity (Toursarkissian et al., 1997).

Platelet Deposition
Early platelet disposition occurs primarily via receptor-mediated interactions with adsorbed

proteins and, to a lesser extent, by direct adherence to the graft. The platelet/protein complex is
mediated through von Willebrand factor and platelet membrane glycoproteins. After adherence,
the platelets undergo conformational changes and degranulate, thereby releasing a variety of bioac-
tive substances, including serotonin, epinephrine, ADP, and thromboxane A2 (TXA2), which ac-
tivate additional platelets and increase thrombin production. Activated platelets also release growth
factors, including platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and
transforming growth factor � (TGF-�), which modulate smooth muscle cell (SMC) migration
and proliferation and extracellular matrix synthesis and degradation. In addition, platelets release
monocyte chemoattractants such as platelet factor 4 and �-thromboglobulin, which mediate the
recruitment of monocytes to the graft. Platelet deposition and activation continue chronically af-
ter graft implantation. Animal experiments demonstrate increased levels of thromboxane and de-
creased systemic platelet counts 1 year after Dacron graft implantation (Ito et al., 1990). Human
studies have also revealed an increase in In-III labeled platelet adhesion to grafts at late times fol-
lowing implantation (McCollum et al., 1981; Stratton et al., 1982, 1983).

Because the deposition and activation of platelets elicit a cascade of histopathologic events,
the thrombogenic nature of the synthetic graft surface is therefore a major determinant of both
early and late graft patency. A myriad of interventions have been tried in order to attenuate platelet
deposition, aggregation, and activation. Antiplatelet agents directly targeting platelet/graft-bind-
ing molecules, such as platelet surface glycoprotein IIb/IIIa (�IIb�3 integrin) and different func-
tional domains of thrombin, have been shown to at least transiently decrease the platelets on
Dacron grafts (Kelly et al., 1992; Mazur et al., 1994). A variety of techniques used to alter surface
thrombogenicity have been studied experimentally, including the application of antiplatelet or an-
ticoagulant substances to biomaterial surfaces, the alteration of surface electronegativity, and the
radio frequency glow discharge of plasma-polymerized monomers to surfaces, in the hope of en-
hancing surface thromboresistance without alteration of the material’s bulk properties.
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Neutrophil and Monocyte Infiltration
The acute inflammatory response is mediated through potent chemoattractants such as C5a

and leukotriene B4 (LTB4), which draw neutrophils to the synthetic graft surface. Neutrophils are
attracted to the fibrin coagulum of the inner and outer capsules of the graft. The neutrophil binds
to fibrinogen deposited on the graft surface by �2 integrins, mainly CD11b/CD18, which then
mediate adhesion-dependent functions such as chemotaxis and promote transmigration. IgG, an-
other protein deposited on the graft surface, is also important for neutrophil function. IgG can
bind to Fc� receptors expressed on neutrophils. Normally, this binding triggers a series of effector
functions. However, the recruitment of phagocytic cells around prosthetic grafts does not suffi-
ciently increase infection resistance. On the contrary, neutrophils adherent to biomaterials express
a deficiency in their ability to kill and phagocytose bacteria. It has been proposed that Fc receptor
ligation by immobilized IgG on graft surface may account for this deficiency (De La Cruz et al.,
1998). Neutrophils can also interact with other deposited proteins, such as C3bi and factor X.

Neutrophils adhere to the endothelial cells in the perianastomatic region through selectin-
and integrin-mediated mechanisms. L-Selectin is thought to modulate neutrophil/endothelial cell
interactions by presenting neutrophil ligands to the E-selectin and P-selectin on the vascular en-
dothelium. Selectin–carbohydrate bonds are important in initial contact whereas integrin–
peptide bonds are responsible for firm adhesion and transmigration of neutrophils ( Jones et al.,
1996). Both intercellular adhesion molecular-1 (ICAM-1) and vascular cell adhesion molecule-1
(VCAM-1) on the endothelial cell (EC) surface can bind integrins. ECs up-regulate ICAM-1 and
are induced to express VCAM-1 when stimulated by agonists such as interleukin 1 (IL-1) tumor
necrosis factor (TNF), lipopolysaccharide, and thrombin (Bevilacqua et al., 1985; Gamble et al.,
1985). Activated neutrophils release oxygen free radicals and various proteases, resulting in matrix
degradation and possible inhibition of complete endothelialization and tissue incorporation of the
vascular graft.

Circulating monocytes are also attracted to areas of injured or regenerating endothelium, es-
pecially in areas preactivated by IL-1 and TNF. There are many plasma monocyte recruitment and
activating factors, including LTB4, platelet factor 4, and PDGF (Ford-Hutchinson et al., 1980;
Deuel et al., 1981). In the presence of these plasma activating factors, monocytes differentiate into
macrophages and become the major participant in the body’s chronic inflammatory response.
Macrophages release proteases and oxygen free radicals, which have long-term effects on the tis-
sue/graft/blood interface.

A variety of cytokines are released from inflammatory cells activated by biomaterials. When
cultured in the presence of polygalactin, a bioresorbable material phagocytized both in vivo and
in vitro by macrophages, macrophages release into the culture media mitogens capable of stimu-
lating the proliferation of quiescent smooth muscle cells, endothelial cells, and fibroblasts as com-
pared to similar macrophages cultured in the presence of Dacron (Greisler et al., 1991b). This mi-
togenic activity appears to be related to the secretion of fibroblast growth factor-2 (FGF-2) because
pretreatment of the culture media with a neutralizing anti-FGF-2 antibody diminishes the stim-
ulatory effect on smooth muscle cell growth (Greisler et al., 1991b, 1996b). Cultured monocytes
and macrophages incubated with Dacron and e-PTFE have been demonstrated to produce differ-
ent amounts of IL-1�, IL-6, and TNF-�, concentrations being higher with Dacron than with e-
PTFE (Swartbol et al., 1997). TNF-� is one of the factors that may contribute to the enhanced
proliferation of SMCs caused by a leukocyte–biomaterial interaction, and IL-1 may be partly re-
sponsible for the increased SMC proliferation caused by the leukocyte–EC reaction (Mattana et
al., 1997). IL-1 induces up-regulation of the expression of IGF-1 by ECs (Glazebrook et al., 1998).
Coincubation of polymorphonuclear leukocytes and IL-1�-treated human vascular endothelial
cells (HUVECs) dramatically increased PDGF release (Totani et al., 1998). Because the inflam-
matory reaction elicits a cascade of growth processes, it has been proposed that approaches atten-
uating the initial inflammatory reaction may improve the long-term patency of graft.

Endothelial and Smooth Muscle Cell Ingrowth
Native uninjured blood vessels possess an endothelial lining that constantly secretes bioactive

substances; these factors inhibit thrombosis, promote fibrinolysis, and inhibit SMC proliferation
to help maintain normal blood flow. After graft implantation, tissue ingrowth originates primari-
ly from the cut edge of the adjacent artery. Unlike most animal models, in which there is often
complete endothelialization of synthetic grafts, currently available grafts implanted into humans
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manifest only limited endothelial cell ingrowth, not extending beyond 1–2 cm of both anasto-
moses. However, endothelial islands have been described in the midportions of grafts at signifi-
cant distances from the anastomosis, which suggests that other EC sources for graft endothelial-
ization may exist. Interstitial tissue ingrowth accompanied by microvessels from the perigraft tissue
is another major source for graft flow surface endothelialization on high-porosity e-PTFE and on
bioresorbable prostheses (Clowes et al., 1986; Golden et al., 1990; Greisler et al., 1988; Onuki et
al., 1998). There is also a possibility of circulating endothelial cell or stem cell deposition and pro-
liferation based on the observation of scattered islands of endothelial cells isolated from pannus
and unaccompanied by transmural microvessel ingrowth, present on impervious Dacron grafts in
a canine model and also observed in a 24-month human Dacron graft explant (Shi et al., 1994;
Kouchi et al., 1998; Wu et al., 1995).

The ECs growing onto prosthetic graft surfaces undergo phenotypic modulation. These phe-
notypically altered “activated” cells may secrete bioactive substances that promote thrombogene-
sis and SMC growth. Activated ECs increase their PDGF synthesis and secretion, and subintimal
smooth muscle cell proliferation occurs predominantly in the areas with an endothelial lining, i.e.,
the perianastomotic region, providing a link between endothelial cell turnover and intimal thick-
ening (Greisler, 1996). This perianastomotic region is highly complex with chronic endothelial
cell injury and has complex biomechanical characteristics and chronic inflammation. Although
the time course may differ among species, in most animal models SMC proliferation starts as ear-
ly as 2 days, peaks by 2 weeks after implantation of the graft, and thereafter diminishes. But neoin-
timal volume keeps increasing by extracellular matrix synthesis and ultimately may form a stenot-
ic lesion (Hamdan et al., 1996).

SMCs found within the pseudointima of prosthetic grafts are also functionally altered. These
SMCs produce significantly higher amounts of PDGF than do those of the adjacent vessel, which
may contribute to the development of intimal hyperplasia (Pitsch et al., 1997). In addition to
SMCs, inflammatory mononuclear phagocytes and foreign body giant cells produce a variety of
growth-modulating substances, including PDGF, FGF, and TGF-�, which perpetuate SMC pro-
liferation and production of extracellular matrix components.

Graft Failure and Patency Rates
A variety of mechanisms can lead to vascular graft occlusion. Immediate graft failure is usu-

ally the result of technical problems during surgery or may be due to the host’s hypercoagulable
status. Failure in the first month following graft placement is most likely the result of thrombosis
in the face of high distal resistance. Anastomotic pseudointimal hyperplasia is the most common
reason for graft failure from 6 months to 3 years after graft insertion. Late graft occlusions are fre-
quently secondary to the progression of distal atherosclerotic disease. Thus, thrombogenicity and
intimal hyperplasia represent the most common “intrinsic” causes of graft failure amenable to in-
tervention by manipulation of graft construction, composition, and/or induced alterations in
blood and tissue reactions to the implanted graft.

Clinical restenosis and patency rates reflect these “intrinsic” problems of synthetic grafts. Aor-
tic reconstruction involves the placement of large-caliber Dacron or e-PTFE grafts. Because of the
relatively high flow rates and low outflow resistance, these grafts have an 85-95% 5-year patency
rate (Lind et al., 1982; Moore et al., 1968). When synthetic grafts are used in the infrainguinal,
and especially the infrapopliteal, positions, the results are less than optimal. The 1- and 3-year pa-
tency rates for e-PTFE grafts used in infrapopliteal bypasses are 43 and 30%, respectively (Veith
et al., 1986). These small-caliber grafts are especially susceptible to anastomotic intimal hyperpla-
sia and are more prone to early thrombosis because of lower flow rates and higher resistance out-
flow vessels.

Graft infection
Vascular graft infection occurs in only 1–5% of implanted grafts (Leikweg and Greenfield,

1977; Szilagyi et al., 1972). However, the catastrophic effects of graft infection resulting in a 50%
amputation rate and a 25–75% mortality rate justify experimental attempts aimed at increasing
prosthetic material resistance to bacterial infection (Goldstone and Moore, 1974). Penicillins and
cephalosporins have been noncovalently bound to Dacron and e-PTFE surfaces with subsequent
increased resistance to Staphylococcus aureus infection in animal models. Rifampin-bonded gelatin-
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sealed Dacron grafts have also been shown in vitro to provide increased protection against bacter-
ial colonization (Goeau-Brissonniere et al., 1994; Vicaretti et al., 1998).

Graft Characteristics Affecting Vascular Healing
Chemical composition, construction parameters, and biomechanics are the intrinsic charac-

teristics of a vascular graft that predominantly influence its interaction with its host and, in turn,
determine its fate.

Porosity
The rate of tissue ingrowth is dependent on graft porosity or permeability (over limited ranges

that differ in various graft type). Clowes has shown, in a baboon model, enhanced tissue ingrowth
with complete reendothelialization in e-PTFE grafts with a 60- or 90-
m internodal distance
(Clowes et al., 1986). Transinterstitial capillary ingrowth was not seen with the more commonly
used 30-
m internodal distance in e-PTFE. In a canine study, 90-
m internodal e-PTFE grafts
also demonstrated greater endothelial coverage and higher patency rates than similarly treated 30-

m internodal distance e-PTFE grafts (Cameron et al., 1993). However, human trials using this
more widely expanded e-PTFE have failed to show any advantage in platelet disposition as com-
pared to standard 30-
m internodal distance e-PTFE grafts (Clowes and Kohler, 1991). In addi-
tion, transinterstitial ingrowth may differ when comparing two materials with equal porosity, e.g.,
PGA and Dacron (Greisler et al., 1985). Greisler (Greisler et al., 1987a, 1988a) has demonstrat-
ed significantly greater transinterstitial capillary ingrowth resulting in reendothelialization in lac-
tide/glycolide woven prostheses as compared to Dacron prostheses when implanted into both rab-
bit and canine models. High-porosity grafts require preclotting.

Compliance
The compliance mismatch between arteries and grafts causes flow disruption, which has been

thought to influence anastomotic pseudointimal hyperplasia (Abbott and Cambria, 1982). There
have been attempts to design more compliant grafts, including the use of more flexible materials
or by changing construction parameters. It is reported that grafts made of polyurethane may pos-
sess better compliance than e-PTFE (Stansby et al., 1994). Surgeons have reported improved pa-
tency by interposing a piece of vein between the synthetic graft and artery at the distal anastomo-
sis, a type of composite graft that may increase compliance at the distal anastomosis. Animal
experiments have demonstrated a decreased neointimal thickness in composite grafts at the peri-
anastomotic area (Gentile et al., 1998). This method is now used by some as an alternative choice
for femopopliteal arterial reconstruction, especially below-knee, when sufficient autologous vein
is not available, although the benefit remains controversial. The value of more compliant grafts,
however, is unclear.

Difficulties arise from the fact that there is great variability in the arterial tree in that the dis-
tal small-caliber arteries are often less complaint than the larger more central arteries. With pro-
gressive disease, wall thickening and calcification can occur throughout the arteries of atheroscle-
rotic individuals. Another issue is that even experimental, relatively elastic grafts become less
compliant over time because of the fibroplastic reaction that occurs following implantation. Even
if a compliance match were possible, a final complicating factor may be the development of a hy-
percompliant zone in the region of the artery near the anastomosis (Hasson et al., 1985).

Flow surface characteristics
The interface reaction between blood and the graft surface is dependent on surface chemical

and physical properties such as surface charge, surface energy, and the degree of roughness. For ex-
ample, a negative surface charge attenuates platelet adhesion and a positive charge promotes it.
Heterogeneity of charge density distribution is also thought to be thrombogenic. A myriad of ap-
proaches have been made to stabilize and/or passivate the thrombotic reaction, including modifi-
cation of surface properties, incorporation of antiplatelet or anticoagulant substances onto the
graft, and endothelialization of the blood-contacting surface.

Angiogenesis
ECs have only limited capacity for regeneration. After about 70 cell cycles, ECs can no longer

divide. In order to achieve complete reendothelialization of the large surface areas required clini-
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cally, it is likely necessary to recruit ECs from other than an adjacent artery. In response to local
angiogenic stimuli, ECs preexisting in capillaries in perigraft tissue become activated and move to-
ward stimuli in a process that involves secretion of proteases, degradation of basement membrane
and extracellular matrix, migration and proliferation of ECs, and reconstruction of tubular struc-
tures.

The platelet disposition and the inflammatory reaction around the graft result in release of a
number of cytokines and proteolytic enzymes, which in turn incite secretion of a cascade of growth
factors. Among these factors, some are angiogenic, such as tissue factor, vascular endothelial growth
factor (VEGF), and FGFs, and some are angiogenic inhibitors, such as platelet factor 4, interfer-
ons, and thrombospondin; some exhibit biphasic activities, such as TNF-� and TGF-�. All of
these bioactive substances create a microenvironment in which angiogenesis is a function of bal-
ance between positive and negative regulators. In addition, another balance between proteases and
proteolytic inhibitors, such as plasminogen activator/plasminogen activator inhibitor (PA/PAI),
is involved in cell migration and angiogenesis (Pepper, 1997). Exogenous intervention may change
these balances so as to facilitate the endothelialization of prosthetic graft.

Local delivery of exogenous angiogenic factors may induce transmural capillary ingrowth in
vivo and stimulate endothelialization of prosthetic grafts. In this context, a matrixlike fibrin pro-
viding spatial support is essential and can be used as a reservoir from which exogenous cytokines
and growth factors can be released into the local microenvironment. Bioresorbable grafts may also
facilitate local angiogenesis by stimulating macrophage release of endogenous angiogenic factors
(see below).

Analogous strategies have been used to stimulate the development of collateral blood flow into
ischemic tissue. In animal models, systemic or local applications of exogenous angiogenic factors,
including VEGF, aFGF, and bFGF, may increase the capillary density of ischemic myocardial or
limb tissue, prompt development of collateral circulation, and improve tissue hypoxia. A gleam of
hope may be ahead for those severe ischemic extremities with no runoff channels for bypass surgery,
a frustrating situation that usually ends with amputation.

STRATEGIES FOR THE DEVELOPMENT OF VASCULAR GRAFTS
To improve the long-term patency rate of arterial substitutes, especially in small-caliber arte-

rial and venous systems, the following approaches have been pursued: (1) modification of the blood
contact surface to obviate the thrombogenicity of synthetic grafts, (2) manipulation of graft-in-
duced in vivo responses by controlled delivery of bioactive substances, (3) development of biore-
sorbable vascular prostheses, (4) endothelialization of the graft blood-contacting surface, and (5)
development of completely tissue-engineered vascular substitutes.

Surface Modifications
The simplest modification is to coat the graft with an inert polymer. Carbon coating, first

done in the 1960s, has been found to decrease surface thrombosis, conjectured to be due to its
negative charge and hydrophobic nature. The alternative carbon-impregnated prosthetic graft was
also found experimentally to reduce platelet disposition. However, the advantage of these grafts is
not confirmed by clinical comparative studies (Bacourt, 1997; Tsuchida et al., 1992). A prospec-
tive multicenter clinical study of 81 carbon-impregnated e-PTFE and 79 standard e-PTFE grafts
for below-knee popliteal and distal bypass showed no difference in patency rate between the two
groups at up to 12 months after implantation. Silicone polymer coating, which produces a smooth
surface that is devoid of the usual e-PTFE graft permeability and texture, followed by plasma glow
discharge polymerization, effectively abolished pannus tissue ingrowth and graft surface neointi-
mal hyperplasia in a baboon arterial interposition graft model and in a canine arteriovenous graft
model (Lumsden et al., 1996). Nojiri et al. (1995) have developed a three-layered graft consisting
of Dacron for the outer layer (to promote perigraft tissue incorporation), nonporous polyurethane
in the middle layer (to obtain a smooth surface), and a 2-hydroxyethyl methacrylate and styrene
(HEMA–st) copolymer coating for the inner layer (to establish a nonthrombogenic blood inter-
face). These grafts, with an inner diameter of 3 mm, were implanted in canine carotid arteries and
remained patent for over 1 year. Only a monolayer of adsorbed proteins was found on the lumi-
nal surface of the grafts, with no pannus ingrowth from the adjacent artery, no thrombus, and no
endothelial lining or neointimal formation.
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Another approach is to cover the flow surface with proteins. Protein coating was originally in-
troduced to decrease the initial porosity of Dacron grafts as an alternative to preclotting with blood.
When the impregnated protein is degraded, the graft undergoes tissue ingrowth (Quarmby et al.,
1998). The compounds most often used have been albumin, gelatin, and collagen. Knitted Dacron
prostheses coated with albumin, gelatin, and collagen have been available for clinical use. The al-
bumin coating, created in the 1970s, was found in animal models to diminish platelet and leuko-
cyte adhesion. In the canine thoracoabdominal aortic model, knitted Dacron grafts impregnated
with carbodiimide cross-linked human albumin were compared to identical Dacron grafts with
the recipients’ blood preclotting. Albumin-impregnated grafts displayed less transinterstitial blood
loss at implantation, and significantly thinner inner capsules at 20 weeks (Kang et al., 1997).

Native collagen is intrinsically thrombogenic, whereas cross-linking of collagen is thought to
diminish its thrombogenicity. In addition, collagen coating establishes a good matrix for cell in-
growth and induces neointimal formation, thereby potentially improving graft long-term paten-
cy. Promising results have been demonstrated by several groups (Bos et al., 1998). But another
clinical study reported that there was no appreciable difference in graft patency between woven
and collagen-impregnated knitted Dacron aortoiliac grafts (Quarmby et al., 1998).

Gelatin is a derivative of collagen but is more easily degraded when applied as a graft coating.
Modification of coating techniques could control the degradation time (Bos et al., 1998). Various
techniques have been utilized in protein impregnation processes, including alkylation, plasma dis-
charge, nonspecific cross-linking and covalent binding, and the application of thin polymer films
(Dempsey et al., 1998; Eberhart et al., 1987; Ishikawa et al., 1984; Kottke-Marchant et al., 1989;
Phaneuf et al., 1998; Rumisek et al., 1986; Tsai et al., 1990).

Antithrombogenic substances have been affixed experimentally to synthetic grafts. For exam-
ple, heparin binding to Dacron prostheses transiently reduces its thrombogenicity in some mod-
els (Mohamed et al., 1998). In canine studies, heparin coupled to polyurethane and poly(di-
methylsiloxane) surfaces improved graft patency rates (Park et al., 1988). Thrombolytic substances,
such as urokinase, have also been affixed to synthetic surfaces with promising results. Relatively
little is known considering the long-term efficacy of these modifications because the duration of
effective release is limited (Nojiri et al., 1996).

Manipulating In Vivo Healing Processes
Tissue incorporation is an unavoidable and desirable process for implanted prostheses. But

excessive cell proliferation as well as extracellular matrix deposition result in intimal hyperplasia,
leading to vascular graft failure. The ideal healing process of vascular grafts would be rapid en-
dothelialization of blood-contacting surfaces, spatially and temporally limited subendothelial
SMC growth, followed by phenotypic and functional differentiation of cell components, as well
as controlled remodeling of the extracellular matrix. The recent expansion of knowledge concern-
ing mechanisms responsible for the migration and proliferation of ECs and SMCs, angiogenesis,
extracellular matrix deposition and remodeling, and physiologic parameters provides the possibil-
ity of manipulating the healing process by optimizing the microenvironments of graft and peri-
graft tissue.

Fibroblast growth factors, notably FGF-1 (acidic FGF) and FGF-2 (basic FGF), known as
strong mitogens for mesenchymal and neuroectodermal cells, also possess potent angiogenic ac-
tivities. Both FGFs have been experimentally applied to grafts in combination with heparin, which
potentates their mitogenic activity and protects them from proteolytic degradation. In order to
achieve a controlled healing response, it is important to have a defined delivery system with which
to apply bioactive substances to the graft and predictably release them locally, with bioactivities
preserved for a desired period. Greisler has evaluated the affixation of FGF-1 to synthetic surfaces.
In early attempts, FGF-1 was applied to various synthetic grafts by means of sequential applica-
tion of fibronectin, heparin, FGF-1, and a second heparin layer, utilizing known binding affini-
ties between successively applied agents. Using [125I]FGF-1, the retention of the growth factor was
quantitated. After 1 week in an animal model, retention was 44% in Dacron grafts and 23% in
polydioxanone (PDS) grafts (Greisler et al., 1986a, 1987b). After graft explantation, the FGF-1
was eluted and was shown to have retained its mitogenic activity on quiescent murine lung capil-
lary endothelial cells. However, this technique failed to enhance endothelialization in vivo. It was
proposed based on in vitro studies that FGF-1 bound to immobilized heparin did not possess mi-
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togenic activity until the bond between the FGF-1 and heparin or between the heparin and fi-
bronectin was broken (Greisler et al., 1996a).

Further studies developed a method in which FGF-1 and heparin were delivered by fibrin
glue (FG), fibrinogen polymerized by thrombin. In vivo release kinetics were quantitated using
[125I]FGF-1 and heparin impregnated into e-PTFE grafts implanted into rabbit infrarenal aortas.
There was 13% retention of FGF-1 on the surface following 1 week of circulation, diminishing
to 4% after 1 month. Equal distribution of the [125I]FGF-1 throughout the walls of the prosthe-
ses was achieved (Greisler et al., 1992a). Since fibrin glue is potentially a thrombogenic substance,
the acute thrombogenicity of this FG/FGF-1/heparin-treated e-PTFE graft was assessed in canine
aortoiliac model using autologous platelets radiolabeled with 111In. Compared to untreated grafts,
there was no difference in platelet disposition at 5 and 30 min after implantation, but there was
significantly less platelet deposition in the FG/FGF-1/heparin-treated grafts at 120 min (Gosselin
et al., 1995). There was also no differential deposition of platelets on the anastomotic versus mid-
dle graft segments over time. Later in vitro studies have shown a decreased platelet adherence on
either FG- or FG/FGF-1/heparin-treated grafts when compared to blood-preclotted e-PTFE
grafts. The orientation and state of polymerization likely alter the affinity of fibrin to platelet ad-
herence (Zarge et al., 1997).

Utilizing the FG delivery system, FGF-1- and heparin-impregnated e-PTFE grafts, 60 
m
internodal distance, have been evaluated in both canine aortoiliac and thoracoabdominal aortic
models. When compared to FG-treated (no FGF-1) e-PTFE grafts or uncoated e-PTFE grafts, the
FG/FGF-1/heparin graft treatment resulted in a significant increase in endothelial cell prolifera-
tion as assayed by en face autoradiography, with a more rapid development of a confluent factor
VIII-positive endothelial blood-contacting surface, fully confluent in 28 days (Gray et al., 1994;
Greisler et al., 1992a). There was also extensive transinterstitial capillary ingrowth observed
throughout the graft wall. Cross-sectional autoradiography showed a similar significant increase
in subendothelial myofibroblast proliferation within FG/FGF-1/heparin-treated grafts at 1
month, returning to base line at later times. When analyzed at 140 days, the FG/FGF-1/heparin
grafts had developed significantly thicker inner capsules consisting of myofibroblasts and collagen
compared to both untreated and FG/heparin-treated grafts.

Coimmobilization of FGF-2 and heparin in a microporous polyurethane graft by cross-linked
gelatin gel has been demonstrated to accelerate tissue regeneration on synthetic grafts, associated
with a greater extent of endothelialization via perianastomotic and transmural capillary ingrowth,
in a rat aortic grafting model (Doi and Matsuda, 1997). A consistent “neointima” approximately
40 
m thick, with intermittent endothelialization as well as SMCs and fibroblasts underneath the
luminal surface, was observed in the middle portion of treatment grafts, compared to the control
grafts covered with only a fibrin layer. In response to exogenous stimuli, ECs, SMCs, and fibro-
blasts turn over and enter the cell cycle. Transformed cells achieve the ability of dividing, synthe-
sizing ECM, and producing growth factors by autocrine and paracrine mechanisms. A number of
growth factors and cell-cycling proteins are involved in this process. Intimal hyperplasia caused by
excessive cellular and ECM proliferation could be a sequela of such intervention. The key point is
fine control of this proliferation process. Although studies to date indicate that the induced cell
proliferation is transient, the incorporation of a later released inhibitor aimed at cessation of cell
cycling could be beneficial.

Bioresorbable Gifts
Current clinically available synthetic vascular grafts, made of either e-PTFE or Dacron, are

permanent prostheses within the host after implantation. Theoretically, it is possible to stimulate
a rapid and controlled ingrowth of tissue to assume the load bearing sufficient to resist dilation,
and including cellular and extracellular components with desirable physiologic characteristics,
forming a “neoartery.” The synthetic material may no longer be necessary following tissue in-
growth. Another strategy in the design of vascular grafts therefore is the use of bioresorbable ma-
terials.

Wesolowski et al. (1963) and Ruderman et al. (1972) were the first to describe the concept
that a slowly absorbable vascular graft could induce a host regenerative process, producing a “new”
functional artery. These early partially resorbable grafts were composed of Dacron and catgut yarns
or Dacron and polylactide yarns. The first published report of a fully bioresorbable grafting was
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by Bowald in 1979 and described the use of a rolled sheet of Vicryl (a copolymer of polyglycolide
and polylactide) (Bowald et al., 1979, 1980). These early grafts were prone to aneurysmal dilation
and rupture.

Early studies done by Greisler (1982) and Greisler et al. (1985) evaluated woven poly(glycol-
ic acid) (PGA) grafts in a rabbit model. Four weeks after implantation, these 24-mm by 4-mm
grafts contained an inner capsule composed of a confluent layer of endothelial cells and smooth
musclelike myofibroblasts amid dense collagen fibers. Similarly constructed and implanted
Dacron grafts demonstrated an inner capsule containing solely fibrin coagulum, with minimal cel-
lularity. Macrophage infiltration and phagocytosis were in parallel with the resorption of the PGA,
which was totally resorbed by 3 months. In this initial experiment, 10% of the PGA grafts showed
aneurysmal dilation, with no difference in the incidence of dilation between 1 and 3 months and
3 and 12 months, suggesting that the critical time for the development of aneurysms is during
prosthetic resorption before the ingrowth of tissue with adequate strength to resist hemodynamic
pressures. Later studies evaluated grafts composed of polydioxanone, a more slowly resorbed com-
pound. These grafts showed similar endothelialization of the regenerated luminal surface and pro-
duced prostacyclin and thromboxane in concentrations similar to those in control rabbit aorta.
PDS remained present up to 6 months. Only 1/28 PDS grafts exhibited aneurysmal dilation, with
explant times as late as 1 year. The explanted specimens of these PDS grafts demonstrated some
biomechanical characteristics similar to native arteries and were able to withstand static bursting
pressures of 6000 and 2000 mmHg mean pressure without fatigue (Greisler et al., 1987a).

Additional experiments were done with a variety of resorbable materials, some combined with
Dacron (Greisler et al., 1986). The results demonstrated that transanastomotic pannus ingrowth
is not a critical source of cells replacing bioresorbable vascular prostheses but rather transintersti-
tial ingrowth of myofibroblasts, capillaries, and endothelial cells in the principal mechanism (Fig.
32.1). In addition, tissue ingrowth was observed to parallel the kinetics of macrophage phagocy-
tosis and prosthetic resorption (Greisler et al., 1987a, 1988a). In vivo, the rate of cell proliferation
and collagen deposition in the inner capsule parallels the kinetics of macrophage-mediated pros-
thetic resorption (Greisler et al., 1991a, 1993b). These studies also confirmed the inhibitory effect
of Dacron and the stimulatory effect of Polyglactin 910 (PG910) on tissue ingrowth and inner
capsule cellularity. As described earlier in this chapter, activated macrophages release a variety 
of growth factors, including PDGF, interleukin-1, basic FGF, TGF-�, and tumor necrosis factor.
The phagocytosis of various biomaterials can lead to macrophage activation. Rabbit peritoneal
macrophages were cultured in the presence of PG910, Dacron, or neither, and the mitogenic ac-
tivity in the resulting conditioned media was compared using growth assays of quiescent BALB/c
3T3 fibroblasts, rabbit aortic SMCs, and murine capillary ECs. The media of the macrophages
grown in the presence of the bioresorbable polymer stimulated significantly more proliferation in
all cell types than did the media of the macrophages grown in the absence of the material or in the
presence of Dacron (Greisler, 1991; Greisler et al., 1993a, 1996b). Preincubation of the con-
ditioned media with neutralizing antibody against FGF-2 blocked 50–80% of that mitogenic 
activity.

A bioresorbable graft must regenerate a tissue complex of efficient strength prior to loss of
prosthetic integrity so as to minimize the possibility of aneurysmal dilation. There are several the-
oretical ways to obviate this problem. One is to compound the bioresorbable material with a non-
resorbable material that remains behind as a mechanical strut. Another solution involves the com-
bination of two or more bioresorbable materials with different resorption rates so that the more
rapidly resorbed material evokes a rapid tissue ingrowth while the second material provides tem-
porary structural integrity to the graft. Third, growth factors, chemoattractants, and/or cells can
be applied to the graft to enhance tissue ingrowth and organization.

Partially resorbable grafts have also been investigated in our laboratory. Dacron was found to
inhibit the macrophage-mediated arterial regeneration stimulated by the resorbable component
PG910. Polypropylene was then chosen as the nonresorbable component because of it’s high ten-
sile strength, low fatigability, low degradation in vivo, and minimal inhibitory effect on cellular re-
generation of grafts (Greisler et al., 1992b). The composite grafts constructed from yarns con-
taining 69% PG910 and 31% polypropylene were implanted into rabbit and dog arteries. One
year after implantation, these grafts showed 100% patency with no aneurysms (Greisler et al.,
1987c). In a different study, totally bioresorbable composite grafts woven from yarns of 74%
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PG910 and 26% PDS also demonstrated a 100% 1-year patency with no aneurysms in the rab-
bit aorta model (Greisler et al., 1988b). The PG910 was totally resorbed by 2 months and the PDS
by 6 months. The regenerated arteries withstood 800 mmHg of pulsatile systolic pressure ex vivo
without bursting. A confluent, functional, von Willebrand factor (vWF)-positive endothelial cell
layer over circumferentially oriented smooth musclelike myofibroblasts was present in the inner
capsule of both these grafts.

Galletti et al. (1988) at Brown University used Vicryl prostheses coated with retardant poly-
esters to protect the Vicryl temporarily from hydrolytic and cellular degradation. When implant-
ed into the canine aorta, prosthetic resorption was noticed at 4 weeks and was complete by 24
weeks. No coated grafts developed aneurysmal dilatation, whereas one of the uncoated grafts rup-
tured. It was theorized that the low pH generated in the microenvironment of the degrading biore-
sorbable polymers (polyglycolide and polylactide) stimulated macrophages to secrete growth fac-
tors that induce fibroblast proliferation. In separate experiments, another group in The
Netherlands evaluated grafts prepared from a mixture of 95% polyurethane and 5% polylactide
(van der Lei et al., 1987; Yue et al., 1988). They found that only relatively compliant grafts that
induced circumferential smooth muscle development contained elastin and remained mechani-
cally stable without dilating. They concluded that modifications of the graft preparation, includ-
ing smooth muscle cell seeding, may help enhance optimal orientation of the smooth muscle cells
and prevent aneurysm formation.
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With further research, a small-diameter, totally resorbable vascular graft may be able to im-
prove the current dismal long-term patency rates of small-caliber e-PTFE grafts.

Endothelial Cell Seeding
Normally, endothelial cells perform a variety of physiologic functions, among them being the

promotion of thromboresistance. Endothelial cells possess a negative outer charge that repels
platelet adherence. They also produce glycosaminoglycans that bind antithrombin III, and pro-
duce prostacyclins and tissue plasminogen activator, all of which facilitate the anticoagulant and
fibrinolytic activities of endothelial cells. Theoretically, the presence of a confluent monolayer of
endothelial cells could improve graft thromboresistance. In addition, a confluent EC monolayer
may also prevent the development of pseudointimal hyperplasia by preventing the deposition of
platelets, which release bioactive factors responsible for SMC migration, proliferation, and pro-
duction of ECM, and by assuming a quiescent phenotype in which ECs may release SMC growth
inhibitors.

In 1978, Herring (Herring et al., 1978) first reported that endothelial cell seeding onto a graft
surface enhanced graft survival. Since then, this subject has been intensively investigated. Con-
siderable progress has been achieved, especially related to technical problems. Initial difficulties in
cell harvesting, cell seeding, cell adhesion, and prevention of desquamation have all been largely
overcome (Graham et al., 1982; Jarrell and Williams, 1991). The ideal seeded grafts should have
a confluent endothelial cell lining at the time of implantation and the cells should be able to re-
sist sheer stress after the restoration of circulation, with the more desirable of their physiologic
function intact. One of the difficulties is the relatively low cell density initially applied to the graft.
The cell density of the endothelial cell lining on a normal vein is approximately 103 ECs/mm2

(Sipehia et al., 1996). In a completely lined vascular graft, cell density has to approach this value.
The initial attachment of at least 5 � 103 ECs/mm2 is required for immediate confluent human
EC coverage of a small-caliber vascular graft, because some of the cells will be washed off after ex-
posure to the flow. To maximize immediate cell inoculation density, a two-stage seeding procedure
is often performed in which endothelial cells are harvested, allowed to proliferate in vitro, and then
seeded and grown to confluence on the vascular graft prior to implantation (Prendiville et al., 1991;
Sentissi et al., 1986; Shindo et al., 1987). Disadvantages of this technique are the potential for in-
fection, the alterations of EC phenotype and function, the requirement of a waiting period of 
3–4 weeks for expansion of cell population, and the necessity for two operative procedures. An
alternative method involves the use of microvascular endothelial cells. Small-diameter Dacron
grafts seeded with enzymatically harvested omental microvascular cells in a single-stage technique
showed confluent endothelial linings, larger thrombus-free surface area, and improved patency
rates at 1 year in a canine model (Pasic et al., 1994).

Another technical issue related to EC seeding is cell adhesion and retention. Endothelial cells
adhere very poorly to synthetic graft materials. Many adhesive proteins, such as fibronectin, col-
lagen, fibrin, laminin, RGD-containing peptides, and plasma, have been applied to the graft sur-
face to improve the seeding efficiency. Nitrogen-containing plasma treatment, a novel surface mod-
ification technique, generates basic groups on the graft surface and enhances EC resistance to shear
stress-induced desquamation (Sipehia et al., 1996; Tseng and Edelman, 1998). The studies on the
kinetics of EC seeding showed that at least 20% of initially adherent cells were lost during the first
hour and even 60% within the first 24 hr (Rosenman et al., 1985b; Schneider et al., 1988; Vohra
et al., 1991). Prolongation of incubation time before exposure to flow has been suggested to allow
maturation of the cytoskeleton so as to improve the cell retention on the graft surface (Miyata et
al., 1991; Prendiville et al., 1991; Sugawara et al., 1997). Preconditioning the seeded EC mono-
layer with graded shear stress promotes reorganization of the EC cytoskeleton and production of
extracellular matrix, which in turn enhances the EC retention at flow exposure (Ott and Baller-
mann, 1995). The properties of prostheses affect EC attachment. Dacron expressed higher and
easier cell attachment compared to e-PTFE when both grafts were coated with the same matrix
(Sugawara et al., 1997; Vohra et al., 1990). Polyurethane also showed better cell attachment than
e-PTFE (Giudiceandrea et al., 1998). PTFE has a negative surface charge, which is an important
property against platelet deposition. Meanwhile, the negative charges also obstruct the negatively
charged ECs from accessing the graft surface because of natural repulsive forces. A technique called
electrostatic transplantation has been developed to induce a temporary positive, or less negative,
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graft luminal surface charge, entailing EC attraction to the graft surface and accelerating their mor-
phologic maturation. Using this technique, Bowlin et al. (1998) achieved no cell loss after a 30-
min exposure to 15 dynes/cm2 shear stress in vitro compared to 30% cell loss of control grafts and
a cell density of 78,420 � 6274 cells/cm2, which was 2.3 times more than control after 120 min
of physiologic shear stress exposure. The seeded cells maintained the ratio of prostacyclin/TXA2
production. A theoretical advantage of this technique is that when the graft is removed from the
device, the luminal surface charge immediately reverts to its natural negative state, rendering any
nonendothelialized areas less thrombogenic. This overcomes the limitation of adhesive protein
coating, which may allow exposure of thrombogenic surfaces to flow when ECs do not reach com-
plete confluence or desquamate from the surface. Another desirable aspect of this technique is its
simplicity, which may further bring EC seeding time to a clinically acceptable range.

Zilla demonstrated a considerable cell loss 9 days after the implantation into baboons of EC-
seeded e-PTFE grafts using fibrin glue coating for cell attachment, but the endothelium was kept
confluent by compensatory overspreading of the remaining cells (Zilla et al., 1994b). Animal stud-
ies have suggested that endothelial cell-seeded Dacron and e-PTFE grafts elicit decreased platelet
deposition and increased patency rates (Allen et al., 1984; Graham et al., 1985; Stanley et al., 1982;
Wakefield et al., 1986; Whitehouse et al., 1983). Endothelial cell-seeded grafts have also been
shown to be more resistant to bacterial contamination (Rosenman et al., 1985a). However, the
seeded grafts have not been reproducibly shown to reduce anastomotic pseudointimal hyperplasia
significantly (Graham et al., 1991).

Although a myriad of encouraging results have been achieved experimentally, the clinical data
have been limited and have shown mixed results. Herring et al. (1989) reported an increased 1-
year patency rate for endothelial-seeded e-PTFE femoral–popliteal grafts as compared to unseed-
ed grafts in the nonsmoking population. But some later studies using the same single-staged en-
dothelial seeding technique have failed to show a long-term advantage of the seeded grafts ( Jensen
et al., 1994). Magometschnigg et al. (1992) showed a twofold increase in early patency and a
twofold decrease in late amputation rates using cultured endothelial cells seeded onto fibrin glue-
coated e-PTFE grafts placed as infrapopliteal (femoral–tibial) bypasses. Utilizing a similar two-
stage endothelial cell-seeding technique, Zilla et al. (1994a) demonstrated increased patency and
decreased platelet deposition in clinically implanted endothelial cell-seeded e-PTFE femoro-
popliteal bypass grafts over 3 years as compared to unseeded grafts. This group reported (Mein-
hart et al., 1997) very encouraging long-term results in a clinical follow-up study involving 108
in vitro endothelialized e-PTFE grafts, 107 of which were implanted in the infrainguinal position.
In their initial randomized study, the primary patency rates were 84.7% for endothelialized grafts
and 55.4% for control e-PTFE grafts after 3 years, 73.8 versus 31.3% after 5 years, and 73.8 
versus 0% after 7 years. Combining these data with their more recent additional patients, who 
received EC-seeded grafts, the overall 7-year patency was 66% for 107 of endothelialized
femoropopliteal e-PTFE grafts.

A major concern with EC-seeded grafts in humans is the potential for intimal thickening,
supported by histopathologic observations from two separate case reports. In one case with bilat-
eral above-knee grafts seeded with cephalic vein ECs, one of the grafts developed stenosis and had
to be replaced 41 months after implantation. The central part of this graft was explanted and in-
vestigated. The graft had a confluent endothelium lining on a collagen IV-positive basement mem-
brane with subintimal tissue of 1.21 � 0.19 mm thickness (Deutsch et al., 1997). The unusually
thick subendothelial layer has also been found in another case in which a microvascular EC-seed-
ed Dacron graft was placed as a mesoatrial bypass and had to be resected because of external me-
chanical stricture 9 months after implantation (Park et al., 1990).

Besides technical problems, concern exists as to the ultimate function of those endothelial
cells on the graft surface, the cells having been injured by the process of manipulation and/or
chronic exposure to an unphysiologic environment. Injured endothelial cells produce a variety of
procoagulants, such as von Willebrand factor, plasminogen activator inhibitor, thrombospondin,
and collagen. Higher levels of PDGF and bFGF have been measured in endothelial-seeded grafts,
which is of particularly concern given their potential role in stimulating the migration and prolif-
eration of SMCs, and thereby stimulating the development of pseudointimal hyperplasia (Graham
and Fox, 1991; Sapienza et al., 1998).

Advances in molecular biology have provided the possibility of applying genetically modified
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endothelial cells with desired functions to synthetic grafts. The first application of this technolo-
gy to vascular grafting was reported by Wilson et al. (1989). In this initial study, Dacron grafts
seeded with retrovirally transduced ECs containing a lacZ marker gene were implanted into ca-
nine carotid artery. Gene expression from modified ECs on the graft surface was identified for a
period of 5 weeks. Tissue plasminogen activator (tPA) has been successfully transfected into en-
dothelial cells (Dichek et al., 1991). These modified cells effectively express this fibrinolytic agent
after being seeded onto synthetic graft surfaces (Shayani et al., 1994). It may also be possible to
transfect endothelial cells so that they oversecrete growth factors and growth inhibitors in order to
encourage further endothelial cell proliferation and migration and to prevent smooth muscle cell
hyperplasia.

Gene transduction is, however, a developing technology. The effects of gene transduction and
of the vector employed on EC biological behavior and on the host response introduce new vari-
ables to EC seeding, which remain to be elucidated. Controversial results have been reported in
the literature related to the proliferation, adhesion, and retention of genetically modified ECs on
the surface of synthetic grafts. Brothers et al. (1990) observed a lower proliferation rate of lacZ and
Tn5 gene transduced canine ECs versus wild type. In contrast, Jaklitsh et al. (1993) and Huber et
al. (1995) separately reported that there were no changes in the proliferation rate of tPA retrovi-
rally transduced ECs, but the migration of cells was decreased. A major concern is that modified
ECs express poor retention on graft surfaces in vivo. A significantly lower percentage of surface en-
dothelialization was detected at 6 weeks on canine thoracoabdominal aortic e-PTFE grafts seeded
with lacZ-transduced ECs compared with those seeded with nontransduced control ECs (Baer et
al., 1996; Podrazik et al., 1993). Dunn et al. (1996) reported only 6% retention of ECs that had
been tPA transduced on Dacron grafts after 2 hr of exposure to the flow in vivo. The similar poor
retention of tPA-transduced ECs on e-PTFE grafts has been described by other groups (Falk et al.,
1998; Huber et al., 1995). For this reason, little has been documented so far concerning the long-
term benefit of genetically modified EC-seeded grafts in vivo.

The introduction of genetic engineering offers considerable potential to manipulate the func-
tion of seeded cells on graft surface and of perigraft cells, which may in turn further augment the
efficiency of EC seeding. It merits consideration for the development of a new generation of vas-
cular grafts in the future.

Totally Tissue-Engineered Vascular Grafts
In addition to the continuing emphasis on the endothelialization of the flow surface, the func-

tion of other cell types in the vascular wall has attracted more and more attention. It has been sug-
gested that ECs by themselves cannot produce a stable intima without SMCs or fibroblasts un-
derneath. Tissue fragments containing multiple cell types, including venous tissue, adipose tissue,
and bone marrow, have been seeded onto grafts and were found to accelerate the graft healing
process (Noishiki et al., 1998). Interestingly, bone marrow cell seeding was reported to induce an
abundant capillary ingrowth in the graft wall and a rapid, complete endothelialization of the in-
ner surface without intimal hyperplasia. The primitive stem cells in the bone marrow, having the
ability to differentiate in response to their microenvironment and to proliferate as well as to secrete
cytokines for supporting their survival, may provide a useful cell source for tissue engineering.

Driven by the desire to develop an ideal vascular substitute, attempts to construct a neoartery
have been carried out. Vascular cells are seeded into a three-dimensional ECM or onto polymer
scaffolds. After implantation, these cells proliferate and produce ECM while the scaffolds degrade,
and eventually are replaced by self-tissue. The newly formed conduits are viable vessels with the
ability to remodel to fit the hemodynamic environment and maintain many of the normal func-
tions of the cell components.

SMCs seeded onto biodegradable grafts composed of 95% polyurethane and 5% poly(l-lac-
tic acid) were demonstrated to result in fast and uniform neomedia development (Yue et al., 1988).
Shinoka et al. (1998) generated a graft from autologous mixed vascular cells expanded in vitro by
culture of carotid artery segments and then seeded onto polygalactin or PGA scaffolds. After 7
days of in vitro culture, the grafts were implanted as pulmonary artery interpositions in lambs. The
scaffolds no longer existed at 11 weeks, and the newly generated resembled native artery architec-
ture, with ECs lining the luminal surface and with the development of ECM, including collagen
and elastin fibers. However, an increase in the diameter of the grafts was noticed. Niklason et al.
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(1999) reported encouraging results with a similar graft produced by seeding SMCs onto PGA
scaffolds that were sodium hydroxide-modified to endure better cell attachment, and the graft was
cultured in an in vitro pulsatile radial stress environment for 8 weeks before implantation. Engi-
neered grafts showed contractile responses to serotonin, endothelin-1, and prostaglandin F2�

and
expressed the SMC differentiation marker myosin heavy chain. The grafts cultured under pulsatile
condition produced more collagen than those grown without pulsatile stress and exhibited a me-
chanical strength comparable to native human saphenous veins (ruptured at 2150 � 909 mmHg
versus 1680 � 307 mmHg). Autologous ECs were seeded onto the luminal surface and were cul-
tured for another 3 days before implantation. Four of the grafts were implanted into swine saphe-
nous arteries, of which two were generated under pulsatile stress and two under static conditions.
Two pulsed grafts remained patent up to 24–28 days without dilation or rupture, and two non-
pulsed grafts remained open for 3 weeks and then developed thrombosis. The polymer remnants
were no longer visible at 4 weeks.

When using bioresorbable polymers as scaffolds, in parallel to the resorption of polymer is an
inflammatory process, which not only may play a major role in inducing tissue ingrowth but may
also provide a pathologic microenvironment for all cell components. The complete understand-
ing and fine control of this process will be the key point for the success of this kind of graft.

The first attempt to create totally biologic vascular structures in vitro without synthetic poly-
mers was made by Weinberg and Bell (1986). They constructed a three-layered blood vessel mod-
el with a collagen matrix as a scaffold for ECs, SMCs, and fibroblasts. Similar efforts have been
made by other groups (Langer and Vacanti, 1993; L’Heureux et al., 1993; Ziegler and Nerem,
1994). However, this model failed to yield requisite mechanical strength, and later grafts were re-
inforced with Dacron meshes. This weakness is presumed to be, at least in part, a result of lack of
organization of the ECM. As an alternative, L’Heureux et al. (1998), rather than use exogenous
ECM components, generated a vessel exclusively from cultured vascular cells in a well-defined en-
vironment; ECM was produced, with the organization resembling that in natural vessels. SMCs
were cultured in vitro to form a cellular sheet, then wrapped around a tubular support to produce
the “media,” and subsequently a similar sheet of fibroblasts was placed around the media to pro-
vide the “adventitia.” After maturation, the tubular support was removed and ECs were seeded
onto the luminal surface. This constructed “vessel” displayed a burst strength over 2000 mmHg.
The SMCs expressed circumferential and longitudinal orientations with a differentiation marker,
desmin, and even showed contractile responses when challenged with vasocative agonists. Abun-
dant ultrastructurally organized collagen and elastin fibers were present in the ECM. However, in
short-term studies, after these vessels were implanted in canine femoral arteries, intramural blood
infiltration was noticed. Although many more efforts will be required to conquer technical obsta-
cles and optimize the manufacturing system, and as well examine the long-term efficacy, the pos-
sibility is open for creating novel viable substitutes for vascular replacement.

Endovascular Stents and Stent Grafts
The progress in vascular surgery and interventional radiology has led to the birth of intravas-

cular interventions for vascular disease. Stents and stent grafts are the products of this developing
technique, which minimizes invasive procedures and thus especially benefits high-risk patients.

Endovascular stents were initially designed to provide structural support following angio-
plasty, originally described by Dotter in 1969 (Dotter, 1969), but have become clinically wide-
spread. There are three basic types of stents: balloon-expandable stents, which need balloon infla-
tion to expand the stent into the arterial wall; self-expanding stents, allowing delivery in a collapsed
form with the stent expanding to its predetermined size after release from the delivery device; and
thermal-expanding stents, made by a shape-memory metal alloy that is in an easily manipulated
form that assumes a memorized shape at a certain transition temperature. All these stents have
been successfully used in pelvic arteries with a 2-year patency of approximately 84% (Müller-Hüls-
beck et al., 1998).

The stent graft is a combination in which a prosthetic graft is fixed to the arterial wall by an
intravascular stent. The graft is usually either Dacron or e-PTFE and is combined with different
stents. The primary indications for endovascular grafting are arterial aneurysm, arterial–venous
fistulae, and vascular trauma. There have been numerous attempts to extend this technique to the
treatment of arterial occlusive disease. Theoretically, the graft creates a barrier to exclude diseased
arterial wall and provides a smooth flow conduit, while the stent support affixes the graft and may
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enhance luminal patency by resisting external compression. Although the short-term results show
promise in carefully selected cases (Allen et al., 1998), little is known about the long-term conse-
quences of this new technology.

There are limited data regarding the pathologic and hemodynamic influences of the stent or
stent graft anchored to the arterial wall. It has been reported that stent placement may cause a va-
riety of flow disturbances (Müller-Hülsbeck et al., 1998). The stent components may stimulate a
nonspecific inflammatory reaction and induce neointimal formation (Müller-Hülsbeck et al.,
1997; Schürmann et al., 1996). Stent grafts possess even more complexities in respect to the heal-
ing process, which is different from either the stent or the graft. Obvious compliance changes be-
tween stent/unsupported graft/artery interfaces yield a remarkable hemodynamic disturbance.
Delivery procedures, such as balloon dilation, which may alter graft intrinsic characteristics such
as porosity, wall thickness, etc., as well as create mechanical injury to the surrounding artery, should
also be taken into account (Salzmann et al., 1997, 1998). In addition, unlike conventional bypass,
the endovascular graft is placed into luminal arteries with perigraft exposure to diseased arterial in-
tima or to thrombus. All these factors change the healing characteristics of prostheses. An inflam-
matory reaction and progressive thickening of neointima have been observed in both e-PTFE- and
Dacron-based stent grafts (Hussain et al., 1998; Yee et al., 1998). A controlled study in the canine
iliac artery model showed that endovascular stent grafts, composed of e-PTFE grafts and balloon-
expandable stents, resulted in both greater endothelialization and an approximately five times
thicker neointima in the midportion of the graft and a higher percentage of stenosis at the distal
anastomosis, when compared to conventional e-PTFE grafts. Yee et al. investigated a similar stent
graft in the porcine iliac artery and concluded that intravascular placement dramatically altered
the healing of this type of graft (Ohki et al., 1997).

Endovascular intervention alleviates surgical morbidity and mortality, thus having consider-
able clinical potential. The accumulation of experience, optimization of devices, and a better un-
derstanding of resultant pathologic processes will enhance their efficacy.
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Small-Diameter Vascular Grafts
Susan J. Sullivan and Kelvin G. M. Brockbank

INTRODUCTION

Surgical treatment of vascular disease is now a common medical procedure. However, to date the
use of synthetic materials is limited to grafts larger than 5 mm due to the frequency of occlu-

sion observed with synthetic vessels of smaller diameter. Consequently, significant efforts in the
past 15 years have focused on the development of a small-diameter blood vessel equivalent using
tissue engineering. The seeding of synthetic grafts with endothelial cells has been investigated as a
means to increase patency, but has been limited by the challenges associated with maintaining ef-
fective surface coverage. As an alternative to the use of synthetic materials, two approaches have
been taken to create a blood vessel using cell and matrix components. Several groups have estab-
lished techniques for creating a cellular vessel through coculture of smooth muscle cells with col-
lagen or other matrix proteins and lining the lumen with endothelial cells. The second approach
is designed to provide a graft constructed of a material, such as collagen, that would provide the
required mechanical properties on implant but would also facilitate remodeling and infiltration of
host cells into a cellular vessel. Our group has evaluated an acellular construct composed of porcine
intestinal collagen matrix that provides the requisite mechanical properties, can be remodeled in
vivo, and has shown promising patency in the rabbit carotid model.

In the early 1900s, clinicians began investigating the use of vein segments as arterial bypass
grafts, but these procedures did not gain popular acceptance until the development of contrast an-
giography and the introduction of heparin as an anticoagulant (Carrell, 1910; Schloss and Shu-
macker, 1949; Charles and Scott, 1933; Murray and Jones, 1940). Arterial replacement is now a
common treatment for vascular disease, with over 400,000 autologous coronary grafts (either ar-
teries or veins) and over 200,000 vein grafts into peripheral arteries performed each year. A mar-
keting analysis has shown that at least 300,000 coronary artery bypass procedures are performed
annually in the United States involving in excess of 1 million vascular grafts (Frost and Sullivan,
1997). Autogenous vessels, particularly internal mammary arteries and saphenous veins, remain
the “gold standard” for coronary grafting. However, many patients do not have veins suitable for
grafting due to preexisting vascular disease, vein stripping, or vein harvesting in prior vascular pro-
cedures. Studies estimates that as many as 30% of the patients who require arterial bypass proce-
dures will have saphenous veins unsuitable for use in vascular reconstruction (Edwards et al.,
1996). In addition, it has been shown that 2–5% of saphenous veins considered for bypass pro-
cedures were unusable on the basis of gross pathology and that up to 12% were subsequently clas-
sified as diseased, a classification that was associated with patency rates less than half that of nondis-
eased veins (Panetta et al., 1992). Finally, significant morbidity and surgical costs are associated
with the harvest of autologous vessels. All of these factors contribute to a widely recognized clini-
cal need for a readily available, small-diameter vascular graft.

Chemically cross-linked xenogeneic and allogeneic blood vessels have been assessed as vascu-
lar grafts. Early attempts to use bovine arterial grafts failed due to aneurysmal degeneration and
infection (Rosenberg et al., 1970). Cross-linked human umbilical vein grafts are still in use clini-
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cally despite the need for routine monitoring for early detection of aneurysms and poor patency
rates in more challenging graft positions, such as across and below the knee (Brewster et al., 1983;
Edwards and Mulherin, 1980).

SYNTHETIC GRAFTS
The use of synthetic materials to fabricate a blood vessel substitute began in the 1950s and

has led to vascular prostheses made from a wide variety of materials, including nylon, Teflon, Or-
lon, Dacron, polyethylene, and polyurethane (Greisler, 1991). Expanded poly(tetrafluoroethyl-
ene) (e-PTFE) was introduced about 20 years ago, and Dacron and PTFE remain the most wide-
ly used synthetic materials. Both of these materials have been very successful in applications
requiring large-diameter (greater than 5–6 mm) vascular substitutes in areas of high blood flow
(Pratt, 1984). However, in low flow or smaller diameter applications such as peripheral vascular
repair below the knee or coronary bypass, these grafts are not effective and there are no Food and
Drug Administration (FDA)-approved products for such applications. Possis Medical, Inc., has re-
ceived a humanitarian-use investigational device exemption (IDE) for an e-PTFE graft that acts
as an arteriovenous shunt running from the aorta to the vena cava. When this graft is employed,
coronary anastomoses are made in a side-to-side manner and pressure is maintained by placement
of a Venturi flow restrictor near the vena cava. The Venturi flow restriction maintains blood flow
through the graft at 500–600 ml/min and back pressure is maintained between the Venturi re-
striction and the aorta. Previous e-PTFE grafts often failed as a result of anastomotic hyperplasia,
which leads to stenosis, and Dacron grafts were susceptible to thrombosis (Callow, 1983; O’-
Donnell et al., 1984; Stephen et al., 1977). Composite devices that incorporate biological sub-
stances into the synthetic graft in order to modulate the host response and help prevent graft 
failure have also been developed. Synthetic grafts have been impregnated with biodegradable com-
ponents such as albumin, collagen, gelatin, elastin, and fibrin (Gundry and Behrendt, 1987; Kot-
tke-Marchant et al., 1989) designed to decrease the surface reactivity to platelets; however, long-
term efficacy has not been achieved using this approach. Agents that are known to inhibit
thrombogenesis or promote anticoagulation, such as heparin, prostaglandin E1 (PGE1), hirudin,
and aspirin, have also been bound to the lumen of the synthetic vessels but have met with limit-
ed success (Park et al., 1988; Phaneuf et al., 1998).

IN VITRO BLOOD VESSEL TISSUE ENGINEERING
Initial attempts at tissue engineering a blood vessel substitute involved seeding the lumen of

a synthetic graft with endothelial cells. Modifying the prosthetic graft surface with a monolayer of
autologous endothelial cells was initially suggested by Herring et al. (1987) as a means to provide
a more biocompatible surface with the potential to decrease thrombosis and intimal hyperplasia.
Some advances have been made as a result of extensive experimentation in endothelialization of
grafts (Williams et al., 1994; Pasic et al., 1994; Meinhart et al., 1997). Progress was initially lim-
ited by the challenges associated with the harvest and culture of endothelial cells. However, hu-
man umbilical vein endothelial cells are now commonly used as a model for vascular endothelial
cells in studies evaluating methods for graft seeding. In addition to the issues of cell sourcing, defin-
ing techniques for establishing a confluent layer of cells on the luminal surface has also been chal-
lenging. Unfortunately, methods that promote endothelial cell adhesion can, in turn, lead to a
more thrombogenic surface. If the surface is not completely covered or some cells are lost on ex-
posure to flow, the patency rates would be reduced rather than improved. Results from Bowlin and
Rittgers (1997) suggest that electrostatic methods used to endothelialize e-PTFE grafts may be a
promising approach. In this process, the surface is induced to become positively charged, which
promotes endothelial cell adhesion. Once the seeding process is complete, however, the graft re-
verts to its original, highly negatively charged state so that any exposed areas will no longer pro-
mote cell adhesion. Endothelialization of synthetic grafts has shown some feasibility in animal
models, but clinical trials have not shown significant differences in patency as a result of en-
dothelialization, and the source of cells for widespread clinical application remains problematic
(Meinhart et al., 1977; Welch et al., 1992).

Another approach to a tissue-engineered blood vessel is based on the coculture of cells with
natural biologic and/or synthetic materials in order to “grow” a cellular vessel. Weinberg and Bell
(1986) demonstrated in vitro development of a model blood vessel with three layers, correspond-
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ing to an intima, media, and adventitia. A confluent layer of endothelial cells was grown in cul-
ture onto the lumen of a tubular collagen construct consisting of an outer layer of fibroblasts and
a middle layer of smooth muscle cells. In this study, the cells and matrix were cast in an annular
mold and an external Dacron mesh was used to provide additional mechanical support. The mod-
el grossly resembled a muscular artery, except for the Dacron mesh; electron microscopy demon-
strated well-differentiated bipolar smooth muscle cells. Endothelial cells formed a monolayer of
flattened cells interconnected by cellular junctions with numerous cytoplasmic vesicles, Weibel–
Palade bodies, and patches of basement membrane. In addition to mechanical properties that ne-
cessitated the use of a support mesh, there were a number of differences between the model and
normal arteries. A major difference was that elastin, the principal arterial tissue matrix protein be-
sides collagen, was not present in the model. Matsuda and Miwa (1995) also created a hybrid con-
struct using an artificial scaffold of polyurethane seeded with smooth muscle and endothelial cells.
This construct was shown to remodel in vivo such that the endothelial cells on the lumen became
oriented in parallel to the direction of blood flow, and the smooth muscle cells in the medial lay-
er redistributed and became circumferentially oriented. Implants were successful in the canine
model for up to 1 year.

The constructs of Weinberg and Matsuda used a composite approach to reinforce the strength
of the cellular layers. A key challenge in the development of a cellular model blood vessel was to
create a construct with the required mechanical properties. Auger and colleagues (L’Heureux et al.,
1993) expanded on this coculture approach and were able to produce a vessel equivalent using hu-
man cells and collagen without using any synthetic supports. L’Heureux et al. (1998) have now
demonstrated that their construct could mature in culture into a vessel with excellent mechanical
properties. This construct had a burst strength exceeding 2000 mmHg. Umbilical cord-derived
smooth muscle and skin-derived fibroblast cells were cultured separately in the presence of ascor-
bic acid and were formed into a vessel by wrapping successive layers around a mandrel. Constructs
that were lined with umbilical cord-derived endothelial cells demonstrated feasibility in short-term
studies in a xenogeneic model. Others, particularly the laboratory groups of Nerem at Georgia
Tech and Tranquillo at the University of Minnesota (Ziegler et al., 1995; Tranquillo et al., 1996),
have investigated the effect of culture conditions and in vitro mechanical forces on the develop-
ment of cellularized constructs. Girton et al. (1999) have generated blood vessel medial layer equiv-
alents with smooth muscle cells and collagen and have shown that the mechanical strength can be
enhanced by nonenzymatic cross-linking of proteins with reducing sugars such as glucose and ri-
bose. This glycation of the media equivalents significantly increased both stiffness and tensile
strength of the constructs. The work at Georgia Tech has focused on the development of a cellular
construct with a confluent endothelium and has evaluated the physiological responses of the smooth
muscle and endothelial cells to shear and mechanical stresses associated with flow conditions.

Bovine vessels containing vascular biopsy-derived smooth muscle and endothelial cells have
now been cultured on tubes of partially hydrolyzed poly(glycolic acid) under pulsatile conditions
(Niklason et al., 1999). These vessels also had burst strengths greater than 2000 mmHg and ex-
hibited the beginnings of vascular contractile responses. Four engineered arteries were implanted
in the saphenous arteries of miniature swine; both of the vessels exposed to pulsatile conditions in
vitro prior to implantation were patent for up to 24 days postimplantation, whereas both control
vessels that were not exposed to pulsatile conditions were occluded within 3 weeks. It is interest-
ing to note that, just as in the studies of Weinberg and Bell more than a decade ago, these con-
structs were notably lacking in elastin content.

These advances in the development of cellular blood vessel equivalents through in vitro tissue
engineering are promising. However, generating a blood vessel equivalent composed of autologous
cells requires harvesting the patient’s cells months in advance of the required graft procedure and
extensive culture time, and would be a difficult technology to commercialize.

IN VIVO TISSUE ENGINEERING OF BLOOD VESSELS
An alternative to generating a cellularized vascular construct in vitro is to construct a pros-

thesis that is remodeled in vivo. Zarge et al. (1997) reviewed progress in the development of biore-
sorbable synthetic grafts that induce tissue ingrowth and remodeling after implantation to form a
“neoartery.” The clinical efficacy of such grafts depend on a balance between rapid graft resorp-
tion during tissue ingrowth and slower degradation rates for maintenance of structural stability.
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Structural stability may also be maintained by incorporation of a nonresorbable material that acts
as a mechanical strut or combinations of materials with different resorption rates. Bioresorbable
graft performance may also be modified by incorporation of growth factors, chemoattractants, or
cells within or on the graft.

There have also been efforts to develop resorbable grafts composed of naturally occurring ma-
terials. Collagen and collagen-based materials have been increasingly used in a variety of medical
products since the mid-1960s. However, in general, the collagen constructs were designed to be
similar to the synthetic polymer prostheses in terms of their ability to persist. Consequently, pu-
rification and cross-linking methods were developed to optimize mechanical strength and enhance
the stability of the collagen in vivo (Sabelman, 1985; Khor, 1997). In these cases, the material is
seen as a foreign body and is essentially encapsulated by inflammatory cells and organized scar tis-
sue rather than being integrated into the surrounding tissue.

Wilson et al. (1990) investigated the use of a collagen-based biomaterial as a vascular pros-
thesis. In these studies, canine iliac and carotid arteries were processed using a multistep detergent
and enzymatic extraction method. This method generated an acellular matrix of collagen, elastin,
and some glycosaminoglycans. These acellular matrix allografts were also used in coronary artery
bypass and compared with autogenous saphenous veins (Wilson et al., 1995). The patency rates
were 44% (4 of 9) for the matrix allografts and 57% (4 of 7) for the saphenous vein grafts. Im-
plantation of these acellular prostheses into the carotid and femoral arteries in dogs demonstrated
over 90% patency without administration of postoperative anticoagulants. The implants were fol-
lowed for up to 4 years and showed no evidence of aneurysm formation or dystropic calcification.
Even after 4 years, however, the collagen remained intact and there was no significant cellular in-
filtration. Inhibition of cellular infiltration may have been attributable to the presence of residual
sodium dodecylsulfate remaining in the graft after processing.

In contrast, investigators at Organogenesis have developed methods for using the intestinal
collagen layer derived from the submucosa of the small intestine as a biomaterial with the poten-
tial for true integration by remodeling. Over 30 years ago, the submucosal layer of the small in-
testine was proposed as a vascular substitute (Lawler et al., 1971; Egusa, 1968; Matsumoto et al.,
1966). This collagenous material was initially of interest because of its inherent mechanical
strength and natural intubation. The studies employed inverted segments of autologous small in-
testine submucosa (SIS) to replace portions of the inferior vena cava or aorta and demonstrated
over 80% patency in a small series of dogs. Badylak and colleagues (1989) extended these studies
using autogenous SIS as a large-diameter (10-mm) vascular graft in the canine infrarenal aorta.
Grafts were prepared by inverting the intestine, removing the serosal and muscularis layers by man-
ual abrasion, and then returning the tube to its original orientation. The luminal diameter was ad-
justed to match that of the recipient blood vessel by inserting a glass mandrel of the desired di-
ameter and suturing to gather any excess SIS. Of the 12 grafts, 11 remained patent until explant,
at times ranging from 1 week to 1 year postimplant. Using similar methods for constructing the
grafts, Badylak’s group also investigated an autogenous, small-diameter SIS graft in the canine
carotid and femoral positions and reported patency of 75%. In these studies, however, all the dogs
received both aspirin and warfarin for the first 8 weeks postsurgery (Lantz et al., 1990). Histolog-
ical evaluation of the explanted grafts suggested that the SIS was remodeled and Badylak’s research
group has also pursued SIS applications in soft tissue repair and orthopedics (Badylak, 1993).

In our early studies exploring the use of this material in soft tissue repair and vascular pros-
thetics, the submucosal layer was obtained after mechanical cleaning using a customized, com-
mercial gut-cleaning machine. Our results with 4-mm vascular grafts indicated that without ag-
gressive anticoagulant therapy, the grafts were thrombogenic when evaluated in a canine ex vivo
shunt or implanted as an aortic graft in rabbits (Termin et al., 1993). In subsequent grafts, the lu-
minal surface was modified by treatment with a benzalkonium chloride/heparin complex to re-
duce thrombogenicity, and these grafts showed promise when implanted in the infrarenal rabbit
aorta (Termin et al., 1994). In addition, we demonstrated that this material could be minimally
cross-linked with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), a water-soluble car-
bodiimide, and sterilized with peracetic acid. Unlike the more traditional methods that used fixa-
tives such as glutaraldehyde, this process reduced antigenicity without preventing cell ingrowth in
vivo (Hardin-Young et al., 1996). In addition, using a water-soluble carbodiimide also eliminates
the problems associated with the residual toxicity seen with aldehyde fixation of biomaterials.
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Although these studies were promising, it also became clear that the SIS material obtained af-
ter mechanical cleaning was quite heterogeneous (Fig. 33.1). The amount of residual cellular ma-
terial in the submucosal layer varied between preparations from different donor pigs as well as with-
in different sections of the small intestine. This variability complicated graft fabrication and in
vitro characterization as well as analysis of in vivo results. Consequently, extensive efforts at
Organogenesis in the past 2 years have focused on material processing and characterization. Me-
chanical and chemical cleaning of the proximal porcine jejunum using a proprietary process that
removes cells and cellular debris while maintaining the native collagen structure generates the in-
testinal collagen layer (ICL), a sheet of predominantly type I collagen.

ICL is prepared from the intestines of swine (about 450 lb) obtained from a closed herd (Par-
sons Farm, Hadley, MA). The mesenteric layer is manually removed from the small intestine pri-
or to mechanical stripping of the mucosal and membranous layers. It is mechanically processed
through three series of rollers on the Ernest Bitterling Model M34 (Nottingham, England) under
a constant flow of water. The remaining submucosal collagen layer is longitudinally slit between
the lymphatic tags and cut into 6-inch lengths, which are then processed to remove any residual
cells. The chemical cleaning of the intestinal collagen layer is a proprietary process involving sev-
eral washes in chelators and salts at specific pH ranges. Once the process is complete, the ICL is
stored at �80�C until use. All lots of material are tested for sterility and residual endotoxin levels
prior to release. In related work, an ICL laminate has been shown to be effective in hernia repair
in animal models. This construct, GraftPatch, received premarket approval [known as 510(k) clear-
ance)] from the FDA in 1998 for use in soft tissue repair (see the FDA web site, http://www.fda.
gov/cdrh/manual/idemanul.html). Unlike the synthetic mesh products traditionally used for her-
nia repair, GraftPatch became well-integrated into the surrounding abdominal wall tissue and de-
veloped a vascularized, mesothelial-like layer on the luminal surface that presumably contributes
to the resistance of the patch to adhesion formation (Abraham et al., 1999).

Having developed methods for producing a material that can be made reproducibly and could
be used in a commercial product, we are currently evaluating the in vivo efficacy of 4-mm vascu-
lar grafts constructed from the ICL. To manufacture a vascular graft, the ICL is aseptically entu-
bated using a mandrel of the desired diameter. In contrast to the suturing method used in the Lantz
studies (1990), the collagen tube is created by dehydration and cross-linking of the ICL wrapped
around the mandrel. A thin layer of bovine collagen is deposited on the graft lumen followed by
cross-linking in a 1 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride. After
rinsing to remove all residual cross-linker, the grafts are sterilized overnight with 0.1% peracetic
acid. The grafts are rinsed again with sterile water and subsequently coated with heparin (benzal-
konium chloride complex) in isopropanol.

In using the ICL as a vascular graft, the goal is to process the tissue so that native collagen
structure is retained while ensuring that the necessary mechanical properties are provided. For a
vascular conduit, it is critical that the material can be sutured and has sufficient burst strength to
withstand physiologic blood pressure. In addition, the porosity of the material should allow cel-
lular infiltration from the adventitial side while maintaining hemostasis. The protocol developed
for graft fabrication was designed to identify the lowest amount of chemical cross-linking that pro-
vided the requisite mechanical characteristics. Thus, in contrast to synthetic polymers or highly
cross-linked biomaterials, the ICL graft fulfills the hemodynamic and hemostasis requirements
while still having the potential to be remodeled by the host tissue. The graft characteristics are sum-
marized in Table 33.1 (n � 25).

Having determined that the grafts had the requisite mechanical properties for a vascular graft,
the in vivo efficacy was evaluated using a small animal model in collaboration with Dr. Otto Ha-
gen at Duke University Medical Center (Davies and Hagen, 1995). Through a right cervical
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oblique incision, the jugular vein of New Zealand White rabbits (2.0 to 2.5 kg) was mobilized,
ligated, and divided to expose the carotid artery. Following complete mobilization of the right
carotid artery and prior to arterial clamping, heparin (200 IU/kg) was given intravenously. Atrau-
matic arterial clamps were placed proximal and distal to the arteriotomy sites to occlude flow pri-
or to the proximal arteriotomy. An end-to-side proximal anastomosis of artery to graft was done
with 10-0 Ethilon sutures and the distal anastomosis was done in a similar manner. The segment
of carotid artery between anastomoses was excised, leaving an interposition graft 3–4 cm long. No
postoperative anticoagulants were used and the animals were monitored for 1 to 3 months prior
to explant. All animal care and handling was in compliance with the “Principles of Laboratory An-
imal Care” as formulated by the National Society for Medical Research (1996) and the “Guide for
the Care and Use of Laboratory Animals” published by the National Research Council (National
Academy Press, 1996).

The ICL vascular grafts showed excellent patency in this pilot study, with all 20 grafts patent
on explant after 14 (n � 2), 28 (n � 9), 53 (n � 4), or 90 (n � 5) days. Preliminary histological
evaluation has shown that the graft does undergo remodeling by host cells and studies are under-
way to identify the cells infiltrating the graft as well as the changes in those populations as a func-
tion of time of implant. These studies will also investigate how the mechanical properties of the
graft are affected by in vivo remodeling. Although short-term patency is highly dependent on the
luminal surface properties, long-term patency is equally dependent on mechanical properties of
the graft. It is increasingly evident that remodeling of blood vessels is strongly affected by the load-
ing and deformation to which they are subjected. For example, the remodeling of veins used in ar-
terial bypass is modulated by distension and shear stress, both of which are a function of the graft
mechanical properties (Dobrin, 1995).

Ideally, the ICL grafts will provide a collagen scaffold that is remodeled in vivo into a func-
tional neovessel, as illustrated in Fig. 33.2. The use of an acellular vascular prosthesis would pro-
vide an “off the shelf” option to address the clinical need for a small-caliber graft. These data are
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Table 33.1. Mechanical analysis of ICL grafts

Mechanical test Result

Suture retention test 3.7 � 0.5 Newtons
Burst test 12.4 � 5.5 psi
Porosity 4.26 � 10�3 ml/cm2/min
Compliance (change between 80 and 120 mmHg � 10�2) 5.0%

Fig. 33.2. Schematic diagram of
in vivo remodeling of an ICL
graft.



very encouraging, but much more work will be needed to determine the long-term efficacy of the
ICL grafts in large animal models.

SUMMARY
Surgical treatment of vascular disease is now a common medical procedure. However, to date,

the use of synthetic materials is limited to grafts larger than 5–6 mm due to the frequency of oc-
clusion observed with synthetic vessels of smaller diameter. Significant progress has been made
during the past 10 years in the development of blood vessel equivalents using tissue engineering.
The first approach is designed to produce constructs that are cellularized in vitro. Cocultures of
smooth muscle cells with matrices such as collagen under a variety of conditions have been used
to optimize the cellular orientation and mechanical properties of these cellular constructs. An al-
ternative method that would have the advantage of being a more readily available commercial
product is to produce a vascular graft that is cellularized in vivo. In our studies, the intestinal col-
lagen layer has shown promise as an acellular graft that will remodel over time. ICL was used to
form 4-mm vascular grafts with appropriate mechanical properties for blood vessels in vivo and
initial studies employing heparinized ICL tubes as carotid interposition bypass grafts in rabbits
have demonstrated 100% patency after periods ranging from 1 to 3 months.

Although several approaches to the tissue engineering of a small-diameter vascular graft have
begun to show feasibility, demonstrating potential clinical efficacy will require much more data
from long-term implant studies. Clearly, the grafts will be influenced by the interaction with the
host tissue and the remodeling will be dependent on a number of factors, including the hemody-
namic environment, the degree of cellular infiltration and graft endothelialization, and the po-
tential for development of cellular hyperplasia. The requirement for a construct with sufficient me-
chanical strength, a nonthrombogenic surface, long-term resistance to hyperplasia and aneurysm
formation, as well as compatibility with the host tissue, remains a major challenge for tissue engi-
neering.
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Cardiac Prostheses
Jack W. Love

INTRODUCTION

At the time of writing this chapter, in 1999, the treatment of symptomatic valvular heart disease
is based on two different methodologies, the use of mechanical devices and prostheses or the

use of tissue, for repair or replacement of diseased native heart valves. This chapter focuses on the
applications of tissue for such treatment, but it is important to mention, in passing, mechanical
devices and prostheses, because they are used more widely than tissue prostheses. The major rea-
son for the dominance of mechanical devices and prostheses is their greater durability. Investiga-
tors working in the field must be aware of the limitations of tissue methods and devices in order
to advance the design and performance of tissue in the treatment of valvular heart disease.

Although there were clever and ingenious indirect attempts to treat valvular heart disease be-
fore 1960, success proved to be elusive until it was possible to repair or replace valves in their or-
thotopic locations. The achievement that made possible a direct approach to the diseased heart
valve was the development of the heart–lung machine in 1953. In that year, Professor John Gib-
bon of Philadelphia performed the world’s first open-heart operation on a patient with congeni-
tal heart disease. His machine, the culmination of 17 years of research and development, gave the
surgeon the ability to divert, or bypass, the blood around the heart and lungs so that the heart
could be opened and repaired under direct vision. The original Gibbon heart–lung machine was
large and unwieldy, and required large amounts of donor blood to prime the circuit, but it was a
start. Great improvements in technology for pumping and oxygenating blood followed rapidly.
The first operations for valvular heart disease in which the valves were exposed within the heart
were performed in 1960. Those first operations, in Boston, Massachusetts, and Portland, Oregon,
were performed by Dwight Harken and Albert Starr, respectively. Harken and Starr replaced dis-
eased valves with mechanical, ball-in-cage prostheses of their own design. Two years later, Åke Sen-
ning in Zurich began repairing and replacing diseased aortic valves with free-hand techniques us-
ing the patients’ own (autologous) fascia lata (Senning, 1967), and Ross (1962) in London replaced
a diseased aortic valve with a cadaveric human aortic valve. Figures 34.1 and 34.2 show Senning’s
methods for replacing and repairing aortic valves with fresh, untreated autologous fascia lata. Out
of this pioneering work by men of genius and determination sprang the modern era of successful
treatment of valvular heart disease. Throughout the world in 1999, mechanical valvular prosthe-
ses are more widely used than are tissue prostheses, in spite of significant drawbacks to their use.
The drawbacks include noise, nonphysiologic flow patterns, catastrophic failure modes, and the
need for lifelong anticoagulant therapy. It can be argued that the ideal treatment for repair or re-
placement of diseased human heart valves should be based on tissue technology rather than on the
use of mechanical devices. Tissue valves are quiet and are associated with physiologic flow patterns,
typically have slowly developing rather than catastrophic failure modes, and usually do not require
anticoagulant therapy. The major, unsolved problem with tissue heart valves is their limited dura-
bility, generally 5 to 15 years. If the durability problem can be solved, tissue valves will be the clear
choice for treatment of valvular heart disease. To clarify the issue, it is necessary to say something
about the varieties of tissue valves and techniques that have been used for the past 35 years.

CHAPTER 34
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A SHORT HISTORY OF TISSUE HEART VALVES
As noted above, the first tissue heart valves were made of human tissue from autologous and

homologous sources. Autologous tissue was an obvious first choice, to avoid an immune response.
Unfortunately, fresh, untreated autologous tissues, both fascia lata and pericardium, were found
to undergo shrinkage and thickening when used for valve repair or replacement. Figure 34.3 is a
photograph of one of Senning’s fascia lata valves explanted after 6 years, showing the shrinkage
and thickening that occurred. That early finding of the fate of fresh, untreated autologous tissue
has been reconfirmed by Kumar et al. (1995). These changes occurred within months or years, al-
though Senning had some patients who survived up to 20 years with their autologous tissue fas-
cia lata valves. One unanswered question is why Senning could have long-term success with some
patients but not with all patients. There was a different outcome with homologous, cadaveric hu-
man aortic valves transplanted to the aortic position of host patients. Those valves did not under-
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Fig. 34.1. (A) The fascia lata strip
cut to form three cusps is sutured
to the aortic annulus. (B) The
commissures are anchored with
sutures passed through the aor-
tic wall and tied over Ivalon
sponge pledgets. From Å. Sen-
ning (1967). Fascia lata replace-
ment of aortic valves. J. Thorac.
Cardiovasc. Surg. 54, 465–470,
with permission from Mosby,
Inc.

Fig. 34.2. Senning’s techniques
for leaflet extension and repair 
of leaflet prolapse. From Å. Sen-
ning (1967). Fascia lata replace-
ment of aortic valves. J. Thorac.
Cardiovasc. Surg. 54, 465–470,
with permission from Mosby,
Inc.



go shrinkage and thickening, but they were also found to have limited durability. The surgical pro-
cedure for implanting cadaveric aortic valves can be performed with variations, but all of the vari-
ations require a level of surgical expertise that has discouraged many surgeons from using them
(Love, 1993).

The problems encountered with both autologous and homologous tissue valves led surgeons
in the United States and Europe to consider the use of animal, or heterologous, tissue valves. Look-
ing back on the history of tissue valves, one is tempted to question the logic of a progression from
autologous to homologous to heterologous tissue valves; the reverse sequence would seem to have
been more reasonable from an immunologic point of view. In simplest terms, the determination
of surgeons to use tissue valves, combined with the apparent failure of autologous tissue valves,
and the difficulties of both supply and implantation of homologous tissue valves, led to this de-
velopment. The first recorded use of animal tissue valves was by French surgeons who implanted
valves taken from the abattoir and implanted without treatment, other than attempted steriliza-
tion with antibiotic solutions (Binet et al., 1965). The results were, predictably, unsatisfactory, and
caused most of the first users to abandon the use of animal tissue valves.

One of the pioneers from that early work persisted with the concept of making animal tissue
valves suitable for use in human patients. Carpentier in Paris explored different chemical treat-
ments of animal tissue valves, and settled on an agent from the leather-tanning industry, glu-
taraldehyde (Carpentier et al., 1969). Glutaraldehyde was found to reduce the immunogenicity of
the untreated animal tissue by producing collagen cross-links that reduced solubility, and thus the
immune stimulus to the host. Tanning with glutaraldehyde renders the tissue stiffer than it is in
the untreated state. From 1968 to the present, heterologous tissue valves have occupied an im-
portant place in the cardiac surgeon’s armamentarium for treating valvular heart disease. Carpen-
tier, with engineers from the Baxter Edwards company, took porcine aortic valves from the slaugh-
terhouse, tanned them with glutaraldehyde, and mounted them on stents made of Elgiloy wire
covered with Dacron fabric for implantation in humans, and in so doing launched the biopros-
thetic industry. An American engineer/entrepreneur, Warren Hancock, worked in parallel with
Carpentier and founded his own company to manufacture porcine bioprostheses.

Another type of heterograft bioprosthesis was introduced in 1974 by Ionescu of Romania,
while he was working in Leeds (Bartek et al., 1974). He used bovine pericardium mounted on a
stent machined from titanium covered with Dacron fabric. One of his valves is shown in Fig. 34.4.
Initially, his valve was well received, primarily because it had low gradients in even the smallest
sizes, in contrast to the porcine bioprostheses. The pig aortic valve has a ridge of muscle across one
leaflet that becomes an impediment to flow in the smaller sizes, after the tissue has been stiffened
by glutaraldehyde. However, the rigid titanium stent of the Ionescu valve was a design flaw. In the
early days of bioprosthetic development, it became apparent that a flexible stent, whether made of
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Fig. 34.3. Aortic valve replacement with fascia lata 6
years postimplantation. All three leaflets became thick
and stiff, their bases aneurysmal. The valve become in-
competent and was replaced. From Å. Senning (1984).
Alterations in valvular surgery: Biologic valves. In “Pro-
ceedings of the Second International Symposium on
Cardiac Bioprostheses” (L. H. Cohn and V. Gallucci,
eds.). Yorke Medical Books, New York.



wire as in the Carpentier valve or of thermoplastic as in the Hancock valve, was an essential com-
ponent of a successful bioprosthesis. The tissue is prone to mechanical failure when mounted on
a rigid stent (Reis et al., 1971; Christie and Barratt-Boyes, 1991). The Ionescu valve had another
problem, a suture at each of the three leaflet commissures that proved to be another point of tis-
sue failure due to stress. The bad experience with the Ionescu valve caused some investigators to
think that the problem was the tissue, not the stent. However, bovine pericardium tanned with
glutaraldehyde and mounted on a flexible stent performs as well, or better than, porcine aortic
valves (Marchand et al., 1998; Frater et al., 1998).

The use of cadaveric homograft valves, pioneered by Ross in London, has had two devoted
proponents from the earliest days to the present. They are Brian Barrett-Boyes of Auckland, New
Zealand, and Mark O’Brien of Brisbane, Australia. Their persistence kept the concept alive for
three decades until it became more widely accepted. A key factor important for the wider accep-
tance of the concept was the founding of the CryoLife Company in Marietta, Georgia. CryoLife
began its existence as a company devoted to the harvesting and the preservation of cadaveric aor-
tic roots and valves that could be used for the homograft operation. Before CryoLife, surgeons
wanting to use homograft valves needed to have their own tissue banks in their medical centers.
Those surgeons were required to harvest the valves from the autopsy suite, sterilize the valves, and
preserve them until they were used. That burden undoubtedly contributed to the lack of early ac-
ceptance of the homograft operation. Another factor that was important for wider acceptance was
the evidence provided by O’Brien that cryopreserved homografts might retain viability after im-
plantation (O’Brien et al., 1991). Although the matter has provoked significant controversy and
skepticism, the debate has focused attention on the possibility of a viable tissue valve that might
have the property of self-repair. That dream comes closer to the ideal replacement valve. Homo-
graft valves appear in some series to have better durability than heterograft valves, but the differ-
ence has not been of an order of magnitude, in even the best reported results. Homograft valves
have shown superior performance in the subset of patients with infective endocarditis. Stent-
mounted bioprosthetic valves do not fare well in the presence of infection, whereas the unstented
homograft valve can be expected to survive in the presence of infection. It is the presence or ab-
sence of the stent that probably makes the difference; foreign body material has long been known
to require removal when surrounded by infection. However, there are downsides to the homograft
valve. The problem of supply, once a severe limitation, has been greatly eased by the CryoLife tech-
nology. There is a small but real concern for the possibility of transmission of the autoimmune de-
ficiency syndrome (AIDS) virus. Perhaps the biggest problem with the homograft valve is that it
can be used only in the aortic or pulmonary position. Work is in progress to mount homograft
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Fig. 34.4. The Ionescu–Shiley
bovine pericardial bioprosthesis.



valves on stents to make them available for use in the atrioventricular position, but this is not rou-
tinely possible.

THE STATUS OF TISSUE VALVES IN 1999
Following this brief history of tissue valves, the status of tissue valves in 1999 can be described.

Commercially available tissue valves in 1999 include heterografts, homografts, and autografts. The
heterograft valves are of two kinds, porcine and bovine, both tanned with glutaraldehyde. The
porcine heterografts are aortic valves from slaughterhouse pigs, and they are available both stent
mounted and unstented. The bovine heterograft is available as a stent-mounted pericardial bio-
prosthesis, with glutaraldehyde-tanned bovine pericardium from slaughterhouse material. Homo-
graft valves are available commercially and are also implanted in some centers from tissue banks
maintained at those centers. The tissue is treated with antibiotic solution, but is not tanned with
glutaraldehyde. One company, Autogenics, has marketed a stent-mounted autograft, a biopros-
thesis made in the operating room at the time of the valve replacement operation with the patient’s
own pericardium prepared, cut, and mounted on a stent system in 10 min. The pericardium is im-
mersed for 10 min in 0.625% glutaraldehyde solutions buffered to pH 7.4 with phosphate. The
rationale for using glutaraldehyde with the autograft is quite different than it is with heterograft
tissue. The heterograft tissue is clearly immunogenic without tanning, and it is completely tanned
for more than a week to produce collagen cross-linking to minimize solubility. The tanning was
found by Carpentier to greatly attenuate, but not eliminate, immunogenicity of the tissue. With
the autograft, there is no concern for immunogenicity; the light tanning is done to make the tis-
sue stiffer and thus easier to use in the fabrication process. The investigators who developed this
valve also reported that the lightly tanned autologous tissue did not display the thickening and
shrinkage that had been noted by early investigators who used fresh, untreated tissue (Love et al.,
1992).

Limited durability has been the drawback to all of the tissue valves used for the past 25 years.
Heterograft and homograft valves are subject to a usually gradual deterioration from a process
known as calcific degeneration. As the process continues, there is an associated loss of tensile
strength of the tissue. Tissue valves fail over time either because of excessive stiffening of the tis-
sue, leading to stenosis and regurgitation, or from primary tissue failure with tearing. The auto-
graft valve has been in clinical use for over 6 years, and it is not yet clear if it will prove to have su-
perior durability and freedom from calcific degeneration and primary tissue failure. The inventors
of the autograft valve believe that the immune response to heterograft and homograft tissue plays
a role, perhaps the major role, in determining the fate of the tissue valve (Love, 1993). This point
of view is not widely accepted in 1999, and only longer follow-up of the clinical series will show
if the autograft is a superior tissue valve. There is one piece of intriguing evidence from long-term
follow-up of a clinical series of porcine heterograft bioprostheses that may support the concept of
immune response as a determinant of the fate of those valves. Jamieson has reported the durabil-
ity of porcine valves related to the age of the patient at the time of implantation ( Jamieson et al.,
1994). His data are displayed as a family of curves that confirm what has long been known, that
durability is directly proportional to the patient’s age at the time of implantation. Porcine valves,
which are known to fail early in young patients, may last 10 to 15 years in older patients. The dura-
bility of the heterograft valve in children and adolescents is so unacceptable that such valves are
used in that age cohort only when no other kind of valve can be used. Several interpretations can
be made of Jamieson’s data, but one possible explanation is that a more active immune response
can be expected in young patients contrasted with older patients.

There is an accepted animal model for studying the fate of tissue valves, and data on the per-
formance of tissue valves in that animal model are required by the U.S. Food and Drug Adminis-
tration for approval. If a heterograft tissue valve is implanted in a juvenile weanling sheep, defined
as one less than 6 months of age and generally less than 30 kg in weight, the heterograft valve is
typically heavily calcified in 3 to 5 months (Barnhart et al., 1982a,b). The calcification seen in the
juvenile sheep model is apparently identical to the same process seen in humans over a period of
several years. The model has been widely used to investigate the efficacy of anticalcifcation treat-
ments that have been proposed by valve manufacturers. It has been reported that the autologous
tissue heart valve shows minimal to no calcification in that model (Love et al., 1994). That evi-
dence is the primary reason for the expectation that the autograft will prove to be a more durable
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bioprosthesis, less subject to calcific degeneration and primary tissue failure in humans. A study
correlating the immune response in juvenile sheep to heterograft, homograft, and autograft valves
is waiting to be done. Such a study could settle the issue of the importance of the immune response
in determining the fate of the tissue valve.

The author of this chapter has been one of the pioneer investigators of the autograft valve.
His group, along with four other groups in different parts of the world, has provided evidence that
the autograft valve may behave differently than heterograft and homograft valves. In 1967, Ross
in London transplanted the autologous pulmonary valve of a child to the aortic position to treat
aortic valve disease. That operation has become known as the Ross procedure, or the pulmonary
switch operation, and is currently enjoying a wave of popularity because of the remarkable dura-
bility of the transplanted autologous pulmonary valve. Patients have survived more than 25 years
with no evidence of degeneration in their transplanted valves. The concept of this operation was
developed in the animal laboratory at Stanford University; Ross applied the concept to the clini-
cal setting. The downside to the Ross procedure is that there is only one pulmonary valve that can
be transplanted, it can only be used in the aortic position, and when it has been moved to the aor-
tic position, it must be replaced with an imperfect bioprosthesis. For the sake of this discussion, it
is important to remember that this most perfect of all tissue valves to date is an autologous valve.
Since 1980, Carpentier in Paris has used autologous pericardium treated with a brief immersion
in glutaraldehyde for the repair of mitral valve leaflets damaged mainly by rheumatic endocardi-
tis (Chauvaud et al., 1991); the techniques are shown in Fig. 34.5. He and his colleagues have re-
ported that autologous pericardial patches used for leaflet extension procedures have shown no cal-
cific degeneration for more than 10 years. Using autologous pericardium for patching or leaflet
extension is, admittedly, different from using that material to construct an entire valve, but the 
excellent long-term behavior of lightly tanned autologous pericardium is further evidence for the
superiority of autologous tissue.

Duran, a Spanish surgeon working in Saudi Arabia, and most recently in the United States,
resurrected Senning’s original concepts for repair and replacement of aortic valves, using autolo-
gous pericardium treated with a brief immersion in glutaraldehyde, as shown in Fig. 34.6. He ini-
tially used tanned bovine pericardium, but switched to autologous pericardium when other groups
began reporting better results with the autologous tissue. His method is essentially a free-hand
technique that requires a significant element of surgical skill. He has reported his medium-term
follow-up of 51 patients, mean age 31.2 years, observed up to 5 years with an impressive lack of
degenerative changes (Duran et al., 1995). Duran’s work constitutes yet another piece of evidence
for the superiority of autologous tissue for valve repair or replacement.

Deac in Romania has an interesting clinical series in progress that adds further support to the
use of autologous tissue. He modified a technique described by Mickleborough for intraoperative
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Fig. 34.5. Carpentier’s tech-
niques, using pericardium, for
patching the mitral valve. From
S. Chauvaud, V. Jebara, J.-C.
Chachques, B. E. Asmar, S. Mi-
haileanu, P. Perier, G. Dreyfus, J.
Relland, J.-P. Couetil, and 
A. Carpentier (1991). Valve 
extension with glutaraldehyde-
preserved autologous pericar-
dium. J. Thorac. Cardiovasc.
Surg. 102, 171–178, with per-
mission from Mosby, Inc.



construction of a stentless atrioventricular valve, mitral or tricuspid (Deac et al., 1995). Mickle-
borough’s method is shown in Fig. 34.7. Whereas Mickleborough used tanned bovine pericardi-
um, Deac has used lightly tanned autologous pericardium. Deac’s results with 18 patients, mean
age 42 years, from 1989 to 1994, are encouraging. It is especially noteworthy that he, too, has not
seen evidence of calcific degeneration in any of his patients.

Finally, the work of this author and his group with a stent-mounted bioprosthesis made in
the operating room at the time of valve replacement was encouraging in both the animal labora-
tory model and early clinical experience since the first human implant in 1992 (Fabiani et al.,
1995). An Autogenics valve, made with autologous pericardium treated with a brief immersion in
glutaraldehyde, is seen in Fig. 34.8. The valve could be made within 10 min with disposable, sin-
gle-use instruments, in the operating room at the time of the valve replacement operation. Love
(1993) has given a detailed account of early work on the autologous pericardial valve. The Auto-
genics valve is not being marketed in 1999.

THE ISSUE OF WHETHER TO USE A STENT
Another issue that must be considered by investigators of tissue valves is whether to mount

the tissue on a stent. With mechanical valves, this is not an issue because, by definition, the me-

34 Cardiac Prostheses 461

Fig. 34.6. Duran’s methods for aortic valve
reconstruction with pericardium. Reprinted
with permission from the Society of Thoracic
Surgeons (The Annals of Thoracic Surgery,
1991, Vol. 52, pp. 447–454).

Fig. 34.7. Mickelborough’s experimental method for constructing a stentless
mitral valve from tanned bovine pericardium. Deac has modified her method
and used lightly tanned autologous pericardium in a growing clinical series.
Pericardium is wrapped around a cylinder of the appropriate diameter. Total
length of the leaflets equals �� pd. A single suture line is needed to construct the
valve. Triangular portions of the pericardium are removed, as shown, leaving
chordal tips of the prosthesis. From Mickleborough et al. (1988).



chanical valve is made entirely of metal and plastic and fabric, part of which is a stent. With tis-
sue, however, a decision can be made to use or not to use a stent. There are arguments that can be
mode for both sides of the issue. A stent confers precise dimensions to the bioprosthesis, and the
implantation of stent-mounted valves is a relatively straightforward surgical procedure, well with-
in the capabilities of most cardiac surgeons. Stentless valves, on the other hand, whether hetero-
graft, homograft, or autograft, generally require a higher level of surgical skill for their successful
implantation. Dimensions are less precise, and more subjective judgments must be made in choos-
ing and implanting the valve. It is a perfect example of the old surgical saw that good results come
from experience, and experience comes from bad results. Those surgeons in 1999 who are able to
report the best results with stentless valves are surgeons of extensive experience. Pediatric cardiac
surgeons argue for stentless tissue valves for another reason. A stent, no matter how cleverly de-
signed, occupies part of the valve orifice, and thus reduces the effective orifice area, and eliminates
any potential for growth. These are important considerations because reduction of effective orifice
area increases the transvalvular pressure gradient or energy loss, and a stent retains its fixed di-
mensions. For infants and children who require valve replacement, growth must be considered. A
stented valve of fixed dimensions cannot grow with the patient, and the valve must be replaced
one or more times as a child with a stented valve matures. There is some early evidence from both
clinical and laboratory experience that the transplanted autologous pulmonary valve retains via-
bility and can grow with the patient. If this proves to be the case, it will be a powerful argument
in favor of the pulmonary switch operation, and the use of any other kind of unstented autolo-
gous tissue valve that might be expected to retain viability and the capacity for growth.

It should be noted that what are being marketed as stentless valves are not really stentless. The
heterograft and allograft stentless valve both have stents, i.e., the biologic stents of the donor. They
are stentless in the sense that neither has a rigid, mechanical stent.

Whether to use a stent is a more debatable issue for aortic or pulmonic valve repair than it is
for a mitral or tricuspid repair. That is because the aortic and pulmonic valves have their own na-
tive stents from their attachments to the aorta and pulmonary artery, respectively, whereas the atri-
oventricular valves gain support from the chordal apparatus that attaches the leaflets to the papil-
lary muscles of the interior ventricular walls. No entirely satisfactory bioprosthetic replacement
valve has been found to mimic the unique and delicate chordal apparatus. Deac’s work with a stent-
less valve, which substitutes two tongues of leaflet tissue for the chordae tendineae, is an attempt
to solve this problem. Following animal implants in the laboratory, he is reporting success in a clin-
ical series underway in Tirgu-Mures, Romania (Deac et al., 1995). Deac uses autologous peri-
cardium treated with a brief immersion in glutaraldehyde for his valve.
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Fig. 34.8. The autologous tissue
cardiac valve (ATCV) made in
the operating room at the time of
valve replacement.



THE ISSUE OF REPAIR VERSUS REPLACEMENT
The use of tissue of any kind to treat valvular heart disease involves another consideration and

choice, whether to repair or replace a damaged valve. As noted at the beginning of this chapter,
the earliest work with tissue to treat valvular heart disease involved techniques for both repair and
replacement. Senning’s seminal paper of 1967, written after 7 years of work with fascia lata for
both repair and replacement of aortic valves, should be consulted for an introduction to, and dis-
cussion of, this issue. He was a surgeon of uncommon skill and great imagination who led the way
for many who followed, and he should be acknowledged as one of the key figures in the treatment
of valvular heart disease. After his pioneering work beginning in 1962, there were many groups
around the world that used untreated autologous fascia lata to make valves. All of those groups,
including Senning, abandoned the work because of early failures and unpredictable results. It
should be remembered, however, that Senning (1984) was able to report a group of his patients
with normally functioning valves 12 to 20 years postoperatively.

Carpentier revisited the concept of repair and replacement with his repairs of mitral valves
damaged by rheumatic heart disease and degenerative processes. As noted earlier in this chapter,
he evolved his methods along several different lines, which include plastic procedures on the valve
leaflets and chordae, the use of annuloplasty rings to repair dilated annuli, and the use of gusset
patches to increase the area and mobility of scarred leaflets. For this latter work, he used fully
tanned bovine pericardium initially, but in 1980 he switched to the use of autologous pericardi-
um treated with a brief immersion in glutaraldehyde (Chauvaud et al., 1991). His vast experience
with repair techniques, disseminated to the current generation of cardiac surgeons, has established
the principle that it is always preferable to repair a diseased heart valve, whenever possible, rather
than to replace that valve. That principle derives from a priori thinking that a natural valve is bet-
ter than any man-made substitute, from the knowledge that there is no perfect prosthetic heart
valve, either tissue or mechanical, and now from accumulated clinical experience showing better
clinical results in series of valve repairs compared with valve replacements.

Duran has provided additional evidence for the superiority of repair over replacement with
his work in Saudi Arabia treating aortic valvular heart disease in a population of primarily young
patients afflicted with rheumatic heart disease. Like Carpentier, he initially used fully tanned
bovine pericardium for his aortic valve repairs, but switched to autologous pericardium treated
with a brief immersion in glutaraldehyde because of evidence for the superiority of the autologous
tissue (Duran et al., 1995).

The issue is still being debated in 1999, but there is mounting evidence to support the view
that repair should always be performed whenever possible, and that replacement should be reserved
for those patients who are not candidates for repair with current techniques.

SPECULATION ABOUT THE FUTURE
With regard to the use of tissue for heart valve repair or replacement, it is necessary to con-

sider which tissue to use. The source of the tissue is one issue, and the specific tissue is another is-
sue. The sources in 1999 are domestic animals (cattle and pigs), human cadavers, and autologous
tissue taken from the host. The specific tissues available in 1999 are either natural valves or peri-
cardium used to make valves. The natural valves used commercially are either porcine aortic valves,
fully tanned with glutaraldehyde and stent mounted, or untanned human cadaver valves for aor-
tic replacement, with or without accompanying aortic root replacement. Bovine pericardium, ful-
ly tanned with glutaraldehyde, is used for replacement when fashioned into stent-mounted or
stentless bioprostheses, or for repair purposes. Autologous pericardium treated with a brief im-
mersion in glutaraldehyde is being used for repair of mitral valves by Carpentier, for repair of aor-
tic valves by Duran, and for mitral replacements by Deac. The Autogenics stented autologous tis-
sue bioprosthesis has been used for aortic and mitral replacement. It is not yet clear which tissue,
from which source, will prove to be the tissue of choice. Nor is it clear how the tissue will be best
used, either for repair techniques or for replacement techniques, with or without a stent.

In discussing the use of tissue for repair or replacement of diseased heart valves, it is germane
to consider disease transmission with animal or cadaveric tissue. The risk is extremely small, but
definite and proved. With animal tissue, there is concern for the transmission of what have come
to be known as the prion diseases. Bovine spongioform encephalopathy, or BSE, is the manifesta-
tion of prion disease in cattle. In sheep, it is known as scrapie. There is no known equivalent in
domestic pigs, and thus the porcine heterograft is not known to carry the risk of prion transmis-
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sion. The prion diseases, although fortunately rare, are formidable afflictions. There is no in vivo
test for the diseases, there is no known treatment, and the diseases are uniformly fatal. Prion dis-
ease has been epidemic among domestic sheep and cattle in Europe, but it is not clear if the dis-
eases have appeared in North American animals. Transmission from animals to man has been doc-
umented from the use of animal tissue products. The extensive review by Prusiner (1995), who
coined the term “prion,” should be consulted for details.

With cadaveric tissue, the rare but definite risk is transmission of the human immunodefi-
ciency virus (HIV), leading to AIDS. Donors can be tested for HIV, but the problem is the win-
dow of unknown length that can exist between infection and development of a positive test for
the virus. One case has been documented of a donor who tested negative for the virus, whose or-
gans transmitted the virus to multiple recipients of his heart, liver, kidneys, and bone (Simonds et
al., 1992). Apart from the problem of the window between infection and test positivity, another
aspect of the risk of HIV transmission is the imperfect sensitivity and specificity of the test for HIV
antibodies. Until a more reliable, early test for HIV is developed, or until there is an effective treat-
ment for AIDS, the use of cadaveric tissue will carry risk of transmission of the disease.

Autologous tissue carries no risk of disease transmission, and that fact must be recognized as
a strong argument for its use whenever possible. From the standpoint of disease transmission alone,
it may be speculated that autologous tissue will be more widely used for both repair and replace-
ment of diseased heart valves in the future. Patients will always demand that risks of all kinds as-
sociated with surgical treatments be minimized. In the very litigious environment that exists in the
United States, risk minimization is a major consideration for physicians.

Autologous tissue can be used for repair or replacement, and autologous tissue replacement
valves can be either stent mounted or unstented. The use of autologous tissue for both repair and
replacement of diseased heart valves is an old idea, unsuccessful when first tried with fresh, un-
treated tissue, and now successful with tissue that has been treated with a brief immersion in glu-
taraldehyde. To date, the only autologous tissue that has been used successfully is pericardium.
Pericardium, both fully tanned bovine and lightly tanned autologous, now has a proved record of
successful use for valve repair and replacement. Patients having second or third cardiac operations
may not have suitable pericardium available, and it thus becomes important to consider other can-
didate tissues. Further, materials scientists are concerned about isotropy and anisotropy in tissues
used for valve repair or replacement. Valvular leaflets are anisotropic, whereas pericardium is
isotropic (Zioupos et al., 1994). Fascia lata, used by Senning, should be reevaluated as a candidate
tissue. Venous tissue, peritoneum, and rectus fascia have all been used or suggested for use in the
past as fresh, untreated tissue (Love, 1993). These tissues should also be reexamined for use after
light tanning with glutaraldehyde. A tissue other than pericardium could prove to be best for valvu-
lar applications.

Another topic of speculation about the future is the potential for development of techniques
for repairing or replacing heart valves nonsurgically. The potential is for techniques that would en-
able the treating physician, surgeon or cardiologist, to introduce a folded valve by way of a catheter
into the heart or great vessels, there to unfold and attach the valve in the orthotopic position by
fixation means yet to be developed. With constantly improving catheter technology and imaging
techniques, it is not beyond the realm of near possibility that nonsurgical treatment of valvular
heart disease may become feasible. It is obvious that only a tissue valve could be used in this way;
mechanical valves cannot be compressed in size and thus could not be used this way.

RECENT DEVELOPMENTS
In the most literal sense of the phrase “tissue engineering,” it is now possible to grow heart

valve leaflets in vitro, and then implant them in experimental animals. This impressive achieve-
ment has been reported by a team from the Harvard Medical School and the Massachusetts Insti-
tute of Technology in a series of presentations and articles since 1995. The concept was introduced
at a meeting of the European Association for Cardiothoracic Surgery in 1995, and subsequently
published in 1997 (Zund et al., 1997). Fibroblast and endothelial cell cultures derived from hu-
man, bovine, and ovine sources were seeded on biodegradable poly(glycolic acid) meshes to create
valve leaflets. Xenograft leaflets made of human fibroblasts and bovine endothelial cells, and allo-
graft leaflets made of ovine cells, were engineered in vitro. The authors found that elastin and col-
lagen production by the fibroblasts was a function of how long the biodegradable mesh survived.
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In another study, ovine endothelial cells and fibroblasts were isolated from arteries, cultured, and
then seeded onto biodegradable scaffolds of poly(glycolic acid). Both allograft and autograft leaflets
were grown by this method and were used to replace one leaflet of the pulmonary valve in lambs
(Shinoka et al., 1995). An inflammatory response was seen with the implanted allograft leaflets
that was not seen with the autograft leaflets. Evidence based on cell labeling suggested that the cells
seeded in vitro persisted in the leaflets up to 11 weeks postoperatively (Shinoka et al., 1996). Ten-
sile strength of the leaflets increased with time, and was comparable to that of the native leaflets
after 9–10 weeks. Additionally, the authors compared fibroblasts of dermal origin with those of
femoral arterial wall origin to determine which would provide tissue more like normal valve leaflets
(Shinoka et al., 1997). Based on measurement of collagen and elastin content, and tensile strength,
the arterial wall fibroblasts provided tissue sheets more like normal valve leaflets. The seminal work
of this group of investigators is bringing us ever closer to the possibility of growing whole valves
in vitro that could be used to replace diseased heart valves. It is interesting that these investigators
have found that autologous cells are better accepted in vivo than are allogeneic cells.

The quest for more durable xenograft valves continues. A group in Hanover, Germany, has
reported the use of a solvent to remove cells from the porcine aortic valve (Gratzer et al., 1998).
An acellular matrix was produced, onto which cultured human endothelial cells were seeded. The
authors did not study the tensile strength of their modified porcine valves, nor did they implant
any valves in animals. Their untanned, modified valves contain xenograft collagen and allograft
endothelium, and it can be questioned if such a valve could be expected to be more durable than
a glutaraldehyde-tanned xenograft.

Love (1998) has described methods and instruments that can be used to reconstruct diseased
semilunar heart valves with lightly tanned autologous pericardium, without the use of a stent. The
key to the method is the use of a precisely sized and cut unitary trefoil tissue pattern, and instru-
ments to hold the tissue in anatomical orientation while the reconstruction is being performed.
By eliminating the stent, the patient is left with only a piece of his or her own tissue and the su-
tures used to accomplish the reconstruction. There is tissue-to-tissue interface at the line of at-
tachment, which allows firm healing, and full effective valve orifice area. Love and colleagues have
optimized the geometry of the trefoil with computer-assisted design, and they are validating the
geometry with finite-element analysis. Additionally, they are developing an instrument for preuse
intraoperative testing of tissue that provides measurements of thickness, strength, and isotropy/
anisotropy. The system has been tested in experimental animals and is being readied for clinical
use.

THE IDEAL VALVE REPAIR OR REPLACEMENT
By way of summing up the foregoing discussion, it may be useful to describe some of the de-

sign goals for the ideal repair or replacement in the light of 39 years of experience with surgery for
valvular heart disease. Mechanical prostheses have enjoyed great success in the treatment of valvu-
lar heart disease, and it cannot be disputed that hundreds of thousands of lives have been saved
and extended by their use. Mechanical devices cannot be used to repair valve leaflets; only tissue
will serve that purpose, unless a synthetic material becomes available. No synthetic material has
proved to have the properties needed to endure bidirectional flexing some 40 million times a year
without failing or producing thrombosis. The limited durability of currently available tissue valves
has restricted their use. It seems clear that a tissue valve with better durability would more closely
approach the ideal replacement valve. The reasons for this are given in the beginning of this chap-
ter. Better, more durable tissue is clearly needed for valve repair or reconstruction. Tissue-engi-
neered heart valves grown in vitro with autologous cells are on the horizon, and may be a near-per-
fect solution to the need for more durable tissue valves. It may be that lightly tanned autologous
pericardium will prove to have better durability and freedom from calcific degeneration. If so, it
may qualify as a preferred tissue for use with both repair and replacement techniques. Manufac-
turers of heterograft bioprostheses have used a variety of chemical treatments, many proprietary
and unpublished, to prevent the calcific degeneration of porcine and bovine tissue valves. One is
reminded of the old adage that it is not possible to make a silk purse from a sow’s ear. A chemical
treatment of autologous tissue that prevented the thickening and shrinkage of the fresh, untreat-
ed tissue, but allowed the tissue to remain viable and self-repairing, would be a great advance in
tissue engineering.
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The argument has been made that valve repair is always preferable to valve replacement. An
extension of that argument is the use of extensive repair techniques, such as those used by Duran,
that blur the distinction between repair and replacement. Such extensive repairs accomplish the
goal of giving the patient an essentially new valve, while avoiding the need for a stent, with the
disadvantages imposed by the stent. The goal is near achievement with operations on aortic and
pulmonic valves, but more elusive with operations on mitral and tricuspid valves because of their
complicated anatomy, including the chordal apparatus. Deac’s method is a noteworthy approach,
but may not lend itself to the kind of reproducibility that is required for widespread acceptance
by the surgical community.

It should be clear that many opportunities exist for tissue engineering in the field of cardiac
valvular repairs and prostheses. The needs are for ways to treat existing tissue to make it suitable
for valvular applications, or for growing valvular tissue in vitro, and for designs of improved tech-
niques and methods for repairing and replacing valves that eliminate or minimize the use of stents.
Nonsurgical methodology for treating valvular heart disease, such as valve delivery and placement
by a catheter, is another opportunity for tissue engineering.
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Cornea
Vickery Trinkaus-Randall

INTRODUCTION

The cornea is an excellent candidate for tissue engineering: however, the biologic constraints that
impose restrictions on alterations of corneal shape or curvature, or on the placement of a pros-

thesis, make the tissue very challenging to engineer. Devices to alter corneal curvature to improve
vision are much in demand, although some procedures have resulted in major structural changes
to the eye, actually causing damage. Attention to the biology of the cornea is necessary for such
interventions to succeed. On the other hand, the need for synthetic corneas is real and the effort
to develop a keratoprosthesis has come a long way in the past 5 years. To date several intact mod-
els are being evaluated at various levels of stringency. The replacement of a human cornea requires
an interdisciplinary approach, where the goal of the materials scientists is to design materials that
are accepted and ultimately integrated by the cornea. There is a great need in underdeveloped coun-
tries for synthetic corneas because, for cultural or medical reasons, transplants are not feasible.

The cornea has two major functions: (1) to protect the intraocular contents of the eye and (2)
to serve as the principal optical element (i.e., refract light). The elasticity and thickness of the
cornea allow it to maintain the intraocular pressure (IOP) within the eye. The cornea comprises
one-sixth of the outer wall of the eye and junctures with the sclera, imparting an oval appearance
to the anterior surface of the cornea (Fig. 35.1A).

To function as the major optical element the cornea must remain transparent, allowing for
the formation of an image on the retina. In addition, light scatter can alter the ability of the reti-
na to obtain a clear image. Therefore any opacity in the cornea occurring from disease or trauma
can scatter light and degrade the image. To provide or improve vision, the development of syn-
thetic corneas and of other devices and procedures that alter the refractive properties of the cornea
has been evaluated. The cornea appears on the surface to be a simple tissue, but the development
of synthetic models has been quite challenging. For example, the cornea is avascular and must re-
main that way; its thickness is regulated by a series of pumps and cell junctions. If the integrity of
the latter is lost, the eye becomes edematous. In addition, the corneal matrix may be altered by
components from the tears and/or from the aqueous humor located posterior to the endothelium.
All of these limitations are compounded by the observation that the cornea is one of the most high-
ly innervated tissues and that repair is impeded in the absence of innervation.

When diseases or trauma render the cornea opaque, the cornea loses its ability to refract light.
This disability can be treated with surgery, called a “penetrating keratoplasty,” whereby the cornea
is replaced with a donor cornea. When corneal transplants have failed repeatedly, synthetic corneas
have been sutured in place in an attempt to restore some vision. The goal of this chapter is to ad-
dress the progress that investigators have made in creating a synthetic cornea and in reshaping the
cornea. We will follow the course of history, from designing prosthetic devices that were intended
merely to provide vision, to developing models that are designed to be biocompatible. The first
part of the chapter describes the morphology and function of the cornea to help elucidate what is
required in engineering the cornea and what are the limitations of the tissue. The latter part of the
chapter examines various methods of modifying the cornea.

CHAPTER 35
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The cornea is divided into three regions. It is characterized by five to seven layers of epitheli-
um on the anterior surface, a stroma (which is the major structural component), and comprises
an extensive matrix located between the two basal laminae and a single layer of endothelial cells
on the posterior side of Descement’s membrane (Fig. 35.1B) (Poise and Mandell, 1970). All re-
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Fig. 35.1. (A) A cross-section of
the eye illustrates the curvature
of the cornea (C). The endotheli-
um is anterior to the aqueous hu-
mor, and the cornea is anterior to
the lens (L). (B) A schematic illus-
trating the three regions of the
cornea. The epithelium is most
anterior and is composed of five
to seven layers. Bowman’s mem-
brane is an acellular domain in
between the epithelium and the
stroma. The stroma is the major
structural component and is pop-
ulated by stromal keratocytes.
The endothelium is not repre-
sented in this diagram.
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gions of the cornea obtain O2 from tears through the anterior corneal surface. Other nutrients,
such as glucose, amino acids, carbohydrates, and lipids, are derived from the aqueous humor.
Growth factors are both endogenous and supplied by the aqueous humor via the posterior corneal
surface and the tears. The limbal vessels also play a minor role in supplying nutrients. CO2 is elim-
inated from the anterior surface whereas the waste product, lactate, is removed mainly via diffu-
sion across the stroma and endothelium into the aqueous humor. Regulation of lactate concen-
tration is essential because an excess can cause edema of the stroma, resulting in opacity.

The transparency of the cornea depends in part on maintenance of the structure and integri-
ty of cells and the surrounding proteoglycans and collagen. In addition, the cornea must regulate
the diffusion of water and ions into the stroma. The normal cornea is 78% H2O by weight. The
epithelium prevents swelling by inhibiting the diffusion of water and ions from the tears across
tight junctions. The endothelium uses both a barrier function consisting of tight junctions and a
metabolic pump located in the basolateral membrane to prevent swelling of the stroma. The stro-
ma, composed of highly charged proteoglycans, must in turn remain relatively dehydrated. When
excess water enters the stroma, glycosaminoglycans take up water. The consequence is an increase
in corneal thickness (edema), a disruption in the alignment of collagen fibrils, and ultimately in-
terference with light transmission through the cornea. The latter are all critical components of
transparency because edema alters the corneal refractive power, which is determined by both the
index of refraction and the radius of curvature of the cornea. The index of refraction in a normal
cornea is 1.376 and the radius of curvature averages 7.7 mm on the central anterior surface. The
shorter the radius of curvature, the steeper the cornea and the more refracting power it has. Clin-
ically the term “diopters” (corneal power) is used rather than corneal shape (millimeters radii).
About 75% of the diopteric power of the eye depends on the interface of the cornea and the sur-
rounding air.

Another critical component of vision is glare. The healthy cornea has the ability to absorb UV
radiation (280–300 nm), which protects the posterior part of the eye. Glare is produced by bright
light that is scattered within the eye, causing discomfort and decreased vision. As a consequence,
opacities may decrease the visual acuity, not only by disrupting the geometric image but also by
producing light scatter within the globe. The light scatter reduces the ability to discriminate im-
ages on the retina (Miller and Benedek, 1973). This loss may occur when a person has cataracts.
In this case a person can see images without loss of acuity in dim light but is bothered by bright
light. Light scatter can also occur when the stroma is injured or when inflammation lies within or
near the visual axis. Because the cornea is absent in synthetic corneas, the choice of materials or
UV blockers is an important component in the design of a synthetic cornea.

Corneal topography is a critical component of vision. To best understand the design of a
cornea, consider topographic maps of a mountain. An aspheric surface is composed of compound
curves that differ in various meridians. The cornea flattens across the center and periphery, in-
creasing the radius of curvature about 2 mm paracentrally and about 4 mm peripherally. The
change is more dramatic along the nasal portion of the cornea than along the temporal portion.
This is an important aspect to clinicians who are interested in reshaping the cornea by perform-
ing refractive surgery or by placing optics or rings within the cornea to alter the curvature. Persons
from outside the field of ophthalmology should be aware that the most commonly corrected
corneal property is a change of curvature. Compensation for subtle alterations in curvature and
corneal power (diopters) has in the past been performed using eye glasses. It remains the least in-
vasive methodology for correcting vision.

BIOLOGY OF THE CORNEA

Epithelium and Adhesion Structures
The role of the corneal epithelium is threefold: (1) it must act as a mechanical barrier to for-

eign organisms, (2) it should have a smooth, transparent optical surface caused by adsorption of
the tear film, and (3) it must mediate the diffusion of water, solutes, and drugs on the anterior sur-
face. The epithelium of a healthy normal cornea is not keratinized and is composed of five to sev-
en layers. There is a single layer of basal columnar cells, two to three layers of wing-shaped cells,
and two to three layers of superficial cells. The predominantly mitotically active cell layer is the
basal layer and the resulting daughter cells move apically and are ultimately sloughed into the tear
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film (Lavker et al., 1991). Cell turnover is low and only 5% of the basal cells mitose at any one
time. A small number of the basal cells become apoptotic. Because the epithelium is subject to
large shear forces caused both by blinking and by the movement of the eye during blinking, ep-
ithelial cells must remain tightly adherent to neighboring cells via specialized cell–cell junctions
(i.e., desmosomes, zonula adherens, tight junctions, and gap junctions). They must also remain
adherent to the basal lamina via cell–substrate junctions (hemidesmosomes) (Fig. 35.2A).

Hemidesmosomes can be thought of as the root system of the basal epithelial cells and in in-
tact corneas the entire complex penetrates the basal lamina and terminates in the anterior stroma
in the form of anchoring fibrils. It has been shown that the complete formation of hemidesmo-
somes requires phosphorylation of tyrosine residues. In the absence of phosphorylation, filaments
penetrate the lamina lucida of the basal lamina, but the adhesion complex, including intermedi-
ate filaments, is not detected (Fig. 35.2B). The highly organized complex is disrupted in disease
(i.e., Bullous pemphigoid), trauma (chemical burn or wound), or after surgery, because the cells
become motile, using other junctions to migrate along the basal lamina to repair the wound. Dur-
ing wound repair the genomic expression is altered, with some proteins becoming down-regulat-
ed (i.e., Bullous pemphigoid antigen) and others up-regulated (i.e., vinculin) (Zieske et al., 1989).
It is also known that these proteins are components of signal transduction pathways. A more in-
depth discussion of this process can be found in reviews by Gipson and Sugrue (1949) and
Trinkaus-Randall et al. (1998).

The surface or basal lamina to which the epithelial cells adhere changes with age and/or dis-
ease, causing a decrease in adherence of cells and a change in the expression of epithelial adhesion
proteins. The distribution of �6 and �4 integrin subunits along the basal surface of the cells is al-
tered with age, indicating that the basal lamina no longer adequately supports the tissue. In fact,
when these cells are cultured in vitro under enriched conditions, the proteins are synthesized nor-
mally (Trinkaus-Randall et al,. 1993). Another example of change occurs when the basal lamina
is thickened in diabetes, leading to a decrease in the ability of anchoring fibrils to penetrate (Ken-
yon, 1983). These morphologic and biochemical changes may explain why the epithelium is of-
ten disrupted following vitrectomy surgery. These findings illustrate the importance of the surface
chemistry of the basal lamina. Any design for a synthetic device requires that the surface chem-
istry of the anterior surface support the adherence and proliferation of epithelial cells and the de-
position of extracellular matrix proteins. In contrast, the posterior surface should possess a surface
chemistry that discourages cellular attachment and epithelial downgrowth.

A discussion on the epithelium is incomplete without at least a mention of the tear film. The
plasma membrane of superficial epithelial cells consists of a hydrophobic lipid bilayer, which if un-
altered would prevent the tear film from coating the apical cells evenly. However, mucin secreted
by goblet cells of the conjunctiva, and glycoproteins secreted by epithelial cells, coat the epitheli-
um, decrease the surface tension, and render it wettable (Rismondo et al., 1989). As a result the
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Fig. 35.2. (A) An electron micrograph of hemidesmosomes along the basal lamina of a cornea.
Note the electron-dense areas on the cytoplasmic face of the cell and the anchoring fibrils (ar-
rowheads) extending into the anterior stroma. Hemidesmosomes are shown within the rectangle.
(B) Hemidesmosomes fail to form in the presence of inhibitors of tyrosine phosphorylation.



tears spread over the apical epithelium and maintain an intact tear film for 20–30 sec between
blinking. Abnormalities of the mucin–glycoprotein layer cause the tear film to break up into dry
spots after resurfacing. In addition, the preocular tear film is hypertonic in comparison to the ex-
tracellular fluid within the corneal stroma, and when the epithelium is intact the fluid is drawn
from the stroma. When the endothelial barrier function is compromised, the tear film may actu-
ally play a role in corneal dehydration.

Stroma
The stroma is the major structural component of the cornea and is composed of an extracel-

lular matrix rich in collagen and sulfated proteoglycans. The distribution of proteins is not uni-
form from anterior to posterior, and the anterior part of the stroma contains less water than the
posterior region (3.04 mg H2O/mg dry weight vs. 3.85% mg H2O/mg dry weight) (Castoro et
al., 1988). The change in hydration plays a role in corneal edema (Kangas et al., 1994). The ma-
jor cells of the stroma, keratocytes, are fibroblast-like and are dispersed throughout the stroma,
contacting each other via gap junctions. These cells become myofibroblast-like after injury and ex-
press �-smooth muscle actin (Jester et al., 1995). This cell phenotype can be “turned on” by high
concentrations of transforming growth factor �1 (TGF-�1), suggesting that the bioavailability of
growth factors in the stroma changes with injury and repair. Other evidence suggests that a fi-
broblast growth factor (FGF-2) and TGF-� are present transiently at the wound (Trinkaus-Ran-
dall and Nugent, 1998). In vitro experiments demonstrate that receptor binding and the TGF-�1
mRNA level are enhanced at the migrating cells along the wound margin (Song et al., 1999). FGF-
2, TGF-�1, and epidermal growth factor (EGF) mRNAs have been detected in the human stro-
ma and in the aqueous humor (McAvoy and Charlain, 1990).

The major collagens of the stroma are types I, V, and VI, and XII (Cintron et al., 1981; Poschi
and Klaus, 1980; Doane et al., 1991). The main collagens (type I collagen) are stacked in orderly
sheets that form lamellae and regulate the fibril diameter of type V collagen and the elongation of
type I collagen. The orthogonal array in the posterior cornea is caused by fibrils in one lamella run-
ning at right angles to an adjacent lamella. The lamellae in the anterior stroma display an oblique
orientation, with bundles of fibrils interdigitating from one lamella to the next fibril. Proteo-
glycans, the other major component, maintain the spacing between collagen fibrils. The gly-
cosaminoglycan (GAG) chains on the protein cores are sulfated and play a role in maintaining the
cornea in a hydrated state. The two major proteoglycans are decorin, which contains chondroitin/
dermatan sulfate side chains, and lumican, which possesses keratan sulfate side chains. Keratocan
is another keratan sulfate proteoglycan that is cornea and sclera specific. Decorin binds to colla-
gen fibrils and is hypothesized to act as a spacer of type I collagen fibrils. Furthermore, deletional
analysis and computer modeling have shown that fibril organization is disrupted in the absence of
decorin (Midura et al., 1989; Cintron et al., 1990; Funderburgh and Chandler, 1989; Weber et
al,. 1996). Changes in the relative biochemical composition of the GAGs occur in response to in-
jury. The change is seen as an increase in the relative synthesis of dermatan sulfate compared to
that of keratan sulfate (Cintron et al., 1981; Brown et al., 1995). There is an accompanying change
in sulfation and hydration, resulting in an alteration in the alignment of fibrils, leading to haze.

Endothelium
Endothelial dysfunction can occur when there is an increase in the hydration of GAGs. The

most clinically significant corneal edema occurs in the posterior stroma, where the ability to ab-
sorb H2O is greater than that in the anterior stroma due to the higher concentration of keratan
sulfate. In the posterior stroma the H2O is not bound as tightly and consequently is easily released.
On the other hand, the H2O absorbed by the anterior stroma is bound more tightly, potentially
explaining why anterior stromal edema is more persistent. The force required to prevent the stro-
ma from swelling is called the swelling pressure (SP) and at a normal hydration the SP � 80 g/
cm2, or 55 mmHg (Hedsby and Dohlman, 1963). A healthy, intact endothelium counteracts the
tendency toward hydrophilicity and maintains transparency by (1) possessing a barrier function
that decreases the flow of H2O into the stroma and (2) possessing a metabolic pump that trans-
ports ions from the stroma to the aqueous humor, with H2O following by diffusion. Under nor-
mal conditions there is a balance between the pump and endothelial functions that maintains a
stromal hydration of 78% and a stromal thickness of 0.52 � 0.002 mm.
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Endothelial cells are present as a single layer of cells adherent to the posterior basal lamina,
called Descement’s membrane (Waring et al., 1982). Endothelial cell number is monitored clini-
cally using a specular microscope and is thought to decrease with age or trauma (Laing et al., 1976).
When cells are lost, the remaining cells reorganize by changing their shape while continuing to
maintain a tight apposition with adjacent cells. This barrier function is composed of endothelial
cells attached via discontinuous tight junctions located at the apical portion of the lateral plasma
membrane. Gap junctions are located at the lateral plasma membranes. When there is a major loss
in cell number the barrier becomes leaky and water from the aqueous humor passes into the stro-
ma (Rao et al., 1982; Yee et al., 1985; O’Neal and Poise, 1986; Carlson and Bourne, 1988). The
driving force of the metabolic pump is controlled by Na�,K�-ATPase, which is located in the lat-
eral membranes and transports Na� from the stroma to the aqueous humor (McCartney et al.,
1987; Gersoki et al., 1985). The tight junctions prevent bulk flow of fluid by keeping the Na�,K�-
ATPase site located along the lateral membranes.

The function of the junctions can be evaluated clinically by measuring fluorescein perme-
ability (Carlson and Bourne, 1988). Drugs and irrigating solutions applied to the eye have been
shown to compromise the barrier function because the junctions are pH and Ca2� dependent.
Preservatives that function as antimicrobials or antioxidants that are found in solutions of epi-
nephrine can harm the junctions when administered at high concentrations (Edelhauser et al.,
1976; Green et al., 1977). This explains the importance of selecting irrigating solutions that re-
semble the aqueous humor (McDermott et al., 1988) (see Table 35.1). This system of junctions
and pumps may seem inefficient, but most nutrients necessary for the cornea are derived from the
aqueous humor and must diffuse across. Therefore flexibility in the system is necessary.

Refraction
Different regions of the eye are composed of different materials (i.e., possess different indices

of refraction), thus it is highly surprising that the cornea is transparent, because the light must
strike tissue of varied structure and density, increasing the potential for light scatter. However, there
is evidence that suggests that refractile elements (2000 Å) of small dimensions, compared to the
wavelength of light (2000 Å), do not scatter light extensively (Farrell, 1994). In fact, investiga-
tors have demonstrated that only 1% of the incident light is scattered in the cornea. Transparen-
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Table 35.1 Chemical composition of human aqueous humor and basic
salt solutiona

Concentration (mmoles/liter)

Component Aqueous humor Basic salt solution

Sodium 162.9 155.7
Potassium 2.2–3.9 10.1
Calcium 1.8 3.3
Magnesium 1.1 1.5
Chloride 131.6 128.9
Bicarbonate 20.15 —
Phosphate 0.62 —
Lactate 2.5 —
Glucose 2.7–3.7 —
Ascorbate 1.06 —
Glutathione 0.002 —
Citrate — 5.8
Acetate — 28.6
pH 7.38 7.6
Osmolality (mOsm) 304 298

aAs an irrigating solution.



cy is regulated by the arrangement of collagen fibrils (the diameter of collagen fibrils is 300 Å and
the fibrils are uniformly spaced 550 Å apart) and the transparency of keratocytes is due to cyto-
plasmic crystallin proteins. In addition, the changes in the refractive index that take place within
the cornea occur over a distance less than half the wavelength of light. This evidence refutes the
older hypothesis that light scatter was cancelled by destructive interference (Benedek, 1971).

Summary
In summary, our goal is to explain why the cornea is an excellent candidate for tissue engi-

neering and why the biologic constraints that impose restrictions on alterations of corneal shape
and curvature, or the placement of a prosthesis, make the tissue very challenging to engineer. The
need for synthetic corneas is real in all parts of the world.

CRITERIA FOR KERATOPROSTHESES
The transplantation of human donor corneal grafts is performed for patients needing a re-

placement cornea due to degenerated, scarred, or opacified corneas. As will be discussed later, as
early as the 1700s synthetic corneas were designed and implanted in persons who had bilateral loss
of eyesight such that the patients regained “finger-counting” vision. These surgeries were con-
ducted prior to the era when corneas were available for performing corneal transplants. Modern
techniques now allow donor corneal transplants, but in some countries transplantation of tissue
remains culturally unacceptable or tissue is unavailable. Although transplantation or replacement
of corneas (penetrating keratoplasty) has a high success rate, there remain problems. Persons af-
fected by specific conditions, such as chemical burns, ocular pemphigoid, Stevens–Johnson syn-
drome, or recurrent graft rejections, have a poor level of success, with the donor cornea losing its
transparency. Transmission of disease has also become a factor, although it is a rare occurrence
(Duffy et al., 1974; Hort et al., 1988). These factors have led to a recent increase in research and
development of synthetic corneas. The first devices were designed to give a patient vision without
consideration to biologic compatibility or aesthetics. Currently, the biologic constraints of the tis-
sue are considered in the design and shape of the device.

Laboratories working on the design of synthetic devices have arrived at a series of criteria (Lei-
bowitz et al., 1994; Chirila, 1994a,b). To date the three major criteria agreed on by both clinicians
and scientists are (1) that the device must remain stable in the eye for extended periods of time
and must not act as an inflammatory or immunologic stimulus; (2) that the central optic must re-
main transparent and form a high-quality image at or near the retina, and (3) that the peripheral
component must allow for the ingrowth of stromal keratocytes, the subsequent deposition of ex-
tracellular matrix proteins, and ultimately be “permanently anchored” in place. There are several
additional criteria that should result in the development of a device that would require minimal
clinical follow-up. The interface of the cells and material must remain colonized to develop suffi-
cient tensile strength to maintain the device in place. The continuity will prevent aqueous humor
leakage and inhibit epithelial downgrowth and eventual extrusion. The peripheral component
must not become encapsulated and diffusion of nutrients must occur. A small number of investi-
gators have additional goals in the development of the optimal device. The most important addi-
tional goal is to create an anterior surface that will be covered by a continuous confluent sheet of
epithelium. The resulting epithelium must remain stable and capable of recovering the surface if
it is injured. Ultimately coverage is thought to prevent epithelial downgrowth and enzymatic di-
gestion. Methods to achieve this surface will be discussed. Epithelial surface covering is an addi-
tional goal and has been one of the most difficult challenges. As a result, many groups have de-
cided alternatively to clean the anterior surface periodically to prevent protein deposits and
epithelial downgrowth. Another goal is the modification of the surface chemistry of the posterior
surface so that cells or protein do not attach to the posterior surface. Failure to modify the surface
chemistry has resulted in the failure of several synthetic epikeratoplasty models.

One difference in the design of a synthetic cornea from that of prostheses intended for skin
or other vascular tissue is the lack of use of biodegradable polymers. Although these polymers have
certain advantages, to date they have not been able to fit within the biologic constraints imposed
by the cornea. Many of the mechanisms of repair are similar to those of skin and other ectoder-
mally derived tissues, but the cornea must remain avascular to be transparent. Because the center
must remain transparent, there are no known techniques to ensure that the central transparent ma-
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terial can be held in place if the peripheral porous skirt material degrades and fails to hold the de-
vice in place. The only potential porous material is that used by Legeais’s group; the material they
use becomes translucent after fibroplasia or when the spaces between fibers are filled with fluid
(Legeais et al., 1994).

DEVELOPMENT OF THE KERATOPROSTHESIS
The successful development of a synthetic cornea (keratoprosthesis) has been a difficult goal

to accomplish. The major reason for the failure of keratoprostheses was extrusion (the spontaneous
removal of a device from the cornea). This was generally preceded by erosion, necrosis of adjacent
tissue, inflammation, and epithelialization of the device. Other complications that arose were sec-
ondary glaucoma, retroprosthetic membranes, retinal detachment, and ultimately poor visual acu-
ity (Dohlman et al., 1974). Unfortunately, the development of the device has met with many set-
backs and its advances have been separated by some 50 years. The recent advance is correlated with
an increase in the understanding of the biology of the eye and developments in polymer science.

In the late 1700s one of the first documented efforts at inserting a device was performed by
Pellier de Quengsy (1789). A glass plate was inserted into an opaque eye. The insertion of glass
plates into corneas was also reported in the 1800s. As one would predict, the glass plate was not
stable and quickly extruded. Over time, efforts were made to stabilize the central optic with cel-
luloid plates and egg membranes (Dimmer, 1891). Plexiglass and acrylate (Binder and Binder,
1956; Gyorffy, 1951), or supporting plates of solid or fenestrated poly(methyl methacrylate)
(PMMA) (Castroviejo et al., 1969). At that time, although an effort was made to support the cen-
tral optic, there was no effort made to achieve the correct refractive index or to optimize the corneal
curvature. The peripheral constructs were not biocompatible but increased the surface area avail-
able to secure the cornea to the device. As a consequence, cellular ingrowth into the device did not
occur and the device was not anchored. These initial prostheses led to the development by Car-
dona (1964) of “through and through” devices.

Cardona was a pioneer in the development of keratoprostheses and demonstrated that high-
ly purified and polymerized materials could be maintained in the cornea. The materials first used
by him were rigid and impermeable and were secured with sutures. Neither keratocyte ingrowth
nor deposition of matrix proteins was reported. In fact, some of the devices that he designed pro-
truded through the eyelid and used the surrounding tissue for stabilization. Devices of this style
are currently used when lubrication of the cornea is minimal. Consequently the device never
“healed in place.” More importantly, the devices often gave the person “finger-counting” vision.
The more current Cardona devices are complex and include a PMMA optic surrounded by a per-
forated skirt of poly(tetrafluoroethylene) (PTFE) reinforced with a mesh composed of poly(ethyl-
ene terephthalate) (Dacron) and autologous tissue.

The complexity of the device is matched by the surgery—the device is inserted through the
eyelid, often requiring the removal of the lens, iris, and ocular muscles. Because there is no UV-
absorbing tissue remaining, the optic is tinted to absorb UV irradiation. After all of this, the de-
vice often gives no more than 30� of visual field. The two-compartment model, consisting of a
core and a peripheral skirt, was designed to reduce extrusion, but the devices continued to be ex-
truded. One of the underlying reasons was that the material did not encourage cellular ingrowth
and the synthesis of matrix proteins. In contrast, the free edge permitted necrosis and allowed for
epithelial downgrowth. The latter occurs because epithelium preferentially follows the stroma
(rather than migrate onto the anterior surface), resulting in extrusion. Attempts to achieve the in-
terpenetration or anchoring of the material biologically in place led to the development of both
the osteo-odontoprosthesis and other porous polymers for the outer rim by Strampelli and Marchi
(1970).

The premise of the Italian group was that a biologic material would be more easily tolerated
than a synthetic material. To manufacture their device, an acrylic optical core was embedded with-
in the core of a tooth. The insertion of the device was complicated and was often accompanied by
infiltration with vascularization, abscess formation, and extrusion. Blencke et al. (1978) altered the
osteo-odontoprosthesis by replacing the tooth portion with a glass ceramic. Caizza et al. (1990)
implanted a modified device using bone. The main concern regarding these devices is the high po-
tential for bone resorption that diminishes not only the strength of the device but also the tensile
strength between the device and surrounding tissue. One device examined 12 years after implan-
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tation did suffer from extensive bone resorption. Although the concerns are valid, these devices are
surgically implanted into humans. Taloni and his collaborators (1995) in Italy have altered the
complexity of the operation and followed the central vision function in patients with these devices.
To date there is no reported long-term follow-up in vivo. Although this is an interesting concept
there are major drawbacks as to the long-term durability of the device and the extensiveness of the
surgery.

Recent Developments of Porous Material
By the 1980s investigators proposed that acceptance of the device and lack of extrusion de-

pended on the ability of stromal fibroblasts to migrate into the device and deposit a matrix. Fi-
brovascular ingrowth into Proplast was demonstrated by Barber et al. (1980), into a melt-blown
poly(butylene):poly(probylene) web by Trinkaus-Randall et al. (1991), and into expanded
poly(tetrafluoroethylene) (Impra) by Neel (1983). Kain (1990) developed a model in which car-
bon fibers projected from the optic haptic as rays and demonstrated that keratocytes migrated
along the fiber. However, the carbon fibers were friable. Barber et al. (1980) were the first to eval-
uate the biologic response of the cornea to Proplast, which ranges in pore size from 100 to 500

m. Severe inflammation was not detected over a period of 4 months in vitro. Although collagen
was identified in histologic specimens, extrusion from interlamellar pockets occurred unless con-
junctival flaps were used. In fact, when Proplast was used as the skirt material for intact devices
there was an 18% extrusion rate from corneas after 6 months. White and Gona (1988) developed
a similar keratoprosthesis with a central cylinder of poly(methyl methacrylate) and a periphery of
Proplast, with pore sizes ranging from 80 to 400 mm. The two materials were joined by either
cyanoacrylate or by “screwing” the PMMA into the trephined Proplast disk. They, too, reported a
high extrusion rate, indicating that the device was not anchored within the stroma. The use of Pro-
plast was discontinued because of its inflammatory responses when used in other devices.

The development of the poly(butylene):poly(propylene) web by Trinkaus-Randall et al.
(1990) was based on surgical mesh fabrics used in skin, muscle, and arterial wall (Beahan and Hull,
1982). The optimal pore size determined in these tissues was used as the base line for determin-
ing the optimal pore size in the cornea (Bobyn et al., 1982; Pourdeyhimi, 1989; Cook et al., 1989).
Trinkaus-Randall et al. (1990, 1991) evaluated fibroblast ingrowth into many webs with different
pore and fiber sizes. A fiber diameter that ranged from 2 to 12 
m with a void volume of 88%
was found to be optimal in in vitro and in vivo studies (Fig. 35.3A). Scanning electron micrographs
demonstrated that keratocytes migrated into the interstitial spaces and along the fibers (Fig. 35.3B)
(Trinkaus-Randall et al., 1990, 1991). To achieve the optimal stability in vivo the polyolefinic webs
(3M; St. Paul, MN) were modified with antioxidants to prevent the breakdown of fibers and main-
tain the strength and resiliency of the stroma–device interface so that the implantation of the de-
vice would not weaken the strength of the cornea (Trinkaus-Randall et al., 1992). The porous ma-
terial was placed in intrastromal pockets and evaluated over 2 years and neither degradation nor
extrusion was detected. Several years later Legeais et al. (1994) evaluated a skirt material fabricat-
ed from a porous PTFE (Impra) (pore size of 18–22 
m) that permitted fibroplasia. To date this
group has evaluated the retention of a synthetic cornea in human patients (skirt, 200 
m thick;
pore size, 80 
m) (Legeais et al., 1995a).

Trinkaus-Randall’s group took a different approach and characterized and quantitated the bi-
ologic response to each material separately under in vitro and in vivo conditions. As a consequence
the biologic response of the cornea was analyzed and the biochemical composition of the stroma
and epithelium was studied in normal and wounded conditions. Using these parameters we have
been able to determine whether the tissue responded as predicted under normal trauma or if there
was a change in the regulation of proteins. There are now several groups extending this approach
and the data will help enhance the overall understanding of the response of the cornea to synthetic
materials.

Evaluating the response to the porous skirt material was performed using an intrastromal
pocket whereby the cells migrate into the disk at its anterior, posterior, and lateral edges (Fig. 35.4).
This requires cells to move into an empty zone (unlike a wound bed) and deposit a matrix. Fi-
broplasia is assessed using a combination of phase-contrast and fluorescent microscopy and bio-
chemical analysis. To evaluate the deposition of collagen and proteoglycans, both the accumulat-
ed matrix and the matrix synthesized at various times up to 3 months was determined. Type I
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collagen was determined from amino acid analysis of acid hydrolysates of the disks at various times
and compared to intact and wounded corneas (Trinkaus-Randall et al., 1991). The collagen, cal-
culated as a ratio of hydroxyproline to proline, was standardized to total protein. Trinkaus-Ran-
dall et al. (1991) demonstrated that the collagen deposited in the disk did not increase significantly
until day 21.
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Fig. 35.3. (A) A scanning electron micrograph of the porous material [a poly(butylene):poly(propy-
lene) melt-blown web, 80:20] used in the construct. (B) A scanning electron micrograph of fi-
broblasts migrating along and between fibers (arrowheads).
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These investigators also analyzed the optimum pretreatment regimes of the porous materials
and found that by day 28 there was less edema and 5.5-fold more collagen deposited when the
disks were preseeded with keratocytes, compared to untreated disks. The change could not be at-
tributed to the collagen present at the time of implantation, because the values of collagen in all
cases (no pretreatment, 0.05 mg/disk; collagen type I, 0.07 mg/disk; preseeding of cells, 0.04 mg/
disk; collagen type I and preseeding of cells, 0.05 mg/disk) were negligible at 8 days (Trinkaus-
Randall et al., 1994). When the deposition and synthesis of glycosaminoglycans were evaluated
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Fig. 35.4. Phase-contrast micrograph of the porous construct inserted between collagen lamellae
and evaluated after 42 days. The micrograph is a cross-section of the cornea. Note that the en-
dothelium (E) is intact. The porous material is white. Cells have migrated from the posterior stro-
ma (open arrowheads) and have deposited an extracellular matrix. Open holes indicate regions
where deposition of matrix is incomplete.

Fig. 35.5. Immunofluorescent micrograph of a cross-section of the stroma where the porous con-
struct has been inserted. Frozen sections of the cornea were stained with antibodies to (A) FGF-2
and (B) TGF-�. Note that the growth factors were detected at the margin between the disk and the
stroma (white arrows).



they found that the migration of cells into the disks mimics the scenario of wound repair, but took
longer to occur (Brown et al., 1995). The change in dermatan sulfate into an iduronate form and
the decrease in the relative amount of keratan sulfate are hallmarks of stromal repair (Funderburgh
and Chandler, 1989; Cintron et al., 1990). Interestingly, heparan sulfate, which is absent in con-
trol corneas, was detected, indicating that growth factors (such as FGF-2, which binds heparan
sulfate) may play a role in stromal wound repair. Specifically, Trinkaus-Randall and Nugent (1998)
demonstrated that although FGF-2 was not detected immunohistochemically in unwounded stro-
ma, it was present transiently at the margin between the disks and stroma (Fig. 35.5). Other de-
velopers of synthetic corneas have begun to assess the biological response using similar criteria.
Legeais’s group (Legeais et al., 1994) examined fibroplasia using electron microscopy and Drubaix
(Drubaix et al., 1995) reported changes in collagen types after insertion of synthetic material into
the stroma. Chirila’s group has been examining the production of collagen in hydrogel sponges
and reported that the hydrogel sponge did not possess a high enough tensile strength until cellu-
lar ingrowth occurred (Chirila et al., 1993).

Recent Developments of Optic Material
The development of optic material has had a long and laborious history. As mentioned pre-

viously, the use of glass and other polymers has been attempted. The material used for the central
optical material must allow light transmission in the visible range. However, to protect the retina
from ultraviolet damage the material needs to be modified to absorb light at wavelengths below
300 nm. This is even more critical in devices in which the lens has been removed. Optimally, the
optic should have tensile properties similar to that of a cornea and allow for continuous reshaping
of both anterior and posterior curvatures. The material must either be impermeable to keratocytes
or the index of refraction must not be altered. The optic must support the diffusivity of nutrients
and should either support epithelial cells or be capable of being modified to support and maintain
epithelial cells.

The most commonly used material, PMMA, has both advantages and disadvantages. It trans-
mits light, has been made in ultraviolet-absorbing forms for intraocular lenses, can be shaped, re-
tains clarity with age, exhibits low toxicity, and is well tolerated as long as polymerization has been
carried to completion. Its disadvantages include its rigidity and hydrophobicity, its lack of diffu-
sivity, and the subsequent potential lack of supporting epithelial cells.

One of the earlier materials that continued to be used by Van Andel et al. (1988) is glass held
in place with a platinum holder. The material was designed as a low-cost device. Glass has many
of the same advantages and disadvantages as PMMA yet requires more frequent clinical follow-up.

Another polymer, silicone, was used in temporary devices by Duncker and Eckardt (1988)
and in designs intended for permanent devices by Kain (1990). In the latter design the silicon op-
tic was supported by peripheral carbon fibers. Legeais et al. (1994) discussed the use of a silicon
optic coated with poly(vinylpyrrolidone) (PVP). Their evaluation of the model did not include
any mention of reepithelialization. However, this group has made advances in shaping the optic.

Other potential candidates are the hydrogels, which eliminate many of the disadvantages of
PMMA. Hydrogels are elastic and can be manufactured to have a high tensile strength. They al-
low for the diffusivity of nutrients, maintain transparency, and can be modified to support ep-
ithelial cell growth by coating, by altering the composition of the hydrogel, or by chemically mod-
ifying the surface (Trinkaus-Randall et al., 1994; Rosen, 1976; Wu et al., 1994; Latkany et al.,
1997). Poly(2-hydroxyethyl methacrylate) (pHEMA) has been used extensively in soft contact
lenses. The laboratory of Chirila (1994a,b) developed a device in which both components were
cross-linked polymers of HEMA. The central optic was a HEMA-2-ethoxyethyl methacrylate
acrylamide. Epithelial downgrowth was observed along with stromal necrosis in these devices, so,
unfortunately, the device did not support epithelialization. Tensile strength was not increased
above the strength of the homopolymer when the HEMA was copolymerized with 4-t-butyl-2-
hydroxycyclohexyl methacrylate (Chirila et al., 1995). More recently, there have been advances in
the development of intact devices, which will be discussed later.

A poly(vinyl alcohol) hydrogel (refractive index, 1.42) was developed for use as an optic by
Trinkaus-Randall et al. (1988). The hydrogel was prepared from a poly(vinyltrifluoroacetate) pre-
cursor (Ofstead and Posner, 1987). The precursor was molded and attached to the porous compo-
nent using either thermal fusion or a solvent adhesive. After conversion to a poly(vinyl alcohol), the
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hydrogel retained the shape of the precursor. This hydrogel possessed a higher elasticity (436 vs.
15%) and tensile strength (110 vs. 35 kg/cm2) than that of the intact cornea. It possessed a water
content around 70%, which is similar to the water content of the cornea (79%). The high water
content and the structure of the hydrogel allow for the diffusivity of ions and glucose through the
material. The elasticity is important, because it is critical that the material reseals after passage of a
suture. When ultraviolet absorbers (phenylbenzotriazole and a benzophenome derivative) were
copolymerized, transmission of ultraviolet light was not detected below 340 nm. (Tsuk et al., 1997).
The surface of the poly(vinyl alcohol) hydrogel also has the ability to be modified to support ep-
ithelial cell growth and maintenance. Trinkaus-Randall and co-workers (Wu et al., 1994; Latkany
et al., 1997) and Laroche et al. (1989) studied the response of epithelial cells to hydrogels. In the
laboratory of Trinkaus-Randall, when the surfaces were coated with extracellular matrix proteins
and the epithelium was cultured, the cells became confluent, multilayered, displayed typical cy-
toarchitecture, showed a basal–apical polarity, and synthesized a typical repertoire of adhesion pro-
teins (Fig. 35.6). However, when the disks were implanted in vivo the apical surface of the cultured
cells was altered, with the shearing force associated with blinking (Fig. 35.7, A and B).

Techniques have been used to modify the surface chemistry of the poly(vinyl alcohol) hydro-
gels with argon radio frequency (RF) plasma treatments. This treatment repeatedly enhanced cell
adhesion and proliferation in vitro and ex vivo, and limbal epithelium migrated over the treated
surfaces of implanted devices (Fig. 35.8) (Latkany et al., 1997). This was an exciting observation
but the long-term prognosis in vivo is not known at this time.

The hydrogel evaluated by Laroche et al. (1989) in vitro has a refractive index of 1.368, is oxy-
gen permeable, and also demonstrated diffusivity of nutrients. Their group conducted preliminary
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Fig. 35.6. Transmission electron micrograph
of epithelial cells cultured on a hemagel, with
the surface treated with matrix proteins. The
cells are multilayered and the apical cells
have characteristic microvilli (arrowheads).



experiments using the adhesion peptide, RGD; however, no results have been described in vivo.
The use of the adhesion peptide has been shown to be successful in vitro by Massia and Hubbell
(1991), with cells showing varied morphologic responses to small concentrations of peptide. These
elegant studies helped to explain the cell surface interaction in vitro, but they do not ensure adhe-
sivity and/or maintain cytoarchitecture in vivo. This has continued to be one of the most chal-
lenging tasks in the development of keratoprostheses.

EVALUATION OF INTACT DEVICES
Although some groups have evaluated the material components of the devices separately, oth-

er groups have fabricated intact devices and sutured them in vivo. The devices from many labora-
tories all have peripheral skirts, but the material, the method of bonding, and the surface treat-
ment differ. The criteria for success in these devices are that they (1) have sufficient strength and
resiliency to permit surgical manipulation, (2) remain intact without any degradation at the in-
terface between the porous and transparent haptics, (3) can be anchored in place via cellular in-
growth and protein deposition, (4) are not susceptible to enzymatic degradation, and (5) remain
transparent over an extended time period. To date very little work has been conducted on mold-
ing the devices to achieve an optimal curvature or on attempting to correct vision by altering the
refracting power of the optic. Instead, the advancements have been in the manufacture of a device
that is retained in the cornea for extended periods of time and that does not result in epithelial
downgrowth and stromal necrosis.
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Fig. 35.7. (A) Phase-contrast mi-
crographs of confluent cells cul-
tured on HEMA modified with
plasma treatments. Cells main-
tain typical epithelial cytoarchi-
tecture. (B) HEMA constructs su-
tured into corneas as a
keratoplasty, demonstrating the
roughening of the apical surface
that occurs in the absence of tear
film.



The results from Legeais’ group are well worth reporting. The porous material is 200 
m thick
with a pore size ranging from 50 to 80 
m (Legeais et al., 1995a,b). Legeais reports that the PTFE
porous peripheral skirt became translucent on fibroplasia. However, it has been observed that
translucency of Impra is achieved when the pores of the material are filled with fluid and that any
solvent can render the PTFE (Impra) translucent. The device was implanted in 24 human patients
and five failures were reported in the first 6 months. The haptic was inserted into lamellar pock-
ets and the optic was positioned through a hole made in the central cornea. The devices gave the
patients a visual field of 110–130�, far superior to the earlier models. In a second model reported
from this group the optic was silicon coated with PVP and the junction between the two polymers
was produced chemically. They found that after implantation in rabbits the silicon remained hy-
drophilic and the IOP could be measured with a Goldman tonometer. Their studies lasted for 3
months. Unfortunately, the design of the device is not available for examination. Several other de-
signs have been developed and implanted, and these aim to enhance fibroplasia and minimize
downgrowth. These devices have been implanted in eyes with dystrophy, pseudophakic edema,
pemphigus, and burns. Unfortunately, signs of decolonization 9–12 months after implantation
have been noted. Dohlman, who has been instrumental in the development of keratoprostheses,
has reevaluated which conditions have the best prognosis and what factors can be used as predic-
tors of outcome (Dohlman, 1997). Dohlman has continued to use a plastic device that is not col-
onized; however, he has demonstrated that with meticulous follow-up the patients can have an ex-
cellent outcome (Table 35.2). He found that eyes with graft failure had the best outcome, whereas
those with chemical burn and Steven–Johnson syndrome had the worst outcome. Patients with
pemphigus ranged in the middle in terms of predictability of outcome. In addition, Dohlman has
demonstrated that in some dry-eye patients the device must be implanted through the lid.

Another laboratory in China (Chang et al., 1995) used a silicone membrane altered by plas-
ma-induced graft copolymerization-treated HEMA. Chang’s device was sutured in place using the
same procedure used in corneal transplantation (penetrating keratoplasty). They found that the
graft did not remain in the place of the host cornea and was extruded by 3 months. It is likely that
stromal downgrowth occurred, i.e., the fibroblasts grew under and essentially formed a second
cornea, gradually extruding the cornea. It is also possible that epithelial downgrowth occurred, aid-
ing in the extrusion of the device. No other reports from this group can be found, so it is difficult
to do more than hypothesize about the reasons for failure.
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Fig. 35.8. HEMA constructs
(radio frequency plasma modi-
fied) sutured into corneas ex
vivo and cultured for 3 weeks
on a rotating surface. Epithelia
are seen migrating onto the
HEMA. Epithelia are labeled
with fluorescein isothio-
cyanate—phalloidin, staining
F-actin filaments.



Chirila’s group has employed an exciting idea whereby both the peripheral rim and the cen-
tral optic are cross-linked polymers of HEMA, with the advantage that both are chemically simi-
lar. In this model the periphery was made from a hydrogel sponge produced by phase-separation
polymerization in aqueous solution. The sponge has a high water content (80% w/w), facilitating
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Table 35.2. Factors that improve success of retention

Temporary tissue coverage with conjunctiva
Applications of collagenase inhibitor
Implementation of YAG laser
Glaucoma shunt
New repair technology
Meticulous and frequent follow-up of individuals

Fig. 35.9. (A) Design of a syn-
thetic corneal construct to be su-
tured into the cornea as a full-
thickness device, showing
optical and porous regions. (B)
Side view of device placed into
the cornea and held in place
with single sutures around the
circumference of the device un-
til the porous region (white) is
anchored, after keratocyte inva-
sion and matrix deposition.



diffusivity through the material. Fibroplasia was detected when the devices were pretreated with
type I collagen (Chirila et al., 1993; Chirila, 1994a,b). More recently they have detected ingrowth
of keratocytes in compromised corneal models; however, epithelialization remains a challenge.

We have produced several models, varying in size (4.5–9 mm) and design (Trinkaus-Randall
et al., 1997). The devices were evaluated in rabbits using both penetrating keratoplasty and lamel-
lar keratoplasty models, whereby the device was implanted leaving Descemet’s membrane intact.
The time course of fibroplasia depended on the model and on the size of the porous skirt. The re-
sponse to the device sutured in as a penetrating keratoplasty was the least successful. In this mod-
el the device has no flanges to increase the surface area for fibroplasia (Fig. 35.9). In the models in
which Descemet’s membrane was left intact, the device was placed as posteriorly as possible in the
stromal lamellar bed and the flanges were inserted into the stromal lamellae (Fig. 35.10). Fibro-
plasia was detected as early as 15 days after surgery and as late as 21 days, the difference being the
diameter of the skirt. Although fibroplasia occurred earlier when the area of the skirt was increased,
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Fig. 35.10. (A) Schematic of a construct
to be sutured into the cornea as a partial-
thickness device. Note the flange of the
porous material that extends into the
stroma between lamellae. (B) View of a
partial-thickness device placed into a
stromal bed and secured in the cornea
with a series of individual sutures. Fibro-
plasia occurs more rapidly in this model
and inflammation is less, compared to
the full-thickness device.



the cornea could not support the device in the long term, because there was less diffusivity of nu-
trients. Smaller models (7 mm in diameter) have been retained in rabbit corneas for a minimum
of 1 year with epithelialization in some of the cases (Fig. 35.11). Collagen types III and VI were
detected after 6 weeks using immunohistochemical techniques.

Interestingly, heparan sulfate absent in the unwounded stroma was detected and coincided
with the appearance of growth factors. The appearance of heparan sulfate suggested that proteo-
glycans might modulate activity of growth factors so that those cells would become responsive to
FGF-2 (Trinkaus-Randall and Nugent, 1998). In all of these models the anterior chamber re-
mained intact and no signs of leakage was detected.

These observations led us to develop methods of control release to enhance the rate of fibro-
plasia and wound repair. Experiments were conducted to demonstrate that small volumes of sodi-
um alginate injected into the stroma without cytokines did not elicit an inflammatory response
over a period of 14 days (a typical time for response in a rabbit cornea). There was also no long-
term perturbation of collagen lamellae. Injection of FGF-2 elicited vascularization whereas TGF-
� did not. Release of 125I-labelled FGF-2 and TGF-� from alginate gels was measured in ex vivo
and in vivo experiments and a first-order release was detected for a period of 3–5 days. However,
there was a large vascularization response. Poly(lactic–co-glycolic acid) (PLGA) microspheres were
also used and we demonstrated that 1.3% of the encapsulated TGF-� was released/day and the
release persisted with nearly linear kinetics for 4 weeks. The released growth factor possessed bio-
logic activity. Our goal is to place PLGA capsules containing TGF-� into porous materials and in-
sert them into the stromas and evaluate the release. This would allow us to understand the degra-
dation in PLGA, release of growth factor, and change in diffusivity that occurs within the stroma
(Trinkaus-Randall and Nugent, 1998).

The advances in the past 5 years have accelerated our level of knowledge and resulted in sev-
eral models that are currently being evaluated in vivo. Long-term studies are needed to follow fi-
broplasia of the porous material and epithelialization of the anterior surface in the models that
have been described.
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Fig. 35.11. Epithelialization occurs in the partial-thickness models (Fig. 35.10). It is generally seen
after 3 weeks. The epithelium that has migrated from the limbus has been stained with fluorescein
isothiocyanate—phalloidin, staining F-actin, and delineates epithelial cytoarchitecture.



OTHER DEVICES USED TO CHANGE THE CURVATURE 
OF THE CORNEA

To date many technologies have been developed to change the curvature of the cornea. The
scope of the field is too vast to cover in this chapter. Briefly, the recent procedures that are com-
monly used are laser in situ keratomileusis (LASIK) and the insertion of rings into the stroma.
These developments stem from the radial keratotomy developed in Russia and subsequent excimer
laser radial keratotomy and photoreactive radial keratotomy to correct severe myopic patients (as
reviewed by Waring and the PERK) (Brint et al., 1994; Waring, 1992, 1998; Nizam et al., 1992;
Sastry et al., 1993). Laser in situ keratomileusis combines several techniques, but changes the cur-
vature without removing the epithelium or Bowman’s membrane. The goal is to avoid epithelial
hyperplasia and haze, which have been typical sequelae of these procedures. This procedure is now
considered an acceptable treatment after a corneal transplant when vision cannot be rehabilitated
with eyeglasses or contact lenses (Ophthalmology Times, 1999). A more reversible procedure to
alter curvature is the insertion of intrastromal corneal ring segments. The rings are fabricated from
PMMA and are inserted into the lamellae. The advantages of these devices are that they can be re-
moved and the cornea has not been reshaped in the procedure.
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Bioartificial Pancreas
Taylor G. Wang and Robert P. Lanza

INTRODUCTION

The World Health Organization (WHO) estimates that over 143 million people suffer from di-
abetes mellitus worldwide, and that number will more than double by the year 2025. In pa-

tients with insulin-dependent diabetes mellitus (IDDM), there is a marked decrease in the num-
ber of insulin-producing islet cells in the pancreas. In the past, animal or recombinant human
sources of insulin have provided the replacement therapy required by these patients. Unfortunately,
injected insulin cannot precisely mimic the ability of the normal pancreas to regulate blood glu-
cose concentrations. The concentration of insulin in the blood is normally closely linked to the
blood glucose concentration. The moment-to-moment adjustments in insulin secretion by the
beta cells of the pancreatic islets, which serve to control blood glucose concentrations, depend on
a complex series of biochemical pathways in the living beta cell. These adjustments are extremely
difficult or impossible to simulate by insulin injections. The results of the Diabetes Control and
Complications Trial (DCCT) suggest that failure to achieve physiologic glucose control with in-
jected insulin is responsible for the serious complications of this disease, including diabetic
nephropathy, retinopathy, and neuropathy (Diabetes Control and Complication Trial Research
Group, 1993).

There is hope that transplantation of islets of Langerhans will eliminate the need for daily in-
sulin injections, and will prove effective in preventing or retarding the development of complica-
tions associated with diabetes. Restoration of normal glucose metabolism has already been achieved
in several patients with IDDM by islet transplantation (Bretzel et al., 1996; Hering et al., 1996;
Sutherland et al., 1994). Success, unfortunately, has been sporadic, and the requirements for im-
munosuppressive drugs expose these patients to a wide variety of serious complications (Fung et
al., 1992; Kahan, 1989). In addition, many of these immunosuppressive drugs, including gluco-
corticoids and cyclosporin, have dose-dependent deleterious effects on glucose homeostasis and
beta cell function (Alejandro et al., 1989; Gunnarsson et al., 1983; Schlump et al., 1986; Van
Schilfgaarde et al., 1986). A number of immunoisolation systems have been developed and refined
during the past several years in which the transplanted tissue can be separated from the immune
system of the host by a selectively permeable membrane. Low-molecular-weight substances such
as nutrients, electrolytes, oxygen, and bioactive secretory products are exchanged across the mem-
brane while immunocytes, antibodies, and other transplant rejection effector mechanisms are ex-
cluded (Darquy and Reach, 1985; Soon-Shiong et al., 1990). This approach has the potential not
only to allow allogeneic transplantation of cells and tissues without immunosuppression, but also
to permit the use of xenografts. The latter, by most accounts, will be essential before any im-
munoisolation device can be applied on a wide scale.

Like other human organs, donor pancreases are in very short supply. In the United States, it
is estimated that only approximately 1000 pancreases are recovered each year. Even with improved
procurement of human organs, the supply of donor tissue would remain quite inadequate if pan-
creatic islet transplantation were to be developed as an effective therapy. For the immediate future,
the logical alternative is to use nonhuman donor islets. For example, methods have been devel-

CHAPTER 36

Principles of Tissue Engineering Copyright © 2000 by Academic Press.
Second Edition All rights of reproduction in any form reserved. 495



oped to isolate pancreatic islets from porcine and bovine glands; insulins from these animals are
fully active in humans and have been used to treat diabetics for over 70 years. Pig and cow islets
are an attractive option because they are readily available and the amino acid sequences of these
insulins are similar to those in human insulin. Further, herds of specific pathogen-free (SPF) ani-
mals would be available as a potential safeguard against the transfer of infectious organisms to hu-
man islet recipients.

Although fundamental advances in our understanding of the human immune system and the
immune rejection process may eventually lead to means for developing technologies to overcome
the vigorous humoral and cellular immune responses associated with transplantation of xenogeneic
tissues, these solutions are likely to be decades in the future. In the meantime, encapsulation may
be the only way to establish prolonged survival of cell and tissue transplants in patients with dis-
eases caused by the loss of specific vital metabolic functions. In addition to diabetes, encapsula-
tion has broad application to treating major diseases such as cancer and autoimmune deficiency
syndrome (AIDS) and a wide range of other disorders resulting from functional defects of native
cell systems (Lanza and Chick, 1995). Applications include the use of cells such as hepatocytes for
the treatment of liver failure and enzymatic defects (Cai et al., 1989; Eguchi et al., 1996; Hori,
1988; Makowka et al., 1980; Mito and Sawa, 1996; Sun et al., 1986, 1987); adrenal cells in Parkin-
son’s disease (Freed, 1996; Sagen, 1996; Widner et al., 1991); cells to produce nerve growth fac-
tors in Alzheimer’s disease (Hefti and Knusel, 1988; Phelps et al., 1989a,b), epilepsy, Lou Gehrig’s
disease, Huntington’s disease (Frim et al., 1993; Schumacher et al., 1991; Winn et al., 1994), spinal
cord injuries (Tessler, 1996), and strokes; cells to produce clotting factors VIII and IX in hemo-
philia (Hellman et al., 1989; Roberts, 1989); and endocrine cells in other disorders resulting from
hormone deficiency (Fu and Sun, 1989; Lanza et al., 1992). Moreover, by using recombinant DNA
and cell engineering technologies in conjunction with encapsulation technologies, it should also
prove possible to treat patients suffering from chronic pain (Sagen, 1996), Kaposi’s sarcoma, and
various hematologic disorders.

To date, most of the research in the area of encapsulated cell transplantation has been carried
out with pancreatic islets. There are several reasons for this: (1) diabetes is a leading cause of mor-
bidity and mortality in the world, at an annual cost of approximately $134 billion in the United
States alone; (2) pancreatic islets, which comprise only 1–2% of the human adult pancreative vol-
ume, can be isolated from animal sources; and (3) the quantity of differentiated islet tissue to be
transplanted is within a reasonable range (less than 1 g).

Many types of encapsulation systems have been studied. These include devices anastomosed
to the vascular system as arteriovenous shunts, diffusion chambers (both hollow fibers and wider-
bore tubular membranes), and spherical micro- and macrocapsules (Fig. 36.1). Results in diabet-

496 Wang and Lanza

Fig. 36.1. Biohybrid artificial de-
vices. In the form of a vascular
implant, islets can be distributed
in a chamber surrounding a
permselective membrane, and
the device implanted as a shunt
in the vascular system. Alterna-
tively, islets can be immunoiso-
lated within membrane diffusion
chambers or microcapsules and
placed intraperitoneally, intra-
muscularly, subcutaneously or in
other sites. The islets within
these biohybrid devices are gen-
erally immobilized in hydrogels
such as alginate or agar. One of
the important functions of these
gels is to provide more uniform
islet distribution by preventing
settling and subsequent aggrega-
tion of the islets into larger,
necrotic masses. From Lanza and
Chick (1995), with permission.



ic rodents and dogs indicate that these systems can function for periods of several months to more
than 1 year. Currently, spherical micro- and macrocapsules appear to have the highest therapeutic
potential.

THEORETICAL BACKGROUND
Over the past decade, several methods for encapsulating islets have been investigated. Micro-

and macrocapsules offer a number of distinct advantages over the use of other biohybrid devices,
including (1) greater surface-to-volume ratio, (2) ease of implantation (can simply be injected),
and (3) retrievability by lavage and needle aspiration (or alternatively, fabrication from biodegrad-
able materials).

Immunoisolation
The effectiveness of immunoisolation of a polymer capsule is closely tied to its membrane’s

permeability, or more precisely, the pore size of the capsule membrane. It has been suggested, and
argued forcefully, that with proper selection of a cutoff pore size, the polymer membrane can serve
as a gatekeeper (Fig. 36.2), keeping the higher molecular weight (MW) components of immune
system out, and allowing the smaller MW molecules such as oxygen and hormones to pass through
without much impedance.

Although most of the current polymer capsule designs are based on this principle (De Vos et
al., 1993; Goosen, 1994; Lim and Sun, 1980; Soon-Shiong et al., 1993), there is a fundamental
weakness in this model. Pore sizes of polymer membranes are not homogeneous by nature, but
rather consist of a broad spectrum of sizes and have very long tails. This flaw was first suggested
by Colton as early as 1991, but was largely ignored by capsule designers (Colton and Avgoustini-
atos, 1991). Ignoring this may have contributed to inconsistent conclusions in the literature
(Brissova et al., 1998; Cole et al., 1992; Fan et al., 1990; Iwata et al., 1994; Lanza and Chick, 1994;
Lacik et al., 1998; Lum et al., 1992). For the capsule to provide total immunoprotection for liv-
ing cells, the polymer membrane must not have pores larger than the antibody complement com-
ponent (Colton and Avgoustiniatos, 1991). This suggests that unless a gatekeeper capsule has a
step function cutoff at less than 300 Å in pore diameter and is defect free, the effectiveness of the
capsule as an immunoisolation device will be compromised.

A new mathematical model incorporating the pore size distribution for immunoisolation of
living cells has been proposed (Wang, 1997). In this new model, the pore size distributions of the
membrane are taken into consideration, the capsule wall is thicker, and the pores are bigger than
in the gatekeeper model. Figure 36.3 is the schematic drawing of the new model. The large pores
will allow the nutrients, proteins, and immune system components to enter the membrane. How-
ever, the small pores inside the membrane will prevent or delay most of the immune system com-
ponents from passing all the way through to the inner volume of the capsule, where the cells re-
side. The capsule membrane operates more as an immune system barrier than as a gatekeeper. In
calculations, we will focus on preventing the antibody-mediated attack on living cells. We assume
the immune system density is very diluted, and antibodies and complement components pass
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Fig. 36.2. Gatekeeper model. The immune system is excluded
from entering the capsule, yet nutrients, oxygen, and proteins
pass through without impedance.



through the immunoisolation membrane as a result of “random walk motion.” For the sake of sim-
plicity, we shall study the motion in one dimension, and assume the probability to go forward and
backward an equal number of steps is the same. After a total of N such steps, the probability of
finding the immune system at a position m steps away from the origin is

(1)

where m � nf � nb and N � nf � nb; nf represents the step forward, nb the step backward. This

is a Guassian distribution curve centered at zero. The root-mean-square displacement,
of the immune system after N steps is found to be

(2)

where 	x � x � x̄ and 	m � m � m̄. Here R is the average step size and can be approximated to
be the average pore size. If we assume the immune system is originally located at the surface of the
capsule, and the root-mean-square distance needed to travel is the membrane thickness d. Eq. (2)
can be rewritten as

(3)

We can now write the immunisolation time, #, defined as the time required for the immune sys-
tem to pass through the membrane with a thickness d as

(4)

Using equipartition theorem, the random-walk motion in three dimensions can be written as

(5)

where the f is the ratio between surface areas of small pores and large pores, and � is the time that
the immune system can be trapped by the small pores in each collision. The value f can be deter-
mined quantitively from the pore surface area distribution, and the value � for different immune
systems can be estimated qualitively from the dextran size exclusion chromatography (SEC) re-
tention time.

Using an antibody complement component as an example, the estimated immunoisolation
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Fig. 36.3. Barrier model. In the
barrier model, the capsule wall is
thicker and the pores are bigger
than in the gatekeeper model.
This allows the immune system
components to enter the mem-
brane. However, sufficiently
smaller pores inside the mem-
brane act as barriers to prevent or
delay most of the immune system
components from passing all the
way through to the inner volume
of the capsule, where the islet re-
sides.

 ( ) ,	x 2



time for the sodium alginate/poly(lysine)/sodium alginate capsule (110-kDa pore size by dextran
standard, 2-
m wall thickness) is on the order of days. This calculated value is in agreement with
many of the experimental observations on how long islets encapsulated inside the capsule can sur-
vive after transplantation into presensitized animal models, such as NOD mice. More important-
ly, this model might suggest that the current capsule will have limited success in treating type I di-
abetic disease in humans.

Mass Transport
To maintain the viability of islets inside an immunoisolation capsule, the nutrient and oxy-

gen must be allowed to diffuse in, and the insulin out. This is a convective diffusive process. Mass
transport across a random network structure is an extremely complicated system. Any attempt to
undertake a rigorous calculation of this system is beyond the scope of this chapter. Here, the in-
tent is to examine the order of magnitude power dependence of capsule membrane parameters on
the steady-state mass transport rate across a capsule membrane. The diffusion mass transport flux,
Q, across the membrane is proportional to the concentration gradient, and membrane porosity.

(6)

where D is the diffusion coefficient, d is the thickness of the membrane, and �c is the mass con-
centration difference; here Aeff is the effective capsule surface area that participates in mass trans-
port. The diffusion of biomaterial in liquids is under a nonslip condition; D is proportional to the
temperature, T, and inversely proportional to the fluid viscosity, $, and the particle radius, r. This
is usually called the Stokes velocity. It represents the diffusion of large spherical biomaterial in an
open system. To account for the effect of capsule membrane porosity on mass transport, we need
to calculate Aeff . This problem can be simplified by modeling the polymer membrane as a bundle
of interwoven pipes. Those pipes have inner diameters, R, which approximate average pore sizes.
The capsule surface area participating in diffusion is NR2, and N is the number of pipes per unit
surface area. The mass flow inside a pipe has a velocity profile of R2. Thus, the effective diffusive
mass flow passing through a cross-section of the pipe per unit of time is proportional to the fourth
power of the radius of the pipes. Equation (6) can then be rewritten as

(7)

Equation (7) is phenomenological. However, it might provide some valuable insight on the cap-
sule design optimization.

Mechanical Strength
Many immunoisolation devices fail inside animal and/or human hosts because of capsule

breakage. This exposes unprotected living cells to the host’s immune system. At best, the cells are
destroyed; at worst, an immunoreaction can be triggered. Therefore, if the immunoisolation de-
vices are to be used for the long-term cure of hormone deficiency diseases in humans, the mechan-
ical strength of the capsules must be sufficiently great to survive the constant pressure exerted.

Examine the case of a spherical capsule with a radius of R. Under unidirectional pressure, 
Px, the capsule distorts the shape to compensate the pressure:

(8)

where Y is Young’s modulus, d is the thickness, and R1 and R2 are major and minor axes of the de-
formed capsule. If the distortion is small, we can approximate R1 � R � 	r and R2 � R � 	r.
Equation (8) can be rewritten as

(9)
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Equation (9) shows the advantages that a smaller capsule and a thicker membrane have on resist-
ing deformation, 	r/R, under pressure, Px.

Equations (5), (7), and (9) clearly show that if the capsule parameters cannot be adjusted in-
dependently, it will be very difficult to satisfy all the dichotomy requirements of immunoisolation,
mass transport, and mechanical strength.

EXPERIMENT

Biocompatibility
Experiments have demonstrated the feasibility of long-term immunoisolation of islets by ar-

tificial poly(acrylonitrile)/poly(vinylchloride) membranes and the long-term biocompatibility of
the membrane versus the graft and versus the recipient (Lanza et al., 1991, 1992). Data indicate
that islet implants can provide correction of hyperglycemia in dogs and rodents for periods of 
several months to more than 1 year without the use of immunosuppressive drugs. Diffusion cham-
bers fabricated from permselective acrylic membranes showed little or no evidence of an inflam-
matory response when implanted intraperitoneally in either spontaneously or streptozotocin-
induced diabetic rats (Lanza et al., 1992, 1993). Complications such as abscess formation or 
intestinal adhesions, which have been observed with other technologies (Andersson, 1979), were
not observed with these implants. These studies have been extended to implantation in the peri-
toneal cavity of a large animal, the dog, with surgically induced diabetes. Histologic examination
of the chambers revealed that they were biocompatible. The outer surface showed only scattered
foci of macrophages and lymphocytes. Intactness and sterility of the chambers, however, was a cru-
cial factor in the success of the implants. In addition to loss of islet viability, damaged or contam-
inated membranes were often encapsulated by fibrous tissue that exhibited an interstitial acute
and/or chronic inflammatory reaction, and development of granulation tissue was observed. Most
of these transplants ultimately failed because of membrane breakage.

Blood Glucose Control
The motivation for islet transplantation is to provide physiologic control of blood glucose

concentration. In vitro and in vivo experiments have demonstrated only moderately delayed
changes (lag time 10 min) in insulin secretion in response to changes in glucose concentration.
Perfusion of encapsulated islets with glucose elicited an approximately fourfold average increase
from the basal insulin secretion (Wang et al., 1997; Lanza et al., 1991). There was a delay of only
7 � 1 min before the insulin concentration in the perfusate began to increase. Although this re-
sponse is well within a time frame compatible with closed-loop insulin delivery (pharmacokinet-
ic modeling of glucose homeostasis in humans suggests that the lag time of the increase in insulin
delivery by an artificial pancreas must be 15 min to avoid the overexcursion of postprandial
blood glucose) (Kraegen et al., 1981), a reduction in the volume of the islet cell compartment
would further improve the transmission of the glycemic signal from the blood to the islets, and of
insulin from the islets to the recipient. Immunoisolated islets lack intimate vascular access, and
must be supplied with oxygen and nutrients by diffusion from the nearest blood vessels over dis-
tances greater than those normally encountered. In wider-bore membrane chambers, the problem
of cell death or dysfunction as a result of oxygen supply limitations, or accumulation of wastes or
other cellular products, is likely to be more severe. Chambers with a 4.8-mm inner diameter re-
trieved from the peritoneal cavity of dogs several months after allotransplantation contained a cen-
tral core of necrotic islets. Only a rim of islets remained viable within approximately 0.5–1 mm
of the inner membrane wall. Similar results were obtained with canine islet implants into rats.
These findings are in agreement with the theoretical model of Eq. (7). Clearly, careful attention
must be paid to the diffusion distances and transport properties of the membranes. The relatively
small volume (and short distances) associated with smaller spherical devices would maximize the
transfer of oxygen and nutrients to the islets, and minimize the suppression of function by any islet
hormonal or metabolic products that could accumulate in the islet compartment.

Host Sensitization
Although encapsulation systems serve to block uptake of antibodies and complement, the pos-

sibility must be considered that antigens released from the cell compartment could stimulate a host
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humoral response. Such antibodies could be induced by antigens shed from the cell surface, or by
proteins secreted by live cells or liberated after cell death. This could lead to an allergic response
and/or immune complex disease. Studies have been performed by Lanza et al. (1994a,b) in order
to help rule out the possibility of serious immunologic sequelae in recipients. Although these stud-
ies were carried out using islets encapsulated inside tubular membrane chambers, the results may
be reflective of other cell encapsulation systems as well, including microcapsules, hollow fibers, de-
vices anastomosed to the vascular system as arterioventricular shunts, and other types of im-
plantable diffusion chambers.

In these studies, chambers containing porcine or bovine islets were implanted intraperi-
toneally into streptozotocin-induced diabetic rats. Sera were collected at various intervals and test-
ed against isolated canine and porcine islets for tissue specificity and interspecies cross-reactivity
by fluorescence immunocytochemistry. No immunofluorescence (or only weak background stain-
ing) was obtained when islets were exposed to horse sera, or to sera obtained prior to implantation
of devices containing xenogeneic islets. Within 2–6 weeks, however, the postimplantation sera
showed strong immunoreactivity. The antibodies were found to be reactive to multiple tissues, and
to possess little or no interspecies cross-reactivity.

The appearance of these xenoantibodies coincided with the appearance of circulating soluble
immune complexes. However, none of the respiratory, cutaneous, or gastrointestinal manifesta-
tions that are characteristic of an anaphylactic reaction, or of the diseases of immediate-type hy-
persensitivity, were observed, even following the intraperitoneal injection of additional naked islet
tissue. Renal glomeruli did not stain for IgG or C3 in islet recipients. These results suggest that
islet cell antigens crossed the membrane and stimulated antibody formation in the host, although
they did not appear to cause renal or immune complex disease during the course of this study.

CAPSULE DEVELOPMENT

Alginate/Poly(l-Lysine) Capsules
Capsules fabricated from alginate and poly(l-lysine) (PLL) were originally described by Lim

and Sun in 1980, and have been used to reverse diabetes in animals and more recently in a small-
scale clinical trial (Soon-Shiong et al., 1993, 1994; Sun et al., 1996). However, the inability to ad-
just capsule parameters independently (e.g., immunoisolation versus mechanical strength versus
permeability) has limited the success of this system. Implanted discordant islet xenografts produced
blood glucose control for a shorter period of time. These studies performed in mice usually re-
quired adjunctive treatment with immunosuppressive agents (Calafiore et al., 1987; Ricker et al.,
1987; Wang et al., 1987). Weber et al. (1990) found that alginate/PLL microcapsules containing
canine islets functioned for 2 weeks in diabetic NOD mice. With anti-CD4 monoclonal anti-
body treatment, however, long-term functional survival was observed in many of the recipients.
Patrick Soon-Shiong et al. (1993) have also reported successful long-term implantation of a mi-
croencapsulated allograft in larger animals. They treated spontaneous diabetes in dogs adminis-
tered low doses of cyclosporin. Using the same technology, Soon-Shiong et al. (1994) have also
achieved insulin independence in a patient for approximately 1 month. However, this patient was
on a regimen of immunosuppressive drugs, and subsequently required exogenous insulin therapy.
Calafiore (1992) has also achieved insulin independence in one of three alloxan-induced diabetic
dogs and, transiently, in one of two patients without any pharmacologic immunosuppression.
However, these microcapsules were coated with PLL and were deposited in artificial prostheses di-
rectly anastomosed to blood vessels.

Biodegradable Capsules
Prolongation of discordant xenograft survival in streptozotocin-induced diabetic mice has

been achieved without immunosuppression using alginate microspheres without the synthetic
poly(l-lysine) membrane (Lanza et al., 1995). Uncoated alginate spheres containing porcine and
bovine islets routinely reversed hyperglycemia after intraperitoneal injection into diabetic mice.
All but one (13/14) of the grafts functioned for at least 1 month, and 11 animals lived for at least
10 weeks. In comparison, free islet transplants failed to function, or sustained euglycemia for 4
days.

The ability of uncoated microspheres to achieve marked prolongation of discordant xenograft
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survival is surprising, because the destruction of the grafts might have been expected to occur based
on the presence of circulating preformed natural antibodies in the recipients in reaction to cells of
the donor (Platt and Bach, 1991). The data suggest that the alginate matrix served as a physical
barrier to prevent direct effector cell contact with the donor tissue. However, we cannot rule out
the possibility that immunologic effector molecules were excluded from the negatively charged al-
ginate gels based on properties other than simply molecular weight.

Although the results using uncoated alginate microspheres in mice are encouraging, prelimi-
nary experiments in diabetic rats suggest that uncoated alginate spheres containing porcine and
bovine islets can reverse hyperglycemia for periods of up to more than 175 days (Fig. 36.4) (Lan-
za et al., 1995). Experiments in spontaneously diabetic dogs have also been performed by Lanza
et al. (1995c). Results indicate that long-term survival of canine islet allografts can be achieved by
encapsulation inside uncoated alginate spheres (Fig. 36.5). However, these results have been in-
consistent and usually have required adjunctive treatment with immunosuppressive agents.

To overcome this limitation, Lanza et al. have designed a hydrogel-based microcapsule based
on the uncoated microsphere technology (Lanza et al., 1999). These new composite capsules break
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Fig. 36.4. Mean nonfasting plasma glucose levels in four streptozotocin-induced diabetic rats that
received intraperitoneal implants of alginate-encapsulated bovine islets. All of the animals re-
ceived low-dose cyclosporin A (10–20 mg/kg/day, subcutaneous). Immunohistochemical stain-
ing of the grafts (�100–150 days) revealed healthy viable islets (80–100%, comparable to the day
0 control specimens), with well-granulated alpha, beta, and delta cells. This method for trans-
planting discordant islets into rats is simple and inexpensive, and may also be a useful procedure
for transplanting other cells and tissues. The spheres can be formed simply by extruding a mixture
of cells and sodium alginate with a 16-gauge angiocatheter into a CaCl2 solution. From Lanza et
al. (1995b), with permission.

Fig. 36.5. Fasting blood glucose
concentrations of a spontaneous-
ly diabetic dog that received an
intraperitoneal implant of algi-
nate-encapsulated canine islets.
From Lanza et al. (1995d), with
permission.



down at a rate that can be adjusted to correspond to the functional longevity of the encapsulated
cells, and can be engineered to degrade over several weeks to months for short-term drug delivery,
or to remain intact and immunoprotective for more extended periods of time. When the supply
of cells needs to be replenished, no surgery will be required to localize and remove the old cap-
sules. This system has been tested successfully in rats using discordant porcine and bovine islet tis-
sue. The tissue remained in excellent condition indefinitely (�40 weeks.) The viability was com-
parable to preimplant control specimens without use of any immunosuppression. Large animal
studies are underway (Fig. 36.6).

PMCG Capsules
A new multicomponent capsule based on a theoretical model was developed by Wang et al.

(1997). Over a thousand combinations of polyanions and polycations were studied in search of
polymer candidates that would be suitable for entrapment capsules. A combination of sodium al-
ginate (SA), cellulose sulfate (CS), poly(methylene–co-quinidine) (PMCG), calcium chloride
(CaCl2), and sodium chloride (NaCl) (Lacik et al., 1998; Wang et al., 1997) was found to be most
promising. The polyelectrolyte complexation has distinct advantages. It is very simple and inex-
pensive and can be processed under extremely mild physiologic conditions. A distinct advantage
of this multicomponent system was the ability to adjust the capsule’s mechanical properties, per-
meability (Brissova et al., 1998), and surface properties (Xu et al., 1998) independently, as well as
the capsule size for retrieval if needed.

Encapsulated rat islets reversed chemically induced diabetes in mice (strepzotocin) for at least
4–6 months. Similar studies were performed with diabetic NOD female mice and diabetes was
reversed for up to 180 days. Wang and Elliott of New Zealand have successfully reversed diabetes
(14 weeks) in a NOD mice model with encapsulated porcine islets without the use of any im-
munosuppression (Fig. 36.7). The capsules were found freely floating in the peritoneal cavity, and
showed no significant fibrosis histologically and no tissue reaction. The encapsulated islets con-
tinued to maintain long-term function as assessed by their ability to secrete insulin following glu-
cose stimulation. The eventual failure of encapsulated islets transplanted into animals with chem-
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Fig. 36.6. Biodegradable microreactor. Encapsulated bovine islet retrieved from the peritoneal
cavity of a dog 6 weeks after xenotransplantation. These new biodegradable microreactors are in-
jectable and do not appear to require the use of immunosuppressive drugs to prevent rejection.



ically induced diabetes did not result from capsule rupture or from an immune attack. Capsules
retrieved from such animals were freely floating and their surface was free of fibrosis. Thus, the
failure likely results from gradual islet death within the capsule from either a nutrient deficiency
or from islet toxicity because of soluble immune factors (cytokines). In contrast, the failure of en-
capsulated islets transplanted into NOD mice may have resulted from an immune or autoimmune
attack. Capsules retrieved from such animals were clumped and demonstrated marked fibrosis
around the capsule surface. Experiments to extend the longevity of the capsules by optimizing the
permeability, wall thickness, and surface characteristics are in progress with very promising results.
Large animal studies have also been initiated with encouraging preliminary results.

Other Approaches
Many other ingenious approaches are being tested in other research labs. Macro-Agarose beads

(The Rogosin Institute), poly(ethylene gycol) capsules (Neocrin), Stealth microcapsules (Encell),
and Islets Sheet (Islets Sheet Medical) all offer interesting possibilities. Unfortunately, there are lit-
tle or no published data available on these systems at the present time.

DISCUSSION
Organ transplantation is one of the miracles of the twentieth century. However, along with

success has come frustration. The supply of human organs is insufficient to satisfy demand. With-
in the United States alone, thousands of patients await transplants of heart, liver, kidney, and lung,
and millions more struggle with diseases such as diabetes. Demand exceeds the supply by two or-
ders of magnitude. So the pressure is mounting to devise ways such as immunoisolation to use an-
imal tissues and cells as possible substitutions for human biologic material, but without the need
for immunosuppression and its accompanying side effects. There is considerable excitement
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Fig. 36.7. Transplantation of encapsulated porcine islets reverse diabetes. Encapsulated porcine
islets were transplanted into the peritoneal cavity of female NOD mice that had developed spon-
taneous diabetes by the age of 20 weeks. Of the diabetic mice that received transplants, the num-
ber of nondiabetic animals at selected time points is shown. This experiment is part of the results
of a collaborative effort between T. Wang and R. Elliott of New Zealand.



among researchers and clinicians who hope to see the introduction of a hybrid pancreas to replace
conventional insulin therapy.

Polymer membranes have been the choice to encapsulate living cells for immunoisolation.
Data have shown exciting successes in animal models. A new physical picture and a better under-
standing of the mechanisms of immunoisolation have advanced the systematic studies in prepara-
tion for human clinical trials. The next few years should prove to be a great challenge and it is
hoped with great excitement that the promise of islet transplantation comes to fruition. It appears
likely that in the year 2000 clinical trials utilizing encapsulated islet xenografts to treat diabetic pa-
tients will be a reality. This will serve as an important starting point for developing living drug de-
livery systems for treating a wide range of additional disorders. For patients with diabetes as well
as those with other diseases, such as cancer, hemophilia, liver failure, and Parkinson’s disease, the
coming years hold promise for greatly improved therapy.
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Parathyroid
C. Hasse, A. Zielke, T. Bohrer, U. Zimmermann, and M. Rothmund

HISTORY OF PARATHYROID ALLOTRANSPLANTATION

Although autotransplantation of parathyroid tissue is a well-established clinical procedure (Wells
and Christiansen, 1974), allotransplantation of the parathyroid gland still is at the level of ex-

perimental surgery. In 1884 the German physiologist Moritz Schiff was the first to demonstrate
that tetany, occurring after total thyroidectomy, could be reversed by replantation of the thyroid
(Welbourn, 1990). Six years later, Loeb, who investigated the cramps of isolated muscles sub-
mersed in a low-calcium saline solution in vitro, demonstrated that addition of calcium to the
medium resolved the spasms, thus uncovering the relation between hypocalcemia and tetany
(Loeb, 1899–1900). In 1909 MacCallum and Voegtlein discovered that hypocalcemia after thy-
roidectomy was caused by parathyroidectomy. Hanson in 1924 and Collip in 1925 were the first
to try to reverse this effect by intramuscular injections of parathyroid extracts to patients with post-
thyroidectomy tetany. For limited periods of time, they were able to restore normocalcemia in these
patients.

In 1972, almost 90 years after Schiff ’s first report of thyroid replantation, Tochilin (1972a,b,c)
performed the first allotransplantation of fetal thyroid and parathyroid glands in humans and doc-
umented long-term reversal of hypothyroidism, but only short-term reversal of hypoparathy-
roidism. Tochilin later combined this treatment with simultaneous transplantation of the pancreas,
and achieved similar results (Kiprenskii et al., 1990). The first allotransplantation of parathyroid
glands with systemic immunosuppression was reported by Groth et al. in 1973, in a patient who
had previously undergone successful renal transplantation. Because the patient became normocal-
cemic with no further need for calcium supplementation, the transplant apparently was function-
ing; however, neither the further course of the patient nor the period of time that normocalcemia
was maintained is known. The potential long-term outcome of simultaneous renal and parathy-
roid allotransplants with systemic immunosuppression was outlined in a case report of 1979. In
this particular case, the function of the parathyroid tissue was documented by determination of
parathyroid hormone (transplant-bearing versus non-transplant-bearing forearm) as well as by his-
tology from a biopsy of the allotransplanted tissue. Function continued until complete rejection
of both organs 30 months postoperatively (Ross et al., 1979). Also in 1979, two children with hy-
poparathyroidism due to DiGeorge syndrome (see later) received parathyroid allotransplants with-
out immunosuppression. Because of a severe concomitant immune defect, both children died too
soon to allow for an assessment of allograft function (Wells et al., 1979).

Kunori et al. (1991) also completely ignored the ensuing immunologic reaction following
transgenous transplantation. They reported the first successful long-term therapy of postoperative
hypoparathyroidism by repetitive allotransplantation of fresh and cryoconserved parathyroid tis-
sue particles in 1991. The patient received initial immunosuppressive medical therapy for the first
2 days postoperatively. For a period of 6 months, the patient reportedly had normal levels of serum
calcium and improvement of symptoms with half of the substitutive therapy (Kunori et al., 1991).
One year later, Segerberg et al. (1992) performed the first successful syngenous transplantation of
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parathyroid glands in identical twins, one of whom suffered from permanent postoperative hy-
poparathyroidism. A chronology of parathyroid allotransplantation is given in Table 37.1.

Many subsequent in vitro investigations and experimental animal studies have been per-
formed to accomplish parathyroid allotransplantation without the need of postoperative im-
munosuppression. The earlier assumption, that parathyroid tissue would be less immunogenic
than other tissue types, was proved wrong (Wells et al., 1973a,b). In general, two basic lines of re-
search have evolved. Some have tried to transplant parathyroid tissue to regions with apparently
little or no immunologic competence. For instance, Fisher et al. (1967) used the anterior eye cham-
ber, and a Chinese group reported transplantation to the lateral ventricle of the brain (Dib-Kuri
et al., 1975) and to the scrotum. However, all three attempts did not achieve long-term graft func-
tion (Fisher et al., 1967; Dib-Kuri et al., 1975; Yao et al., 1993). Others have aimed to reduce the
immunogenicity of the tissue to be transplanted. Ultraviolet and ionizing irradiation, various tis-
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Table 37.1 Historic synopsis of significant achievements along the way to parathyroid
allotransplantation

Year Investigator Achievement

1884 Schiff Reversal of postthyroidectomy tetany by thyroid replantation
1924/ Hanson Treatment of hypoparathyroidism with injections of parathyroid 

1925 Collip extract
1960 Swan et al. First attempt of parathyroid tissue immunoisolation by coating the 

tissue with millipore membranes
1967 Fischer et al. Increase of parathyroid graft function by choosing the anterior eye 

chamber as transplant site
1972 Tochilin Homologous en bloc transplantation of the thyroid–parathyroid 

complex
1973 Groth et al.. First allotransplantation of the parathyroid with systemic immuno-

suppression in secondary hypoparathyroidism
1974 Raaf et al. First attempt to reduce parathyroid tissue immunogenicity by tissue 

culture passage
1977 Starling et al. First use of antidonor serum for allotransplantation of the parathy-

roids
1979 Ross et al. Survival for 30 months of allotransplanted parathyroid allotrans-

plant with systemic immunosuppressions
1979 Wells et al. First allotransplantation of the parathyroid without systemic im-

munosuppression in primary hypoparathyroidism
1983 Sollinger et al. Function for 15 months of a human parathyroid following ioniz-

ing irradiation and nud mouse in vivo passage of the parathyroid 
tissue

1989 Fu and Sun First successful immunoisolation of parathyroid cells using micro-
encapsulation: function in vivo for 12 weeks

1990 Kiprenski et al. First homologous en bloc transplantation of parathyroid, thyroid 
gland, and pancreas

1991 Kunori et al. First successful treatment of postoperative hypoparathyroidism by 
repeated allotransplantation of parathyroid tissue particles after 
initial immunosuppression

1992 Segerberg et al. First successful syngenous transplantation of human parathyroids 
without immunosuppression

1993 Yao et al. Intracerebral parathyroid allotransplant survive for 12 weeks 
without systemic immunosuppression

1995 Anton et al. First allotransplantation of single parathyroid cells after reduc-
tion of MHC I/II antigens: transplants funtion for 3 months with 
mild immunosuppression

1996 Tolloczko et al. First allotransplantation of single parathyroid cells without im-
munosuppression: hormonally active for up to 1 year

1997 Hasse et al. First successful clinical allotransplantation of cultured, micro-
encapsulated parathyroid tissue without immunosuppression



sue culture methods, coating of the graft with millipore membranes, nude mice in vivo passage, as
well as treating the recipient with antidonor serum have been employed in an attempt to reduce
the immunologic response. However, a reproducible increase of in vivo graft survival for more than
just several weeks has not yet been accomplished (Swan et al., 1960; Raaf et al., 1974; Starling et
al., 1977; Gough and Finnimore, 1980). Only Sollinger and co-workers (1983) were able to ob-
tain functioning parathyroid transplants in two patients without postoperative immunosuppres-
sion for a period of 15 months, following pretreatment of parathyroid tissue with ionizing irradi-
ation and subsequent nude mouse in vivo passage. The course of both patients and whether the
patients further required substitutive therapy are, however, unclear. Although the authors con-
cluded that their procedure was effective and very promising, there have been no further clinical
reports on this combination of techniques (Sollinger et al., 1983). Dyna-beads, i.e., magnetic mi-
crospheres loaded with specific antibodies, effectively reduce major histocompatability complex
(MHC I and MHC II) antigen concentrations of single parathyroid cells. Using this technique,
the first successful transplantation of single parathyroid cells was reported. With the patients re-
ceiving “mild immunosuppression,” transplants were functioning for periods of up to 12 weeks,
allowing for a reduction of oral calcium and vitamin D substitution (Anton et al., 1995). A com-
bination of this technique with cell separation and in vitro culture passage yielded hormonally ac-
tive allotransplants without immunosuppression for periods of 3 months and—in one case—for
a period of 1 year (Tolloczko et al., 1996). In 1989 Fu and Sun published the first short-term in
vivo results (12 weeks) of functioning parathyroid allotransplantations without postoperative im-
munosuppression, by implanting parathyroid cells coated with an alginate, a natural substrate used
for immunoisolation of cells. The technique of microencapsulation has since been continuously
enhanced. Several long-term animal experiments have documented long-term survival of syn- and
transgenous parathyroid transplants without any immunosuppressive therapy (Hasse et al., 1994,
1996, 1997a,b,c, 1998a,b). The first two clinical cases in patients with postoperative hypopara-
thyroidism receiving successful parathyroid allotransplants without immunosuppression have
been reported, utilizing the technique of microencapsulation (Hasse et al., 1997d).

HYPOPARATHYROIDISM

Definition
Hypoparathyroidism is defined as a reduction of the concentration of intact parathyroid hor-

mone and (total) serum calcium to subnormal levels, caused by impaired or absent parathyroid
function (Fitzpatrick and Bilezikian, 1990; Aurbach et al., 1992; Habener et al., 1995). Persistent,
symptomatic hypoparathyroidism is diagnosed when the parathyroid hormone deficiency syn-
drome persists for more than 6 months and/or is accompanied by complaints or sequelae com-
monly associated with hypoparathyroidism.

Etiology and Classification
Symptomatic hypoparathyroidism may occur in a primary and a secondary form (Potts,

1995). Cases in which the etiology is unknown or cannot be established with certainty are referred
to as idiopathic hypoparathyroidism (Ziegler, 1976). In principle, all of the different forms of
symptomatic hypoparathyroidism may be an indication for parathyroid allotransplantation.
Therefore, all of the parathyroid hormone deficiency syndromes, including some rare ones, are in-
cluded in the following discussions (Fig. 37.1).

Primary hypoparathyroidism (congenital hypoparathyroidism)
Congenital forms of persistent hypoparathyroidism comprise three distinct entities: autoim-

mune hypoparathyroidism, DiGeorge syndrome, and Kenny–Linarelli syndrome. Only few re-
ports of these exist in the world literature, not allowing for estimates of the prevalence of these en-
tities. They are, however, quite rare compared to the acquired parathyroid hormone deficiency
syndromes.

Autoimmune hypoparathyroidism
Autoimmune hypoparathyroidism most commonly occurs as a part of the polyglandular 

autoimmune syndrome, autoimmune polyendocrinopathy/candidiasis/ectodermal dystrophy
(APECED). Two types of autoimmune polyendocrinopathy have to be differentiated. Autoim-
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mune hypoparathyroidism occurs only in association with type I, in which half of the cases are fa-
milial (autosomal recessive) and the other half are sporadic (Windeck and Reinwein, 1992). With
variable frequency, type I is associated with pernicious anemia, Hashimoto thyroiditis, early-onset
ovarian insufficiency, diabetes mellitus type I, and/or mucocutaneous candidiasis. Other ectoder-
mal problems associated with type I autoimmune polyendocrinopathy include dental or nail dys-
trophy, alopecia areata, vitiligo, and keratinophathy (Fitzpatrick and Bilezikian, 1990; Aurbach et
al., 1992; Windeck and Reinwein, 1992; Habener et al., 1995). It is only in the familial cases that
one may also encounter Addison’s disease (Windeck, 1996). Persistent hypoparathyroidism is seen
only in type I autoimmune polyendocrinopathy, with an incidence of 80%. Patients suffering from
type II polyglandular autoimmune syndrome (Schmidt syndrome) have normal parathyroid func-
tion (Fitzpatrick and Bilezikian, 1990; Aurbach et al., 1992; Habener et al., 1995).

DiGeorge syndrome
Hypoparathyroidism in DiGeorge syndrome is due to agenesis of the parathyroid and the thy-

mus gland caused by a failure of the development of the third and fourth branchial pouch. It may
be associated with severe immunodeficiency, facial dysplasia, and anomalies of the heart (Fitz-
patrick and Bilezikian, 1990; Aurbach et al., 1992; Windeck and Reinwein, 1992; Habener et al.,
1995; Windeck, 1996).

Kenny–Linarelli syndrome
Kenny–Linarelli syndrome is an autosomal recessively inherited disease characterized by cre-

tinism, delayed occlusion of the fontanels, myopia or hyperopy, cortical hyperostosis of cortical
bones, and episodes of hypocalcemic tetanies due to hypoparathyroidism. Exogenous parathyroid
hormone has been administered to patients affected by this syndrome, resulting in an increase of
cAMP excretion in urine (Fitzpatrick and Bilezikian, 1990; Aurbach et al., 1992; Keck and Kuh-
lencordt, 1992; Habener et al., 1995).

Secondary hypoparathyroidism (acquired hypoparathyroidism)
Injury to the parathyroid glands during operative procedures in the neck is the main reason

for acquired hypoparathyroidism. The parathyroids are either inadvertently removed or their blood
supply is impaired by iatrogenic hypo- or devascularization, edema, or hematoma (Ziegler, 1976).
The incidence of postoperative hypoparathyroidism is related to the type of surgery performed as
well as to the event of prior surgery to the neck. Accordingly, the incidence may vary considerably,
from 0 to 33% (Gann and Paone, 1979). Parathyroid hormone deficiency may also very occa-
sionally be caused by neoplastic infiltration of the parathyroid glands. This has been reported for
primary tumors of the parathyroid local tumors of various etiologies, and metastases (Ziegler,
1976, 1987; Keck and Kuhlencordt, 1992). Similar to the rare problems of the parathyroids sec-
ondary to progressive systemic sclerosis, storing of copper or iron, or amyloidosis, only very few
cases have been reported or are anecdotally mentioned in textbooks (Fitzpatrick and Bilezikian,
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branch of the facial nerve, may also be found in as many of 15% of healthy subjects. They are,
however, considered characteristic of tetanic predisposition induced by hypocalcemia, if contrac-
tions in the area of distribution of the second and third branch of the facial nerve are elicited
(Ziegler, 1976). Trousseau’s sign is provoked by inflating a blood pressure cuff placed around the
upper arm to pressures above the mean arterial pressure for several minutes. The test is regarded
positive if carpopedal spasms are noted within 3 min. The test is positive in less than 1% of nor-
mocalcemic subjects (Ziegler, 1987; Keck and Kuhlencordt, 1992; Aurbach et al., 1992; Haben-
er et al., 1995; Windeck, 1996). This sign may also be observed after 3 min of provocative hyper-
ventilation (Ziegler, 1976; Fitzpatrick and Bilezikian, 1990). Both Chvostek’s and Trousseau’s signs
were found in 55–62% of patients with postoperative hypoparathyroidism. Finally, the so-called
Lust’s sign is represented by reproducible extraplantar dorsiflections of the foot, in response to tap-
ping the fibular nerve at the height of the head of the fibula (Ziegler, 1976).

Laboratory tests will reveal low serum concentrations of total and ionized calcium, parathy-
roid hormone, and magnesium, as well as an increase of serum phosphate. Urinary excretion of
calcium, phosphate, and cAMP is decreased. Normal serum levels of creatinine and urea, as well
as normal levels of albumin, exclude renal insufficiency and syndromes of malassimilation as the
cause of hypocalcemia, rendering the diagnosis of hypoparathyroidism very likely. Occasionally,
electrocardiograms may show prolongation of the QT interval, caused by an increase in ST seg-
ments (Keck and Kuhlencordt, 1992; Windeck and Reinwein, 1992). Furthermore, T-wave in-
version or peaking may be observed (Keck and Kuhlencordt, 1992).

Radiographic examinations in patients with congenital or long-standing persistent hy-
poparathyroidism may demonstrate scattered skeletal condensations combined with areas of de-
mineralized bone as well as periarticular osteophytes (Windeck and Reinwein, 1992). Some 20%
of patients will have evidence of calcifications of the basal ganglia or gray matter by plain radi-
ograms or by computed tomograms of the skull (Keck and Kuhlencordt, 1992).

The diagnosis should be substantiated by functional tests. The diagnosis of hypoparathy-
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Table 37.2. Symptoms of hypoparathyroidisma

Increased neuromuscular excitability
Convulsions in conscious individuals

Spasms
Painful, symmetric, carpopedal tetany: “obstetricians’ hand”
Carpopedal tetany: talipes
Laryngeal and bronchial spasms, spasms of the respiratiory musculature: dyspnea
Spasms of perioral muscles: “fish mouth appearance”
Stenocardia
Cramping abdominal pain: visceral tetany

Convulsion
Tingling paraesthesia (facial, perioral, extremities)

Psychological alterations—endocrine psychosyndrome
Depressive mood
Hallucination
Anxiety, restlessness, confusion, agitation, irritability
Progressive mental retardation

Impaired hearing, loss of hearing
Pain of joints and bones
Feeling of coldness of the extremities
Diarrhea
Koprostasis, constipation
Muscular pain and weakness
Exhaustion

aFrom Ziegler (1976, 1987), Wagner (1980), Fitzpatrick and Bilezikian (1990), Aurbach et al. (1992), Keck and
Kuhlencordt (1992), Habener et al. (1995) and Windeck (1996).



roidism is very likely if administration of intact parathyroid hormone (400 IU i.v.) yields a 5- to
10-fold increase of urinary phosphate excretion. This test is called the Ellsworth–Howard test
(Ziegler, 1976; Keck and Kuhlencordt, 1992). If latent hypoparathyroidism is suspected, an eth-
ylendiamintetraacetate test (EDTA test) may be diagnostic. The EDTA chelate binds calcium po-
tently. In healthy subjects, a decrease of ionized calcium following infusion of EDTA stimulates
parathyroid (PTH) liberation, resulting in a fairly rapid restoration of normal serum calcium lev-
els. In patients with latent hypoparathyroidism, this autoregulatory loop is deficient. During the
test, serum calcium levels are repetitively determined before and after infusion of 50–70 mg sodi-
um-EDTA per kilogram of body weight. In contrast to healthy individuals, a typical patient will
not reach basal values of serum calcium within 12 hr after administration of the chelate (Ziegler,
1976). Another functional test can be used to differentiate pseudohypoparathyroidism from
hypoparathyroidism. Healthy individuals as well as patients with primary hypoparathyroidism,
administered infusions of synthetic human 1-34 PTH (30 
g within 5 min), will show a fourfold
increase of 1,25-dihydroxy vitamin D within 24 hr, in contrast to those with pseudohy-
poparathyroidism, who will have no evidence of increasing levels of vitamin D. Electromyography
(EMG) is a useful study to substantiate increased neuromuscular excitability. Doublets and triplets
during hyperventilation evidence tetanic predisposition (Ziegler, 1976). If these signs and symp-
toms of hypoparathyroidism are accompanied by facial dysplasia in a child, the diagnosis of the
rare DiGeorge syndrome is made. Persistent hypoparathyroidism combined with chronic muco-
cutaneous candidiasis leads to the diagnosis of APECED type I (Fitzpatrick and Bilezikian, 1990;
Aurbach et al., 1992; Habener et al., 1995). Table 37.3 depicts a complete investigative procedure
in patients with suspected hypoparathyroidism.
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Table 37.3. Sequelae of hypoparathyroidisma

Psychological alterations—endocrine psychosyndrome
Psychosis
Depression

Metastatic calcifications
Basal ganglia (symmetric; deposits of hydroxyapatite)

Morbus Parkinson and/or Morbus FAHR:
Headaches
Speaking disability
Dementia
Pyramidal symptoms (e.g., epileptiformic convulsions)

Subcutaneous
Lung
Lens: cataract (tetanic glaucoma)
Innenohr: loss of hearing
Periarticular osteophytes

Ectodermal alterations
Trophic impairment and infections of the skin and anhangsorgane

Alopecy
Flaky skin
Candidiasis

Increase of bone density and calcium content of bones
Cardiomyopathy, unspecific enlargement of the heart
Alterations of dentine, anomalies of the teethb

Deformations of the skeleton together with diminished growthb

Osteoporosis
Moon face

aFrom Ziegler (1976, 1987), Wagner (1980), Fitzpatrick and Bilezikian (1990), Aurbach et al. (1992), Keck and
Kuhlencordt (1992), Windeck and Reinwein (1992), Habener et al. (1995), and Windeck (1996).
bMainly in children.



Therapy of Hypoparathyroidism

Symptomatic therapy
Acutely symptomatic patients experiencing tetanic convulsions readily respond to slowly ad-

ministered intravenous calcium (calcium gluconate, maximum of 2 ml/min) (Windeck, 1996).
Care must be taken not to exceed a maximum dose of 15 mg calcium per kilogram of bodyweight
(Ziegler, 1976). Chronic hypocalcemia due to persistent hypoparathyroidism is treated by con-
tinuous oral calcium. If relief of symptoms and serum calcium concentrations in the low normal
range are not achieved with calcium alone, vitamin D (calcitriol) is given additionally (Windeck,
1996). Until the introduction of vitamin D in the 1930s, hypoparathyroidism was a life-threat-
ening condition. Calcitriol raises serum calcium concentrations by osteolysis and by increasing in-
testinal absorption of calcium. Regular serum calcium and urinary calcium excretion tests are need-
ed to evaluate the effectiveness of calcitriol therapy. The urinary calcium excretion must not exceed
250 mg/day (Windeck and Reinwein, 1992).

The overall course of persistent hypoparathyroidism mainly depends on how early therapy is
initiated, its stringent implementation, and life-long control. Without adequate therapy and con-
trol, all of the symptoms and sequelae of the disease are imminent. Long-term therapy of patients
in which the disease takes a rather moderate course with only minor symptoms is most challeng-
ing. A milder symptomatology is most commonly encountered in patients with postoperative hy-
poparathyroidism, representing by far the majority of patients with persistent hypoparathyroidism.
Unspecific conditions such bone pain, loss of energy, exhaustion, depressive mood, and latent con-
vulsions are either ignored or unrecognized for many years until irreversible consequences arise
(Ziegler, 1976, 1987). Permanent care of this large number of patients at risk is of particular im-
portance.

However, even with rigorous, long-term therapy, sequelae of hypoparathyroidism may still
occur. Chronic parathyroid hormone deficiency invariably results in a loss of activity of bone me-
tabolism, resulting in osteoporosis and bone pain (Wagner, 1980). On the other hand, calcitriol
lacks the full renal calcium-retaining ability of parathyroid hormone. Patients administered vita-
min D inadvertently develop hypercalciuria, although their serum calcium levels may be normal
or in the low normal range. Accordingly, these patients have an increased risk of nephrolithiasis,
nephrocalcinosis, and subsequent impairment of renal function (Potts, 1995). Moreover, these pa-
tients have an increased risk of developing calcium depositions in the soft tissues, as well as accel-
erated arteriosclerosis.

Because the therapeutic range of calcium and vitamin D supplementation is small, patients
are at risk of drug overdose at all times, manifesting as hypercalcemia syndrome of variable degree.
Also, oral calcium and vitamin D supplements will level out the imbalances of calcium and phos-
phate metabolism at best. They are, however, unable to replace the many other metabolic actions
of parathyroid hormone, which remain permanently untreated. It is therefore very important to
provide definitive therapy for parathyroid hormone deficiency.

Causative therapy
Treatment of the parathyroid hormone deficiency syndrome may involve administration of

parathyroid hormone or transgenous transplantation of parathyroid tissue. In 1925 Collip de-
scribed a hormone of the parathyroid glands to be the main factor in calcium homeostasis. How-
ever, it was not until 1978 that the hormone was sequenced in its entirety (Keutmann et al., 1978).
Meanwhile, genetically engineered human recombinant 1-34 PTH has become available. The first
clinical trials indicate that, in principle, permanent hypoparathyroidism can be treated by recom-
binant 1-34 PTH (Winer et al., 1996). For the time being, the short half-life and the in vivo in-
stability of synthetic PTH do not allow for continuous, sufficient treatment. Moreover, resistance
to the hormone after repetitive application has been described. Therefore, a major focus of con-
tinued research is to develop a tracer-bound hormone preparation, suitable for long-term replace-
ment therapy.

Replacing the parathyroid organ is a much more promising approach if physiologic calcium
homeostasis is to be achieved. Currently, parathyroid allotransplantation has been performed only
with continuous systemic immunosuppression. This approach is not justified, because hypopara-
thyroidism is rarely ever a life-threatening condition and because systemic immunosuppression
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causes significant side effects. The advantages of functional replacement of the organ are undis-
puted. Therefore, allo- and xenotransplantation of parathyroid glands without a need for systemic
immunosuppression are a matter of intense research activity. Several different procedures have pro-
gressed from the stage of animal experimentation to that of first clinical trials. Encouraging results
have been reported, particularly for those techniques that aim to either reduce the immunogenic-
ity of the tissue to be transplanted or to immunoisolate it. At present, however, only first clinical
observations have been published and none of the methods has yet been established as a clinical
procedure (Anton et al., 1995; Tolloczko et al., 1996; Hasse et al., 1997). Which of the methods,
or combinations thereof, are best suited for long-term treatment of patients with symptomatic
postoperative hypoparathyroidism awaits further clinical trials in larger series of patients.

MICROENCAPSULATION
Microencapsulation refers to a process by which gas, fluids, or solid active ingredients are en-

capsulated by a shell substance, producing microspheres of a size ranging from 1 
m to 7 mm,
isolating the incorporated core substance from the surrounding environment (Franjione and Va-
sishtha, 1996). In principle, the encapsulated substance may be released by three different ways.
One is mechanical disruption of the capsule. For instance, microcapsules applied to the back of
carbonless copy paper burst and release the incorporated dye when pressure is applied with a pen
point. This application of the microencapsulation technology was first introduced by the Ameri-
can chemist Green in the 1930s (Fanger, 1974). Second, the capsule may slowly erode or biode-
grade. This mechanism is utilized to encapsulate protein-reactive enzymes in powder detergents,
which are released at defined conditions, e.g., a certain temperature. Finally, other applications
make use of the fact that the contents of a microcapsule are released slowly over time by diffusion,
maintaining the integrity of the capsule. This particular aspect, together with the ability of a mi-
crocapsule to isolate the core substance from its environment, have made this technology a major
focus of interest in transplant medicine.

Ennis and James in 1950 devised the first apparatus by which they were able to obtain single
droplets of a uniform size. They modified the principle of producing small amounts of aqueous
and nonaqueous fluid spheres conceived in 1947 by Lane and Levvy and called it “droplet sizer”
(Ennis and James, 1950). This apparatus was the progenitor of the microencapsulation technolo-
gy from which many applications currently used in industry, basic research, and medicine have de-
veloped. The first application of this technology in the field of medicine was proposed by in 1964
Chang, who intended to develop artificial cellular systems to be used to replace blood. While in-
vestigating different carrier systems to encapsulate hemoglobin and several different enzymes si-
multaneously by thin nylonlike semipermeable membranes, he developed a method of microen-
capsulation based on interfacial polymerization. However, the reaction needs to be carried out
under severe conditions, resulting in liberation of cytotoxic byproducts. Moreover, the membranes
were found to be not entirely biocompatible, and the monomers are chemically active to the ex-
tent that necrosis of cells is induced. This prompted extensive efforts for alternative shell sub-
stances.

ALGINATES
Alginates are extracted from brown algae (Macrocystis pyrifera), which are most commonly

found on the shorelines of Scotland and Great Britain. In the seventeenth century it was known
that the ashes of brown algae contained high amounts of soda, which was used in the production
of soap and glass. In 1811, iodine was discovered in the ashes. After less expensive methods to pro-
duce soda had been established, the production of potash and iodine kept the local algae-based in-
dustry alive. Today, alginates are used for many different purposes in industry (e.g., food, concrete,
fire-resistant synthetic materials) as well as in medicine (wound dressings, prosthetics, orofacial
surgery). Commercially extracted alginates are a mixture of uronic acid polymers, composed main-
ly of mannuroic and guluronic acid. Calcium ions are used as a cross-linking agent. The polymer
is a complex three-dimensional network of varying density, depending on the concentration of the
two mayor compounds. Grant et al. (1973) have referred to the ultrastructure of the cross-linked
polymer as an “egg-box model” because of a similar pattern of layering.

In 1977 Kierstan and Bucke were the first to use alginates as a shell substance in microen-
capsulation. For the first time, microencapsulation of viable cells was achieved. By dropwise addi-
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tion of cells immersed in sodium alginate into a calcium chloride solution, stable hydrogel beads
were formed (Kierstan and Bucke, 1977). A drawback of this technique is the instability of the
capsule. Biodegradation occurs as a consequence of dilution of calcium ions reacting with phos-
phates of the recipient. Therefore, Lim and Sun (1980) proposed to coat the alginate capsules with
a second membrane of poly(l-lysine) (PLL membrane). Zimmermann and co-workers (1992) suc-
ceeded in integrating more stable ions, e.g., barium, as cross-linking agents. Appropriate incuba-
tion conditions provide highly stable, fully biocompatible alginates.

EXPERIMENTAL AND CLINICAL TRANSPLANTATION 
OF MICROENCAPSULATED PARATHYROID TISSUE

We adopted the well-described technique of microencapsulation with alginates already used
in pancreatic islet cell transplantation and modified it extensively for transplantation of parathy-
roid tissue. Combining refined tissue culture techniques and microencapsulation, iso-, allo-, and
xenotransplantation of microencapsulated parathyroid tissue were reproducibly achieved in an an-
imal model of experimental hypoparathyroidism without a need for systemic immunosuppression
(Hasse et al., 1994, 1997a).

Prior to the first clinical use, continued analysis of the alginate for the purpose of biocom-
patibility testing revealed mitogenic properties. Using patented techniques, a purified, amitogenic
alginate suitable for clinical use was isolated by the Institute of Biotechnology of Würzburg, Ger-
many (Zimmermann et al., 1992; Klöck et al., 1994). The novel alginate displayed distinctly dif-
ferent biochemical and biophysical properties compared to the mitogenic alginate, which required
several adjustments of the purification and the microencapsulation procedures. However, subse-
quent in vivo studies in syn- and allogenic animal models unequivocally showed that the same re-
sults as with the mitogenic alginate were also obtained when the novel amitogenic alginate was
used (Hasse et al., 1996, 1997b,c, 1998a,b). These results founded the rationale for a first clinical
use of microencapsulated parathyroid allotransplants in patients suffering from symptomatic per-
sistent postoperative hypoparathyroidism. We have published the data on the first two patients
treated with this method. Twelve weeks following allotransplantation of cultured and microen-
capsulated hyperplastic parathyroid tissue, the two patients were normocalcemic and had normal
levels of parathyroid hormone without immunosuppression. Both patients reported an impressive
improvement of symptoms and sequelae of hypoparathyroidism (Hasse et al., 1997d).

ALTERNATIVE APPROACHES AND PERSPECTIVES
The feasibility of parathyroid allotransplantation to patients receiving systemic immunosup-

pression has already been outlined. This has repeatedly and successfully been performed during
transplantation of the kidney, pancreas, heart, and liver, and, because these patients already require
life-long immunosuppression, is an entirely justified approach (Groth et al., 1973; Starling et al.,
1977; Wells et al., 1979; Bloom et al., 1987). For the time being, this approach is the only clini-
cally established method that allows for a definitive therapy of persistent symptomatic hy-
poparathyroidism.

Reducing the immunogenicity of parathyroid tissue has been accomplished utilizing several
different methods. However, except for the few already mentioned exceptions, these methods will
not be of clinical relevance until long-term success is documented for clinical allografting without
prolonged immunosuppression (Anton et al., 1995). It would therefore appear that the only two
alternatives to allotransplantation of cultured and microencapsulated parathyroid tissue that may
be of relevance for the treatment of hypoparathyroid patients without posttransplant immuno-
suppression are substitution of parathyroid hormone and implantation of parathyroid cells pre-
treated by specific tissue culture methods aiming to reduce its antigenicity. All of these approach-
es are at the stage of first clinical trails.

Earlier attempts to use bovine PTH were hampered by an invariable development of anti-
bodies, resulting in hormone resistance (Melick et al., 1967). Although synthetic human PTH has
become available, it appears that development of hormone resistance prevails. In 1990 Stögmann
et al. reported their initial experience with two patients treated with subcutaneous injections of
synthetic human 1-34 PTH (400 E daily). One patient developed resistance after only 10 weeks
and the other was able to maintain normal levels of serum calcium for a period of 7 months. The
further history of these patients is unknown (Stögmann et al., 1990). These observations were con-
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firmed in another report of a larger series of patients treated for a period of 10 weeks. During this
short-term trial, therapy with 1-34 synthetic PTH was successful. However, the problem of over-
coming resistance during long-term treatment remains to be solved (Winer et al., 1996).

In 1991 Tolloczko et al. reported several cases in which allografting of cultured parathyroid
cells by subfascial injection to the nondominant forearm had been performed. Their series, cur-
rently comprising 23 patients, of whom some showed evidence of allograft function for up to 14
months after the transplantation without immunosuppression, has been updated (Tolloczko et al.,
1991, 1994, 1996). Unfortunately, the details of how these results were achieved are not entirely
clear. At first, hyperplastic parathyroid tissue from patients with renal hyperparathyroidism was
assessed for infiltration with passenger lymphocytes and expression of HLA antigens using im-
munohistochemical methods. Without a detailed description of selection criteria, 10–15 particles
of parathyroid tissue that seemed most appropriate were used for in vitro culture. Tissue culture
was initiated by primary explant technique and maintained for 6 to 12 weeks, apparently without
further attempts to select for parathyroid cells. Subsequently, 2 � 106 to 2–3 � 107 viable cells,
assumed to be antigen-depleted parathyroid cells, were allotransplanted (Wozniewicz et al., 1996).
However, during the serial subculture an exponential decrease of PTH secretion was noted, which
may be explained either by necrosis of parathyroid cells or by fibroblastic overgrowth. Cellular con-
tamination and residual antigenicity were underscored by an increasing posttransplant donor-spe-
cific T cell reactivity, with gradual cessation of parathyroid allograft function observed in all re-
cipients (Tolloczko et al., 1994).

At present, there is no validated approach, without immunosuppression, to treat the consid-
erable number of patients with persistent hypoparathyroidism. However, several developments
have delivered promising early results. Evidently, a combination of different methods—including
those that reduce the immunogenicity and immunoisolate the graft—is needed to achieve long-
term in vivo graft function without posttransplant immunosuppression. To optimize these differ-
ent approaches and investigate the clinical utility of their combination is a promising approach
that should be further explored.
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1990; Aurbach et al., 1992; Keck and Kuhlencordt, 1992; Habener et al., 1995; Windeck, 1996).
This is also true for some isolated cases of hypoparathyroidism occurring after irradiation therapy,
radioiodine treatment, and chemotherapy (Fitzpatrick and Bilezikian, 1990; Aurbach et al., 1992;
Keck and Kuhlencordt, 1992; Habener et al., 1995).

Pathogenesis
The concentration of ionized extracellular calcium is regulated by parathyroid hormone and

vitamin D (calcitriol) within tight margins of variance. Due to a reduction of parathyroid hor-
mone-dependent osteoclastic bone resorption, chronic parathyroid hormone deficiency invariably
results in hypocalcemia. The symptoms of parathyroid hormone deficiency are caused by hypocal-
cemia (Ziegler, 1976; Fitzpatrick and Bilezikian, 1990; Aurbach et al., 1992; Habener et al., 1995).
Serum calcium concentrations may drop to a minimum of 1.5 mmol/liter. Below this threshold
range, the gradient between the calcium concentration of the bone and that of the unsaturated ex-
tracellular fluid is such that bone-derived calcium will effectively go into solution independent of
parathyroid hormone (Ziegler, 1976). In this respect, the often observed hyperphosphatemia, re-
sulting from an increase in tubulorenal reabsorbtion, is of minor importance.

Symptoms
The signs and symptoms of chronic hypoparathyroidism were first described in 1941 by Lach-

mann. One of the main features of symptomatic hypoparathyroidism is increased neuromuscular
excitability resulting from hypocalcemia (Ziegler, 1976; Wagner, 1980; Fitzpatrick and Bilezikian,
1990; Aurbach et al., 1992). Hyperexcitability may cause severe muscular convulsions without loss
of consciousness (Keck and Kuhlencordt, 1992; Habener et al., 1995). They are either apprecia-
ble as tonoclonic convulsions or isolated muscular spasms, which often occur as symmetric spasms
of the extremities (Wagner, 1980; Fitzpatrick and Bilezikian, 1990; Aurbach et al., 1992). The
characteristic clinical sign of carpopedal tetany induced by hypocalcemia is referred to as “obste-
tricians’ hand” and talipes in the case of tarsopedal tetany (Ziegler, 1976, 1987; Wagner, 1980;
Fitzpatrick and Bilezikian, 1990; Keck and Kuhlencordt, 1992; Habener et al., 1995). Spasms of
the perioral muscles cause a typical facies commonly referred to as “fish mouth appearance”
(Ziegler, 1987). The bronchi and the respiratory muscles may also be affected, causing laryngeal
spasms and severe dyspnoa (Aurbach et al., 1992; Keck and Kuhlencordt, 1992). Occasionally,
hypocalcemia may also be responsible for cramping abdominal pain, hence the term visceral tetany,
and for stenocardic complaints in some patients (Ziegler, 1987; Fitzpatrick and Bilezikian, 1990;
Aurbach et al., 1992; Habener et al., 1995; Windeck, 1996).

All of these spasms may occur without any appreciable precipitating cause, yet more often in
situations of increased physical or psychic stress. They may last for only a few minutes as well as
for up to several hours. Females are more often affected than males and a periodic increment in
frequency as well as severity has been reported, suggesting a relation to the menstruation cycle.
Also, these spasms apparently have a tendency to occur more often during spring and autumn
(Ziegler, 1976).

The typical clinical appearance of a tetany is easily diagnosed; however, in only one-fourth of
patients is it fully appreciable (Ziegler, 1987). This may explain why less obvious cases of “latent”
hypoparathyroidism are often overlooked. Muscular hyperexcitability may be discrete and appre-
ciated only as aching, tingling, and numbness of extremities [“tingling paraesthesia” (Ziegler, 1976;
Wagner, 1980; Habener et al., 1995)].

A comprehensive synopsis of all the symptoms associated with persistent hypoparathyroidism
is given in Table 37.2.

Diagnosis
An in-depth patient history and physical examination are the keystones of making the diag-

nosis of hypoparathyroidism. Symptoms and sequelae of the disease as described previously are
considered; they are either reported by the patient or are found as a result of a meticulous ques-
tioning and exam. A number of clinical tests can be employed. For instance, tapping the cheek of
the patient just anterior to the ear, may cause reproducible contractions of the facial muscles, a
sign commonly referred to as Chvostek’s sign (Ziegler, 1987; Keck and Kuhlencordt, 1992; Haben-
er et al., 1995; Windeck, 1996). Such contractions of the facial muscles, conducted by the third
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INTRODUCTION

Tissue engineering is an emerging multidisciplinary effort for therapeutic intervention beyond
the current state-of-the-art treatments for a variety of clinical scenarios in which there is in-

sufficient tissue. The rationale and historical background for the current state of tissue engineer-
ing neointestine for patients suffering from short bowel syndrome is addressed. Specific emphasis
is placed on enterocyte isolation and morphogenesis of tissue-engineered neointestinal mucosa.

The maintenance of life by all organisms is dependent on the acquisition and utilization of
food. Nutrients are broken down into simple compounds and provide the energy necessary for the
maintenance of bodily functions as well as the materials for growth of the organism and repair of
tissues that have been damaged.

Simple forms of life, such as bacteria, absorb their nutrients directly through their outer sur-
face layer. As multicellular animals have evolved, specialized cavities have developed in which food
is prepared for absorption by a process of digestion. The alimentary tract in humans is a highly
specialized organ that is anatomically and functionally divided into the mouth and pharynx (mas-
tication and swallowing), esophagus (transport), stomach and small intestine (digestion, absorp-
tion, endocrine, and immunologic), and colon (absorption of water and evacuation). In addition,
the liver and pancreas, glandular organs connected by special ducts to the lumen of the intestine,
produce juices that aid in the digestive and absorptive process (Hamilton and McMinn, 1976).

A widely varied pathology can affect the different regions of the alimentary tract, requiring
different modes of treatment. The goal of any surgical intervention is to remove diseased or in-
sufficient tissue and to reconstruct the remaining tissues in an anatomically and physiologically
meaningful fashion. Surgical ablation can result in significant tissue loss of single or multiple
anatomic subdivision(s). In most circumstances successful anatomic reconstruction can be
achieved without substantial loss of function. The small intestine is a notable exception due to its
unique characteristics for digestion and absorption.

Short bowel syndrome (SBS) refers to a condition of malabsorption and malnutrition fol-
lowing major resection of the small intestine, which may also include some or all of the large in-
testine. The clinical signs and symptoms of SBS are characterized primarily by intractable diar-
rhea, steatorrhea, weight loss, dehydration, malnutrition, vitamin and electrolyte deficiencies, as
well as macrocytic anemia (Tilson, 1980).

The diseases leading to massive small bowel resection depend on the age group of the patient.
In newborns, congenital short small bowel, multiple bowel atresias, extensive aganglionosis
(Hirschsprung’s disease), gastroschisis, meconium peritonitis, and acquired disease such as midgut
volvulous and necrotizing enterocolitis all have the potential for producing insufficient intestinal
length. In children and adults the common causes include abdominal trauma, Crohn’s disease, ra-
diation enteritis, and mesenteric ischemic vascular disease (Kern et al., 1990). In adults, resection
of 70% or more of the small intestine can significantly impair the ability of the patient to main-
tain normal nutrition and metabolism. These patients require special nutritional care on a long-
term or permanent basis, especially with the loss of the terminal ileum and ileocecal valve (Du-
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drick et al., 1991). Infants with greater than 10–15 cm of jejunoileum with an intact ileocecal
valve or 25–40 cm of small bowel without the ileocecal valve are usually given the benefit of long-
term parenteral nutrition to allow their residual intestine sufficient time to adapt and permit sur-
vival without parenteral nutrition (Williamson, 1978a,b).

Intestinal adaptation occurs due to a variety of luminal, circulating, and cellular influences re-
sulting in increased gut surface area for absorption through mucosal hyperplasia, villous length-
ening, deepening of intestinal crypts, and increase in diameter of the remaining intestine (Chaves
et al., 1987; Lak and Baylin, 1983; Unger et al., 1968; Weber et al., 1991). These adaptive changes
occur slowly and can take up to 2 years before adequate nutrition can be maintained through oral
intake alone. Children have greater adaptive potential than adults do because the intestine grows
as the child ages (Touloukian and Smith, 1983).

Survival of patients with SBS, particularly infants and children, has improved primarily be-
cause of the increased use of total parenteral nutrition (TPN) both during hospitalization and at
home (Cooper et al., 1984; Dorney et al., 1985; Grosfeld et al., 1986). However, this therapy is
not without consequence. Catheter-relative complications (systemic infection, venous thrombo-
sis, mechanical breakage, and malfunction) are frequent and the vast majority of patients require
rehospitalization (Caniano et al., 1989; Thompson, 1990). Progressive bone demineralization is
characteristic of patients on chronic TPN (Foldes et al., 1990). Transient liver enzyme abnormal-
ities, cholestasis, and cholelithiasis are common. Progressive cholestatic jaundice and cirrhosis as-
sociated with TPN account for more than 50% of deaths among infants and children maintained
with chronic TPN and 5% of deaths among adults (Howard et al., 1986). The cost of TPN at
home currently exceeds $150,000 per year.

Numerous innovative surgical techniques for increasing intestinal surface area and improving
absorption have been developed. Several approaches have been investigated, including tapering
(Weber et al., 1982) and lengthening (Pokorny and Fowler, 1991) residual intestine, slowing in-
testinal transit by creating artificial ileocecal valves (Ricotta et al., 1981) and utilizing reversed in-
testinal segments (Diego et al., 1982), recirculating loops of bowel and growing intestinal neo-
mucosa (Thompson et al., 1984), and intestinal transplantation (Bueno et al., 1999; Reyes et al.,
1998).

None of the currently available surgical alternatives for treatment of SBS is sufficiently safe
and effective for routine and widespread use. Transplantation of small intestine seemingly offers
the most reasonable alternative in patients with near fatal loss of intestine and therefore no hope
for adaptation and in those with intolerance to TPN. Despite recent improvements in immuno-
suppression and preservation of harvested small intestine, the major clinical obstacle to intestinal
transplantation continues to be allograft rejection, graft-versus-host disease, and cytomegalovirus
infection (Reyes et al., 1998; Schraut et al., 1986). The development of lymphoproliferative com-
plications is also a major concern. The adverse effects to growth and development of chronic cor-
ticosteroid use in children are a significant limitation. Thus, the mortality and morbidity remains
high with intestinal transplantation. Furthermore, when these immunologic problems are re-
solved, this therapy will still be faced with donor scarcity, the other significant problem facing all
of the field of whole-organ transplantation.

TISSUE ENGINEERING
Transplanting selected cell populations is a method to create new tissue substitutes for the re-

placement and repair of lost or damaged tissue (Russell, 1985). The emerging field of tissue engi-
neering involves a multidisciplinary effort, merging the fields of cell and molecular biology, ma-
terials science, and surgical reconstruction to engineer new tissue (Langer and Vacanti, 1993).

A variety of strategies have been adopted by numerous investigators to engineer virtually every
mammalian tissue. Our laboratories have been utilizing highly porous synthetic polymeric devices
to deliver the transplanted cells to a given anatomic location, and to serve as a template for the re-
organization of the transplanted cells as they form new tissue (Vacanti et al., 1988). The morpho-
genesis of the implanted cell–polymer construct involves the ingrowth of fibrovascular elements
from the host implantation site into the graft, resorption of the bioerodable scaffold, and expres-
sion of a differentiated phenotype by the implanted cells in a permanently engrafted new tissue.
Various surgical manipulations have been explored and incorporated into the tissue engineering
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Fig. 38.1. The small intestine is a laminated, tubular organ composed of an inner mucosal layer
for digestion and absorption and an outer neuromuscular layer for peristaltic propulsion of nutri-
ents. From Netter (1962). Copyright 1962. Novartis. Reprinted with permission from The Netter
Collection of Medical Illustrations, Vol. 3, Part II, illustrated by Frank H. Netter, M.D., All rights
reserved.



strategy to take advantage of adaptive responses. A successfully engrafted and functioning new
three-dimensional cell mass would be a true chimera of implanted parenchymal elements from the
donor and mesenchymal elements (endothelial cells, fibroblasts, lymphatic and neural cells) from
the recipient. The term “chimeric neomorphogenesis” has been coined to describe this approach
(Vacanti, 1988).

The small intestine is a laminated, tubular organ composed of an inner mucosal layer for di-
gestion and absorption and an outer neuromuscular layer for peristaltic propulsion of nutrients
(Fig. 38.1). The goal of this project is to develop a small animal model for generating new intestinal
mucosa, to increase intestinal epithelial surface area for digestion and absorption, as the essential
first step to tissue engineer a composite tubular tissue with a neuromuscular coat. The fundamental
elements in our approach to engineer new tissue equivalents consist of parenchymal cell isolation,
cell–polymer construct formation, cell–polymer construct implantation, and histologic and func-
tional assessment of the engrafted tissue. Perhaps the most critical step in this process is the isola-
tion procedure. A guiding principle of tissue engineering any tissue equivalent is that the harvest-
ed parenchymal cells must be viable and maintain their ability to regenerate the tissue of interest
in vivo.

ENTEROCYTE ISOLATION
The epithelial cells of the small intestine, referred to as intestinal epithelial cells (IECs) or en-

terocytes, represent a rapidly renewing cell population characterized by continuous growth and
differentiation in vivo (Carnie et al., 1965a,b; Cheng and Leblond, 1974a,b). Cell replication is
limited to the lower two-thirds of the crypts and is balanced by continuous loss of differentiated
cells at the villus tip (Fig. 38.2). This pattern of programmed cell death has been termed apopto-
sis (Potten et al., 1997). IECs have a rapid cell turnover, with a mean cell life-span of 2–3 days in
most animals. Approximately 75% of IECs are differentiated, mature absorptive columnar-shaped
villus cells and 25% consist of their precursors, the rapidly proliferating undifferentiated cuboidal-
shaped crypt cells. Differentiation of these mitotically active crypt cells is accompanied by dra-
matic changes in enzyme and transport activities along with changes in morphology, including the
appearance of a well-organized brush border at the luminal surface and a more columnar cell shape.
The four main cell types of the intestinal epithelium—villus columnar, mucous goblet, entero-
endocrine, and Paneth cells—originate from pluripotent stem cells located in the crypts of
Lieberkuhn (Cheng and Leblond, 1974a,b).

In the first edition of “Principles of Tissue Engineering” we described our initial approach at
tissue engineering neointestinal mucosa utilizing suspensions of individual or small clusters of
IECs (Organ and Vacanti, 1997). Weiser’s chelating method for isolating IECs in a villus-to-crypt
cell gradient was modified to harvest IECs on a large scale (Organ et al., 1993a,b; Organ and Va-
canti, 1995). A syngeneic Lewis rat model as developed for selective isolation of highly prolifera-
tive, crypt cell-enriched fractions of IECs. IECs were seeded onto 10 � 10 mm2 sheets of non-
woven fibers of poly(glycolic acid) (PGA) to form constructs. IEC–PGA constructs were rolled
around a silastic stent and implanted into various vascular beds. Histologic analysis confirmed that
the grafts (1) contained cells that have the cytologic characteristics of IECs and formed a stratified
epithelium, (2) had positive cytokeratin immunohistochemical staining features of epithelial cells,
(3) showed labeling of implanted IECs with fluorescent vital dyes, confirming the origin of the
engrafted cells, and (4) maintained remarkable proliferative cell capacity up to 28 days after im-
plantation. At any of the observed time points out to 60 days, there was not evidence of neomu-
cosa that had remodeled with typical small intestinal villus/crypt morphology. The histologic ap-
pearance of the transplanted IECs was reminiscent of fetal intestinal development, arrested at the
stratified epithelial stage.

Advances in the field of developmental biology have focused on the importance of the ep-
ithelial–mesenchymal interactions, particularly in intestinal organogenesis (Kedinger et al., 1986,
1987). Evans and Potten described an improved method of isolating IECs utilizing neutral pro-
tease and collagenase (Evans et al., 1992). This method yields intact crypts with their pericryptal
fibroblast, thus maintaining the epithelial–mesenchymal interaction. The resulting crypt cell ag-
gregates (IECs) have been shown to have significantly improved viability, greater in vitro prolifer-
ation, and expression of differentiated function.
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Fig. 38.2. Anatomy of the villus/crypt axis of the epithelium of the small intestine. From Potten
and Loeffler (1990), with permission from the Company of Biologists Ltd.



PROCEDURAL STEPS

IECA Isolation
Neonatal (6–26 g) Lewis rats (n � 4–8) serve as donors (Organ et al., 1998a,b). Under En-

flurane inhalation anesthesia the abdominal viscera are eviscerated through a midline laparotomy.
The stomach is intubated, the distal ileum transected, and peroperative lavage performed with 30
ml of 0.9% normal saline at room temperature to remove fecal material and mucous debris. The
intestine is lavaged with 10 ml of Dulbecco’s Modified Eagle’s Media (DMEM) at 0–4�C to in-
stitute a state of cellular hypometabolism. The intestine is ligated distal to the ligament of treitz
and at the distal ileum. The mesenteric attachments are sharply divided and the bowel is measured
and placed in a glass petri dish on ice with Hank’s Balance Salt Solution (HBSS). After harvesting
all the donor bowel, the small intestine is slit longitudinally and sharply diced into sections 2–3
mm2, transferred to a T25-ml flask, and washed eight times in 25-ml changes of HBSS at 0–4�C
with vigorous shaking on an orbital shaking platform at 80 cycles/min. The contents are trans-
ferred to a sterile petri dish and sharply diced into pieces 1 mm3 and transferred into a T25-ml
flask for enzymatic digestion (see Fig. 38.3 for details of isolation).
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Fig. 38.3. Evans and Potten collagenase/dispase method for IECA isolation. (a) 1 mm3 diced seg-
ments of small intestine are placed into a T25 flask with 20 ml of ES on an orbital shaking plat-
form (80 cycles/min � 25 min at 25�C). (b) Pipette suspension vigorously for 30 sec with a 10-ml
pipette and transfer to a 60-ml conical tube (tube A). (c) Allow suspension to sediment under grav-
ity for 60 sec. Carefully remove the supernatant and transfer to conical tube B at 0–4�C. (d) Re-
suspend sediment in tube A with 20 ml of ES and repeat step c twice. (e) Add 10 ml of DMEM-S
to conical tube B, mix, and centrifuge at 8 g for 2 min at 0–4�C. Carefully aspirate supernatant
and discard. (f ) Resuspend pellet in tube B with 20 ml of DMEM-S and repeat step e centrifuga-
tion and supernatant aspiration cycles 4 times. (g) Resuspend pellet 100–200 ml) in DMEM 3–5
ml) to form final suspension for construct formation and assays. Media: ES, 0.1 mg/ml dispase
(neutal protease type I, Boehringer) and 300 U/ml collagenase (type XI, Sigma) in Hank’s Balanced
Salt Solution (Life Technologies), pH 7.4; DMEM-S, Dulbecco’s Modified Eagle Medium (1 � high
glucose with L-glutamine, Life Technologies) � 2.5% fetal calf serum (lot no. 1007757, Life Tech-
nologies) � 2% fungizone, 0.25 mg/ml (Biowhittaker). From Evans et al. (1992).



Assays
The final suspension of isolated IECAs is counted in a standard hemocytometer. The di-

mensions of the IECAs, which are estimated to contain 600–800 cells in a single crypt aggregate,
preclude performing hemocytometric counts in the standard fashion (i.e., applying the suspension
to the trough of the hemocytometer and allowing the chamber to fill by capillary action). We have
modified the procedure by applying 12 
l of the final suspension onto the surface of the hemo-
cytometer, placing the cover slip, and then counting four quadrants in the standard fashion. He-
mocytometer counts are performed in triplicate. The final IECA suspension is assayed for cell pro-
tein, measured in triplicate, as a separate measure to quantitative cellular mass. Viability is
determined by mitochondrial reduction of a tetrazolium sale, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), to formazan, measured spectrophotometrically (OD 570
nm) in triplicate (Plumb et al., 1989).

To quantify seeding efficiency a cohort of IECA–PGA constructs (n � 2–4) are seeded with
500 
l of the final suspension in a separate 24-well plate and incubated for 60 min in a 5% CO2
incubator at 37�C. Constructs are removed from their original seeding well and placed into a sec-
ondary well. MTT activity is measured in the original seeding wells and grafting efficiency is de-
termined by the percentage of MTT activity of the residual IECAs in the original seeding well 
divided by the MTT activity of the final suspension. IECA cell mass delivered is derived by mul-
tiplying the MTT-generated grafting efficiency by the number of IECAs seeded. Donor neonatal
intestine yields 779 � 224* IECA/cm. Employing eight donors, the final suspension typically con-
tains 10,645 � 2979* IECA/ml with a cell protein concentration of 2.18 � 0.08* mg/ml. Rela-
tive viability of IECA was 25.5 � 1.5* OD/mg cell protein. Seeding efficiency was 83 � 1.1%*,
resulting in delivery of 4418 � 1236* IECA/cm2 (*, SEM).

IECA–PGA Construct Formation
A volume of 500 
l of the final IECA suspension is gently seeded onto 1-cm2 patches (n �

4–8) of nonwoven polymer fibers (diameter, 15 
m; pore size, 150–200 
m; 4-ply at 80–100

m thickness, Davis & Geck) of poly(glycolic acid) in a 24-well plate (Fig. 38.4). The seeding
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Fig. 38.4. Scanning electon micrograph of freshly seeded IECA–PGA construct. The IECA is firm-
ly adherent to the PGA fiber. Courtesy of D. J. Mooney, University of Michigan, Department of
Chemical Engineering.



technique for optimal distribution and attachment efficiency is to apply the final IECA suspen-
sion a single drop at a time, in a smooth, circular motion starting at the center of the PGA and
proceeding toward the edges. An additional 500 
l of DMEM is gently added to each well. IECA–
PGA constructs, grouped in cohorts of four constructs per 24 well plate, are placed in a 5% CO2
incubator at 37�C for 1–2 hr prior to implantation.

Implantation
Four constructs are implanted as a single cohort. On removal from the incubator, the IECA–

PGA constructs are placed on ice. The constructs are gently rolled around a sterile silastic stent
(outer diameter, 2.2 mm) and placed on the eviscerated omentum of a male Lewis rat (50–225
g). The omentum is atraumatically folded around the construct and secured with 7-0 Prolene su-
tures placed in a nonischemic fashion, parallel to the gastroepiploic arcade. The omentum is re-
turned to the peritoneal cavity, 1–2 ml of sterile normal saline is added to the abdominal cavity
for postoperative fluid resuscitation, and the incision is closed in two layers.

Histologic Assessment
IECA–PGA grafts are retrieved at serial time points out to 28 days and fixed in 10% buffered

formalin. Stents are removed and the implants are cross-sectioned into thirds and embedded in
paraffin. Three to four serial 5-
m sections are mounted on glass slides and submitted for histo-
logic evaluation after staining with hematoxylin and eosin. Selected sections were evaluated with
periodic acid/Schiff, mucicarmine, and CEA stains.

Histologic evaluations at various time points up to 1 month after implantation demonstrate
a distinct pattern of morphogenseis. IECA–PGA constructs stimulate a characteristic pattern of
acute inflammation followed by a rich fibrovascular ingrowth from the omental implantation site
from day 3 to day 7. During this time period, IECAs form microcystic structures that are identi-
fied as early as day 3 and are prominent by day 7. The microcysts appear adherent to the PGA
fibers and are surrounded by a fibrovascular stroma (Fig. 38.5). Cysts are found superficial to a
layer of fibroblasts situated adjacent to the luminal stent. Evidence of cytologic differentiation is
not appreciated during the first week. Depletion of goblet cells is characteristic of the late phase
of intestinal epithelial injury and early regeneration (Lewin et al., 1992b).

Day 10 implants are characterized by development of a simple cuboidal/columnar epitheli-
um, with basally oriented nuclei, that appear to be emanating from cryptlike structures (Fig.
38.6a). This neointestinal epithelium develops on a bed of granulation, presumably from the
omentum, adjacent to the luminal stent. The thin band of fibroblasts, visualized adjacent to the
stent on day 7, seem to have been separated from the underlying granulation tissue by the ad-
vancing epithelium. Areas of transition from cuboidal to columnar cells bear a striking resemblance
to regenerating intestinal epithelium recovering from a variety of pathologic insults (Lewin et al.,
1992a). By day 14 immature villi are present and mitotic figures are seen exclusively in the crypts
(Fig. 38.6b). Goblet cells are abundant, and positive staining of the cytoplasmic droplets with mu-
cicarmine and periodic acid/Schiff confirm this level of phenotypic differentiation. The lumen is
filled with degenerated cells and debris, suggesting apoptosis is occurring. The PGA fibers are en-
gulfed by a chronic foreign body response.

By day 28 the neointestinal mucosa displays mature villus–crypt axis formation (Fig. 38.7a).
Ongoing proliferation is apparent by the presence of multiple mitotic figures isolated to the crypts
(Fig. 38.7b). In addition to goblet cells, Paneth cells are identified by their characteristic large,
supranuclear, eosinophilic granules in the base of the crypts (Lewin et al., 1992a). Occasional ar-
gentaffin cells are also seen. Positive CEA staining was not a feature observed in plants at any of
the time points. The grafting efficiency for this study was 54%.

DISCUSSION
The goal of this effort is to tissue engineer a short segment of tissue equivalent to the small

intestine as therapy for those afflicted with SBS. In essence, the small intestine is a laminated, tubu-
lar organ composed of an inner mucosal layer for digestion and absorption and an outer neuro-
muscular tube for peristalsis. We have focused on the intestinal epithelium as the fundamental step
in this endeavor.

Our initial approach at tissue engineering neointestinal mucosa concentrated on implanting
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constructs of individual small clusters of IECs from crypt cell-enriched fractions seeded onto ma-
trices of PGA (Organ et al., 1993b). Although the histologic appearance at 1 month resembled
normal fetal intestinal development arrested at the stratified epithelial stage, it was not organotypic
of mature intestinal mucosa. We adhere to the principle that structure and function are intimate-
ly intertwined. To tissue engineer successfully any functional organ or tissue, a derived organ or tis-
sue must have a structural form close to, if not identical to, a normal organ or tissue, to be of ther-
apeutic benefit.
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Fig. 38.5. Day 7 IECA–PGA implant. (a) Low-power view demonstrating
rich fibrovascular ingrowth from the omentum. The triangle is directed at
the IECA forming the microcyst. L, Lumen after the stent is removed. Bar,
100 mm. (b) Triangles identify the implanted IECA forming the adjacent mi-
crocystic structures, lined with simple cuboidal/columnar epithelium.
Black arrow heads are PGA fibers in cross-section. Bar, 50 mm.
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Fig. 38.6. (a) Day 10 implant. Triangles: simple cuboidal/columnar epithelium, with basally ori-
ented nuclei, emanating from cryptlike structures (C) overlying fibrovascular ingrowth from omen-
tum (OM) Bar, 50 mm. (b) Day 14 implant. Immature villi (V) arising from crypts (C) and abundant
goblet cells (arrowheads), indicative of phenotypic differentiation. Arrows: mitotic figures. PGA
fibers (P) are surrounded by granulomatous foreign body reaction. Bar, 50 mm.

The field of developmental biology has illuminated the importance of epithelial–mesenchy-
mal interaction(s) in the morphogenesis of a variety of epithelial organs. Armed with a new method
of IEC isolation that maintains the interaction(s) between endodermal and mesenchymal-derived
cell types of the intestinal epithelium, we hypothesized that changing this sole variable (i.e., IEC
isolation) in our existing model would result in tissue-engineered neointestinal mucosa that is



organotypic of mature small bowel (Organ et al., 1998b). Prior to testing this hypothesis, 25 ex-
perimental IECA isolation procedures were conducted to evaluate, optimize, and demonstrate
consistency with this multistep protocol. These results are the culmination of 9 isolation–im-
plantation cohorts to generate satisfactory numbers for meaningful quantitative results and em-
piric histologic observations. Each cohort requires 4–6 hr of preparation, 8 hr to execute, and an
additional 6 hr to conduct assays and tabulate results. We deliberately utilized serum-free media
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Fig. 38.7. Day 28 implant. (a) Tissue-engineered neointestinal mucosa displays mature villus/crypt
axis formation. V, Villi; C, crypts. Bar, 50 mm. (b) Ongoing proliferation is evident from the pres-
ence of multiple mitotic figures (arrows). Advanced phenotypic differentiation is evident from the
presence of Paneth cells (�). Bar, 50 mm.



and did not employ growth factors or extracellular matrix proteins with this model, thus allowing
determination of base line patterns of vascularization and morphogenesis. In addition, growth fac-
tors from other species could be expected to harbor antigenic epitopes that may elicit an incre-
mental inflammatory response.

It is generally accepted that the undifferentiated, pluripotent stem cells of the intestinal ep-
ithelium are located in the basal region of the crypts of Lieberkühn. In addition to giving rise to
the four main cell types of the intestinal epithelium, these stem cells have a large capacity for ep-
ithelial regeneration after tissue injury. Morphometric data from the oncology literature indicate
that a surviving stem cell fraction of 1 in 100,000 is capable of regenerating new intestinal ep-
ithelium after cytotoxic insults from irradiation or chemotherapy (Moore, 1985; Potten, 1990;
Potten et al., 1990). We have utilized these benchmark numbers, which are critical guidelines for
determining toxicity in therapeutic oncology, to determine the minimal numbers of IECAs to de-
livery in this model system.

From detailed modeling of in vivo enterocyte kinetics, Potten and Loeffler (1990) have con-
cluded that the small intestinal crypts contain 4–16 actual stem cells in steady state and 30–40
potential stem cells (clonogenic cells) that may take over stem cell properties following perturba-
tions. In this study we delivered 3–5 � 104 IECA/cm2, yielding 12–80 � 104 actual stem cells
and 90–200 � 104 potential stem cells. With the notable exception of cartilage and bone cells, it
has been the empiric observation of our laboratories that most transplanted cell types, employing
this open-matrix approach to tissue engineering, demonstrate significant decrement in survival in
the first 24–48 hr after implantation. This has been attributed to the trauma of the isolation pro-
cedure and the ability of the cells to survive on diffusion of oxygen and nutrients from the host
implantation site until neovascularization has occurred. If 1 in 105 of the stem cell fraction of the
implanted IECA survives, this should deliver 0.1–0.8 actual stem cells and 0.9–2.0 potential stem
cells. Therefore, we determined that 3–5 � 104 was the minimum number of IECA/cm2 to trans-
plant. Our grafting efficiency of 54% for this model suggests this is the minimum acceptable crit-
ical mass of IECAs to deliver in this model system.

Histologic evaluation of tissue-engineered neomucosa demonstrates a pattern of morpho-
genesis identical to intestinal epithelial regeneration from a variety of infectious, inflammatory, is-
chemic, or dysplastic causes (Lewin et al., 1992b). The IECA–PGA construct elicits an acute in-
flammatory response evident in the first 3 days after implantation. Days 3–7 are characterized by
a rich fibrovascular ingrowth from the omentum. IECAs are identified as microcystic structures
with a cuboidal/columnar epithelial lining as early as day 3, and are numerous by day 7. These
cryptlike structures begin epithelializing the fibrovascular ingrowth with a simple cuboidal/colum-
nar epithelium by days 10–14. Mature villus/crypt formation with cytologic differentiation of the
four cell types of normal intestinal epithelium is present by day 28.

In a complimentary body of work Choi and Vacanti and associates have reported on the suc-
cessful engraftment and function of tissue-engineered neointestine using a similar model (Choi et
al., 1998). Intestinal epithelial organoid units (IEOUs) were isolated utilizing the Evans–Potten
technique acquired from sediment of disaggregated smooth muscle, villi, and crypts (see Fig. 39.3,
step d). A volume of 30 � 104 to 50 � 104 IEOUs was seeded onto a similar PGA mesh sprayed
with 5% poly(lactic acid) to confer rigidity, obviating the need for a luminal stent, and coated with
collagen. Serial evaluation out to 14 weeks demonstrated organotypic small intestinal histology in
cystic structures with a grafting efficiency of 93%. Immunohistochemistry confirmed sucrase ac-
tivity at the apical epithelial surface and deposition of laminin in the lamina propria. Positive actin
staining demonstrated smooth muscle elements. Neomucosa was mounted in a Ussing chamber
and exhibited transepithelial resistive measures comparable to adult rat ileum, thus providing ev-
idence for the functional epithelial integrity of tissue-engineered neomucosa. Important morpho-
metric data of tissue-engineered neomucosa have been documented for base line conditions and
in response to 75% small bowel resection, 75% partial hepatectomy, and portacaval shunting at
10 weeks (Kim et al., 1999). Omental implants have been anastamosed in a side-to-side fashion,
3 weeks after implantation, and retrieved at 10 weeks (Kaihara et al., 1999). Patency of 90% or
greater of the anastamosis was documented on upper gastrointestinal radiographic examination
and direct visualization. Significantly greater villus number, height, and surface length were doc-
umented in the anastamosis group, documenting the trophic effects of succus entericus.

The development of tissue-engineered neointestinal mucosa has proceeded in a systematic,
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step-wise fashion to its current state. Our laboratories have collaborated and employed some of
the lessons and observations learned in tissue engineering other tissues. Critical empiric observa-
tion, progressively more quantitative assessment of the end point of our work, and application of
advances made in the field of epithelial biology have dramatically moved this endeavor closer to
clinical application.

The future of tissue engineering neointestinal mucosa must address some important obsta-
cles. Developing methods of IECA isolation for more mature small intestinal epithelium is a rate-
limiting obstacle for the whole field of epithelial biology. Because of the significant immunologic
issues involved in transplanting intestine, creating methods for isolating IECAs from an SBS pa-
tient’s own intestine takes on additional importance. Because the intestinal epithelium is the most
rapidly proliferating tissue in the human body, this affords a unique opportunity in the field of tis-
sue engineering. Assessing the role of growth factors and extracellular matrix molecules, particu-
larly in vitro, will require development of more stringent quantitative measures for these large, mul-
ticellular aggregates. Demonstration of the absorptive function of tissue-engineered neomucosa
will also play an important role moving this approach toward clinical applicability. Developing a
neuromuscular coat for peristalsis will have a profound impact, and is required for a functional,
tissue-engineered neointestine.

Although many challenges lie ahead for the entire field of tissue engineering, tremendous
strides have been made over the past decade. The foundation for therapeutic implementation of
tissue-engineered organs and tissues is being established today. The hope and expectation is that,
someday, equipping patients with tissue-engineered organs and tissues may be as routine as coro-
nary bypasses are today (Langer and Vacanti, 1999).
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Liver
Hugo O. Jauregui

INTRODUCTION

Historically, the development of liver support devices has progressed from passive to bioactive
systems. Passive systems to remove blood toxins accumulated during liver failure have includ-

ed hemodialysis, hemoperfusion, hemofiltration, and plasma exchange (Malchesky, 1994). Al-
though some studies have reported transient improvement of some blood parameters or symptoms
associated with liver failure (e.g., hepatic encephalopathy), passive methods did not improve pa-
tient survival. Simultaneously, in several medical centers, studies of bioreactors or cell-based liver
support systems were implemented to replace key functions that prevent hepatic encephalopathy
development or assist in its management and thereby improve the outcome of patients with he-
patic failure. This chapter presents a critical overview of cell-based liver assist devices, including
new prototypes as well as the one that has reached clinical testing. The succinct review of liver
anatomy and function, as well as the pathophysiology of hepatic failure, facilitates understanding
of this type of cellular therapy.

ANATOMY AND FUNCTION OF THE LIVER
Specialized metabolic, synthetic, and secretory liver functions occur through complex inter-

actions between blood and hepatocytes (parenchymal liver cells). The liver of a 70-kg adult weighs
nearly 1.75 kg (�2.5% of total body weight), of which the hepatocyte mass represents approxi-
mately 1.2 kg (Arias et al., 1988).

Hepatocytes, in their arrangement as plates of single-cell thickness, receive a dual blood sup-
ply derived from the portal vein and the hepatic artery. Combined, these vessels create an exten-
sive vascular space, called the liver sinusoid (Figs. 39.1 and 39.2). Although these sinusoids are
lined by endothelial cells, the endothelium is interrupted by pores or fenestrations that allow free
passage of most solutes into a pericapillary space (the space of Disse). Hepatocytes project the mi-
crovilli of their sinusoidal domain (72% of total cell surface area) into this space, which is rich in
basement membrane proteins and proteoglycans, such as collagen type IV, (the major type of col-
lagen of this area), fibronectin, and heparin sulfate. Laminin is not present in this space in adult
rodent livers, but is contributory to the embryogenesis of the liver (Martinez-Hernandez et al.,
1991). In addition to the sinusoidal domain, hepatocytes present a lateral surface (15% of cell sur-
face) contiguous to other hepatocytes, but interrupted by a canalicular pole (13% of cell surface).
Bile canaliculi from the two hemicanaliculi are sealed by tight junctions and present numerous mi-
crovilli (Fig. 39.3). This histology constitutes the beginning of the biliary duct system and con-
tributes to the formation of canalicular bile, which is further modified at the bile duct level. This
succinct histological description permits appreciation of the structural hepatic organization re-
sponsible for a functional organization that allows unidirectional perfusion of polarized hepato-
cytes arranged in plates. Perfusion studies have shown a hepatocyte distribution that forms a struc-
ture called the liver acinus (Rappaport et al., 1954), a microvascular unit in which hepatocytes near
the terminal portal venule and hepatic arteriole (periportal cells) are first perfused with blood and
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those near the hepatocyte venule (terminal veins) are perfused secondarily with blood modified
previously by upstream hepatocytes. In fact, Rappaport defined a hepatic acinus with three zones
(Rappaport et al., 1954): zone one (periportal) receives the highest concentrations of oxygen and
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Fig. 39.1. Three-dimensional
display of a liver lobule, showing
the vascular, biliary, and hepato-
cyte arrangement. Copyright Eli
Lilly and Company. Used with
permission.

Fig. 39.2. A schematic of Fig.
39.1. Copyright Eli Lilly and
Company. Used with permis-
sion.



solutes, zone three (pericentral) meets with the lowest blood concentration of oxygen, and zone
two lies between zones one and three.

The concept of zonal hepatocyte distribution may prove important in the design of artificial
liver support systems. Liver assist devices (LADs) that incorporate specific zonal hepatocytes with
characteristic functions in an arrangement similar to that found in situ could be manufactured,
provided that (1) hepatocyte functions responsible for the often fatal central nervous system de-
rangement, hepatic coma, could be defined, (2) technology could be developed to isolate zonal he-
patocytes in quantities compatible with therapeutic applications, and (3) expression of these func-
tions could be maintained.

Regarding zonal hepatic function, it should be mentioned that whenever toxins, infectious
agents, or circulatory distress damage the liver, they typically do so in a zonal pattern of the aci-
nus. Hepatocyte injury commonly generates two processes that also have a zonal distribution,
namely, liver regeneration by the remaining hepatocytes and hepatocyte necrosis. It is well known
that only three to four hepatocytes situated in proximity to the portal space of the liver acinus have
the capacity for mitosis. Although in vivo these hepatocytes are responsible for a very slow renew-
al of liver cells (through the development of proper separation techniques), they may be the source
of the cellular component of artificial liver support systems. On the other hand, pericentral hepa-
tocytes are responsible for the detoxification activity of the liver, a process that requires expression
of a complex group of enzymes known collectively as the cytochrome oxidase P450 system
(Kaplowitz, 1992).

Zonal hepatocyte necrosis frequently stimulates the stromal component of the liver to pro-
duce wide areas of fibrous scarring, which ultimately progresses to a general impairment of liver
functions. Because the liver receives a dual blood supply, special hemodynamic situations are cre-
ated by this generalized scarring process (cirrhosis). In this condition, the blood from the portal
vein and the hepatic artery is diverted directly into the large hepatic veins (without the usual pas-
sage through the sinusoidal circulation) and from there into the inferior vena cava. These shunts
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Fig. 39.3. A three-dimensional section of the liver lobule,
showing the relationship between the hepatocytes and the
Kupffer cells and the sinusoids through the space of Disse.
Copyright Eli Lilly and Company. Used with permission.



conspire against proper blood detoxification because toxins, which should contact liver cells to be
metabolized, remain in the systemic circulation and act on other organs, particularly the central
nervous system.

Electron microscopic examination of the hepatocyte cytoplasm reveals abundant smooth and
rough endoplasmic reticulum cisternae, numerous ribosomes, and mitochondria along with many
lysosomal and endocytic vesicles. The major aspects of detoxification occur in the smooth endo-
plasmic reticulum cisternae.

Total replacement of liver functions by an artificial liver would entail regulation of plasma
protein production, metabolism, and storage of vitamins; biotransformation and detoxification of
drugs; synthesis of lipoproteins and cholesterol; maintenance of glycogenesis and glycogenolysis;
and the conversion of heme to bilirubin and biliverdin (to name just some of the physiological ac-
tivities of this organ). Although the design of a liver support system probably does not require the
provision of all liver functions, the functions essential for liver support are not yet known.

LIVER FAILURE: PATHOPHYSIOLOGICAL CLASSIFICATION
Excessive alcohol consumption is the major cause of morbidity and mortality of liver disease

in the United States and most other Western countries. From the 56,773 cases of viral hepatitis
reported in 1988 (Zeldis, 1992), 41% were due to hepatitis B, 50% to hepatitis A, and about 5%
to hepatitis C. Each virus case presents a similar clinical syndrome, but only hepatitis B and C have
the potential to produce chronic hepatitis.

Many drugs are also associated with the production of either chronic or acute liver failure.
The metabolism of foreign compounds by the P450 system is invaluable to process xenobiotics,
but on occasion this system gives rise to toxic products. It is customary to divide these toxic drug
metabolites into electrophiles and drug free radicals. Electrophiles arise from electron sharing of
covalent bonds with substances that can donate electrons. Examples of drugs that produce elec-
trophile metabolites, which in turn produce hepatocyte necrosis, are acetaminophen (attacks thi-
ol groups) and halothane (reacts with protein amino groups). Drug free radicals preferentially at-
tack membrane phospholipids, leading to lipid peroxidation.

These various agents produce different types of hepatic failure that are treated either med-
ically or surgically by liver transplantation. The most life-threatening aspect of hepatic failure is
the syndrome characterized by a severe impairment of liver function that proceeds to the devel-
opment of hepatic encephalopathy (HE) (hepatic coma) within 8 weeks of the first symptoms of
illness. Bernuau has divided patients with acute liver failure into fulminant hepatic failure (FHF)
(appearance of HE within 2 weeks from the onset of jaundice) and subfulminant hepatic failure
(HE appearance between 2 weeks and 3 months postjaundice) (Bernuau et al., 1986). The im-
portant points to differentiate FHF from chronic hepatic failure (CHF) are that, in FHF, there is
no evidence of preexisting liver disease and the mortality rate is about 70–95%. In CHF, mortal-
ity is lower, evidence of chronic liver disease exists, and medical management may prove success-
ful, at least in the first stages of HE. Despite widespread disagreement, but because both acute and
chronic liver failure may be complicated by HE, there is a tendency to discuss this entity under
unifying pathogenic mechanisms (Schenker, 1989).

Probably the most common denominator in FHF and CHF is the shunting of portal–venous
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Table 39.1. Clinical observations provide clues to pathogenesis a

Neurotoxin origin Precipitation of encephalopathy

Intestinal (mainly colonic) Constipation, portal–systemic shunting
Nitrogenous compounds Protein meal
Bacterial Infection (nonabsorbable antibiotics improve encephalopathy)
Metabolization by the liver, Portal–systemic shunting, portacaval high anastomosis

first-pass extraction

aBased on four postulated mechanisms: ammonia levels, synergistic neurotoxins, false neurotransmitters, and
GABA/endogenous benzodiazepines.



blood into the systemic circulation, bypassing the liver. This shunting was discussed above as it
pertains to CHF cases resulting from cirrhosis. In FHF, the architecture of the liver is severely af-
fected and the large portal blood flow joins the systemic circulation without the benefit of the
detoxification activity of the few remaining hepatocytes. Despite the extensive hepatocyte necro-
sis, some cases of FHF are known to survive with complete histological recovery of the liver ( Jones
and Schafer, 1990). Which of the toxic products responsible for hepatic coma should be metabo-
lized by a LAD? Where do they originate? The clinical signs and symptoms of patients with acute
or chronic liver failure offer important clues to answer those questions. Table 39.1 lists relation-
ships between encephalopathy and neurotoxin origin (Blei, 1992).

MECHANISMS OF HE IN LIVER FAILURE

Ammonia
There is no correlation between the grade or stage of hepatic encephalopathy and arterial am-

monia levels, but elevated cerebrospinal fluid ammonia does correlate with HE stages (Blei, 1992).
In addition, HE may improve if the intestinal NH3 production common in CHF is reduced. Un-
fortunately, dialysis treatment of HE patients has failed to awaken these patients in spite of an ev-
ident decrease in their levels of blood NH3. For example, feeding cirrhotic patients methionine (a
mercaptain precursor) induced changes in mental state without cocomitant changes in blood NH3
levels (Blei, 1992).

False Neurotransmitter Hypothesis
Hepatic coma may occur when brain neurotransmitters (dopamine and noradrenaline) are re-

placed in cirrhotic patients by weak neurotransmitters (octopamine) generated in the intestine and
shunted into the general circulation (Schafer and Jones, 1990). This hypothesis, however, was
greatly discredited by studies showing that the administration of octopamine failed to change the
mental state of experimental animals and by data showing lower levels of octopamine in the brains
of cirrhotic patients than in normal brains (Blei, 1992).

GABA–Benzodiazepine Hypothesis
The decarboxlation of glutamine in the nervous system produces �-aminobutyric acid

(GABA), which causes neuroinhibition through receptor binding. The GABA receptor (subtype
A) also binds benzodiazepines and barbiturates. Benzodiazepine action results in the modulation
of GABA-ergic neurotransmission. Studies suggest that endogenous benzodiazepines, which are
not properly metabolized by the liver, may be associated with the HE that is present in FHF. The
benzodiazepine role in HE pathogenesis is supported by the observation that the administration
of a benzodiazepine receptor antagonist (flumazenil) improves the status of animals and humans
with FHF (Bansky et al., 1989).

An understanding of the possible pathogenic mechanisms of HE is useful to assess current
and future development of the LAD in humans and/or experimental animals. Because the patho-
genesis of HE is not known, investigators often validate the efficacy of liver-assist devices by test-
ing drug metabolism or hepatic protein synthesis in vitro. Two well-established models of acute
hepatic failure (AHF) (Blei, 1992) are end-to-side portacaval anastomosis in the rat and the galac-
tosamine-intoxicated rabbit. However, due to the small size of these animals, devices intended for
human use are commonly tested in toxin-induced or anhepatic large animal models of liver fail-
ure, which may not closely produce the clinical symptoms of HE (Terblanche and Hickman,
1991). In addition, there are no adequate animal models of CHF (Blei, 1992).

MEDICAL NEED FOR LIVER-ASSIST DEVICES
Although several approaches have been used to address liver failure, whole-organ transplan-

tation remains the procedure of choice. However, this approach has several limitations. First, the
number of available organs does not meet the demand; second, the procedure carries risks, which
increase in certain conditions complicated by AHF; and third, liver transplantation is expensive.
Because of the success of liver transplantation, cell-based bioreactors constructed with cells capa-
ble of performing liver functions are a potential alternative to treat reversible acute liver failure or
a bridge to liver transplantation.
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It can be predicted that early use of LADs may result in an improvement of the clinical stages
of AHF. Potentially, a total recovery by use of these devices will reduce the typical brain edema
found in these critically ill patients. In these cases, LADs should work as a bridge-type therapy by
providing the necessary clinical support until a liver becomes available for transplantation or un-
til the native liver regenerates.

BIOLOGICAL COMPONENT OF LIVER-ASSIST DEVICES
Hepatocyte transplantation studies in rats showed that 1.0 � 107 microcarrier-attached he-

patocytes (1–2% of liver mass) improved survival of rats with 90% hepatectomy when compared
to nontransplanted controls (Demetriou et al., 1988). It was also demonstrated that patients could
survive after 90% partial hepatectomy (Monaco et al., 1964). Therefore, an artificial liver should
at least provide 1–10% of the liver mass (Demetriou et al., 1988; Monaco et al., 1964; Margulis
et al., 1989; Jauregui et al., 1995). An artificial liver support designed for a 70-kg patient and in-
cluding as much as 10% of the native liver functions would require approximately 120 g of liver
tissue or 25 � 109 cells. This figure is controversial, but it should be stated that the liver mass pre-
viously employed in artificial liver support systems has ranged from 1 (Margulis et al., 1989) to
15% (Sussman et al., 1994). Due to the limited availability of human livers, the source of the liv-
er cells remains an issue. Alternatives currently being explored include the use of transformed cells,
freshly isolated hepatocytes, and cultured hepatocytes.

Totally Transformed (Malignant) Hepatocytes
The primary advantage of totally transformed hepatocytes is the nearly limitless capacity to

maintain growth. Under culture conditions, these neoplastic hepatocytes may be subjected to on-
going assessment of purity, function, and pathogenecity. Wolf used a Reuber hepatoma cell line in
a hollow-fiber device to treat Gunn rats and demonstrated bilirubin conjugation (Wolf et al.,
1979). C3A, a cell line derived from HepG2 (a human hepatoblastoma cell line), has been estab-
lished and grown in hollow-fiber cartridges (Kelly and Darlington, 1989). Concern arises regard-
ing the potential of totally transformed hepatocytes to exhibit spontaneous changes in chromo-
some number and in gene expression after a period under culture conditions. Also of concern is
the potential of an accidental infusion of tumorigenic cells into the patient’s systemic circulation.
In addition, the cost associated with cell production (culture supplies, quality control, bioburden
monitoring, etc.) may be elevated. For instance, it takes approximately 1 month to grow sufficient
C3A cell mass (200 g) for a device (Sussman et al., 1992).

Freshly Isolated Hepatocytes
A second approach is the use of primary hepatocytes, which can be cryopreserved after isola-

tion and thus shipped and stored at the clinical site. Soyer and Eiseman were the first to use cell
suspensions or slices to provide hepatic functions (Soyer et al., 1973), but Matsumura, in 1987,
was the first to treat successfully a patient in hepatic failure using a suspension of rabbit hepato-
cytes (Matsumura et al., 1987). LADs containing porcine hepatocytes attached to collagen-coat-
ed dextran microcarriers, inoculated into the extracapillary space of cellulose acetate hollow fibers,
have been tested in dogs with surgically induced liver ischemia (Rozga et al., 1993a,b). A scaled-
up version of this LAD is now in clinical trials. The choice of porcine cells appears justified from
previous reports of extracorporeal pig liver perfusion to support patients with liver failure (Abouna
et al., 1973; Chari et al., 1994). In addition, there are several attributes in favor of the pig over oth-
er animal donors. Pigs have large litters, are inexpensive, rapidly reach maturity (6 months), are
relatively disease resistant, and can be raised in controlled herds (e.g., specific pathogen-free herds).
Their organs have similarities to human organs with regard to size and physiology, and large num-
bers of cells (e.g., hepatocytes) can be harvested. Freezing of porcine hepatocytes facilitates their
availability in quantities compatible with commercial use. The entire process of isolation and cat-
aloging volumes of porcine hepatocytes demands well-established protocols and reliable method-
ology that spares any microbiological, virological, and toxicological contamination. A significant
effort has been devoted to the cell supply issue through animal sourcing programs. Because the he-
patocytes isolated from porcine livers cannot be subsequently sterilized, a comprehensive herd and
animal bioburden screening program should be developed to provide adequately “clean” animals,
particularly free of potential zoonotic viruses (Gil, 1995). There are certain practical and theoret-
ical objections to the use of porcine hepatocytes. We should mention that there is great concern
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about the presence of porcine endogenous retroviruses in all pig herds tested to date; the passage
of porcine protein into the circulation of the patient and the need to control the source of hepa-
tocytes on a regular basis are additional concerns.

Cultured Hepatocytes
The use of primary cultures of hepatocytes as the biological component of LADs offers some

interesting alternatives to the use of freshly isolated hepatocytes, but at the same time presents some
complications, particularly the logistics and cost of a massive tissue culture production. One pos-
sibility would be to use hollow-fiber devices as tissue culture bioreactors, which would subse-
quently become LADs by replacing the appropriate tissue culture media with the blood or plasma
of the patients. This approach, similar to the one implemented in previous models with tumor
cells, is at best not well suited to growing porcine hepatocytes in large quantities, although the sys-
tem has proved worthwhile to grow rat hepatocytes.

Microcarrier technology to grow hepatocytes in commercial quantities is actively being ex-
plored in our laboratory. In this context, it should be stated that short-term monolayer culture of
pig hepatocytes produces a cell that metabolizes diazepam, acetaminophen, and ammonia more
efficiently compared with freshly isolated cells (Naik, et al., 1996). An important area of im-
provement to maintain the phenotypic expression of hepatocytes in long-term culture is the iden-
tification of new tissue culture (TC) media with defined formulations that will avoid the supple-
mentation with human or animal serum. Following this line, Jauregui et al. (1994) have modified
a TC medium, Chee’s Modified Eagle’s Medium (CEM), to cultivate rat (Naik et al., 1992), rab-
bit ( Jauregui and Naik, 1991), and monkey hepatocytes and are actively pursuing the optimal
medium for porcine cells.

A controversial subject in hepatocyte culture is the choice of TC substrate. Vitrogen, (Naik et
al., 1992), Biomatrix (Rojkind et al., 1980), and Matrigel (Schuetz et al., 1988) (primary laminin)
as well as a newly developed polymer (Kobayashi et al., 1986) that binds the so-called asialogly-
coprotein receptor, have all been used to maintain long-term viability. Often these substrates are
used but not compared with old and well-known substrates that failed to maintain phenotypic ex-
pression. Furthermore, there are few if any publications that address the subject in a comprehen-
sive fashion (e.g., by measuring multiple parameters of hepatocyte function).

Partially Transformed (Immortalized) Hepatocytes
Implementation of a LAD as a treatment for acute liver failure will be greatly advanced by the

availability of porcine hepatocytes that grow indefinitely, with maintenance of functional activity
but expressing no tumorogenicity. Likewise, patients with chronic liver failure could be maintained
with prolonged treatment with devices harboring partially transformed human hepatocytes. The
commercial production of these types of cells has been addressed by the transfer of specific viral
oncogenes that can generate cell lines that divide, expressing an intermediate stage of differ-
entiation, a process known as immortalization (Westerman, 1996). As reported by researchers in
this field, only few human cells become truly “immortal” following the introduction of viral onco-
genes such as the SV40 T antigen (Westerman, 1996). Indeed, although early stages of the im-
mortalization process may expand the life-span of primary human cells in culture, sooner or later
these cells senesce and will enter a phase called “crisis,” from which only few immortalized cells
will evolve as liver cells (Westerman, 1996). Studies with temperature-sensitive forms of oncogenes
have shown that oncoprotein inactivation at a nonpermissive temperature allows cells to resume
in vivo as well as in vitro normal differentiation (Renfranz et al., 1991).

The SV40 virus transforms cells of many species. Depending on the genetic properties of the
cell in question, the virus infection will be lytic and consequently these cells, called permissive cells,
will support full expression of the viral genome and release progeny of viral particles (Chou, 1989).
Monkey cells are permissive and are killed after the SV40 infection. On the other hand, mouse,
rat, and rabbit cells, which are not permissive and consequently do not support viral replication,
express some viral early genes and can become transformed by SV40. Human and porcine hepa-
tocytes are semipermissive, supporting a limited infection with the release of a low number of viri-
ons, and thus also become transformed by SV40. To obtain SV40-transformed hepatocyte lines
free of infectious virus, we and others use the transforming T antigen, a partial viral particle that
is responsible for viral replication but is not related to the viral constituents that are responsible
for the viral infectivity (Liu et al., 1999). This viral regulatory protein directs an ordered sequence
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of events that, starting in early phases of the SV40 infection (prior to the viral DNA replication),
proceed into the late phase of infection (Westerman, 1996). This early phase allows the accumu-
lation of T antigens in the cell nucleus, where they alters transcription patterns, stimulating qui-
escent cells such as hepatocytes in culture to synthesize cellular DNA. How does SV40 T trans-
form cells? This question is still not completely answered but the principal effect is the inactivation
of multiple growth suppressors, at least pRb, p53, and an immortalization gene on chromosome
6 (Kim et al., 1998). The HepLiu immortalized porcine hepatocyte line was developed in our lab-
oratory in 1995 and since then has undergone 60 passages and is not tumorigenic when grafted
in severe combined immune-deficient (SCID) mice. The HepLiu cell line is the product of sever-
al subcloning steps that select for hepatocytes metabolizing diazepam as well as acetaminophen,
but not producing albumin (Liu et al., 1999). The latter facilitates the use of these cells in hollow-
fiber devices with high-molecular-weight cutoff membranes.

LIVER-ASSIST DEVICE CONFIGURATIONS
Device design focuses on providing an environment for maximum cell viability and function.

Criteria for device performance include transport of nutrients and oxygen to maintain cell viabil-
ity and function, and transport of toxins and metabolites for patient support. Several bioreactors
or culture systems have been developed for the cultivation of cells in a three-dimensional archi-
tecture: static cultures, matrix cultures, roller bottles, stirred suspension, packed beds, fluidized
beds, and hollow-fiber bioreactors ( Jessup et al., 1993). Each of these systems has advantages and
disadvantages for use as an extracorporeal cell-based liver-assist device. Numerous design variations
have been proposed for cell-based LADs (Margulis et al., 1989; Sussman et al., 1992, 1994; Ka-
sai et al., 1994; Dixit, 1994; Rozga et al., 1994; Uchino et al., 1988; Kawamura et al., 1985; Kimu-
ra et al., 1980; Yanagi et al., 1989; Li et al., 1993; Wolf and Munkelt, 1975; Gerlach et al., 1994;
Nyberg et al., 1993a,b); however, only three main designs (hepatocyte suspension, packed-bed,
and hollow-fiber bioreactors) have reached clinical evaluation (Table 39.2).

Hepatocyte Suspension
The bioartificial liver developed by Matsumura was based on the principle of hemodialysis

against a suspension of hepatocytes (Matsumura et al., 1987). A modified plate hemodialyzer fit-
ted with a dialysis membrane permeable to middle-weight molecules, but impermeable to albu-
min, was used. A patient in hepatic failure, secondary to bile duct carcinoma, underwent two treat-
ments of 5 and 4.5 hr each over a period of 3 days. The patient’s blood was dialyzed against a
flowing suspension of 100 g of previously cryopreserved rabbit hepatocytes. Reduction in serum
bilirubin level and improvement in mental states were observed following each treatment, and the
patient was discharged from the hospital after the second treatment. However, there has been no
further report on the development of this device.

Margulis et al. (1989) reported the development of a 20-ml capsule containing a suspension
of 40 � 106 porcine hepatocytes and activated charcoal. Each device was used for only 1 hr and
a treatment lasted 6 hr; six devices were used per treatment. Mortality in the treated group of 59
patients with acute liver failure was 37% compared to 59% in the control group consisting of 67
patients who received only intensive medical care. However, little information was provided on
metabolic support during treatments.

Packed-Bed Bioreactor
Li et al. (1993) inoculated hepatocytes in a column filled with glass beads. The packed-bed

bioreactor maintained urea and albumin synthesis, and interconnecting three-dimensional struc-
tures resembling the cell plate anatomy of the native liver were maintained for up to 15 days in
culture. A 10-year-old patient with fulminant hepatic failure was successfully treated with the sys-
tem. There has been no further report on the development of this device.

Hollow-Fiber Bioreactor
The first hollow-fiber LAD was developed by Wolf and Munkelt (1975). The device con-

tained a rat hepatoma cell line cultured on the exterior surface of semipermeable hollow fibers en-
closed within a plastic housing. Sussman et al. (1992, 1994) and Sussman and Kelly (1995) de-
veloped a similar extracorporeal lever-assist device (ELAD), except that a hepatoma cell line of
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human origin (C3A) was used. The ELAD consisted of a cellulose acetate hollow-fiber hemodia-
lyzer (70,000-Da cutoff ) containing 200 g of cells grown on the outer surface of the fibers (Suss-
man et al., 1992, 1994). Blood was perfused through the cartridge. During perfusion, a small
amount of plasma was ultrafiltered by the fibers and perfused the cells before returning to the blood
path downstream from the ELAD. Of the eleven patients treated with the ELAD, the first two
were treated under “Emergency use of unapproved medical devices” and the remaining nine pa-
tients were treated according to an investigational device exemption (IDE) (see the Food and Drug
Administration web site, http://www.fda.gov/cdrh/manual/idemanul.html). One patient sur-
vived, six patients died, and four patients were bridged to orthotopic liver transplantation. No
short-term safety problems were associated with the use of the ELAD; however, metabolic support
provided by the device was difficult to assess.

In 1985, W.R. Grace & Co. initiated the development of a cell-based liver-assist device in col-
laboration with Jauregui and co-workers at Rhode Island Hospital. The bioreactor consisted of mi-
croporous (0.15-
m pore size) polysulfone hollow fibers assembled in a cylindrical housing. The
bioreactor was inoculated with rabbit hepatocytes, placed in an extracorporeal circuit, and per-
fused with whole blood. The efficacy of the LAD was assessed in two different animal models ( Jau-
reguiet al., 1995): (1) normal rabbits injected with diazepam or lidocaine and (2) a galactosamine
(Gal)-intoxicated rabbit model of fulminant hepatic failure (FHF).

In the first animal model, the blood levels of both diazepam and lidocaine metabolites clear-
ly increased during treatment, indicating the maintenance of cell activity (P450 function) in the
LAD. In the Gal model, a 6-hr treatment significantly increased the survival time and delayed the
onset of hepatic encephalopathy when compared to two untreated control groups. Histological
evaluations of postmortem livers showed greater hepatocyte regenerative activity in animals treat-
ed with the LAD compared with control animals. These findings support the concept that a hol-
low-fiber LAD containing hepatocytes is able to sustain drug detoxification in vivo as well as to
modify the course of FHF in a well-characterized animal model. The device was then scaled up
for human use and tested for safety using porcine hepatocytes in a sheep model.

Contemporaneous to the research conducted by W.R. Grace & Co., Demetriou and co-work-
ers developed a bioartificial liver (BAL) consisting of hollow fibers and hepatocytes, and was test-
ing the BAL in patients under compassionate use of the device (Rozga et al., 1993b). In 1993,
W.R. Grace & Co., and Demetriou and collaborators at Cedars Sinai Medical center joined efforts
to further develop the BAL and a liver-assist system (LAS) including the BAL. A comprehensive
description of this system is incorporated in this volume.

The hollow-fiber LAD (see Table 39.2) uses membranes of different selectivities (Sussman et
al., 1992, 1994). Sussman et al. (1994) as well as Matsumura et al. (1987) used membranes with
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Table 39.2. Artificial liver support clinical trials

Device Perfusion Cell
Survival ratea

Investigator configuration medium selection Treatment Control

Matusmura et al. Cell suspension Blood (100 g) Rabbit hepatocytes 100 (1/1) —
(1987) (cellulose membrane

70-kDa cutoff )
Margulis et al. Cell suspension Blood Pig hepatocytes 63 (37/59) 41 (27/67)

(1989) (40 � 106) � 6
Li et al.20 (1993) Packed bed (glass beads) Plasma Pig hepatocytes 100 (1/1) —
Sussman et al. Hollow-fiber ELAD Blood cell line (200 g) Human hepatocytes 45 (5/11) —

(1994) (cellulose acetate,
70-kDa cutoff )

Rozga et al. Hollow-fiber BAL Plasma (5 � 109) Pig hepatocytes 88 (8/9) —
(1994) (cellulose acetate,

0.2-
m pore size)

aPatient survival rates are expressed in percentages; actual numbers are given in parentheses.



low-molecular-weight cutoff (70,000) that reduced passage of serum albumin and excluded pro-
teins of higher molecular weights. Rozga et al. (1994) selected microporous (0.2-
m pore size)
hollow fibers, which allowed passage of plasma proteins but excluded the passage of cells (i.e.,
blood cells and hepatocytes). Microporous membranes allow for free exchange of toxins (soluble
or protein bound) and large-molecular-weight proteins (e.g., clotting factors) between the blood
or plasma and the hepatocytes. On the other hand, the membranes used by Sussman et al. (1994)
and Matsumura et al. (1987) excluded immunoglobulins and provided an immunoprotected en-
vironment for the liver cells. However, because BAL treatments (Rozga et al., 1993b) as well as ex-
tracorporeal pig liver perfusions have been well tolerated (Chari et al., 1994) and patients have
been successfully transplanted posttreatment (Rozga et al., 1993b; Chari et al., 1994), the short-
term use (days) of artificial livers that use microporous membranes appears feasible and safe. Con-
sistent with this are the findings of Ye et al. (1995), who reported that in primates, allograft trans-
plants following pig heart xenotransplantation as well as pig blood transfusion functioned normally
with no histopathologic features of hyperacute humoral or accelerated cellular rejection. This study
(Ye et al., 1995) supports the theory that bridging with a concordant or discordant donor xenograft
does not prohibit subsequent organ allografting.

Currently, several types of liver-assist systems have been authorized by the Food and Drug Ad-
ministration to begin human clinical studies to evaluate their safety and biologic activity. Pending
the successful outcome of these early studies, scale-up of the manufacturing processes can begin
in order to meet the requirements for follow-up multicenter studies and pivotal clinical trials. If
progress continues at its current pace, approved liver-assist systems for general distribution will
soon be a reality.
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HepatAssist Liver 
Support System
Claudy Mullon and Barry A. Solomon

INTRODUCTION

Acute liver failure (ALF) complicated by hepatic encephalopathy is associated with high mor-
tality, approaching 90% (Lee, 1993; Plevris et al., 1998). The most successful treatment of ALF

has been orthotopic liver transplantation (OLT), but the overall survival rate for ALF patients con-
tinues to be only 50 to 60% due to the shortage of organ donors and the rapid progression of the
disease (Plevris et al., 1998; Samuel, 1998). The success of OLT has led to the development of
bioartificial liver support systems incorporating hepatocytes (Plevris et al., 1998; McLaughlin et
al., 1999; Watanabe et al., 1997a,b; Jauregui et al., 1996). The aim of these systems is to support
patients temporarily until recovery occurs or to bridge them to liver transplantation. This chapter
introduces a bioartificial liver support system (HepatAssist System) containing porcine hepato-
cytes for use in the treatment of patients with acute liver failure and presents a summary of the
first clinical experience with it.

HEPATASSIST SYSTEM
The HepatAssist System (Fig. 40.1) is an extracorporeal circuit consisting of a hollow-fiber

membrane bioreactor containing 7 � 109 viable cryopreserved porcine hepatocytes, two charcoal
columns, a membrane oxygenator, and a perfusion pump. The bioreactor contains polysulfone
hollow fibers with a nominal 0.15-
m pore size. Prior to treatment, the hepatocytes are thawed
and placed into the bioreactor along with collagen-coated dextran beads for cell attachment and
spatial distribution. The HepatAssist System is used in combination with a commercially available
plasmapheresis machine; plasma is perfused through the system at a flow rate of 400 ml/min. One
hepatocyte bioreactor is used per treatment.

CELL PREPARATION
Porcine hepatocytes were isolated from 20- to 45-pound pigs meeting acceptance criteria es-

tablished in compliance with United States xenotransplantation draft guidelines (U.S. Public
Health Service, 1996). The cells were isolated using a modified method based on that reported by
Morsiani et al. (1995). Typical yields were 145 � 106 hepatocytes per gram of liver with better
than 88% cell viability. The cells were cryopreserved after isolation to allow for quality control
evaluation and distribution to and storage at medical centers (Cain et al., 1996, 1999). All cell pro-
cessing steps, including organ procurement, hepatocyte isolation, and cryopreservation, took place
under the current good manufacturing practice (CGMP) standards of the Food and Drug Ad-
ministration (FDA).
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Cell quality control (QC) testing was performed at all critical steps of the process (Table 40.1)
and the cryopreserved hepatocytes were released for clinical use only when all in-process and fi-
nal-release testing parameters met established criteria. A minimum of 45 days was required to com-
plete all QC testing and analyses on the animal donor, the final cell product, and the in-process
cell and media samples.

CLINICAL STUDY
A phase I/II clinical study to assess the safety and tolerability of treatment with the He-

patAssist System was conducted at three centers, two in the United States and one in France, un-
der an Investigational New Drug (IND) protocol from the United States FDA and with approval
of the French regulatory authorities. The protocol was an open-label, uncontrolled, multicenter
study in patients with acute liver failure and stages III and IV hepatic encephalopathy (Watan-
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Fig. 40.1. HepatAssist liver support system, with permission from Circe Biomedical, Inc.



abe et al., 1997b; Hewitt et al., 1998; Chen et al., 1997). Key patient selection criteria were as
follows:

Key inclusion criteria
1. Primary diagnosis of acute liver failure
2. Stages III and IV come according to Trey classification
3. Patients over 12 years of age or 40 kg body weight

Key exclusion criteria
1. Contraindication for liver transplantation
2. Malignancy, hypoxemia, irreversible brain damage
3. Overt bleeding or hematocrit less than 24%
4. Known hypersensitivity or allergic reaction to pig products

Key treatment withdrawal criteria
1. Procurement of suitable liver for transplantation
2. Improvement of hepatic encephalopathy to stage II prior to treatment
3. Withdrawal of patient from transplant candidate list

Thirty-one patients were enrolled in the study, 17 at Cedars-Sinai Medical Center, Los An-
geles, CA; 5 at the University of California in Los Angeles; and 9 at Paul Brousse Hospital, Ville-
juif, France. Etiologies included 28 patients with acute liver failure and 3 patients with primary
non function (PNF) following liver transplantation. An additional 8 patients (7 ALF, 1 PNF) were
treated prior to the IND protocol under local institutional review board approval (Watanabe et
al., 1997b). Each treatment with the HepatAssist System lasted 6 hr and was administered at the
rate of approximately one treatment per day. A total of 80 treatments were administered, or on av-
erage 2.1 treatments (range 1 to 5) per patient.

Safety
The system was found to be well tolerated (Watanabe et al., 1997b; Hewitt et al., 1998; Chen

et al., 1997). The main adverse events were episodes of hypotension in eight patients. In most cases,
these events were of mild severity, were readily managed, and did not cause an interruption in the
liver support treatment. There was no evidence that treatment with the liver support system re-
sulted in unmanageable adverse events.

40 Liver Support System 555

Table 40.1. Porcine hepatocyte processing quality control

Process steps Tests and analyses

1. Pigs assessment Serologic screening
Blood analysis
Bacteriology
Mycoplasma screening
Virology
Histopathology

2. Organ procurement, Bioburden
hepatocyte isolation, Sterility
hepatocyte cryopreservation Endotoxin

Cell viability
Cell count

3. Final product Sterility
(cryopreserved hepatocytes) Endotoxin

Mycoplasma screening
Virology
Cell viability
Cell count
Cell function



Performance
Survival rates for all 39 patients are summarized in Table 40.2. Six patients recovered post-

treatment without the need for a graft; all patient candidates for orthotopic liver transplantation
were transplanted and the overall patient survival rate at 1 month was 90%. This study did not in-
clude a control group; however, the survival of ALF patients, including OLT, is typically 50–60%
(Plevris et al., 1998; Samuel, 1998).

Samuel (1998), from Paul Brousse Hospital (one of the three centers in the HepatAssist Sys-
tem clinical study), reported a series of 177 ALF patient candidates for OLT (Table 40.3). Of these,
25 patients (14%) died while waiting for a liver and 2 patients (1%) survived without the need for
a graft. Overall survival rate at 1 month was 67 and 58% at 1 year. The principal cause of death
before and after liver transplantation was brain death; 95% of the patients were in coma at the
time of transplantation and 56% had increased intracranial pressure requiring treatment. In a se-
ries of 17 patients treated at Cedars Sinai Medical Center with the HepatAssist System, the in-
tracranial pressure decreased from 17.2 mmHg pretreatment to 9.7 mmHg (p  0.01) posttreat-
ment, and several neurologic parameters improved (Hewitt et al., 1998; Chen et al., 1997). The
Glasgow coma score increased from 6.9 to 7.5 (p � 0.05), and the comprehensive level of con-
sciousness score increased from 24.8 to 31.2 (p  0.01). In addition, blood ammonia, bilirubin,
and liver enzymes improved posttreatment (Hewitt et al., 1998; Chen et al., 1997).

Patient Screening for Porcine Endogenous Retrovirus
Porcine endogenous retrovirus (PERV) genomic sequences are present in pig cells. Although

PERV infectivity has been documented to date only in vitro in porcine and human cell line co-
cultures, the possibility that xenotransplantation with porcine tissue may induce porcine retrovi-
ral expression in the recipient is of concern (Bach and Fineberg, 1998; Vogel, 1998; Patience et
al., 1997, 1998; Heneine et al., 1998; Chapman et al., 1999). We conducted a retrospective study
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Table 40.2 Survival rates of FHF/PNF patients treated with the
HepatAssist System

Patients Na

Treated with HepatAssist System 39 (100%)
Died waiting for a liver graft 0b (0%)
Survived without transplantation 6 (15%)
Transplanted 32 (82%)
Died 1 to 30 days post-transplantation 3 (8%)
Survived 30 days and beyond 35 (90%)

aNumber of patients (percentage survival rate).
bOne patient died after being taken off the transplant waiting list.

Table 40.3. Survival rates of FHF patients admitted at 
Paul Brousse Hospitala

Patients N

Patients admitted for transplantation 177 (100%)
Died waiting for a liver graft 25 (14%)
Survived without transplantation 2 (1%)
Transplanted 150 (85%)
Died 1 to 30 days posttransplantation 34 (19%)
Survived 30 days and beyond 118 (67%)

aPatients were candidates for liver transplantation (Samuel, 1998).



to assess PERV infectivity in 28 patients treated with the HepatAssist System. All patients tested
negative for PERV using polymerase chain reaction DNA analysis of peripheral blood mononu-
clear cells collected 1 to 5 years posttreatment. Of the 28 patients, 25 were transplanted post-
treatment and received immunotherapy for up to 5 years; the other 3 patients recovered without
the need for a graft. In summary, our results did not support the presence of PERV infectivity in
patients treated with this porcine hepatocyte-based bioartificial liver.

In vitro results also showed that our porcine hepatocytes did not produce infectious PERV in
cocultures with human kidney cell line 293 (Patience et al., 1997). In addition, in vitro experi-
ments using cartridges seeded with the porcine cell line PK-15, which expresses PERV, showed
that the membrane in the HepatAssist System decreased PERV transmission by a factor of 105 to
106.

CONCLUSION
Numerous extracorporeal therapies have been clinically evaluated for their ability to tem-

porarily support patients with acute liver failure (Riordan and Williams, 1997). The success of or-
thotopic liver transplantation has demonstrated the importance of not only detoxification but also
of synthetic and metabolic functions in supporting ALF patients. This led to the advent of cell-
based systems or bioartificial livers. There are three potential areas in which a liver support system
can benefit ALF patients: (1) increasing patient survival without the need for a graft, (2) bridging
patients to transplantation, and (3) decreasing patient mortality posttransplantation.

Initial clinical evaluation of the HepatAssist System demonstrated its safety and tolerability
in patients with acute liver failure (Watanabe et al., 1997b; Hewitt et al., 1998; Chen et al., 1997).
The study showed a 90% survival rate; a pivotal phase II/III, multicenter, randomized, controlled,
parallel group study of the HepatAssist System compared to standard surgical-intensive care in pa-
tients with acute hepatic failure has been initiated to further establish system efficacy.

The protocol includes patients with stages III and IV hepatic encephalopathy due to fulmi-
nant hepatic failure or primary nonfunction following liver transplantation. The primary end
point is 30-day patient survival. The study includes the enrollment of 150 patients with interim
analyses. The clinical study was approved in July 1998, and 14 clinical centers in the United States
and Europe are currently participating in the study.

The HepatAssist design is based on hollow-fiber membrane bioreactors. Plasma circulates
through the lumen of the fibers and the cells are held in the extracapillary space. Although the
membrane’s porous structure is impermeable to the hepatocytes, it has been designed to maximize
mass transfer so that circulating toxins and nutrients reach the cells and metabolites and synthet-
ic products are returned to the patient. However, the membrane also plays a role in decreasing the
potential risk of transmission of pathogens. The membrane used in the HepatAssist System de-
creased by a factor of at least 100,000 the transmission of PERV as measured in vitro by the in-
fectivity of human cell line 293. In addition, the membrane is not permeable to porcine cells, there-
fore significantly reduces the risk of porcine cell infusion into the patient and cell microchimerism
in patients treated with the HepatAssist System.

We are currently conducting the first controlled, randomized, multicenter trial in the devel-
opment of a bioartificial liver. It is our hope that our study, as well as other future studies, will help
explore more fully the critical elements of a liver support system (e.g., design, cell sources) and im-
prove our understanding of the pathogenesis of acute liver failure. These systems might also help
define an understanding and other potential therapeutic approaches regarding liver regeneration
in patients with liver disease.
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Lineage Biology and Liver
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Edward Hsu, Robert E. London, and Lola M. Reid

INTRODUCTION

Tissue engineering offers a revolution in basic research and in clinical programs in cell and gene
therapies, novel forms of plastic surgery, implantable devices, and bioartificial organs. Much of

the foundation of this new field is a synthesis of the concepts and technologies in cell and molec-
ular biology, cell and organ culture, extracellular matrix biology and chemistry, polymer sciences,
and stem cell and lineage biology. Its greatest impact has been with respect to quiescent tissues,
long the bane of investigators, who were forced to study quiescent tissues in vivo to achieve any
realistic expectations of fully normal and differentiated cells or, if they used them in culture, were
forced to offer feeble qualifiers to explain the aberrant behavior ex vivo of such differentiated cells.

Despite the extraordinary collective knowledge extant in the fields of cell and molecular bi-
ology, investigators have been stymied in trying to maintain tissues ex vivo and have struggled to
identify conditions under which the cells would express their differentiated functions for more
than a few days. In retrospect, past years of confusion are understandable, because the require-
ments for normalcy in the biology of cells and tissues are multifactorial and complex. Thus, the
common approach of utilizing clonal cell populations, desirable for achieving rigorous controls,
precluded the essentials of metazoan biology, that is, the biology of communities of cells with dy-
namic and complicated interactions. It is now appreciated that tissue-specific gene expression can-
not be achieved by using a cloned cell population placed onto a foreign, nonbiological surface
(glass, plastic) and in a soluble medium (basal medium) with serum that in vivo occurs only in a
wound. Indeed, cultures on plastic and in serum-supplemented media are now recognized as mod-
els of scar tissue formation (cirrhosis, fibrosis) but not of normal physiologic processes.

Tissue engineering comprises a number of new approaches that include using porous, flexi-
ble biological substrata (extracellular matrix components) and media defined for specific nutri-
tional and signaling needs; coculturing of multiple cell types with dynamic interactions, using 
conditions permitting the cells to achieve three-dimensionality; optimizing mass transfer; and rec-
ognizing that all tissues are organized as progenitors and maturational lineages. In this chapter we
concentrate on these novel approaches, with a special focus on the following requirements:

1. The need for stem cells or progenitors as starting points for cell and gene therapies and for
bioartificial organs

2. The importance of recognizing the maturational lineage with its implicit lineage-depen-
dent growth properties and tissue-specific gene expression

3. The development of logical microenvironments using purified and defined components
4. The use of biodegradable scaffoldings to facilitate presentation of that microenvironment

in configurations of three-dimensional space
5. An analysis of bioreactor designs to show the failings of most current bioreactors and some

possible designs that might work for adherent cell populations
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6. Novel approaches for analyses of bioartificial organs and including nuclear magnetic res-
onance spectroscopy (NMR) and magnetic resonance imaging (MRI)

To be able to focus on these diverse themes within a document of requisite brevity, we have
elected to focus almost exclusively on liver as a model and will use representative literature to sup-
port the discussions, referring the reader to more exhaustive reviews for further details. For exam-
ple, the history of the oval cell field, part of the background for current understandings of liver stem
cell biology, has been given in the review in the first edition (Reid, 1997) and in several additional
excellent reviews (Grisham and Thorgeirsson, 1997; Sell, 1998), and will not be presented here.

In intact organs and tissues, three interlocking factors—stem cell and maturational lineage
mechanisms, soluble signals (hormones, growth factors, nutrients, gas exchange), and insoluble
signals (extracellular matrices)—operating independently and interdependently, govern growth
and differentiation of all cells. Dynamic and continuous interactions between these determinants
are responsible for the complexity, the heterogeneity, and the subtleties of all aspects of tissue phe-
notype and regulatory processes. In the sections that follow, we will outline approaches we are tak-
ing to manage and/or manipulate each of these factors. The first section describes liver biology
and the use of stem cells and early progenitors to generate entire tissues. The second section de-
scribes use of extracellular matrices with or without biocompatible and/or biodegradable supports
that achieve the mass transfer requirements of the tissue, and presents engineering principles of
tissue mimicry, optimization, and scale-up. In the third section, we describe the physical and bio-
logic analyses of bioreactor designs that can be used for adherent cell populations such as the liv-
er when trying to establish bioartificial organs. We also discuss methodologies that can be used to
analyze cells in three dimensions, including novel NMR and MRI techniques.

LIVER ORGANIZATION AND DEVELOPMENT
Tissue engineering of the liver requires honoring the architecture and cellular paradigms that

govern its functions using principles of tissue mimicry. The primary structural and functional unit
of the mature liver is the acinus (Fig. 41.1, see color plate), which in cross-section is organized like
a wheel around two distinct vascular beds: three to seven sets of portal triads (each with a portal
venule, hepatic arteriole, and a bile duct) for the periphery, and with the central vein at the hub.
The liver cells are organized as cell plates lined on both sides by fenestrated endothelia, defining a
series of sinusoids that are contiguous with the portal and central vasculature. A narrow space, the
space of Disse, separates the endothelia from hepatocytes all along the sinusoid. As a result of this
organization, hepatocytes have two basal domains, each of which faces a sinusoid, and an apical
domain, which is defined by the region of contact between adjacent hepatocytes. The basal do-
mains contact the blood and are involved in the absorption and secretion of plasma components,
whereas the apical domain forms bile canaliculi, specialized in the secretion of bile salts, and is as-
sociated through an interconnecting network with bile ducts. Blood flows from the portal venules
and hepatic arterioles through the sinusoids to the terminal hepatic venules and the central vein.

Based on this microcirculatory pattern, the acinus is divided into three zones: zone 1, the peri-
portal region; zone 2, the midacinar region; and zone 3, the pericentral region (Table 41.1 and Fig.
41.2). Proliferative potential, morphologic criteria, ploidy, and most liver-specific genes are corre-
lated with zonal location (Gebhardt, 1988; Traber et al., 1988; Gumucio, 1989). Gradients in the
concentration of blood components (including oxygen) across the acinus, and following the di-
rection of blood flow from the portal triads to the central vein, are responsible for some of this
zonation—for example, the reciprocal compartmentation of glycolysis and gluconeogenesis. How-
ever, the periportal zonation of the gap junction protein connexin 26 and the pericentral zonation
of glutamine synthetase, to name only two, are insensitive to such gradients, are more representa-
tive of most tissue-specific genes, and appear to be determined by factors intrinsic to the cells or
to variables other than blood flow in the microenvironment.

In addition to hepatocytes, bile duct epithelial cells (cholangiocytes), and endothelial cells,
the region between the portal and central tracts contains other cell types, such as Ito cells and Kupf-
fer cells. These play prominent roles in pathogenic conditions of the liver, especially in inflamma-
tion and fibrosis, but their direct contribution to the main homeostatic functions of the normal
organ is apparently small. Although their biology is of importance, they will not be discussed fur-
ther here.
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The liver develops as a result of the convergence of a diverticulum formed from the caudal
foregut and the septum transversum, part of the splanchnic mesenchyme (reviewed in Zaret,
1998). The formation of the hepatic cells begins after the endodermal epithelium interacts with
the cardiogenic mesoderm (Douarin, 1975), probably via fibroblast growth factors ( Jung et al.,
1999). The specified hepatic cells then proliferate and penetrate into the mesenchyme of the sep-
tum transversum with a cordlike fashion, forming the liver anlage. The direct epithelial–mes-
enchymal interaction is critical in these early developmental stages of the liver and dictates which
cells will become hepatocytes or cholangiocytes, and the fenestrated endothelia, respectively. Mu-
tations in the mesenchyme-specific genes hlx and jumonji block liver development, illustrating the
importance of contributions from this tissue (Hentsch et al., 1996; Motoyama et al., 1997). Ear-
ly in its development, the liver consists of clusters of primitive hepatocytes bounded by a contin-
uous endothelium lacking a basement membrane, and abundant hematopoietic cells. As the en-
dothelium is transformed to become a discontinuous, fenestrated endothelium, the vasculature,
especially the portal vasculature, becomes more developed, with the production of basement mem-
branes. The portal interstitium may provide the trigger for the development of bile ducts, and as
it surrounds the portal venules, hepatic arterioles, and bile ducts, portal triads are formed. Imma-
ture hepatocytes rapidly proliferate and parenchymal plates are formed, probably in response to
changes in the amount and distribution of tissue-organizing molecules such as cell–cell adhesion
molecule 105 (CCAM 105), Agp110, E-cadherin, and connexins, coincident with the relocation
of most, but not all, of the hematopoietic cells to the bone marrow (Stamatoglou and Hughes,
1994). Studies suggest that some hematopoietic progenitors persist in adult quiescent rodent liv-
ers (Sigal et al., 1995a), and hematopoietic stem cells have been isolated from both adult human
(Crosbie et al., 1999) and murine liver (Taniguchi et al., 1996, 1997). The mature physical orga-
nization is achieved within the first weeks after birth in rodents. Metabolic zonation is established
according to somewhat different schedules for different enzymes, but becomes evident in the
period following birth.
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Table 41.1 Liver acinus zones

Zone

Characteristic 1 2 3

Ploidy Diploid Tetraploid Mix of tetraploid and 
octaploid

Average size 7–20 
m 20–30 
m 30–50 
m
Growth Maximum Limited (mostly Negligible

hypertrophic)
Extracellular matrix A gradient in the matrix chemistry located in the space of Disse
Gene expression Early Intermediate Late

Fig. 41.2. Schematic of the liver acinus. Information relevant to the pattern of size, ploidy, growth,
and gene expression are given in Table 41.1. PV, Portal vein; BD, bile duct; HA, hepatic artery;
SE, sinusoidal endothelium over the space of Disse; CV, central vein. (Modified from Brill et al.,
Proc. Soc. Exp. Biol. Med. (1993). 204, 261–269, with permission.)



IDENTIFICATION, ISOLATION, AND SOURCING OF CELLS 
FOR TISSUE ENGINEERING

Stem Cells and Committed Progenitors
Tissues are organized as maturational lineages fed, like a spring, by stem cells or early prog-

enitor cell populations (Sigal et al., 1992; Sell, 1993; Potten, 1997). The tissue is defined as going
from young, to middle age, to old cells. The maturational process is accompanied by lineage-po-
sition-dependent changes in cell size, morphology, antigenic profiles, growth potential, and gene
expression. Growth is maximal in the stem cells and early progenitors and wanes with progression
through the lineage. Indeed, in many mammalian tissues, the majority of the cells in the adult tis-
sue are polyploid, mostly tetraploid, or octaploid. Even in the liver, one of the most renowned re-
generative tissues in the body, less than a third of the cells are diploid. Only the diploid cells have
been found capable of undergoing repeated, complete cell division. Data support the concept that
the bulk of the regenerative potential in a tissue derives from the diploid cell population and that
the older cells contribute to regeneration by increasing cell mass via hypertrophic responses asso-
ciated with polyploidy (Sigal et al., 1999). Therefore, the best hopes for cell growth, whether in
cell or gene therapies or in bioartificial organs, are with the diploid cell population of the tissue.

Defining stem cells is difficult (Loeffler et al., 1997; Morrison et al., 1997). In the older em-
bryological literature, stem cells were defined as primitive cells that self-replicate, that are pluripo-
tent, i.e., produce daughter cells with more than one fate, that grow very, very slowly (are largely
in G0), and that are dependent on signals (undefined) derived from tissue-specific forms of mes-
enchymal cells. As discussed extensively in an interesting and provocative review (Morrison et al.,
1997), this definition does not apply in its entirety to all known stem cells. There are stem cells
that cannot be considered the most primitive cells within a tissue, self-replication appears to ap-
ply rigorously only to germ cells, pluripotency can be variable depending on the circumstances,
and the growth rate of the stem cells is tissue-specific. Despite the increasing complexity in the
characterizations of stem cells, there are generic attributes that seem to hold. As Morrison et al.
(1997) joked, “It is hard to define, but I know it when I see it,” a phrase they quoted from Unit-
ed States Supreme Court Justice Byron White’s comments with respect to pornography. The def-
initions and markers for stem cells are likely to emerge in the coming years with the enthusiastic
interest now being bestowed on stem cells by many investigators. For now, the terminology and
concepts of the stem cell field are as summarized briefly below.

Embryonic Stem Cells and Other Totipotent Cells
Cells with the potential to participate in the development of all cell types, including germ

cells, are referred to as “totipotent” and include the zygote and normal embryonic cells up to the
8-cell stage (the morula). Embryonic stem (ES) cells consist of permanent cell populations derived
from totipotent normal cells (blastocysts) and were first reported in the early 1980s (Evans and
Kaufman, 1981; Martin, 1981). ES cell lines can be cultured in vitro with maintenance of totipo-
tency. ES cells are tumorigenic if introduced into immunocompromised hosts in any site other
than in utero, forming teratocarcinomas. However, when they are injected back into normal blas-
tocysts, they are able to resume embryonic development and participate in the formation of a nor-
mal, but chimeric, mouse. Although ES cell lines have been established from many species (mouse,
rat, pig, etc.), only the mouse system has been used routinely to generate animals with novel phe-
notypes (knockouts, transgenics) by merging modified ES cells from culture to blastocysts and
then implanting the blastocysts into pseudopregnant hosts. Embryonic germ (EG) cell lines, which
show many of the characteristics of ES cells, can be isolated directly in vitro from the primordial
germ cell population. As with ES cells, the EG cells form teratocarcinomas when injected into im-
munocompromised mice and contributed to chimeras, including the germ line, when injected into
blastocysts (Labosky et al., 1994).

Transformed totipotent cells include embryonal carcinomas and teratocarcinomas. Stevens
(1964) identified and described teratocarcinomas in mice and showed that many cell types are
present in these tumors. On the basis of cellular characteristics and multipotent developmental ac-
tivity, the most primitive of teratocarcinoma cells have been designated embryonal carcinoma (EC)
cells (Stevens and Pierce, 1975). Ralph Brinster and associates showed that following the transfer
of EC cells into blastocysts, the EC cells were able to contribute to donor tissues such as hair (Brin-
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ster, 1974). Subsequently, Mintz and Illmensee (1975) demonstrated in a beautiful series of pub-
lications that embryonal carcinoma cells, fused with blastocysts and implanted in utero in pseudo-
pregnant hosts, are capable of yielding an animal with contributions by the embryonal carcinoma
cells to all tissue types. Thus, the malignancy of the cells was thought initially to be due to multi-
potent cells being in the wrong microenvironment at a critical time (Mintz and Illmensee, 1975).
However, even though malignant totipotent cells were able to participate normally in develop-
ment, findings that support the importance of the microenvironment for normal differentiation,
there has always been recognition that an aberrant gene(s) is also a factor, along with microenvi-
ronment, in giving rise to malignancies. Consequently, there was a drive toward using normal
totipotent cells, efforts that came to fruition in the development of embryonic stem cell lines.

Highly publicized experiments have reported that human ES cell cultures have been estab-
lished now from human embryos (Thomson et al., 1998). The intent for these human ES cells is
to inject them into tissues with the hope that they will be able to reconstitute damaged organs and
tissues. Given the findings that ES and EG cells form tumors when injected into sites other than
in utero (see above), the plan to inoculate human ES cells into patients is unrealistic and carries
the grave possibility of creating tumors in the patients. To overcome this impasse, some groups are
pursuing the plan of differentiating the ES cells under defined microenvironmental conditions to
become determined stem cells that can then be inoculated into patients (Kirby et al., 1996). For
example, there is some measure of success in generating hematopoietic progenitors (Kennedy et
al., 1997). However, there still remains the concern that residual ES cells in the culture could pose
the risk of tumorigenesis, if the cultures are inoculated into a patient. In summary, until research
in developmental biology reveals the myriad controls dictating the fates of cells during embryoge-
nesis, the ES cells will remain as an experimental tool with little hope for clinical programs in cell
or gene therapies. The only realistic option for clinical programs in cell and gene therapies is to
use determined stem cells that have restricted their genetic potential to that for a limited number
of cell types. By contrast, the ES cells may hold great promise for bioartificial organs for those tis-
sue types (e.g., hematopoietic cells) that are produced by ES cells under known conditions.

Telomerase
Telomeres are nucleoprotein structures that serve a critical function in protecting the ends of

linear chromosomes. Telomerase, a ribonucleoprotein reverse transcriptase, plays a key role in the
maintenance of telomere length and function. Telomerase is composed of a protein catalytic sub-
unit, telomerase reverse transcriptase (TERT), and an RNA component, telomerase RNA (TR).
Only TERT and TR are required for core in vitro telomerase activity (Greider, 1998).

Whereas embryonic stem cells have high levels of telomerase and determined stem cells have
detectable to moderate levels of telomerase, differentiated somatic cells possess low or undetectable
telomerase activity, and telomeres shorten with each cell division in vivo and in vitro. Accelerated
loss of telomeres is associated with cellular senescence. Tumor cells, increasingly recognized to be
transformants of stem cells and early progenitors, have high telomerase levels. These observations
support the proposition that telomere shortening in the absence of telomerase plays a critical role
in cell entry into senescence. In fact, ectopic expression of TERT in primary culture was sufficient
to induce telomerase activity and allow unlimited growth (Bodnar et al., 1998). One can expect
that stem cell or progenitor populations with high proliferative capacity should have high telom-
erase activity to maintain the telomere structures. Weissman and colleagues assayed telomerase ac-
tivity in single hematopoietic cells at different developmental stages, and found that 70% of bone
marrow hematopoietic stem cells exhibited detectable telomerase activity (Morrison et al., 1996).
However, only a minority of differentiating and transient multipotent progenitors had detectable
telomerase activity. These results indicate that telomerase expression is associated with self-renew-
al potential, rather than proliferative potential or undifferential status of cells. Confirming this,
germinal center B cells in the process of clonal expansion were enriched in telomerase-positive cells
more than 10-fold relative to splenic B cells (Morrison et al., 1996).

To explore the effect of telomere loss in vivo, telomerase-deficient mice (knockouts) were gen-
erated by deletion of the mouse TR gene (Blasco et al., 1997). Telomerase deficiency leads to a de-
pletion of male germ cells, diminished hematopoietic colony formation, and impaired mitogen-
induced proliferation of primary splenocytes (Lee et al., 1998). These findings indicate an essential
role for telomerase in organ systems with high proliferative activity. The effects on splenic lym-
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phocytes demonstrate that the association between self-renewal potential and telomerase expres-
sion is not specific to primitive progenitors. The TR knockout mice also show that short telom-
ere length leads to chromosome instability, suggesting that placing normal cells that do not con-
tain telomerase into a proliferative environment subjects them to increased risk of tumorigenic
mutations. This is yet further evidence that determined stem cells, not well-differentiated somat-
ic cells or embryonic stem cells, are reasonable candidates for ex vivo expansion for tissue engi-
neering or for cell and gene therapies. Moreover, study of determined stem cells should help in
defining approaches for directed differentiation of the totipotent cell lines.

Nuclear Transfer Techniques for Cloning of Mammals
Genetic engineering of mammals has long been possible with ES cells, but not with embry-

onic germ cells or with somatic cells, even determined stem cells. The ability to clone mammals
has now been achieved by utilizing nuclear transfer from some but not all somatic cells into enu-
cleated cells, suggesting that cytoplasmic factors are responsible for restricting the genetic poten-
tial of the nucleus (Wilmut et al., 1997; Kato et al., 1998; Wakayama et al., 1998; Wells et al.,
1999). The groundwork for this realization was pioneered by Gurdon and associates, who devel-
oped the techniques of nuclear transplantation (Gurdon, 1962). They hypothesized that nuclei re-
main totipotent even in a differentiated somatic cell and tested the idea by transferring nuclei from
the intestinal endoderm of Xenopus tadpoles into activated enucleated eggs. Of the eggs injected,
1.4% of them (10 individuals) developed to the feeding tadpole stage. Serial transplantation, in
which the blastula formed as a result of the initial transfer was used as a donor of nuclei for a sec-
ond transfer into activated eggs, yielded 7% to the feeding tadpole stage, and 7 individuals that
metamorphosed into fertile adult frogs (Gurdon, 1962), showing that the original donor nuclei
were totipotent. Two major criticisms, that either primordial germ cells, which can migrate
through to the gut, were the actual nuclear donors, or that the intestinal epithelia of the feeding-
stage tadpole are not truly differentiated, as witnessed by the presence of yolk platelets, were ad-
dressed in subsequent experiments. Cultured epithelial cells from adult frog foot webbing, which
expressed keratin and were thus considered differentiated, were used as nuclear donors. Serial trans-
plantation yielded numerous tadpoles (Gurdon et al., 1975), demonstrating that the nuclei of
some, but not all, somatic cells can be reactivated by transferring the nucleus into an embryonic
cytoplasm to yield cells that can mature into neurons, blood cells, muscles, or bones of a swim-
ming tadpole.

Mammalian Cloning
Wilmut and colleagues (1997) have found that viable lambs can be produced by transplant-

ing nuclei from cellular subpopulations of adult mammary glands. By transplanting nuclei from
cultured cells from the mammary gland of a 6-year-old ewe in the last trimester of pregnancy at
passage numbers 3–6 to an enucleated metaphase II-arrested oocyte, they have created a viable
lamb. The success is due largely to the fact that nuclei were taken from cells in the G0 phase of the
cell cycle. Quiescent, diploid donor cells were produced by reducing the concentration of serum
in the medium from 10 to 0.5% for 5 days, causing the cells to exit the growth cycle and arrest in
G0 (Wilmut et al., 1997). Moreover, they investigated the telomere length in the cloned sheep.
The mean size telomere length decreases in control animals with increasing age, at a mean rate of
0.59 kilobase (kb) per year. The size in the cloned sheep was reduced significantly compared with
the age-matched control animals (Shiels et al., 1999). The smaller size is consistent with the age
of the progenitor mammary tissue (6 years old) and with the time spent in culture before nuclear
transfer. The most likely explanation for the shorter telomere size in the cloned sheep is a reflec-
tion of the transferred nucleus, although it is not known whether the actual physiologic age of an-
imals derived by nuclear transfer is reflected accurately by the telomere length (Shiels et al., 1999).
It is unknown whether nuclei from any maturational stage of somatic cell can be totipotent, or
whether totipotent nuclei are restricted to a discrete subpopulation of maturational stage(s) (e.g.,
progenitors). However, the important realization at present is that any somatic cell can have a
totipotent nucleus.

The cloned sheep has undergone two normal pregnancies and has successfully delivered
healthy lambs (Shiels et al., 1999). Mammalian cloning using nuclear transfer techniques with
donor nuclei from somatic cells has now been used also to generate mice and calves (Kato et al.,
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1998; Wakayama et al., 1998; Wells et al., 1999). The results suggest that nuclei of some (all?) so-
matic cells can be converted to a pluripotent or totipotent state if put through nuclear transfer into
an enucleated cell with embryonic cytoplasm. Although the cloning experiments will yield nu-
merous studies on nonhuman species to generate cloned animals of some scientific or commercial
significance, their implications for humans are far more limited. Mostly, they will be used to de-
fine the sources of controls for differentiation, now shown to occur in the cytoplasm, offering hope
by which to dictate the fates of a totipotent cell such as the ES cells. Thus, for now there are no
immediate ramifications of this technology for cell or gene therapies or for other tissue engineer-
ing goals such as bioartificial organs for humans.

Determined Stem Cells
Determined stem cells derive from embryonic stem cells but have restricted genetic potential

through molecular mechanisms of “cellular commitment” that are understood now to derive from
poorly defined changes occurring in the cytoplasm, and occurring during embryogenesis follow-
ing the 8-cell stage embryos. The one division between the 8-cell and 16-cell stages begins the spe-
cialization process toward tissues. One can hypothesize that there may be remnants of the stem
cells from the germ layers of the early embryo or determined stem cells producing families of tis-
sues. If germ layer-determined stem cells exist, there would be three types: ectodermal (epidermal
and nervous tissues), mesodermal (blood, bones, cartilage, blood vessels), and endodermal (lung,
thyroid, intestine, pancreas, liver, etc.). The hypothesis of adult tissues containing determined stem
cells equivalent to the germ layer stem cells is untested at present.

Currently, the term “stem cell” persists in being defined as a population of cells that self-repli-
cate, have extensive growth, and are pluripotent. All known determined stem cells have been shown
to have extensive growth and to be pluripotent (Potten, 1997). However, there is debate whether
any known determined stem cell is capable of self-replication. The debate has been fueled by the
studies on telomerase in which determined hematopoietic stem cells from embryos versus adults
have distinct telomerase levels. This issue is likely to be the basis of much research in the coming
years and so cannot be addressed rigorously at this time.

Although it is implicit that there must be a cascade of stem cells with increasingly narrower
phenotypic potential, our knowledge of determined stem cells derives entirely from those thought
to be capable of producing the mature cells of a limited number of tissues or even of only one or-
gan or tissue, and which are located in those tissues. Because studies of determined stem cells have
focused only on their fates as the mature cells of the designated tissue (epidermal stem cells to yield
skin; neuronal stem cells to yield nervous tissue; etc.), their real potential is unknown.

In the past few years, the first real evidence has emerged that identifies determined stem cells
with a phenotypic potential intermediate between that of embryonic stem cell and a tissue-spe-
cific stem cell. One example will be used as representative: the hemangioblast. The hemangioblast
is considered a parental stem cell to determined stem cells for endothelia and hematopoietic cells.
The close temporal and spatial relationship of hematopoiesis and vascular development is consis-
tent with the existence of a postulated progenitor. Blood and endothelial progenitors coexpress
some molecular markers, such as CD34 and Flk-1 [a receptor for vascular endothelial cell growth
factor (VEGF)]. Targeted disruption of Flk-1 results in combined vascular and hematopoietic de-
fects (Shalaby et al., 1995). Flk-1 null embryonic stem cells also fail to contribute to either en-
dothelium or hematopoiesis in chimeric mice (Shalaby et al., 1997). These results show that Flk-
1 is essential for both lineages. Furthermore, single Flk-1-positive cells from avian embryos can
develop into either hematopoietic or endothelial colonies (Eichmann et al., 1997). These studies
are all consistent with the existence of the Flk-1-positive hemangioblast. Such a progenitor may
develop under the influence of the stem cell leukemia/T cell acute leukemia-1 (SCL/TAL-1) gene,
which was first identified through its translocation in acute T cell leukemia. It encodes a basic he-
lix–loop–helix (bHLH) transcription factor that is expressed specifically in hematopoietic cells,
vascular endothelium, and the developing brain. SCL null mice lack embryonic hematopoiesis,
and SCL null ES cells also fail to contribute to any hematopoietic lineage in the chimeric mice
(Porcher et al., 1996; Robb et al., 1996). Although the role of SCL in endothelial development re-
mains obscure in mice, it was shown that the ectopic expression of the zebrafish SCL homolog in
early posterior mesoderm resulted in overproduction of common hematopoietic and endothelial
precursors. This gain-of-function experiment in zebrafish indicates that SCL specifies formation
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of hemangioblasts (Gering et al., 1998). It is worth considering the possible role of bHLH pro-
teins in the control of cell fate in other tissues. For instance, ectopic expression of the myogenic
bHLH proteins MyoD, Myf-5, MRF4, or myogenin all induced muscle differentiation (Wein-
traub, 1993), and the crucial role of the achaete–scute complex, bHLH genes in Drosophila, in
neural development is conserved over species (Guillemot et al., 1993).

The bulk of the literature on determined stem cells is with respect to hematopoietic stem cells
(Heimfeld and Weissman, 1991; Marshall and Lord, 1996). However, proof of the existence and
the potential for stem cells in other tissues has emerged within the past decade (Potten, 1997). The
most well studied of these, independently of the hematopoietic stem cells, are the neuronal stem
cells (Snyder and Macklis, 1995; Calof et al., 1998; Kempermann and Gage, 1999), mesenchy-
mal stem cells (Caplan, 1994), skin stem cells (Reynolds and Jahoda, 1994; Cotsarelis et al., 1999),
intestinal stem cells (Potten, 1998), and liver stem cells (Sell, 1994; Reid, 1996; Grisham and
Thorgeirsson, 1997). Disparate, diverse investigations suggest that stem cells are also in the
pancreas (Gittes et al., 1996), lungs (Mason et al., 1997), prostate (De Marzo et al., 1998), and
other tissues (Potten, 1997).

Determined Stem Cells in the Liver
In reviews and articles, we and others have summarized the evidence for and against the hy-

pothesis that the liver, even the adult liver, contains determined stem cells that can give rise to
cholangiocytes and hepatocytes (Sigal et al., 1992, 1994, 1995b; Brill et al., 1995; Grisham and
Thorgeirsson, 1997). The discussion below is much abbreviated, and readers should consult any
of the published reviews on hepatic determined stem cells (and see Reid, 1997) to see discussion
of the very extensive literature on this subject. In brief, there are currently three competing mod-
els with respect to liver biology and regeneration:

Model 1. There are no stem cells. All of the liver cells are coequal and fully capable of clon-
al growth both in vitro and in vivo (Farber, 1995; Kennedy et al., 1995; Michalopoulos and De-
Frances, 1997). These arguments maintain that the ploidy state of the liver cells is irrelevant, that
the tetraploid and octaploid cells should proliferate just as well as diploid cells, and the only vari-
ables to consider for proliferative potential are microenvironmental factors.

Model 2. There are hepatic stem cells, but they constitute a small, residual population left
over from embryogenesis within the adult liver and are silent except in disease states such as can-
cer (Sell, 1994; Grisham and Thorgeirsson, 1997; Kay and Fausto, 1997). All liver biology and
liver regeneration in the adult occur from adult liver cells that are coequal and capable of clonal
growth (largely similar to the opinions expressed in the first model).

Model 3. The stem cells constitute the “cellular spring,” located near the portal triads and
yielding a maturational lineage of daughter cells that undergo a slow, unidirectional, maturational
process ending in terminal differentiation or apoptotosis near the central vein (Sigal et al., 1992,
1995a; Reid, 1997). This model is similar to lineage systems in skin, gut, and hematopoietic tis-
sue, but is proposed to occur much more slowly in liver, accounting for the confusion with respect
to the role of candidate progenitors in the liver. This model assumes that the diploid cell popula-
tion have far greater growth potential than do the tetraploid cells, and that the octaploid cells have
no or minimal growth potential. Morphology, cell size, growth potential, and the expression of
many tissue-specific genes are assumed to be lineage-position dependent.

Wilson and Leduc first postulated the presence of liver stem cells in 1958. However, as in the
hematopoietic field, the concept of a liver stem cell gained the most credibility from extensive stud-
ies of liver carcinogenesis. A number of experimental protocols have been established that com-
bine a hepatotoxic insult resulting in loss of cells in zones 2 and/or 3 of liver acinus, causing pro-
liferation of small (7–15 
m) cells with scant cytoplasm and ovoid nuclei, termed “oval cells.”
With chronic insults, these oval cells become altered and can give rise to malignantly transformed
cells. Overwhelming experimental evidence has implicated oval cells as partially or completely
transformed liver progenitors, and some studies suggest that they are derived from progenitors for
liver, gut, and pancreas (reviewed in Grisham and Thorgeirsson, 1997). Although it is experi-
mentally simple to induce the appearance of oval cells, it has proved difficult to identify unequiv-
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ocally the cells from which they arise. The cells of origin in all likelihood reside in proximity to
bile ductules, but whether they are terminal ductule cells or distinct periductular cells remains a
matter for debate.

Studies on both normal hepatic progenitors and on their transformed counterparts, oval cells,
have been facilitated by the use of monoclonal antibodies (mAbs) raised against antigens charac-
teristic of oval cells (Sell et al., 1987; Hixson et al., 1990). Using mAbs, hepatic progenitors have
been found in normal adult livers as well as in fetal and neonatal livers (Sigal et al., 1994, 1995b).
Both oval cells and their normal counterparts, hepatic progenitors, are heterogeneous with respect
to the binding of the various anti-oval cell antigen mAbs, and can be divided into subpopulations
on this basis. Antigenic profiles of hepatic progenitors suggests that three groups exist: bipotential
cells capable of differentiation to biliary or hepatocytic cells, precursors committed toward a bil-
iary lineage, and precursors committed toward a hepatocytic lineage (Sigal et al., 1994, 1995a; Brill
et al., 1995, 1999; Zvibel et al., 1998). Numerous studies have shown that cells exhibiting com-
binations of antigenic markers characteristic of hepatocytes and cholangiocytes can be cultured
readily from fetal rodent livers (Grisham and Thorgeirsson, 1997). Bipotential cells are present in
large numbers in rats through embryonic day 15, when the numbers of the committed biliary and
hepatocytic progenitors begin to increase. Subpopulations of hepatic progenitors from rat liver pu-
rified by fluorescence-activated cell sorting (FACS) also differ in their fates after introduction into
congenic hosts lacking the prevalent liver protein, dipeptidyl peptidase (Sigal et al., 1995b). The
data suggest that there exist discrete numbers of antigenically definable, determined hepatic stem
cells in fetal, neonatal, and adult liver, despite the view held by some that the liver contains none.

The proposal that there is an active, if slow, lineage system in the liver has been controversial,
but increasing evidence has resulted in increasing support for the concept (Sigal et al., 1992, 1995a;
Reid, 1996). Parenchymal cells show a gradient of increasing ploidy, granularity, and autofluores-
cence from the periportal (zone 1) to midacinar (zone 2) to pericentral (zone 3) zones of the liver
acinus. These features have been used to define senescing or apoptotic processes in other tissues
and are now hypothesized to define an ongoing terminal differentiation process in the liver (Sigal
et al., 1995a). Age-related shifts in the parenchymal component of the liver, that is, more cells
showing the characteristics of fully mature cells and fewer cells bearing characteristics of young
cells, is reminiscent of age-related changes in skin, gut, and blood. Consistent with these observa-
tions, zone 1 cells have been observed to progress to a zone 3 phenotype. Periportal hepatocytes
transplanted into periportal locations in host livers and translocated to pericentral locations as part
of the response to CCl4-induced liver injury begin to express zone 3-specific cytochrome P450
(Gupta et al., 1999). This demonstrates the biologic potential of periportal hepatocytes to adopt
the phenotype of hepatocytes of any zone. The potential of pericentral hepatocytes in this respect
is unknown at present, and is predicted by the lineage model to be greatly restricted.

Another prediction of the lineage model is that there should be differences in growth poten-
tial correlating with maturational state. Liver repopulation studies have shown that small subpop-
ulations of normal murine parenchymal cells have a proliferative capacity approximating that of
hematopoietic stem cells (Overturf et al., 1997). It is highly unlikely that polyploid, multinuclear
hepatocytes, which make up a large percentage of the hepatocytes in adult liver, have this capabil-
ity. In addition, periportal rat hepatocytes respond more strongly in culture to the mitogenic ef-
fect of HGF (Rajvanshi et al., 1998), which is in agreement with the proposition that they repre-
sent cells of lesser maturity. Therefore, analogous to other lineage systems, it appears that a large
reservoir of proliferative capacity resides in a small subpopulation of liver cells, certainly subpop-
ulations within the diploid cells of the liver.

These observations indicate that periportal hepatocytes have properties that make them at-
tractive as cellular feedstocks for artificial livers: they can attain the phenotype of all parenchymal
cells in the mature acinus, and they have better proliferative potential than the hepatocyte popu-
lation in general, which suggests that they may be seeded into devices at a lower density than is
possible with more mature cells. The importance of the determined stem cell and lineage model
of the liver is that it predicts that there is a population of cells, even in mature liver, whose poten-
tial utility is even greater. Hepatic progenitor cells meeting some of the criteria for determined stem
cells have already been isolated from rodents, and work is proceeding on accomplishing this from
human tissue. The ultimate impact of the harnessing of determined stem cells from liver is that it
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will overcome difficulties with supply and storage and make it possible to construct and maintain
bioartificial liver-assist devices using human cells.

Committed Progenitors
Committed progenitors are descendents of the stem cells and have undergone “commitment,”

a restriction in their genetic potential to limit their fate to that for one cell type. For example, in
the liver, there are committed biliary progenitors and hepatocytic progenitors that yield descen-
dents that are bile duct epithelia or hepatocytes, respectively. The committed progenitors of the
skin (“transit amplifying cells”), of the intestine, or of the liver are the most rapidly growing cells
of the tissue (Reid, 1996; Potten, 1997).

Strategies for Identification and Manipulation 
of Determined Stem Cells

From the many studies on determined stem cells, there are some generic approaches that have
emerged as well as recognition that markers once thought to be unique to a specific determined
stem cell may be generic to stem cells. To find a determined stem cell, one must identify one or
more tissue-specific characters to decide their identity and to be used as a guide during purifica-
tion processes. The markers can be surface markers permitting immunoselection technologies (e.g.,
CD34) for purification of the cells or can be culture conditions that are selective for the stem cells
(e.g., those used for mesenchymal stem cells) (Bruder et al., 1994) or for neuronal stem cells. For
example, the hemangioblast is identified by the master gene for the bHLH family of transcription
factors, whereas hepatic lineages all have �-fetoprotein and albumin (Zaret, 1998) (see Fig. 41.3).
Ideal models for searching for surface markers are transformants of the determined stem cells and
consisting of tissue-specific cell lines, whether frankly transformed or only partially transformed
(Zvibel et al., 1998). Telomerase activity can be used as an assay for the self-renewal potential of
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Fig. 41.3. Cytospin of rodent he-
patoblast purified by multipara-
metric flow cytometry (contrast
the mature cells shown in Fig.
41.4). The cells are mostly nucle-
us with a thin rim of cytoplasm,
express �-fetoprotein, weakly ex-
press albumin, are diploid, are
approximately 7–10 mm in diam-
eter, and are agranular.



the candidate stem cells. Ex vivo expansion or differentiation conditions should be focused to
maintain the tissue-specific identity and the telomerase activity. Markers defining known stem cells
include receptors for signaling pathways (e.g., c-kit, CD38), telomerase, developmentally regulat-
ed cell adhesion molecules (e.g. CD34), and transcription factors (e.g., bHLH family).

SOURCING OF HUMAN CELLS FOR TISSUE ENGINEERING
A major problem for all basic, clinical, or industrial investigations on human tissue is being

able to get it reliably, when needed, and in reasonably good condition. The supply of human tis-
sue is erratic, such differentiated tissues are difficult to cryopreserve and therefore difficult to stock-
pile, and there is always the concern that a disease in the cells may be transmitted to a gravely ill
and/or immunocompromised recipient. These difficulties have resulted in serious consideration
of the use of established and well-characterized cell lines (at least for use in bioreactors) or even of
the use of nonhuman tissues, such as from pigs (Sussman et al., 1994; Baquerizo et al., 1999).

Cell lines have long been a popular option, given the ease in handling, expansion, and stor-
age. Concern about “metastasis” of tumor-derived cell lines or transmission of uncharacterized in-
fectious agents from tumor cells or animal tissue in bioartificial organs to patients makes it un-
likely that devices containing these readily available cells will attain widespread use. Even the use
of “normal” cell lines has very limited potential, because their establishment in culture is via pro-
cesses that inherently result in partially or completely transformed cells, with resulting truncation
of the functions to those of their normal counterparts, the progenitors of the tissue from which
the cell line derived (Potter, 1978, 1981; Sell, 1994; Zvibel et al., 1998). The cells are blocked in
the ability to mature through their lineage to yield cells capable of intermediate or late functions
(Potter, 1981; Sell, 1994).

The use of porcine tissues for bioartificial organs and even for some types of cell therapies is
another approach that has received very serious attention (Chari et al., 1994; Baquerizo et al., 1997,
1999). The advantages are, of course, that the animals can be maintained under strict, germ-free
conditions and can provide a ready supply of healthy tissue. However, concern that transfer of
zoonoses that are nonpathogenic in pigs but possibly pathogenic in humans has spawned much
controversy and a flurry of intense debates within the Food and Drug Administration (FDA) and
among scientists. Clearly, if human tissues were available, the motivation to pursue nonhuman tis-
sues would be eliminated or reduced.

Long-term success after transplantation of whole organs leads one to believe that normal hu-
man cells, with appropriate safeguards, present much less risk than either cell lines or porcine cells.
By this important criterion, normal human cells are the best choices for cell and gene therapies
and for bioartificial organs. Although in the past, procurement of human tissue has proved diffi-
cult, the rise of well-established procurement organizations, such as the United Network for Or-
gan Sharing or (UNOS), has made access to human tissue much easier. Some tissues, such as heart
valves, corneas, and skin are retrieved postmortem, whereas other types of tissues or organs (kid-
ney, liver, lungs, etc.) are presently thought to be usable only if from abortuses (fetal tissues) or
from organ transplantation programs.

Investigators routinely use fetal tissues, because they are easy to get and to handle, are rela-
tively inexpensive, and are readily established in culture; they account for much of the research on
human tissues. Yet there is widespread resistance to using fetal tissue in clinical or industrial pro-
grams for fear of political, ethical, and/or legal repercussions.

Whole organs for transplantation are collected through organizations such as UNOS (see their
web site at http://www.unos.org). In general, organs for transplantation can derive only from
donors who are brain dead but who have not undergone cardiac arrest, accounting for approxi-
mately 2% of candidate donors. The organs collected for transplantation are evaluated after re-
moval from the donors. Approximately 90% are transplanted into appropriate recipients, leaving
5–10% (this varies considerably from tissue to tissue) that are rejected for reasons such as abnor-
malities in the vascular anatomy, lesions in the tissue, or presence of a pathogen(s), such as a virus.
It is these rejects that are made available for basic, clinical, or industrial investigations. Another
variable is the considerable length of time that can pass from the time at which the organ is re-
moved from the donor to the time at which it is received by investigators. On average, it is about
20 hr, a time frame that can result in severe ischemia and autolysis of the tissue. Although post-
mortem collection of organs has been found unacceptable for whole organ transplantation, it re-
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mains an untested option for any organs to be dispersed into cell suspensions and remains as one
of the major untapped resources for human cells and tissues.

For a liver-assist device to be effective, a cellular mass representing 10–20% of the liver cell
mass of the patient is needed. Because harvesting mature liver cells from donated human livers is
relatively inefficient, because the mature cells have limited growth, and because no really success-
ful cryopreservation methods for them yet exist, a limited number of bioartificial livers can be es-
tablished from each donor organ. Therefore, cellular growth potential will determine the number
of bioartificial organs that can be produced and used. This reasserts the issue of defining the cells
within the liver with the greatest proliferative potential. A major clue is the fact, discussed in brief
above, that the majority of mature liver cells are polyploid (tetraploid or octaploid) (Styles, 1993;
Mossin et al., 1994; Seglen, 1997; R. A. Williams et al., 1997; Yin et al., 1998). The extent of poly-
ploidy is developmentally dependent. Fetal and neonatal tissues are entirely diploid. In the liver,
there is a gradual appearance of binucleated diploid cells that have undergone nuclear division but
with absence of cytokinesis. Subsequently, some of these binucleated cells give rise to daughter
cells, and the nuclear membranes of the two nuclei fuse, resulting in tetraploid cells. The majori-
ty of the rat and human liver cells are tetraploid (up to 80% in rat livers). A similar process occurs,
resulting in binucleated cells with tetraploid nuclei that subsequently convert to octaploid cells.
Although polyploidy has been well documented in the liver, it is beginning to be studied in the
mature cells of other quiescent tissues (Hamada et al., 1990; Matturri et al., 1991). In general, the
polyploid cells undergo limited complete cell division and preferential hypertrophic growth in re-
sponse to regenerative stimuli. In addition, maturation is associated with increasing autofluores-
cence, due to changes in amounts of fluorescent cytoplasmic pigments such as lipofuscins, and
with increasing cytoplasmic “complexity,” as perceived by flow cytometric analyses, due to matu-
ration-dependent increases in mitochondria, ribosomes, and other cytoplasmic organelles. The
studies of Gupta and associates have provided suggestive evidence that the periportal diploid cells
are highly proliferative (Rajvanshi et al., 1998). Therefore, even if the markers for purification of
determined stem cells or early progenitors are not known, it would seem logical to select for diploid
cells as candidates for maximal proliferation potential.

In addition to a quantitative benefit (owing to the utilization of feedstock cells with great ex-
pansion potential), the developmental potential of progenitor cells—or at the very least diploid
cells—should translate into an improved opportunity for cell or gene therapies or for recreating
acinar heterogeneity in the bioartificial liver. This in turn may mean that in a patient or in a biore-
actor, all isoforms of such clinically important, zone-specific enzymes (e.g., the cytochromes P450)
are expressed. The initial cell population should have the developmental capacity to take on the
characteristics of any acinar zone, if the bioreactor and extracellular matrix conspire to provide the
appropriate environment.

MICROENVIRONMENT

Principles
The determinants of a cell’s position within the lineage and its phenotype at that position have

been shown to be due to a combination of at least three factors:

1. Autonomous intracellular mechanisms that are division number dependent or time de-
pendent, such as chromatin rearrangements or methylation events, controls on nuclear division or
cytokinesis, etc. (discussed above).

2. Signal transduction mechanisms activated by (a) gradients of soluble signals (autocrine,
paracrine, or endocrine factors), of nutrients, and of gases (O2/CO2 levels), in multiple combi-
nations, and/or in synergistic effects with extracellular matrix components, and (b) gradients of
extracellular matrix components—a complex, insoluble mixture of proteins and carbohydrate-rich
molecules found on the lateral borders (lateral matrix) and on the basal borders (basal matrix) of
all cells.

3. Mechanisms affecting mass transfer of nutrients, gases, or signals to the cells. In vivo and
especially in vitro, the ability of signals to access the cells is a critical variable, dictating the gradi-
ents of the signals and the biologic responses of the cells. These factors are especially important
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when cells are being established under three-dimensional conditions, such as in bioreactors, or
even, in simple form, in spheroids.

The issues of mass transfer are more extensively addressed in the discussion on bioreactors
(below). Therefore, here will be discussed the other microenvironmental variables regulating the
growth and differentiation of cells.

The heterogeneity of gene expression and the growth potential in all tissues is now recognized
to be lineage-position dependent. In effect, there are early, intermediate, and late genes activated
in a lineage-position-dependent fashion. Identical microenvironmental cues induce distinct genes
at different maturational stages. Thus, signals from cell–cell interactions maintain and regulate
growth and govern gene expression of a restricted set of genes, those defined by the maturational
stage of the cells.

Soluble Signals
Signals from cell–cell interactions consist of a soluble set and an insoluble set. Soluble signals

include autocrine factors, produced by a cell and active on the same cell; paracrine factors, pro-
duced by one cell and acting on a neighboring cell(s); and endocrine factors, produced by one cell
and acting on a target cell at a distance from the source cell and delivered to the target cell(s)
through blood or lymph. All of these soluble signals, including the autocrine ones, are highly reg-
ulated and under very strict controls. The wealth of knowledge on the myriad hormones and
growth factors precludes the possibility of any detailed discussion of individual factors. However,
many of them have been reviewed and detailed in various publications (Loughna and Pell, 1996;
Ziegler et al., 1997; Dickson and Salomon, 1998; McKay and Brown, 1998). Moreover, the ef-
forts of many investigators have revealed most of the rules with respect to the identification of sol-
uble signals or nutrients required for growth and/or differentiation of specific cell types (Reid,
1990; Reid and Luntz, 1997). Below will be presented simply a summary of the findings and of
approaches to generate the microenvironment needed for cells in culture or in bioreactors.

Any cell type can be maintained ex vivo if it is provided with an appropriate substratum of ex-
tracellular matrix and with a serum-free, hormonally defined medium (HDM) containing puri-
fied hormones, growth factors, trace elements, and nutritional factors. The exact composition of
any HDM is tissue specific, and very rarely is species specific. Thus, for example, an HDM de-
veloped for optimal growth of rat lung tissue will be virtually identical to that for growth of hu-
man lung tissue. For the few tissues for which cells at distinct maturational stages have been iso-
lated in bulk (hematopoietic cells, liver), the exact composition of HDM contains subsets that are
identical for all maturational stages and others that are distinct. Complementing this is the real-
ization that the exact composition of an HDM is distinct for cells in an optimal growth versus op-
timal differentiation state.

Classic cell culture conditions, tissue culture plastic and serum-supplemented medium
(SSM), produce cell cultures with minimal differentiated functions due to inhibition of tran-
scription of tissue-specific mRNAs and destabilization, i.e., short half-lives, of those mRNAs.
Common gene mRNAs (e.g., actin, tubulin) are stabilized by these conditions. Moreover, normal
cells, especially epithelial cells, survive for only a few days when cells are plated on tissue culture
plastic substrata and in a serum-supplemented medium. Tumor cells and stroma are better able
than normal epithelial cells to survive the deleterious effects of serum, a factor in their preferen-
tial selection (e.g., stromal cell overgrowth) in classic cell cultures. Serum-free, hormonally defined
media and tissue culture plastic result in cell cultures that have far more stable tissue-specific mes-
senger RNAs, hence greatly enhanced differentiated function. However, the cells still cannot syn-
thesize their tissue-specific mRNAs at normal rates. Thus, the cells maintained on tissue culture
plastic and in HDM regulate entirely or almost entirely under posttranscriptional regulatory mech-
anisms. Survival of both normal and tumor cells maintained as primary cultures on tissue culture
plastic persists for only a few days, a week at most.

Extracellular Matrix
Insoluble signals include components of the extracellular matrix, an insoluble material pro-

duced by all cells and found on the lateral borders between homotypic cells (the lateral matrix
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chemistry) and on the basal surfaces of cells, separating them from heterotypic cell types. The sol-
uble and insoluble signals are interregulated and also have multiple synergistic effects. That is, sol-
uble signals can induce synthesis of specific matrix components; matrix substrata can dictate out-
put of specific soluble signals or regulate receptors and can also be “hardwired” for soluble signals;
and distinct sets of matrix components and soluble signals cooperate in the regulation of specific
physiologic processes. Extracellular matrix components turn over slowly, on the order of days to
weeks, and serve to stabilize cells in specific configurations of adhesion sites, antigens, hormone
receptors, ion channels, etc. Because the extracellular matrix is connected directly to the cyto-
skeleton via transmembrane molecules, changes in the conformation of one or more matrix com-
ponents can directly influence cell shape. The soluble signals that have a more rapid turnover, on
the order of seconds to minutes, activate signal transduction processes that induce a specific phys-
iologic process such as growth or expression of tissue-specific genes. The effect of a soluble factor
is entirely dependent, both qualitatively and quantitatively, on the matrix chemistry associated
with the cell.

The purified matrix components, many of them commercially available, produce highly re-
producible biological responses in cells, particularly when they are used in combination with
HDM (Maher and Bissell, 1993; Knop et al., 1995; Bader et al., 1996; Nishikawa et al., 1996;
Gomez-Lechon et al., 1998; Schuppan et al., 1998). The availability of some classes of matrix com-
ponents, e.g., proteoglycans, in rigorously prepared forms, remains quite limited. No individual,
purified matrix component will enable cells to survive and function for more than a week or two.
Rather, long-term stability of survival and physiologic responses has been afforded only by extracts
enriched in extracellular matrix and, to less extent, mixtures of matrix components. Tissue extracts
enriched in extracellular matrices have proved of great importance in popularizing the importance
of matrix substrata for normal or near-normal biologic functions in cells. One of the most popu-
lar has been Matrigel, a urea-derived extract from murine embryonal carcinoma tumors [Engel-
breth–Holm–Swarm (EHS) tumors]. Matrigel contains primarily laminin, type IV collagen, he-
paran sulfate proteoglycan, and entactin, resembling the composition of basement membranes as
found in tumors. Liver cells cultured on Matrigel attach loosely via laminin bridges to the gel and
use their lateral matrix chemistry to form spheroidal aggregates that show greatly increased main-
tenance of differentiated function (Bissell et al., 1987; Moghe et al., 1996; Coger et al., 1997).
Other tissue extracts that have also been used extensively have been biomatrices (e.g., Rojkind et
al., 1980; Doerr et al., 1989) derived from any tissue, normal or diseased, and amnionitic mem-
brane extracts (Liotta et al., 1980), used often for cultures of endothelia.

A major function of the matrix is to induce three-dimensional states in cells, essential for
achieving full normalcy in cellular phenotype and for normal transcription rates of tissue-specific
genes (Ingber et al., 1995; Ingber, 1998). The future, therefore, will be in identifying precise mix-
tures of purified matrix components that confer stable survival and physiologic responses.

Changes in Matrix Chemistry with Respect to Lineage Position
The lateral matrix chemistry, found between homotypic cells, consists of cell adhesion mole-

cules (CAMs) and proteoglycans, but no collagens, fibronectins, or laminins. The basal matrix
chemistry, found between closely associated heterotypic cell types (e.g., epithelia and mesenchy-
mal cells), consists primarily of CAMs, proteoglycans, basal adhesion molecules (fibronectins or
laminins), collagens, and other components that can be tissue specific in their distribution either
qualitatively or quantitatively (e.g., entactin, tenascin). Collagen scaffoldings in the basal matrix
chemistry of two adjacent cell types are cross-linked by an enzyme, lysl hydroxylase, thereby phys-
ically connecting the two cell layers.

The chemistry of the basal and lateral matrices changes in predictable ways within a matura-
tional lineage. All known determined stem cells are associated with fetal lateral and basal matrix
chemistries consisting of isoforms of CAMs [e.g., CD34, intercellular adhesion molecules
(ICAMs)] and proteoglycans (e.g., certain syndecans) and fetal isoforms of laminin, type IV col-
lagen, and often high levels of hyaluronates ( Jones and Watt, 1993; Martinez-Hernandez and
Amenta, 1993; Watt, 1998). Commitment and subsequent maturation of the cells are associated
with a shift, in gradient fashion, in the lateral and basal matrix chemistries. The shift includes a
decline or even loss of expression of the basal matrix components, a decline or loss in the expres-
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sion of hyaluronates, a conversion to fibrillar collagens, and a shift to adult isoforms of basal ad-
hesion proteins, of CAMs (e.g., CCAM 105), and of proteoglycans (e.g., heparin proteoglycans).

Although all tissues studied have similar basal and lateral matrix chemistries within the stem
cell compartment, there are three major variations known in basal and/or lateral matrix chemistries
occurring with maturation, as discussed below.

Preservation of expression of all major classes of matrix components 
but with gradients in isoforms within those classes

Some lineages, exemplified in gut and liver, are associated with a preservation in the expres-
sion of all classes of matrix components but a shift in which isoforms are expressed. The liver prog-
enitor cells and intestinal stem cells are associated with a classic embryonic basal lamina consist-
ing of laminin, type IV collagen, fetal CAMs, and specific forms of syndecan, a heparan sulfate
proteoglycan. Maturation is associated with gradual shift to increasingly more stable forms of fib-
rillar collagens, fibronectin, and a heparin-like heparan sulfate proteoglycan, located at highest
concentrations in association with the most mature cells (for example, around the parenchyma
near the central vein in the liver). In the past, the liver was considered an “epithelioid organ” and
not a true epithelium, because most of the mature liver cells were associated with a form of extra-
cellular matrix in the space of Disse that is distinct morphologically from basement membranes.
Now it is realized that the liver, as well as the gut, are both true epithelia with gradients of matrix
chemistry paralleling and coordinate with maturing lineages of cells.

Loss in expression of basal matrix components
The skin and nervous system undergo maturational processes in which there is a loss in the

expression of basal matrix components but retention in expression of lateral matrix components.
The lateral matrix components undergo the maturational shifts in chemistry known for all lin-
eages.

Loss in expression of collagens and shift to regulated expression 
of adhesion proteins with cell-binding domains

Hematopoiesis is associated with loss of collagen expression and with loss of expression of ex-
ons encoding the cell-binding domains of adhesion proteins in those cells that become free float-
ing. Expression of the isoforms of the adhesion proteins still containing those cell-binding domains
is retained by immunocytes but utilized in a highly regulated way for the many complex cellular
interactions involved in immunologic responses. Other hematopoietic cell types, especially the
monocytic–macrophage lineage, retain the capacity to produce collagens; their matrix matura-
tional patterns are too poorly characterized to permit generalizations.

Feeder Cells
Although many of the soluble and matrix signals driving growth and differentiation of cells

have been identified and well characterized, new factors are being recognized from the use of co-
cultures, the mixture of two or more cell types, and assessment of biologic function. The most
common cocultures are those in which feeders of stromal cells are used to support various type of
epithelia (Kawase et al., 1994; Talbot et al., 1994; Moore et al., 1997). Stromal cell-derived growth
factors active on epithelia include the interleukin-6 (IL-6) family and hepatocyte growth factor
(HGF) (Rathjen et al., 1990; Montesano et al., 1991a,b). In addition, many of these signals are
presented as complexes with glycosaminoglycans or proteoglycans, having carbohydrate chemistry
that modulates the biologic responses of the cells to the protein ligands (Zvibel et al., 1991, 1995;
Lyon et al., 1994).

Two descriptive studies have provided suggestions of yet other factors that may be relevant to
full function of liver cells and involved cocultures of mixtures of endothelial cells, Ito cells, hepa-
tocytes, bile duct cells, and Kupffer cells (Michalopoulos et al.., 1999; Mitaka et al., 1999).

Expansion versus Differentiation of Cells
Liver tissue engineering comprises two steps: a growth phase, in which the seeded progenitor

cells expand in vivo within the tissue of the host or ex vivo in culture or a bioreactor, and a differ-
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entiation phase, in which the cells cease proliferation and assume their fully mature states. These
phases occur naturally when cells are inoculated in vivo. By contrast, the conditions appropriate
for controlling these phases must be carefully designed for ex vivo maintenance of liver cells. De-
tailed descriptions of the conditions for growth versus differentiation have been published (Brill
et al., 1994; Reid and Luntz, 1997; Reid, 1997) and are summarized in Tables 41.2 and 41.3. In
brief, the particular conditions required to permit the survival and growth of progenitors are (1)
serum-free basal medium, (2) attachment to a porous, flexible surface coated with extracellular ma-
trix of a chemistry identical to that in the stem cell compartment in vivo, (3) provision of relevant
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Table 41.2. Summary of common requirements for all lineage stagesa

Variable Growth Differentiation

Substratum Flexible, porous substratum Flexible, porous substratum
coated with type IV collagen coated with fibrillar collagens
and laminin and fibronectins

Calcium Less than 0.5 mM Above 0.5 mM
Glycosaminoglycans/ Ideally, tissue-specific forms Ideally, tissue-specific forms

proteoglycans of heparan sulfate-PGs or of heparin-PGs or specific
heparan sulfate saccharides heparin saccharides

Basal medium Nutrient-rich medium supplemented with nicotinamide and trace 
elements (tissue specific) that include selenium

aRequirements given are with respect to liver, but are also applicable in most regards to most differentiated
epithelia.

Table 41.3. Summary of known requirements that are maturational lineage-position 
dependent

Variable Stem cells Committed progenitors Mature cells

Nutrients Complex mixture lipids including HDL, phospholipids, Lineoleic acid 
and free fatty acids essential for survival suffices (although 

preferably the com-
plex mixture)

Attachment Some determined stem cells prefer suspension; Adherence to a 
anchorage results in differentiation; those that substratum required
adhere have the requirements as specified in for survival
Table 41.2

Feeder layers Embryonic feeders Feeders required but Feeders not required
required (can be tolerant of feeders
tissue-specific) from diverse sources

Strict mitogens Unidentified signals from feeders (local signaling Systemic signaling
dominant) dominant (for liver:

insulin, EGF)
Other mitogens IGF II, EGF, and transferrin/Fe are common Insulin, EGF, thyroid

hormones, growth
hormone, prolactin

Differentiation The repertoire of genes available for regulation is lineage-position
signals dependent; each gene is regulated coordinately by several soluble 

signals (usually 3–4) in the context of a specific matrix chemistry
Serum Usually inhibitory for survival or growth Inhibitory for tissue-

specific gene
expression

Gas exchange Anaerobic conditions tolerated Critically dependent
on aerobic metabo-
lism



nutrients not typically in basal media (e.g., lipids, trace elements), (4) provision of critical soluble
signals (hormones, growth factors), and (5) coculture with feeder cells that supply soluble signals
that have yet to be identified (e.g., embryonic stromal cells). Experience with rodent cells suggests
that differentiation can be achieved by removal of the feeders, or by administering one of several
known growth factors [e.g., HGF, FGF, and insulin-like growth factor II (IGF-II)] (Brill et al.,
1995; 1999) (see Fig. 41.4).

Maintenance of highly differentiated liver cells, at least short-term, has been achieved with a
variety of culture media that often differ in seemingly insignificant ways except that the omission
of serum is now recognized as essential ( Jefferson et al., 1984). Another stringent factor in cul-
turing is the provision of cell–matrix substrata [discussed above and extensively in reviews by Brill
et al. (1994), Reid (1997), and Reid and Luntz (1997)]. In addition to the exact chemistry of the
matrix substrata, the achievement of three-dimensionality is essential (Wang and Ingber, 1994).
This requirement has been shown both by elegant engineering analyses (Ingber et al., 1995; Huang
et al., 1998; Ingber, 1998) and by simple culture conditions that elicit three-dimensionality such
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as spheroid cell cultures (Koide et al., 1989; Tong et al., 1992) and matrix–cell–matrix sandwich-
es with collagen I gels and Matrigel (LeCluyse et al., 1994; Moghe et al., 1996). Cells grown in
such configurations are more cuboidal than those grown on plastic or on matrix proteins coated
on plastic, and may have the capability of forming more extensive cell–cell contacts with their
neighbors than flattened cells can. The extensive cell–cell contacts achieved by hepatocyte spher-
oids may similarly account for the high degree of differentiated cell function in this culture system
(Hamamoto et al., 1998).

In a bioartificial liver, it is perhaps more important to consider how the medium is brought
to all parts of the culture, involving essential issues of mass transfer and thus crucial for achieving
high-density cultures. If the developing bioartificial liver is to begin with a small inoculum of cells
that proliferate to fill the chamber and proceed to a highly differentiated state in which cell–cell
contact is maximized, a combination of biodegradable polymers coated with matrix proteins and
sparsely seeded hepatic progenitors should provide conditions that encourage expansion of the
cells. As the cells multiply, the biodegradable polymers should disappear to be replaced by a nat-
ural extracellular matrix produced by the cells and governed by the cell density and the microen-
vironment of the bioreactor chamber.

Comparison of Normal and Tumor Cells
Tumor cells have ex vivo maintenance requirements that overlap extensively with the require-

ments of normal progenitor cells, their normal counterparts (Zvibel et al., 1998). The fallacy in
many of the prior assumptions about tumors has been in the comparison of them with normal,
mature cells. For example, the requirements for ex vivo maintenance of hepatoblastomas are al-
most identical to those of hepatoblasts but are quite distinct from those of mature hepatocytes.
Similarly, well-differentiated hepatomas or cholangiomas have requirements close to that of com-
mitted hepatic or biliary progenitors, respectively (Zvibel et al., 1998). The phenotypic expression
of tumors and cultures of them also parallels that in their normal counterparts. Thus, as Potter and
Pierce have long argued, tumors are maturationally arrested progenitors, and the expression of fe-
tal genes is simply part of the normal phenotype of the progenitor cells (Potter, 1981; Sell and
Pierce, 1994). Proof of the hypothesis of Potter and Pierce has been supported by more addition-
al studies comparing normal hepatic progenitor cells and hepatic tumor cells (Zvibel et al., 1998).
For example, matrix/hormonal synergies have been found to regulate fetal (early) genes such as
IGF II and TGF, both transcriptionally and posttranscriptionally in tumors (Zvibel et al., 1991)
and in their normal counterparts, hepatic progenitors (Zvibel et al., 1998). Identical hormone/
matrix synergies regulate adult-onset genes in mature parenchymal cells (Brill et al., 1995). If the
tumor cells express any adult-onset genes, they are regulated, invariably, by posttranscriptional
mechanisms entirely or with muted transcriptional regulatory mechanisms in combination with
the posttranscriptional mechanisms.

BIODEGRADABLE POLYMERS

Criteria for Design of Biodegradable Polymers 
in Tissue Engineering of Liver

The final realization of tissue engineering of liver depends on the success of research endeav-
ors in (1) liver biology, especially in understanding the extracellular matrix (ECM) biology and
chemistry, and liver as a maturational lineage system (Reid, 1997), (2) design and engineering of
novel bioreactor systems (Macdonald et al., 1999), and (3) development of degradable extracellu-
lar substrata. Biodegradable polymer support in tissue engineering of liver is to provide (1) a sur-
face coated with growth-permissive ECM for attachment/adhesion of anchorage-dependent 
hepatocytes, (2) a three-dimensional scaffold for localization of cells, which is critical for cell in-
teraction and tissue-specific gene expression (Reid, 1997), (3) a porous structure allowing suffi-
cient nutrient delivery, waste removal and gas exchange, and ingrowth of host tissue, and (4) a ve-
hicle for local delivery of bioactive factors to encourage vascularization and angiogenesis, and thus
guiding the growth of hepatic tissue. Polymer supports should have a controllable degradation,
thus allowing the role of polymer support to be taken over eventually as a result of tissue growth
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and ECM formation (Vacanti et al., 1994; Davis and Vacanti, 1996; Kim and Mooney, 1998; Mar-
ler et al., 1998). In addition, suitable polymer supports should have sufficient mechanical tensile
strength and compressive resistance for transplantation, and desirable physical and chemical char-
acteristics for fabrication into desirable physical formats. Synthetic or modified natural polymers
should be biocompatible to minimize or eliminate host inflammatory response. Polymers should
be stable both chemically and physically for sterilization.

Naturally Derived Polymers for Tissue Engineering of Liver
Naturally derived matrix polymers (e.g., collagens, elastin) may be divided into two classes

based on their biological function: fibrous structural proteins, providing important mechanical
and organizational support to the tissue, and glycosaminoglycans and derivatives capable of form-
ing hydrated gels through which the fibrous and polysaccharide components of the matrix pro-
vide tensile strength and compression resistive support, respectively. Natural ECM components,
e.g., collagen and laminin, have been used as cell attachment support by coating on various sur-
faces such as polystyrene, polyurethane, urethane epoxy on glass, plastic, and cross-linked dextran
(Demetriou et al., 1988; Cima et al., 1991; Mooney et al., 1992; Bhatia et al., 1994; Powers and
Griffith-Cima, 1996). The advantage of naturally derived polymers is their close compatibility
with the ECM environment, thus providing better substrata for ex vivo culture of cells. However,
they typically lack the necessary mechanical integrity for fabrication into scaffolds or other shaped
polymer structures, and suffer from the limitation of sufficient supply and source variation, which
limits their use for tissue engineering.

Collagen, a major component of the ECM for both structure and functional support of liver
cells, is the most widely used natural polymer for liver cell attachment in ex vivo culture. Native
and partially digested collagens have been used in various forms, including coating on plastic sur-
faces to provide attachment support for liver cells (Shimbara et al., 1996); entrapment of hepato-
cytes and nonparenchymal cells, overlaying to form sandwich systems (Berthiaume et al., 1996;
Koike et al., 1996; Kono et al., 1997; Moghe et al., 1997); encapsulation of liver cells to form
spheroids (Lazar et al., 1995; Wu et al., 1996; Hu et al., 1997); and entrapment of liver cells onto
the surfaces of porous synthetic polymer sponges (Kaufmann et al., 1997; Takeshita et al., 1998).
Entrapment and encapsulation of liver cells creates a culture environment allowing direct contact
among hepatocytes, which is important to the maintenance of differentiated hepatocyte functions.
Encapsulation also function as microfiltration barriers for host immunoglobulins and entrapped
hepatocytes while allowing free exchange of metabolites, which is critical for use of allogeneic or
exogeneic hepatocytes in extracorporeal liver-support devices (Hu et al., 1997). Despite the im-
portance of collagen for hepatocyte attachment, because of the lack of suitable physical and chem-
ical properties, it is difficult to fabricate collagen into three-dimensional scaffolds to support ex
vivo culture or transplantation of hepatocytes.

Derived from seaweed, anionic alginate forms gel on cross-linking by Ca2+. It can be readily
prepared as microcapsules, threads, or layers of gel. It offers better physical characteristics for en-
trapment of cells compared to collagen. Alginate encapsulation of liver cells allows the formation
of spheroids within the capsules, which is important to hepatocyte differentiated functions such
as secretion of albumin and maintenance of P450 activity (Ito and Chang, 1992; Selden et al.,
1998). Alginate-encapsulated hepatocytes cultured in bioreactors are used as an extracorporeal liv-
er-assist device (Fremond et al., 1993), and for direct transplantation into rats (Dixit et al., 1990;
Gupta et al., 1993; Hirai et al., 1993). Attachment of hepatocytes to alginate also improves the vi-
ability and differentiated function of cryopreserved hepatocytes (Guyomard et al., 1996).

Among the naturally derived polymers used in culture of hepatocytes is chitosan, a derivative
from partial N-deacetylation of chitin; chitosan contains a binary heteropolysaccharide of [1 r 4]-
linked 2-acetamide-2-deoxy-d-glucopyranose and 2-amino-2-deoxy-d-glucopyranose monosac-
charide (Draget et al., 1992). It has characteristics similar to glycosaminoglycans, a component of
liver ECM, and is biodegradable and nontoxic (Muzzarelli et al., 1988). To improve its biocom-
patibility and encourage hepatocyte attachment to chitosan-coated surfaces, collagen, albumin,
and gelatin have been blended with the polymer (Elcin et al., 1998). Fructose-modified chitosan
was found to be better than collagen alone in encouraging hepatocyte attachment and mainte-
nance of differentiated function (Yagi et al., 1997). Chitosan cross-linked by glutaraldehyde was
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found to improve the mechanical strength of polymers, while maintaining hepatocyte biocom-
patibility, as demonstrated by cell attachment and maintenance of differentiated function (Kawase
et al., 1997).

Synthetic Biodegradable Polymers for Tissue Engineering of Liver
Synthetic biocompatible and biodegradable polymer is widely used in surgical sutures and

constructs for ex vivo cell culture, expansion, and cell transplantation. There is a variety of syn-
thetic biodegradable polymers, including polyesters, polypeptides, hydrogels of large variations in
backbone and side chain structures, and copolymer combinations. General discussions of synthetic
polymers can be found in Hubbell (1995), Peters and Mooney (1997), and Marler et al. (1998).
The most widely used synthetic biodegradable polymers, however, are the poly(�-hydroxy acid)
family of polymers, including poly(glycolic acid) (PGA), poly(lactic acid) (PLA), poly(d,l-lactide–
co-glycolide) (PLGA) copolymer, and their modified derivatives. Because of their wide range of
desirable physical properties, synthetic polymers can be precisely constructed in various formats
of defined size, shape, and surface and internal morphology (e.g., Peters and Mooney, 1997; Mar-
ler et al., 1998) that facilitate cell attachment and localization, mass transfer, gas exchange, and
growth of cells. They can be designed and constructed to degrade under in vitro and in vivo con-
ditions over time by varying the molecular weight, monomer mass distribution in copolymers,
chain structure, and surface and internal porous structures (Gilding, 1981). The role of eventual-
ly degraded polymer supports may be taken over by the formation of natural ECM and tissue struc-
ture with a minimal degree of chronic foreign body responses from the host, which is often caused
by nonbiodegradable polymers. However, despite the eventual degradation of biodegradable poly-
mers, their interactions with cells in culture and the initial host response to introduced tissue en-
gineering devices resulted from the immune reaction between synthetic polymers and cellular com-
ponents present a critical challenge in the design of synthetic polymers (Ignatius and Claes, 1996;
Anderson, 1998; Babensee et al., 1998).

Hybrid polymers typically possess both the physical properties of synthetic polymers and 
the biocompatibility of natural polymers (Hubbell, 1995; Peters and Mooney, 1997; Kim and
Mooney, 1998). At present most of the hybrid polymers are based on coupling of cell adhesion
peptide sequences or sugar moieties onto synthetic polymers such as poly(ethylene oxide) (PEO),
polyurethane, and poly(ethylene glycol) (PEG) (Dai et al., 1994; Griffith and Lopina, 1998). In-
corporation of cell-recognizing sequences, e.g., arginine–glycine–aspartic acid (RGD) for the in-
tegrin super family of cell adhesion proteins, encourages the attachment of hepatocytes (Hynes,
1992; Dai et al., 1994; Hubbell, 1995; Kim and Mooney, 1998). Carbohydrate-based cell recog-
nition has also been applied to the design of hybrid polymers with improved characteristics of he-
patocyte attachment (Weigel et al., 1978; Oka and Weigel, 1986; A. Kobayashi et al., 1992; Cima,
1994; Gutsche et al., 1994; K. Kobayashi et al., 1994; Lopina et al., 1996; Park et al., 1998). The
favorable interaction of hepatocytes with galactose-modified surfaces is thought to be attributed
to the specific interaction between the polymer ligand (galactose moiety) and a hepatocyte surface
receptor, presumably the ASGP-R (Lopina et al., 1996; Griffith and Lopina, 1998). Similarly, lac-
tose and heparin hybrid porous polystyrene foams were found to promote hepatocyte attachment
and maintenance of a rounded cellular morphology (Gutsche et al., 1996).

Biocompatibility and Toxicity of Synthetic Polymers
To limit chronic foreign body response by host tissue, it is necessary for polymers implanted

into host tissue as hepatocyte–polymer conduits and their degraded products to cause low or min-
imal local and systematic host inflammation. The intensity and duration of the host response de-
termine the biocompatibility of a polymer implant, which is characterized by fibrosis and vascu-
larization of the tissue surrounding the implant device (Anderson, 1998; Babensee et al., 1998).
As a result of host response to an implanted device, local reorganization and generation of tissue,
as part of the healing response to tissue injury from implantation, lead to formation of fibrovas-
cular tissue and fibrous encapsulation of implant, a key outcome of host response. For hepatocyte
transplantation, host tissue ingrowth into the polymer scaffold, vascularization, angiogenesis, and
population of cells in the polymer support are important to the survival, growth, and function of
transplanted cells. Slow degradation of biodegradable polymer implants allows the formation of
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tissue vasculature to take over the role of polymer implants, thus alleviating the chronic inflam-
matory response caused by nondegradable materials.

Natural polymers, e.g., collagens or Matrigel, because of their biologic origin, possess the best
biocompatibility. Most synthetic polymer scaffolds for hepatocyte seeding and tissue engineering
have largely derived from the poly(�-hydroxy acid) family of biodegradable polymers, including
PGA, PLA, and copolymer PLGA. They are, at present, among the safest synthetic polymers com-
mercially available. The degraded products of the poly(�-hydroxy acid) family of biodegradable
polymers are lactic and glycolic acids, both metabolites of the Kreb cycle, and thus cleared by res-
piratory reactions (Gilding, 1981). In principle, they should not induce chronic toxic response by
host tissue. There is a concern about the local acidification by lactic and glycolic acids. However,
the slow release of lactic and glycolic acids may not be significantly detrimental to the local sur-
rounding tissue, as shown by the grossly normal engineered tissue (Mooney et al., 1997). Meta-
bolic study of the mitochondrial function of a mouse fibroblast cell line also shows no significant
cytotoxicity in the presence of low levels of degraded products of PLA and PLGA, a finding sup-
portive to their use as biocompatible materials (Ignatius and Claes, 1996). Although the biocom-
patibility of the poly(�-hydroxy acid) family of biodegradable polymers as a core material has been
investigated, with the rapid advance in the research on synthetic hybrid polymers, the biocom-
patibility and cytotoxicity of the new biodegradable polymers should be thoroughly evaluated to
determine the short- and long-term effects on host tissue and transplanted cells or tissue.

Biodegradable Polymer Supports of Various Physical Formats
For culture of metabolically highly active hepatocytes, biodegradable scaffolds ideally should

meet the criteria discussed above. Biodegradable fiber meshes or sponges of highly porous surface
and internal structure have been developed to meet some of those design criteria (Vacanti et al.,
1994; Davis and Vacanti, 1996; Peters and Mooney, 1997; Eiselt et al., 1998; Kim and Mooney,
1998). Encapsulation of hepatocytes in collagen, alginate, or synthetic polymers has also been used
to provide an attachment surface and a filtration barrier (Wong and Chang, 1986; Chang, 1992;
Nyberg et al., 1993). Porous microspheres may also be used to provide a large surface for hepato-
cyte attachment. The advantages and shortfalls of the various formats for tissue engineering of liv-
er are discussed below. The techniques for fabrication of biodegradable polymers into various for-
mats have been discussed in Chapter 21 of this volume.

Scaffolds of sponge and fiber mesh
Among various types of biodegradable scaffolds, scaffolds of porous sponge have been most

extensively investigated for ex vivo culture and transplant of hepatocytes. They can be fabricated
into foamlike porous structures (Mikos et al., 1993c, 1994), or templates of complex internal in-
terconnecting networks with spatial resolutions as small as several hundred micrometers. The poly-
mer template can be fabricated to achieve the size and distribution of the channels precisely based
on the requirement of the cell seeding distribution, nutrient delivery, and gas exchange of hepa-
tocytes and other cells, and resistance to compressive load (Giordano et al., 1996; Griffith et al.,
1997; Kim et al., 1998). Galactose tethered on the surface of the polymer template can encourage
hepatocyte attachment (Park et al., 1998). Biodegradable sponges and bonded fiber structure of
highly porous surface and internal structure (�83% porosity) have been used to support the
growth of hepatocytes in vitro and in vivo (Mikos et al., 1993a,b,c; Wald et al., 1993; Mooney et
al., 1994). To improve seeding of hepatocytes and flow distribution of nutrients throughout the
porous sponge, coating PLA or PLGA sponges with surfactant polyvinyl alcohol (PVA) increases
the surface hydrophilicity, leading to a greater infiltration of hepatocytes and media flow into the
porous sponge structure (Mooney et al., 1995). However, a significant shortfall of porous sponges
typically is the insufficient nutrient delivery into the core of the polymer sponge, which can result
in necrosis of seeded hepatocytes (Mooney et al., 1997). A number of approaches have been in-
vestigated to improve the survival, growth, and maintenance of differentiated function of trans-
planted hepatocytes. These include increasing hepatic stimulation for vascularization by increas-
ing delivery of portal blood to transplanted cells, prevascularization of polymer sponges, and
localized release of epidermal growth factors (Mikos et al., 1993c; Mooney et al., 1996, 1997; Kauf-
mann et al., 1997). With a highly porous (�90%) structure and a large surface-to-volume ratio
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(as high as 0.05 
�1) (Mikos et al., 1993a), biodegradable fiber mesh-based scaffolds represent
another class of polymer support for cell culture and transplantation (Gilbert et al., 1993; Vacan-
ti et al., 1994; Takeda et al., 1995). Nonwoven porous polymer tubes fabricated from nonwoven
meshes of PGA fiber have been used for seeding with rat hepatocytes and implantation of cells in
the small intestinal submucosa (SIS) conduit (Kim and Mooney, 1998).

Hepatocyte encapsulation in polymer supports
The concept of microencapsulation of hepatocytes arose from the need to prevent antibody

and antigen interaction in allogeneic or xenogeneic transplantation of hepatocytes. Collagen and
alginate form a thin layer, encapsulating the cells in the core region (Wong and Chang, 1986;
Chang, 1992; Fremond et al., 1993; Nyberg et al., 1993; Fremond et al., 1996; Hu et al., 1997).
Proteins and other macromolecules cannot permeate through the encapsulating membranes, but
small metabolites are freely permeable to the barriers and are in free exchange between media and
the encapsulated volume. The advantage of microencapsulation over other forms of polymer sup-
port is the microfiltration effect of host antibodies, which prevent host rejection of transplanted
xenographs. Similar to microcarriers as an attachment support for hepatocytes, encapsulation and
entrapment also provide a large area for hepatocyte anchorage in addition to microfiltration of im-
munoglobulins and other cytotoxic macromolecules. However, the drawback of the microfiltra-
tion barrier is the hindrance of mass transfer between the cells and media or blood in perfusion.
In addition, encapsulation and entrapment are often highly heterogeneous in the number of cells
entrapped. Thus, insufficient nutrient delivery and gas exchange may occur for cells residing in
the core region (Peters and Mooney, 1997). However, this may be overcome by decreasing the size
of microcapsules or entrapment, or by localizing microentrapment in a narrow nutrient-perme-
able hollow fiber (Nyberg et al., 1993; Hu et al., 1997; Peters and Mooney, 1997).

Microcarrier polymer support
ECM-coated microcarriers represent another alternative attachment support for hepatocytes.

ECM-coated microcarriers offer a large surface for hepatocyte anchorage as a result of their large
surface-to-volume ratio. Hepatocytes attached to the microcarriers may be transplanted to recipi-
ents by injection or may be cultured ex vivo in bioreactors of various physical designs. In addition,
protein and other bioactive factors may be incorporated into the polymer or presented on the sur-
face to enhance localized delivery of extracellular signals. However, microcarriers lack the ability
to form defined three-dimensional environments in comparison with sponges or fiber-mesh-based
scaffolds. Type I collagen-coated cross-linked dextran microspheres have been used for attachment
of rat and human hepatocytes for transplantation (Demetriou et al., 1988, 1991; Moscioni et al.,
1989) and ex vivo culture of hepatocytes in an extracorporeal liver-assist device with limited suc-
cess in maintaining the hepatocyte differentiated function and encouraging host vascularization
(Rozga et al., 1994; Riordan and Williams, 1997; Watanabe et al., 1997). Alternatively, biologi-
cally modified poly(2-hydroxyethyl methacrylate) (pHEMA) microcarriers are used to achieve bet-
ter hepatocyte attachment for culture in a bioreactor (�75%) (Dixit et al., 1990; Dixit, 1994,
1995). Although the exact role of microcarriers in maintaining the survival and function of at-
tached hepatocytes is unclear, it may be attributed to the dependence of hepatocytes on attach-
ment to a collagen matrix for expression and maintenance of differentiated function, and/or the
promotion of early vascularization by extracellular matrix-coated microcarriers (Moscioni et al.,
1989; Watanabe et al., 1997).

Commercially available nonbiodegradable microcarriers, e.g., heavily cross-linked dextran
coated with type I collagen (e.g., Cytodex-3 beads), are used as ECM-coated microcarriers for he-
patocyte culture, transplantation, and ex vivo culture. However, non-growth-permissive type I col-
lagen-coated nondegradable beads have not been used successfully for long-term ex vivo culture or
transplantation of hepatocytes. The lack of hepatocyte attachment to a type I collagen-coated mi-
crocarrier surface contributes to the difficulty of ex vivo culture of rat hepatocytes in hollow-fiber
bioreactors with integral oxygen and media supply (A. S. L. Xu, J. M. MacDonald, and L. M. Reid,
unpublished data). To provide a nonrigid, growth-permissive ECM-coated biodegradable support
for ex vivo culture of hepatocytes or hepatic progenitors, porous PLGA beads have been prepared
by a polymer emulsion–rapid solvent evaporation method, and a low-temperature-casting/salt-
leaching procedure, respectively. Figure 41.5 shows the surface and internal porous structure of
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PLGA beads prepared by the two methods. Rat primary hepatocytes were found attached to the
type IV collagen-coated surface (Fig. 41.6). Preliminary study of rat primary hepatocytes cultured
on PLGA beads in a commercial hollow-fiber bioreactor shows a small but significant increase in
survival (A. S. L. Xu, J. M. Macdonald, and L. M. Reid, unpublished data). Thus, biocompatible,
biodegradable porous microcarriers coated with growth-permissive ECM may be suitable for ex
vivo culture and expansion of hepatocytes.

Localized delivery of bioactive factors by polymer support
For both ex vivo engineering of functional liver tissue and reconstitution of liver by long-term

cell therapy (i.e., hepatocyte transplantation), the diverse function of liver would have to be main-
tained not only by parenchymal cells, but also nonparenchymal cells, such as sinusoidal endothe-
lia cell, Ito cells, and Kupffer cells (Arias et al., 1994), through their unique in vivo tissue structure
and cell interaction. A well-developed vasculature for transplanted hepatocytes and nonparenchy-
mal cells, or hepatocytes ex vivo cultured in a three-dimensional environment, is needed to achieve
sufficient delivery of nutrient, hormones, factors, and oxygen, and thus is critical to cell survival,
differentiated function, and growth. Without a developed vasculature, the therapeutic benefit from
transplanted hepatocytes and the hepatocytes in bioartificial liver-assist devices may only be short
term with limited functional support, because of the critical dependence of hepatocyte growth and
expression of differentiated function on formation of tissue vasculature. One of the effective ap-
proaches in the design and fabrication of biocompatible and biodegradable polymers is to use poly-
mer support as a vehicle for controlled localized delivery of bioactive factors, to encourage vascu-
larization and angiogenesis. A number of tissue-specific angiogenic factors, such as vascular
endothelial growth factor, epidermal growth factor (EGF), and fibroblast growth factor, have been
identified as important to angiogenesis and vascularization (Folkman and Klagsburn, 1987;
Thomas, 1996; Norrby, 1997; Ajioka et al., 1999; Gerber et al., 1999). However, the cellular ori-
gin, molecular mechanism of control, and regulation of angiogenic growth factors under physio-
logic and pathologic conditions (e.g., increased level in tumor cells) remain to be fully understood.
Angiogenic growth factors such as VEGF are present under physiologic conditions at nanomolar
to micromolar levels during both initial stages of embryonic development and organ growth in
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Fig. 41.5. Scanning electron
micrograph showing the
porous surface morphology
of PLGA beads (50/50%) pre-
pared by a polymer emul-
sion–rapid solvent evapora-
tion method (A and B). (C)
The porous internal structure
of PLGA beads prepared by a
low-temperature casting/salt-
leaching procedure. Magnifi-
cation (A, B, and C, respec-
tively): �17, �172, and
�168.
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lung alveolar cells, kidney glomerular and proximal tubules, hepatic tissue, and brain (Thomas,
1996). Hepatocyte growth factor is another widely recognized multifunctional cytokine that has
target receptors among hepatocytes, keratinocytes, kidney tubular epithelia cells, and breast ep-
ithelial cells (Michalopoulos, 1995; Zarnegar and Michalopoulos, 1995). In liver, it stimulates he-
patocyte DNA synthesis and thus normal hepatic tissue regeneration. Other growth factors, e.g.,
platelet-derived growth factor, and roles in wound healing, tissue remodeling, and significance to
tissue engineering have been discussed in Chapter 12 of this book. Growth factors are tissue spe-
cific with a short half-life in the plasma circulation (Davidson et al., 1985; Folkman and Klags-
burn, 1987; Thomas, 1996; Norrby, 1997; Baldwin and Saltzman, 1998; Ajioka et al., 1999; Ger-
ber et al., 1999). Under ex vivo tissue culture conditions, supplementing media with growth factors
is often problematic as a result of factor short half-life and diffusive distribution in plasma and me-
dia supply. Under in vivo conditions, however, delivery of growth factors to transplanted hepato-
cytes by microcapillary blood circulation is a formidable task before sufficient tissue vasculature is
established among transplanted cells (Assy et al., 1999). This difficulty is compounded further by
the very low or inactive state of vascularization under most physiologic conditions (Thomas, 1996;
Norrby, 1997). Expression of VEGF in VEGF-transfected hepatocytes was found to induce sig-
nificant proliferation of endothelial cells, which in turn, led to the increased formation of vascu-
lar network in established functional hepatic tissue (Ajioka et al., 1999).

The role of biocompatible and biodegradable polymers in tissue engineering and cell trans-
plantation is not limited to providing a mechanical support for cells. Rather, their usefulness may
be attributed to their application to encapsulate or incorporate bioactive factors for controllable
localized delivery of factors at the interface between matrix-coated polymer constructs and seeded
cells (Hubbell, 1995; Peters and Mooney, 1997). The localized release off factors may promote
more effective and locally selective vascularization and angiogenesis, which in turn leads to in-
creased tissue vasculature formation. Delivery of epidermal growth factor by encapsulation with
PLGA microspheres was shown to enhance the engraftment of transplanted hepatocytes (Mooney
et al., 1996). To increase the survival and transplant engraftment of fetal porcine hepatocytes xeno-
transplanted into rats, chitosan is used as a scaffold for the hepatocyte attachment, VEGF load-
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Fig. 41.6. Rat hepatocytes
attached to PLGA microcar-
riers coated with type IV
collagen serum-free media
containing EGF and insulin
(upper panels); hepatocytes
incubated with PLGA mi-
crocarriers without a coat-
ing of ECM in the same
serum-free media (lower
panel).



ing, and delivery (Elcin et al., 1999). Localized delivery of bioactive factors by their physical in-
corporation or encapsulation in biodegradable polymer constructs depends on the degradation rate
of the polymer, a process that is a function of polymer degradation chemistry and the microenvi-
ronment in which the polymer resides. Precise delivery of bioactive factors by these approaches
may be difficult to control because of an initial burst (or rapid release) of growth factor when en-
capsulation is used (Ogawa, 1997; Baldwin and Saltzman, 1998), and because of diffusive spread,
endocytosis of growth factor, and cell surface receptor complexes. An alternative approach is co-
valently tethering of a growth factor such as EGF onto the culture polymer surface by coupling
EGF with a PEO linker arm, thus providing prolonged and stable cytokine signaling (Kuhl and
Griffith-Cima, 1996).

DESIGNING BIOREACTORS FOR TISSUE ENGINEERING

Introduction
In all tissues, blood flows from the periphery to the central circulation through a capillary bed,

and physical, chemical, and biologic gradients exist across the tissue. Figure 41.7A is a two-dimen-
sional schematic representation of blood flow and corresponding gradients in generic tissue. Solu-
ble components such as gases (e.g., oxygen), small molecules (e.g., sugars, amino acids, and fats),
and macromolecules (e.g., proteins) have characteristic concentration profiles across the tissue that
are described by the appropriate mass transfer equation. Mass transfer depends on the diffusivity,
volumetric consumption/production rate, and initial concentration of the soluble component (see
Chapter 17, this volume) (Macdonald et al., 1999). Oxygen is typically the biolimiting nutrient in
tissues and is especially so in bioreactors, where its relatively high consumption rate and low initial
concentration (�0.2 mM at 37�C, 1 atm) combine to make it difficult to provide adequate levels.
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Fig. 41.7. Generalized blood flow in tissue (A), and
demonstration of the tissue engineering principles of tis-
sue mimicry (B) and scale-up (C) using coaxial fibers.



Due to the potential for clot formation and the added expense of including hemoglobin additives
with perfusion media, bioreactors lack the oxygen-carrying capacity of blood, and in general, oxy-
gen in a bioreactor becomes limiting to cells beyond 200 
m, when mass transfer is dominated by
diffusion. This limitation cannot be addressed by significantly increasing the amount of dissolved
oxygen, because at high concentrations oxygen is toxic (Macdonald et al., 1999). The presence of
an extensive vascular network in natural tissues means that cells are only one or two cell distances
from the flowing blood, or nutrient source. This increases the diffusivity term in the mass trans-
fer equation about four orders of magnitude over incoherent diffusion (2 � 10�6 cm2/sec) due
to the coherent convective flow of nutrients, which is on the order of 0.01 cm/sec in the sinusoids
[red blood cell velocity ranges from 0.25 to 3 � 10�2 cm/sec (McCuskey, 1994)]. The blood ve-
locity increases from normal to cirrhotic tissues and is driven by a pressure drop from 10 to 25
mm Hg in the periportal sinusoid to just a few mm Hg in the pericentral sinusoid (McCuskey,
1994). Because primary cells are adapted to conditions that provide for the optimum mass trans-
fer of nutrients, their use in artificial devices suggests that tissue mimicry should become a primary
tissue engineering principle. Tissue mimicry can be divided into two parts: (1) reproducing the
smallest organizational unit and (2) scaling up the smallest organizational unit.

Tissue Mimicry
Figure 41.7B illustrates the concept of tissue mimicry in tissue engineering of liver (described

in detail in Chapter 2 and Part IV). On the left is a depiction of the blood flow in the liver acinus,
the smallest physiologic unit of the liver. Peripheral blood from the intestine, spleen, and lungs is
passed into the liver acinus by way of portal triads, then through the liver cell mass by way of si-
nusoids, and back to the central circulation through the central vein. The sinusoids consist of en-
dothelial cells that sandwich a double layer of parenchymal cells, the hepatic plates; endothelia and
parenchymal cells are separated by the space of Disse in which the liver’s extracellular matrix (i.e.,
insoluble components) is found. Therefore, endothelial cells experience some level of shear force
due to the convective flow of blood perpendicular to its cell surface. By contrast, the parenchymal
cells experience very little shear force, and nutrients are delivered primarily by diffusion of inter-
stitial fluid through fenestrated pores (1–2 
m) in the endothelial wall and through the extracel-
lular matrix in the space of Disse. On the right side of Fig. 41.7B is an illustration of the primary
functioning unit of a coaxial hollow-fiber bioreactor (Macdonald et al., 1998) that mimics the liv-
er acinus. The arrows depict the flow of media through the bioreactor. If plasma from a patient
was being passed through the bioreactor, its flow would be similar to that of the media. As noted,
oxygen becomes limiting by 200 
m. However, the radius of the liver acinus is 500 
m and the
hepatic plates are less than 200 
m thick (Fig. 41.7B, left side). If radial flow can mimic liver aci-
nar blood flow as depicted in Fig. 41.7B (right side), then the coaxial fibers could be separated by
a distance similar to that of the liver acinus radius (i.e., 500 
m). Otherwise, an annular distance
similar to that whereby oxygen becomes limiting by diffusion alone (�200 
m) must be used,
and thus effectively mimicking liver tissue at the lower tissue level, that of the hepatic plates. There-
fore, the in situ flow dynamics must be characterized before the optimum coaxial bioreactor di-
mensions can be determined. The use of noninvasive in situ techniques to determine physical pa-
rameters in bioartificial organs is discussed below.

Scale-Up
Typically, one empirically determines or models the optimum mass transfer parameters for

the smallest repeatable unit and then scales these units up to a sufficiently sized bioreactor. Some
practical problems of scale-up are mass transfer, head pressures, and shear forces. For example, prac-
tical aspects of conventional hollow-fiber bioreactor construction can confound the theoretically
calculated mass transfer parameters, such as inhomogeneous fiber spacing (Chresand et al., 1988),
and large voids within the fiber bundle, and between the fiber bundle and housing. In addition,
the large flow rate necessary to alleviate axial oxygen gradients creates large head pressures and shear
forces. Cells rest between two fibers in the coaxial bioreactor described in Fig. 41.7B (right side),
which prevents hypoxic patches from forming within the fiber bundle and between the housing
and fiber bundle.

Figure 41.7C illustrates the principle of scale-up in tissue engineering of liver, and the ease
with which the coaxial design can be scaled-up to generate an entire liver necessary for clinical liv-
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er support. With present biocompatible materials, this would be an extracorporeal device and a
“bioartificial liver” because the bioreactor is composed of an artificial component. Because bioar-
tificial livers are described elsewhere in this book, this will be discussed briefly as they relate to tis-
sue mimicry and scale-up. Biodegradable scaffolds leading to implantable liver tissue were previ-
ously discussed in detail.

Bioartificial Liver
Most bioartificial liver (BAL) designs incorporate the principles of tissue mimicry and scale-up

and have been extensively reviewed (Nyberg et al., 1992; Kasai et al., 1994; Bader et al., 1995;
Demetriou et al., 1995; Anand, 1996; Dixit and Gitnick, 1996; Fremond et al., 1996; Gerlach et
al., 1996; Hughes and Williams, 1996a; Sussman and Kelly, 1996; Jaregui et al., 1997; Reid, 1997a;
Macdonald et al., 1999). Many other bioartificial liver designs rely on tissue mimicry of the hepat-
ic plates, such as multiplate bioreactors (Yarmush et al., 1992; Bader et al., 1995; Smith et al., 1997),
biodegradable scaffolds of a complex interconnecting network (Griffith et al., 1997), spirally wound
bioreactors (Flendrig et al., 1997), and hollow-fiber bioreactors (Nyberg et al., 1992). Lower levels
of organization, such as spheroids, have been encapsulated (Fremond et al., 1996) and perfused in
various bioreactor types, especially for transplantation (Macdonald et al., 1999).

In tissues, hemoglobin acts as an oxygen and carbon dioxide carrier. Confounding the oxy-
gen mass transfer problem in a BAL is the high oxygen requirement of parenchymal cells. A com-
mon feature in the most recently developed BALs is integral oxygenation, or oxygenation within
the bioreactor proper (Macdonald et al., 1999). Novel multiplate (Smith et al., 1997), spirally
wound (Flendrig et al., 1997), and hollow-fiber (Gerlach, 1994; Goffe, 1997) bioreactors all have
a compartment for oxygenation within the bioreactor. The more compartments in a BAL design,
the more physiologic functions can be performed. The mimicry of arterial–venous flow (Knazek
et al., 1980) has introduced convective flow created by the peripheral-to-central circulation (Fig.
41.7A). In conventional two-compartment hollow-fiber bioreactors a convective flow can be cre-
ated using Starling flow in conjunction with various flow configurations (Macdonald et al., 1999).
Starling flow is the convective component of diffusivity responsible for flow of nutrients from
blood vessels to capillary beds. However, membranes foul when the bioreactor is completely filled
with cells, and convective flow is difficult to maintain, often resulting in burst fibers (Callies et al.,
1994). Even in bioreactors with more than two compartments (Gerlach, 1994; Dixit, 1995), mem-
brane fouling occurs, but across the cellular compartment convection can be more easily controlled
by creating a pressure drop between two compartments sandwiching the cell compartment. Four
functional bioreactor compartments are necessary to have integral oxygenation and regulated
peripheral-to-central circulation. The multicompartment hollow-fiber bioreactors such as that
described by Gerlach (1994) and others consists of at least four functional compartments
(MacDonald et al., 1999).

TECHNICAL ASPECTS OF TISSUE ENGINEERING

Cryopreservation
Tissue engineering of human tissues and human cell therapies or ex vivo gene therapies will

be severely constrained until successful cryopreservation methods for stock cells are developed.
There is considerable interest in developing these technologies at present. Although bone marrow
samples are routinely cryopreserved for clinical programs, the ability to cryopreserve liver cells with
retention of function is still at an impasse (Kravchenko et al., 1989; Koebe et al., 1990, 1996;
Bischof and Rubinsky, 1993; Ek et al., 1993a,b; Rozga et al., 1993; Bischof et al., 1997; Pazhayan-
nur and Bischof, 1997). Common features to the most successful efforts to date are the use of di-
methyl sulfoxide, the addition of Viaspan (University of Wisconsin solution) or the embedding of
the cells in collagen gels, careful equilibration of the cells in cryopreservation buffers, and the use
of computer-controlled cryopreservation equipment. Although these improvements have resulted
in high viabilities (above 75%) of the cells when assessed immediately after thawing and some suc-
cess with attachment efficiencies onto matrix-coated plates, the cells still do not survive for longer
than 24–36 hr after thawing, do not grow, and do not have full functions. Clearly, this is an area
in critical need of extensive research efforts.
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Analysis of Bioreactor Performance
Conventional analyses of physical, chemical, and biologic aspects of bioreactor performance

have been somewhat invasive or indirect, or require modification of the bioreactor to accommo-
date analysis. Recent methods of analysis, such as nuclear magnetic resonance spectroscopy and
magnetic resonance imaging permit direct determination of flow dynamics and intracellular
metabolites (Fernandez, 1996). The analysis of bioreactors is divided into three areas: determina-
tion of physical and biologic factors, and quality assurance.

Physicochemical Measures: Flow Dynamics and Cell Distribution
Flow distribution in hollow-fiber bioreactors has been determined by the use of tracers (Noda

et al., 1979; Park and Chang, 1986) and radioopaque dyes in conjunction with X-ray computed
tomography (Takesawa et al., 1988), but this is difficult to perform with in situ cultures, and to
the best of our knowledge, there is no report using these techniques with in situ cultures. Diffu-
sion-weighted (Moseley et al., 1990a,b) and velocity-encoded MRI (Lee et al., 1995) have been
applied to determine cell distribution (Neeman et al., 1991; Van Zijl et al., 1991; Callies et al.,
1994) and flow dynamics (Hammer et al., 1990; Donoghue et al., 1992; Zhang et al., 1995) in
hollow-fiber bioreactors. Ideally, empirical measurement of flow dynamics by MRI could be inte-
grated with mass transfer models in hollow-fiber bioreactors (Cima et al., 1990) to accurately de-
scribe flow dynamics and mass transfer in bioreactors. In fact, oxygen mass transfer predictions
can be evaluated in bioreactors using 19F NMR in conjunction with fluorinated oxygen indica-
tors to obtain oxygen distribution profiles (S. N. O. Williams et al., 1997).

Phase-contrast MRI is a robust, commonly used technique for quantifying flow dynamics
(Caprihan et al., 1990). The basic underlying principle of phase-contrast MRI is summarized be-
low. Because the rate of nuclear spin precession is proportional to the magnitude of the local mag-
netic field, the accumulated phase � of nuclear spins located at location r (with respect to that of
spins located at the spatial origin) in the presence of a linear magnetic field gradient G is given by

� � � � G � r dt, (1)

where � is the gyromagnetic ratio of the spins. Following a Taylor series expansion of the function
r and assuming zero acceleration and higher orders of motion, the phase term becomes

(2)

The first term of the right-hand side is the familiar phase shift used for spatial encoding, and the
added phase shift is proportional to the magnitude of flow and the first moment of the gradient
pulses. Therefore, by encoding velocity in at least two different magnitudes of the gradient pulses,
flow velocity can be estimated from the slope of the phase-first moment plot. The encoding gra-
dient pulses are typically implemented as a pair of identical gradient pulses located at either side
of the inversion pulse of a spin-echo pulse sequence, and the vector direction of the gradient
pulses defines the direction of flow sensitization. Due to the cyclic nature of the phase function,
a potential pitfall of the phase-contrast approach is that flow rates higher than the set measure-
ment dynamic range will be “wrapped around” and thus can be erroneously interpreted. Care
must be taken to avoid or correct for this complication.

Figure 41.8 shows magnetic resonance images from two coaxial bioreactors using two imag-
ing pulse sequences, T2 weighted (A) and velocity encoded (B) (see color plate). The T2-weight-
ed image defines both flow and cell distribution, whereas the velocity-encoded image defines the
axial flow dynamics (note the characteristic parabolic laminar flow in the intracellular and extra-
cellular compartments, respectively). Diffusion-weighted imaging can define the cell distribution
in bioreactors (Neeman et al., 1991; Van Zijl et al., 1991; Callies et al., 1994) and if this sequence
were applied to the coaxial bioreactor depicted in Fig. 41.8 the cell mass would be the most in-
tense portion of the image.

Biologic Measures: Growth and Functions
Determination of growth and function in bioreactors using conventional methods has been

by analysis of components in media streams. Typically, glucose uptake rate (GUR) [Eq. (3)] and
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lactate production rate (LPR) [Eq. (4)] in batch mode cultures are determined by the difference
in their concentrations between media changes using the following equations:

GUR � F(Gf � G ) � V(G1 � G ), G � (G1 � G2)/2, (3)

LPR � [F(L � Lf) � V(L � L1)]0.09, L � (L1 � L2)/2, (4)

where Gf, G1, and G2 are the concentrations of glucose in the media initially, at the end of the pri-
or day, and in the current sample, respectively; F is the feed rate; V is the volume of the reservoir;
and Lf, L1, and L2 are the concentrations of lactate in the media initially, at the end of the prior
day, and in the current sample, respectively. Some measure of oxidative metabolism can be deter-
mined by the GUR:LPR ratio plotted daily. GUR is not a reliable measure of growth in functional
liver cultures because parenchymal cells are glucogenic and one could derive a negative GUR even
though there is growth. Synthetic and biotransformatory functions of engineered liver are typi-
cally determined by quantification of protein production rates and phase I and II metabolism, re-
spectively (Macdonald et al., 1999). Clinical liver function assays are often used, but their mean-
ing and significance to bioreactor performance are fuzzy. More robust liver function assays are
needed (Hughes and Williams, 1996b). Growth and biotransformatory functions can be robust-
ly measured noninvasively by multinuclear NMR spectroscopy (Fernandez, 1996).

Growth and function are generally determined by measuring nutrients, xenobiotics, or pro-
teins in media streams, but NMR spectroscopy can noninvasively measure growth and functions
in real-time within bioreactor cultures (Mancuso et al., 1990; Gillies et al., 1991; Macdonald et
al., 1998) or by in-line media streams analysis (O’Leary et al., 1987). The design of protocols to
test liver functions will be difficult (Hughes and Williams, 1996a), and the optimum and mini-
mum number of tests for liver function and quality control are still being debated. Recently, 31P/
23Na, 13C, and 19F nuclear magnetic resonance (NMR) spectroscopies have been applied to mea-
sure growth (Mancuso et al., 1990; Gillies et al., 1991), metabolic rates (Mancuso et al., 1998),
and metabolic profiles (R. A. Williams et al., 1997), respectively, in hollow-fiber bioreactors.

Multinuclear NMR spectroscopy utilizes stable isotopes and strong magnet fields to nonin-
vasively measure levels of nutrients or wastes inside cells (Fernandez, 1996) or media streams
(O’Leary et al., 1987). Growth is typically measured by 31P NMR (Hrovat et al., 1985; Gillies et
al., 1991) or 23Na NMR (Mancuso et al., 1990) by monitoring changes in ATP and 23Na levels
over the culturing period. 19F NMR can be used in conjunction with fluorinated indicators to
measure oxygen profiles (S. N. O. Williams et al., 1997) and intracellular ions (Murphy et al.,
1990; London, 1991, 1994), or by direct measure of fluorinated substrates of phase I and II en-
zymes (Scarfe et al., 1999). 13C NMR in conjunction with isotopomeric analysis can be used to
measure primary metabolism in bioreactors (Mancuso et al., 1998), and has been used clinically
to determine liver gluconeogenesis and tricarboxylic acid flux (Jones et al., 1998a,b). The reader
is directed to several reviews on the use of isotopomeric analysis to determine metabolic fluxes
(London, 1988; Malloy et al., 1988) and as input into metabolic control analysis models (Brindle
et al., 1997). Indirect detection of 15N NMR has been used to measure ammonia metabolism in
rat brain (Kanamori et al. 1995), and could be used in a similar fashion for engineered liver.

Quality Assurance
Quality assurance is necessary to define the limitations of bioreactor operation. For example,

the determination of bubble point and hydraulic permeability in hollow-fiber bioreactors is nec-
essary to assure bioreactor integrity and the maintenance of modeled hydrodynamics. MRI is a
powerful tool to determine bioreactor integrity (Callies et al., 1994). A quality assurance protocol
should also be developed for step-by-step construction of bioreactors.

FUTURE CONSIDERATIONS
The excitement with respect to tissue engineering has invaded most biologic and clinical

fields. The ability to study tissues ex vivo with rigorous controls and with maintenance of their nor-
mal functions will revolutionize diverse fields. The ramifications are extensive, and the following
list includes only some representative future applications:

1. There will likely be much interest in defining and characterizing maturational lineages in
many quiescent tissue types.
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2. The delineation of expansion conditions for stem cells should greatly facilitate facets of
cell and gene therapies.

3. The markers used to define hematopoietic stem cells (e.g., CD34) are proving generic for
many types of early progenitors. The implications are that growth regulation and function in ear-
ly progenitors have common features that cross tissue boundaries.

4. Clinical programs to address degenerative diseases and tissue failure will be revolutionized
by forms of cell therapies paralleling bone marrow transplant and dependent on progenitors with
high proliferative potential.

5. Gene therapies, about which there has been so much excitement, have not lived up to ex-
pectations yet, given the many difficulties in trying to apply them using targeted injectable vec-
tors. It is likely that ex vivo gene therapy using modified progenitors will be far more successful.

Bioartificial organs of many tissues will be developed using the combination of new bioreac-
tor designs, highly proliferative progenitor cell populations, and defined hormone and matrix con-
ditions in conjunction with biodegradable polymers. Such bioartificial organs will be useful for
scientific and clinical programs in toxicology, drug therapy, vaccine production, and protein pro-
duction, as well as general cell and molecular biology. In addition, they will be used clinically as
assist devices for patients with organ failure and/or who need drastic treatments for diseases such
as cancer.

SUMMARY
Tissue engineering requires a merging of biologic and engineering techniques and principles

in order to achieve its goal of tissue replacement. We have shown how extensive cell culture data
on the effects of numerous soluble and insoluble factors, accumulated by generations of scientists,
all attempting to reproduce the natural function of liver cells ex vivo, provide a wealth of infor-
mation to use as a guide in designing three-dimensional culture systems. In addition, knowledge
of the development and mature organization of the liver furnishes biologic principles that artifi-
cial systems can be made to mimic. Using new concepts in bioreactor design, taking advantage of
new biodegradable materials and new methods of fabricating these materials, it is possible to come
ever closer to the goal of reproducing natural liver function. Finally, it is clear that, from a practi-
cal standpoint, the near-term use of bioartificial livers will require the harvesting and culturing of
human hepatic progenitors.
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Notes Added in Proof
Several recent articles are of special note. An extensive electron micrographic analysis of the

Canals of Hering, thought to be the reservoir of hepatic progentitors in the liver, have revealed
that they extend in a bottle-brush pattern throughout zone 1 of the liver (Thiese et al., 1999). The
ramifications of their findings are to alter potentially the whole issue of “streaming of liver cells”
in lever turnover and regenerative processes.

Several investigators have been evaluating heterogeneity in growth potential of subpopula-
tions of adult liver cells. Grompe and his associates have shown that there is variable growth po-
tential of fractionated adult liver cells, although extensive growth potential has been observed with
adult hepatocytes with average diameter of about 25
 (Overturf et al., 1999). In addition, Yoshiza-
to and associates (Tateno et al., 2000) have shown that the only adult cells capable of clonal growth
in vitro are in the size range of so-called “small” hepatocytes and with an average diameter of about
17 
.
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Red Blood Cell Substitutes
Thomas Ming Swi Chang

INTRODUCTION

Hemoglobin molecules extracted from red blood cells are modified by microencapsulation or
cross-linkage to produce red blood cell substitutes. The encapsulation and linkage processes

stabilize the hemoglobin molecules and also allow sterilization of the products to remove human
immunodeficiency virus (HIV) and other microorganisms. Rapid progress has been made in the
past decade toward clinical use of red blood cell substitutes. A number of groups are already well
into phase III clinical trials in humans to study safety and efficacy in patients.

In 1956, the first research was initiated on artificial cells, including studies on modified he-
moglobin (Chang, 1957, 1964, 1965). Artificial cells (Fig. 42.1) contain biologically active mate-
rials such as hemoglobin, enzymes, cells, adsorbent components, and other material (Chang, 1972,
1977a; Chang and Prakash, 1998). The membranes of artificial cells allow permeant molecules
such as oxygen and substrates to enter and allow metabolic products, peptides, and other materi-
al to leave. In this way the enclosed materials are protected from immunological rejection and from
other materials in the external environment.

Until about 1989, most research on artificial cells focused on those containing enzymes, cells,
microorganisms, adsorbent components, peptides, and other materials (Chang, 1964, 1965,
1972). Concentrated research and development on modified hemoglobin started after 1987 be-
cause of public concerns about HIV-induced autoimmune deficiency syndrome (AIDS) in donor
blood recipients. After extraction from red blood cells and before modification, hemoglobin can
be sterilized by pasteurization, ultrafiltration, and chemical means. These procedures can remove
microorganisms, including those responsible for AIDS, hepatitis, and other blood-borne diseases.
There are many situations wherein modified hemoglobin has the potential to substitute for red
blood cells (Bowersox and Hess, 1994; Chang, 1997a; Klein, 1994; Winslow, 1994, 1996), in-
cluding cardiopulmonary bypass surgery, cancer surgery, elective surgery, organ preservation car-
dioplegia, and in emergency treatment for severe traumatic injuries resulting from traffic accidents
and other accidents that cause severe bleeding and hemorrhagic shock. The number of traumatic
injuries requiring blood substitutes in civilian use is small when compared to the requirements in
major disasters or wars (Bowersox and Hess, 1994). Modified hemoglobin is especially useful in
emergency situations such as these. Because modified hemoglobin does not contain red blood cell
membrane and therefore no blood group antigens, it can be used without the need for cross-match-
ing or typing. This would save much time and resources and would permit on-the-spot transfu-
sion as required, similar to giving intravenous salt solution. This is further facilitated by the fact
that modified hemoglobin can be lyophilized and stored as a stable dried powder that can be re-
constituted with the appropriate salt solution just before use. Another application is in treating pa-
tients whose religious beliefs do not allow them to use donor blood for transfusion.

WHY DO WE HAVE TO MODIFY HEMOGLOBIN?
Hemoglobin in the red blood cell is responsible for carrying oxygen from the lung and deliv-

ering oxygen to tissues. Hemoglobin is a tetramer of four subunits: two � subunits and two � sub-
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units (Perutz, 1980) (Fig. 42.2). Hemoglobin is in the oxy, related state (R state) when it is carry-
ing oxygen. To release oxygen, the hemoglobin molecule undergoes conformational change with
a 15� rotation. The molecule is then in the deoxy, tense state (T state). Red blood cells contain a
cofactor 2,3-diphosphoglycerate (2,3-DPG), that facilitates this conformational change. Thus he-
moglobin inside red blood cells has a high P50, which allows it to release oxygen readily to tissue
at physiological oxygen tensions.

Hemoglobin can be extracted from red blood cells and infused into animals experimentally
(Amberson, 1937), but this causes renal toxicity. Removal of the cell membranes to form a stro-
ma-free hemoglobin blood substitute still causes renal toxicity, because of a number of reasons.
When infused into the circulation, each four-subunit hemoglobin molecule (tetramer) is rapidly
broken down into two subunits (dimers) (Fig. 42.3). The smaller dimers are rapidly excreted by
the kidneys, and this also has renal toxicity (Savitsky et al., 1978). Furthermore, without the re-
quired 2,3-DPG present inside the red blood cells, hemoglobin cannot readily release oxygen (low
P50) until the tissue oxygen tension has reached a lower value.
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Fig. 42.1. Artificial cells can be
prepared as microcapsules, nan-
ocapsules, or cross-linked pro-
teins. The artificial cell retains bi-
ologically active materials, thus
protecting the contents from the
external immunological system
and other destructive elements.
At the same time, permeant mol-
ecules can enter or leave rapid-
ly, allowing molecules such as 
oxygen, substrates, metabolites,
toxins, and other materials to en-
ter and be acted on by the en-
closed materials. Any products
derived from the enclosed ma-
terials, such as peptides, hor-
mones, metabolites, and oxygen,
can readily diffuse out. Reprinted
from Chang (1993) by courtesy
of Marcel Dekker Inc.

Fig. 42.2. Inside the red blood
cells, each hemoglobin mole-
cule exists as a tetramer of four
subunits: two � subunits and two
� subunits. Cofactor 2,3-DPG is
regained in the red blood cell to
facilitate the release of oxygen by
hemoglobin, as required by the
tissues. Reprinted from Chang
(1992) by courtesy of Marcel
Dekker Inc.



Modified Hemoglobin
Biotechnological approaches can be used to either cross-link or encapsulate hemoglobin mol-

ecules to prevent the hemoglobin from dissociating into dimers and also to allow hemoglobin to
maintain an acceptable P50. Many research groups have contributed to major progress in modify-
ing hemoglobin, especially in the past decade. A number of groups are in phase III clinical trials
in humans. The following discussions provide details on the two major subclasses of modified he-
moglobin: encapsulated hemoglobin and cross-linked hemoglobin.

Encapsulated Hemoglobin: Artificial Red Blood Cells
The first artificially created red blood cells have a P50 and an oxygen dissociation curve sim-

ilar to normal red blood cells, because 2,3-DPG is retainedn inside (Chang, 1957) (Fig. 42.4). He-
moglobin is also retained inside as tetramers. These artificial red blood cells do not have blood
group antigens on the membrane and therefore do not aggregate in the presence of blood group
antibodies (Chang, 1972). However, the single major problem is the rapid removal of these arti-
ficial cells from the circulation. Much of the research since the creation of these cells has been fo-
cused on improving their survival in the circulation by decreasing their uptake by the reticuloen-
dothelial system. Because removal of siliac acid from biological red blood cells results in their rapid
removal from the circulation (Chang, 1965, 1972), we modified the surface properties of artifi-
cial red blood cells using synthetic polymers, cross-linked protein, lipid–protein, lipid–polymer,
and other surface modifications (Chang, 1964, 1965, 1972). However, the available technology
at the time we conducted these studies allowed production of artificial red blood cells of down to
only about 1 
m in diameter.
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Fig. 42.3. When hemoglobin is outside the red blood cell, the first
problem is that 2,3-DPG is no longer available to facilitate the re-
lease of oxygen; second, the hemoglobin tetramer breaks down into
two dimers, which are rapidly excreted by the kidney. Reprinted
from Chang (1992) by courtesy of Marcel Dekker Inc.

Fig. 42.4. Modification of hemoglobin by microencapsula-
tion inside artificial cells provides an intracellular environ-
ment similar to that of biologic red blood cells (Fig. 42.2).
Reprinted from Chang (1992) by courtesy of Marcel Dekker
Inc.



Later, new technology allowed the preparation of smaller submicron lipid membrane artifi-
cial red blood cells with further improvements in circulation time (Djordjevich and Miller, 1980).
Circulation time improved by additional surface modifications. Microencapsulated hemoglobin
and artificial red blood cells are now being extensively explored by many researchers (Chang,
1997a; Rudolph et al., 1997; Tsuchida, 1995). Developmental advances have increased the aver-
age circulation half-time to 20 hor, and modifications using poly(ethylene glycol) have increased
the circulation half-time to around 40 hr (Rudolph et al., 1997). It is possible to replace 90% of
the red blood cells in rats with artificial red blood cells, and animals with this percentage of ex-
change transfusion still remain viable. Studies have also reported success in treating hemorrhagic
shock. Preliminary studies by a number of groups show that the artificial cells are not toxic; there
are no changes in the histology of brain, heart, kidneys, and lungs in rats. Larger scale production
is now feasible by using extrusion methods with a microfluidizer. The uptake is mainly by the retic-
uloendothelial system. To further improve stability and biodegradability, we are now using
biodegradable polymer membranes to nanoencapsulate hemoglobin. This results in artificial red
blood cells of about 168 nm (0.168 
m) in diameter (Chang and Yu, 1997, 1998; Yu and Chang,
1996).

Microencapsulation of hemoglobin to prepare artificial red blood cells is a rather ambitious
approach. Although this attempt to mimic red blood cells has resulted in a complete red blood cell
substitute, it is rather complicated. Further research is needed and this approach is now consid-
ered to yield a second-generation modified hemoglobin. A simpler cross-linked modified hemo-
globin has been developed as a first-generation modified hemoglobin for more immediate clinical
applications (Chang, 1997a; Rudolph et al., 1997; Tsuchida, 1995; Winslow, 1994, 1996).

Cross-Linked Polyhemoglobin
Extensive studies of cross-linked hemoglobin have been carried out by many groups, espe-

cially in the past decade. Hemoglobin contains many amino groups, most of which are on the sur-
face of the hemoglobin molecule. The use of a bifunctional agent (diacid) to cross-link hemoglo-
bin was first reported by Chang (1964, 1965, 1972) (Fig. 42.5). Diacid was initially used to form
cross-linked hemoglobin membranes for artificial red blood cells, but it was found that with de-
creasing size of artificial cells, all the hemoglobin molecules are cross-linked into polyhemoglobin
(Chang, 1964, 1965, 1972). The reaction is as follows:

Cl–CO–(CH2)8–CO–Cl � HB–NH2 � HB–NH–CO–(CH2)8–CO–NH–HB

Diacid Hemoglobin Cross-linked polyhemoglobin
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Fig. 42.5. Cross-linking of hemo-
globin using bifunctional agents
prevents the breakdown of tetra-
mers into dimers. The addition of
pyridoxal phosphates or other
2,3-DPG analogs faciliates oxy-
hemoglobin in releasing oxygen.
Reprinted from Chang (1992) by
courtesy of Marcel Dekker Inc.



Another cross-linking reaction, using glutaraldehye as the bifunctional agent to form anoth-
er type of polyhemoglobin, was studied (Chang, 1971):

H–CO–(CH2)3–CO–H � HB–NH2 � HB–NH–CO–(CH2)3–CO–NH–HB

dialdehydes hemoglobin Cross-linked polyhemoglobin

Cross-linking prevents the breakdown of hemoglobin tetramers into dimers. The addition of a 2,3-
DPG analog, pyridoxal phosphate, to cross-linked polyhemoglobin improves the P50 (Benesch et
al., 1975). This approach has been developed (Dudziak and Bonhard, 1980; Sehgal et al., 1980;
DeVenuto and Zegna, 1982). The resulting pyridoxalated glutaraldehyde polyhemoglobin is in
phase III clinical trial, and Gould et al. have successfully infused 10,000 ml into patients (Gould et
al., 1998). Another glutaradehyde cross-linked polyhemoglobin using bovine hemoglobin is also in
phase III clinical trial in humans and is already approved by the Food and Drug Administration
(FDA) for use in canines (Pearce and Gawryl, 1998). Other cross-linkers are also being developed.
Some of these are based on bifunctional dialdehydes derived from oxidizing the ring structures of
sugars or nucleotides. These are designed to have the dual function of a bifunctional cross-linker,
which also acts as a 2,3-DPG analog. One approach being developed for clinical trial involves the
use of a dialdehyde prepared from oxidizing a sugar molecule to form ring-opened raffinose, o-raf-
finose (Hsia, 1991). The o-raffinose polymerized hemoglobin has a good P50 without the need for
an additional 2,3-DPG analog. It is now in phase III clinical trial (Adamson and Moore, 1998).

Cross-Linked Tetrameric Hemoglobin
The cross-linkers described above can be used for both intermolecular and intramolecular

cross-linkage. Studies have been carried out to specifically cross-link hemoglobin molecules in-
tramolecularly to prevent dimer formation after infusion (Bunn and Jandl, 1968). Another exam-
ple is a bifunctional agent, 2-nor-2-formylpyridoxal 5-phosphate, which is also a 2,3-DPG ana-
log that can intramolecularly cross-link the two � subunits of the hemoglobin molecules (Benesch
et al., 1975). Another 2,3-DPG pocket modifier, bis(3,5-dibromosalicyl) fumarate (DBBF), in-
tramolecularly cross-links the two � subunits of the hemoglobin molecule (Walder et al., 1979).
This prevents dimer formation and also improves the P50. This product, the so-called �-�-hemo-
globin, has been tested up to phase III clinical trial (Estep et al., 1992; Nelson, 1998). Analysis of
results has led to cancellation of the clinical trial of this cross-linked tetrameric hemoglobin.

Conjugated Hemoglobin
Conjugated hemoglobin is the result of cross-linking hemoglobin to polymers. Initially, he-

moglobin was cross-linked to polyamides (Chang, 1964, 1965, 1972). The use of soluble poly-
mers resulted in soluble conjugated hemoglobin with good circulation time (Iwashita et al., 1988;
Iwashita, 1992; Nho et al., 1992; Shorr et al., 1996; Wong, 1988). These are being tested in hu-
mans in phase II clinical trial.

SOURCES OF HEMOGLOBIN
Where do we obtain all the hemoglobin needed for preparing modified hemoglobin? In ad-

dition to hemoglobin from human sources, bovine hemoglobin is being actively investigated for
use in glutaradehyde cross-linked bovine polyhemoglobin (Pearce and Gawryl, 1998) and as con-
jugated hemoglobin (Nho et al., 1992; Shorr et al., 1996). Unlike human hemoglobin, bovine 
hemoglobin outside of red blood cells has a high P50 without requiring 2,3-DPG or its analogs.
Bovine hemoglobin has been cross-linked into polyhemoglobin and is being used in phase III clin-
ical trial (Pearce and Gawryl, 1998). Human hemoglobins produced by recombinant technology
in microorganisms (Hoffman et al., 1990) and from transgenic animals (O’Donnell et al., 1992)
are other exciting potential sources. The recombinant approach using Escherichia coli allows the
modification of hemoglobin to prevent dimer formation and also affords a good P50 This has been
tested up to phase II clinical trial (Freytag and Templeton, 1997), but has been discontinued in
order to develop a recombinant hemoglobin that has less affinity for nitric oxide and therefore does
not cause vasoconstriction (Doherty et al., 1998). Another potential approach is synthetic heme
(Tsuchida, 1995).
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CIRCULATING TIME OF MODIFIED HEMOGLOBIN
Removal of polyhemoglobin and conjugated hemoglobin after infusion is mainly accom-

plished by the reticuloendothelial system. The half-time of polyhemoglobin in the circulation is
about 25 to 30 hr. Conjugated hemoglobin stays in circulation slightly longer. Intramolecularly
cross-linked tetrameric hemoglobin escapes more rapidly from the circulation and therefore has a
shorter circulation time. Survival time of modified hemoglobin in the circulation depends on the
dose and the animal species, and is much shorter than that of red blood cells. However, the sur-
vival time is adequate for most of the shorter term uses described earlier. For example, all three
types of cross-linked hemoglobin are effective in animal studies of hemorrhagic shock and isov-
olemic exchange transfusions.

SAFETY OF MODIFIED HEMOGLOBIN 
BLOOD SUBSTITUTE

How safe is modified hemoglobin when injected into animals and humans? To evaluate this,
proper selection of a toxicity animal model is important. This has been described in detail in the
FDA publication, “Points to consider in the safety evaluation of hemoglobin-based oxygen carri-
ers” (Frantantoni, 1991). Animal studies using properly prepared cross-linked hemoglobin have
not shown any adverse effects on coagulation factors, leukocytes, platelets, or complement activa-
tion. Very sensitive immunological studies have been carried out for polyhemoglobin, conjugated
hemoglobin, and microencapsulated hemoglobin (Chang et al., 1992; Estep et al., 1992). Results
show that modified homologous polyhemoglobins (e.g., rat polyhemoglobin injected into rats) are
not immunogenic even with repeated injection. Heterologous polyhemoglobin (e.g., nonrat he-
moglobin injected into rats) is not immunogenic initially but is immunogenic after repeated in-
jections with Freud’s adjuvant. Conjugation and microencapsulation markedly decreased the anti-
genicity of heterologous polyhemoglobin. Other studies show that without the use of Freund’s
adjuvant, repeated subcutaneous and intravenous injections of heterologous cross-linked hemo-
globin are much less immunogenic. Because hemoglobin has a high affinity for nitric oxide, ex-
tensive studies have been carried out to see the effects of vasoactivity. Tetrameric hemoglobin in
the intramolecularly cross-linked form or in the recombinant form causes more vasoactivity than
does polyhemoglobin (Chang, 1997c). Those polyhemoglobins with less than 1% tetrameric he-
moglobin (Gould et al., 1998) did not show vasoactivity. It is likely that hemoglobin, being less
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Fig. 42.6. Tetrameric hemoglo-
bin (HB), being small, can move
across the intercellular junction
of endothelial cells. This hemo-
globin binds nitric oxide (NO) in
the interstitial space and lowers
the NO concentration, resulting
in vasoconstriction. Other types
of modified hemoglobin contain
a varying amount of tetrameric
hemoglobin that can also act
similarly. Removal of these
smaller tetrameric hemoglobins
from polyhemoglobin, conjugat-
ed hemoglobin, and microen-
capsulated hemoglobin would
prevent this. Reprinted from
Chang (1997c) by courtesy of
Marcel Dekker Inc.



negatively charged than albumin, can cross the intercellular junction of the endothelial cells of the
vasculature (Fig. 42.6). Once there, hemoglobin, with its high affinity for nitric oxide, would re-
move nitric oxide that is needed for vasodilatation. There has been success in preparing recombi-
nant tetrameric hemoglobins with low affinity for nitric oxide resulting in little or no vasocon-
strictor effects (Doherty et al., 1998). Another important area of safety study is the distribution of
modified hemoglobin after infusion and also its effect on the reticuloendothelial system.

Cross-linked hemoglobin appears to be safe in animal testing as described above; however, in
1991, the FDA reported unexplained clinical reactions in phase I clinical trials in humans and em-
phasized the need for further careful safety evaluation (Frantantoni, 1991). One of the problems
with safety studies is that a response in animals is not necessarily the same as in humans, especial-
ly in the case of immunologic and hypersensitivity types of reactions. We have worked out a sim-
ple in vitro screening test (Chang and Lister, 1990, 1993a,b, 1994) that consists of adding 0.1 ml
of modified hemoglobin to a test tube containing 0.4 ml of human plasma or blood, followed by
analysis for complement activation after incubating for 1 hr. This in vitro test can be used in re-
search or in industrial scale-up production. It can detect trace contamination of blood group anti-
gens, antibody–antigen complexes, endotoxin, trace fragments of microorganisms, impurities in
polymers, and some emulsifiers, for example. This figure has been used to rule out potential prob-
lems in industrial scale-up.

EFFICACY OF MODIFIED HEMOGLOBIN 
BLOOD SUBSTITUTE

Animal studies show that cross-linked hemoglobin is effective in short-term applications, in-
cluding hemorrhagic shock, hemodilution in surgery, and angioplasty. Animal studies indicate that
polyhemoglobin, intramolecularly cross-linked hemoglobin, conjugated hemoglobin, and mi-
croencapsulated hemoglobin are all effective in the resuscitation of lethal hemorrhagic shock and
in isovolemic exchange transfusion. For obvious reasons this type of severe test of efficacy using
lethal animal models cannot be used in human clinical trials. As a result, discussions still contin-
ue regarding the types of end points one needs to use for clinical trials of efficacy in humans. The
FDA has published a summary on “points to consider” for efficacy designs in efficacy clinical tri-
als in humans (Frantatoni, 1994).

PRESENT STATUS AND FUTURE RESEARCH 
AND DEVELOPMENT

The different polyhemoglobins now in phase III clinical trials are likely to be the first modi-
fied hemoglobins ready for routine clinical use. With these first-generation modified hemoglobin
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Fig. 42.7. Ischemic reperfusion injuries. Is-
chemia leads to accumulation of hypoxan-
thine and activation of xanthine oxidase.
Reperfusion brings in oxygen, resulting in
superoxide formation. This and other result-
ing oxidants and oxygen radicals can cause
tissue injury. First-generation modified he-
moglobin is prepared from ultrapure hemo-
globin and therefore does not contain the re-
quired deoxidant enzymes. It has been
shown that cross-linking polyhemoglobin
with superoxide dismutase and catalase 
can significantly decrease the formation of
oxygen radicals (D’Agnillo and Chang,
1998a). Reprinted from Chang (1997c) by
courtesy of Marcel Dekker Inc.



blood substitutes being tested in humans, studies have already started on further refinements of
cross-linked hemoglobin. One example is the incorporation of sueproxide dismutase and catalase
into cross-linked hemoglobin to prevent reperfusion injury due to oxygen radicals (Fig. 42.7)
(D’Agnillo and Chang, 1997, 1998a,b; Chang et al., 1998). Artificial red blood cells based on mi-
croencapsulation afford a more complete red blood cell substitute and are also being extensively
developed. These are more similar to biologic red blood cells because hemoglobin is not exposed
to the outside environment. Furthermore, multienzyme systems can also be enclosed. This includes
the entrapment of catalase and superoxide dismutase with hemoglobin (Fig. 42.8) (Chang and Yu,
1997). The approach of microencapsulation of multienzyme systems with cofactor recycling is also
being used to prevent methemoglobin formation. This brief overview cannot include the numer-
ous ongoing studies and research in this area. Details are available in many published books, jour-
nals, and symposia, and on the web site at http://www.artcell.mcgill.ca (Chang, 1997b, 1998;
Rudolph et al., 1997; Tsuchida, 1995; Winslow, 1996). There is also a chemical apoproach to red
blood cell substitutes based on perfluorochemicals (Keipert, 1998; Reiss, 1998). However, this is
not within the scope of this chapter, which describes only the biotechnological approaches. De-
tails on the topic of perfluorochemicals are available in Keipert (1998) and Reiss (1998).

References
Adamson, J. G., and Moore, C. (1998). Hemolink TM, an o-raffinose crosslinked hemoglobin-based oxygen carrier. In

“Blood Substitutes: Principles, Methods, Products and Clinical Trials” (T. M. S. Chang, ed.), Vol. 2, pp. 62–79.
Karger, Basel.

Amberson, W. R. (1937). Blood substitute. Biol. Rev. Cambridge Philos. Soc. 12, 48.
Benesch, R., Benesch, R. E., Yung, S., and Edalji, R. (1975). Hemoglobin covalently bridged across the polyphosphate

binding site. Biochem. Biophys. Res. Commun. 63, 1123.
Bowersox, J. C., and Hess, J. R. (1994). Trauma and military applications of blood substitutes. Artif. Cells, Blood Substi-

tutes Immob. Biotechnol., Int. J. 22, 145–159.
Bunn, H. F., and Jandl, J. H. (1968). The renal handling of hemoglobin. Trans. Assoc. Am. Physicians 81, 147.
Chang, T. M. S. (1957). “Hemoglobin Corpuscles. Report of a Research,” pp. 1–25. Medical Library, McIntyre Building,

McGill University, Montreal, Quebec; reprinted in Biomater. Artif. Cells, Artif. Organs 16, 1–9 (1988).
Chang, T. M. S. (1964). Semipermeable microcapsules. Science 146, 524–525.
Chang, T. M. S. (1965). Semipermeable aqueous microcapsules. Ph.D. Thesis, McGill University Medical Library, 

Montreal, Quebec.
Chang, T. M. S. (1971). Stabilization of enzyme by microencapsulation with a concentrated protein solution or by

crosslinking with glutaraldehyde. Biochem. Biophys. Res. Commun. 44, 1531–1533.
Chang, T. M. S. (1972). “Artificial Cells,” Monogr. Thomas, Springfield, IL.
Chang, T. M. S. (1992). Blood substitutes based on modified hemoglobin prepared by encapsulation or crosslinking. Bio-

mater., Artif. Cells Immob. Biotechnol., Int. J. 20, 154–174.

608 Thomas Ming Swi Chang

Fig. 42.8. Third-generation
modified hemoglobin blood sub-
stitute consisting of biodegrad-
able polymeric membrane na-
noencapsulated hemoglobin and
enzyme systems (Chang, 1997c;
Yu and Chang, 1996). Reprinted
from Chang (1997c) by courtesy
of Marcel Dekker Inc.



Chang, T. M. S. (1993). Bioencapsulation in biotechnology. Biomater., Artif. Cells Immob. Biotechnol., Int. J. 21, 291–298.
Chang, T. M. S. (1997a). Artificial cells. In “Encyclopedia of Human Biology” (R. Dulbecco, ed.), 2nd ed., pp. 457–463.

Academic Press, San Diego, CA.
Chang, T. M. S. (1997b). “Blood Substitutes: Principles, Methods, Products and Clinical Trials,” Vol. I, Monogr. Karger,

Basel.
Chang, T. M. S. (1997c). Present and future perspectives of modified hemoglobin blood substitutes. Artif. Cells, Blood

Substitutes Immob. Biotechnol., Int. J. 25, 1–24.
Chang, T. M. S., ed. (1998). “Blood Substitutes: Principles, Methods, Products and Clinical Trials,” Vol. II. Karger, Basel.
Chang, T. M. S., and Lister, C. (1990). A screening test of modified hemoglobin blood substitute before clinical use in pa-

tients—Based on complement activation of human plasma. Biomater. Artif. Cells, Artif. Organs 18(5), 693–702.
Chang, T. M. S., and Lister, C. W. (1993a). Screening test for modified hemoglobin blood substitute before use in human.

U.S. Pat. 5,200,323.
Chang, T. M. S., and Lister, C. W. (1993b). Use of finger-prick human blood samples as a more convenient way for in

vitro screening of modified hemoglobin blood substitutes for complement activation: A preliminary report. Biomater.
Artif. Cells Immob. Biotechnol. 21, 685–690.

Chang, T. M. S., and Lister, C. (1994). Assessment of blood substitutes: II. In vitro complement activation of human plas-
ma and blood for safety studies in research, development, industrial production and preclinical analysis. Artif. Cells,
Blood Substitutes Immob. Biotechnol., Int. J. 22, 159–170.

Chang, T. M. S., and Prakash, S. (1998). Microencapsulated genetically engineered cells: Comparison with other strate-
gies and recent progress. Mol. Med. Today 4, 221–227.

Chang, T. M. S., and Yu, W. P. (1997). Biodegradable polymer membrane containing hemoglobin for blood substitutes.
U.S. Pat. 5,670,173.

Chang, T. M. S., and Yu, W. P. (1998). Nanoencapsulation of hemoglobin and red blood cell enzymes based on nan-
otechnology and biodegradable polymer. In “Blood Substitutes: Principles, Methods, Products, and Clinical Trials”
(T. M. S. Chang, ed.), Vol. 2, pp. 216–231. Karger, Basel.

Chang, T. M. S., Lister, C., Nishiya, T., and Varma, R. (1992). Effects of different methods of administration and effects
of modifications by microencapsulation, cross-linkage or PEG conjugation on the immunological effects of homol-
ogous and heterologous hemoglobin. J. Biomater., Artif. Cells Immob. Biotechnol. 20, 611–618.

Chang, T. M. S., D’Agnillo, F., and Razack, S. (1998). A second generation hemoglobin based blood substitute with an-
tioxidant activities. In “Blood Substitutes: Principles, Methods, Products and Clinical Trials” (T. M. S. Chang, ed.),
Vol. 2, pp. 178–186. Karger, Basel/Landes, Austin, TX.

D’Agnillo, F., and Chang, T. M. S. (1997). Modified hemoglobin blood substitute from cross-linked hemoglobin–super-
oxide dismutase–catalase. U.S. Pat. 5,606,025.

D’Agnillo, F., and Chang, T. M. S. (1998a). Polyhemoglobin–superoxide dismutase: Catalase as a blood substitute with
antioxidant properties. Nat. Biotechnol. 16(7), 667–671.

D’Agnillo, F., and Chang, T. M. S. (1998b). Absence of hemoprotein-associated free radical events following oxidant chal-
lenge of crosslinked hemoglobin-superoxide dismutase-catalase. Free Radical Biol. Med. 24(6), 906–912.

DeVenuto, F., and Zegna, A. I. (1982). Blood exchange with pyridoxalated–polymerized hemoglobin. Surg., Gynecol. Ob-
stet. 155, 342–346.

Djordjevich, L., and Miller, I. F. (1980). Synthetic erythrocytes from lipid encapsulated hemoglobin. Exp. Hematol. 8, 584.
Doherty, D. H., Doyle, M. P., Curry, S. R., Vali, R. J., Fattor, T. J., Olson, J. S., and Lemon, D. D. (1998). Rate of reac-

tion with nitric oxide determines the hypertensive effect of cell-free hemoglobin. Nat. Biotechnol. 16, 672–676.
Dudziak, R., and Bonhard, K. (1980). The development of hemoglobin preparations for various indications. Anesthesist

29, 181–187.
Estep, T. N., Gonder, J., Bornstein, I., Young, S., and Johnson, R. C. (1992). Immunogenicity of diaspirin crosslinked he-

moglobin solutions. J. Biomater., Artif. Cells Immob. Biotechnol. 20, 603–610.
Frantantoni, J. C. (1991). Points to consider in the safety evaluation of hemoglobin based oxygen carriers. Transfusion

(Philadelphia) 31(4), 369–371.
Frantantoni, J. C. (1994). Points to consider on efficacy evaluation of hemoglobin and perfluorocarbon based oxygen car-

riers. Transfusion (Philadelphia) 34, 712–713.
Freytag, J. W., and Templeton, D. (1997). Optro™ (recombinant human hemoglobin): A therapeutic for the delivery of

oxygen and the restoration of blood volume in the treatment of acute blood loss in trauma and surgery. In “Red Cell
Substitutes; Basic Principles and Clinical Application” (A. S. Rudolph, R. Rabinovici, and G. Z. Feuerstein, eds.),
pp. 325–334. Dekker, New York.

Gould, S. A., Sehgal, L. R., Sehgal, H. L., DeWoskin, R., and Moss, G. S. (1998). The clinical development of human
polymerized hemoglobin. In “Blood Substitutes: Principles, Methods, Products and Clinical Trials” (T. M. S. Chang,
ed.), Vol. 2, pp. 12–28. Karger, Basel.

Hoffman, S. J., Looker, D. L., and Roehrich, J. M. (1990). Expression of fully functional tetrameric human hemoglobin
in Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 87, 8521–8525.

Hsia, J. C. (1991). o-Raffinose polymerized hemoglobin as red blood cell substitute. Biomater. Artif. Cells Immob. Biotech-
nol. 19, 402.

Iwashita, Y. (1992). Relationship between chemical properties and biological properties of pyridoxalated hemoglobin–
polyoxyethylene. J. Biomater., Artif. Cells Immob. Biotechnol. 20, 299–308.

Iwashita, Y., Yabuki, A., Yamaji, K., Iwasaki, K., Okami, T., Hirati, C., and Kosaka, K. (1988). A new resuscitation fluid
“stabilized hemoglobin,” preparation and characteristics. Biomat. Artif. Cells, Artif. Organs 16, 271–280.

Keipert, P. E. (1998). Perfluorochemical emulsions: Future alternatives to transfusion, development, pool. In “Blood Sub-
stitutes: Principles, Methods, Products and Clinical Trials” (T. M. S. Chang, ed.), Vol. 2, pp. 101–121. Karger/Lan-
des System, Basel.

42 Red Blood Cell Substitutes 609



Klein, H. G. (1994). Oxygen carriers and transfusion medicine. Artif. Cells, Blood Substitutes Immob. Biotechnol., Int. J.
22, 123–135.

Nelson, D. J. (1998). Blood and HemAssist
 (DCLHb): Potentially a complementary therapeutic team. In “Blood Sub-
stitutes: Principles, Methods, Products and Clinical Trials” (T. M. S. Chang, ed.), Vol. 2, pp. 39–57. Karger, Basel.

Nho, K., Glower, D., Bredehoeft, S., Shankar, H., Shorr, R., and Abuchowski, A. (1992). PEG–bovine hemoglobin: Safe-
ty in a canine dehydrated hypovolemic–hemorrhagic shock model. J. Biomater. Artif. Cells Immob. Biotechnol. 20,
511–524.

O’Donnell, J. K., Swanson, M., Pilder, S., Martin, M., Hoover, K., Huntress, V., Karet, C., Pinkert, C., Lago, W., and Lo-
gan, J. (1992). Production of human hemoglobin in transgenic swine. J. Biomater. Artif. Cells Immob. Biotechnol.
20(1), 149.

Pearce, L. B., and Gawryl, M. S. (1998). Overview of preclinical and clinical efficacy of Biopure’s HBOCs. In “Blood Sub-
stitutes: Principles, Methods, Products and Clinical Trials” (T. M. S. Chang, ed.), Vol. 2, pp. 82–98. Karger, Basel.

Perutz, M. F. (1980). Stereochemical mechanism of oxygen transport by hemoglobin. Proc. R. Soc. London, Ser. B 208,
135–147.

Reiss, J. G. (1998). Fluorocarbon-based oxygen-delivery: Basic principles and product development pool. In “Blood Sub-
stitutes: Principles, Methods, Products and Clinical Trials” (T. M. S. Chang, ed.), Vol. 2, pp. 101–121. Karger, Basel.

Rudolph, A. S., Rabinovici, R., and Feuerstein, G. Z., eds. (1997). “Red Blood Cell Substitutes.” Dekker, New York.
Savitsky, J. P., Doozi, J., Black, J., and Arnold, J. D. (1978). A clinical safety trial of stroma free hemoglobin. Clin. Phar-

macol. Ther. 23, 73.
Sehgal, L. R., Rosen, A. L., Gould, S. A., Sehgal, H. L., Dalton, L., Mayoral, J., and Moss, G. S. (1980). In vitro and in

vivo characteristics of polymerized pyridoxalated hemoglobin solution. Fed. Proc., Fed. Am. Soc. Exp. Biol. 39, 2383.
Shorr, R. G., Viau, A. T., and Abuchowski, A. (1996). Phase 1B safety evaluation of PEG hemoglobin as an adjuvant to

radiation therapy in human cancer patients. Artif. Cells, Blood Substitutes Immob. Biotechnol., Int. J. 24, 407 (abstr.
issue).

Tsuchida, E., ed. (1995). “Artificial Red Cells.” Wiley, New York.
Walder, J. A., Zaugg, R. H., Walder, R. Y., Steele, J. M., and Klotz, I. M. (1979). Diaspirins that crosslink alpha chains of

hemoglobin: Bis(3,5-dibromosalicyl) succinate and bis(3,5-dibromosalicyl) fumarate. Biochemistry 18, 4265–4270.
Winslow, R. M. (1994). Symposium volume on “Blood Substitutes: Modified Hemoglobin,” Artif. Cells, Blood Substitutes

Immob. Biotechnol., Int. J. 22, 360–944.
Winslow, R. M. (1996). “Blood Substitutes in Development,” pp. 27–37. Ashley Publications, Boston.
Wong, J. T. (1988). Rightshifted dextran hemoglobin as blood substitute. Biomater., Artif. Cells Artif. Organs 16, 237–

245.
Yu, W. P., and Chang, T. M. S. (1996). Submicron polymer membrane hemoglobin nanocapsules as potential blood sub-

stitutes: Preparation and characterization. Artif. Cells, Blood Substitutes Immob. Biotechnol., Int. J. 24, 169–184.

610 Thomas Ming Swi Chang



Lymphoid Cells
Una Chen

INTRODUCTION

For researchers who are interested in cell-based therapy, it is a great challenge to learn how to ex-
pand normal lymphoid cells and their precursor cells ex vivo under defined conditions. Lym-

phocytes are defined by cell surface receptors—immunoglobulin (Ig) for B cells, and the T cell re-
ceptor (TCR) for T cells. Precursor B cells bear a pre-B receptor, which contains �5 in mice (% in
humans), and precursor T cells bear a pre-TCR-�. No biochemically and genetically defined sur-
face receptors for the progenitors of lymphoid precursors have been reported. It is not entirely clear
how committed stem cells differentiate into lymphoid cells, which then mature into effector cells.
Many theories have been postulated. Differentiation and maturation involve both antigen-inde-
pendent and antigen-dependent processes. For the first process, I will explore the sequential com-
mitment model proposed by Brown et al. (1985, 1988). For my treatment of the second process,
I am indebted to many colleagues who helped me to summarize current views.

Ligand–receptor interactions must play an important role in activating lymphoid cells to pro-
liferate and to differentiate. The term “ligand” means all external signals, including those provid-
ed by stroma cells and cytokines during the antigen-independent stage and those provided by anti-
gens and accessory cells during the antigen-dependent stage. The process of turning on and turning
off of transcription factors at each stage of differentiation as a consequence of ligand–receptor in-
teraction is the key element controlling both phenotype and function of cells. Thus, hoping that
the growth of lymphoid (precursor) cells can be manipulated at will in the future by using genet-
ic tools, I will discuss transcription factors known to be important at various stages of lym-
phopoiesis. So far, there are only a few successful examples of expansion of normal lymphoid (pre-
cursor) cells in culture. All are based on the support of stroma cell lines and cytokines. On removal
of these elements, cells either differentiate toward terminal effector cells or die.

I have arbitrarily defined seven stages of lymphopoiesis to discuss in detail. For each one I will
discuss the available cellular and molecular markers, our current understanding of cellular pheno-
type, the potential of these cells to expand ex vivo, and what could be done in the future. In gen-
eral, both somatic and genetic manipulations are possible in animal models. By combining mod-
ern cellular technology and available mutant mice, one should be able to grow normal lymphoid
(precursor) cells at every stage of lymphopoiesis. Due to ethical and safety considerations, only so-
matic manipulation is considered for use with human beings.

Despite the efforts in many labs in the past few years, human stroma cell lines that can re-
producibly support the growth of different stages of lymphoid (precursor) cells are still not avail-
able. To apply inducible regulation of stage-specific and lymphoid-specific transcription factors in
controlling the growth of normal lymphoid cells seems to be the key element—a great task for the
year 2000 for researchers in this field.

The aim of this chapter is to understand lymphocytes and their precursors. The purpose is to
learn how these cells might be manipulated to make them useful in cell-based, somatic gene ther-
apy. I will attempt to address the possibility of growing normal lymphoid cells and their stem cells
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of mouse and human origin in a controllable manner. That is, cells should proliferate ex vivo with-
out becoming malignantly transformed and with little or no differentiation.

We distinguish two main sorts of stem cells: totipotential and multipotential. Totipotential
stem cells usually divide symmetrically to give rise to two totipotent daughter stem cells, which are
identical in phenotype to their parent. Under appropriate conditions, totipotent stem cells can dif-
ferentiate into any other form of stem cell. The only known stem cell lines that seem to be close
to totipotential are mouse embryonic stem cells (ESCs), and, more recently, human ESCs. Multi-
potential stem cells, which exist for the lifetime of an organism, undergo primarily asymmetric di-
visions. One daughter cell is another stem cell like its parent, whereas the other daughter cell is a
more highly differentiated cell that performs a tissue-specific function. Due to this unique prop-
erty, multipotential stem cells are ideal vehicles for cell-based, somatic gene therapy. They will car-
ry the transgene for the lifetime of the organism and they will maintain expression of the trans-
gene in the differentiated cells that they spawn.

Both lymphoid and lymphoid precursor cells are the progenies of hematopoietic stem cells.
One of our main tasks here is to review whether lymphoid cells and their progenitors possess stem
cell-like properties. Are they self-renewing, and with available culture conditions and technology,
can they expand ex vivo under controllable growth conditions? Unlimited growth of lymphoid cells
and their progenitors is well documented. Lymphoid leukemia cells develop either spontaneously
or after infection with viruses. These cell lines are useful for studying lymphoid cells, but not for
cell-based therapy because they develop tumors when reintroduced into the organism. Thus, this
chapter is devoted to exploring the possibility of growing “normal” lymphoid cells that can be en-
gineered in culture and reimplanted into syngeneic or autologous hosts for therapeutic purposes.

Properties of Lymphocytes
Lymphoid precursor cells are bipotential progenitors of pre-T and pre-B cells. The develop-

ment of lymphoid precursor cells is independent of the presence of antigen (Ag). It is controver-
sial whether lymphoid precursor cells divide asymmetrically with self-renewal. Lymphocyte types
are defined by cell surface receptors—immunoglobulin (Ig) for B cells, and the T cell receptor for
T cells. Precursor B cells bear a pre-B receptor, which contains �5 in mice, and % in humans, and
precursor T cells bear a pre-TCR-�. So far, no biochemically and genetically defined surface re-
ceptors for the progenitors of lymphoid precursors have been reported. Lymphocytes and their pre-
cursors are similar to cells of other lineages in that they proliferate, differentiate, communicate with
other cells, age, and die. However, lymphocytes also possess unique properties that distinguish
them from other cells: (1) formation of receptor genes by VDJ recombination, (2) requirement for
a thymuslike environment to generate mature CD4+8+ T cells, (3) requirement for somatic edu-
cation and selection by antigen, (4) somatic hypermutation to generate more diversity in B cells,
(5) immunologic memory, (6) Ig heavy chain class switch recombination in B cells, and (7) � light
chain editing somatically to generate new specificities of B cell receptor (Hertz and Nemazee,
1998). Development of techniques to expand ex vivo, genetically manipulate, and reimplant into
host animals lymphocytes and their precursors requires lymphocyte engineers.

LYMPHOCYTE ENGINEERING: REALITY AND POTENTIAL
Two models describe the sequence of cell commitment during lymphopoiesis: stochastic and

inductive. In this section, I will use an inductive model in an attempt to explain lymphocyte com-
mitment during development of the organism and in the adult.

Inductive Model of Sequential Cell Commitment 
of Hematopoiesis

This model is divided into two parts. The first part deals with the antigen-independent stage,
starting with the differentiation from the null cells (fertilized egg to embryonic stem cells) to meso-
derm and then to lymphoid precursor cells. A significant portion of the first part of this model was
expanded from Bailey’s hypothesis of developmental progress (1986) and modified according to
Brown et al. (1985, 1988).

Antigen-independent stage of lymphopoiesis—Part 1
As multipotential stem cells are committed to differentiate, it is hypothesized that the differ-

entiation sequence is genetically determined. Cells within the sequence are precommitted in their
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ability to respond to various inducers of differentiation, and on encountering appropriate factors
or a suitable microenvironment, they proliferate and mature along a particular pathway. Brown et
al. (1985, 1988) suggested that multipotential stem cells that do not receive a signal for differ-
entiation toward mature end cells progress to the next stage in the sequence of development. Al-
ternatively, cells that do not receive a signal die. Only cells that receive proper signals will differ-
entiate further toward the mature end cells. Because commitment is gradual, there is a continuous
spectrum of multipotential stem cells. Thus, some of them may be able to respond to inducers of
one or another sort. In terms of self-renewal, multipotential stem cell populations continuously
occupy each potential for proliferation at any given time and therefore respond to the requirement
for each cell type. Some daughter cells will differentiate into the next stage. The continuous de-
velopment of stem cells may not be diverted entirely toward one cell type, even in the presence of
differentiation factors for that type. Because stem cells divide as they respond, some cells are still
able to progress to the next stage of commitment.

Antigen-dependent stage of lymphopoiesis—Part 2
The second part of this model deals with the antigen (Ag)-dependent stage, after receptors are

expressed on the surface of lymphocytes. There are two main lineages of lymphocytes: T and B
cells. T cells can mature into CD8+ cytotoxic T cells and CD4+ helper T cells. Based on their func-
tion and the spectrum of cytokines produced, helper T cells can be divided into Th1 and Th2 sub-
populations. The main functions of CD4+ T cells are to recognize cell-bound antigen and to com-
municate with and help cytotoxic T cells and B cells to perform their duties as effector cells. Both
lineages generate memory cells. How and when lymphoid cells are committed to differentiate into
effector cells or into memory cells remain a mystery.

Diagrams to Explain This Model
Figure 43.1 is a simple diagram to explain this model. Hematopoietic stem cells (HSCs) are

multipotential stem cells derived from the mesoderm. Originally they are descended from com-
mon stem cells (null, or 0, cells) such as fertilized eggs and from mouse embryonic stem cell lines.
The cells diagonally to the right (Fig. 43.1) represent cells committed to hematopoietic lineages,
which gradually lose their multipotentiality during embryogenesis. This concept is expressed with
numbers (5, 4, 3, and 2), inside the progenitor cells on the diagonal. For example, HSCs (noncy-
cling) enter the proliferating stage to become the hematopoietic progenitor cells (HPCs; cycling).
The number 5 cell, for instance, means that the HPCs at this stage have the potential to differ-
entiate into five different types of precursor cells.

The committed, monopotential precursor cells then differentiate toward mature end cells
such as megakaryocytes (Me), erythrocytes (E), neutrophils/granulocytes (G), monocytes (M), and
lymphocytes (L). Lymphoid precursor cells then differentiate into monopotential precursors for B
and T cells. After expression of Ag receptors on the cell surface and on encountering Ag, B cells
differentiate into plaque-forming cells (PFCs; i.e., plasma cells) or memory B cells. T cells become
CD8+ or CD4+ after thymic education, maturation, and negative and positive selection. Memo-
ry T cells are generated later during differentiation. Figures 43.2–43.4 show the markers and events
that occur during the development of pre-T cells—the process of maturation, education, and
apoptosis of mature CD4+ or CD8+ T cells from CD4+8+ T cells (Kisielow and von Boehmer,
1995; Rodewald and Fehling, 1998). Genes encoding transcription factors and other important
genes known to be specifically expressed in lymphopoiesis and which affect function when
knocked out include Brachyury; scl; c-myb; GATA-1, -2, and -3; rbtn2; pu.1/spi-1; Ikaros; Tcf-1;
E2A, pax 5; Oct-2, Blimp-1; pT�; bcl-x; and p53.

Some Comments on This Model
Practically nothing is known about how totipotent stem cells differentiate into ectoderm,

mesoderm, and endoderm, nor how mesoderm differentiates into hematopoietic lineages. These
are the central issues of embryogenesis, and this part of the model is intentionally very sketchy.
Why and when multipotential, lineage-specific stem cells divide asymmetrically or progress to the
next stage of commitment are unknown. The underlying rules may be stochastic (Ogawa, 1993)
or inductive as suggested by Brown et al. But I think the progression of the stage of commitment
might more likely be due to the turning on and off of genes encoding transcription factors.

Brown and co-workers originally formulated their model based on the data from the differ-
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Fig. 43.1. Proposed sequence of cell commitment during lymphopoiesis and stages of hema-
topoiesis and lymphopoiesis at which somatic and/or genetic engineering of lymphocytes and
their precursor cells might be feasible. Solid block arrows point to the cell stages that might be tar-
geted. The first part of the theory is the sequential commitment model of hematopoiesis of Brown
et al., (1985, 1988), modified to include the pattern of expression of transcription factors (H. Singh,
M. Koshland, and A. Schimpl, personal communications). The cells depicted diagonally to the
right represent hematopoietic stem cells (HSC) committed to multipotential precursor cells or
hematopoietic progenitor cells (HPC), which gradually lose pluripotency, as expressed by the
numbers 5, 4, 3, and 2, inside the stem cells. Number 5, for example, means that the HPCs at this
stage have the potential to differentiate into five different types of precursor cells. The committed
monopotential precursor cells can then differentiate toward mature end cells such as megakary-
ocytes (Me), erythrocytes (E), neutrophils/granulocytes (G), monocytes (M), and finally lympho-
cytes (L). HSCs are derived from very primitive stem cells (null cells, or 0 cells) such as fertilized
eggs, and/or mouse embryonic stem cells (ESC). In the second part of the theory, lymphoid pre-
cursor cells differentiate into monopotential precursor B cells (B) and monopotential precursor T
cells (T). After the expression of cell surface receptors, and on encountering antigen (Ag), B cells
can differentiate to plaque-forming cells (PFC) or memory B cells. T cells can become CD8+ or
CD4+ cells after education and maturation in the thymus. Memory T cells can be generated at a
certain stage of differentiation. The transcription factors are expressed and are known to affect dif-
ferentiation. The data come mostly from phenotypic defects in knockout mice: Brachyury (Wilson
et al., 1993; Kispert and Hermann, 1993, 1994), scl (Robb et al., 1995; Shivdasani et al., 1995),
c-myb (Mucenski et al., 1991), GATA-1 (Penvy et al., 1991), rbtn2 (Boehm et al., 1991), pu.1/spi-
1 (Scott et al., 1994), Ikaros (Georgopoulos et al., 1994), Tcf-1 (Verbeek et al., 1995), E2A (Bain et
al., 1994; Zhuang et al., 1994), pax 5 (Urbanek et al., 1994), Oct-2 (Corcoran et al.,1993; Cor-
coran and Karvelas, 1994; Chen et al., 1991), and Blimp-1 (Turner et al., 1994) (no knockout mice
generated yet). Other examples of gene products that might be critical for engineering are pT�
(Fehling et al., 1995), bcl-x (Boise et al., 1993; Ma et al., 1995), and p53 (Bogue et al., 1996; see
also Chen, 1996).



entiation pattern of several myeloid cell lines. The scheme of the development of lymphoid lin-
eages was purely hypothetical in the original model, and the development of mature lymphoid
cells (in Part 2) was not included. It was proposed that precursor B cells become committed be-
fore precursor T cells. I have modified this step to the precommitment to lymphoid precursor cells.
Also, I have changed the commitment of lymphoid precursor cells to occurring after the myeloid
precursor cells. However, the committed lymphoid precursor cells should still be viewed as hypo-
thetical, because there are many examples supporting the common lineage development of B cells
and myeloid cells, and not precursor T cells. Committed lymphoid precursor cells have never been
clearly identified and isolated.

There is ambiguity in the original model. For example, the issue of the timing of each point
of decision was not addressed. The original hypothesis implied that stem cells that do not receive
the appropriate signals will proceed “spontaneously” to the next stage in the differentiation se-
quence. Based on much published data and on observations on the abortive development of lym-
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Fig. 43.2. (a) Developmental control by the pre-T cell receptor. CD4�, CD8�, CD44�, CD25�,
thymocytes rearrange the TCR-B locus while expressing the gp33 gene encoding the invariant
chain of the pre-T cell receptor. The pre-TCR complex associated with CD3 signal-transducing
molecules is inserted in the membrane. Signaling by the pre-TCR, which may or may not involve
binding to an intrathymic ligand, results in massive cellular expansion as well as differentiation.
Differentiation events may include CD4+8+ expression, suppression of TCR-b and enhancement
of TCR-� rearrangement, down-regulation of the Bcl-2 protein, and up-regulation of the Fas pro-
tein. (b) Developmental control by the ab T cell receptor. CD4�8+ cells with ab TCRs have a life-
span of 3 or 4 days, during which TCR-a rearrangement continues and cells produce new recep-
tors. During this time, if the ab TCRs do not bind to intrathymic ligands, the cell will die a
programmed death (left). If the receptor binds to the specific peptide, cell death will be precipi-
tated and the cell will be eliminated by apoptosis within hours (right). If the receptor binds to a
positively selecting ligand different from the MHC-specific peptide, the cell will be rescued from
programmed cell death and begin to down-regulate either CD4 or CD8 coreceptors (center). This
may be an entirely or partly stochastic event. As a rule, only cells with “fitting” ab TCR–CD4, CD8
coreceptor combinations, able to bind to the same class I or class II MHC molecule, will fully ma-
ture. Cells with a mismatched combination will die. Positive selection will terminate ongoing TCR-
� rearrangement and induce higher expression of Bcl-2 protein while down-regulating Fas pro-
tein levels. From Kisielow and von Boehmer (1995).



phoid cells from blood islands derived from embryonic stem (ES) embryoid bodies (Chen et al.,
1997), and on the essential requirement of cytokines to maintain and to propogate stem cells de-
rived from transgenic fetal liver, I tend not to be in favor of spontaneous progression; appropriate
inductive signals for the transcriptional activation of lineage-committed genes are stringently re-
quired. Moreover, because programmed cell death plays an important role in the fate of cells dur-
ing embryogenesis, I have included apoptosis as another important factor. This model has gained
great support from the phenotypes of mice in which genes encoding transcription factors have
been knocked out. Transcription factors controlling the sequential commitment of HSCs have
been summarized (Chen, 1996).

Criteria for Engineering Developmental Stages of Lymphopoiesis
I will attempt to explore the feasibility of engineering lymphoid cells and their stem cells at

several defined stages of differentiation. My criteria for deciding on feasibility are (1) intrinsic self-
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Fig. 43.3. Schematic illustration of early T cell development. Dashed lines with arrows at both
ends indicate the four, developmentally successive triple negative (TN) subsets defined by the dif-
ferential expression of CD25, CD44, and c-kit surface markers. Percentages give the approximate
proportion of each respective subset within the TN population. The three prethymic stages of T
cell development are defined only functionally, i.e., by their developmental potential. Thin arrows
indicate minor pathways within the thymus that give rise to non-T lineage cells. It is not yet clear
whether B, NK, and thymic dendritic cells are generated from extra-, and/or intrathymic pathways.
The dark bars symbolize points of complete developmental arrest due to null mutations in specif-
ic genes mentioned on top of the respective bar. In GATA-3-deficient and c-kit � gc double-defi-
cient mice, T cell development may actually be arrested before precursor entry into the thymus.
This may also be true for some Ikaros-deficient mice, as indicated by dashed bars. The develop-
mental block in p56lck-deficient mice is partial (stippled bar). It has not been investigated to what
relative extent the pre-TCR-dependent and the two minor pathways are inhibited by the absence
extent the pre-TCR-dependent and the two minor pathways are inhibited by the absence of p56lck.
Other mutations that result in a partial block of thymopoiesis are not included in the scheme nor
are mutations that cause a complete block only during fetal, but not adult, thymopoiesis. gc de-
notes the common cytokine receptor g chain. The indicated block in thymopoiesis in pT� � gc
double-deficient mice has not yet been published ( J. DiSanto, personal communication). From
Rodewald and Fehling (1998).



renewal of HSCs, HPCs, and more differentiated cells, (2) the availability of cell surface markers
for identification and purification, (3) the supply of recombinant growth factors and appropriate
stroma cells, (4) the existence of favorable cell culture conditions that promote growth instead of
differentiation, (5) the possibility of educating lymphocytes to become antigen-specific memory
cells, and (6) the possibility of introducing, either genetically or somatically, genes of interest along
with inducible promoter and regulatory sequences. Technical advances make the engineering of
HSCs, HPCs, and lymphoid cells attractive for further manipulation, such as introducing new
genes or reprogramming cells.

Stages of Lymphopoiesis for Engineering
Figure 43.1 shows a schematic diagram of the stages at which lymphoid cells and lymphoid

precursor cells might be engineered. The stages will be discussed individually.

Stage 1: 0 cells
Null (0) cells are fertilized eggs or embryonic stem cell lines. Mouse ES cell lines of different

strain origin have been available for a long time. Establishment of human ES-like cell lines has
been reported in the United States, using expired-date frozen, fertilized eggs. Several lineage-com-
mitted cells, such as from bone and cartilage, have been shown to be obtainable through differ-
entiation in vitro. However, strictly speaking, the only way to prove that an ES cell line is truly
totipotent is to demonstrate germ-line transmission in human beings—a task that should not even
be considered. Similarly, I think that both genetic and cellular engineering at this level should be
limited to mouse studies. ES cells are stem cell lines that divide symmetrically. Unlike the lineage-
committed stem cells, which are rare, ES cells are almost an exception, being readily available. They
can proliferate without differentiation if feeder cells and/or cytokines are provided. They can be
induced to differentiate by removing the feeder cells and cytokines. Only a few surface molecules
are available for characterizing ES cells. Antibodies against stage-specific embryonic antigen-1
(SSEA-1) enable one to distinguish undifferentiated from differentiated ES cells. In recent years,
many genes encoding lymphoid-specific functions have been knocked out, and more studies are
in progress to develop specific deletions or replacement of genes by various techniques using ho-
mologous recombination (Figs. 43.1, 43.3, and 43.4). Vectors with inducible promoters are being
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Fig. 43.4. Thymic cellularity as a function of age
in wild-type and mutant mice. Total thymic cel-
lularity is shown during both fetal and adult life.
Cell numbers are given only as approximations
based on data from the following mutant mice:
Ikaros N�/� mice lack N-terminal sequences of
Ikaros. This mutation appears to act in a dominant
negative fashion (Georgopoulos et al., 1994).
Ikaros C�/� mice, considered as Ikaros null mu-
tants, carry a deletion of the C terminus of Ikaros
( J.-H. Wang et al., 1996). For mutations with an
early embryonic lethal phenotype, chimeric mice
were generated by RAG complementation. In
such chimeric mice, the effects of lack of GATA-
3 (Ting et al., 1996) or �4 integrin (Arroyo et al.,
1996) on T cell development were determined.
Mice lacking c-kit and gc (Rodewald et al., 1997)
live until �10 days after birth, precluding analy-
sis of adult thymocyte development. Disruption
of TCF-1 in mice (Verbeek et al., 1995) causes a
block at the earliest stages in thymopoiesis in late
adult, but not fetal or early postnatal, life. From
Rodewald and Fehling (1998).



used to introduce genes in a controllable, tissue-specific manner. This may be another powerful
tool to study the commitment of cells from one lineage to another.

Growth requirement for differentiation of ES cells to lymphoid cells
Under appropriate conditions, ES cells can differentiate in vitro. Many different culture sys-

tems are available for studying the development of lineage commitment. Because ES cells are
totipotential, optimal culture conditions would enable the formation of mature cells and tissues
and even organs in well-organized three-dimensional structures in vitro. That is, one should be able
to generate an artificial fetus in culture without any external cells or other factors. In fact, of course,
organogenesis from ES cell culture is but a dream. Nevertheless, with the culture conditions and
system that we have developed, mature and embryonic cells in some form of tissuelike organiza-
tion, though never organs, of certain orderly structures (gutlike, epidermal-like, and thymuslike
structures), can be observed. In recent years, many researchers have attempted but failed to study
the differentiation of lymphopoietic precursor cells obtained from ES cells. Many observe the de-
velopment of yolk sac blood islands in culture; these presumably contain HSCs, but only myeloid
cells could be produced in the culture systems reported. Only a few systems allow the generation
of lymphoid precursor cells, mostly B cells, but also T and B cells, in a quantity sufficient for fur-
ther manipulation (Chen et al., 1997; Potocnik et al., 1994, 1997a,b).

Reasons for these variations are unclear. It is partially due to the origin and totipotentiality,
hence the fragility and variability, of ES cells, but partially due to experimental manipulations.
Even in the hands of a single researcher, the potential of lymphopoiesis from the same ES cell lines
varies greatly among different experiments, and why this is so remains a mystery. The culture con-
ditions vary, depending on which lineages are chosen for study. For example, methylcellulose cul-
ture is preferred for myeloid lineages but is inferior for lymphoid lineages. Several culture condi-
tions that favor the differentiation of ES cells to lymphoid lineages are available.

Through the work of at least five groups, it has become clear that lymphoid precursor cells
can be obtained from ESCs in culture. However, the development of mature B plasma cells and
mature T cells requires a two-step procedure—a two-step culture procedure for plasma cells, and
culture and animal implantation for mature B and T cells. When chimeric bone marrow cells from
embryoid body-implanted mice, which contain cells of ESC origin, were injected into the host
mice, the bone marrow cells were shown to repopulate the primary and secondary lymphoid or-
gans, i.e., bone marrow, spleen, and lymph nodes. The data indicate that HSCs and HPCs of ESC
origin can be transferred. However, further transfer experiments similar to those performed by
Harrison et al. (1988, 1993) were not done.

Our culture system can also be used to study thymic stroma as well as well-organized, highly
differentiated cells of many other lineages, including gut epithelia, skin with hair follicles, bone,
muscle, neurons, and glia. The development of endogenic thymic epithelial cells as well as stroma
cells inside the ES-embryonic bodies also explains partially the findings of an efficient develop-
ment of T cells in the absence of exogenous stroma cells. Stroma cell line RP.0.10 is able to sup-
port both T and B lymphoid precursor cells derived from ESCs in some labs, but this is not re-
producible elsewhere. Stroma cell lines OP9 and S17 support B precursor cells and myeloid but
not T precursor cells derived from ESCs. Many other stroma cell lines do not support the differ-
entiation of ESCs to lymphoid precursor cells. Müller-Sieburg and co-workers have systematical-
ly compared the S17 stroma cell line, which is widely used in many labs, to many stroma cell lines
for the production of cytokines and stroma function, i.e., the stem cell support function (Wine-
man et al., 1993, 1996) (see also below, Stage 2); there were no correlations in the assays. They
postulated that a yet to-be-identified extracellular matrix molecule of S17 cell lineage may play a
role in supporting the function of HPCs.

Bauer et al. (1998) reported that a novel protein molecule, dlk, an epidermal growth factor-
like molecule of 66 kDa, in stroma cell lines influences the requirement for interleukin-7 (IL-7)
in supporting mouse pre-B lymphopoiesis. They suggest that dlk may play an important role in
the bone marrow HPC microenvironment. Cortex et al. (1999) reported the novel high-molecu-
lar-weight CD166 (HCA/ALCAM) glycoprotein expressed in human HPCs as well as stroma
cells. The data suggest that this molecule is being involved in adhesive interaction between HPCs
and stroma cells in the most primary blood-forming organs. Rethinking the seemingly conflicting
results and the inconsistent report of differentiation of ES cells to lymphocytes, I wonder if cul-
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turing ES-derived lymphoid progenitor cells on stroma cell lines derived from the most primitive
stroma environment from the fetus (such as paraaortic cells) may be a better choice to obtain con-
sistent results, rather than using the existing stroma cell lines?

Stage 2: HSCs and HPCs
The terms “hematopoietic” stem cells, “progenitor” cells, and “precursor” cells are loosely used

in the literature. Here, I define hematopoietic stem cells and hematopoietic progenitor cells as two
populations of stem cells sharing similar surface markers. HSCs are rather quiescent, noncycling
stem cells, whereas HPCs are cycling cells. In mice, c-kit+, thy-1low, lin�, sca1+ bone marrow cells
are accepted as HSCs or HPCs. Many groups have shown that HSCs and HPCs in bone marrow
are heterogeneous in size and in self-renewal capacity. Moreover, they have finite life-spans. In hu-
man bone marrow, CD34+, HLA�, lin�, thy-1low, rhodamine 123low stem cells are generally de-
fined as HSCs and HPCs. However, CD34 is also expressed in other lineages, such as vascular 
endothelial cells. It is well established that mouse HSCs and HPCs can be isolated, cultured, trans-
duced by retroviruses, and used to repopulate animal hosts. In addition to bone marrow, they can
be isolated from fetal liver, cord blood, fetal blood, yolk sac, and paraaortic spanchnopleura.

Do HSCs and HPCs self-renew?
The self-renewal of HSCs and HPCs was carefully examined by Harrison and co-workers

(1988, 1993). By transferring bone marrow stem cells from one host to the other, they found that
the pool of donor bone marrow stem cells was smaller on transfer, and concluded that self-renew-
al is limited for somatic bone marrow stem cells. However, their results could be due to a dilution
effect of the donor stem cells, if a certain absolute number of stem cells were required for the suc-
cessful implantation of donor stem cells in the bone marrow. Using fluorescence in situ hy-
bridization (FISH) and telomerase assays (Allsopp et al., 1992), it was shown that telomere DNA
length predicts the age and replication capacity of human fibroblasts. Similarly, Lansdorp and co-
workers (Vaziri et al., 1994; Lansdorp, 1995a,b) have correlated telomere length with the replica-
tion potential of HSCs and HPCs. In human CD34+, CD71low, CD45RAlow bone marrow stem
cells, the length of telomeric DNA in HSCs and HPCs is correlated with the age of the donor.
The stem cells in adults have shorter telomerases than are found in fetal cells, but both have the
same telomerase activity. When the HPCs were expanded with cytokines without the support of
stroma cells, there was a loss of telomeric DNA in culture. The loss of telomeric DNA in HSCs
and HPCs from older people and cultured stem cells was interpreted to mean that their replica-
tion potential is finite. An alternative interpretation would be that the culture conditions that al-
low stem cells to grow in the presence of cytokines may not favor the maintenance of telomerase
activity and hence not the self-renewal of HSCs and HPCs.

Many culture systems for studying the biology of mouse HSCs and HPCs are available. Many
mouse stroma cells lines support the growth of HPCs. Studies on human stem cells use mouse
stroma cell lines such as S17 (Collins and Dorshkind, 1987) and others (Wineman et al., 1993),
or mixed primary stroma populations isolated from human bone marrow or other sources (Dittel
and LeBien, 1995), to support purified HSCs and HPCs or unseparated bone marrow cells. There
was a report of the establishment of heterogeneous human stromal cell lines with the help of a plas-
mid containing SV40 T antigen under the control of an inducible metallothionein promoter (Ci-
cuttini et al., 1992), but their ability to support lymphopoiesis could not be demonstrated. Sim-
mons et al. (1992) have obtained mixed human stroma cells and cell lines that support human
long-term culture initiating cells. However, these human stroma cell lines could not be shown to
support the development of human lymphocytes from bone marrow stem cells.

Major problems in this field are the variability of culture conditions, the efficiency of differ-
entiation of the cultured cells to lymphoid lineages, and the poor reproducibility in the hands of
different investigators. Also contributing to problems is failure to report specific reagents and in-
gredients used as well as undescribed procedures, stroma cell conditions, batches of serum, and
growth factors required in each system. Of course, the intrinsic multipotentiality of HSCs and
HPCs also contributes significantly to the elements of variability. Many have claimed that a cock-
tail of cytokines alone could promote the differentiation of myeloid lineages from HSCs and HPCs
in mouse (Timothy et al., 1995) and human (Henschler et al., 1994) systems. A few have claimed
the development of B cells at various stages of maturation, but no mature T cells could be found
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in such culture conditions. The maintenance of long-term cultures of self-renewing stem cells with
potency for lymphopoiesis, especially T lymphopoiesis, requires stroma cells, additional cytokines,
and other culture conditions yet to be defined. Several existing culture systems seem to be promis-
ing for expansion ex vivo and potential differentiation of human (Koller et al., 1993; Dittel and
LeBien, 1995) and mouse HSCs. Because large quantities of cultured cells are needed for manip-
ulation and reimplantation, the development of bioreactors and the development of reliable hu-
man stromal cell lines for lymphopoiesis are of high priority.

Selected examples of clinical applications of human HSCs and HPCs
Using human HSCs and HPCs as the cell base for gene therapy is a complicated issue. In most

clinical protocols, HPCs are transduced ex vivo with retroviral vectors and reimplanted into pa-
tients. One example currently undergoing phase I clinical trial is the treatment of adenosine deam-
inase (ADA) deficiency. ADA deficency exists in all cells examined. However, T cells of these pa-
tients are selectively missing, causing a server combined immunodeficiency symptom. Despite
more than three decades of study, the mechanism by which the ADA defect causes specific defi-
ciency of T cells remains unknown. Four possible mechanisms have been postulated and reviewed
by Resta and Thompson (1997). The apoptotic pathway of CD95 (Fas/apo-1)-induced cell death
might be the most likely mechanism. Patients suffering from ADA deficiency have been treated
using ADA gene transfer therapy (Bordignon, 1993; Blaese et al., 1993). Stem cells were expand-
ed in vitro and transduced with retroviral vectors containing ADA genes. Several ADA-deficient
children were subsequently followed up using the polymerase chain reaction (PCR) assay to assess
the expression of circulating T cells bearing the transduced ADA gene. Peripheral blood carrying
the transduced ADA gene was shown to persist for 7 months before disappearing. Bone marrow
cells appeared later and became the major source of T cells expressing the transduced ADA gene
in the peripheral blood.

Although initial reports of these studies claimed to be successful, careful evaluation of ADA
gene therapy protocols shows that there is a major problem with the protocols. During ex vivo ex-
pansion and manipulation for gene transfer, HPCs lose their capacity to proliferate in favor of dif-
ferentiation and maturation. Thus there is a great need for repeated treatments of the same patient
with retrovirus transduction, and continuous infusion of poly(ethylene glycol)-conjugated ADA
enzyme. There is another trial using autologous cord blood CD34+ cells in ADA-deficienct ba-
bies, and the combined gene and enzyme therapies seem to generate better immune function
(Kohn et al., 1998). The different results are due to the fact that very few mature, functional T
cells make enough enzyme to detoxify the serum in ADA patients. If stem cells are rare, small dif-
ferences in technique and uncontrolled variables could make the difference between success and
failure. Another, not mutually exclusive, interpretation of the lack of long-term reconstituting stem
cells is that the cycling HPCs transduced are not the true stem cells. Human immunodeficiency
virus (HIV)-based lentiviral vector has been shown to efficiently transfer foreign genes into post-
mitotic and noncycling cells, including HSCs. Nevertheless, this vector is still under development,
and no package cell line is yet available for lentiviral vectors. Improved culture conditions for
growth and maintenance of human stem cells in large quantities are urgently required. The estab-
lishment and use of reliable human stroma cell lines that could support the growth of lym-
phopoietic HPCs in vitro might prove to be a breakthrough in this field.

Stage 3: Lymphoid precursor cells
Until recently, no published work described the characterization of lymphoid lineage-com-

mitted precursor cells defined in terms of cell surface markers and functional assays of precursors
and progenies. One cell type that is described closest to the definition of lymphoid precursor cells
is the CD4low precursor population isolated from adult thymus by Shortman and co-workers
(Shortman and Wu, 1996). Because this population of cells is restricted in its potential to differ-
entiate into myeloid cells, it is preferentially committed to differentiate into T and B cells. Amaz-
ingly, these cells can also differentiate into thymic dendritic cells. The molecular markers of this
population have not been well characterized. It would be interesting to see whether this popula-
tion of cells can differentiate into myogenic cells, because J. Morgan and T. Partridge (personal
communication) did obtain differentiated myogenic cells from adult thymus. Thymus contains
lymphoid and presumably mesenchymal precursor cells that can develop into other lineages, such
as bone, cartilage, and lung (Pereira et al., 1995).
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Nothing is known about the culture conditions for growing this population of cells. It is pos-
sible that stroma cell lines such as S17 could be used to expand the CD4lo2 population of cells in
culture, because Godin et al. (1995) was able to use S17 and cytokines to maintain paraaortic
spanchnopleura-derived precursor cells possessing the T cell lineage potency in culture for some
time. Originally, Ikaros, a lymphoid lineage-specific transcriptional factor (Georgopoulos et al.,
1994), was thought to be an important molecular marker of lymphoid precursor cells at this spe-
cific stage of development. Ikaros was subsequently shown to have multiple effects on HSCs, lym-
phoid cells, T precursor cells, and others (Nichogiannopoulou et al., 1998) (see Fig. 43.4).

The human counterpart of the CD4low population is unknown. Dittel and LeBien (1995) 
reported the expansion of CD34+, CD31+ human bone marrow B progenitor cells and partial dif-
ferentiation to B precursors in serum-free culture medium in the presence of mixed primary 
human stroma cells and IL-7 for a duration of 16 days. A few CD34+ precursor cells maintained
under their culture condition could differentiate into natural killer (NK) cells and T precursors
when subjected to a secondary culture conditions, presumably providing the precursor population
with the thymic environment. It is not clear whether T precursor cells are derived from HPCs or
are the precommited precursor cells migrating to bone marrow.

Stage 4: Precursor T cells
Precursor T cells are thy-1+, CD117low, DC3�, pT�+ (Fehling et al., 1995; Kisielow and von

Boehmer, 1995; Fehling and von Boehmer, 1997). They can be derived from fetal and adult blood.
Using new markers such as the SCA-2 and CD44 variants, they can be classified into subpopula-
tions (Rodewald and Fehling, 1998) (see Figs. 43.3 and 43.4). Both somatic and genetic manip-
ulations seem to be possible. However, this population of cells is not self-renewing. Large-scale ex-
pansion of this population is questionable, because apoptosis occurs easily, and only some cells of
this compartment differentiate into double-positive mature T cells. Fetal thymus organ culture sys-
tems and suspension cultures with dissociated thymic epithelial cells for studying the differ-
entiation and education of T cells are available ( Jenkinson et al., 1982; Jenkinson and Anderson,
1994). However, how to expand precursor T cells ex vivo without differentiation and apoptosis
will be a challenge to the workers in this field. Changing the O2 concentration in the fetal organ
culture system was shown to help the survival of T cells and precursor T cells (Mackinnon and
Ceredig, 1986; McLaughlin et al., 1996). Perhaps O2 and other radicals stimulate intracellular
molecules that lead to the apoptotic pathway. Reducing the O2 concentration with N2 or a high
density of stroma cells favors the survival of (precursor) T cells. Although Godin et al. (1995) can
transiently expand paraaortic spanchnopleural precursor T cells in their culture conditions, that
population of precursor T cells perished after a few generations in culture. Whether the addition-
al cytokines and reducing the O2 concentration could help to keep these cells proliferating longer
remain to be tested.

Stage 5: Memory T cells
Using cultures of mature T cells in the presence of antigen-presenting cells and recombinant

cytokines, one can study the growth and differentiation of T cells from a variety of sources. Long-
term mouse and human T cell clones are also available. For unknown reasons, T cells can be main-
tained as clones in culture far longer than B cells. However, long-term human T cell clones, even
from healthy donors, have not been reimplanted into patients. Human T cells (mainly natural
killer cells) grown in the presence of cytokines in a short-term culture have been reimplanted into
autologous cancer patients. No study was reported to evaluate their long-term repopulating po-
tentiality in the human severe combined immunodeficient (SCID) model or the self-renewal prop-
erty of long-term mouse T cell clones in vivo. Most CD8+ and CD4+ T cells have a short life-span.
Memory T cells have been well studied, but, in reality, they do not exist in abundance and can be
demonstrated in vivo only by repeated priming with antigen. They are very difficult to define at
cellular and molecular levels. There is no isotype 3�-end downstream of the TCR constant region
for class switching to occur. Somatic hypermutation of the TCR-� gene has never been claimed,
and it is controversial whether the TCR-� gene is hypermutable. Memory T cells are thus defined
using criteria such as accelerated cellular responses, distinct pathways of lymphocyte recirculation
in vivo, distinct DNA motifs of TCR genes, cytokine-producing pattern and diminishing expres-
sion of surface markers (Bradley et al., 1993; Dutton et al., 1998), and functional and antigen re-
quirements (Gray and Matzinger, 1991). In mice, memory CD4+ T cells are CD45RO, L-selectin
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(MEL-14)lo2. There is the equivalent of human CD45Ro, keeping in mind that the CD45R fam-
ily (A, B, C, and O) may not be the best marker to define naive versus memory T cells. Because
foreign antigens do not always quickly elicit unprimed T cells, memory T cells must exist, but the
commitment, the mechanism of development, and the maintenance of these cells are unknown.
Memory T cells are thought to be generated either when T cells acquire specificity to kill or to help
during thymic education, or are generated during the mature stage.

Memory DC8� T cells
Because cell-bound antigen on antigen-processing cells and more than one signal are required

for educating T cells to perform effector functions instead of becoming tolerized, work on the gen-
eration of CD8+ memory T cells has been mainly in vivo, using viruses. Although the short-term
expansion of memory T cells can be demonstrated in culture, it is not clear how long these cells
can be maintained in culture. Interesting questions remain to be addressed: Is it possible to pre-
vent cytotoxic T cells from performing their function by releasing granzymes, and, if so, what hap-
pens to committed CD8+ T cells? Do they die, or become anergic, or become memory cells? A
study addressing the avoidance of granzyme B-induced apoptosis in target cells is interesting in
this regard (Greenberg and Litchfield, 1995; Wang et al., 1996). Dephosphorylation of cdc2 was
shown to be a critical step in granzyme B-induced apoptosis in the targets of cytotoxic T cells. A
nuclear kinase encoded by the wee1 gene was transiently expressed and shown to induce phos-
phorylation of the tyrosine residues of cdc2 kinase, and that in turn provoked mitosis and the res-
cue of target cells. Because cytotoxic T cells are subject to being killed by their colleagues, the apop-
tosis pathway in these cytotoxic T cells could be similar to that of the target cells. It remains to be
demonstrated whether expression of wee1 or equivalents could be induced to rescue cytotoxic T
cells to become memory T cells.

Memory CD4� T cells
Like memory CD8+ T cells, the generation of memory CD4+ T cells is studied in vivo. This

population of cells has been well characterized in mice. By using the soluble protein antigen key-
hole limpet hemocyanin (KLH), Bradley et al. (1993) found effector memory CD4+ cells in mouse
spleen to be CD45RO, L-selectin�, CD44+ and to produce elevated levels of IL-4. McHeyzer-
Williams and Davis (1995) used a different soluble antigen-priming system to study memory
CD4+ T cells. Whether this population of cells can be expanded ex vivo has not been reported. Be-
cause T cells of IL-2 knockout mice survive much longer than those of conventional mice, they
may be useful for studying the development of memory T cells. Moreover, molecules such as Fas
and Fas ligands of the apoptotic pathways play critical roles in determining the fate of cells after
activation. The Bcl-2/bcl-x family seems to function by helping the survival of cells via action on
the intermediate steps of apoptosis (Nagata and Golstein, 1995; Krammer et al., 1994; Korsmey-
er, 1995). Genes controlling the cell death pathway may play critical roles in the development of,
and the subsequent genetic manipulation of, memory T cells in the future. It is important to im-
prove the conditions for growing CD8+ T cells in vitro, because for tumor therapy, the generation
of tumor-specific CD8+ T cells is a very critical step.

Although surface markers and life-span of a population of T cells equivalent to those of the
mouse system have been documented (Michie et al., 1992), ethical and safety considerations have
prevented a systematic study of human memory T cells in vivo. Thompson et al. (Boise et al., 1995;
Noel et al., 1996; Levine et al., 1997) have reported the possibility of producing human CD4+ T
cells on a large scale. By stimulating peripheral, resting T cells with cytokines such as IL-2, anti-
CD28, and solid-phase anti-CD3, they reported that survival and proliferation of CD4+, but not
CD8+, T cells could be greatly promoted. What remains to be shown are the specificity and func-
tion of these cells and how they are related to the regulation of the Bcl-2/bcl-x family (Boise et al.,
1993; Ma et al., 1995) and CD95 (Fas/apo-1) ligand, and whether they are candidate memory
CD4+ T cells or abortive T cells.

Stage 6: Precursor B cells
Mouse and human precursor B cells have been characterized extensively by several groups.

Surface markers and molecular events of precursor B cells at intermediate stages of development
have been defined (Table 43.1).
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Table 43.1. Expression of cellular and molecular markers during stages of B cell development

B Cell Stage Research groupsa

Progenitor Precursor
Human B stage B stage

I II III PreB Cooper, LeBien, Schiff-Fougereau
CD34 � � � �
CD38 nd � � �
%L � � � �
CD10 nd �� � �
CD19 � � � �
�-like/Vpre-B � � � �
Rag1 � � � �
TdT � � � �
VH/C
 � � � �
V�/C� � � � �
mb1/B29 �/� �/� � �
cyto-
 � � �/� �

Mouse
A B C C’ D Hardy, Rajewsky

B220 � � � � �
CD43 � � � � �
HSA � � � � �
BP1 � � � � �
�5/VpreB �/� � � � �
Rag 1–2 �/� � � � �
TdT �/� � � �/� �
mb1 �/� � � � �
D-JH � �

VH-D-JH � (out) �(on)
ProB PreB I PreB II Rolink, Melchers

Large Small
CD43 � � �� �
c-Kit � � � �
CD25 � � � �
%L � � � �
�5/VpreB � � � �
Rag 1–2 � � � �
TdT � � � �
cyto-
 � � � �
D-JH �
VH-D-JH � �
VL-JL �

aKey references: Dittel and LeBien (1995); Erlich et al. (1994); Lassoued et al. (1993); Li et al. (1993) Loeffert et al. (1994); Rolink et al. (1994); Melch-
ers et all. (1995); Ghia et al. (1998).

Mouse pre-B cell lines
In the mouse system, with the help of several stroma cell lines and recombinant growth fac-

tors such as IL-7 (Rolink et al., 1991; see Melchers et al., 1995), it becomes feasible to expand
mouse pre-B cells without gross differentiation. On release from the stroma cells and IL-7, and in
the presence of the bacterial mitogen lipopolysaccharide (LPS), some pre-B cell lines differentiate
into plasma cells. Pre-B cell clones have been established from various lymphoid organs of wild-
type mice, transgenic mice, and some knockout mice. Thus, both somatic and genetic manipula-
tion of these cell lines becomes possible. Some pre-B cell lines have been used to repopulate SCID
mice and RAG-2 knockout mice. Injected cells migrate to bone marrow, lymph nodes, peritoneal
cavity, and spleen. Plasma cells, mature B cells, and pre-B cells were detected in the host. The per-
centage of cells mature into various B compartments seems to vary from experiment to experiment.



However, several questions remain to be answered. Do these pre-B cell lines retain the capacity to
expand? Are these cells self-renewing in vivo, as stem cells must be? The critical experiment of re-
peatedly transferring donor pre-B cells, from one host to another, to show that the implanted cells
are still precursor B cells, has not yet been done. It is interesting that pre-B cells established from
pax 5�/� mice (Urbanek et al., 1994) differentiated into T cells, myeloid cells, dendritic cells, and
osteoclasts, but not mature B cells, in SCID mice. The data indicate that the microenvironment
which plays a role in keeping pre-B cells committed to B cell lineage, may be missing in the pax
5�/� mice (A. Rolink, personal communication).

Curiosities of growing human precursor B cells
The question of whether human precursor B cells can expand ex vivo is still open. Several re-

ports claim it possible by using either primary mixed human stroma cells (Dittel and LeBien, 1995)
or mouse stroma cells (Rawlings et al., 1995). When subjected to mixed stroma cells and cytokines
such as IL-7, most human bone marrow cells expand for a limited period, then either perish or
differentiate (see Ghia et al., 1998). In other words, the culture conditions established so far are
only for short-term expansion of pre-B cells. However, no normal human pre-B cell lines have been
established. This distinguishes mouse and human precursor B cells. The study of human pre-B
cells cannot be separated completely from the study of human HSCs and HPCs, given the com-
plexity of the cell types involved and the difficulty in establishing human stroma cell lines. The es-
tablishment of human stroma cell lines supporting the growth of human pre-B cells is critical. The
failure lies in the inability of adherent cells derived from human bone marrow (stroma cells) to
proliferate well under normal culture conditions with conventional sera. Methods for immortal-
izing human cells include transfecting plasmids or retroviruses containing oncogenes such as SV40
T antigen. Cell proliferation is a prerequisite for the stable integration of transgenes into chro-
mosomes and for immortalization. A breakthrough for human HSCs and pre-B cells would be to
establish stroma cell lines for B lymphopoiesis, and to optimize the conditions for the growth of
stroma cells, as has been done for human mesenchymal stem cells (Yoo et al., 1998).

Stage 7: Memory B cells
B cells with surface Ig isotypes such as IgG, IgA, and IgE, which possess higher affinities for

Ag, are generally defined to be memory B cells. In human beings, CD38+, CD20+ germinal cen-
ter B cells can be distinguished from memory CD38�, CD20+ B cells and CD38+, CD20� plas-
ma cells. In mice, there are no reliable surface markers to distinguish memory B cells from plasma
cells and mature primary B cells. The mechanisms of memory B cell generation are unknown, and
the subject of debate for decades. Memory B cells are mature B cells that have encountered anti-
gen, have been activated but not tolerized, and have switched to higher affinity isotypes. IgM-se-
creting plasma cells are terminal cells, destined to die. It is unknown how memory B cells devel-
op in vivo. In vitro, at least two systems may generate memory B cells: the germinal center-like
culture system and the suspension culture system, wherein resting B cells are activated by LPS plus
anti-
. These B cells are activated, alive, proliferating, and nonabortive, but they are not plasma
cells.

A system stimulating germinal centers in vitro to culture B cells
In a culture environment that mimics the germinal center in lymphoid organs, B cells survive

better and live longer. A germinal centerlike environment is a culture system that provides cy-
tokines and supporting cells from either purified follicular dendritic cells (FDCs) from mouse
spleen (Kosco et al., 1992), or stroma cells (L cells transfected with CD40 ligand, or fibroblasts)
(Flueckiger et al., 1993; Arpin et al., 1995; Wohlleben et al., 1996). Both human and mouse B
cells survive for 2 weeks instead of 3–4 days, and absolute cell numbers increase two- to threefold.

The in vitro germinal center culture system developed by Kosco and co-workers was designed
to study the differentiation of mouse B cells into plasma cells rather than to maintain long-term
B cells in vitro. Mouse FDCs are nonproliferating, terminally differentiated cells of unknown ori-
gin. However, other studies reported that the primary mouse FDCs can be partially replaced by
fibroblast cell lines expressing CD40 ligand. The cytokines required to maintain mature B cells in
growth phase and differentiation are controversial. For mouse B cells, combined IL-2, IL-4, and
IL-5 induce differentiation into mature cells, and for further differentiation into plasma cells, IL-
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6 seems to be essential. For human B cells, IL-2 plus IL-10 and combined IL-3, IL-6, and IL-7
have been reported to work. Also, if the CD40 ligand is removed in the secondary culture, human
B cells differentiate into plasma cells. These memory-like cells are neither cell lines nor cell clones,
rather they are a mixed B cell type with limited life-span (up to a few weeks), and they preferen-
tially switch to certain Ig isotypes, such as IgG and IgA. The data suggest that down-regulation of
the J chain may not be essential during the development of memory B cells.

A suspension culture system for stimulating B cells with LPS plus anti-m
Systems for the short-term culture of primary splenic lymphocytes have long existed (Mishell

and Dutton, 1966, 1967; Marbrook, 1967). These systems are invaluable for studying the prolif-
eration and differentiation of B cells, T and B cell interaction, the priming of B cells by antigen,
and the mechanism of memory B cell generation.

If B cells could be kept alive and untolerized, but could be prevented from becoming IgM se-
cretory plasma cells, they might become memory B cells. An example is the finding that when
stimulated with a bacterial mitogen, lipopolysaccharide, some B cells die and some proliferate and
become plasma cells (Andersson et al., 1974). When stimulated with anti-
, most B cells die right
away, some proliferate and exhibit growth arrest at G1 phase, then die 2 days later, and none 
become plasma cells. When stimulated with LPS plus anti-
, most B cells proliferate and none
become plasma cells. This nonplasma cell phenomenon has been known as an antidifferentiation
effect, and it was postulated to be a way to generate memory B cells (Chen-Bettecken et al., 1985).
Through efforts of many, the molecular mechanism of this antidifferentiation phenomenon be-
came clear (Chen-Bettecken et al., 1985; Chen, 1988; Leandersson and Hsu, 1985; Phillips et al.,
1996). In the presence of the two stimuli, B cells proliferate maximally, over 90% being in the cell
cycle (Seyschab et al., 1989), but IgM secretion is turned off. The block has been shown to be pri-
marily at the level of nuclear RNA processing of the 
m-to-
s switch. Inducible nuclear factors
binding to the pre-mRNA secretory polyA site have been reported, though the nature of these fac-
tors remains unclear because they have not been cloned.

Transcription factors active in the development of plasma cells
On activation of B cells, many transcription factors become engaged in the production and

secretion of Ig genes. B cell-specific transcription factors include Oct-2 (Chen et al., 1991; Cor-
coran et al., 1993, 1994) and Blimp-1 (Turner et al., 1994; Schliephake and Schimpl, 1996; Lin
et al., 1997; Messika et al., 1998). Both transcription factors play a role in the decision to switch
from 
m to 
s. Blimp-1 is described as a cofactor of transcription factor pu.1 and was shown to
bind to multiple Ig-enhancer motifs and the J chain regulatory element. It is crucial for the tran-
scription of 
, �, and J chains. Blimp-1 is active in many cell lines and drives the maturation of
B cells into Ig-secreting cells in many cell lines. Blimp-1 has been shown to down-regulate c-myc
in B cell lines.

Transcription factor Oct-2 binds to the 
 intron enhancer motif and is essential in tran-
scriptional activation of the 
 chain. It was shown that Oct-2 and the J chain are highly expressed
in LPS-stimulated B cells and are diminished in LPS�anti-
-stimulated B cells. It has been shown
that Blimp-1 is highly expressed in LPS-stimulated B cells and is diminished in LPS � anti-
-
stimulated B cells. On the other hand, sterile � chain is highly expressed in the latter system. Trans-
fection of Blimp-1 into LPS � anti-
-activated B cells provoked them to become IgM-secreting 
plasma cells. The data indicated that transcription factors such as Oct-2 and Blimp-1 are tightly
regulated in plasma cell development. If one postulates that LPS � anti-
-stimulated B cells rep-
resent some stage in memory B cell development, the down-regulation of Oct-2 and Blimp-1 re-
flects the specific transcriptional regulation when B cells make the commitment to the memory
cell pathway instead of the plasma cell pathway. The identification of such candidate transcription
factors that control memory B cell commitment would provide a powerful genetic tool to further
manipulate the turning on and off of these lineages at will in vivo.

CONCLUDING REMARKS AND PROSPECTS 
FOR LYMPHOCYTE ENGINEERING

I discussed and summarized the current understanding of the expansion of lymphoid cells and
their precursors ex vivo at certain stages of lymphopoiesis. I have tried to address the feasibility of
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expanding lymphoid cells under controlled growth conditions; that is, we need to expand un-
transformed, nonmalignant cells. In general, in order to maintain the status of cell survival and
growth without apoptosis and differentiation, cytokines and cell contact with feeder cells are re-
quired. Fundamental questions regarding the engineering of lymphoid cells and their precursors
for therapeutic purposes remain, and can be traced to our current understanding of the immune
system. Do we ask too much for the survival in culture of cells that are programmed to die? From
extensive studies in gene-manipulated mice, it is possible to generate antigen-specific memory T
cells; it is still puzzling that there is no good systematic study of human memory cells in culture,
although the surface markers are defined.

If there is massive programmed cell death during the development from HSCs to lymphoid
precursors and from pre-T to T cell maturation, I wonder whether it is realistic to try to produce
enough HSCs, HPCs, and precursor lymphoid cells for therapeutic purposes? In current clinical
protocol, expansion of cells ex vivo for the purpose of reinfusion into patients is limited to as few
passages as possible in order to avoid mutation and contamination in vitro. Bioreactors for large-
scale production of cells in liquid suspension using cytokines are available. However, they are not
designed for coculturing of stem cells with stroma cells. With advances in culture technology and
bioreactors, and with increased supply of recombinant cytokines, it becomes possible to obtain a
quantity sufficient for reimplantation from 10 ml of bone marrow cells. However, under these con-
dition, very few cells engage in lymphopoiesis. Thus, to grow the HSCs and HPCs consistently
and to favor lymphopoiesis, there is a great need for a better way to grow human stem cells using
human stroma cell lines.

In view of the massive apoptosis at several stages of lymphopoiesis, I am amazed that mouse
precursor B cells can grow normally, become lines and clones, and retain the potential to differ-
entiate in vitro and in vivo. To grow cells from other stages of lymphopoiesis, it might be advan-
tageous to use cells from the many available mutated mice (such as the p53�/�, Rb�/�, IL-2�/

�, perforin�/�, and BCl-2 transgenics). I am still optimistically thinking that the future of cell-
based immune system therapy lies in the ex vivo expansion of cells. Because the techniques to es-
tablish ligand-regulatable vectors are available, the derived cell lines will become available soon and
will become valuable resources for many purposes. Other areas remain to be improved, including
the search for novel markers of true HSCs and precursor lymphocytes, better sources of HSCs and
HPCs such as cord blood and fetal tissues, improved retroviral vectors, and large-scale culture sys-
tems for expansion of HSCs and HPCs and precursor lymphoid cells.

With advances in genetic tools and mutated mice technology, it is possible to turn on or off
the transcription factors that control the differentiation of cells. Thus, immunology will continue
to be a very exciting field in the next decade. One good example is the transcription factor Blimp-
1, which is thought to serve as the checkpoint to control the switch from 
m to 
s, and J chain
transcription, a critical juncture for plasma cell versus memory B cell development. The predic-
tion would be that the specific turning on and off of this gene under the control of inducible pro-
moter and regulatory sequences would allow one to switch at will from plasma cell to memory B
cell and vice versa.
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Hematopoietic Stem Cells
Anne Kessinger and Graham Sharp

INTRODUCTION

All of the mature functional cells of the hematopoietic and immune systems originate from a
very small number of undifferentiated cells called hematopoietic stem cells (HSCs), the most

primitive of which constitute about 1 in 105 of nucleated hematopoietic cells in bone marrow.
HSCs also circulate in blood at a frequency of approximately 1 log less than their counterparts in
the marrow. These cells, by a process of sequential clonal amplification and differentiation of their
progeny, populate the hematopoietic and immune systems. Manipulation of the total mass of
hematopoietic and immune (lymphoid) tissues presents special challenges because these interre-
lated cellular systems are arranged both as discrete masses of tissue as well as diffuse distributions
throughout most other organs of the body. Migration is an essential component of their function
(Sharp, 1993).

Hematopoietic precursor cells in blood can establish endothelial cells in culture. In the adult,
whether HSC and endothelial precursors are separate and distinct populations or whether they are
closely related, perhaps even daughter cells of the same rare primitive stem cell, is not clear. In the
embryo, HSCs and vascular stem cells probably are closely related and share a common precursor
(Kluppel et al., 1997; Shalaby et al., 1997). Whether distinct precursors to these two cell types are
established and their common stem cell is lost or whether a rare common stem cell persists but is
dwarfed in frequency by slightly more differentiated lineage-restricted progeny of hematopoietic
versus endothelial cells in the adult is as yet unknown. A similar puzzle exists in adult bone mar-
row that clearly contains HSCs, mesenchymal stem cells (Vogel, 1999), and cells that appear to be
able to give rise to muscle (Ferrari et al., 1998). Are these stem cell populations entirely distinct or
are they related? If they are related, when during development do they diverge? Is the divergence
complete or do rare stem cells persist that are a common precursor? In other words, exactly how
much plasticity exists in the most primitive HSC of adults? Neural stem cells can give rise to blood
cells (Bjornson et al., 1999). Is the converse true? Some reviews of this topic imply this might be
so (Bjorklund and Svendsen, 1999), but for now these important questions remain unanswered.
The answers will have profound implications for tissue engineering of the HSC, because HSC col-
lection is not controversial and considerable experience in transplanting them exists. Might HSCs
be a noncontroversial alternative source to embryonic stem cells (O’Shea, 1999; Solter and
Gearhart, 1999; Vogel, 1999) for a variety of tissues?

In the embryo, hematopoietic stem cells originate in a region associated with the dorsal aor-
ta, the lateral plate mesenchyme, and the yolk sac. These initial HSCs migrate via the embryonic
circulation to the liver (which then becomes the primary hematopoietic organ of the fetus), to the
spleen, and, before birth, to the developing bone marrow spaces to establish the primary
hematopoietic organ of postnatal life (Lansdorp, 1995). The process of HSC migration to the bone
marrow involves the expression of the chemokine receptor CXCR4 and interactions with its li-
gand, stromal-derived factor 1 (SDF1). CXCR4 knockout mice exhibit a defect of bone marrow
hematopoiesis (Aiuti et al., 1997; Ma et al., 1998; Nagasawa et al., 1996); SDF1 is also implicat-
ed in the successful engraftment of human HSCs in immunodeficient NOD/SCID mice (Peled
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et al., 1999). The possibility that a small reserve of HSCs remains in the circulation has been pos-
tulated but remains unproved. In the adult, the active red marrow retracts largely to the axial skele-
ton, leaving the long bones populated with yellow (fatty) marrow (Tavassoli, 1989). The progeny
of HSCs differentiate, migrate to establish the lympho–hematopoietic component of other organs
(thymus, spleen, lymph node, Peyer’s patches), and circulate throughout the tissues of the body.
They express essential properties of hematopoietic and immune cell effector functions, cytokine
secretion, and provision of key enzymes required by tissues for detoxification of harmful materi-
als. Consequently, congenital abnormalities of HSCs can lead to hematopoietic, immune, and sys-
temic diseases. Tissue engineering by way of replacement (transplantation) or manipulation of
hematopoietic stem cells offers an approach to the therapy of these diseases.

Because bone marrow and all of the lymphoid components of the body cannot be removed
surgically, systemic therapies are required for manipulations of these tissues. These therapies may
be either cytotoxic (radiation, chemotherapy, immunotherapy) or regulatory (recombinantly en-
gineered cytokines), and have potential effects and toxicities for uninvolved tissues. Conversely,
therapies targeted at nonhematopoietic or nonimmune tissues can damage the hematopoietic and
immune systems. Such iatrogenic events can require cellular or tissue engineering to restore
hematopoietic and immune function.

The diffuse nature of hematopoietic and immune tissues presents challenges, as well as op-
portunities. The most primitive HSCs and other bone marrow or lymphoid cells can be harvest-
ed from the body, manipulated, and reinfused. The reinfused cells home to appropriate microen-
vironments and resume their original in vivo functions or, if altered in function, begin their new
activity. These properties can be exploited to introduce genes into the body to correct congenital-
ly deficient genes, to add entirely new genes, or to alter genes expressed by the infused cells. Al-
though genetic engineering of HSCs has succeeded in principle (Brenner and Rill, 1994), many
practical issues remain to be solved before this approach will become an effective therapy. For ex-
ample, the proportion of primitive HSCs in the cell cycle is a few percent at best (Goodell et al.,
1996). Consequently, HSCs are difficult to transduce with vectors that require a proliferating tar-
get (Agrawall et al., 1996; Kohn, 1996). The use of cytokines to stimulate proliferation can pro-
mote terminal differentiation and cytokine-exposed cells may not engraft well (Kittler et al., 1997).
Even if transduction is successful, clonal succession of primitive HSCs can complicate the in vivo
pattern of gene expression (Lansdorp, 1995). Systemic cytoreductive therapy may or may not be
needed to “create space” for the infused manipulated cells. Quesenberry and colleagues have fol-
lowed up on original observations by Brecher et al. (1982) that HSCs (bone marrow) infused into
unmanipulated recipient mice competitively establish a significant degree of chimerism (Quesen-
berry et al., 1994). The key to this process appears to involve daily infusion of donor cells over a
few days, rather than a single infusion. If purified primitive HSCs are infused, their competitive
repopulating capacity is substantial. Additionally, such cells do divide following transplantation,
which might lead to integration of genetic vectors present in the cells (Bradford et al., 1997).

Clearly, the field of tissue engineering using genetically altered HSCs presents many interest-
ing and exciting challenges to overcome before achieving the status of a routine clinical procedure.
In this review, an overview of hematopoiesis and its regulation together with the practical aspects
of harvesting and processing of HSCs is presented as a basis for the discussion of the tissue engi-
neering of HSCs.

OVERVIEW OF HEMATOPOIESIS: PROPERTIES 
AND REGULATION OF HEMATOPOIETIC STEM 
CELLS RELEVANT TO TISSUE ENGINEERING

The hematopoietic stem cells compartment comprises a differentiation hierarchy in which
relatively rare and uncommitted peripotential “primitive” stem cells give rise to multiple lineages
of mature cells by a linear branching differentiation process (Sharp, 1993). Within each lineage,
the cells are increasingly committed stochastically to the type of mature cells they produce (Ogawa,
1994). The existence of several “levels” of differentiation within this compartment potentially leads
to confusion over the use of the terms “stem” cell, “progenitor” cell, “precursor” cell, etc. As a sim-
plification, here all of these cell types are considered stem cells.

Hematopoiesis occurs in specific stromal microenvironments (Tavassoli and Takahashi,
1982), which vary in location during development and aging, and in pathologic situations. Stro-
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mal cells in these microenvironments have multiple interactions with developing hematopoietic
cells (Dexter, 1982; Lambertsen, 1984). These include the provision of extracellular matrix mol-
ecules (Anklesaria et al., 1991; Siczkowski et al., 1992; Yoder and Williams, 1995; Zipori et al.,
1985), soluble and membrane-bound growth and cell survival factors (Du and Williams, 1994;
Whetton and Spooncer, 1998), and adhesion molecules (Conget and Minguell, 1995; Verfaillie et
al., 1994), as well as the regulation of the release of cells to the circulation at an appropriate stage
of differentiation (Weiss and Geduldig, 1991). The potentials of marrow stromal cells have been
reviewed (Owen, 1988). Stromal cell lines have been developed that duplicate many of these func-
tions (Zipori, 1989a). A mesenchymal stem cell from bone marrow has been identified (Pittenger
et al., 1999). The use of such cells combined with HSCs might be necessary to solve some of the
tissue engineering challenges presented by HSCs. Some of the progeny of primitive stem cells must
pass through, or otherwise be influenced by, additional microenvironments, for example, the thy-
mus, for key differentiation events to occur. Collectively, these processes produce the multiple ma-
ture cell types needed to sustain the hematologic and immunologic needs of the organism. At-
tempts to engineer these tissues, therefore, require a duplication of their key components, for
example, provision of an appropriate population of stromal cells. The functional status of these
stromal cells, i.e., whether they are promoting quiescence versus active replication of their associ-
ated HSC, also may be important. Maybe more than one stromal cell type will be necessary to pro-
vide a microenvironment “compleat” (Walton, 1653) for HSCs?

ORGANIZATION OF THE STEM CELL COMPARTMENT
Do the most primitive hematopoietic stem cells comprise a “cell renewal” system to provide

replacement of any cells lost from this compartment by cell division, or are a fixed number of stem
cells available in an organism large enough to provide vast numbers of progeny without becoming
significantly depleted in a lifetime (Harrison et al., 1987; Lansdorp, 1995; Micklem et al., 1983)?
These two hypotheses of stem cell compartment organization are not necessarily mutually exclu-
sive. Both receive some experimental support, and experiments that test unequivocally which of
these alternatives, if either, is correct have been difficult to devise (Van Zant et al., 1997). The an-
swer underlies the likely success or failure of attempts to expand or genetically manipulate most
primitive stem cells ex vivo for the purposes of tissue engineering (Lansdorp, 1995). The conse-
quences of telomere shortening in this circumstance are a concern (Engelhardt et al., 1997; Lans-
dorp et al., 1997).

The best available evidence suggests that, in humans, HSCs, as identified by the CD34 anti-
gen, self-renew in fetal liver to establish the physiologically necessary stem cell compartment. In
the adult, few, if any, CD34-positive cells self-renew under normal circumstances (Landsdorp et
al., 1993). Fetal hematopoietic stem cells may differ significantly in their properties and perhaps
in their regulation from stem cells in the adult. Although controversial for clinical use, fetal tissue
might offer some advantages in engineering new or replacement tissues (Harrison et al., 1997).
Cord blood is an additional and potentially very useful source of stem cells for tissue engineering
(Wagner et al., 1995). In the mouse, the most primitive HSCs are CD34-negative cells, and CD34-
positive cells are their progeny (Osawa et al., 1996). CD34-negative stem cells likely exist in hu-
mans, but their proportion and place in the stem cell hierarchy remain to be defined (Goodell et
al., 1997).

STROMAL MICROENVIRONMENTS
Just as hematopoiesis in vivo is limited to specific sites during development, hematopoietic

cells demand stringent conditions for their maintenance in culture. For many years, the data sug-
gested that mixed stromal cell populations, including large “blanket” cells, were necessary to main-
tain hematopoietic stem cells in culture (Dexter, 1982; Tavassoli and Takahashi, 1982). Stromal
cell lines that support hematopoiesis have now been developed (Itoh et al., 1989; Zipori, 1989a).
Although an intimate association of stem cells with stromal cells is probably essential, contact may
not be needed for their survival and differentiation (Verfaillie, 1992). Currently, all of the inter-
active properties of stromal cells with stem cells cannot be completely duplicated with known re-
combinant survival, growth, and differentiation factors. Consequently, the mechanisms by which
cloned stromal cells support hematopoietic stem cells from several species (mouse, swine, and hu-
mans) in culture are incompletely defined. Potentially, these stromal cells either produce soluble
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growth factor(s) or present a membrane-bound growth factor(s), or both, which regulate stem cell
survival and production or inhibition of apoptosis and self-renewal versus differentiation (Whet-
ton and Spooncer, 1998; Williams, 1994). Stromal cells or other cell types may also be a source of
inhibitors of stem cell differentiation (Waegell et al., 1994; Zipori, 1989b), and the presence and
possible adherence of more differentiated hematopoietic cells (Verfaillie et al., 1994) to stromal
cells may be a feedback signal necessary to maintain inhibitor levels. If these differentiated cells or
the inhibitors are removed, the inhibition of stem cell differentiation ceases and the stem cells may
differentiate out of existence. Primitive HSCs likely have several signal transduction pathways that
can be triggered by different signals (or combinations of signals). Stromal cells might be involved
in regulating asymmetric versus symmetric division, which potentially involves a role for the notch
gene and its ligands (Morrison et al., 1997; Whetton and Spooncer, 1998). Different signaling
pathways may be used for stem cell survival (vs. apoptosis), self-renewal, proliferation, and lineage-
specific differentiation. Indeed, regulation of cell production by modification of the rate of apop-
tosis of hematopoietic cells might be a critical component of the process. Methods to alter (sup-
press) apoptosis have received little attention in tissue engineering, although this may be one of
the mechanisms by which microenvironmental stromal cells act. In myelodysplastic syndromes,
increased apoptosis appears to be a critical problem (Mundle et al., 1994).

Other than in very early embryogenesis, the majority of stromal cell precursors are likely dis-
tinct from primitive hematopoietic stem cells (Dexter and Allen, 1992; Huang and Terstappen,
1992, 1994). Consequently, in any engineered system, using adult cells might require both
hematopoietic stem cells and stromal cells, but in a temporal order, i.e., stromal cells first followed
by HSCs might be necessary to establish appropriate stromal niches (Allen, 1981).

Assays of Stem Cells
Assays to enumerate stem cells at specific stages of differentiation, especially assays that re-

quire the production of mature progeny, must be designed to meet the physiologic demands of the
cell types assayed. For example, the most primitive stem cells demand either an in vivo environ-
ment or a culture system that permits an intimate association with stromal cells. Assays that meet
this criterion include the long-term repopulating ability (LTRA) assay using marked cells, e.g., the
Y chromosome of male cells transplanted into female recipients (Watt and Visser, 1992), or, sec-
ondarily, the assay of long-term culture initiating cells (LTC-ICs) (Sutherland et al., 1989). If the
stem cells are grown on stromal lines and not harvested for assay of secondary colonies, but instead
are assessed by hematopoietic cobblestone areas in the primary cultures, the assayed cells are des-
ignated as long-term culture cobblestone-area-forming cells (LTC-CAFCs) (Ploemacher et al.,
1991; Neben et al., 1993). The frequency of CD34+ cells in human bone marrow is at least 100
times greater than the frequency of LTC-ICs (Watt and Visser, 1992). Because the frequency of
LTC-ICs correlates most closely with the LTRA in the mouse (the only species in which LTRA
frequency has been accurately determined), this implies that in humans only a small fraction of
CD34+ cells actually belongs to the most primitive category of stem cells. The frequency of LTC-
ICs in the blood of normal individuals is very low, 3/ml or 1/2 � 106 nucleated cells, or approx-
imately 100 times lower than in bone marrow (Udomsakdi et al., 1992).

More differentiated stem cells will grow in a semisolid medium, e.g., agar or methylcellulose,
provided their physiologic regulator(s) of differentiation, i.e., colony-stimulating factors (CSFs)
and interleukins (ILs), are provided (Watt and Visser, 1992). Sudden removal of CSFs or ILs can
trigger apoptosis of the target cells, indicating the critical importance of these regulators (Williams
et al., 1990). Because the differentiation hierarchy from primitive stem cell to the most differ-
entiated progenitor cell is a linear branching system, the mature functional progenies of the more
differentiated members of this hierarchy become evident much faster in colony-forming cell (CFC)
assays, e.g., mature cells from committed granulocyte–monocyte CFCs (GM-CFC) at 7 days. The
mature progenies of intermediately differentiated, high-proliferative potential colony-forming
cells (HPP-CFCs) are evident after 14–28 days of culture compared to LTC-ICs, which require
4–8 weeks for assay (Ploemacher et al., 1991). The more differentiated committed progenitors,
GM-CFCs, require a single cytokine, GM-CSF, whereas HPP-CFCs need multiple CSFs or ILs
and LTC-ICs must be grown on irradiated bone marrow stromal cells or carefully screened cloned
stromal cell lines (Watt and Visser, 1992; Sutherland et al., 1989; Ploemacher et al., 1991).
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Human HSC Harvesting and Processing
The posterior crests of the pelvic bone provide the only readily accessible site from which mar-

row HSCs in amounts sufficient to provide a successful hematopoietic graft can be extracted. Mar-
row cells are collected by aspiration through specially designed needles. Approximately 2 � 108

nucleated cells/kg recipient weight (approximately 11 ml/kg) are sufficient. The aspiration is usu-
ally performed while the donor is under the influence of general anesthesia.

Collection of HSCs from the circulation currently requires apheresis, because the numbers of
HSCs per milliliter of blood are quite small. The HSC donor can be treated with cytokines or, in
the case of autologous donors, with myelosuppressive chemotherapy plus cytokines to increase the
number of circulating CD34+ cells (Brugger et al., 1992). When sufficient numbers of these cells
are mobilized into the circulation, an adequate graft product can sometimes be generated with a
single apheresis procedure (Pettengell et al., 1993). However, autologous collections from patients
who have already received substantial amounts of antitumor cytotoxic therapy often require sev-
eral apheresis procedures to collect a useful graft product. Not all normal donors mobilize suc-
cessfully. About 10–20% of normal donors are poor mobilizers, which suggests that factors other
than prior cytotoxic therapy are implicated in poor mobilization. An undefined circulating in-
hibitor has been implicated (Kessinger and Sharp, 1998).

Harvested marrow cells or peripheral HSCs are cryopreserved and stored in either a liquid ni-
trogen freezer or in temperatures at or below �80�C, unless they are to be infused within 24–48
hr. If ex vivo manipulations of these cells are performed, such procedures generally occur prior to
cryopreservation.

At the time of infusion, the cells are thawed by placing their plastic storage bags in a warm
water bath. The thawed cells are immediately infused into the circulation of an individual whose
marrow function has been ablated with cytotoxic therapy. From there, the cells make their way to
the appropriate niches in the marrow stroma to grow and restore hematopoietic function. Ap-
proximately 7 days are required after infusion before mature functional cells begin to appear in the
circulation. In the meanwhile, patients are supported with red cell and platelet transfusions. There-
fore, the first evidence that marrow function is returning after transplantation is the reappearance
of circulating white blood cells.

Replacement of congenitally defective HSC
Patients with congenitally defective stem cells present with a myriad of clinical manifestations,

depending on the specific defect. The resultant diseases include severe combined immune defi-
ciency (SCID), a disorder of the lymphoid stem cell (Wiscott–Aldrich syndrome), a disorder of
the lymphoid and hematopoietic stem cells (thalassemia, or erythroid disorder), Fanconi anemia,
and osteopetrosis (a disorder of osteoclasts), among others. Destruction of the defective marrow
and replacement with normal marrow from a compatible donor will reverse these otherwise fatal
diseases. For patients who lack donors, genetically engineered stem cell grafts are an alternative
(Kohn, 1996; Liu et al., 1997). In addition, patients with generalized congenital enzyme defi-
ciencies such as osteopetrosis and Gaucher’s disease can benefit from allogeneic hematopoietic stem
cell transplant because the transplanted normal marrow cells provide progenies with sufficient
amounts of enzyme to control the symptomatology of these disorders. Alternatively, they require
engineered autologous grafts (Xu et al., 1994; Dunbar and Kohn, 1996).

Patients with acquired stem cell defects can also be treated with allogeneic stem cell trans-
plants. Disorders such as aplastic anemia, leukemia, myeloma, and dysmyelopoietic syndromes
have been cured when the diseased marrow was destroyed and replaced with normal cells. Certain
diseases (e.g., aplastic anemia subsequent to radiation or administration of chemotherapeutic
agents) might arise from a microenvironmental defect (Testa et al., 1985; Mauch et al., 1995).
Such disorders may not be amenable to cure by infusion of stem cells alone but could also require
replacement of the microenvironment. Potentially, such defects would be primary targets for ther-
apy with engineered bone marrow (Naughton et al., 1994).

Unfortunately, observations in patients undergoing genetically engineered autologous trans-
plants confirm data from primates and to some extent mice that, using current techniques, the
transfection frequency of HSCs with retroviral vectors is low. The quiescent status of the majori-
ty of primitive hematopoietic stem cells is believed to be the cause of this problem. Forced cycling
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of the HSCs by cytokines increases the transfection frequency (Luskey et al., 1992). A concern
with this approach, especially in adults, is that if the HSCs that are forced to cycle also differentiate,
they may lose some of their “stemness” (Peters et al., 1995). The survival time of such transfected
cells on transplantation will be reduced and the loss of transfected gene expression or perhaps even
complete loss of the grafted cells might occur. Potentially, the application of an engineered system
that more closely duplicates in vivo hematopoiesis and in particular provides stromal cells will lead
to improved gene transduction successes (Xu et al., 1995; Naughton et al., 1992). This is the at-
traction of some of the newly developed perfusion systems.

Artificial bone marrow and perfused hematopoietic culture systems

Historical
The evidence suggesting the need for a supporting matrix to maintain hematopoiesis has been

reviewed by Fliedner and Calvo (1978). Knospe and colleagues, following the lead of Seki (1973),
employed cellulose ester membranes that were coated with various cell types then implanted in
vivo (Knospe, 1989).

Long-term bone marrow cultures (LTBMCs) (Dexter et al., 1977) have been acknowledged
to represent the most physiological ex vivo model of hematopoiesis. Hematopoietic colony-form-
ing cells can be detected in human LTBMCs for about 6 months and much longer in cultures from
subhuman primates and mice (Dexter et al., 1984). The demonstration that hematopoietic stem
cells could be maintained in culture paved the way to the engineering of artificial bone marrow
and perfused systems to support and grow stem cells. The application in modern times of tissue
engineering to hematopoietic stem cells in bone marrow can be traced to pioneering work with
artificial capillary cultures described by Knazek et al. (1972; Gullino and Knazek, 1979), who grew
mouse fibroblasts and human choriocarcinoma cells, and to studies by Chick et al. (1975), who
attempted to create an artificial pancreas. Based on this work, starting in the mid-1970s attempts
to grow normal hematopoietic cells in artificial capillary cultures were made. The original intent
was to grow bone marrow stroma or stromal cell lines in the extracapillary space and circulate
hematopoietic cells suspended in medium through the stromal cell-surrounded capillaries. The
technical challenges of this approach became quickly apparent. There was a very high cell death
rate of the circulating hematopoietic cells. At that time damage by shear forces was thought to be
primarily responsible. In retrospect, normal cell death due to physiological apoptosis was also a
likely significant contributor. As an alternative, an attempt was made to grow an “artificial mar-
row” in the extracapillary spaces, which were perfused with medium flowing through the capil-
laries. Although this was somewhat more successful, the system was far from ideal because the ex-
tracapillary volume was relatively large compared to the volume of cells, perhaps because an
inadequate matrix was available for normal cell growth. Additionally, the long-term (weeks to
months) maintenance of sterility was difficult (Anderson and Sharp, 1981), emphasizing the need
for relatively sophisticated engineering solutions to these problems. Consequently, partnerships
with companies have become an essential element of tissue engineering of hematopoietic stem
cells. In the remainder of this review reference is made to several company products; however, the
references are not exhaustive and no endorsement of company products is implied. In order to ob-
tain a better overview of available resources, a search of the Worldwide Web is recommended. The
company names mentioned can serve as a measure of the effectiveness of the search engine em-
ployed.

Naughton and colleagues have employed nylon mesh templates as a matrix on which to grow
rodent hematopoietic cells. Mature cells and late-stage precursors were observed for 39 weeks
(Naughton et al., 1987). Subsequently, they described the role of stromal cells in this system 
using rat, nonhuman primate, and human cells (Naughton and Naughton, 1989). The three-
dimensional nylon mesh system supports human bone marrow stem cell differentiation into mul-
tiple lineages (Naughton et al., 1990) and can be used to evaluate the effects of drugs on hema-
topoiesis (Naughton et al., 1991) and for gene transfer studies (Naughton et al., 1992). Naughton
et al. (1994) evaluated the effects of surgical implantation of bioengineered bone marrow tissue in
rats. Active hematopoiesis was observed at sites of implantation for up to 110 days without the ad-
dition of exogenous growth factors. A company, Cytomatrix, has also evaluated a porous biocom-
patible matrix to support hematopoiesis (Rosenzweig, 1999). The problem of shear stress has been
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addressed by investigators at the National Aeronautics and Space Administration (NASA), who
have devised microgravity bioreactors that are distributed by Synthecon (Goodwin et al., 1993).
Although this latter approach appears successful, it is unlikely to become a routine laboratory pro-
cedure.

Bone marrow organoids
In an attempt to circumvent the high loss of normal cells, established long-term bone mar-

row culture-derived cells were employed as starting material to establish bone marrow organoids.
The majority of differentiated normal hematopoietic cells are lost from long-term cultures during
the first few weeks of culture, which permits harvesting of hematopoietic stem cells associated with
the adherent layer. The supernatant is discarded from the culture and the remaining cells are
scraped from the flask. The cells can be concentrated to a slurry by gently pelleting in a conical
centrifuge tube. When cultured for a subsequent period, these cells form bone marrow organoids.
A micropipette is used to deposit a volume of this cell slurry onto a polycarbonate filter floating
on a “raft” in medium. The hematopoietic reconstituting potential of these organoids can be
demonstrated by transplanting them to lethally irradiated syngeneic recipients (Sharp et al., 1985).
If these organoids were transplanted under the kidney capsule of intact adult mice, then a fat or-
gan resembling yellow bone marrow was formed. In contrast, in irradiated recipients not only did
the organoid show hematopoietic differentiation, but spleen colonies were formed presumably by
hematopoietic stem cells that migrated from the organoid (Sharp et al., 1985). Such organoids are
also a potential long-term source of hematopoietic regulatory factors (Brockbank and van Peer,
1983). The full scope of the potential of these hematopoietic organoids has yet to be explored. Be-
cause there are reports that graft-versus-host disease (GVHD) does not occur with long-term cul-
tured cells (Spooncer and Dexter, 1983), whether organoids or artificial bone marrow alter the
chimeric status and extent of GVHD in allogeneic recipients should be examined. Much more in-
formation has been gathered following infusion of bone marrow or blood as a cell suspension,
which produces regeneration in the context of recipient stroma rather than the organoids, which
possess donor stroma.

Perfused systems
Engineering solutions to the problems of shear stress, nutrition, oxygenation, etc. have been

applied and this has led to the development of successful perfusion systems in which hematopoi-
etic stem cell numbers can be amplified. Schwartz et al. (1991) demonstrated that increased long-
term bone marrow perfusion was superior to the traditional approach. Establishment of more op-
timal perfusion conditions supported the continuous stable generation of human progenitor cells
for over 5 months in culture (Schwartz et al., 1991). This information was employed to design and
construct a perfusion culture system employing bioreactors, which provides at least 1 log expan-
sion over 14 days of total cells and of various progenitor cell types and almost 1 log expansion of
the more primitive LTC-ICs (Koller et al., 1993). The original system required establishment of a
stromal layer and represents an automated media exchange system rather than a fully perfused cul-
ture system. Even so, an automated version of this system marketed by Aastrom permits from 10-
to 15-fold marrow cell expansion under good manufacturing practice (GMP) conditions with
minimal operator intervention (Bachier et al., 1999). Stem and progenitor cells expanded using
this system are now being evaluated in clinical trials (Koller et al., 1993; Palsson, 1994). Bioreac-
tors for stem cell expansion have also been described by Wang and Wu (1992), providing a sever-
alfold increase in cell output over an 8-week period (Wang et al., 1995). Several other groups are
working on perfusion systems (Kompala and Highfill, 1994; Papoutsakis et al., 1994). Ex vivo ex-
panded progenitor cells have been shown to contribute to reconstitution of transplanted patients
(Brugger et al., 1995).

Newer technologies are approaching the goal of fully perfused culture systems. This approach
is being pursued by Cytometrix. Acordis Research has also developed a fully perfused, oxygenat-
ed, waste-exchanging, culture perfusion unit (Glockner et al., 1999), which should permit dupli-
cation of the environment experienced by blood stem cells. This system also accommodates the
establishment of a stromal matrix that might more closely duplicate bone marrow microenviron-
ment. Such systems may provide the environment for controlled proliferation of primitive stem
cells without their terminal differentiation, thus duplicating events during the first 2 weeks post-

44 Hematopoietic Stem Cells 637



transplantation in vivo. Controlled proliferation of primitive stem cells might significantly increase
the frequency of gene transduction, which should greatly amplify the potential applications of tis-
sue-engineered hematopoietic stem cells. In addition to the application of gene-marked stem cells
(Brenner and Rill, 1994), HSCs engineered for therapy have been employed in the treatment of
adenosine deaminase SCID (ADA-SCID) (Kohn, 1996), Gaucher’s disease (Dunbar and Kohn,
1996), and Fanconi anemia (Liu et al., 1997), and HSCs engineered to be resistant to the human
immunodeficiency virus (HIV) by Systemix are currently in a phase I/II trial (Dutton, 1999). Ad-
ditionally, work has begun on the development of an artificial thymus (Chen, 1994). After about
25 years in development, tissue-engineered hematopoietic stem cells have finally been adminis-
tered to humans. The outcome of transplantation of even more primitive stem cells grown and
manipulated ex vivo is currently awaited (Kessinger, 1995), and the full potential of engineered
stem cells has become an exciting topic of both research and contemplation.
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Renal Replacement Devices
H. David Humes

INTRODUCTION

The kidney was the first solid organ whose function was approximated by a machine and a syn-
thetic device. In fact, renal substitution therapy with hemodialysis or chronic ambulatory peri-

toneal dialysis (CAPD) has been the only successful long-term ex vivo organ substitution therapy
to date (Iglehart, 1993). The kidney was also the first organ to be successfully transplanted from
a donor individual to an autologous recipient patient. However, the lack of widespread availabil-
ity of suitable transplantable organs has kept kidney transplantation from becoming a practical so-
lution to most cases of chronic renal failure.

Although long-term chronic renal replacement therapy with either hemodialysis or CAPD
has dramatically changed the prognosis of renal failure, it is not complete replacement therapy, be-
cause it provides only filtration function (usually on an intermittent basis) and does not replace
the homeostatic, regulatory, metabolic, and endocrine functions of the kidney. Because of the non-
physiologic manner in which dialysis performs or does not perform the most critical renal func-
tions, patients with end-stage renal disease (ESRD) on dialysis continue to have major medical,
social, and economic problems (U.S. Renal Data System, 1998). Accordingly, dialysis should be
considered as renal substitution rather than renal replacement therapy.

Tissue engineering of an implantable artificial kidney composed of both biologic and syn-
thetic components will most likely have substantial benefits for the patient by increasing life ex-
pectancy, mobility, and quality of life, with less risk of infection and with reduced costs. This ap-
proach could also be considered a cure rather than a treatment for patients. A successful tissue
engineering approach to the kidney is dependent on a thorough knowledge of the physiologic ba-
sis of kidney function.

BASICS OF KIDNEY FUNCTION
Excretory function of the kidney is initiated by filtration of blood at the glomerulus, which is

an enlargement of the proximal end of the tubule incorporating a vascular tuft. The structure of the
glomerulus is designed to provide efficient ultrafiltration of blood to remove toxic waste from the
circulation, yet retain important circulating components, such as albumin. The regulatory function
of the kidney, especially with regard to fluid and electrolyte homeostasis, is provided by the tubu-
lar segments attached to the glomerulus. The functional unit of the kidney is therefore composed
of the filtering unit (the glomerulus) and the regulatory unit (the tubule). Together they form the
basic component of the kidney, the nephron. In addition to these excretory and regulatory func-
tions, the kidney is an important metabolic and endocrine organ. Erythropoietin, active forms of
vitamin D, renin, angiotensin, prostaglandins, leukotrienes, kallikrein-kinins, various cytokines,
and complement components are some of the endocrinologic compounds produced by the kidney.

Because of the efficiency inherent in the kidney as an excretory organ, life can be sustained
with only 5–10% of normal renal excretory function. Accordingly, the approach to a tissue engi-
neering construct becomes easier to entertain, especially because only a fraction of normal renal
excretory function is required to maintain life (Humes et al., 1997a).
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The process of urine formation begins within the capillary bed of the glomerulus (Brenner
and Humes, 1977). The glomerular capillary wall has evolved into a structure with the property
to separate as much as one-third of the plasma entering the glomerulus into a solution of a near-
ly ideal ultrafiltrate. This high rate of ultrafiltration across the glomerular capillary is a result of
hydraulic pressure generated by the heart and vascular tone of the preglomerular and post-
glomerular vessels, as well as the high hydraulic permeability of the glomerular capillary wall. This
hydraulic pressure and permeability of the glomerular capillary bed is at least two times and two
orders of magnitude higher, respectively, than most other capillary networks within the body (Lan-
dis and Pappenheimer, 1965). Despite this high rate of water and solute flux across the glomeru-
lar capillary wall, this same structure retards the filtration of important circulating macromole-
cules, especially albumin, so that all but the lower molecular-weight plasma proteins are restricted
in the passage across this filtration barrier (Anderson and Quinn, 1974; Chang et al., 1975; Bren-
ner et al., 1978).

This ultrafiltration process of glomeruli in normal human kidneys forms approximately 100
ml of filtrate every minute. Because daily urinary volume is roughly 2 liters, more than 98% of the
glomerular ultrafiltrate must be absorbed by the renal tubule. The bulk of reabsorption, 50–65%,
occurs along the proximal tubule. Similar to glomerular filtration, fluid movement across the re-
nal proximal tubule cell is governed by physical forces. Unlike the fluid transfer across the glomeru-
lar capillary wall, however, tubular fluid flux is principally driven by osmotic and oncotic pressures
rather than hydraulic pressure. Renal proximal tubule fluid absorption is based on active NA�

transport, requiring the energy-dependent Na�,K�-ATPase located along the basolateral mem-
brane of the renal tubule cell to promote a small degree of luminal hypotonicity (Andreoli and
Schafer, 1978). This small degree of osmotic difference (2–3 mOsm/kg H2O) across the renal
tubule is sufficient to drive isotonic fluid reabsorption due to the very high diffusive water per-
meability of the renal tubule cell membrane. Once across the renal proximal tubule cell, the trans-
ported fluid is taken up by the peritubular capillary bed due to the favorable oncotic pressure gra-
dient. This high oncotic pressure within the peritubular capillary is the result of the high rate of
protein-free filtrate formed in the proximate glomerular capillary bed (Knox et al., 1983). As can
be appreciated, an elegant system has evolved in the nephron to filter and reabsorb large amounts
of fluid in bulk to attain high rates of metabolic product excretion while maintaining regulatory
salt and water balance.

TISSUE ENGINEERING APPROACH TO RENAL 
FUNCTION REPLACEMENT

In designing an implantable bioartificial kidney for renal function replacement, essential fea-
tures of kidney tissue must be utilized to direct the design of the tissue engineering project. The
critical elements of renal function must be replaced, including the excretory, regulatory transport,
and endocrinologic functions. The functioning excretory unit of the kidney, as detailed previous-
ly, is composed of the filtering unit, the glomerulus, and the regulatory or transport unit, the
tubule. Therefore, a bioartificial kidney requires two main units, the glomerulus and the tubule,
to replace excretory function.

Bioartificial Hemofilter
The potential for a bioartificial glomerulus has been achieved with the use of polysulfone

fibers ex vivo with maintenance of ultrafiltration in humans for several weeks with a single device
(Golper, 1986; Kramer et al., 1977). The availability of hollow fibers with high hydraulic perme-
ability has been an important advancement in biomaterials for replacement function of glomeru-
lar ultrafiltration. Conventional hemodialysis for end-stage renal disease has used membranes in
which solute removal is driven by a concentration gradient of the solute across the membranes,
and is, therefore, predominantly a diffusive process. Another type of solute transfer also occurs
across the dialysis membrane via a process of ultrafiltration of water and solutes across the mem-
brane. This convective transport is independent of the concentration gradient and depends pre-
dominantly on the hydraulic pressure gradient across the membrane. Both diffusive and convec-
tive processes occur during traditional hemodialysis, but diffusion is the main route of solute
movement.

The development of synthetic membranes with high hydraulic permeability and solute re-

646 H. David Humes



tention properties in convenient hollow fiber form has promoted ESRD therapy based on con-
vective hemofiltration rather than diffusive hemodialysis (Colton et al., 1975; Henderson et al.,
1975). Removal of uremic toxins, predominantly by the convective process, has several distinct
advantages, because it imitates the glomerular process of toxin removal with increased clearance of
higher molecular-weight solutes and removal of all solutes (up to a molecular-weight cutoff ) at the
same rate. Distinct differences are apparent between diffusive and convective transport across a
semipermeable membrane. The clearance of a molecule by diffusion is negatively correlated with
the size of the molecule. In contrast, clearance of a substance by convection is dependent on size
up to a certain molecular weight. The bulk movement of water carries passable solutes along with
it in approximately the same concentration as in the fluid.

Development of an implantable device that mimics glomerular filtration will thus depend on
convective transport. This physiologic function has been achieved clinically with the use of poly-
meric hollow fibers ex vivo. Major limitations to the currently available technology for long-term
replacement of filtration function include bleeding associated with required anticoagulation,
diminution of filtration rate due either to protein deposition in the membrane over time or to
thrombotic occlusion, and large amounts of fluid replacement required to replace the ultrafiltrate
formed from the filtering unit. The use of autologous endothelial cell-seeded conduits along fil-
tration surfaces may provide improved long-term hemocompatibility and hemofiltration in vivo
(Kadletz et al., 1992; Schnider et al., 1988; Shepard et al., 1986). A report detailing the capabili-
ty of isolating angioblasts from peripheral blood makes this approach more readily achievable (Asa-
hara et al., 1997). The initial step to develop a tissue-engineered hemofilter with adequate ultra-
filtration rates through an endothelial-lined synthetic hemofiltration membrane has been achieved
(Humes et al., 1997b) and is depicted in Fig. 45.1.

A potential rate-limiting step in endothelial cell-lined hollow fibers of small caliber is throm-
botic occlusion, which limits the functional patency of this filtration unit. In this regard, gene
transfer into seeded endothelial cells for constitutive expression of anticoagulant factors can be en-
visioned to minimize clot formation in these small-caliber hollow fibers. Because gene transfer for
in vivo protein production has been clearly achieved with endothelial cells (Zweibel et al., 1989;
Wilson et al., 1989), gene transfer into endothelial cells for the production of an anticoagulant
protein is clearly conceivable. This strategy has been used with hirudin, a protein from the blood-
sucking leech, which is a potent specific inhibitor of thrombin. A replication-defective, am-
photropic, recombinant retrovirus containing the hirudin gene has been used to infect endothe-
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Fig. 45.1. Schematic of a tissue-engineered hemofilter composed of a microporous synthetic bio-
compatible hollow fiber, a preadhered extracellular matrix, and a confluent monolayer of autol-
ogous endothelial cells lining the luminal surface of the fiber. Arrows refer to vectorial ultrafiltrate
formation.



lial cells, which were then seeded onto a polysulfone membrane (Humes et al., 1997a; Rade et al.,
1996). Culture supernatants of the transfected cells had high thrombin inhibitory activity, as de-
termined by enzyme-linked immunosorbent assay.

For differentiated endothelial cell morphology and function, an important role for various
components of the extracellular matrix (ECM) has been demonstrated (Carey, 1991; Carley et al.,
1988). The ECM has been clearly shown to dictate phenotype and gene expression of endothelial
cells, thereby modulating morphogenesis and growth. Various components of the ECM, includ-
ing collagen type I, collagen type IV, laminin, and fibronectin, have been shown to affect en-
dothelial cell adherence, growth, and differentiation. Of importance, ECM produced by Madin–
Darby canine kidney (MDCK) cells, a permanent renal epithelial cell line, promotes endothelial
cells to develop fenestrations. Fenestrations are large openings that act as channels or pores for con-
vective transport through the endothelial monolayer and are important in the high hydraulic per-
meability and sieving characteristics of glomerular capillaries (Carley et al., 1988; Milici et al.,
1985). Thus, the ECM component on which the endothelial cells attach and grow may be criti-
cal in the functional characteristics of the lining monolayer.

Bioartificial Tubule
As detailed above, the efficiency of reabsorption, even though dependent on natural physical

forces governing fluid movement across biologic as well as synthetic membranes, requires special-
ized epithelial cells to perform vectorial solute transport. Fortunately, a population of cells resid-
ing in the adult mammalian kidney have retained the capacity to proliferate and morphogenical-
ly differentiate into tubule structures in vitro (Humes and Cieslinski, 1992; Humes et al., 1996),
and can be used as the key cellular element of a tissue-engineered renal tubule device.

The bioartificial renal tubule can be readily conceived as a combination of living cells sup-
ported by polymeric substrata, using epithelial progenitor cells cultured on water- and solute-per-
meable membranes seeded with various biomatric materials so that expression of differentiated
vectorial transport and metabolic and endocrine function is attained (Fig. 45.2). With appropri-
ate membranes and biomatrices, immunoprotection of cultured progenitor cells has been achieved
concurrent with long-term functional performance as long as conditions support tubule cell via-
bility. This bioartificial tubule has been shown to transport salt and water effectively along osmotic
and oncotic gradients (MacKay et al., 1998).

A bioartificial proximal tubule satisfies a major requirement of reabsorbing a large volume of
filtrate to maintain salt and water balance within the body. The need for additional tubule seg-
ments to replace other nephronal functions, such as the loop of Henle, to perform more refined
homeostatic elements of the kidney, including urine concentration or dilution, may not be neces-
sary. Patients with moderate renal insufficiency lose the ability to regulate salt and water home-
ostasis finely because they are unable to concentrate or dilute, yet are able to maintain reasonable
fluid and electrolyte homeostasis due to redundant physiologic compensation via other mecha-
nisms. Thus, a bioartificial proximal tubule, which reabsorbs isoosmotically the majority of the fil-
trate, may be sufficient to replace required tubular function to sustain fluid electrolyte balance in
a patient with end-stage renal disease.
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engineered renal tubule. Renal
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Implantable Tissue-Engineered Kidney
The development of a bioartificial filtration device and a bioartificial tubule processing unit

would lead to the possibility of an implantable bioartificial kidney, consisting of a filtration device
followed in series by the tubule unit. The filtrate formed by this device will flow directly into the
tubule unit. This tubule unit should maintain viability, because metabolic substrates and low-
molecular-weight growth factors are delivered to the tubule cells from the ultrafiltration unit
(Nikolovski et al., 1999). Furthermore, immunoprotection of the cells grown within the hollow
fiber is achievable due to the impenetrance of immunologically competent cells through the hol-
low fiber (O’Neil et al., 1997). Rejection of transplanted cells will, therefore, not occur. This
arrangement thereby allows the filtrate to enter the hollow-fiber network internal compartments,
which are lined with confluent monolayers of renal tubule cells for regulated transport function.

This device could be used either extracorporeally or implanted within a patient. In this re-
gard, the specific implant site for a bioartificial kidney will depend on the final configuration of
both bioartificial filtration and tubule device. As presently conceived, the endothelial-lined bioar-
tificial filtration hollow fibers can be placed into an arteriovenous circuit using the common iliac
artery and vein, similar to the surgical connection for a renal transplant. The filtrate is connected
in series to a bioartificial proximal tubule, with the reabsorbate transported back into the system-
atic circulation. The processed filtrate exiting the tubule unit is then connected via tubing to the
proximate ureter for drainage and urine excretion via the recipient’s own urinary collecting system.

Although the ultimate goal of this approach is to construct a fully implantable bioartificial
kidney with a hemofilter and tubular system, the pathway to achieve this goal will most likely oc-
cur along a staged developmental strategy, with each intermediate device providing both clinical
therapeutic benefit and substantial experience in the use of more elementary tissue-engineered de-
vices (Humes et al., 1997b). In this regard, the initial component of the bioartificial kidney to be
developed for clinical evaluation will be an extracorporeal renal tubule-assist device (RAD), to op-
timize current hemofiltration approaches to treat the clinical disorder of acute renal failure.

Development of a Renal Tubule-Assist Device
Replacement of the multivariate tubular functions of the kidney cannot be achieved with

inanimate membrane devices, as has been accomplished with the renal ultrafiltration process, but
requires the use of the naturally evolved biologic membranes of the renal tubular epithelium. In
this regard, the tissue engineering of a bioartificial renal tubule as a cell therapy device to replace
this missing component can be conceived as a combination of living cells supported on synthetic
scaffolds (MacKay et al., 1998; Nikolovski et al., 1999). A bioartificial tubule can be constructed
utilizing renal tubule progenitor cells (Humes and Cieslinski, 1992; Humes et al., 1996), cultured
on semipermeable hollow-fiber membranes on which extracellular matrix has been layered to en-
hance the attachment and growth of the epithelial cells (Timpl et al., 1979). These hollow-fiber
synthetic membranes not only provide the architectural scaffold for these cells but also provide im-
munoprotection, as has been observed in the long-term implantation of the bioartificial pancreas
in a xenogeneic host (O’Neil et al., 1997). The successful tissue engineering of a bioartificial tubule
as a confluent monolayer has been achieved in a single hollow-fiber bioreactor system (Fig. 45.3)
(MacKay et al., 1998). The successful scale-up from a single-fiber system to a multifiber bioreac-
tor and porcine renal proximal tubule cells has also been successfully engineered (Humes et al.,
1999b). Porcine cells were used because the pig is currently considered the best source of organs
for both human xenotransplantation and immunoisolation cell therapy due to its anatomic and
physiologic similarities to human tissue and the relative ease of breeding pigs in large numbers
(Cozzi and White, 1995).

The scale-up from a single hollow fiber to a multifiber bioartificial renal tubule-assist device
has proceeded with porcine renal proximal tubule cells grown as confluent monolayers along the
inner surface of polysulfone immunoisolating hollow fibers (Humes et al., 1999b). These hollow-
fiber cartridges are packaged in bioreactor cartridges with membrane surface areas as large as 
0.7 m2, resulting in a device containing up to 2.5 � 109 cells. In vitro studies of these RADs have
demonstrated their retention of differentiated active vectorial transport of sodium, bicarbonate,
glucose, and organic anions (Humes et al., 1999b). These transport properties were suppressed
with specific transport inhibitors. Ammoniagenesis and glutathione metabolism, which are im-
portant differentiated metabolic processes of the kidney, were also demonstrated in these devices.
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Synthesis of 1,25-dihydroxyvitamin D3 as a key endocrinologic metabolite was also documented.
These metabolic processes were also shown to be regulated by important physiologic parameters
and achieved rates comparable to those of a whole kidney.

The critical next step for clinical application of a renal tubule cell therapy device was to as-
certain whether the RAD maintained differentiated renal functional performance, similar to that
observed in vitro, and viability in an extracorporeal hemoperfusion circuit in an acutely uremic
dog. The RAD was accordingly placed in a series into a standard hollow-fiber hemofiltration car-
tridge; the cartridge had ultrafiltrate and postfiltered blood connections, to duplicate the struc-
tural anatomy of the nephron and to mimic the functional relationship between the renal globeru-
lus and tubule (see Fig. 45.4). The successful completion of this step has been reported (Humes
et al., 1999a). Data show that fluid and electrolyte balances in the animals, as reflected by plasma
parameters, were adequately controlled with the bioartificial kidney. In fact, plasma potassium and
blood urea nitrogen levels were more easily controlled during RAD treatment compared with sham
control conditions. The step-up of oncotic pressure in the postfiltrate blood, which was delivered
to the antiluminal space of the bioartificial proximal tubules, allowed the fractional reabsorption
of sodium and water to achieve 40–50% of the ultrafiltrate volume, an amount similar to that
seen in the nephron in vivo. Active transport of potassium, bicarbonate, and glucose by the RAD
was demonstrated. To further evaluate the capacity of the RAD to optimize renal function re-
placement of the bioartificial kidney, three metabolic parameters were evaluated: ammonia excre-
tion, glutathione reclamation, and 1,25-(OH)2D3 production. With increasing time of use in the
uremic animal, the RAD displayed incremental ability to excrete ammonia to a level as high as
100/
mol/hr. The RAD demonstrated effective reclamation of filtered glutathione and an im-
provement in plasma glutathione levels in the uremic animal. Finally, these studies also demon-
strated the ability of the RAD to produce 1,25-(OH)2D3, the most active vitamin D metabolite
(Rade et al., 1996). This production rate was high enough to return plasma values of this hormone
to normal levels from the significantly depressed levels observed in the acutely uremic condition.

It is, in fact, because of the ability of the RAD to replace the numerous metabolic processes

650 H. David Humes

Fig. 45.3. Electron micrograph
of a tissue-engineered bioartifi-
cial renal tubule. The nucleus
(N) is indicated; arrows delineate
apical microvilli (a differentiated
morphologic characteristic of
proximal tubule cells) and the ar-
rowhead identifies the tight junc-
tional complex of a transporting
epithelium.



lost in renal failure that this form of cell therapy may optimize current renal substitution therapy
of hemodialysis and hemofiltration. Patients who develop ischemic or nephrotoxic acute renal fail-
ure still have mortality rates exceeding 50%, despite hemodialysis or hemofiltration therapy. These
patients suffer from high catabolic rates, immunologic dysregulation, and predilection to septic
shock, all of which contribute to the high mortality rate (Humes, 1995; Humes et al., 1997a). The
ability of tubule cells to metabolize and synthesize critical compounds, such as various cytokines,
glutathione, free-radical scavenging enzymes, and 1,25-(OH)2D3, which play important roles in
immunologic reactivity, may have the substantial added benefit of altering the natural history of
this disease process. Because the pathophysiology of this disorder is due predominantly to proxi-
mal tubule cell injury and necrosis, the replacement of proximal tubule cell function with a cell
therapy device would appear a logical therapeutic intervention for this condition. The results of
this study indicate the technologic feasibility of this form of cell therapy in the acutely uremic state
and set the stage to initiate clinical trials with this exciting new therapy in the very near future.

A second intermediate tissue-engineered device that may prove to have clinical utility is an
implantable hemofilter with a capacity to produce 2–4 ml/min of ultrafiltrate. Although this rate
of filtration is considerably less than the 10–15 ml/min rate required to correct the uremic state
in ESRD patients, it is sufficient enough to improve solute clearance to lessen dialysis time and
optimize clearance rates of urea and other uremic toxins. In addition, this rate of ultrafiltration
from a stand-alone implanted hemofilter is small enough so that, with a urinary bladder capacity
of 500–750 ml, a patient can tolerate the frequency of urination required from the filtrate drain-
ing directly into the urinary tract system. Both of these intermediate devices will provide substan-
tial experience to improve the durability, efficacy, and efficiency of an implantable hemofilter and
a tubule-assist device to achieve the required hemofiltration rate of 15–20 ml/min and selective
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Fig. 45.4. The extracorporeal he-
moperfusion circuit of a tissue-
engineered kidney for the treat-
ment of a patient with acute renal
failure. The synthetic hemofilter
is connected in series to the
bioartificial renal tubule-assist
device (RAD). Heat exchangers,
flow and pressure monitors, and
multiple pumps are required for
optimal functioning of this extra-
corporeal device.



reabsorption for adequate clearance while avoiding volume depletion and intolerable urinary fre-
quency.

SUMMARY
Similar to gene therapy, cell therapy is an exciting new approach to the treatment of acute and

chronic diseases (Gage, 1998). Cell therapy centers on techniques directed toward the expansion
of specific cells to perform differentiated tasks and the introduction of these cells or cell products
into a patient either within extracorporeal circuits or as implants. This approach leverages the nat-
ural abilities of cells to replace critical physiologic functions deranged or lost in clinical disorders.
Tissue engineering is a further extension of cell therapy to combine the biologic and engineering
disciplines to construct devices to replace tissue or organ functions lost to disease (Langer and Va-
canti, 1993). Current approaches have focused on placing cells into hollow-fiber bioreactors or en-
capsulating membranes. Extracorporeal liver-assist devices and encapsulated islets of Langerhans
to treat liver failure and diabetes mellitus are most promising examples (Watanabe et al., 1997;
Maki et al., 1996). The progress in this area suggests that the application of these technologies may
be successfully applied to renal replacement therapy.

The kidney was the first organ whose function was substituted by an artificial device. The kid-
ney was also the first organ to be transplanted successfully. The ability to replace renal function
with these revolutionary technologies in the past was due to the fact that renal excretory function
is based on natural physical forces that govern solute and fluid movement from the body com-
partment to the external environment. The need for coordinated mechanical or electrical activi-
ties for renal substitution was not required. Accordingly, the kidney may well be the first organ to
be available as a tissue-engineered implantable device that is a fully functional replacement part
for the human body.
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Genitourinary System
Byung-Soo Kim, David J. Mooney, and Anthony Atala

INTRODUCTION

Large numbers of patients suffer from a variety of diseases in the genitourinary system, which is
composed of kidneys, ureters, bladder, urethra, and genital organs. Genitourinary diseases in-

clude congenital abnormalities, iatrogenic injuries, and disorders such as cancer, trauma, infection,
and inflammation. These diseases often involve or result in the loss of tissue structure or function.

Lost or malfunctioning genitourinary tissues have traditionally been reconstructed with na-
tive nonurologic tissues or synthetic prostheses. The nonurologic tissues include gastrointestinal
segments (Atala and Hendren, 1994; Hendren and Atala, 1994; Leong and Ong, 1972), skin
(Draper and Stark, 1956), peritoneum (Hutschenreiter et al., 1978), fascia (Neuhof, 1917), omen-
tum (Goldstein et al., 1967), pericardium (Kambic et al., 1992), and dura (Kelâmi, 1971). Syn-
thetic prostheses have been fabricated from polymers, including silicone (Bogash et al., 1960; Hen-
ly et al., 1995), polyvinyl (Kudish, 1957; Ulm and Lo, 1959), and Teflon (Kocvara and Zak, 1962;
O’Donnell and Puri, 1984; Politano et al., 1974). Reconstruction with nonurologic native tissues
rarely replaces the entire function of the original organ, and typically leads to complications, in-
cluding metabolic abnormalities, infection, perforation, and malignancy (Atala, 1997; Khoury et
al., 1992; Leong and Ong, 1972; McDougal, 1992). Furthermore, the limited amount of autol-
ogous donor tissue confines these types of reconstructions. Attempts to use synthetic prostheses
have usually failed due to the wide array of complications (e.g., device malfunction, infection, and
stone formation) associated with mechanical or biocompatibility problems (Bona and De Gresti,
1966; Henly et al., 1995; Kudish, 1957). Tissue engineering may provide an alternative to current
therapies for the genitourinary system. Cell transplantation using three-dimensional, biocompat-
ible scaffolds offers the possibility of creating new functional genitourinary tissues (Atala, 1997,
1999).

TISSUE ENGINEERING STRATEGIES 
IN THE GENITOURINARY SYSTEM

Tissue engineering integrates cells, scaffolds, and specific signals to create new functional tis-
sues (Kim and Mooney, 1998a). In this approach, cells isolated from a small biopsy and expand-
ed in vitro can be seeded onto a suitable scaffold. They are either allowed to develop into new 
tissue in vitro or transplanted into patients to create new functional tissue that is structurally in-
tegrated with the body. Various types of cells can be isolated from tissues and greatly expanded in
vitro, potentially providing an unlimited supply of therapeutic cells. The scaffolds provide an ap-
propriate three-dimensional environment, and guide the development of the desired structure
from the cells by providing mechanical support until the newly formed tissues are structurally sta-
bilized. Application of specific signals (e.g., growth factors, cell adhesion molecules, and mechan-
ical strain) during the process of tissue development may induce the appropriate pattern of gene
expression in the cells, and may allow the engineered tissues to maintain proper specific functions.

One of the challenges in genitourinary tissue engineering is to expand a small number of gen-
itourinary-associated cells to a clinically useful cell mass. Although cell transplantation has been
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proposed for the replacement of a variety of tissues, including skin (Bell et al., 1981; Yannas et al.,
1982), pancreas (Lim and Sun, 1980), and cartilage (Freed et al., 1994), the concept of trans-
planting urothelial cells, which line most of the urinary tract, had not been approached in the lab-
oratory setting until the early 1990s, because of the inherent difficulties encountered in expand-
ing urothelial cells in large quantities. Our laboratory has been successful in greatly expanding
urothelial cells from small biopsy specimens (Cilento et al., 1994). The specifics of cell culture
must be optimized for every cell type. Smooth muscle cells of ureter, bladder, urethra, and corpo-
ral cavernosum have also been successfully harvested and expanded in our laboratory (Atala et al.,
1993a; Cilento et al., 1995; Kershen et al., 1998; Oberpenning et al., 1999; Park et al., 1999; Yoo
et al., 1995, 1998b).

Scaffolds for engineering genitourinary tissues have been fabricated from three classes of 
biomaterials: naturally derived materials (e.g., collagen and alginate), synthetic polymers [e.g.,
poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and poly(lactic–co-glycolic acid) (PLGA)], and
acellular tissue matrices (e.g., bladder submucosa and small intestinal submucosa). Collagen ex-
hibits excellent biocompatibility and specific cellular interactions, and is amenable to cellular re-
modeling during the process of tissue formation (Cavallaro et al., 1994). Alginate, a polysaccha-
ride isolated from seaweed, has a great advantage for injectable cell-delivery vehicle applications
owing to its hydrogel formation in the presence of calcium ions (Smidsrød and Skjåk-Bræk, 1990).
Synthetic polymers can be produced reproducibly on a large scale and can be also processed into
a scaffold in which the macrostructure, mechanical properties, and degradation time can be read-
ily controlled and manipulated. Scaffolds fabricated from biodegradable polymers (e.g., PGA,
PLA, and PLGA) will eventually erode in the body, avoiding a chronic foreign-body response. Acel-
lular tissue matrices are collagen-rich xenogeneic matrices that are prepared by removing the cel-
lular components of various tissues, such as intestine or bladder. Acellular tissue matrices have been
utilized for the regeneration of many types of tissues [e.g., blood vessels (Badylak et al., 1989; Lantz
et al., 1990, 1992), urethra (Atala et al., 1999; Chen et al., 1999), and bladder (Piechota et al.,
1998; Probst et al., 1997; Yoo et al., 1998b)], with no evidence of immunogenic rejection.

An important role of the scaffold in tissue engineering is to promote the development of new
tissues with a predefined configuration and dimension. In these applications it is critical that the
scaffold withstands in vivo forces exerted by the surrounding tissue and maintains its structure un-
til the engineered tissue has sufficient mechanical integrity to support itself. This can be achieved
by an appropriate choice of mechanical and degradative properties of the scaffolds (Kim and
Mooney, 1998b). Urinary tissues with tubular structures (e.g., ureters and urethras) may be engi-
neered with tubular scaffolds with central lumens (Atala et al., 1993a). The ability of the tubular
scaffolds to resist in vivo compressive forces and maintain the predefined structure can be con-
trolled by the polymer type and physical structure (Mooney et al., 1994, 1995, 1996a).

The tissue-specific function of an engineered tissue can be maintained by providing an ap-
propriate combination of specific signals (e.g., growth factors) during the process of tissue devel-
opment. The expression of genes by cells in engineered tissues may be regulated by interactions
with the microenvironment, including interactions with the adhesion surface (Hynes, 1992), with
other cells (Parsons-Wingerter and Saltzman, 1993), and with growth factors (Deuel, 1997), and
by the mechanical stimuli imposed on the cells (Banes, 1993). These interactions can be controlled
by incorporating or integrating a variety of signals, such as cell adhesion peptides (Bouhadir et al.,
1999; Hubbell, 1995; Rowley et al., 1999) and growth factors (Mooney et al., 1996b), into the
scaffold or subjecting it to mechanical strain (Niklason et al., 1999).

ENGINEERING GENITOURINARY TISSUES

Kidneys
The kidneys remove metabolic wastes from the blood, control fluid balance by maintaining

homeostasis, and provide important regulatory activities by secreting hormones. End-stage renal
failure is a devastating condition that involves multiple organs in affected individuals. Numerous
pathologies, such as diabetes, hypertension, glomerulonephritis, and obstructive uropathy, result
in end-stage renal disease. Current available therapies include hemodialysis, peritoneal dialysis, and
renal transplantation (Amiel and Atala, 1999). Although dialysis can prolong survival for many
patients with end-stage renal disease, only renal transplantation can currently restore renal func-
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tion. However, the morbidity associated with renal transplantation, such as allograft failure, im-
munosuppression, or operative complications, is not trivial. Furthermore, renal transplantation is
severely limited by a donor shortage.

There has been an effort directed toward the development of extracorporeal bioartificial re-
nal units (Cieslinski and Humes, 1994; MacKay et al., 1998). In this approach, the bioartificial
kidney consists of two main units, glomeruli and tubules, which replace two critical renal func-
tions, excretion and reabsorption. In the bioartificial glomerulus unit, hollow fibers with high hy-
draulic permeability facilitate filtration of blood delivered to the lumen of the fibers. The filtrate
is then delivered to the lumen of hollow fibers in the bioartificial tubular unit, and epithelial cells
on the lumen reabsorb the isoosmotic ultrafiltrate. It has been demonstrated that the combination
of a synthetic filtration device and a renal tubule cell therapy device in an extracorporeal perfusion
circuit replaces filtration, transport, metabolic, and endocrinologic functions of the kidney in a
dog model (Humes et al., 1999). However, the application of these extracorporeal devices may be
best reserved for temporary situations rather than a permanent solution.

Augmentation of either isolated or total renal function with kidney cell expansion in vitro and
subsequent autologous transplantation may be a feasible solution for complete replacement ther-
apy. Our laboratory demonstrated the reconstruction of functional renal units by implanting iso-
lated and cultured renal cells on three-dimensional polymer scaffolds (Atala et al., 1995; Yoo et al.,
1996). Renal cells were successfully harvested, expanded in vitro, seeded onto polymer scaffolds,
and implanted into host animals in which the cells can proliferate and organize into glomeruli and
highly organized tubulelike structures (Fig. 46.1). These structures allowed for solute transport by
the tubular cells across the membrane, resulting in the excretion of high levels of uric acid and cre-
atinine through a urinelike fluid. Recent successes in harvesting and expanding renal cells in vi-
tro and the development of biologically active scaffolds may allow the creation of three-dimen-
sional functioning renal units that can be applied for partial or, eventually, full replacement of
kidney function.

Fig. 46.1. Glomerulus formed in vivo by seeding renal cells onto a PGA scaffold and subsequent
implantation (hemotoxylin and eosin; �400).
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Ureters and Urethra
The ureters are tubular conduits that convey urine from the renal pelvis to the bladder by peri-

staltic contraction. The urethra is a membranous canal conveying urine from the bladder to the
exterior of the body. The primary indications for ureteral reconstruction are congenital or acquired
obstructions that produce deterioration of renal function, carcinoma, and traumatic injury. Ure-
thral reconstruction is performed often to repair hypospadias, epispadias (congenital defects in
which the urethra terminates abnormally in the penis), urethral injuries with stricture formation,
and malignant tumors of the urethra.

Various materials have served as a ureteral or urethral substitute. The use of nondegradable,
synthetic materials [e.g., vitallium (Lord and Eckel, 1942), tantalum (Lubash, 1947), polyethyl-
ene (Tulloch, 1952), polyvinylchloride (Ulm and Lo, 1959), silicone (Blum et al., 1963), Teflon
(Kelâmi et al., 1971; Kocvara and Zak, 1962), Dacron (Kocvara and Zak, 1962), and polyethyl-
ene vinyl acetate (Ramsay et al., 1986)] has usually failed due to bioincompatibility and infection.
Preputial skin is the most commonly used graft for urethral repair, but patients with more severe
proximal urethral defects or failed urethral reconstruction may not have sufficient preputial skin
for repair. In these instances, several alternatives have been used, including nonpenile skin (Devine
and Horton, 1977), bladder mucosa (Koyle and Ehrlich, 1987), buccal mucosa (Dessanti et al.,
1992), and composite grafts (Bazeed et al., 1983; Olsen et al., 1992). However, some of these grafts
are associated with several complications (e.g., hair growth, sebaceous secretions, stenosis, and salt
deposits) and additional procedures for graft retrieval.

Our laboratory demonstrated that xenogeneic acellular collagen matrices (Chen et al., 1999)
and PGA mesh (Cilento et al., 1995) are suitable grafts for repairing narrow urethral defects. The
acellular collagen matrix was obtained from porcine bladder. Neourethras were reconstructed with-
out any signs of strictures or complications. The animals were able to void through the neourethras.
These results were confirmed clinically in a series of patients with severe urethral defects (Fig. 46.2)
(Atala et al., 1999). One of the advantages over previous tissue grafts is that the material is “off the
shelf.” This eliminates the necessity of additional surgical procedures for graft harvesting, which
may decrease the operative time, as well as the potential morbidity due to the harvest procedure.

Cultured sheets of urethral epithelium have been used for hypospadias repair in humans (Ro-
magnoli et al., 1990). In this approach, autologous epithelium was cultured in vitro from 1- to 2-
mm urethral mucosa biopsies and subsequently transplanted. The transplanted cells formed the
new urethra with a well-organized epithelium.

Fig. 46.2. Endoscopic view of
urethra reconstructed with a col-
lagen matrix. The urethra main-
tains patency.



Another approach for urethral and ureteral tissue reconstruction is to transplant urothelial
cells using biodegradable polymer scaffolds as delivery vehicles. Our laboratory has succeeded in
engineering tubular structures in animal models from cultured urothelial cells and PGA scaffolds
(Atala et al., 1992). In one study, urothelial cells isolated from human bladder and expanded in
vitro were seeded onto PGA scaffolds with tubular configurations and implanted in vitro. Tubular
structures developed from these implants, and the degradation of the polymer scaffolds resulted
in the eventual formation of a new urothelial tissue. Similarly, human urothelial cells and smooth
muscle cells were seeded onto PGA tubular scaffolds in another study (Atala et al., 1993a). Fol-
lowing implantation, the urothelial cells proliferated to form a multilayered luminal lining, while
smooth muscle cells organized into multilayered structures surrounding the urothelial cells. This
study suggested that it was possible to engineer urologic tissues containing multiple cell types. This
approach has been expanded to engineer new ureters (Yoo et al., 1995) and urethras (Cilento et
al., 1995) by transplanting smooth muscle cells and urothelial cells on tubular polymer scaffolds
in vivo.

Bladder
The function of the bladder is to store large amounts of urine at low pressures and to empty

efficiently on demand. However, fibrosis, abnormal contraction, and nerve malfunction may re-
sult in poor compliance, decreased bladder capacity, and high urinary storage pressure. The caus-
es of bladder malfunction are congenital (posterior urethral valves, bladder extrophy, or epispa-
dias), traumatic (injury, multiple bladder procedures), inflammatory (chronic cystitis, interstitial
cystitis, or tuberculosis), radiation induced (cancer of the cervix, rectum, prostate, and bladder),
or functional contraction (neurogenic bladder dysfunction or idiopathic bladder instability)
(Goldwasser and Webster, 1986). In turn, these problems may lead to recurrent urinary tract 
infections, incontinence, renal parenchymal damage, and renal impairment and failure (Atala,
1997).

To date, bladder reconstruction has been attempted with both natural materials [gastroin-
testinal segments (Leong and Ong, 1972), skin (Draper and Stark, 1956), peritoneum (Hutschen-
reiter et al., 1978), fascia (Neuhof, 1917), dura (Kelâmi, 1971), omentum (Goldstein et al., 1967),
and gelatin sponges (Kropp et al., 1996)] and synthetic polymers [silicone (Bogash et al., 1960),
polyvinyl (Kudish, 1957; Ulm and Lo, 1959), and Teflon (Bona and De Gresti, 1966)]. Howev-
er, these attempts have usually failed due to mechanical, structural, or biocompatibility problems.
Permanent synthetic materials usually succumbed to mechanical failure and urinary stone forma-
tion. The use of natural materials resulted in a reduced bladder capacity or various complications
such as excessive mucus production, infection, perforation, stone formation, and tumor develop-
ment (Atala, 1997; Khoury and Zak, 1962; McDougal, 1992; Leong and Ong, 1972).

A series of studies have shown that small intestinal submucosa (SIS) (Pope et al., 1997; Tsuji
et al., 1967) and acellular bladder matrix (Piechota et al., 1998; Probst et al., 1997; Yoo et al.,
1998b) can promote morphological and functional regeneration of bladder tissues. SIS is a rela-
tively acellular, collagen-rich biomaterial prepared from small intestine by removing the mucosa
from the inner surface and serosa and the tunica muscularis from the outer surface of the intes-
tine. The acellular bladder matrix is prepared by mechanically and chemically removing all cellu-
lar components from the tissue. In rat or dog models, partial cystectomy (35–70%) was per-
formed, followed by bladder augmentation with SIS or acellular bladder matrix. All three layers of
the bladder (mucosa, smooth muscle, and serosa) were regenerated (Piechota et al., 1998; Pope et
al., 1997; Probst et al, 1997; Tsuji et al., 1967; Yoo et al., 1998b). The regenerated bladders ex-
hibited compliance similar to that of normal bladders (Yoo et al., 1998b). Although the acellular
matrices without seeded cells may be appropriate grafts for narrow defects, there could be limita-
tions for tissue regeneration, especially if the size of the tissue to be regenerated is large. In most
of the studies to date, the biomaterials were utilized without cell seeding. In these cases, bladder
tissues were regenerated by cell ingrowth from the surrounding tissues. Our laboratory reported
that bladder capacity increased significantly (100% increase) when augmented with scaffolds seed-
ed with cells compared to scaffolds without cells (30% increase) (Yoo et al., 1998b). It is hypoth-
esized that this is due to a faster rate of scaffold resorption than that of cell ingrowth and subse-
quent shrinkage of the scaffold when implanted without cell seeding.

Our laboratory reported on the development of a viable bladder substitute using smooth mus-
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cle cells and urothelial cells isolated from autologous bladders and cultured on biodegradable poly-
mer scaffolds (Oberpenning et al., 1999). Most of the previous approaches have reconstructed the
bladder either by surgical enlargement or by replacement of partial, defective walls using various
biomaterials (Piechota et al., 1998; Probst et al., 1997; Pope et al., 1997; Tsuji et al., 1967). In this
study, transplantable whole bladders were created using cultured bladder cells and polymer scaf-
folds. In this approach, urothelial and smooth muscle cells were isolated from 1-cm2 bladder biop-
sies, expanded in vitro, and seeded on preformed bladder-shaped polymer scaffolds. These neoblad-
ders were implanted in dogs that had the majority of their native bladders excised. In functional
evaluations for up to 11 months, the bladder neoorgans demonstrated a normal capacity to retain
urine, normal compliance, ingrowth of neural structures, and a normal histologic architecture
(Figs. 46.3 and 46.4).

Genital Tissues
The management of inadequate genital function (e.g., impotence) and ambiguous genitalia,

caused by a rudimentary penis, severe hypospadias, traumatic injury, cancer, infection, or chron-
ic disease (e.g., diabetes and vascular insufficiency), may involve phallic reconstruction (Goodwin
and Scott, 1952; Horton and Dean, 1990). Earlier attempts at penile reconstruction involved mul-
tiple stages of surgery using autologous rib cartilage as a stiffener. However, the unsatisfactory func-
tional and cosmetic results due to its curvature discouraged its use. Silicone rigid prostheses were
popularized in the 1970s. Although silicone penile prostheses are an acceptable treatment in adults,
complications, such as erosion and inflammation, remain a problem (Nukui et al., 1997).

Natural penile prostheses created from the patient’s own cells may be preferable and may de-
crease the biocompatibility risks associated with the artificial prostheses. Our laboratory has
demonstrated that cartilage rods can be created using chondrocytes seeded on preformed polymer

Fig. 46.3. Radiographic cystograms 11 months after subtotal bladder removal. (a) Subtotal blad-
der removal without a reconstructive procedure; (b) reconstruction with a cell-free bladder-shaped
polymer scaffold; (c) reconstruction with a tissue-engineered neobladder. The tissue-engineered
neobladder appears normal in size and configuration, but the unaugmented trigone and the poly-
mer-only implant show smaller sized reservoirs. From Oberpenning et al. (1999), with permission.



46 Genitourinary System 661

scaffolds (Yoo et al., 1998a). Biomechanical studies showed that the cartilage rods were readily elas-
tic and could withstand high degrees of pressure. Additional studies demonstrated that autologous
chondrocytes seeded on polymer scaffolds are able to form penile prostheses in an animal model
(Yoo et al., 1999).

The availability of transplantable autologous corpus carvernosum tissue for use in recon-
structive procedures would be beneficial to many patients with congenital and acquired abnor-
malities of the genital system (Fig. 46.5). It would facilitate enhanced cosmetic results and provide
the possibility of reconstructing de novo functional erectile tissue. Our laboratory has shown that
cultured cavernosum cells seeded on biodegradable polymers formed corporal smooth muscle
when implanted in vivo (Kershen et al., 1998). Additional studies were performed in order to in-
vestigate the possibility of developing corporal tissue in vivo by transplanting smooth muscle cells
in conjunction with endothelial cells on polymer scaffolds (Park et al., 1999). The cell–polymer
constructs formed neocorporal tissues, consisting of corporal smooth muscle and neovasculature
formed by both the host and implanted endothelial cells. Similar studies have been performed with
clitoral and vaginal tissues (Atala, 1999).

Fetal Tissue Engineering
Engineering of fetal genitourinary tissues would benefit the newborn with prenatally diag-

nosed birth defects. Treatment of many congenital anomalies at birth is often impeded by lack of
normal tissues or organs, either autologous or allologous. The severe donor shortage for tissue or
organ transplantation is even more critical during the neonatal period. Autologous grafting is fre-
quently not an option in newborns because of donor site size limitations. Having a ready supply
of genitourinary-associated tissue for surgical reconstruction at birth may be advantageous. Fetal
tissue can be engineered by a minimally invasive harvest of tissue prenatally. The tissue may be en-
gineered in vitro while the pregnancy is allowed to continue so that a one-stage reconstruction can
be performed at the time of birth.

Our laboratory utilized this concept to repair bladder defects in a fetal lamb model (Fauza et
al., 1998a). Bladder exstrophy (a developmental anomaly marked by absence of a portion of the
lower abdominal wall and the anterior urinary bladder wall) was created in 90- to 95-day gesta-
tion fetal lambs. A small fetal bladder specimen was harvested via fetoscopy to obtain cells for en-

Fig. 46.4. Histologic analy-
sis of the tissue-engineered
neobladder 6 months af-
ter reconstructive surgery
(hemotoxylin and eosin;
�140). The neobladder
tissue consists of a mor-
phologically normal uro-
epithelial lining over a
sheath of submucosa, fol-
lowed by a layer of multi-
form smooth muscle bun-
dles.



662 Kim et al.

gineering fetal bladder tissue (Fig. 46.6). At 7 to 10 days prior to delivery, the expanded cells were
seeded onto polymer scaffolds and maintained in vitro. After delivery, the lambs had surgical clo-
sure of their bladder using the tissue-engineered bladder tissues. At 2 months after the recon-
structive surgery, histologic analysis of the engineered tissues showed a normal histologic pattern,
indistinguishable from native bladder. In addition, the engineered bladders were more compliant
and had a higher capacity than did bladders closed using only the native bladders. This technolo-
gy was also expanded to engineer other types of fetal tissues (e.g., skin) in an animal model (Fauza
et al., 1998b). Replication of this technology in humans may be possible in the future.

Fig. 46.5. Scanning electron mi-
crograph of penile corporal
smooth muscle cells seeded onto
an acellular matrix (bar � 100
mm).

Fig. 46.6. Schematic diagram
showing the arrangement for
videofetoscopic harvest of fetal
tissue.
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Injectable Therapies
Endoscopic therapies using injectable bulking agents are attractive procedures to treat urinary

incontinence and vesicoureteral reflux. Urinary incontinence results from a deficient or weak mus-
culature in the bladder neck and urethral area. Primary vesicoureteral reflux results from a con-
genitally deficient longitudinal submucosal muscle of the distal ureter, which leads to an abnor-
mal flow of urine from the bladder to the upper tract. For many years, open surgery [e.g., ureteral
reimplantation, pubovaginal sling (McGuire and Lytton, 1978), and the artificial urinary sphinc-
ter (Webster et al., 1992)] was the standard of care for the treatment of these diseases owing to in-
trinsic sphincteric dysfunction. In recent years, minimally invasive techniques for the endoscopic
correction of these maladies have been developed and refined, obtaining reasonable success rates
with significantly decreased patient morbidity. The endoscopic technique for the correction of
both urinary incontinence and vesicoureteral reflux relies on increasing muscle resistance with the
injection of bulking agents into the suburethral or subureteral tissues. In general, endoscopic pro-
cedures are less time consuming, more cost effective, and more easily performed, often in an out-
patient setting.

Searching for an ideal material for injection has been a challenging task for many decades.
The materials used for injection therapies include Teflon [poly(tetrafluoroethylene)] microparti-
cles (O’Donnell and Puri, 1984; Politano et al., 1974), poly(vinyl alcohol) (Merguerian et al.,
1990), autologous fat (Palma et al., 1997), silicone microparticles (Henly et al., 1995), and colla-
gen (Appell, 1994; Leonard et al., 1990). However, none of these materials is ideal due to migra-
tion, granuloma formation, and volume loss (Atala, 1994a,b; Claes et al., 1989; Malizia et al.,
1984).

The ideal material for the endoscopic treatment of vesicoureteral reflux and incontinence
should be injectable, nonantigenic, nonmigratory, volume stable, and safe for human use (Kershen
and Atala, 1999). Our laboratory has investigated the use of chondrocyte–alginate gel suspensions
as a possible injectable material for the treatment of vesicoureteral reflux and incontinence (Atala
et al., 1993b). Initially, chondrocytes mixed with alginate gel were injected into animals. The in-
jected suspension formed cartilaginous tissues in vivo and showed no evidence of cartilage or algi-
nate migration, granuloma formation, or volume loss. Additional studies demonstrated that vesi-
coureteral reflux could be treated with an autologous chondrocyte–alginate suspension without
any evidence of obstruction in an animal model (Fig. 46.7) (Atala et al., 1994). To use this ap-
proach in humans, a biopsy could be taken from the symphysis pubis or the cartilaginous part of

Fig. 46.7. Radiocystograms of pre- and postendoscopic treatment of reflux in a patient. A chon-
drocyte–alginate suspension was injected endoscopically in the subureteral region. Preoperative
fluoroscopic cystogram (left) shows bilateral reflux. Postoperative radionuclide cystogram (right)
shows resolution of reflux.



the ear under a local anesthetic. A few weeks later the patient would be treated with an endoscopic
injection of the autologous chondrocyte–alginate suspension. The first human application of tis-
sue engineering for the genitourinary system was accomplished with the injection of chondrocytes
for the correction of vesicoureteral reflux (Kershen and Atala, 1999). Similar clinical trials with
this technology have been initiated for the treatment of urinary incontinence. In addition to its
use for the endoscopic treatment of reflux and incontinence, the system of injectable autologous
cells may also be applicable for the treatment of other medical conditions, such as rectal inconti-
nence, dysphonia, plastic reconstruction, and wherever an injectable biocompatible material is
needed.

FUTURE DIRECTIONS
Studies to identify factors that control proliferation, differentiation, cellular gene expression,

and tissue organization may be required to engineer functional genitourinary tissues. This tech-
nology may allow for expansion of isolated cells in large quantities with the correct phenotype in
vitro, while maintaining appropriate cellular gene expression during the process of tissue develop-
ment. Although studies were performed to identify culture conditions of several types of cells in
the genitourinary system, the mechanisms that control gene expression are not well understood.
Appropriate bioreactor systems that would facilitate cell seeding onto scaffolds and subsequent cul-
ture in vitro must also be developed (Kim et al., 1998).

A tremendous effort is being expanded to develop scaffolds that induce functional tissue de-
velopment. Scaffolds with controlled mechanical and degradative properties (Bouhadir et al.,
1999; Kim and Mooney, 1998a) would promote tissue development with predefined configura-
tions. The development of scaffolds with specific cell-recognition sites may induce tissue-specific
gene expression of the seeded cells (Rowley et al., 1999) and promote the spatial control of spe-
cific cell types in genitourinary tissues with multiple cell types (Hubbell et al., 1991).

Vascularization and innervation of the engineered genitourinary tissues are essential for the
successful integration of the construct with the host body. The vascularization of the engineered
tissues could be achieved by growth factor-stimulated ingrowth of vascular cells from the sur-
rounding tissue (Folkman and Klagsbrun, 1987) or transplantation of vascular cells (Holder et al.,
1997). Innervation may be promoted with graft, guidance channels, and various nerve growth fac-
tors (Bellamkonda and Aebischer, 1994).

Genitourinary tissue with genetic defects may be repaired with gene therapy. Genetically
modified cells can be transplanted using the scaffold as a gene delivery vehicle. In one study, urothe-
lial cell–polymer constructs were introduced with the DNA plasmid and transplanted (Yoo and
Atala, 1997). The transplanted cells formed an organlike structure with functional expression of
the transfected genes in vivo. This technology may be applied to any type of urological-associated
pathology.

Several technologies developed in our laboratory are currently in clinical trials. Vesicoureter-
al reflux and urinary incontinence are being treated endoscopically with engineered chondrocytes.
Urethral tissue replacement surgeries using engineered matrices are being performed in patients
with severe disease. Engineered bladder tissue will soon be used in patients who require bladder
augmentation. Even though a careful and long-term follow-up will be necessary in order to assess
the currently available technologies, it is obvious that tissue engineering may play a vital role in
the treatment of several genitourinary conditions.
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Structural Tissue Engineering
Charles A. Vacanti, Lawrence J. Bonassar, and Joseph P. Vacanti

INTRODUCTION

This chapter provides a review of important developments related to the tissue engineering of
structural tissues, including bone, cartilage, ligament, and tendon, over the past 10 years, with

an emphasis on recent developments. Basic principles of tissue engineering, focusing on cell biol-
ogy and materials science as used currently in the field, are presented. Early efforts to combine cells
with biocompatible materials are described along with more recent endeavors. Applications of the
technology are presented with a particular focus on uses in orthopedics, plastic and reconstructive
surgery, and maxillofacial surgery. Finally, future challenges are outlined from the perspective of
integrating technologies from medicine, biology, and engineering in hopes of translating tissue en-
gineering to clinical applications.

According to legend, the first homotransplantation of an entire limb was performed by two
saints, Damian and Cosmas, as depicted by the artist, Fra Angelico. Indeed, the concept was de-
scribed even earlier: “The Lord God, cast a deep sleep on the man, and while he was asleep, he
took out one of his ribs and closed up its place with flesh. The Lord God then built up into a
woman the rib that he had taken from the man” (New Jerusalem Bible, 1990).

Although the number of research centers undertaking tissue engineering has greatly increased
during the past decade and potential applications have become more widespread, the basic con-
cept that the repair and regeneration of biological tissues can be guided through application and
control of cells, materials, and chemoactive proteins remains central. As such, tissue engineering
is, at its core, an interdisciplinary field, requiring the interactions of physicians, scientists, and en-
gineers.

Our goal is to utilize cells from either a relatively small specimen of tissue or a universal donor
source, expand them in vitro, and deliver them associated with a template, in a configuration that
will generate a new functional tissue. The ability to achieve this goal requires a keen understand-
ing of the extracellular matrix, the structural framework, and the regulation of cell behavior.

As early as 1908, Lexer described early attempts at tissue engineering of structural tissue in
his report of the use of freshly amputated or cadaver allografts for joint reconstruction. Several
decades later, work by Huggins resulted in the search for the elusive bone morphogenic proteins.
In 1965, Urist demonstrated the generation of one structural tissue, that is, bone, by means of au-
toinduction. He described “wandering histiocytes, foreign body giant cells, and inflammatory con-
nective cells” being “stimulated by degradation products of dead matrix to grow in and repopulate
the area of an implant of decalcified bone.” The process, as described by Urist, is followed imme-
diately by autoinduction, in which both the inductor cells and the induced cells are derived from
ingrowing cells of the host bed. Differentiation of the osteoprogenitor cell was felt to be elicited
by local alterations in cell metabolic cycles.

In more recent times (1970s), Green (1977) described a series of experiments devoted to the
generation of new cartilage. In one study, chondrocytes, seeded onto sterile bone spicules, were
implanted into nude mice. Although the experiments were not entirely successful, Green correct-

CHAPTER 47

Principles of Tissue Engineering Copyright © 2000 by Academic Press.
Second Edition All rights of reproduction in any form reserved. 671



ly postulated that the advent of new biocompatible materials might enable cells to be seeded onto
a synthetic scaffolding and implanted into animals to generate new functional tissue.

The past two decades have given rise to a multitude of descriptions involving the replacement
of bone and cartilage lost to injury and disease. Living cells have been delivered on alloplastic im-
plants (Ohgushi et al., 1989) to produce bone. Cartilage growth, whether achieved by use of cell
suspensions alone (Bentley and Greer, 1971; Chesterman et al., 1968; Grande et al., 1989; Lip-
man et al., 1983), cell attachment to naturally occurring matrices (Itay et al., 1987; Wakitani et
al., 1989) from perichondrium (Upton et al., 1981), or peptide stimulation (Wozney et al., 1988),
had been described only in minute quantities until the early 1990s. Until then, cartilage was gen-
erated only in association with, and confined to a defect in, underlying bone or cartilage, and was
devoid of specific shapes. As such, the purpose of the efforts was to augment the quantity of na-
tive tissue to add or restore some function. New hyaline cartilage growth in significant amounts,
not associated with endogenous bone or cartilage (Vacanti et al., 1991), has now been achieved us-
ing a technology termed “tissue engineering” to generate parenchymal tissue (Vacanti, 1988; Va-
canti et al., 1988). During the past decade, the principles of tissue engineering have been applied
to virtually every organ system in the body (Fig. 47.1), with a great deal of attention being focused
on orthopedic and maxillofacial applications, including engineering of bone, cartilage, tendon,
and ligament.

MATERIALS DEVELOPMENT
The development of matrices to serve as templates for cell attachment/suspension and deliv-

ery has progressed at a tremendous rate during the past 5–10 years. Initial efforts have focused on
the use of collagen as a natural matrix for cell delivery. A large degree of success was reported in
the development of skin equivalents, primarily the dermal component. More recent studies have
focused on using natural extracellular matrix (ECM) proteins such as collagen as the structural
support for cell transplantation. Yannas (1988) first designed an artificial dermis from collagens
and glycosaminoglycans. Others quickly followed in attempts at creating new blood vessels (Wein-
berg and Bell, 1986) and cartilage (Grande et al., 1989; Wakitani et al., 1989). Poor mechanical
properties and variable physical properties with different sources of the protein matrices have ham-
pered progress with these approaches. Concerns have arisen regarding immunogenic problems as-
sociated with the introduction of foreign collagen. Also, there are inherent biophysical constraints
in collagen used as scaffolding. For example, cartilage grown from cells seeded on collagen must
be confined in a rigid “well” such as underlying bone or cartilage, because of collagen’s nonmold-
ability.

Following the developmental efforts using naturally occurring polymers as scaffolds, atten-
tion turned in the middle 1980s to the use of synthetic naturally occurring polymers as matrices
for cell transplantation. It was believed that synthetic scaffoldings had the advantages of being bio-
compatible as well as biodegradable. It was postulated that the synthetic polymer scaffolds might
act as cell anchorage sites and give the transplanted complex intrinsic structure. Employment of
synthetic rather than naturally occurring polymers would allow exact engineering of matrix con-
figuration so that the biophysical limitations of mass transfer would be satisfied. Synthetic matri-
ces would also give one the flexibility to alter physical properties and potentially facilitate repro-
ducibility and scale-up. The configuration of the synthetic matrix could also be manipulated to
vary the surface area available for cell attachment as well as to optimize the exposure of the attached
cells to nutrients. The chemical environment surrounding a synthetic polymer can be affected in
a controlled fashion as the polymer is hydrolyzed. The potential exists to deliver continuously 
nutrients and hormones that can be incorporated into the polymer structure (Folkman and
Hochberg, 1973). Much became known about the chemical environment surrounding these com-
pounds as they degraded. The ratio of the surface area to mass can be altered or the porosity of dif-
fering configurations can be changed. The size of the pores of polymers of the same porosity can
be altered to increase or decrease the intrinsic strength and elasticity of the polymer matrix, as well
as compressibility or creep recovery. We can also change the rate of degradation of the polymer
matrices and the environment into which the cells are implanted by systematically altering the sur-
face chemistry of the polymers, creating an acidic or basic environment as they degrade. For in-
stance, polyaminocarbonates cause a local basic environment, whereas poly(glycolic acid) and
polyanhydrides cause a local acidic environment. Polyanhydrides and poly(ortho esters) show sur-
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face erosion; other polymers show bulk erosion. By manipulating design configurations one can
increase and decrease the surface area of the polymers. Also, synthetic polymers offer the advan-
tage of consistent reproduction, and thus varying quality is not a problem as it sometimes is with
naturally occurring polymers. With synthetic polymers, one has the potential of adding side chains
to the polymer structure. Thus one might potentially deliver nutrients and hormones to the cells
as the polymer breaks down.

Scaffold materials play a critical role in providing mechanical stability to constructs prior to
synthesis of new extracellular matrix by the cells. It is then desirable to match the mechanical prop-
erties of the material with that of the tissue. Consequently, scaffolds for bone often contain ce-
ramic hydroxyapatite, which has high stiffness like bone, and scaffolds for cartilage and tendon
tend to be made from more compliant polymers. In addition to mechanical stability, scaffold ma-
terials often serve to reduce immune response to allogeneic cells. The most notable example of this
is encapsulation of pancreatic islet cells for diabetes treatment.

During the past decade, many groups have turned to the use of synthetic biodegradable poly-
mers as templates to which cells adhere and are transplanted. The polymers act as a scaffolding that
can be engineered to allow for implantation of transplanted cells within only a few cell layers from
the capillaries, and thus allow for nutrition and gas exchange by diffusion until successful en-
graftment is achieved. In this manner, it is hoped to generate permanent functional new tissues
composed of donor cells and recipient interstitium and blood vessels.

A variety of biodegradable materials have been used for tissue scaffolds, including ceramics
and polymers. The primary use of ceramics has been in tissue engineering of bone, where porous
formulations of hydroxyapatite have been used to carry osteoprogenitor cells derived from perios-
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Fig. 47.1. Scanning electron micrograph demonstrating the uniform
distribution of cells suspended in the naturally occurring hydrogel cal-
cium alginate.



teum or bone marrow. Typically, ceramic materials have long degradation times in vivo, often on
the order of years. Synthetic polymers have seen widespread use as scaffold materials, due to their
good processing characteristics. These materials have a range of degradation times from very short
(days) to long (several months). Typically, polymer scaffolds are in the form of fibrous meshes,
porous sponges or foams, or hydrogels. The more common polymers used in fibrous meshes and
foams include the linear polyesters, e.g., poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and poly-
carpolactone (PCL); poly(ethylene glycol) (PEG); and natural polymers such as collagen and
hyaluronic acid (HA). Polymeric hydrogels have the distinct advantage of being injectable, which
allows the delivery of the construct to be less invasive and thereby reduces surgical risks. Employ-
ment of these types of polymers also ensures delivery of an even distribution of a precise number
of cells. They can be configured to provide mechanical support to the cells to maintain their spe-
cific phenotype, without inhibiting migration. Common hydrogel substrates include the copoly-
mers of poly(ethylene oxide) and poly(propylene oxide), known as Pluronics, and natural poly-
mers, including alginate and agarose. The delivery of a known concentration of cells is simplified
when using a hydrogel, whereby 100% of the cells are encapsulated within the delivery system, as
compared to the fibers, for which cell delivery is dependent on cell attachment. The hydrogels also
allow the suspended cells to be uniformly distributed throughout the volume of polymer delivered
(Fig. 48.1). In contrast, the distribution of cells in the polymer fiber system is not uniform and is
difficult to predict.

As the demand for new and more sophisticated scaffolds develops, materials are being de-
signed that have a more active role in guiding tissue development. Instead of merely holding cells
in place, these bioactive matrices are designed to encourage cell attachment to the polymer through
cell surface adhesion proteins. Toward this end, polymers that have been synthesized have an in-
tegrin polypeptide sequence (RGD) in the backbone (Shakesheff et al., 1998; Hern and Hubbel,
1998) or branches (Harrison et al., 1997), or are constructed entirely of polypeptide sequences
(Petka et al., 1998). This allows the scaffold effectively to mimic the extracellular matrix and in-
duce attachment of cells directly to the material. This may be particularly important in tissues that
bear mechanical loads, because it would allow physical stimuli to be sensed by the cells in the de-
veloping tissue in a more physiologic manner.

STRUCTURAL TISSUES

Bone
In initial studies of bone tissue engineering, series of studies were performed to identify sub-

strate features that would allow cells to be anchored and were thus important for maintaining cell
function. Identification of these properties allowed us to incorporate them into appropriate poly-
mer scaffolds to be used for transplantation. For example, when some cell types are cultured un-
der conventional conditions, such as on plastic or collagen-coated dishes, gene transcription is de-
pressed and cell-specific mRNA declines, whereas the mRNA of structure-related genes increases
many fold. By contrast, when cultured on extracellular matrix, rich in laminin and type IV colla-
gen, some cell types exhibit increased longevity and maintenance of several cell-specific functions.
The capability of gene transcription persists (Bucher et al., 1989) when cells are cultured on ex-
tracellular gel matrix. We learned that cell shape and function could be controlled by varying the
coating density of any of a variety of different naturally occurring ECM substrates on bacterio-
logic plates (Mooney et al., 1990a). Some cell types exhibit a rounded morphology when cultured
on low-density ECM, and an increase in ECM coating density results in more spreading of the
cells and epithelial-like morphology. ECM coating density also seems to affect the ability of the
cells to enter the synthetic phase (S) and continue through the cell cycle, not exhibiting the S phase
in low-density ECM studies but entering the S phase in a high percentage of the high-density ECM
studies (Mooney et al., 1990b). Some cell types are able to be switched between programs of growth
and differentiation simply by modulating the ECM coating density, thereby altering the substra-
tum’s ability to resist cell-generated mechanical load. These and other studies also suggest that cell
shape, which might be altered by manipulation of the physicochemical properties of the polymer,
may be important in determining cell function. These principles, in combination with our stud-
ies, led us to conclude that the matrix to which specific cell types are attached in vitro is one of the
most important variables in the engineering of new functional tissue.
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New tissue-engineered bone is composed of donor cells embedded within recipient intersti-
tium and blood vessels. We elected to work with biodegradable systems for reasons mentioned
above. Our experience is based primarily on experience with cells derived from periosteum. We
have employed several synthetic scaffolds as matrices. The first was a fiber-based scaffold composed
of nonwoven mesh of fibers of poly(glycolic acid), 15 
m in diameter, with average interfiber in-
terspaces of 150–200 
m. This was a polymer construct that had worked very well for the gener-
ation of tissue-engineered cartilage. Two other scaffolds for which we have accumulated a large
body of data are injectable hydrogel systems, one being calcium alginate and the other being a re-
verse thermosensitive copolymer, referred to as Pluronics, composed of poly(ethylene oxide) (PEO)
and poly(propylene oxide).

We initially chose periosteum as our source of cells to generate tissue-engineered bone. To
demonstrate that these cells exhibited an osteoblast-like phenotype, they were nourished in media
consisting of Tissue Culture Media 199 (Life Technologies; Baltimore, MD) with 10% fetal calf
serum and 50 
g/ml ascorbic acid with l-glutamine (292 
g/ml), penicillin (100 U/ml), and
streptomycin (100 
g/ml) and were allowed to incubate in vitro at 37�C in the presence of 5%
CO2. Supernatant taken from the culture media was then analyzed for the presence of osteocalcin
using a radioimmunoassay kit (Biomedical Tech. Inc.; Stoughton, MA). Our studies revealed that
periosteal cells cultured in vitamin D-deficient medium secreted osteocalcin, (1 � 0.1 fg/cell/day),
whereas periosteal cells cultured in medium containing 1,25-dihydroxy vitamin D3 synthesized
and secreted osteocalcin at a higher rate (3 � 1 fg/cell/day), indicating that these cells indeed ex-
hibited an osteoblast-like phenotype. Based on our experience with chondrocytes, we elected to
seed various polymer constructs at a cellular density of 50–100 million cells/ml, at which time the
cell–polymer complexes were then either injected/implanted immediately, or maintained in vitro
for an additional 7–10 days (Vacanti et al., 1993). When PGA fibers were employed, most of the
fibers were coated with multiple layers of cells after a week to 10 days, at which time they were im-
planted subcutaneously. The cell–polymer constructs were excised and evaluated both grossly and
histologically after being implanted for increasing periods of time.

As a result of several studies, we learned that cells shed from periosteum multiplied well in
vitro. Implants seeded with periosteal cells resulted in the generation of what initially appeared to
be cartilage, both grossly and histologically, within the first few weeks after implantation. In time,
however, all specimens matured to form new bone containing the cellular elements of bone mar-
row. The rate of the morphogenesis from cartilage to bone correlated with the site into which the
cell–polymer construct had been implanted, and seemed to be related to the vascularity of the site.
This is in contrast to our experience with polymers seeded in vitro with chondrocytes rather than
osteocytes. Chondrocyte-seeded implants generated cartilage that did not undergo a morphogen-
esis to bone, regardless of the site and the duration of time they had been implanted. To support
this observation, bone defects surgically created in both weight-bearing and non-weight-bearing
bones of male nude (athymic) rats were filled with polymer seeded with chondrocytes, periosteal
cells, polymer alone, or nothing at all. Non-weight-bearing defects, 3–4 cm2, were created in the
temporal and parietal bones using a dremel drill. Defects were made through the entire thickness
of the bone down to the underlying dura, which was left intact. Weight-bearing defects were ap-
proximately 3 cm long and consisted of excision of the middle third of the femoral shaft, which
was then bridge plated and filled as described above. Eight weeks after each weight-bearing defect
had been created and “repaired,” the bone shaft was exposed, the bridge plate removed, and the
area in which the defect had been created was examined. Wounds in animals having defects re-
paired 8 weeks earlier with polymer seeded with either periosteal cells or chondrocytes were then
closed and the animals were allowed to recover from anesthesia and ambulate ad lib. We again ob-
served that implants seeded with periosteal cells resulted first in the generation of “cartilage,” which
ultimately underwent a morphogenesis to become bone. In contrast, polymers that had been seed-
ed in vitro with chondrocytes remained hyaline cartilage regardless of the site of implantation, and
remained cartilage even when it had been generated within a weight-bearing bone and allowed to
ambulate on the tissue-engineered cartilage after the bridge plate had been removed.

These studies have led us to question the currently accepted concepts of endochondral ossi-
fication. It is interesting that the wave of advancing ossification in specimens of “cartilage” gener-
ated from polymers seeded with periosteal cells and undergoing a metamorphosis to become bone
appears histologically to very closely resemble the growth plate, or epiphysis, of growing long bone
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in immature animals. In this system, it appears that implanted progenitor cells first develop into
chondrocytes, followed by maturation into osteocytes. This provides support for the so-called
“transdifferentiation” hypothesis, which was posed as an explanation for the mechanisms for long
bone growth (Thesingh et al., 1991).

When using periosteal cells, however, the generation of bone is optimized by the use of calci-
um alginate. The engineered tissue appears to extract the calcium from the hydrogel as it under-
goes morphogenesis to bone. By using calcium alginate as a vehicle for delivery of periosteal cells,
we have been able to make molds in specific shapes, such as the distal femur of a rat, which results
in the generation of tissue-engineered bone of the same shape (Figs. 47.2 and 47.3). A vascular-
ized pedicle of tissue-engineered bone has been successfully generated by molding a synthetic scaf-
folding, seeded with periosteal cells, around a vascular bundle. This vascularized pedicle of bone
can then be transplanted into a large bone defect. Current efforts in the field are examining the ef-
ficacy of this approach in generating bone in large animals using autologous cells, as well as the
ability to generate composite structures of bone and cartilage.

Cartilage
The focus of cartilage tissue engineering to date has been in two main areas: orthopedic

surgery and plastic and reconstructive surgery. In the field of orthopedic surgery, significant in-
terest has been generated in the area of articular cartilage repair, sparked by a report of autologous
chondrocyte transplantation in humans (Brittberg et al., 1994). These studies involved harvest of
cartilage from those locations of the articular surface that are deemed “low weight bearing,” isola-
tion and culture of these cells, and injection of these cells in saline under a periosteal flap sewn
over a focal defect. Results of these studies have been encouraging; however, interpretation of the
data has been clouded by the inability to assess the possible contributions of cells from the 
periosteum, which have been used in separate studies to stimulate articular cartilage repair 
(O’Driscoll et al., 1994).

Numerous other studies have investigated seeding of articular chondrocytes onto various syn-
thetic and natural polymer substrates, including PGA (Freed et al., 1993), PEO (Elisseeff et al.,
1999), fibrin glue (Silverman et al., 1999), and collagen gels (Nehrer et al., 1998). In addition,
studies have addressed the issue of chondrocyte attachment to native cartilage matrix (Peretti et
al., 1998) and the ability of pieces of cartilage to generate mechanically functional repair tissue
(Peretti et al., 1999; Reindel et al., 1995). To complement these efforts, enhancement of the car-
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Fig. 47.2. Synthetic polymer mold
of a rat distal femur seeded with
periosteal cells.
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Fig. 47.3. (A) The tissue-engi-
neered femur generated from the
seeded mold shown in Fig. 47.2.
Note that it has the same dimen-
sions. (B) Histologic appearance,
using hematoxylin and eosin
stains, of the excised specimen.
Note the lamellar structure of the
new bone as visualized under po-
larized light. (C) Note the forma-
tion of what appears to be a haver-
sion system in the specimen.



tilage repair process has been attempted using a variety of growth factors, including transforming
growth factor � (TGF-�) (Glansbeek et al., 1998) and bone morphogenic protein 2 (BMP 2) (Sell-
ers et al., 1997).

Attempts at tissue engineering cartilage for orthopedic applications have not been restricted
only to articular cartilage. Studies documenting tissue engineering of the meniscus (Ibarra et al.,
1997) and intervertebral disc (Kusior et al., 1998) demonstrate the potential for regeneration or
replacement of other cartilaginous tissues in the musculoskeletal system in addition to articular
cartilage.

Efforts in cartilage tissue engineering for plastic and reconstructive surgery have had a slight-
ly different focus than those in orthopedic surgery. Due to the types of tissues being replaced, the
mechanical constraints and requirements for cartilage used in non-weight-bearing structures are
much less. However, in these applications, new challenges arise around creating constructs in com-
plex geometries that retain their form as they develop into cartilage. Several techniques have
evolved specifically for the purpose of creating these forms, including the use of PLA-reinforced
PGA scaffolds (Kim et al., 1994) and injection molding of seeded hydrogels (Rowley et al., 1998).
Using these approaches, cartilage has been engineered for the replacement or reconstruction of the
ear (Cao et al., 1997), temporomandibular disc (Puelacher et al., 1994a), nasal septum (Puelach-
er et al., 1994b), orbital floor (Kim et al., 1994), and nipple (Cao et al., 1998).

An additional complication for the use of tissue-engineered cartilage for these applications lies
in the subcutaneous environment in which implants are placed. Compared to the articular envi-
ronment, the immune response evoked by implants is much greater in subcutaneous or intra-
muscular sites. This immune response may result from foreign body reaction to the material scaf-
fold, or may be part of the general wound healing process resulting from implantation surgery. In
both of these cases, the cells and the materials of a tissue-engineered construct are exposed to his-
tiocytes and macrophages, as well as a variety of chemical and biochemical factors that may ad-
versely affect the implant. Specifically, these environments are often at lower pH, which will ac-
celerate the degradation of polyesters such as PGA and PLA. Further, inflammatory factors such
as tumor necrosis factor � (TNF-�) and interleukins (IL-1� and �) are known to degrade carti-
lage and compromise the mechanical integrity of the tissue (Bonassar et al., 1997).

For any potential therapeutic application involving tissue engineering of cartilage, expansion
of the cell population in vitro is an important step in the process of building a construct. In the
process, it is important to ensure that the expanded cell population retains its phenotypic func-
tion. This is of great concern for chondrocytes, which will dedifferentiate on repeated passaging
(Benya and Shaffer, 1982).

The quality of newly engineered tissue is not only a function of optimal matching of the cell
type to polymer matrix employed, but also of the animal species studied. In nude recipients for
example, the fiber system is an excellent scaffolding for the generation of cartilage, whereas in-
jectable hydrogels seem to be superior when engineering the same type of cartilage in immuno-
competent animals using autologous cells. Excellent results are produced when delivering chon-
drocytes in the Pluronics system. This is in contrast to the use of calcium alginate, whereby the
chondrocytes are encapsulated in a vehicle that seems to impair cell replication, and takes a long
period of time to degrade. When chondrocytes are delivered in Pluronics, the polymer degrades
much more rapidly, allows for cell replication with minimal inflammatory response, and generates
excellent cartilage in higher species using autologous cells.

Tendon and Ligament
Initial efforts in tissue engineering of tendon and ligament began with the use of denatured

collagen as a scaffolding for generation of an anterior cruciate ligament repair. This material is im-
planted, not seeded, with cells, but ultimately is seeded by the host. Synthetic devices to replace
or reinforce biologic materials have been used as grafts, with the belief that these materials would
act as scaffolds on which fibrous tissue could be induced to proliferate and form ligamentous and
tendinous tissues. It has been proposed that, in the presence of a tensile force, immature fibrous
tissue so formed will gradually mature, with its fibers oriented functionally (Fujikawa, 1989; Jenk-
ins et al., 1976). However, this is disputed by reports (Andrish and Woods, 1984; Aronczky et al.,
1986; McPherson et al., 1985) that the induced tissue is characterized by a chronic foreign body
reaction and by disorderly collagen fibers. The use of carbon fiber-derived scaffolds that are even-
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tually replaced by fibrous tissue to ultimately replace the lost function of a tendon or ligament was
extensively studied in the 1970s and 1980s (Forster et al., 1978; Jenkins, 1978; Jenkins et al., 1980;
Tayton et al., 1982; Rushton et al., 1983). Nevertheless, the fact that carbon particles did not dis-
appear completely, and were eventually found in regional lymph nodes even several years later, dis-
couraged use of such scaffolds ( Jenkins et al., 1980). Later, carbon fibers were shown to somehow
inhibit tendon fibroblast growth (Ricci et al., 1991). Mendes et al. then concluded that collagen
fibers did not significantly contribute to the tensile strength of carbon fiber composite ligaments
and tendons (Irie et al., 1992). Although some authors continue to report good results with their
use (Demmer et al., 1991), no significant differences have been shown in the outcome of patients
in whom such devices have been used to reinforce or augment biologic grafts (Strum and Larson,
1985). Other synthetic materials such as Dacron have been used to replace or augment tendinous
grafts in the treatment of injuries to the ligaments in the knee. However, histologic and biochem-
ical studies have demonstrated that Dacron-induced fibrous tissue more closely resembles scar or
granulomatous tissue than it does neoligament, and it has been shown to elicit a foreign body in-
flammatory reaction (Irie et al., 1992).

Concerning the use of collagen tendon prostheses (Goldstein et al., 1989; Kato et al., 1991),
such prostheses have been shown to have structures and mechanical properties similar to those of
autogenous tendon grafts (Kato et al., 1991). These implants are invaded by the host’s fibroblasts
and are eventually reabsorbed, giving way to the formation of a neotendon, following a biologic
pathway similar to those of autografts and allografts. The use of xenografts (Milthorpe, 1994) or
animal-derived collagen devices (Tauro et al., 1991) has also been studied. Although they have ad-
vantages related to availability, decreased risk of transmission of infectious diseases, and avoiding
damage to the patient’s healthy tissues, the preparation of the grafts apparently affects significant-
ly their biomechanical properties, and the possibility of rejection can still limit their use. Tendon
autografts and allografts are currently the most commonly used substitutes to reconstruct injured
ligaments or tendons. Allografts, however, still face the risk of potential transmission of infectious
diseases (Conrad et al., 1995; Asselmeier et al., 1993), and some of the techniques used to steril-
ize them present the possible risk of affecting the biomechanical characteristics of the grafts (Ras-
mussen et al., 1994). Tendon autografts are perhaps the most commonly transplanted tissue 
structures. Their biologic and biomechanical characteristics serve their purpose relatively well, con-
sidering that usually they rely on creeping substitution by the host’s cells of a frequently inert or-
ganic scaffold from which most cells have usually disappeared (Aronczky et al., 1982; Rougraff et
al., 1993; Bosch and Kasperczyk, 1993; Abe et al., 1993; Lane et al., 1993; Kasperczyk et al., 1993).
Autografts, however, present the disadvantage of creating a secondary morbid site during harvest-
ing, and the fact that a functioning structure has to be removed from its original site for use in a
nearby or remote site.

BIOMECHANICS
An understanding of the structure of engineered constructs needs to be closely associated with

an assessment of tissue function. Indeed, the entire motivation for the field of tissue engineering
is to restore function of tissue lost to disease, accident, or malformations. Therefore, it is critical
to determine the extent to which the functional properties of generated tissues are similar to those
of native tissue. The focus of many tissue engineering applications is on structural tissues, such as
bone, cartilage, tendon, skin, and muscle, necessitating the analysis of the biomechanical proper-
ties of generated tissues. As with a discussion of tissue biochemistry or molecular biology, an un-
derstanding of the biomechanical properties of engineered tissue must start with an understand-
ing of the mechanical properties of the native tissue. And as with the previous discussion, this
requires an assessment of the level of sophistication that adequately describes the system. Tissues
with nonlinear or time-dependent mechanical responses may not be adequately described by a
modulus determined at equilibrium or at a single strain rate. Indeed, soft tissues such as skin, ten-
don, muscle, and cartilage require viscoelastic or poroelastic parameters in addition to the modu-
lus to describe their mechanical behavior.

Further, it is critical to understand the relationship between the structure of native or engi-
neered tissues and their mechanical properties. Tissues such as tendon and ligament can endure
high tensile elongations due to the high content of collagen and elastin in the extracellular matrix.
In a similar way, cartilage is composed of a highly charged proteoglycan network and a cross-linked
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collagen that strengthen the tissue in compression and shear, respectively. The composition of bone
includes a variety of extracellular matrix proteins, including collagen, as well as a mineralized com-
ponent of predominantly hydroxyapatite. This mineral component gives bone not only its extra-
ordinary compressive strength, but also its brittleness in tension or shear.

Adequate understanding of the mechanical properties of structural tissues is not only an im-
portant yardstick for evaluating tissue-engineered constructs, but also provides an important set
of design criteria for material scaffolds. Even at the initial stages of development, engineered con-
structs implanted into a defect site must in some way endure the stress, strains, and flows to which
the surrounding tissues are exposed. This is, in fact, reflected in the types of materials used in ex-
isting efforts to engineer structural tissues: ceramics for bone, polymer fibers and cross-linked pro-
teins for tendons and ligaments, and hydrogels and polymer meshes for cartilage.

CONCLUSION
From these studies we learned that if cell anchorage sites and reasonable structural cues are

provided in an appropriate environment, the intrinsic ability of cells to reorganize and generate
new tissue is enhanced. The efforts described enable the natural ability of the cells to reconstitute
as functional tissue, and intercellular signaling mechanisms and a predetermined expression of
genes may be the ultimate driving mechanisms behind the principles of tissue engineering that we
have discussed. It is our hope to develop this system to maximize the potential of cells to generate
functional replacement tissue as an alternative to conventional organ transplantation and tissue re-
construction. Advances in polymer design are allowing us to utilize this ability fully. We anticipate
the onset of human trials with these structural cells within the next few years.
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Bone Regeneration through
Cellular Engineering

Scott P. Bruder and Arnold I. Caplan

INTRODUCTION

Ateenager is found to have a tumor in the midshaft of the femur. To save this young individual’s
life, a large segment of the bone is excised. Why is it that the patient cannot simply regenerate

bone to fill the huge gap? A baby is diagnosed as having osteogenesis imperfecta (OI) (brittle bone
disease) caused by a single point mutation in the gene for type I collagen (Byers and Bonadio,
1985). If it is a “mild” penetrance, the parents will see their child grow to be a dwarf with multi-
ple fractures of many of its bones. How can we cure this malady, given that we now know its cause?
An elderly woman falls, fractures her hip, and never regains mobility. Osteoporosis has reduced
both her total bone mass and her ability to produce enough new bone to heal the fracture. How
can we replenish the supply of bone-forming cells in this condition? These three medical problems
appear to be quite dissimilar, but potentially, through cell-based therapies, the skeletal tissues of
these patients can be engineered to cure themselves by accomplishing what they cannot do nor-
mally. The key to any medical intervention is to mobilize and induce the body to accomplish feats
that it does not normally have the capacity to do. In the first case, the solution is to grow osteo-
progenitor cells in large enough numbers (Bruder and Jaiswal, 1996) to fill the excision gap. For
this scenario, it is now possible to grow mesenchymal progenitor cells outside the body and then
put them back in such a way that bone will be regenerated in a mass not normally possible. In the
second case, the normal type I collagen gene will be molecularly inserted into osteoprogenitor cells,
which continually renew themselves, so that when their eventual progeny naturally replace os-
teoblasts, the bone-forming cells of the body, bone will be fabricated with a normal type I colla-
gen matrix. Alternatively, patients with OI can be exposed to chemotherapeutic drugs to destroy
their bone marrow and normal, immunomatched allogeneic marrow containing normal osteo-
progenitor cells can be grafted into the OI patient (Horwitz et al., 1999). In this case, these nor-
mal osteoprogenitor cells will produce normal progeny that will replace the genetically defective
osteoblasts that routinely expire. And in the third case, age-related bone loss and diminished re-
pair potential may be prevented by periodic administration of autologous osteoprogenitor cells.

The key issues that control the successful medical interventions depicted above involve defin-
ing the parameters that govern natural regeneration and turnover of bone and engineering new
technologies to make use of such insight. The primary assumption is that the principles that gov-
ern regeneration and natural turnover are, to some extent, recapitulations of embryonic-formative
events and that reparative strategies must be structured to follow these recapitulation parameters.

MARROW: THE SOURCE OF MESENCHYMAL 
PROGENITOR CELLS

The challenge of mesenchymal tissue regeneration is to bring large numbers of multipotent
progenitors to the regeneration site as quickly as possible; the rapid formation of a mesenchymal
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blastema of critical size is the key step, because the waves of wound site instructional cues are ever
changing and must coordinate with the mesenchymal differentiation sequence. There are several
repositories of such mesenchymal progenitors in adults, with bone marrow and periosteum being
the most accessible (Haynesworth et al., 1992b; Nakahara et al., 1990, 1992). Orthopedic sur-
geons have long understood that vascular continuity, excess marrow, and intact periosteum func-
tion to accelerate bone repair/regeneration (Hamm, 1930; Kojimoto et al., 1988; Brighton, 1984).
Notably, bone marrow has been studied in both human and animal models and has been shown
to house isolatable osteochondral progenitor cells that we operationally refer to as mesenchymal
stem cells (MSCs) (Haynesworth et al., 1992a,b; Friedenstein, 1976; Owen, 1985; Beresford,
1989; Bruder et al., 1990; Owen and Friedenstein, 1988; Caplan, 1991, 1994; Dennis and Ca-
plan, 1993; Caplan et al., 1993). In principle, these MSCs can differentiate into a number of mes-
enchymal phenotypes by entering discrete lineage pathways, as shown in Fig. 48.1. We have de-
veloped the technology to isolate these cells from bone marrow (Fig. 48.2) of patients ranging from
newborns to individuals in their eighth and ninth decade of life (Haynesworth et al., 1992a,b,
1994; Beresford, 1989). Importantly, there appears to be a decrease in the number of MSCs per
total nucleated cells in marrow as a function of age (Oreffo et al., 1998; Muschler et al., 1997;
Kahn et al., 1995; Egrise et al., 1992). This age-related deficit may be the cause of the reduced po-
tential and/or kinetics of skeletal repair in older patients.

684 Bruder and Caplan

Fig. 48.1. The mesengenic process. MSCs have the potential to differentiate into a variety of mes-
enchymal tissues, such as bone, cartilage, tendon, muscle, marrow, dermis and fat. Proliferating
MSCs enter a lineage, following their commitment to that particular pathway. The commitment
event involves the action of specific growth factors and/or cytokines, as does the next phase, in
which the lineage-committed cells progress through a number of transitory stages in the lineage
progression process. Terminal differentiation involves the cessation of proliferation and the mas-
sive biosynthesis of tissue-specific products. Last, these differentiated cells go through a matura-
tion stage in which they acquire an ability to function in aspects of tissue homeostasis as opposed
to high levels of synthetic activity. All of these end-stage-differentiated cells have fixed half-lives
and can be expected to expire; these cells are replaced by newly differentiated cells arising from
the continuous transition down the lineage pathway. The lineages are arranged from left to right
based on the relative information known about definitive lineage stages.



Because it is now possible to isolate MSCs from bone marrow, and expand them in culture
away from all hematopoietic and vascular cells, one can establish therapeutic paradigms for the
treatment of mesenchymal tissue defects. These cells can flourish in culture, and when reintro-
duced into in vivo test sites, MSCs can differentiate into a variety of site-specified phenotypes, in-
cluding bone-forming cells. That marrow contains uniquely potent mesenchymal progenitors has
been clearly documented by isolating clones of such progenitors and documenting that the prog-
enies of these single cells are capable of differentiating into a variety of mesenchymal phenotypes
(Dennis and Caplan, 1996; Dennis et al., 1999; Pittenger et al., 1999).

This basic information is the foundation for our vision of regenerative tissue therapy, which
capitalizes on the replicative potential of MSCs, their bioactivity following cryopreservation, and
their ability to form appropriate tissue types after implantation in a site in need of tissue regener-
ation (Fig. 48.3). We have previously shown that MSCs, from a small marrow biopsy of an adult,
can be passaged for over 30 population doublings in vitro and expanded in number by over 1 bil-
lion-fold without loss of testable osteogenic potential (Bruder et al., 1997b). Based on experiments
indicating that MSCs are present in young adults at a level of 200 per milliliter of whole marrow,
this billion-fold expansion is equivalent in MSC number to many thousands of liters of harvested
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Fig. 48.2. MSC purification. A marrow aspirate of 10–20 ml is obtained with standard clinical
biopsy procedures. Large particles of bone chips are removed and the cells applied to Percoll den-
sity gradient centrifugation, following the procedures of Haynesworth et al. (1992b). The MSCs
are localized in the low-density fraction. The MSCs are recovered at a pooled density of 1.03 g/
ml, centrifuged, resuspended in Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum
from selected lots (Lennon et al., 1996), and seeded into cell culture dishes. The MSCs selective-
ly adhere while most hematopoietic cells remain in suspension. Approximately 1000 to 3000
MSCs are recovered in these primary cultures and they grow as colonies.

Fig. 48.3. Regenerative tissue therapy. Marrow is harvest-
ed and MSCs purified and seeded into cell culture, where
they proliferate. These cells can be cryopreserved or used
for cartilage resurfacing, bone repair, tendon/ligament re-
pair, or adipocytic implantation. Suspensions of cells may
also be injected for the treatment of osteoporosis or as an
adjuvant therapy to bone marrow transplantation to im-
prove the quality of marrow stroma.



whole marrow. The entire adult human body contains less than 6 liters of whole blood and obvi-
ously much less marrow. Thus, after only two to three subcultivations, enough MSCs could be
generated to provide a sufficient number of osteoprogenitor cells (3–5 � 108) to fill a massive
bony defect in adults; this number of MSCs is more than those present in the entire adult human
body. We have extended these observations to provide a detailed analysis of the surface molecules
that characterize culture-expanded human MSCs (Table 48.1) (Pittenger et al., 1999; Bruder et
al., 1998a). This work stems from our continued effort to document the changes that occur in cell
surface architecture as a function of lineage progression (Bruder et al., 1997a, 1998d). The profile
of cell adhesion molecules, growth factor and cytokine receptors, and miscellaneous antigens serves
to establish the unique phenotype of these cells, and provides a basis for exploring the function of
selected molecules during osteogenic and other lineage progression.

In view of the fact that MSCs are believed to be the source of osteoblastic cells during the pro-
cesses of normal bone growth, remodeling, and fracture repair in humans (Owen, 1985; Bruder
et al., 1994; Hollinger et al., 1998), we have used them as a model to study aspects of osteogenic
differentiation. When cultivated in the presence of osteogenic supplements (OSs) (dexamethasone,
ascorbic acid, and �-glycerophosphate), purified MSCs undergo a developmental cascade defined
by the acquisition of cuboidal osteoblastic morphology, transient induction of alkaline phos-
phatase (APase) activity, and deposition of a hydroxyapatite-mineralized extracellular matrix
(Jaiswal et al., 1997) (Fig. 48.4A–C). Gene expression studies illustrate that APase is transiently
increased, type I collagen is down-regulated during the late phase of osteogenesis, and osteopon-
tin is up-regulated at the late phase (Bruder et al., 1998a) (Fig. 48.4D). Similarly, bone sialopro-
tein and osteocalcin (Jaiswal et al., 1997) are up-regulated late in the differentiation cascade, and
osteonectin is constitutively expressed. Additional studies detail the growth kinetics and high
replicative capacity of these cells, which do not lose their osteogenic potential following a 1 bil-
lion-fold expansion or cryopreservation (Bruder et al., 1997b). We have documented that OS-
treated MSCs secrete a small-molecular-weight osteoinductive factor into their conditioned medi-
um, which is capable of stimulating osteogenesis in naive cultures ( Jaiswal and Bruder, 1997),
similar to that reported for rat marrow stromal cells directed into the osteogenic lineage (Hughes
and McCulloch, 1991). We have completed a comprehensive series of pulse–chase and transient
exposure experiments using dexamethasone to determine which steps of the lineage pathway are
dependent on exogenous factors, and which are supported by either (1) paracrine/autocrine fac-
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Table 48.1. Cell surface molecular profile of human mesenchymal stem cells a

Molecules present Molecules absent

Integrins
�1,�2,�3,�5,�6,a�,�v,�1,�3,�4 C�2,�4,�L

Growth factor and cytokine receptors
bFGFR,PDGFR, IL-1R, IL-3R�, IL4-R, IL-6R, IL-7R, EGFR-3, IL-2R, Fas ligand

IFN-�R, TNFIR and TNFIIR, TGF-�IR and TGF-�IIR,
bFGFR, PDGFR

Cell adhesion molecules
ICAM-1 and -2, VCAM-1, L-selectin, LFA-3, ICAM-3, Cadherin-5, E-selectin,

ALCAM, endoglin, CD44 P-selectin, PECAM-1
Miscellaneous antigens

Transferrin receptor, CD9, Thy-1, SH-3, SH-4, SB-20, CD4,CD14, CD34, CD45, von
SB-21 Willebrand factor

aAdapted from Bruder et al. (1998a) and Pittenger et al. (1999). Abbreviations: bFGFR, basic fibroblast growth
factor receptor; PDGFR, platelet-derived growth factor receptor; IL-R, interleukin receptor; IFN-�R, interfer-
on-� receptor; TNFIR, tumor necrosis factor I receptor; TNFIIR, tumor necrosis factor II receptor; TGF-�IR,
transforming growth factor-� I receptor; TGF-�IIR, transforming growth factor-� II receptor; EGFR-3, epider-
mal growth factor receptor 3; ICAM, intercellular adhesion molecule; VCAM, vascular cell adhesion mole-
cule; LFA-3, lymphocyte function-related antigen-3, ALCAM, leukocyte cell adhesion molecule, PECAM,
platelet endothelial cell adhesion molecule; CD, cluster designation.



tors in culture or (2) sustained lineage progression events following brief exposure to dexametha-
sone (Bruder and Jaiswal, 1995; Jaiswal and Bruder, 1996). A diagrammatic representation of these
results is presented in Fig. 48.4E).

DELIVERY OF OSTEOPROGENITOR CELLS
It is clear that there is a coordinate relationship between bone formation and vasculature

(Drushel et al., 1985; Caplan and Pechak, 1987; Collin-Osdoby, 1994). It appears that vascula-
ture provides the orientation for the secretory activity of osteoblasts and, hence, in engineering the
delivery of osteoprogenitor cells to a reparative site, adequate space must be provided for the close
juxtapositioning of capillaries to sheets of osteoprogenitor cells. Of importance to note here is the
observation that if MSCs, at an in vivo site, aggregate into a dense mass in the absence of inter-
vening capillaries, they differentiate into cartilage (Dennis and Caplan, 1993). Indeed, no one, to
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Fig. 48.4. Osteogenic differentiation of human MSCs in vitro. Phase-contrast photomicrographs of
(A) human MSC cultures under growth conditions display characteristic spindle-shaped mor-
phology and uniform distribution (unstained; �18), and (B) human MSC cultures grown in the
presence of osteoinductive supplements for 16 days and stained for APase and mineralized ma-
trix. APase staining appears gray in these micrographs (originally red) and mineralized matrix ap-
pears dark (APase and von Kossa histochemistry; �45). (C) Mean APase activity and calcium de-
position of MSC cultures grown in control or OS medium and harvested on days 3, 7, 13, and 16
(n � 3). The vertical bars indicate standard deviations; *P  0.05; †P  0.005 (compared to con-
trol). (D) Expression of characteristic osteoblast mRNAs during in vitro osteogenesis. Reverse tran-
scriptase–polymerase chain reactions using oligonucleotide primers specific for selected bone-
related proteins were performed with RNA isolated at the indicated times. (E) Diagrammatic 
representation of the stages of dexamethasone (Dex)-induced osteogenic differentiation of MSCs
in vitro.



our knowledge, has been successful in duplicating or mimicking the natural arrangement of sheets
of secretory osteoblasts in a culture system. We suggest that this lack of success is due to our lack
of detailed understanding about the key parameters involved in cell–cell, cell–matrix, and/or cell–
vasculature relationships involved in osteogenic activity of secretory osteoblasts. Thus, it is im-
portant to construct a delivery system that has the potential to place sheets of osteoprogenitor cells
in a configuration such that host vasculature can quickly position itself to provide the appropriate
cueing. Likewise, the cell attachment face of the delivery vehicle should be a bonelike substance
based on the view that such an environment could assist in the orientation of the osteoblasts’ se-
cretory products.

The success of such a cell-based approach for tissue engineering of bone is critically depen-
dent on the development of an appropriate matrix scaffold for cell delivery. The ideal matrix for-
mulation should possess several properties: (1) the material should foster uniform cell loading, cell
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Fig. 48.5. The ceramic cube assay. (a) MSCs are isolated from bone marrow or periosteum and
seeded into culture, where they adhere and mitotically expand. As the growing cells reach con-
fluence, they are exposed to trypsin to liberate them from the dish and are either returned to new
dishes (where they will continue to divide) or seeded into 3-mm porous calcium phosphate ce-
ramic cubes. The cubes are then implanted into subcutaneous pouches in syngeneic or immuno-
compromised rodents. The cubes are harvested 3 to 6 weeks later and scored for the presence of
bone and/or cartilage. (b) Histologic appearance of porous calcium phosphate ceramic loaded
with MSCs and implanted subcutaneously in a syngeneic rat host. Six weeks after implantation
bone is observed lining the surface of a pore. Vasculature is present at the center of the pore, and
directs secretory osteoblasts (OB) to secrete bone matrix (B) onto the surface of the ceramic (C),
which has been decalcified during histologic processing and thus appears as a grey granular ma-
terial. Osteocytes are also present in regions of bone formation that are more advanced. (c) Illus-
tration, at higher magnification, of active osteogenesis, with prominent palisades of osteoblasts
(OB) laying down new bone matrix (B) with inclusion of osteocytes (oc). Mallory–Heidenhain
staining.



division, and retention; (2) the scaffold should support rapid vascular invasion; (3) the matrix
should be designed to orient the formation of new bone in anatomically relevant shapes; (4) the
composition of materials should be resorbed and replaced by new bone as it is formed; (5) the ma-
terial should be radiolucent to allow the new bone to be distinguished radiographically from the
original implant; (6) the formulation should encourage osteoconduction with host bone; and (7)
it should possess desirable handling properties for the specific clinical indication.

This laboratory long ago explored the use of porous calcium phosphate ceramics together with
whole marrow as a delivery vehicle for osteogenic cells at both heterotopic and orthotopic sites
(Ohgushi et al., 1989a,b). Based on this experience with whole marrow, we further refined the
technology to allow us to efficiently situate culture-expanded MSCs onto the pore surfaces of such
ceramic vehicles (Haynesworth et al., 1992b; Dennis and Caplan, 1993; Dennis et al., 1992). Fig-
ure 48.5a shows the outline of experiments wherein marrow or periosteal MSCs are obtained, cul-
ture expanded, and, with serial subculturing (passages), placed into a 3-mm porous ceramic cube,
which is subsequently implanted into subcutaneous pockets in syngeneic or immunocompromised
rodent hosts. We have used such ceramic cubes to assay the osteogenic potential of rodent, rabbit,
goat, sheep, canine, and human MSCs (Lennon et al., 1996; Kadiyala et al., 1997b). Figure 48.5
shows the histologic appearance of newly forming bone in the pores of such a ceramic. The sheets
are oriented, and secretory osteoblasts are clearly visible as new bone. Using cells that have been
tagged by retroviral transfection with a reporter gene for �-galactosidase (lacZ ), labeled osteoblasts
and osteocytes derived from these MSCs can be observed in Fig. 48.6. Of importance is the fact
that the stained cells were derived from labeled marrow-derived human MSCs, and that the char-
acteristic cytoplasmic processes of mature osteocytes are observed in the newly fabricated bone
within the pore of the ceramic vehicle. Notably, the osseous tissue that is formed in these implants
is donor derived, and not dependent on the presence of host-derived osteoprogenitors (Allay et al.,
1997). This cube assay has now evolved into a semiquantitative assay to judge MSC number and/
or osteochondrogenic potential (Dennis et al., 1998; Cassiede et al., 1996). To observe bone with-
in the pores of the implant ceramic does not require an absolutely pure population of MSCs, be-
cause diluting the human MSCs by 50% with human dermal fibroblasts does not seem to affect
the amount of bone in the ceramic cubes (Lennon et al., 1999).

BONE REGENERATION BY MSCs
To show clinical applicability of tissue regeneration therapies using MSCs, a series of pre-

clinical studies was performed. These investigations, all aimed at achieving osseous regeneration
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Fig. 48.6. LacZ expression and bone forma-
tion in vM5LacZ-transduced human MSCs.
Human MSCs were transfected with a lacZ-
containing retrovirus, selectively expanded
in vitro, combined with ceramic cubes, and
implanted in SCID mice. Mice were sac-
rificed and ceramic–cell composites were
harvested 6 weeks later, X-Gal-stained 
for expression of LacZ, decalcified, embed-
ded, sectioned, and counterstained with
Mallory–Heidenhain. Osteoblasts (OB) are
seen lining the surface of the ceramic (C),
which also contains labeled osteocytes (OC)
(�200).



in a critical-sized defect of the femur, were designed to compare the efficacy and effective dosing
when the cellular source was escalated from rodents to large animals, and eventually to humans.
In the first study, culture-expanded, marrow-derived MSCs were used to repair a segmental defect
in the femur of rats (Kadiyala et al., 1997a). Syngeneic MSCs at a density of 7.5 � 106 cells/ml
were loaded onto a porous hydroxyapatite/�-tricalcium phosphate cylinder and implanted in an
8-mm-long diaphyseal defect. By 8 weeks, nearly every pore of the implants contained consider-
able new bone (Fig. 48.7A). In contrast, cell-free implants were well vascularized, but displayed
little if any bone formation within the pores (Fig. 48.7B). In the defects treated with MSC-loaded
implants, substantial new bone formation occurred at the interface between the host and the im-
plant, leading to a continuous span of bone across the defect. Furthermore, a periosteal callus of
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Fig. 48.7. MSC-mediated bone regeneration in preclinical animal studies of segmental defect re-
pair. (A) Rat segmental defects fitted with a HA/TCP carrier loaded with syngeneic rat mesenchy-
mal stem cells form a solid osseous union with the host, and contain substantial new bone through-
out the pores by 8 weeks. (B) Defects fitted with a cell-free HA/TCP carrier do not contain bone
within the pores of the implant, nor is there significant union at the interfaces, indicated by the ar-
rowheads (stain, toluidine blue-O; �16). (C) Radiographic appearance of bone healing in a 21-
mm canine femoral gap defect 16 weeks after surgery. Animals that did not receive an implant had
a fibrous nonunion. Animals that received a mesenchymal stem cell-loaded HA/TCP cylinder had
a substantial amount of bone regeneration at the defect site, including a periimplant callus that re-
modeled to the size of the original bone by 16 weeks. Those animals receiving cell-free implants
did not achieve healing of their defects, as is evident by the lack of new bone and the multiple
fractures throughout the body of the implant material. (D) Results of biomechanical torsion test-
ing performed on athymic rat femurs 12 weeks after implantation with human mesenchymal stem
cell-loaded ceramics. Load to failure and overall stiffness was more than twice that of controls at
the same time.



bone also was present in samples loaded with MSCs but not with cell-free implants. These stud-
ies established the proof of principle for MSC-based tissue regeneration therapy in bone.

The ability of MSC-loaded implants to repair defects in larger animals was examined in a ca-
nine femoral gap defect model (Bruder et al., 1998b; Kraus et al., 1999). The healing of a 21-mm
osteoperiosteal defect was studied using ceramic implants made from porous hydroxyapatite/�-
tricalcium phosphate that had been loaded with autologous culture-expanded MSCs at a density
of 7.5 � 106 cells/ml. At 16 weeks, atrophic nonunion occurred in all of the femurs that had un-
treated defects, and only a small amount of trabecular bone formed at the cut ends of the cortex
of the host bone in this group (Fig. 48.7C). In contrast, radiographic union was established rapid-
ly at the interface between the host bone and the implants in samples that had been loaded with
MSCs. Numerous fractures, which became more pronounced with time, developed in the implants
that had not been loaded with cells. Significantly more bone was found in the pores of the im-
plants loaded with MSCs than in the cell-free implants. In addition, a large collar of bone formed
around the implants that had been loaded with cells; this collar became integrated and contigu-
ous with callus that formed in the region of the periosteum of the host bone. The collar of bone
was remodeled during the study, ultimately resulting in a size and shape that were comparable with
the segment of bone that had been resected. Osseous callus did not develop around the cortex of
the host bone or around the implant in any of the specimens in the control groups.

Culture expanded human MSCs also have been shown to effect bone repair in a segmental
gap defect model (Bruder et al. 1998c). Human MSCs were loaded onto ceramic cylinders simi-
lar to those described above, and used to repair an identical femoral defect created in athymic rats.
Because these rats lack T lymphocytes, transplantation of xenogeneic material does not lead to graft
rejection. Like the studies using syngeneic rat MSCs, substantially more bone was found in de-
fects that received cylinders loaded with human MSCs than in those that received cell-free im-
plants. With the MSC-loaded implants, complete union between bone and implant was achieved
at 12 weeks. Before that time, there was an increasing amount of bone formed between the 4- and
8-week evaluation points. Biomechanical testing confirmed that femurs implanted with MSC-
loaded ceramics were significantly stronger than those that received cell-free ceramics (Fig. 48.7D).
Measurement of stiffness and torque showed increases of 245 and 212%, respectively, in the MSC-
loaded samples compared with the cell-free carrier samples. These studies show that human and
rat MSCs are capable of healing a clinically significant bone defect in a well-established model of
bone repair.

The three studies described above show the success of using mesenchymal stem cells to re-
generate bone in segmental defects. Using rat, canine, or human mesenchymal stem cells, bone fill
ranged from 40 to 47% of available space, a value not likely to be exceeded given the nature of the
scaffold and the requirement for vasculature and associated soft tissue (Kadiyala et al., 1997a; Brud-
er et al., 1998b,c). The cellular doses required to effect bone repair were constant across species,
and the process of bone repair remained the same. The ability of the therapeutic approach to scale
up in a predictable manner increases one’s confidence that MSC-based therapies for bone repair
will be effective in the treatment of human disease.

These studies indicate that culture-expanded MSCs can be presented in sufficient numbers
in a supportive delivery vehicle to provide bony regeneration of a large, osteoperiosteal femoral de-
fect in both small and large animals. Figure 48.8 depicts how this experience may potentially be
used to construct an autologous cell–matrix composite for excision repair of femoral gaps and oth-
er osseous defects in humans. In the case pictured, we suggest that the use of an external fixator
could allow load bearing by the patient shortly after implantation. If the fixator could be con-
structed to transfer partial load incrementally to the implant, the fixator could be sequentially off-
loaded so that more and more load can be gradually transferred to the implant. As the MSCs dif-
ferentiate into osteoblasts and fabricate bone onto the walls of the porous implant, the incremental
loading would serve to orient the new bone and stimulate its acquisition of mechanical integrity.
Eventually, the implant would carry 100% of the load and the external fixator could be removed
so that no metal devices would remain. The delivery vehicle would be naturally replaced as osteo-
clasts resorb its matrix and osteoblasts replace it with new, host-derived bone as governed by the
natural turnover sequence. The selection of appropriate biomaterials and configurations for each
formulation will depend on the anatomic site for regeneration, the mechanical loads present at the
site, and the desired rate of incorporation.
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It may also be possible to use allogeneic MSCs for these massive osseous repairs. In this case,
the immunoreactive groups on the MSCs would need to be muted or inactive. The availability of
allogeneic cell therapy, or universal donor cells, would provide easy access for trauma-related skele-
tal reconstruction or for gene therapy, as discussed below. In addition, we would propose that such
allogeneic cells could be incubated in osteogenic supplement prior to implantation to cause them
to all enter the osteogenic pathway. These osteogenic or jump-started cells could be loaded into
the delivery vehicle, thereby accelerating the bone formation. In addition, the allo-MSCs would
all become either osteocytes or would expire as osteoblasts. This accelerated bone formation would
attract host-derived osteogenic cells to the repair site and the bulk of the repair bone would then
become of host origin. Eventually, when the repair bone turned over, the allogeneic osteocyte-con-
taining bone would be replaced by host bone, and immunosuppression therapy, if used, could be
discontinued.

MSCs AND GENE THERAPY
Figure 48.9 shows the hypothetical treatment of a patient with a genetic defect such as os-

teogenesis imperfecta. MSCs would be obtained from the patient, and, as they are mitotically ex-
panded in culture, they could be transduced/transfected with a retrovirus containing the gene for
normal type I collagen with its appropriate promoters. Such transfections have already been shown
to allow the insertion of a selectable gene (neo) and a reporter gene (bacterial �-galactosidase) into
human MSCs, without loss of the in vivo osteogenic potential of these transduced cells, as shown
in Fig. 48.5 (Allay et al., 1993, 1997). In order to effect efficient repopulation of the marrow by
MSCs, the marrow must be injured. Hematopoietic progenitors could be obtained by current
apheresis techniques (Brugger et al., 1995) and the patient could then be given chemotherapy 
or radiation to compromise the bone marrow, followed by a transplantation of autologous
hematopoietic progenitors to which the culture-expanded MSCs have been added. These cells
would home to the bone marrow, reestablish themselves (Pereira et al., 1995), and thus provide
mesenchymal progenitors with the inserted normal type I collagen gene. As osteoblasts naturally
and normally expire, the new osteoblasts would arise from transduced MSCs and would, hence,
be “normal” relative to the synthesis of type I collagen and osteoid. This strategy depends on the
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Fig. 48.8. Bone regeneration paradigm. MSCs are isolated from bone marrow and expanded in
number in culture. When sufficient cells are available, they are loaded into an appropriate deliv-
ery vehicle and surgically inserted into the site requiring bone augmentation. In the case of seg-
mental defect repair, an external fixator can be applied to initially carry all of the load by a device
capable of the stepwise transfer of partial load to the implant. As bone forms in the implant, the
load on the implant is sequentially increased to assist in orienting and stimulating bone formation.
Eventually, 100% of the load is carried across the regenerated bone, at which time the external
fixator is removed. In other clinical settings, fixation may not be necessary, or may take the form
of simple casting.



normal local cueing and the control of osteogenesis in the recovering and growing young patient.
As long as the appropriate genetic control elements for type I collagen are present and the insert-
ed gene does not interfere with other genes, this MSC transduction could, in principle, provide a
molecularly engineered treatment for incurable bone diseases such as osteogenesis imperfecta. As
previously stated, allogeneic bone marrow transplantation from normal donors could, likewise, ac-
complish this aim, as has already been reported (Horwitz et al., 1999).

PREVENTION OF AGE-RELATED BONE LOSS
Studies indicate that estrogen deficiency, which is involved in osteoporosis, leads to a diminu-

tion in the number of osteoprogenitors by virtue of their decreased proliferative potential (Tabuchi
et al., 1986). Similarly, the bone loss that occurs as a function of aging is likely due to the decrease
in the number of resident MSCs. In view of this, early replenishment of the osteoprogenitor cell
supply could serve to prevent, or even reverse, the bone loss associated with aging and osteoporo-
sis. With this in mind, we have developed techniques and conditions for extensive subcultivation,
without lineage progression, of human MSCs (Haynesworth et al., 1992a,b; Lennon et al., 1996).
We have also shown that these cells can be cryopreserved and subsequently thawed for later use,
with no loss in osteogenic potential (Bruder and Jaiswal, 1996; Bruder et al., 1997b). Although it
is advantageous to be able to increase dramatically the number of stemlike cells ex vivo for some
clinical conditions, it may be desirable in other scenarios to stimulate osteogenic commitment and
differentiation in vitro prior to reimplantation. This latter treatment could serve to hasten the in
vivo lineage progression and thereby lead to more rapid and consistent bone formation. In the case
of osteoporosis, however, providing culture-expanded autologous MSCs to the patient through an
intravenous (Lazarus et al., 1995) or intramedullary route should lead to a renewed source of en-
dogenous MSCs. In this case, in vitro induction of osteogenesis would be undesirable, because the
commitment of these cells would not allow their self-perpetuation as MSCs following reimplan-
tation or infusion into the host. By repopulating the marrow reservoir with a “youthful” cache of
undifferentiated mesenchymal progenitor cells, it should be possible for the body to recruit these
cells into and maintain the normal bone remodeling cycle. Preliminary experiments from our lab-
oratories, employing a standardized rat ovariectomy model, indicate that bone loss can be pre-
vented via the systemic administration of syngeneic MSCs in rats (Fig. 48.10). Such a renewed
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Fig. 48.9. Autologous gene therapy. MSCs are obtained from bone marrow and, as they prolifer-
ate in culture, a retrovirus or other vector is used to insert Gene A into the MSCs. The patient is
exposed to radiation or chemotherapy to injure the marrow and to decrease the body pool of
MSCs. Both autologous hematopoietic progenitors and MSCs are introduced intravenously, and
they home to the bone marrow. Thereafter, as differentiated mesenchymal cells expire, they are
replaced by newly differentiated mesenchymal cells, which originate from the MSC pool. These
genetically altered MSCs will thus provide genetically altered progenies, which give rise to “nor-
mal” differentiated cells that express Gene A. Alternately, allogeneic MSCs with allogeneic
hemapoietic progenitors, or allogeneic whole marrow, can be used to introduce genetically nor-
mal MSCs, as has been reported for OI patients (Horwitz et al., 1999).



source of endogenous MSCs would also provide the cellular building blocks for the needs of oth-
er mesenchymal tissues. The utility of this self-cell therapy is that, because of our ability to ma-
nipulate these cells ex vivo, patients can indefinitely store their cryopreserved MSCs following a
single harvest and then receive multiple bone-maintenance doses at appropriate intervals there-
after. Finally, we hope to engineer these same cell populations molecularly in vivo by providing the
critical cues that instruct these cells first to divide, to travel to the proper sites, and to then form
bone.

CONCLUSION
The key to successful repair/regeneration of bone is to provide the repair site with sufficient

osteogenic progenitor cells in a suitable delivery vehicle to ensure osteoblastic differentiation and
optimal biosynthetic activity of bone matrix and growth and differentiation factors. Exclusion of
interfering tissues, promotion of rapid vascular penetrance, and provision of appropriate mechan-
ical and other instructional cues must be engineered. As we gain more information about the iden-
tity and reactivity of all of the cueing factors, it may be possible to orchestrate massive bone 
regeneration by clever combinations of delivery vehicles and such instructional agents. The man-
agement of MSCs, both in situ and ex vivo, will be crucial to the success of such tissue engineer-
ing. It may be that in older patients, whose MSC titers are decreasing with age, it will not be pos-
sible to accomplish these feats of local tissue engineering without first increasing the reservoir of
available progenitor cells in situ. To this end, the in vitro expansion and manipulation of human
MSCs for self-cell therapy are now being perfected and may become the therapy of choice in the
future. The twenty-first century holds the promise of tissue regeneration protocols that we can
now only dream about.
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Articular Cartilage Injury
John M. McPherson and Ross Tubo

INTRODUCTION

The fact that articular cartilage has little or no capacity for effective repair following traumatic
injury has been recognized by clinicians for more than 250 years (Hunter, 1743). Even today

the natural history of the progression of joint degeneration following injury is not completely un-
derstood, but it is clear that injury to articular cartilage often leads to symptomatic pain and even-
tually to osteoarthritis (Dandy, 1991; Johnson, 1986b; Johnson-Nurse and Dandy, 1985). It ap-
pears that degeneration of articular cartilage following injury may be a consequence of an
imbalance in the normally slow remodeling and maintenance processes provided by chondrocytes,
which are imbedded in the dense extracellular matrix of the articular surface. The mechanisms re-
sponsible for tilting the balance of remodeling in favor of degradation, versus synthesis, are not
understood, but may in part reflect local changes in biomechanical loading of chondrocytes fol-
lowing injury that profoundly influence cell metabolism.

It has been postulated that articular cartilage has a limited capacity for repair due to a limit-
ed supply of cells in the vicinity of the wound to mediate the repair process (for review, see Gillo-
gly et al., 1998). Unlike skin, for example, in which both vasculature and adjacent tissues provide
cells for mediating the wound healing process, articular cartilage contains no vascular supply. In
addition, articular chondrocytes, which are normally involved in articular cartilage synthesis and
maintenance, are encased in a dense extracellular matrix that limits their mobility and their abili-
ty to contribute to the wound healing process. Synovial cells are present in synovial fluid, but ap-
parently their numbers are too few or their biological properties are too limited to mediate ade-
quate repair of any but the most minute cartilage defects (Hunziker and Rosenberg, 1996).

Numerous surgical procedures have been developed during the past 30 years in an effort to
deal with the problem of cartilage injury, particularly following the advent of arthroscopic surgery.
The most conventional approach to cartilage injury is debridement and lavage (Baumgaertner et
al., 1990; Bert and Maschka, 1989; Dandy, 1991; Rand, 1991; Timoney et al., 1990). The pri-
mary objective of this procedure is to improve the contour of the cartilage defect by shaving the
edges of the lesion and removing the cartilage debris generated either by the original injury or the
debridement procedure. In general, clinical reports in the literature suggest that debridement and
lavage provide immediate short-term relief of the symptoms in the majority of patients with small
cartilage defects. The efficacy provided by the procedure fades with time, particularly in defects of
greater than 1 cm2, and many patients exhibit evidence of osteoarthritis, as judged by joint space
narrowing.

Defects treated with debridement and lavage usually remain devoid of repair tissue unless the
subchondral plate is penetrated during the debridement procedure. Based on this observation, sur-
geons developed several methods to penetrate the subchondral tissue (Fig. 49.1) with the objec-
tive of enabling mesenchymal cells from the bone marrow to migrate into the wound site and me-
diate the repair process. Abrasion arthroplasty involves the use of an arthroscopic burring device
to remove tissue in the base of the wound to the level of subchondral bone (Bert and Maschka,
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1989; Friedman et al., 1984; Johnson, 1986a,b; Kim et al., 1991). As with debridement and lavage,
short-term results (i.e., less than 3 years) with this procedure appeared to provide satisfactory re-
sults in the majority of patients evaluated. Results were generally considered to be disappointing
at time points in the time frame of 3 to 5 years, with only approximately 50% of the patients re-
porting satisfactory results. Alternative strategies for providing bone marrow-derived cells to the
defect site have included microfracture and drilling (Buckwalter and Lohmander, 1994; Rodrigo
et al., 1994). Microfracture involves use of an awllike device to poke holes through the subchon-
dral plate, and drilling involves arthroscopic drilling of holes through the subchondral plate. Both
procedures provide access of blood and marrow-derived cells to the defect site. The clinical results
using these procedures have reportedly been similar to those observed with abrasion arthroplasty,
i.e., short-term efficacy but limited long-term utility (Gillogly et al., 1998).

It is generally accepted that procedures that result in penetration of the subchondral plate lead
to the formation of fibrocartilage. Fibrocartilage is composed primarily of type I collagen and pro-
teoglycans such as versican, which are characteristic of mesenchymal tissues such as dermis. The
extracellular matrix composition and organization of fibrocartilage provide significantly lower bio-
mechanical compressive strength as compared to hyaline cartilage. The formation of fibrocartilage
in articular defects following subchondral plate penetration is somewhat analogous to the forma-
tion of scar in skin following cutaneous injury. The main difference is that although the reduced
biomechanical strength of scars in skin rarely leads to wound dehiscence, the reduced biome-
chanical properties of fibrocartilage in articular defects in most patients ultimately lead to failure
of the repair tissue and degeneration of the surrounding tissue in the pathological process of os-
teoarthritis.

Articular cartilage, on the other hand, is normally composed of hyaline cartilage. Hyaline car-
tilage is composed of a complex organization of type II collagen and other minor collagens in com-
bination with hyaluronic acid and a cartilage-specific proteoglycan termed aggrecan. Some of the
differences in extracellular matrix composition between hyaline cartilage and fibrocartilage are
summarized in Table 49.1. The hyaline cartilage-specific extracellular matrix molecules convey the
capacity to withstand significant compressive forces without displaying significant deformation.
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Table 49.1. Biochemical comparison of hyaline cartilage 
and fibrocartilagea

Hyaline cartilage Fibrocartilage

Type II collagen Type I collagen
Type VI collagen Proteoglycans
Type IX collagen Hyaluronic acid
Aggrecan Link protein
Hyaluronic acid
Link protein
COMP protein

aKey biochemical components that are useful for distinguishing hyaline artic-
ular cartilage from fibrocartilage. The specific biochemistry and organization
of extracellular matrix molecules in these two types of cartilage dictate the ca-
pacity of the tissues to resist stress.

Fig. 49.1. Conventional surgical
procedures utilized to treat dam-
aged hyaline articular cartilage.



Hyaline cartilage also provides a very low frictional surface to accommodate joint movement. The
physical properties of hyaline cartilage are a direct result of its extracellular matrix composition
and organization.

Surgeons have developed alternative strategies to subchondral plate penetration in an effort
to deliver a more appropriate “hyaline” cell type to articular cartilage defects, and thus to achieve
more durable results. For example, autologous perichondrial grafts from the rib have been used to
treat full-thickness articular defects in the knee (Homminga et al., 1990). Perichondrial grafts were
cut to fit the defects and were immobilized with fibrin glue in the defect site. By 1 year following
transplantation, 18 of 25 patients exhibited excellent functional recovery, and arthroscopic assess-
ment indicated that the defects were completely filled with cartilage-like tissue in 90% of the de-
fects. Unfortunately, long-term follow-up (up to 8 years) with these and other patients revealed
that approximately 60% of the patients experienced treatment failure, which in many cases was a
consequence of endochondral ossification and graft delamination (Gillogly et al., 1998).

O’Driscoll has utilized autologous periosteal tissue in full-thickness articular defects in an ef-
fort to achieve a more durable repair tissue (O’Driscoll et al., 1986). This procedure involved de-
bridement of the defect to a bleeding bed followed by suturing the periosteum to the base of the
defect, with the cambium layer facing toward the joint space. Follow-up analysis of 15 patients re-
portedly treated with this procedure revealed that 9 patients experienced satisfactory results and 6
experienced graft failure within a few years. Other investigators that have utilized periosteal grafts
have reported similar results in that their clinical case studies (Angermann, 1994; Hoikka et al.,
1990; Rubak et al., 1982). These results have indicated lack of durability of the repair tissue in
most patients and the available biopsy data have indicated that the repair tissue in the defect sites
was not hyaline-like cartilage.

Another surgical approach to cartilage injury is osteochondral grafting. This approach in-
volves the replacement of the entire bone and cartilage structure of the femoral condyle with size-
matched human cadaver tissue (McDermott et al., 1984). The reported clinical success observed
using this procedure for repairing osteochondral defects, coupled with the lack of adequate donor
tissue, has led to the development of an alternative approach for repair of small cartilage defects
involving the use of autologous cylindrical plugs of hyaline cartilage and underlying bone. These
plugs are harvested from a minor weight-bearing area of the intercondylar notch or the anterior
superior lateral femoral condyle and are press-fitted into matching holes that have been introduced
in defects in the femoral condyle (Bobic, 1996; Matsusue et al., 1993). Preliminary results from
patients treated with this procedure suggest that it may be useful for the treatment of small artic-
ular defects of less than 2 cm2. However, no long term data are available from patients that have
been treated using this procedure, and concern has been expressed regarding the durability of the
repair tissue as well as the ultimate fate of the harvest sites.

AUTOLOGOUS CHONDROCYTE TRANSPLANTATION
Given the generally disappointing intermediate to long-term results obtained with the vari-

ous surgical procedures outlined above for the treatment of full-thickness articular defects, inves-
tigators explored alternative strategies to mediate a more durable repair. Because recruitment of
cells from bone marrow was observed to induce formation of fibrocartilage, and transplantation
of tissues such as perichondrium or periosteum to cartilaginous defects often led to ossification, it
was concluded that perhaps a more productive strategy was to isolate and utilize autologous artic-
ular chondrocytes to mediate the repair process. This strategy was particularly appealing because
articular chondrocytes were the cell type normally involved in the production and maintenance of
hyaline cartilage on the articular surface.

Pioneering work by Benya and Shaffer (1982) had demonstrated that it was feasible to isolate
rabbit chondrocytes from articular cartilage and propagate them in vitro. The work of these in-
vestigators had demonstrated that once articular chondrocytes were enzymatically released from
hyaline cartilage and cultured on tissue culture plastic, they exhibited a profound change in their
phenotype, exhibited by development of a fibroblastic morphology and a switch in production
from type II collagen to type I collagen. Importantly, it was demonstrated that once the propa-
gated chondrocytes were released from the tissue culture plastic surface and placed in suspension
culture, they went through a process of “redifferentiation” as judged by reexpression of type II col-
lagen and chondroitin sulfate proteoglycans.
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Based on these observations it seemed feasible that isolation of chondrocytes from a small
biopsy sample of articular cartilage, followed by enzymatic isolation, propagation of the cells, and
ultimate reintroduction of the propagated cells into an articular defect, may provide a means to
repair the defect with “hyaline-like” cartilage, rather than the fibrocartilage that was observed when
cells recruited from bone marrow had been used to mediate the repair process. It seemed likely
that if it were possible to produce hyaline-like cartilage in an articular defect, then the quality and
durability of the repair tissue would be superior to that provided by fibrocartilage.

It is worth noting that the concept of autologous cell-based therapy for treatment of serious
tissue injury was initially developed and reduced to practice by Rheinwald and Green (1975;
Compton et al., 1993; Green et al., 1979). These investigators developed methods to isolate ker-
atinocytes from small skin biopsies, propagate the cells to form epidermal grafts, and then use these
grafts to provide permanent skin replacement for severe burn victims. This technology was com-
mercialized in 1989 and has been successfully utilized by many surgeons for treatment of cata-
strophic burn victims.

Armed with this information investigators initiated experiments to test the possibility of us-
ing propagated articular chondrocytes for treatment of articular defects in animal models of artic-
ular cartilage injury. Grande et al. (1989) evaluated the utility of autologous chondrocyte trans-
plantation in a rabbit model of articular cartilage injury. A 3-mm-diameter chondral defect was
introduced in the right and left patellas of the animals, chondrocytes were isolated from the cylin-
drical plugs of cartilage removed from the defect site, and cells were enzymatically released from
the harvested tissue and propagated in tissue culture. Between 2 and 3 weeks following the first
surgery, a second surgery was performed to introduce the propagated chondrocytes into the defect
site of the right knee. The patella of the left knee served as the control in these experiments. A pe-
riosteal patch (cambium layer side toward the defect) was sutured in place over the defects in both
knees and approximately 1 � 106 cells were introduced underneath the patch of the right knee.
Six weeks following implantation, the animals were sacrificed and their joints and defect sites were
evaluated grossly and histologically. The results of this study revealed that grafted sites had marked-
ly less synovitis and other degenerative changes as compared to control sites. Histologic evaluation
of control sites indicated that there was an average of 18% fill of the control defects with repair
tissue as compared to an average of 82% fill of the defects in cell-grafted sites. It was concluded,
based on histologic evaluation, that the repair tissue in the cell-grafted defects was very similar to
the hyaline cartilage present in surrounding nonwounded articular cartilage. Results of other ex-
periments using propagated chondrocytes that had been radiolabeled with tritiated thymidine pro-
vided evidence that the implanted cells were incorporated into the repair tissue and were con-
tributing to the repair process.

During the same period of time that Grande et al. were studying autologous chondrocyte im-
plantation in rabbits, Wakitani et al. (1989) evaluated the use of allogeneic articular chondrocyte
transplantation for treatment of articular cartilage defects in the patellar groove of the right femur
of rabbits. These studies were different from those of Grande et al. not only in the use of allogeneic
versus autologous cells but also by the fact that the allogeneic cells were not propagated and were
delivered in a collagen gel versus a cell suspension underneath a periosteal patch. Despite these dif-
ferences, the results of these studies indicated that defect sites implanted with cells exhibited dra-
matically improved healing as compared to untreated defects or defects treated with the collagen
gel alone. Histologic evaluation of cell implant sites indicated that the repair tissue was composed
of hyaline cartilage.

Based on these promising results Brittberg et al. initiated clinical evaluation of autologous
chondrocyte implantation in human patients using the basic procedure described by Grande et al.
(Fig. 49.2). The results of the first 16 patients treated with this therapy in femoral condyle defects
and followed for 16–66 months are summarized in Table 49.2 (Brittberg et al., 1994). The data
indicated that two years after treatment, 14 of 16 patients of these patients experienced good to
excellent clinical results. Clinical results for patients with patellar transplants were less impressive,
with only 2 of 7 patients experiencing excellent results. Biopsy specimens were obtained for 15 of
the 16 patients with femoral condyle transplants. Histologic evaluation of these biopsy specimens
indicated that the majority (11 of 15) contained hyaline-like cartilage (Fig. 49.3). Immunohisto-
chemical analysis of 5 biopsy specimens with hyaline-like cartilage provided evidence of type II
collagen staining.
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COMMERCIALIZATION OF AUTOLOGOUS 
CHONDROCYTE IMPLANTATION

The preclinical and clinical results outlined above for autologous chondrocyte implantation,
along with clear evidence of an unmet medical need in the area of clinical management of articu-
lar cartilage injury, stimulated interest in providing this treatment on a commercial basis, as had
been done previously for autologous keratinocyte transplantation for severe burn victims. Con-
version of the methods initially utilized by Brittberg et al. to a commercially feasible process pre-
sented many technical and quality control challenges. As noted above, autologous chondrocyte
implantation relies on the use of cultured cells, initially isolated from a minor weight-bearing sur-
face of the femoral condyle; the cells are expanded in vitro, and finally administered to the clini-
cally relevant site for action. Because the biosynthetic profile of cultured animal chondrocytes was
shown to be altered during proliferative expansion in vitro (Benya and Shaffer, 1982), an evalua-
tion of the ability of propagated human chondrocytes subsequently to reexpress the appropriate
cellular phenotype consistent with differentiated articular cartilage, as had been demonstrated for
rabbit chondrocytes, was required to ensure the delivery of a functional and reproducible product.

Transcriptional analyses of human chondrocytes propagated on tissue culture plastic revealed
that they underwent the reversible “dedifferentiation” process, as had been observed for other
mammalian species, with reduction in expression of type II collagen and aggrecan and an up-reg-
ulation of type I collagen (Binette et al., 1998). Release of the human chondrocytes from tissue
culture plastic and subsequent culture in suspension culture resulted in a reexpression of type II
collagen and aggrecan, but importantly showed no evidence of expression of type X collagen, a
marker of chondrocyte hypertrophy and ossification (Fig. 49.4). The results of these experiments
provided evidence that human chondrocytes, like the chondrocytes of other animal species, pos-
sessed the inherent capability to reexpress an articular cartilage phenotype following cellular prop-
agation. This type of assay provided a useful means to assess the effects of various process changes
on the capacity of cells to redifferentiate. For example, cultured autologous human articular chon-
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Fig. 49.2. Flow diagram for articular chondrocyte harvest and implantation, as performed in the
treatment of deep cartilage defects in the knee with autologous chondrocyte implantation. From
Brittberg et al. (1994). Copyright © 1994 Massachusetts Medical Society. All rights reserved.



drocytes for clinical use were first propagated in culture medium composed of Ham’s F-12 medi-
um supplemented with 15% (v/v) autologous serum (Brittberg et al., 1994). Cells from each pa-
tient were cultured in medium supplemented with their own serum. The use of autologous hu-
man serum for propagation of chondrocytes was judged to be technically and economically
infeasible. Therefore, the redifferentiation potential of adult articular chondrocytes cultured in
donor-matched autologous human serum (Brittberg et al., 1994) or a single lot of commercially

702 McPherson and Tubo

Table 49.2. Femoral condylar defects in 16 patients treated with transplanted condrocytesa

Duration of Size of Duration of
Patient Age (years)/ symptoms defect Microscopic Histologic Biopsy follow-up Clinical
No. sex (years) (cm2) appearance appearance (M.A.)b (M.A.)b gradec

1 27/M 3 1.6 Not BA FH 16 16 Poor (2nd operation)
2 24/M 3 2.0 BA, CW FH 14 48 Good
3 22/M 2 3.0 Not BA, CW FH 12, 36 36 Poor (2nd operation)
4 48/M 3 2.0 BA, CW FH 12, 24 48 Good
5 14/F 2 3.0 BA HL 12, 46 46 Good
6 25/F 1 1.6 BA HL 12 55 Excellent
7 40/M 3 2.2 BA HL 22 59 Excellent
8 46/M 2 2.0 BA HL 16 48 Good
9 22/F 3 4.0 BA HL 12, 46 46 Excellent
10 26/M 3 2.4 BA HL 12 36 Excellent
11 27/M 4 2.5 BA HL 12 54 Good
12 27/F 2 2.0 BA No biopsy — 36 Good
13 23/M 6 5.0 BA HL 17 24 Good
14 18/M 6 4.4 BA HL 12, 32 32 Good
15 32/F 3 4.5 BA HL 12 27 Excellent
16 19/M 2 4.0 BA HL 12, 36 36 Excellent

aPatients 3 and 11 had injuries of the lateral femoral condyle, and all other patients had injuries of the medial femoral condyle. The follow-up peri-
od for patients 1 and 3 ended at the time of the second operation. Abbreviations: BA, biologically acceptable; FH, fibrous hyaline cartilage; CW,
central wear; HL, hyaline-like cartilage.
bM.A., Number of months after transplantation.
cNote the correlation of clinical grade with the histologic appearance of repair tissue observed in patients treated with autologous chondrocyte im-
plantation.

Fig. 49.3. Histologic section from
a biopsy of cartilage repair tissue
36 months after treatment of an
articular cartilage defect on the
femoral condyle with autologous
chondrocyte implantation. From
Brittberg et al. (1994). Copyright
© 1994 Massachusetts Medical
Society. All rights reserved.



available bovine serum [Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10%
(v/v) bovine serum] (Aulthouse et al., 1989; Binette et al., 1998; Bonaventure et al., 1994) was
compared. The study revealed that redifferentiation potential, or chondrocyte function, was more
consistent in medium supplemented with the single lot of fetal bovine serum (FBS) (Fig. 49.5).
The inconsistent maintenance of articular chondrocyte redifferentiation potential using matched
donor sera was the likely consequence of varying levels of growth and differentiation factors ob-
served in different lots of serum (Freshney, 1994; Yaeger et al., 1997).

Subsequent studies using numerous strains of human chondrocytes propagated with media
supplemented with 10% bovine serum revealed that the age of the individual from which the chon-
drocytes were isolated had a very modest effect on their potential to redifferentiate (Fig. 49.6).
Likewise, it was observed that the number of population doublings expended prior to implanta-
tion was unaffected by age (Fig. 49.7). Because chondrocytes for implantation are routinely pas-
saged an average of 8 population doublings prior to clinical use, it is worth noting that chondro-
cytes retain their ability to redifferentiate until just before cell senescence, at about 35–50
population doublings.

Priot to commercialization of autologous chondrocyte implantation, additional animal stud-
ies were performed in an effort to better understand and document the process of articular carti-
lage repair that was mediated by this cell-based therapy. Experiments in dogs revealed that redif-
ferentiation of autologous articular chondrocytes was observed within 6 weeks of implantation
into 4-mm cartilage defects created in the femoral condyle or trochlear groove in the stifle joint of
the animals (Shortkroff et al., 1996). A chondrocyte nesting phenomenon was observed, where
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Fig. 49.4. Collagen types I, II, IX, and X gene expression during adult articular chondro-
cyte redifferentiation in long-term suspension culture. RNA isolated from human articular
chondrocytes growing in a proliferative monolayer or in an alginate suspension was sub-
jected to RNase protection assay using antisense RNA probes for types I, II, IX, and X col-
lagen. From Binette et al. (1998).

Fig. 49.5. Comparison of chondrocyte culture in autologous hu-
man serum vs. bovine serum. Effect of serum source on the ability
of human articular chondrocytes to redifferentiate following prolif-
erative expansion in monolayer. Human articular chondrocytes
were cultured in culture medium supplemented with fetal bovine
serum or donor-matched autologous human serum. Rediffer-
entiation of chondrocytes was assessed by counting colonies in
agarose suspension culture, as described by Benya and Shaffer
(1982).



clusters of implanted chondrocytes in lacunae were located within type II collagen-positive matrix
(Fig. 49.8). Chondrocytes having a fibroblastic morphology were observed in type I collagen-pos-
itive matrix. A transitional morphology was identified within the cartilage defect, whereby chon-
drocytic morphology was apparent in the depths of the defect and fibroblastic morphology was
present toward the articular surface. Untreated defects without periosteum or cells, and defects
treated with periosteum alone, exhibited cellular fill that was consistent with fibrocartilage.

At 6 months in the canine cartilage repair model, the tissue filling the cartilage defects was
hyaline-like, with articular chondrocytes in lacunae (Shortkroff et al., 1996). Columnar organiza-
tion of chondrocytes was observed in some histologic sections (Fig. 49.9). Although a general trend
toward more cartilage repair was observed at 6 months in the chondrocyte-implanted defects, the
results were complicated by variable levels of spontaneous cartilage repair in the absence of chon-
drocyte implantation. The positive trend, in terms of improved cartilage repair in cell grafted sites
as compared to controls, which was observed at 6 months, was no longer apparent at 12–18
months postimplantation (Breinan et al., 1998). This was a consequence of both spontaneous heal-
ing in some of the control sites (no periosteum or cells) and development of degenerative joint dis-
ease in both control and treatment sites in many of the animals at these latter time points. Despite
these limitations of the animal model, results of the study provided additional evidence for the
safety of the procedure and provided insights into the mechanisms of chondrocyte-mediated re-
pair in articular cartilage defects.

Autologous chondrocyte implantation was approved for treatment of articular cartilage de-
fects by the Center for Biologics Evaluation and Research of the Food and Drug Administration
in August, 1997, under provisions of accelerated approval guidelines. These regulations provide
for approval of biological products for serious or life-threatening illnesses based on surrogate end-
points that are likely to predict clinical benefit. Approval of products under these regulations gen-
erally requires additional postapproval clinical studies to confirm that the surrogate end points uti-
lized to provide the basis for approval of the product do indeed correlate with clinical outcomes.
Such studies are currently in progress with autologous chondrocyte implantation.
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Fig. 49.6. Impact of patient age
on the ability of human articular
chondrocytes to redifferentiate
in suspension culture following
proliferative expansion in mono-
layer. The colony-forming ability
of human articular chondrocytes
derived from the articular carti-
lage of 22 donors ranging in age
from 5 to 65 years was assessed
following monolayer culture into
the third passage (approximately
7–10 population doublings).

Fig. 49.7. The number of popu-
lation doublings expended by
human articular chondrocytes
prior to clinical use. The number
of population doublings was cal-
culated as log2 (number of cells
at subculture/number of cells
seeded).



In addition to these studies, a patient registry program was voluntarily initiated by Genzyme
Tissue Repair, the company responsible for commercializing autologous chondrocyte implanta-
tion (ACI). The registry consists of data collected at the cartilage harvest, cell implantation, and
periodic follow-up visits to the physician at 6, 12, and 24 months. All patients treated with ACI
have been included in the registry. When defects on the femoral condyles have been treated with
ACI, significant improvements in joint function and patient symptoms compared to base line have
been observed (�2 years of follow-up), with 86% of the patients recorded by themselves and their
clinician as improved (Browne et al., 1998; LaPrade and Swiontkowski, 1999).

In addition to these data, the initial positive results reported for femoral condyle defects by
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Fig. 49.8. Histologic section of
an articular cartilage defect
treated with cultured autologous
chondrocytes at 6 weeks,
stained for type II collagen. Au-
tologous articular chondrocytes
were implanted into 4-mm focal
defects in the articular cartilage
of adult dogs. Animals were sac-
rificed at 6 weeks and analyzed
by histology. Note the type II
collagen staining around the
nests of chondroid cells (arrow
pointing left) and in the calcified
cartilage layer (arrow pointing
down). Reprinted from Biomate-
rials, Vol. 17, No. 2. S. Short-
kroff, L. Barone, H. P. Hsu, C.
Wrenn, T. Gagne, T. Chi, H.
Breinan, T. Minas, C. B. Sledge,
R. Tubo, and M. Spector, pp.
147–154. Copyright 1996, with
permission from Elsevier Sci-
ence.

Fig. 49.9. Hyaline articular car-
tilage observed in a cartilage 
defect treated with cultured au-
tologous chondrocyte implanta-
tion at 6 months. Animals were
sacrificed at 6 months and histo-
logic sections were stained with
hematoxylin and eosin. Chon-
drocytes were observed in lacu-
nae structures with columnar or-
ganization. This is characteristic
of hyaline articular cartilage.



Brittberg et al. (1994) were further substantiated by a report on 219 patients at a 2- to 10-year 
follow-up visit (Peterson, 1998). Functional improvement was observed in 89% of cases with 
isolated femoral lesions. Moreover, histologic analysis of biopsies removed during second-look
arthroscopy revealed that 74% of patients had hyaline-like articular cartilage repair. Good clinical
outcome was correlated with hyaline-like repair tissue, supporting the hypothesis that biochem-
istry equals function in articular cartilage. The longevity of the ACI repair was also demonstrated,
in that, 30 of the 31 patients (96%) who initially had good or excellent results at 2 years of fol-
low-up maintained their good or excellent results at an average of 7.4 years postoperatively (Pe-
terson, 1998). Additional reports from orthopedic surgeons have provided independent evidence
that the procedure can be useful in the treatment of single large defects of up to 15 cm2, or mul-
tiple defects of the femoral condyles (Gillogly et al., 1998; Minas, 1998).

ALTERNATIVE STRATEGIES FOR THE DELIVERY 
OF CELL-BASED THERAPIES FOR CARTILAGE REPAIR

Despite the excellent clinical results with autologous chondrocyte implantation, opportuni-
ties for further improvement of this technology clearly exist. Patients who have been treated with
autologous chondrocyte implantation do not typically return to full physical activity until at least
1 year postsurgery. The invasive nature of the surgical procedure, an open arthrotomy, and the time
interval between chondrocyte implantation and production of a functional repair tissue have been
hypothesized to be responsible for the relatively long period of patient rehabilitation. As noted
above, the open arthrotomy, commonly known as an open-knee procedure, is required for the sur-
geon to suture the thin periosteal membrane directly to the margins of the cartilage defect. There-
fore, strategies that facilitate the arthroscopic administration of a cartilage repair construct and at
the same time accelerate the chondrocyte-mediated repair process are being investigated. The next-
generation cartilage repair construct will likely be either a preformed cartilage tissue or will be com-
posed of articular chondrocytes embedded within a biocompatible extracellular matrix supple-
mented with factors that positively impact chondrocyte growth and differentiation.

Articular chondrocyte viability and redifferentiation has been evaluated with several potential
carrier matrices, including agarose (Rahfoth et al., 1998), varying configurations of type I colla-
gen gels and sponges (Ben-Yishay et al., 1992; Frenkel et al., 1997; Grande et al., 1989, 1997; Qi
and Scully, 1997; Wakitani et al., 1989), type II collagen sponges (Nehrer et al., 1998), hyaluron-
ic acid derivatives (Solchaga et al., 1999), poly(lactic acid), and poly(glycolic acid) and their de-
rivatives (Freed et al., 1994; Grande et al., 1997; Vacanti et al., 1991), and fibrin (Itay et al., 1987;
Sims et al., 1998). The use of these materials to deliver articular chondrocytes to articular cartilage
defects has resulted in varying degrees of cartilage repair in small animal models (Ben-Yishay et al.,
1992; Grande et al., 1989; Itay et al., 1987; Wakitani et al., 1989). The results obtained in these
models were complicated by varying levels of spontaneous repair, presumably due to penetration
of the subchondral bone and the subsequent fibrocartilaginous response. However, the importance
of cells in the repair of cartilage defects was illustrated by the fact that defects treated with extra-
cellular matrix constructs containing cultured cells typically exhibited enhanced cartilage repair
over control matrices without cells.

In terms of accelerating cell-mediated tissue repair, articular chondrocytes respond to a num-
ber of growth factors that stimulate proliferation and differentiation, including insulin, insulin-
like growth factor I and II (IGF-I and IGF-II), and members of the TGF-� superfamily, includ-
ing some of the bone morphogenetic proteins (BMP2 and BMP4), basic fibroblast growth factor
(bFGF), and platelet-derived growth factor (PDGF) (Martin and Buckwalter, 1996). Moreover, a
positive impact on articular cartilage repair in vivo has been observed for several of these factors
when supplemented into an extracellular matrix delivery vehicle including insulin-like growth fac-
tor-I into fibrin matrices (Fortier et al., 1999), or members of the TGF-� superfamily into type I
collagen constructs (Hunziker and Rosenberg, 1996).

The paradigm for preformed cartilage tissue was set by osteochondral allografts. Osteochon-
dral allografts have been used successfully for the resurfacing or reconstruction of joints missing
large surface areas (Bentley, 1992; Nevo et al., 1991). These bone and cartilage grafts have been
shown to integrate very well with the existing bone and provide rapid clinical benefit. However,
the supply of such tissue is extremely limited. Methods have been developed for the generation of
a predifferentiated cartilage tissue in vitro (Kandel et al., 1995; Peel et al., 1998). The pre-differ-
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entiated cartilaginous implant can be produced in vitro by culturing articular chondrocytes on a
type II collagen-coated filter membrane, or on a thin membrane of small intestine submucosa
(Kandel et al., 1995, 1997; Peel et al., 1998). After 4–6 weeks in culture a cartilage tissue con-
struct characterized by the histologic hallmarks of hyaline articular cartilage is observed (Fig.
49.10). This hyaline-like cartilage persists when implanted into cartilage defects in vivo. Integra-
tion of the preformed cartilage implant with the cartilage surrounding of the defect is better than
that observed to subchondral bone.

CONCLUSIONS
Taken together, the preclinical and clinical data summarized above provide compelling evi-

dence that chondrocyte implantation can provide superior clinical results in the treatment of ar-
ticular cartilage defects as compared to alternative cell-based strategies that either generate fibro-
cartilage or ultimately lead to ossification at the repair site. Scientifically, the use of articular
chondrocytes to mediate repair of articular cartilage seems logical, just as it seems logical to use
keratinocytes to replace epidermis following massive cutaneous injury. Despite the promising re-
sults with autologous chondrocyte implantation, it is clear that significant opportunities for im-
provement of this procedure exist. As noted above, the current procedure is technically challeng-
ing and results in a lengthy rehabilitation process. Thus, it is likely that the next-generation
cell-based product to treat articular cartilage damage will be performed using minimally invasive
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Fig. 49.10. Histologic appearance of a cartilaginous
composite graft composed of articular chondrocytes
and small intestine submucosa following 8 weeks in
culture. (A) Cartilaginous tissue (C) on small intestine
submucosa (S) stained with toluidine blue. (B) A zone
of mineralization (arrows) is apparent in the lower area
of the cartilaginous tissue (C) when cultured under
conditions favoring bone formation. This may be help-
ful for integration with the subchondral bone in vivo.
From Peel et al. (1998).



procedures and will be configured in a manner that will significantly reduce the time to generate
functionally active tissue in the defect site. It is also clear that the ultimate product to treat artic-
ular cartilage injury will be characterized by its ability to be used in large-scale joint resurfacing
and will have the added ability to mediate the wound repair process in a manner to reverse the de-
generative processes of osteoarthritis. Although such a product seems a distant fantasy, given the
scientific progress that has been made in our understanding of cartilage maintenance and repair
during the past 20 years, such a dream may be closer than we think.
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INTRODUCTION

The need for human tissues and organs has increased over the past few years, mostly because of
population growth. The risks for transmission of contagious diseases have also imposed serious

restrictions to the availability of human transplants. Recent advances in tissue and organ engi-
neering have generated much interest among clinicians and patient sin various fields of medicine.
This modern approach has already shown successful results with human skin substitutes all over
the world.

This chapter is dedicated to ligament and tendon bioengineering. The technical approach de-
veloped to produce a human anterior cruciate ligament (ACL) substitute is described. This
methodology may eventually be adapted to produce other ligaments or tendons in culture. A bio-
engineered ACL (bACL) was developed by seeding human ligament fibroblasts in a hydrated col-
lagen matrix. Our bACL is anchored with two bones, because bone-to-bone insertion is reported
as the most secure method for ligament fixation. The ACL substitute is a good tool to study con-
nective tissue repair and the environmental and cellular factors that can affect collagen alignment
and cross-linking in vitro. It may also become a therapeutic alternative for torn ACL replacement.

The effects of cyclic stretching on the histologic features of the bACL are also described. Me-
chanical stimuli represent one of several concepts to explore in order to optimize bioengineered
tissues. Our findings may also be useful to readers involved in the fields of orthopedics and phys-
ical therapy. Histologic analyses of bACL cultured under cyclic traction revealed that fibroblasts
are surrounded by bundles of collagen fibers organized in a wavy pattern, comparable to histologic
features of native ACL. These results suggest that mechanical stimuli have an important impact
on the evolution of bioengineered tissue in vitro.

THE NEED FOR BIOENGINEERED TENDON 
AND LIGAMENT SUBSTITUTES

In the United States, at least 120,000 patients per year undergo tendon or ligament repairs
(Langer and Vacanti, 1993). So far, the therapeutic options to repair torn ligaments are tissue re-
construction using autograft or allograft, reparation alone or with augmentation, or replacement
using a synthetic prosthesis. Unfortunately, none of these surgical alternatives provides a long-term
adequate solution. Synthetic material implantation was a very popular surgical technique in the
1980s but it frequently led to implant degeneration and failure (Olson et al., 1988; Woods et al.,
1991). Allogeneic grafting of ligaments is still at an experimental stage and may lead to immuno-
logic reactions that prevent good healing of the wound (Jackson and Kurzweil, 1991; Sabiston et
al., 1990). For most of the approaches, particular attention has been given to the surgical proce-
dure for ligament fixation to the bones. This step would constitute a critical achievement toward
the permanent implantation of bioengineered ACL in vivo, as mentioned in the literature (Kurosa-
ka et al., 1987; Olson et al., 1988). Little is known about physiologic and pathologic events that
regulate the histologic organization of ACL in vivo.
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The recent advances in the domain of tendon and ligament bioengineering are summarized
below. Tissue bioengineering raises considerable interest in the fields of biology and medicine, no-
tably in orthopedics. Ligaments and tendons are frequently targets of sport and aging trauma.
Many clinical studies have strived to develop new therapeutic alternatives such as allografts (An-
drews et al., 1994; Arnoczky et al., 1982) and synthetic prostheses (Bessette and Hunter, 1990).
However, functional problems frequently arise, despite some progress, because ligaments and ten-
dons support large mechanical stresses in vivo.

Over the past few years, attempts have been made to discover new biocompatible materials
for ligament and tendon replacement. Collagen alone or with cells isolated from the tissue of ori-
gin has been used to produce bioengineered functional organs in vitro. The main ideas behind such
attempts were to first produce in vitro models of ligaments or tendons by tissue engineering, in or-
der to implant them permanently in vivo, where their histologic and functional properties could
be improved by local and systemic stimuli. Data reported from animal experimentations showed
that vascularization, cell migration, tissue remodeling, and extracellular matrix deposition oc-
curred in vivo in an acellular composite collagen prosthesis 12 weeks postgrafting (Dunn et al.,
1994). Several research groups are presently involved in the development of human bioengineered
tissues that would include living cells, to obtain models showing several histologic and functional
properties acquired under particular culture conditions prior to transplantation. Such models
could also be useful to study various aspects of tendons and ligaments, such as healing and tissue
remodeling in vitro.

HISTOLOGIC DESCRIPTION OF TENDONS 
AND LIGAMENTS

Tendons connect bones to muscles, and ligaments join one bone to another. The literature
used to describe the histologic structures of fascia, tendons, and ligaments is similar. They are dense
connective tissues consisting of fibroblasts surrounded by type I collagen bundles (Amiel et al.,
1984). This may explain why patellar tendon and tensor fascia have frequently been used to re-
place the torn anterior cruciate ligament of the knee joint (Arnoczky et al., 1982). The central
quadriceps tendon autograft is reported as one of the best alternatives for ACL reconstruction
(Arnoczky et al., 1982; Fulkerson and Langeland, 1995). However, some pain, loss of motion,
knee instability, and other problems can be associated with this approach (Tanzer and Lenczner,
1990; Tria et al., 1994; Vergis and Gillquist, 1995), according to each type of trauma and de-
pending on variables that are unique for each individual (Harner et al., 1994; Johnson et al., 1992;
Parker et al., 1994). The success of such grafts depends on the revascularization of the transplant-
ed tissues as they are progressively surrounded by a synovial membrane, rich in vessels (Arnoczky
et al., 1982). The tendon finally gains some ligament properties and the term “ligamentization”
was used by Amiel et al. (1986) to describe this physiologic phenomenon studied in in vivo post-
grafting.

Both ligaments and tendons consist mainly of closely packed and thick collagen fibers (pre-
dominantly type I with a small proportion of type II collagen) but also include small quantities of
glycosaminoglycans (dermatan sulfate and hyaluronic acid) (Watanabe et al., 1994). The compo-
sition of these biochemical constituents is modulated during tissue growth and development,
changing also in response to functional requirements (Watanabe et al., 1994).

Tendon collagen fibrillogenesis is initiated in early development by fibroblasts (Trelstad and
Hayashi, 1979). Fibrils are embedded in an organized, hydrated, proteoglycan matrix and cross-
linked through aldol or Schiff base adducts between aldehydes on one or more of the � chains of
the collagen molecules and aldehydes or amino groups on adjacent chains or molecules (Davison,
1989). Such cross-links contribute to the tensile strength of the fibrils (Davison, 1989) and thus
to the tensile properties of the whole tendon. The aldehyde-derived cross-links are found in two
forms; some are unstable in dilute acids and others are stable (Davison, 1989). The ratio of one
form to the other varies in different tissues, generally increasing with aging.

Data reported by Amiel et al. (1984) suggested that ligaments are more metabolically active
than tendons, having more plump cellular nuclei, higher DNA content, larger amounts of re-
ducible cross-links, and more type III collagen, as compared with tendons. They also contain
slightly less total collagen than do tendons and more glycosaminoglycans, particularly close to the
joint (Amiel et al., 1984). Extracellular matrix fibers in ligaments are also less regularly arranged

712 Goulet et al.



than in tendons (Puddu and Ippolito, 1983), although the fibers are oriented parallel to the lon-
gitudinal axis of both tissues (Amiel et al., 1984). For example, the anterior cruciate ligament, one
of the strongest tissues of the body, is composed of multiple fascicles, the basic unit of which is
type I collagen (Bessette and Hunter, 1990). The collagen fibrils are nonparallel, but are them-
selves arranged into fibers that are oriented roughly in the long axis of the ligament in a wavy, un-
dulating pattern (“crimp”), which slowly straightens out as small loads are applied to the ligament
(Bessette and Hunter, 1990). To give an example of the forces applied on such tissues in vivo, the
ACL usually supports loads of about 169 Newtons (38 lb), and ruptures around 1730 Newtons
(about 390 lb) (Bessette and Hunter, 1990). An elongation of only 6% (about 2 mm) of human
ACL (about 32 mm long) is reported to be the limit beyond which damage must be expected (Amis
and Dawkins, 1991). Thus, the main challenges associated with the production of bioengineered
tendons and ligaments are to obtain strong and functional tissues.

PRODUCTION OF BIOENGINEERED TENDONS
AND LIGAMENTS

Several approaches are proposed to produce bioengineered tissues in vitro. However, the de-
velopment of such technology always involves the use of biocompatible and, preferably, biodegrad-
able materials that (1) can provide mechanical resistance and (2) can be colonized and reorganized
by living cells in situ postgrafting. Some tendons and ligaments are at the top of the list in terms
of injury frequency and problems to repair, replace, or heal. In contrast with the medial collateral
ligament, anterior cruciate ligament regeneration is hampered in vivo (Lyon et al., 1991; Ross et
al., 1990). Certain anatomic factors may predispose people to ACL injury (Harner et al., 1994).
In the young and active population, reconstruction is often the best therapeutic option. Howev-
er, to overcome the drawbacks associated with ACL repair and healing, several efforts have been
put into the production of a bioengineered ACL model over the past decade.

In a composite material, the orientation and density of fibers in the matrix significantly affect
its mechanical properties. From a macroscopic point of view, the ACL can be considered as a com-
posite material in which the fibroblasts secrete collagen and elastin, which are organized into fibers.
Hence, it is not surprising to see that human ligaments have a very low degree of stiffness in trac-
tion, for small strains, because of the cross-linked organization of the fibers (Strocchi et al., 1992).

Collagen remains the basic protein of interest in the field of connective tissue bioengineering.
Dunn et al. (1992, 1993, 1994), a group actively involved in the production of ligament bio-
compatible prostheses, have reported successful replacement of the ACL by a cross-linked colla-
gen prosthesis implanted in rabbits. A similar approach was previously reported for the regenera-
tion of the Achilles tendon (Kato et al., 1991). Such a biodegradable prosthesis, prepared by the
alignment of 200 cross-linked collagen fibers and fixed by surgically created bone tunnels (2.8 mm
diameter) in situ, is produced using glutaraldehyde, dehydrothermal-cyanamide (DHTC), or car-
bodiimide as collagen cross-linking agents (Dunn et al., 1993, 1994; Kato et al., 1991). These col-
lagen fibers have high tensile strengths (30–60 MPa) and small diameters (20–60 mm) (Dunn et
al., 1994), similar to fibers of the normal ACL (Danylchuk et al., 1978). Rapid ingrowth (within
8 weeks) of fibrous tissue and bone was observed in the bone tunnels after implantation following
degradation of the composite collagen prosthesis (Dunn et al., 1994). Thus, Dunn’s group ACL
model seems to be one of the promising bioengineering alternatives for human ligament replace-
ment.

A NEW LIVING BIOENGINEERED LIGAMENT MODEL
A different approach for the production of a human ACL model in vitro was established in

our laboratory through bioengineering. This approach combines skills and concepts associated
with tissue culture and biomechanical principles. Such expertise has been successfully developed
in our laboratory for other human tissues, such as skin (Auger, 1988; Auger et al., 1993, 1995;
Bouvard et al., 1992; López Valle et al., 1992a,b; Rompré et al., 1990; Black et al., 1998), bronchi
(Goulet et al., 1996; Paquette et al., 1998), and blood vessels (L’Heureux et al., 1998). Our re-
search programs aim at producing bioengineered tissues that can serve both experimental and clin-
ical interests.

A new bioengineered ACL model was developed. The main differences between our bACL
and other ligament models (Bellows et al., 1982; Dunn et al., 1994) consist of the following ad-
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vantages: (1) Our bACL contains living ACL fibroblasts, which contract, synthesize, and initiate
remodeling and organization of the extracellular matrix in which they are initially seeded. (2) Our
bACL can be a very useful tool to study connective tissue repair in vitro because the cells can main-
tain their activities for at least 2 months in culture. (3) Our bACL is produced without chemical
cross-linking agents and synthetic materials. Such an approach eliminates risks of cytotoxicity and
the production of foreign molecules due to mechanical friction, which can occur in vivo in the case
of its eventual use as ligament prosthesis. (4) Our approach uses bones to anchor the bioengineered
tissue; these bones are included with the bACL structure, right from the start of its production, to
facilitate its eventual transplantation in vivo. Moreover, autologous bone fragments and ligament
fibroblasts can be used to produce bACLs for eventual ligament replacement in humans. Such a
possibility could greatly reduce the risks of immune reactions and infections, favoring permanent
graft integration posttransplantation.

Various research groups have shown that fibroblasts seeded in collagen gels can degrade and
reorganize the surrounding extracellular matrix and adopt a specific orientation in a contracted
collagen lattice as a function of culture conditions and time (Auger, 1988; Auger et al., 1993, 1995;
López Valle et al., 1992b; Rompré et al., 1990; Bell et al., 1979, 1981a,b; Delvoye et al., 1983;
Grinnell and Lamke, 1984; Guidry and Grinnell, 1985, 1986, 1987; Huang et al., 1993; Kasu-
gai et al., 1990). Several studies have also shown that mechanical stimuli of biological tissues can
produce ultrastructural and histologic content variations. For instance, it is well known that liga-
ment remodeling depends on the mechanical stress to which the ligament is subjected in vivo
(Amiel et al., 1984). Our experiences also confirmed such behavior with anchored dermal equiv-
alents in vitro (Grinnell and Lamke, 1984). The addition of an anchorage to dermal equivalents
resulted in cell and collagen alignment in the plane of geometric constraints induced by the an-
choring device. In addition, bACLs have collagen and cells aligned in a direction parallel to the
stress exerted. Finally, Huang et al. (1993) reported that the mechanical properties along with the
ultrastructure of ligament equivalents change in response to mechanical strengthening in vitro.
Similar observations were made following in vitro elongation studies on rabbit ACL (Matyas et al.,
1994).

Thus, a cyclic stretching machine (Fig. 50.1) was designed and produced to study the effect
of cyclic stretching on the mechanical and histologic properties of our bACL in vitro (Langelier et
al., 1999). The results described in this chapter strongly suggest that it is possible to modulate tis-
sue organization by dynamic mechanical stimuli in vitro. Such observations are promising for the
production of bioengineered tissues, the ACL in particular.

The first aim of our work was to establish methods for the isolation and culture of ACL fi-
broblasts to reconstruct in vitro a three-dimensional bACL, reproducing the elongated shape of
the tissue in vivo. Using this biotechnical approach to produce a cultured ligament, we have com-
pared the effects of continuous static and cyclic stretchings on the tissue organization. The tech-
nical steps leading to the production and analyses of bACLs are described below. This approach
could likely be adapted for the production of bioengineered tendons in vitro. Autologous bACLs
could eventually be used as ACL replacement prostheses in humans.
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Fig. 50.1. A side schematic view
of the sterile culture chamber of
the cyclic traction device. From
Langelier et al. (1999), with per-
mission.



TECHNICAL STEPS TO PRODUCE AND ANALYZE OUR bACL

Step 1: Human ACL Fibroblast Isolation and Culture
Human ACL biopsies are collected from patients (28–65 years old) during total knee surgery.

The biopsies were kept at 4�C for no longer than 3 hr before cell isolation. The human ACLs are
weighed and cut into small pieces after removal of the periligamentous tissue. The fragments are
digested with 0.125% collagenase, containing 2 mM CaCl2 (1 ml of enzymatic solution/mg of
tissue) for 20 hr under gentle agitation, at 37�C. A 0.1% trypsin solution (1 ml/mg of hydrated
tissue) is then added to the cellular suspension for 1 hr. The enzymes are dissolved in Dulbecco’s
modified Eagle’s medium (DMEM), pH 7.4, containing antibiotics. The human ligament fi-
broblasts (HLFs) isolated from the ACL are cultured in DMEM supplemented with 10% fetal calf
serum (FCS), 100 IU/ml penicillin G, and 25 mg/ml gentamicin. When HLF primary cultures
reach 85% confluence, the cells are detached from their culture flasks using 0.05% trypsin–0.01%
ethylenediaminetetraacetic acid (EDTA) solution (pH 7.8), for about 30 min at 37�C. HLF sus-
pensions are centrifuged twice at 200 g for 10 min. The cell pellets are resuspended in complete
culture medium and the cells are counted with a Coulter counter and a Multisizer analyzer. The
cellular viability is determined using the trypan blue exclusion method.

Several populations of HLFs were isolated and cultured from more than 20 patent biopsies.
HLFs appear morphologically slightly bigger and present a less fusiform shape than do dermal fi-
broblasts in culture. All cells maintain their morphology for more than seven passages in culture.
For bACL production, HLFs from passages 3 to 5 are used. Immunofluorescent labeling analysis
reveals that HFLs extracted from ACL biopsies express vimentin, fibronectin, types I and III col-
lagens, and elastin (Goulet et al., 1997a).

Step 2: Culture of bACL

Preparation of the bACL human bone anchors
Partially demineralized human bone pieces are cut into a cylindrical shape (average size, 1 cm

in diameter and 2 cm long). A transverse hole (0.125 inch in diameter) is made in each of them.
Two anchors are transferred in one sterile 15-ml plastic tube and kept in position by passing a hot
metal pin across the tube and through the holes previously made. A bone is fixed at the bottom
and another at the top of the tube. Then all the tubes containing the anchors are rinsed with 100%
ethanol, dried, and sterilized with ethylene oxide.

Production of the human bACL in vitro
A solution of DMEM, 2.7�, containing antibiotics is mixed with a second solution con-

taining heat-inactivated (30 min at 56�C) fetal calf serum (FCS), solubilized bovine type I colla-
gen, and living HLFs (passages 3 to 5). The cells are added at a final concentration of 1 � 106 cells
ml. This mixture is quickly poured into a sterile plastic tube containing the two bone anchors. Ac-
cording to our latest protocol, the final concentration of bovine type I collagen is always 1.5 mg/
ml in the bACL. All of the bACLs are cultured in DMEM supplemented with 10% FCS, 50 mg/
ml ascorbic acid, 100 IU/ml penicillin G, and 25 mg/ml gentamicin. They are maintained in a
static vertical position during the first 24 hr of culture.

Step 3: Culture Conditions of Various Groups of bACLs

Static tension
Half of the bACLs (total of at least six) are transferred into sterile culture chambers contain-

ing two fixed pins, which are passed through the holes made in the osseous anchors. The initial
static tension applied in the longitudinal axis of these bACLs is adjusted to the minimal level re-
quired to keep each tissue elongated to its full length for several weeks. Figure 50.2A shows a bACL
after 10 days. The culture medium is changed every other day.

Cyclic stretching
The other group of bACLs (total of at least six) is cultured in a sterile chamber of the cyclic

stretching device (Fig. 50.2B). The device is placed in a standard cell culture incubator, the stretch-
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ing chamber allowing sterile exchanges with the surrounding 8% CO2 atmosphere at 37�C. The
bACL is maintained in place in the sterile chamber by inserting the bone anchors in metal pins,
one rigidly fixed to a load cell and the other attached to a motion-controlled cursor. By control-
ling the position of the cursor, the bACL can be subjected to cyclic stretching with amplitudes
from 0 to 30 mm at a frequency of up to 1 Hz for any extended period of time. The whole system
is controlled via LABview VI software. The experimenter can easily change the experimental con-
ditions and supervise the ongoing tests to make sure that everything is running smoothly. The de-
vice was designed to control parameters such as stretching amplitude and frequency. The bACL
can be subjected to continuous cyclic stretching for several weeks.

Six experiments have been conducted under similar culture conditions to evaluate the effects
of cyclic stretching on the evolution of our bACL model. The cycling frequency was fixed at 1 Hz.
During the first 5 days, the bACLs are subjected to a 1-mm stretch per cycle, always returning to
their initial length (about 4 cm) to complete each cycle. The amplitude is increased to 2 mm from
day 5 to day 10. These conditions were established arbitrarily. We compared two groups of bACLs
casted on the same day, seeded with the same ACL cell populations, suspended in the same colla-
gen solution, in order to control as much as possible the cellular parameters involved. This ap-
proach allowed us to evaluate the effects of cyclic stretching on the histologic and ultrastructural
properties of bACLs.

Step 4: ACL Histologic Analyses
Histologic studies were performed after 10 days on bACLs cultured under horizontal static

tension compared to bACLs subjected to cyclic stretching. The bACL biopsies were fixed in Bouin’s
solution, paraffin embedded, and 6-mm-thick tissue sections were stained using the standard Mas-
son’s trichrome method, which allows excellent visualization of the matricial collagen fibers. The
histologic features of both groups of bACLs were compared.

Culture under cyclic stretching did not induce any detectable change in the macroscopic as-
pect of the bACL. The alignment of matrix fibers in a direction parallel to the tension applied to
a cell-populated collagen lattice has been reported. As expected, Masson’s trichrome staining of tis-
sue sections showed that matricial alignment in the control bACL was maintained under static
horizontal elongation (Fig. 50.3A). Interestingly, bACLs subjected to cyclic stretching (Fig. 50.3B)
contained thick bundles of extracellular matrix fibers, highly organized in a wavy pattern, typical
of native ACL histologic features (Fig. 50.3C). Thus, cyclic stretching can induce complex struc-
tural organization of the extracellular matrix in bioengineered ligaments in vitro. The crimps were
not observed in control bACLs. Results were repeatedly similar from one experiment to another.

Step 5: bACL Indirect Immunofluorescence Analyses
To determine the organization of the extracellular matrix, immunohistologic studies were per-

formed on frozen sections of bACLs. The histologic immunostaining was performed on frozen tis-

716 Goulet et al.

Fig. 50.2. A bACL installed into the sterile culture chamber of (A) the cyclic traction device [from
Langelier et al. (1999), with permission] and (B) the static stretching device.



sue sections (6 mm thick) fixed for 10 min with acetone at �20�C, as described previously (Auger
et al., 1995). A monoclonal antichondroitin sulfate antibody, antihuman type I collagen, type III
collagen, and elastin antibodies were used to analyze the organization of these extracellular matrix
constituents in the cultured bACLs.

The network of matrix fibers is better organized in bACLs subjected to cyclic stretching than
in those cultured under static tension. Type I collagen is the major constituent of the bundles of
fibers induced by cyclic stretching (Fig. 50.4A), as observed in the native human ACL (Fig. 50.4B).
Moreover, the bACLs cultured under cyclic stretching contain more chondroitin sulfate (Fig.
50.4D) than do the bioengineered tissues maintained under static tension (Fig. 50.4F). However,
all bACLs contain less chondroitin sulfate than does native ACL (Fig. 50.4E).

Step 6: bACL Ultrastructural Analyses
Biopsies can be processed and mounted for electron microscope analyses, as described previ-

ously (Auger et al., 1993, 1995). Electron microscope analyses of bACLs subjected to cyclic trac-
tion revealed that the HLFs are surrounded by bundles of collagen fibers (Fig. 50.5A) aligned with
the cells in the direction parallel to the long axis of all bACLs (Fig. 50.5B). The typical 67-nm pe-
riodicity of the collagen (Fig. 50.5C) is observed in the collagen fibers.
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Fig. 50.3. Photomicrographs of bACL histologic sections stained using Masson’s trichrome meth-
ods. (A) A bACL cultured under static conditions, (B) a bACL submitted to cyclic traction, and (C)
native human ACL (�40). Note the wavy pattern of highly organized bundles of collagen fibers
induced by cyclic traction.

Fig. 50.4. Immunofluorescence labeling of human type I collagen fibers (A, B, and C) and chon-
droitin sulfate (D, E, and F) in frozen sections of native ACL (B and E) and bACL cultured for 10
days under cyclic (A and D) and static (C and F) elongation (�40). Note the stronger signals of hu-
man type I collagen and chondroitin sulfate within the matricial network of bACL submitted to
cyclic traction compared to static tension.



CONCLUSIONS
Recent advances in bioengineering and cellular biology have led to revolutionary new thera-

peutic applications in many medical fields. The use of autologous tissue-engineered epidermis and
living skin substitutes for the treatment of human burns is an example of such progress (Auger et
al., 1993, 1995; Green et al., 1979; Boyce et al., 1991; Contard et al., 1993; Fernyhough et al.,
1987; Germain et al., 1993; Hansbrough et al., 1989; López Valle et al., 1992b). The bioengi-
neered ligament model described in this chapter presents features that can be adapted to other cul-
ture conditions in vitro (our bACL) and very likely to in vivo postgrafting in animals (see, for ex-
ample, Dunn’s ligament substitute) (Dunn et al., 1994).

Collagen fibers organized in wavy bundles can be obtained in vitro in a human bioengineered
living tissue. Our data strongly suggest that living ACL cells seeded into bACL analogs can respond
to mechanical stimuli in vitro. The stimulation of collagen secretion and the acute matrix remod-
eling observed in bACLs subjected to cyclic traction are very promising observations. Indeed, such
bACLs could be cultured under these conditions for longer periods of time, to promote further
development of histologic characteristics. We previously reported that HLFs isolated from human
ACL biopsies and seeded into a collagen matrix can secrete and reorganize matricial fibers in re-
sponse to static tension (Goulet et al., 1997a,b). Our data strongly suggest that cyclic traction can
induce the cells to organize thick bundles of collagen fibers into a wavy structural pattern.

Such matricial reorganization might improve the mechanical properties of the bACLs. Ma-
trix strengthening of ligament equivalents (hydrated collagen gels seeded with human dermal fi-
broblasts) was reported after 12 weeks of mechanical stress in vitro (induced by maintaining the
slowly contracting equivalent at a fixed length), with the maintenance of cell viability (Huang et
al., 1993). These results showed that it is possible to reinforce a bioengineered tissue using static
mechanical stimuli. We expect to see comparable or better effects induced by dynamic stimuli, no-
tably cyclic traction, on bACL strength. Cyclic traction may also contribute to maintaining the bio-
mechanical response of the human ACL fibroblasts used to populate our bACL, on culture time.

This work was performed for a given cyclic frequency and stretching amplitude. Extensive
studies have to be done to determine the optimal frequency and amplitude that would best reor-
ganize the matrix. These studies raise hope for successful production of functional autologous ACL
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Fig. 50.5. Electron microscopy
analyses of ultrathin sections of
bACL cultured under cyclic trac-
tion. (A) Collagen fibers (arrow-
heads) surrounding a living HLF
(bar: 8.3 mm � 500 nm). (B)
Bundles of collagen fibers orient-
ed in a direction parallel to the
long axis of the bACL (bar: 9.25
mm � 500 nm). (C) A collagen
fiber with the typical 67-nm pe-
riodicity.



analogs in culture through new bioengineering approaches. Presently, the strength of our bACL
does not compare with the strength of native ACL. However, a bioengineered blood vessel devel-
oped in our laboratory, using human endothelial cells, smooth muscle cells, and fibroblasts orga-
nized in layers supported by a collagen matrix, can withstand a pressure of at least 2000 mmHg
(L’Heureux et al., 1998). The production of this blood vessel equivalent demonstrates that it is
possible to obtain strong bioengineered tissues cultured in vitro.

A comparable level of strength may be obtained for our bACL in culture and the tissue could
be further reinforced in vivo, during the animal implantation phase of the project. For instance,
only a part of the patellar tendon is grafted when used as an autologous ACL analog. Orthopedic
surgeons who practice the bone–patellar ligament–bone autograft for ACL reconstruction have
described graft weakening at about 6 weeks posttransplantation. Despite this decrease in func-
tionality, when these grafts are successful the implants are slowly revascularized after about 6 weeks
and present most ACL histologic and functional properties after 30 weeks in humans. The graft
becomes stronger and is revascularized as the patient slowly returns to normal activities, suggest-
ing that a significant remodeling of our bACL could occur in vivo. Such remodeling could bring
the bACL mechanical properties to a functional level. We are presently testing this hypothesis us-
ing autologous bACLs in goats. Preliminary observations made on the animal’s legs only 1 month
postimplantation are very encouraging.

Nevertheless, the main advantages of our bACL over other ligament models stem from its his-
tologic organization which is progressively modulated by the living ACL fibroblasts included in
its structure. Because fibroblasts seeded in the bACL secrete and reorganize extracellular matrix
constituents in culture, it makes it a promising tool to study the role of various cellular elements
involved in the maintenance or the induction of ligament organization in vitro.

PERSPECTIVES IN TENDON AND LIGAMENT BIOENGINEERING
Combined techniques of cell biology and tissue engineering produce tendons and ligaments

in culture. These different bioengineered tissues will indeed have to be optimized prior to human
transplantation. However, investigators involved in this area of research have not yet started to ex-
ploit all the possibilities offered by this new biotechnological concept. For instance, gene therapy
might find some interesting applications by introducing living transfected cells within various
types of bioengineered tissues.

Despite the challenges that lie ahead for those hoping to reproduce tissues and organs in vi-
tro, there is every reason to feel optimistic, based on the advances already made in various medical
fields through tissue bioengineering (Langer and Vacanti, 1993). It is quite probable that in the
near future, people will benefit from bioengineered tendon and ligament substitutes. Production
may start in a laboratory and reach its final completion in a human body. Currently, a delay of 6
weeks after injury is required before ACL surgery is performed, and studies have shown that it is
better to perform surgical intervention of the ACL when the nearly normal range of motion of the
knee has returned and inflammation has been mostly eliminated (Johnson et al., 1992). This time
frame allows for the production of a bACL in vitro. Engineering of an autologous ACL would
avoid the need for detrimental harvesting of the patients’s tissues. This approach may limit the
need for knee surgery, because it may be possible to graft a bACL anchored with bones simply by
arthroscopy. In addition, bioengineered tissues cannot be rejected postgrafting when produced
with autologous cells. That is the common ultimate goal shared by all researchers and clinicians.
Realization of this goal would certainly revolutionize the present therapeutic approach to tendon
and ligament implantation.
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Mechanosensory Mechanisms 
in Bone

Stephen C. Cowin and Melvin L. Moss

INTRODUCTION

The mechanosensory mechanisms in bone include (1) the cell system that is stimulated by ex-
ternal mechanical loading applied to the bone, (2) the system that transduces that mechanical

loading to a communicable signal, and (3) the systems that transmit that signal to the effector cells
for the maintenance of bone homeostasis and for strain adaptation of the bone structure. The ef-
fector cells are the osteoblasts and the osteoclasts. These systems and the mechanisms that they
employ have not yet been unambiguously identified. We review here candidate systems. In par-
ticular, we summarize the current theoretical and experimental evidence that suggests that osteo-
cytes are the principal mechanosensory cells of bone, that they are activated by shear stress from
fluid flowing through the osteocyte canaliculi, and that the electrically coupled three-dimension-
al network of osteocytes and lining cells is a communications system for the control of bone ho-
meostasis and structural strain adaptation.

It has long been known that living adult mammalian bone tissue adapts its material proper-
ties, and that whole bones adapt their shape, in response to altered mechanical loading (Wolff,
1870, 1892, 1986; Frost, 1964, 1969; Uhthoff and Jaworski, 1978; Jaworski et al., 1980; Lanyon
et al., 1982). Progress is being made in understanding the cellular mechanisms that accomplish
the absorption and deposition of bone tissue. The physiologic mechanism by which the mechan-
ical loading applied to bone is sensed by the tissue, and the mechanism by which the sensed sig-
nal is transmitted to the cells that accomplish the surface deposition, removal, and maintenance,
have not been identified. The purpose of this chapter is to review some of the background research
on these mechanosensory mechanisms and to outline candidates for the mechanosensory system
[see Burger et al. (1998) for an earlier review of similar literature].

All vital cells are “irritable,” i.e., capable of perturbation by, and response to, alterations in
their external environment ( Jacobs, 1998; Junge, 1998). The mechanosensing process(es) of a cell
enable it to sense the presence of, and to respond to, extrinsic physical loadings. This property is
widespread in uni- and multicellular animals (French, 1992; Kernan et al., 1994; Fraser and Mac-
donald, 1994; Hamill and McBride, 1995; Hackney and Furness, 1995; Cui et al., 1995), plants
(Wildron et al., 1992; Goldsmith, 1994), and bacteria (Olsson and Hanson, 1995). Tissue sensi-
bility is a property of a connected set of cells and it is accomplished by the intracellular processes
of mechanoreception and mechanotransduction. “Mechanoreception” is the term used to describe
the process that transmits the informational content of an extracellular mechanical stimulus to a
receptor cell. “Mechanotransduction” is the term used to describe the process that transforms the
content of a mechanical stimulus into an intracellular signal. We employ the term “mechanosen-
sory” to mean both mechanoreception and mechanotransduction. Additional processes of inter-
cellular transmission of transduced signals are required at tissue, organ, and organismal structural
levels.
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THE CONNECTED CELLULAR NETWORK
The bone cells that lie on all bony surfaces are osteoblasts, either active or inactive. Inactive

osteoblasts are called bone-lining cells; they have the potential of becoming active osteoblasts. The
bone cells that are buried in the extracellular bone matrix are the osteocytes. Each osteocyte, en-
closed within its mineralized lacuna, has many (perhaps as many as 80) cytoplasmic processes.
These processes are approximately 15 
m long and are arrayed three-dimensionally in a manner
that permits them to interconnect with similar processes of up to as many as 12 neighboring cells.
These processes lie within mineralized bone matrix channels called canaliculi. The small space be-
tween the cell process plasma membrane and the canalicular wall is filled with bone fluid and
macromolecular complexes of unknown composition. All bone cells except osteoclasts are exten-
sively interconnected by the cell processes of the osteocytes, forming a connected cellular network
(CCN) (Cowin et al., 1991; Moss, 1991a,b). The interconnectivity of the CCN is graphically il-
lustrated in Fig. 51.1, which is a scanning electron micrograph showing the replicas of lacunae and
canaliculi in situ in mandibular bone from a young subject aged 22 years. The inset shows enlarged
lacunae (outlined by a rectangle).

The touching cell processes of two neighboring bone cells contain gap junctions (Bennett and
Goodenough, 1978; Doty, 1981, 1989; Jones and Bingmann, 1991; Schirrmacher et al., 1992;
Jones et al., 1993; Gourdie and Green, 1993; Civitelli, 1995). A gap junction is a channel con-
necting two cells. The walls of the channel consist of matching rings of proteins piercing the mem-
brane of each cell, and when the rings associated with two cells connect with each other, the cell-
to-cell junction is formed. This junction allows ions and compounds of low molecular weight to
pass between the two cells without passing into the extracellular space. The proteins making up a
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Fig. 51.1. A scanning electron micrograph showing the replicas of lacunae and canaliculi in situ
in mandibular bone from a young subject aged 22 years. The inset shows enlarged lacunae iden-
tified by a rectangle. This micrograph illustrates the interconnectivity of the CCN. From Atkinson
and Hallsworth (1983), with permission.



gap junction are called connexins; in bone the protein is either connexin 43 or 45, with 43 pre-
dominating (the number refers to the size of the proteins calculated in kilodaltons) (Minkoff et
al., 1994, 1999; Lecanda et al., 1998). A ring of connexins in one cell membrane is generally called
a connexon or hemichannel. Both mechanical strain and fluid shear stress cause increased expres-
sion of connexin 43 in vascular tissues (Cowan et al., 1998). In cardiac tissue the turnover rate of
connexin 43 is very rapid (Beardslee et al., 1998). The rapid dynamics of gap junction turnover
and the plasticity of gap junction expression in response to various stimuli offer the possibility for
remodeling of the intercellular circuits, both within and between communication compartments
in the cardiovascular system (Spray, 1998). In bone, gap junctions connect superficial osteocytes
to periosteal and endosteal osteoblasts. All osteoblasts are similarly interconnected laterally on a
bony surface; perpendicular to the bony surface, gap junctions connect periosteal osteoblasts with
preosteoblastic cells, and these, in turn, are similarly interconnected. Effectively, each CCN is a
true syncytium (Doty, 1989; Schirrmacher et al., 1992; Rodan, 1992; Jones et al., 1993). Gap
junctions are found where the plasma membranes of a pair of markedly lapping canalicular pro-
cesses meet (Rodan, 1992). In compact bone, canaliculi cross the cement lines that form the out-
er boundary of osteons. Thus extensive communication exists between osteons and interstitial re-
gions (Curtis et al., 1985).

Bone cells are electrically active (Bingmann et al., 1988a,b; Chesnoy-Marchais and Fritsch,
1988; Massass et al., 1990; Rubinacci et al., 1998). In addition to permitting the intercellular trans-
mission of ions and small molecules, gap junctions exhibit both electrical and fluorescent dye trans-
mission (Jeansonne et al., 1979; Schirrmacher et al., 1993; Spray, 1994; Moreno et al., 1994). Gap
junctions are electrical synapses, in contradistinction to interneuronal, chemical synapses, and, sig-
nificantly, they permit bidirectional signal traffic (e.g., biochemical, ionic, electrical). In a physi-
cal sense, the CCN represents the hard wiring (Cowin et al., 1991; Moss, 1991a,b; Nowak, 1992)
of bone tissue.

MECHANOSENSATION ON THE CCN

Stimuli
The stimulus for bone remodeling is defined as that particular aspect of the bone’s stress or

strain history that is employed by the bone to sense its mechanical load environment and to sig-
nal for the deposition, maintenance, or resorption of bone tissue. The bone tissue domain or re-
gion over which the stimulus is felt is called the sensor domain. When an appropriate stimulus pa-
rameter exceeds threshold values, loaded tissues respond by the triad of bone adaptation processes:
deposition, resorption, and maintenance. The CCN is the site of intracellular stimulus reception,
signal transduction, and intercellular signal transmission. It is thought that stimulus reception oc-
curs in the osteocyte (Cowin et al., 1991), and that the CCN transduces and transmits the signal
to the surface lining or osteoblast. The osteoblasts alone directly regulate bone deposition and
maintenance, and indirectly regulate osteoclastic resorption (Martin and Ng, 1994). The possible
role of the osteoblast as a stimulus receptor has not yet been thoroughly investigated (Owan et al.,
1997). Although it is reasonably presumed that initial mechanosensory events occur at the plas-
ma membrane of the osteocytic soma and/or canalicular processes, the initial receptive, and sub-
sequent transductive, processes are not well understood.

It follows that the true biologic stimulus, although much discussed, is not precisely known.
A variety of mechanical loading stimuli associated with ambulation (at a frequency of 1 to 2 Hz)
have been considered for bone remodeling. The majority have followed Wolff (1892, 1986) in 
suggesting that some aspect of the mechanical loading of bone is the stimulus. The mechanical
stimuli suggested include strain (Cowin and Hegedus, 1976), stress (Wolff, 1892, 1986), strain
energy (Fyhrie and Carter, 1986; Huiskes et al., 1987), strain rate (Hert et al., 1969, 1971, 1972;
O’Connor et al., 1982; Lanyon, 1984; Goldstein et al., 1991; Fritton et al., 1999), and fatigue mi-
crodamage (Carter and Hayes, 1976; Martin and Burr, 1982). In some cases the time-averaged
values of these quantities are suggested as the mechanical stimulus, and in others the amplitudes
of the oscillatory components and/or peak values of these quantities are the candidates for the me-
chanical stimulus. Two dozen possible stimuli were compared in a combined experimental and an-
alytic approach (Brown et al., 1990). The data supported strain energy density, longitudinal shear
stress, and tensile principal stress or strain as stimuli; no stimulus that could be described as rate
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dependent was among the two dozen possible stimuli considered in the study [for a consideration
of the stimulus in microgravity see Cowin (1998)].

The case for strain rate as a remodeling stimulus has been building over the past quarter cen-
tury. The animal studies of Hert and co-workers [Hert et al., 1969, 1971, 1972) suggested the im-
portance of strain rate. Experiments (Lanyon, 1984; Goldstein et al., 1991; Fritton et al., 1999)
have quantified the importance of strain rate over strain as a remodeling stimulus. The studies
(Weinbaum et al., 1991, 1994; Cowin et al., 1995) directed at the understanding of the cellular
mechanism for bone remodeling have suggested that the prime mover is the bone strain rate-
driven motion of the bone fluid, the signal of which is transduced by osteocytes. In the model of
Weinbaum et al. (1991, 1994) the shear stress from the bone fluid flow over the osteocytic pro-
cesses in the canaliculi is a cellular mechanism-based model suggesting strain rate as a stimulus.
The study of Gross et al. (1997) that showed bone deposition to be related to strain gradients ac-
tually, by the model of Weinbaum et al. (1991, 1994), also demonstrated a dependence on strain
rate.

In experiments with cultured cells it has been shown that osteocytes, but not periosteal fi-
broblasts, are extremely sensitive to fluid flow, resulting in increased prostaglandin as well as nitric
oxide (NO) production (Klein-Nulend et al., 1995a,b). Three different cell populations, namely,
osteocytes, osteoblasts, and periosteal fibroblasts, were subjected to two stress regimes, pulsatile
fluid flow (PFF) and intermittent hydrostatic compression (IHC) (Klein-Nulend et al., 1995a).
IHC was applied at 0.3 Hz with 13-kPa peak pressure. PFF was a fluid flow with a mean shear
stress of 0.5 Pa with cyclic variations of 0.02 Pa at 5 Hz. The maximal hydrostatic pressure rate
was 130 kPa/sec and the maximal fluid shear stress rate was 12 Pa/sec. Under both stress regimes,
osteocytes appeared more sensitive than osteoblasts, and osteoblasts more sensitive than periosteal
fibroblasts. However, despite the large difference in peak stress and peak stress rate, PFF was more
effective than IHC. Osteocytes, but not the other cell types, responded to 1 hr of PFF treatment
with a sustained prostaglandin E2 up-regulation lasting at least 1 hr after PFF was terminated. By
comparison, IHC needed 6 hr of treatment before a response was found. These results suggested
that osteocytes are more sensitive to mechanical stress than are osteoblasts, which are again more
sensitive than periosteal fibroblasts. Furthermore, osteocytes appeared particularly sensitive to flu-
id shear stress, more so than to hydrostatic stress. These conclusions are in agreement with the the-
ory that osteocytes are the main mechanosensory cells of bone, and that they detect mechanical
loading events by the canalicular flow of interstitial fluid, which results from that loading event.
Weinbaum et al. (1994) used Biot’s porous media theory to relate loads applied to a whole bone
to the flow of canalicular interstitial fluid past the osteocytic processes. Their calculations predict
fluid-induced shear stresses of 0.8–3 Pa, as a result of peak physiologic loading regimes. The find-
ings that bone cells in vitro actually respond to fluid shear stress of 0.2–6 Pa (Reich et al., 1990;
Williams et al., 1994; Hung et al., 1995; Klein-Nulend et al., 1995a,b) lend experimental support
to the theory.

Osteocytes also rapidly release NO in response to stress (Pitsillides et al., 1995; Klein-Nulend
et al., 1995b), and this NO response seems to be required for the stress-related prostaglandin re-
lease (Klein-Nulend et al., 1995b). Therefore, the behavior of osteocytes compares to that of en-
dothelial cells, which regulate the flow of blood through the vascular system, and also respond to
fluid flow of 0.5 Pa with increased prostaglandin and NO production (Hecker et al., 1993). The
response of endothelial cells to shear stress is likely related to their role in mediating an adaptive
remodeling of the vasculature, so as to maintain constant endothelial fluid shear stress throughout
the arterial site of the circulation (Kamiya et al., 1984).

Skeletal muscle contraction is a typical bone loading event and has been suggested (Moss,
1968, 1969, 1978) as a stimulus. Frequency is one of the critical parameters of the muscle stimu-
lus and it serves to differentiate this stimulus from the direct mechanical loads of ambulation that
occur at a frequency of 1 to 2 Hz. The frequency of contracting muscle in tetanus is from 15 Hz
to a maximum of 50–60 Hz in mammalian muscle (McMahon, 1984). It has been observed
(McLeod and Rubin, 1992; Rodrequez et al., 1993) that these higher order frequencies, signifi-
cantly related to bone adaptational responses, are (Rubin et al., 1993) “present within the [muscle
contraction] strain energy spectra regardless of animal or activity and implicate the dynamics of
muscle contraction as the source of this energy band.” The close similarity of muscle stimulus fre-
quencies to bone tissue response frequencies is noted below.
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Reception and Transduction
The osteocyte has been suggested as the stimulus sensor, the receptor of the stimulus signal

(Cowin et al., 1991); histologic and physiologic data are consistent with this suggestion (Aarden
et al., 1994; Aarden, 1996). The placement and distribution of osteocytes in the CCN three-di-
mensional array are architecturally well suited to sense deformation of the mineralized tissue en-
casing them (Lanyon, 1993). Because only a population of cells, and not an individual receptor
(Edin and Trulsson, 1992), can code unambiguously, the osteocytes in the CCN are potential
mechanoreceptors by virtue of their network organization.

Osteocytic mechanotransduction may involve a number of different processes or cellular sys-
tems. These processes include stretch- and voltage-activated ion channels, cytomatrix sensation–
transduction processes, cytosensation by fluid shear stresses, cytosensation by streaming potentials,
and exogenous electric field strength. Each of these processes or cellular systems is discussed be-
low.

Stretch- and voltage-activated ion channels
The osteocytic plasma membrane contains stretch-activated ion channels (Guggino et al.,

1989; Duncan and Misler, 1989; Keynes, 1994; Hamill and McBride, 1996), which are also found
in many other cell types (Morris, 1990; French, 1992; Ghazi et al., 1998). When activated in
strained osteocytes, they permit passage of certain ions (Sachs, 1986, 1988; Sackin, 1995), in-
cluding K�, Ca2�, Na�, and Cs�. Such ionic flow may, in turn, initiate cellular electrical events;
for example, bone cell stretch-activated channels may modulate membrane potential as well as
Ca2� ion flux (French, 1992; Harter et al., 1995). Rough estimates of osteocytic mechanorecep-
tor strain sensitivity have been made (Cowin et al., 1991), and the calculated values cover the mor-
phogenetically significant strain range of 0.1 to 0.3% in the literature (Lanyon, 1984; Rubin and
Lanyon, 1984, 1987). This appears to be too low a strain to open a stretch-activated ion channel.
A model involving bone fluid flow has been suggested for the amplification of the 0.1 to 0.3%
strain applied to a whole bone to a value an order of magnitude larger at the osteocytic cytoplas-
mic process membrane (Cowin and Weinbaum, 1998). Stretch-activated ion channels also occur
in osteoblastic cells (Davidson et al., 1990).

As in most cells, the osteocytic plasma membrane contains voltage-activated ion channels, and
transmembrane ion flow may be a significant osseous mechanotransductive process (Chesnoy-
Marchais and Fritsch, 1988; Ravelsloot et al., 1991; Ferrier et al., 1991; Jan and Jan, 1992). It is
also possible that such ionic flow generates osteocytic action potentials, capable of transmission
through gap junctions (Schirrmacher et al., 1993).

Cytomatrix sensation–transduction processes
The mineralized matrix of bone tissue is strained when loaded. Macromolecular mechanical

connections between the extracellular matrix and the osteocytic cell membrane exist, and these
connections may be capable of transmitting information from the strained extracellular matrix to
the bone cell nuclear membrane. The basis of this mechanism is the physical continuity of the
transmembrane integrin molecule, which is connected extracellularly with the macromolecular
collagen of the organic matrix and intracellularly with the cytoskeletal actin. The latter, in turn, is
connected to the nuclear membrane (Hughes et al., 1993; Watanabe et al., 1993; Green, 1994;
Richardson and Parsons, 1995; Clark and Brugge, 1995; Forgacs, 1995; Shapiro et al., 1995; Dolce
et al., 1996; Shyy and Chien, 1997; Salter et al., 1997; Meazzini et al., 1998; Carvalho et al., 1998;
Ingber, 1998; Janmey, 1998). It is suggested that such a cytoskeletal lever chain, connecting to the
nuclear membrane, can provide a physical stimulus able to activate the osteocytic genome (Jones
and Bingmann, 1991), possibly by first stimulating the activity of components such as the c-fos
genes (Uitto, 1991; Jones and Bingmann, 1991; Dayhoff et al., 1992; Sadoshima et al., 1992;
Watanabe et al., 1993; Yanagishita, 1993; Wang et al., 1993; Haskin and Cameron, 1993; Petrov
and Usherwood, 1994; Machwate et al., 1995; Salter et al., 1997).

Cytosensation by fluid shear stresses
A hypothesis concerning the mechanism by which the osteocytes housed in the lacunae of

mechanically loaded bone sense the load applied to the bone by the detection of dynamic strains
was suggested by Weinbaum et al. (1991, 1994). It was proposed that the osteocytes are stimulat-
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ed by relatively small fluid shear stresses acting on the membranes of their osteocytic processes. A
hierarchical model of bone tissue structure that related the cyclic mechanical loading applied to
the whole bone to the fluid shear stress at the surface of the osteocytic cell process was presented
(Weinbaum et al., 1994). In this model the sensitivity of strain detection is a function of frequency;
in the physiologic frequency range (1–20 Hz), associated with either locomotion (1–2 Hz) or the
maintenance of posture (15–30 Hz), the fluid shear stress is nearly proportional to the product of
frequency and strain. Thus if bone cells respond to strains on the order of 0.1% at frequencies of
1 or 2 Hz, they will also respond to strains on the order of 0.01% at frequencies of 20 Hz. The
fluid shear stresses would also strain the macromolecular mechanical connections between the cell
and the extracellular bone matrix (mentioned in the previous section); thus fluid shear stress is also
potentially capable of transmitting information from the strained matrix to the bone cell nuclear
membrane, where it can effectively regulate its genomic functions.

Several investigators (Piekarski and Munro, 1977; Johnson et al., 1982; Kufahl and Saha,
1990) have examined other aspects of the lacunar–canalicular porosity using simple circular pore
models and have attempted to analyze its possible physiologic importance. These studies have pri-
marily emphasized the importance of the convective flow in the canaliculi between the lacunae as
a way of enhancing the supply of nutrients between neighboring osteocytes. Previous studies on
the relaxation of the excess pore pressure have been closely tied to the strain-generated potentials
(SGPs) associated with bone fluid motion. The SGP studies are briefly reviewed below.

Cytosensation by streaming potentials
The fact that the extracellular bone matrix is negatively charged due to its proteins means that

a fluid electrolyte bounded by the extracellular matrix will have a diffuse double layer of positive
charges. When the fluid moves, the excess positive charge is convected, thereby developing stream-
ing currents and streaming potentials. The cause of the fluid motion is the deformation of the ex-
tracellular matrix due to whole-bone mechanical loading. Pollack and co-workers (Pollack et al.,
1984; Salzstein et al., 1987; Salzstein and Pollack, 1987) have laid an important foundation for
explaining the origin of strain-generated potentials. However, there is disagreement on the anatom-
ical site in bone tissue that is the source of the experimentally observed SGPs. Salzstein and Pol-
lack (1987) concluded that this site was the collagen–hydroxyapatite porosity of the bone miner-
al, because small pores of approximately 16 nm radius were consistent with their experimental data
if a poroelastic–electrokinetic model with unobstructed and connected circular pores was assumed
(Salzstein et al., 1987). Cowin et al. (1995), using the model of Weinbaum et al. (1994), have
shown that the data of Salzstein and Pollack (1987), Scott and Korostoff (1990), and Otter et al.
(1992) are also consistent with the larger pore space (100 nm) of the lacunar–canalicular porosi-
ty being the anatomical source site of the SGPs, if the hydraulic drag and electrokinetic contribu-
tion associated with the passage of bone fluid through the surface matrix (glycocalyx) of the 
osteocytic process are accounted for. The mathematical models of Salzstein et al. (1987) and Wein-
baum et al. (1994) are similar in that they combine poroelastic and electrokinetic theory to de-
scribe the phase and magnitude of the SGP. The two theories differ in the description of the in-
terstitial fluid flow and streaming currents at the microstructural level and in the anatomic
structures that determine the flow. In Weinbaum et al. (1994) this resistance resides in the fluid
annulus that surrounds the osteocytic processes, i.e., the cell membrane of the osteocytic process,
the walls of the canaliculi, and the glycocalyx (also called the surface matrix or capsule) that exists
in this annular region. In Cowin et al. (1995) the presence of the glycocalyx increases the SGPs
and the hydraulic resistance to the strain-driven flow. The increased SGP matches the phase and
amplitude of the measured SGPs. In the Salzstein et al. (1987) model this fluid resistance and SGP
are achieved by assuming that an open, continuous small pore structure (�16 nm radius) exists in
the mineralized matrix. The poroelastic model of Weinbaum et al. (1994) for bone fluid flow has
been developed further (Zhang et al., 1997, 1998a,b,c; Wang et al., 1999) and a review of the re-
lated poroelastic literature has appeared (Cowin, 1999).

Experimental evidence indicating that the collagen–hydroxyapatite porosity of the bone 
mineral is unlikely to serve as the primary source of the SGP is obtained from several sources, in-
cluding the estimates of the pore size in the collagen–hydroxyapatite porosity and permeability
studies with different size-labeled tracers in both mineralized and unmineralized bone. Such per-
meability studies clearly show time-dependent changes in the interstitial pathways as bone ma-
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tures. At the earliest times, the unmineralized collagen–proteoglycan bone matrix is porous to large
solutes. The studies with ferritin (10 nm in diameter) in 2-day-old chick embryos (Dillaman,
1984) show a continuous halo around primary osteons 5 min after the injection of this tracer. The
halo passes right through the lacunar–canalicular system, suggesting that, before mineralization,
pores of the size predicted in Salzstein and Pollack (1987) (radii � 16 nm) can exist throughout
the bone matrix. In contrast, Montgomery et al. (1988), using this same tracer in adult dogs, also
found a fluorescent halo surrounding the Haversian canals; however, this halo was not continuous
but was formed by discrete lines, suggesting that the pathways were limited to discrete pores whose
spacing was similar to that observed for canaliculi. This conclusion is supported by the studies of
Tanaka and Sakano (1985) in the alveolar bone of 5-day-old rats using the much smaller tracer,
microperoxidase (MP) (2 nm). These studies clearly showed that the MP penetrated only the un-
mineralized matrix surrounding the lacunae and the borders of the canaliculi and was absent from
the mineralized matrix. Using more mature rats, the study of Ayasaka et al. (1992) confirmed the
failure of the small (2 nm) MP tracer to penetrate the mineralized matrix tissue from the bone flu-
id compartments.

Exogenous electric field strength
Bone responds to exogenous electrical fields (Otter et al., 1998). Although the extrinsic elec-

trical parameters are unclear, field strength may play an important role (Brighton et al., 1992; Ot-
ter et al., 1998). A significant parallelism exists between the parameters of exogenous electrical
fields and the endogenous fields produced by muscle activity. Bone responds to exogenous fields
in an effective range of 1–10 
V/cm, strengths that are on the order of those endogenously pro-
duced in bone tissue during normal (muscle) activity (McLeod et al., 1993; 1998).

The uniqueness of osseous mechanosensation
The difference between mechanosensation in bone tissue and mechanosensation in

nonosseous processes is revealing and thought to be significant. First, most mechanosensory cells
are cytologically specialized (e.g., rods and cones in the retina); bone cells are not. Second, one
bone loading stimulus can evoke three adaptational responses (deposition, maintenance, or re-
sorption) whereas nonosseous process stimuli evoke one response (e.g., vision). Third, osseous sig-
nal transmission is aneural, whereas all other organismal mechanosensational signals (Moss-Salen-
tijn, 1992) utilize afferent neural pathways (e.g., the visual pathway) (Hackney and Furness, 1995).
Fourth, the evoked bone adaptational responses are confined within each “bone” independently
(e.g., within a femur); there is no organismal involvement (e.g., touch is a generalized somatic sen-
sation). However, all afferent transductive processes, osseous and nonosseous, share many com-
mon mechanisms and processes (Gilbertson, 1998; Wilson and Sullivan, 1998).

Signal Transmission
From a communications viewpoint the CCN is multiply noded (each osteocyte is a node) and

multiply connected. Each osteocytic process is a connection between two osteocytes, and each os-
teocyte is multiply connected to a number of osteocytes that are near neighbors (see Fig. 51.1).
Cell-to-cell communication is considered first below, then we speculate on the ability of the CCN
to compute as well as signal. It is useful to note the possibility that bone cells, like neurons, may
communicate intercellular information by volume transmission, a process that does not require
direct cytological contact, but rather utilizes charges in the environment (Fuxe and Agnati, 1991;
Marotti, 1996; Schaul, 1998).

Cell-to-cell communication
In order to transmit a signal over the CCN, one osteocyte must be able to signal a neighbor-

ing osteocyte that will then pass the signal on until it reaches an osteoblast on the bone surface.
There are a variety of chemical and electrical cell-to-cell communication methods (De Mello,
1987). The passage of chemical signals, such as Ca2�, from cell to cell appears to occur at a rate
that would be too slow to respond to the approximately 30-Hz signal associated with muscle fir-
ing. We focus here on electrical cell-to-cell communication. Zhang et al. (1997, 1998a) have for-
mulated a cable model for cell-to-cell communication in an osteon. The spatial distribution of in-
tracellular electric potential and current from the cement line to the lumen of an osteon was

51 Mechanosensory Mechanisms in Bone 729



estimated as the frequency of the loading and conductance of the gap junction were altered. In this
model the intracellular potential and current are driven by the mechanically induced strain-gen-
erated streaming potentials produced by the cyclic mechanical loading of bone. The model differs
from earlier studies (Harrigan and Hamilton, 1993) in that it pursues a more physiologic approach
in which the microanatomical dimensions of the connexon pores, osteocytic processes, and the
distribution of cellular membrane area and capacitance are used to estimate quantitatively the leak-
age of current through the osteoblast membrane, the time delay in signal transmission along the
cable, and the relative resistance of the osteocytic processes and the connexons in their open and
closed states. The model predicts that the cable demonstrates a strong resonant response when the
cable coupling length approaches the osteonal radius. The theory also predicts that the pore pres-
sure relaxation time for the draining of the bone fluid into the osteonal canal is of the same order
as the characteristic diffusion time for the spread of current along the membrane of the osteocyt-
ic processes. This coincidence of characteristic times produced a spectral resonance in the cable at
30 Hz. These two resonances lead to a large amplification of the intracellular potential and cur-
rent in the surface osteoblasts, which could serve as the initiating signal for osteoblasts to conduct
remodeling.

Signal processing and integration
When a physical representation of a CCN, such as Fig. 53.1, is viewed by someone familiar

with communications, there is often an intuitive response that the CCN may function as a neur-
al network for processing the mechanical loading stimulus signals being felt over the network. That
idea is explored here with no justification other than shared intuition. A CCN is operationally
analogous to an artificial neural network in which massively parallel, or parallel distributed, signal
processing occurs (Edin and Trulsson, 1992; Denning, 1990; Martino et al., 1994). Fortunately,
the bases of connectionist theory are sufficiently secure to permit a biologically realistic CCN mod-
el (Dayhoff, 1990; Grossberg, 1988; Hinton and Anderson, 1989; McClelland and Rumelhart,
1987; Zorntzer et al., 1990).

A CCN consists of a number of relatively simple, densely interconnected, processing elements
(bone cells), with many more interconnections than cells. Operationally these cells are organized
into layers: an initial input, a final output, and one or more intermediate or hidden layers. How-
ever, such networks need not be numerically complex to be operationally complex (Kupfermann,
1992).

The operational processes are identical, in principle, for all bone cells in all layers. Each cell
in any layer may simultaneously receive several weighted (i.e., some quantitative measure) inputs.
In the initial layer these are the loading stimuli (mechanoreception). Within each cell indepen-
dently, “all the weighted inputs are then summed” (Wasserman, 1989). This net sum is then com-
pared, within the cell, against some threshold value. If this liminal value is exceeded, a signal is
generated (mechanotransduction in input layer cells) that is then transmitted identically to all the
hidden layer cells (adjacent osteocytes) to which each initial layer cell is connected. Similar pro-
cesses of weighted signal summation, comparison, and transmission occur in these layers until fi-
nal layer cells (osteoblasts) are reached. The outputs of these surface-situated cells regulate the spe-
cific adaptation process of each group of osteoblasts (Parfitt, 1994). All neighboring osteoblasts
that carry out an identical bone adaptational process form a communication compartment, a co-
hort of structurally and operationally similar cells, because all these cells are interconnected by
open, functional gap junctions. At the boundary between such compartments that are carrying
out different adaptational processes, the intervening gap junctions are closed and are incapable of
transmitting information. These boundaries are probably changing continuously, because some of
the cells have some down time (Jeansonne et al., 1979; Spray, 1998).

Information is not stored discretely in a CCN, as is the case in conventional computers. Rather
it is distributed across all or part of the network, and several types of information may be stored
simultaneously. The instantaneous state of a CCN is a property of all of its cells and of their con-
nections. Accordingly, its informational representation is redundant, assuring that the network is
fault, or error, tolerant; i.e., one or several inoperative cells cause little or no noticeable loss in net-
work operations (Wasserman, 1989).

CCNs exhibit oscillation; i.e., iterative reciprocal (feedback) signaling between layers enables
them to adjustively self-organize. This is related to the fact that CCNs are not preprogrammed,
rather they learn by unsupervised training (Fritzke, 1994), a process involving the adaptation of
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the CCNs to the responses of the cytoskeleton to physical activity (Dayhoff et al., 1992). In this
way the CCN adjusts to the customary mechanical loading of the whole bone (Lanyon, 1984). In
a CCN, structurally more complex attributes and behavior gradually self-organize and emerge dur-
ing operation. These are not reducible; they are neither apparent nor predictable from a prior
knowledge of the behavior of individual cells.

As noted above, gap junctions as electrical synapses permit bidirectional flow of information.
This is the cytologic basis for the oscillatory behavior of a CCN. The presence of sharp disconti-
nuities between groups of phenotypically different osteoblasts is related also to an associated prop-
erty of gap junctions, i.e., their ability to close and so prevent the flow of information (Kam and
Hodgins, 1992; Kodoma and Eguchi, 1994). Significantly, informational networks can also trans-
mit inhibitory signals, a matter beyond our present scope (Marotti et al., 1992).

It is suggested that a CCN displays the following attributes: developmentally it is self-orga-
nized and self-adapting and, in the sense that it is epigenetically regulated, it is untrained; opera-
tionally it is a stable, dynamic system, whose oscillatory behavior permits feedback—in this re-
gard, it is noted that a CCN operates in a noisy, nonstationary environment, and that it also
employs useful and necessary inhibitory inputs.

The CCN permits a triad of histologic responses to a (seemingly) unitary loading event. Al-
though in this chapter, as in almost all the related literature, the organization of bone cells is treat-
ed as if it existed only in two dimensions, and as if bone tissue loadings occurred only at certain
discrete loci, and that without consideration of loading gradients, the biologic situation is other-
wise. Given such a loading event, a three-dimensional bone volume, gradients of deformation must
exist, and each osteocyte may sense correspondingly different strain properties. Moreover, it is
probable that each osteocyte potentially is able to transmit three different signals in three differ-
ent directions, some stimulatory and some inhibitory: such states have not yet been modeled
(Moss, 1997a,b).

A tentative mechanotransduction synthesis
The molecular lever mechanisms that permit muscle function to regulate directly the genomic

activity of strained bone cells, including their phenotypic expression, when combined together
with electric field effects and contraction frequency energetics, provide a biophysical basis for an
earlier hypothesis of epigenetic regulation of skeletal tissue adaptation (Moss and Young, 1960;
Moss, 1962, 1968, 1969; Moss and Salentijn, 1969a,b).

It is probable (Moss, 1997c,d) that electrical and mechanical transductive processes are nei-
ther exhaustive nor mutually exclusive. While utilizing differing intermediate membrane mecha-
nisms and/or processes, they share a common final pathway (Bhalla and Iyengar, 1999); i.e., both
mechanical and electrical transductions result in transplasma membrane ionic flow(s), creating a
signal(s) capable of intercellular transmission to neighboring bone cells via gap junctions (Wein-
baum et al., 1994; Zeng et al., 1994; Cowin et al., 1995; Zhang et al., 1997, 1998a). These sig-
nals are inputs to a CCN, whose outputs regulate the bone adaptational processes.

The primacy of electrical signals is suggested here, because although bone cell transduction
may also produce small biochemical molecules that can pass through gap junctions, the time course
of mechanosensory processes is believed to be too rapid for the involvement of secondary mes-
sengers (French, 1992; Wildron et al., 1992; Carvalho et al., 1994). As was noted previously, the
passage of chemical signals, such as Ca2�, from cell to cell appears to occur at a rate that would
be too slow to respond to the approximately 30-Hz signal associated with muscle firing.

QUESTIONS FOR FUTURE RESEARCH; SOCRATIC QUESTIONS
1. Given that several alternative plausible osseous mechanosensory modalities are postulated

in the literature, is it reasonable to consider that a possible “common pathway” exists, capable of
subsuming them all (cf. Bhalla and Iyengar, 1999; Zuker and Ranganathan, 1999)?

2. Is it useful to consider osseous mechanosensation at the quantum level (cf. Ghazi et al.,
1998; Green and Triffit, 1997)?

3. Does NO play a significant role in osseous mechanosensation (cf. Lee et al., 1998; Pitsil-
lides et al., 1995; Klein-Nulend et al., 1995b)?

4. Does the osteocytic syncytium share similar response characteristics with other cellular
syncytia; i.e., are they also periodic, chaotic, and functioning at the edge of a state of chaos (cf.
Kashimori et al., 1998)?
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5. Is bone a “smart material,” organized as a “smart structure” (cf. Wang and Kang, 1998;
Culshaw, 1996)? Further, in this regard, is bone an “intelligent material” in the sense that this is
reflected in the proposed relationship to “strain history”?

6. Is sufficient attention given to the inherent difference between in vivo and in vitro exper-
imentation (cf. Brown et al., 1998)?

7. Given the rapidly evolving conceptual bases for the complexity sciences, is it appropriate
to consider the extent to which bone tissue and cellular responses to mechanical loadings are evi-
dence of a self-adapting and self-organizing biological system (cf. Heylighen, 1997; Wriggers et
al., 1998; Cammarota and Onaral, 1998)?

8. Given that a single osteocyte, existing in a synctial cellular network capable of signaling
back-propagation, has three-dimensional connectivity, is it possible that in response to a unitary
loading event, a unitary osteocyte is capable of simultaneously transmitting three different “sig-
nals,” one in each direction; i.e., one signal for deposition, one for resorption and one for stasis?
If so, how is this accomplished? And if not, why not?

9. What factor(s) regulate the “size” (area) of a “packet” (communication compartment, co-
hort) of osteoblasts, all engaging simultaneously in the same activity (i.e., deposition, resorption,
stasis) on a bone surface, at any one period of time?

10. What is the relationship between the electromagnetic frequencies to which bone responds
and those frequencies to which other, nonosseous cells and tissues respond (cf. Shafik, 1998)?

11. Is it possible to develop a comprehensive explication of all aspects of bone tissue response
to extrinsic “loadings” that is equally valid at all organizational levels—molecular, microscopic,
cellular, tissue, and organismal (cf. Sasaki and Odajima, 1996)?

12. What are the rules of the self-assembly process that governs the formation of structure in
bone? How does this process differ in morphogenesis, growth, strain adaptation, fracture healing,
and the development of secondary osteons?
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Myoblast Therapy
Joanne C. Cousins, Jennifer E. Morgan, and Terence A. Partridge

INTRODUCTION

Interest in grafting muscle precursor cells (MPCs) initially arose from the desire to discover a
treatment for genetic diseases of skeletal muscle, such as Duchenne muscular dystrophy (Par-

tridge et al., 1978). Duchenne muscular dystrophy (DMD), the most common inherited myopa-
thy, is characterized by the lack of the subsarcolemmal protein dystrophin (Hoffman et al., 1987).
Muscle fibers that lack dystrophin undergo repeated cycles of necrosis and regeneration, resulting
in progressive replacement of muscle fibers by fibrotic tissue and adipose tissue (Dubowitz, 1985).
This is reflected in gradual loss of effective muscle function and eventual premature death (Par-
tridge, 1993). Similar but less severe symptoms of muscle weakness and wasting are seen in the
rarer Becker muscular dystrophy (BMD), a more phenotypically variable allelic form of muscular
dystrophy. A truncated form of the dystrophin protein is present and disease onset is usually later
with less severe muscle wasting, allowing some patients to remain ambulant throughout their lives
(Dubowitz, 1985). The rationale behind myoblast transplantation therapy (MTT), is that normal
myogenic MPCs would participate in the repair and remodeling of the degenerating muscle, mak-
ing use of the regeneration pathway of normal adult skeletal muscle after injury (Partridge, 1991a;
Partridge and Davies, 1995). Normal adult skeletal muscle consists of long, multinucleate post-
mitotic fibers and quiescent mononuclear MPCs, termed “satellite” cells, situated beneath the basal
lamina of each fiber. Following damage to a fiber, satellite cells are activated to proliferate and fuse
with the surviving portion of the syncytium to repair the damaged area of the fiber (Bischoff,
1994). MTT would therefore lead to repair of the degenerated region of the muscle fiber; the nor-
mal myoblasts and gene products produced by the myonuclei derived from these transplanted cells
could compensate for deficient or abnormal host proteins, even if the missing gene or gene prod-
uct causing the disease were unknown (Partridge and Davies, 1995). Myoblasts are also potentially
effective vehicles for transfer of exogenous genes because they are able to divide extensively, mi-
grate, and differentiate. Furthermore, long-term expression of exogenous genes is possible due to
the longevity of the postmitotic nuclei derived from the implanted cells. This rationale would also
make myoblast transplantation into skeletal muscle an attractive prospect for the synthesis of sys-
temically active peptides and proteins for the treatment of nonmuscle diseases (Barr and Leiden,
1991). Myoblast transplantation has also provided useful insights into how postnatal muscle re-
generates and is repaired, which is of vital importance when considering transplantation as a treat-
ment for myopathies.

MYOBLAST-MEDIATED GENE TRANSFER
Myoblast-mediated gene transfer has been investigated as a means to construct a recombinant

protein factory within skeletal muscle to synthesize a range of systemically active peptides (Barr
and Leiden, 1991). As a target tissue for cell therapy, skeletal muscle has several attractive proper-
ties. It is richly vascularized, which would allow efficient systemic delivery of transgene products.
Moreover, transplanted myoblasts terminally differentiate on incorporation into the myofiber by
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fusion with each other or with the existing fiber, thus providing a stable tissue for protein pro-
duction.

C2C12 myoblasts have been used in myoblast transplantation (MT) to express human growth
hormone (Barr and Leiden, 1991; Dhawan et al., 1991). Myoblasts engineered in culture to pro-
duce recombinant human (Yao and Kurachi, 1992) and canine (Dai et al., 1992) factor IX have
given sustained expression of biologically active protein in the serum of transplanted mice. To op-
timize the procedure, myoblasts were first retrovirally infected with a lacZ reporter gene; this also
confirmed that the C2C12 cell line used would form muscle on transplantation (Yao and Kurachi,
1992). Persistent factor IX mRNA expression and long-term protein expression were seen follow-
ing transplantation of engineered primary cells (Yao et al., 1994), and therapeutic levels of human
protein were achieved by repeated transplantation (Wang et al., 1997). Stable expression was seen
in both studies, and the participation of donor cells in muscle fiber formation was again confirmed
by �-galactosidase expression from the lacZ reporter gene.

Sufficient and sustained levels of functionally active human erythropoietin have been achieved
by transplanting C2C12 myoblasts coexpressing erythropoietin and �-galactosidase; transplanted
cells were seen to participate in muscle formation, although tumors were also frequently observed
(Hamamori et al., 1995). It should be noted that even though a number of these studies used the
C2C12 myogenic cell line (Barr and Leiden, 1991; Dhawan et al., 1991; Yao and Kurachi, 1992;
Hamamori et al., 1995), previous work has shown that C2C12 myoblasts generate tumors on
transplantation into mouse muscle (Morgan et al., 1992; Wernig et al., 1991). Consequently, the
exogenous protein detected could have been secreted by the tumor cells or by mature muscle. This
has been addressed in work by Bou-Gharios et al. (1999), which demonstrated that mature fibers
of donor origin expressed the recombinant protein. Direct intramuscular injection of plasmid
DNA was compared to transplantation of H-2Kb–tsA58 myoblasts ( Jat et al., 1991) engineered
ex vivo to secrete human �-1-antitrypsin (�1-AT). Immunohistochemistry on the mdx nude mus-
cles injected with myoblasts showed that mature donor fibers expressing dystrophin as a marker
of donor origin also expressed human �1-AT. Detectable levels of human �1-AT were also ob-
served in serum, although it is unclear whether the �1-AT seen in muscle fibers is directly related
to the serum levels of �1-AT.

The problems associated with producing a protein factory within an existing muscle, such as
reducing or terminating protein expression, can be overcome by transplanting engineered my-
oblasts (Irintchev et al., 1998) or bioartificial muscles (organoids); developed in culture from 
myoblasts (Vandenburg et al., 1996) these products can be surgically introduced into accessible
subcutaneous sites. Irintchev et al. (1998) showed that as early as 1 week after subcutaneous im-
plantation of myoblasts, muscle of mature morphology and phenotype was formed. These ectopic
muscles were vascularized and often connected to underlying skeletal muscle and/or innervated.
These are interesting findings in terms of producing recombinant proteins from engineered my-
oblasts; the subcutaneous space could be exploited for the development of these cells and for de-
livery of their protein product to the circulation.

THERAPEUTIC MYOBLAST TRANSPLANTATION 
FOR MYOPATHIES

Animal Studies
In vivo MT was first used in the late 1970s to elucidate the basic cell biology of muscle lin-

eages (Lipton and Schultz, 1979; Jones, 1979). To investigate the possibility that donor muscle
cells might repair host muscles damaged by myopathy or injury, minced muscle grafts were trans-
planted between two strains of inbred mice and fusion was observed between donor and host my-
oblasts (Partridge et al., 1978). Subsequently it has shown that single muscle precursor cells pre-
pared from disaggregated donor muscle can be incorporated into an area of regeneration within
the host mouse, forming hybrid fibers from the fusion of donor nuclei with host fibers (Watt et
al., 1982). It was postulated that transplantation of myoblasts could provide a possible therapy
even without identification of the defective protein or gene responsible for the myopathy (Law et
al., 1988; Partridge et al., 1989; Karpati et al., 1989). The first evidence that implanted MPCs
could ameliorate a biochemical deficiency was provided in phosphorylase kinase-deficient mice
(Morgan et al., 1988). This was followed by the formation of dystrophin-positive fibers in MPC-
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injected muscular dystrophy (mdx) muscles (Partridge et al., 1989). The mdx mouse (Bulfield et
al., 1984) is a biochemical homolog of DMD, lacking the protein dystrophin (Hoffman et al.,
1987) due to a point mutation in the dystrophin gene (Sicinski et al., 1989). Characterized by ear-
ly-onset muscle degeneration and regeneration and mild clinical phenotype, few deleterious effects
are present until 20–24 months of age, when many pathological changes similar to DMD are seen
(Pastoret and Sebille, 1995a,b). The mdx mice have an almost normal life-span and efficient mus-
cle regeneration, and cannot therefore be considered an ideal disease model (Partridge, 1991b,
1997). The initial experiments showed that dystrophin-positive fibers were produced after trans-
plantation of normal myoblasts into regenerating mdx muscle (Partridge et al., 1989; Karpati et
al., 1989), although with current knowledge, some of these fibers (Karpati et al., 1989) were prob-
ably due to a reversion from a dystrophin-negative to a dystrophin-positive phenotype (Hoffman
et al., 1990) (see later). Blocking the regenerative capacity of the mdx muscle by local high doses
of X-irradiation (Wakeford et al., 1991; Quinlan et al., 1995, 1997) and �-irradiation (Weller et
al., 1991) provides a convenient model of the fiber atrophy and connective tissue replacement seen
in DMD. Normal myoblasts transplanted into X-irradiated mdx muscles produced large numbers
of dystrophin-positive fibers, fiber loss was counteracted, and there was restoration of an almost
normal histologic appearance in the muscle (Morgan et al., 1990). MPCs implanted into preirra-
diated mdx muscles gave rise to long-lived dystrophin-positive fibers and showed better migration
when compared with nonirradiated controls (Morgan et al., 1993). Results from a study involv-
ing implanting myoblasts overexpressing dystrophin into mdx mice gave an insight into the
amount of dystrophin required to repair a fiber (Kinoshita et al., 1998). Although there was a 50-
fold overexpression of dystrophin, the membrane area covered by this expression was only in-
creased by 3-fold, and the percentage of normal mRNA by only 4-fold. This can probably be ex-
plained by the limited diffusion of dystrophin protein along a fiber from the transgenic nucleus
that produced it; however, as there are also mdx nuclei in a mosaic fiber, it does not have to be en-
tirely composed of transplanted normal nuclei.

It has been suggested that lack of dystrophin in the mdx mouse may be compensated by up-
regulation of a structurally related protein, utrophin (Deconinck et al., 1997a). Mice lacking both
utrophin and dystrophin have a severely myopathic phenotype with ultrastructural, neuromuscu-
lar, and myotendinous junction abnormalities (Deconinck et al., 1997a). Mice lacking utrophin
alone have subtle neuromuscular defects, and it has been speculated that the relatively mild phe-
notypes of the dystrophin and utrophin single-mutant mice, compared to the double mutant, re-
flect the compensation between the two proteins (Grady et al., 1997). In much the same vein it
has been suggested that the milder phenotype of the mdx mice compared to DMD patients may
be attributable to more successful utrophin compensation, because utrophin is detected around
the sarcolemma of regenerating adult mdx skeletal muscle fibers (Deconinck et al., 1997a). Fur-
thermore, expression of a truncated utrophin protein in transgenic mdx mice led to a major func-
tional improvement (Deconinck et al., 1997b) similar to that previously seen following transgenic
expression of a truncated dystrophin protein (Dunckley et al., 1993; Deconinck et al., 1996), and
expression of a full-length transgenic utrophin protein at the sarcolemma of mdx mice prevented
the development of muscular dystrophy (Tinsley et al., 1998). However, because neither the dys-
trophion nor the utrophin single-mutant mice are phenotypically normal, the two proteins can-
not have completely overlapping developmental roles.

Although myoblast transplantation in the mdx mouse has generated large numbers of dys-
trophin-positive fibers that can persist for long periods of time (Morgan et al., 1993), and restored
near-normal muscle histology (Morgan et al., 1990), the conditions required to achieve this are
idealized for the animal model and are not directly transferable to human clinical trials. However,
numerous studies have determined the feasibility of myoblast transfer therapy in the treatment of
primary myopathies, such as Duchenne muscular dystrophy (Partridge, 1991a).

Patient Clinical Trials
Successful myoblast transplantation in mdx mice (Partridge et al., 1989) led to four human

MT clinical trials (Law et al., 1990; Gussoni et al., 1992; Huard et al., 1992; Karpati et al., 1993).
In the first trial Law et al. (1990) injected one patient’s extensor digitorum brevis muscle with
cloned satellite cells derived from a biopsy taken from the patient’s father. The contralateral mus-
cle was not injected with cells and served as a negative control. Western blots and immunocyto-
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chemistry detected dystrophin at the sarcolemma in the cell-injected leg muscle, but not in the
control muscles. A second trial saw dystrophin mRNA transcripts detected by reverse transcrip-
tion and polymerase chain reaction (RT–PCR) from three of eight patients injected with cells from
a first-degree relative (Gussoni et al., 1992). The success of the transplantation into these three pa-
tients with deletions in the dystrophin gene was perhaps a virtue of their relative lack of fibrosis
compared to older patients. In a preliminary study, Huard et al. (1991) reported dystrophin-pos-
itive fibers in a 16-year-old DMD patient following MT. The nine-patient MT clinical trial that
followed, between human leukocyte antigen (HLA) class I (A, B, and C) and class II DR-matched
donors and hosts, saw dystrophin expression in most patients, but this expression decreased with
time (Huard et al., 1992). This may have been due to an immune response because a reaction was
observed against muscle proteins, including dystrophin, and antibodies detected in the patient’s
serum reacted against donor myoblasts and myotubes. Karpati et al. (1993), however, saw no sig-
nificant strength improvement or increase in dystrophin in eight cyclophosphamide-immuno-
suppressed patients following multiple injections of donor MPCs. There was poor overall thera-
peutic efficiency of MT, attributed in part to cryptic immunorejection and/or toxic effects of the
immunosuppressive agent. Tremblay et al. (1993) also saw generation of a humoral immune re-
sponse following MT in young DMD patients, which suggested that cell (or gene) therapy would
require host immunosuppression, because the antigens causing the immune response probably 
included the dystrophin protein. In a trial in which patients were immunosuppressed with cy-
closporine, a moderate strength increase was seen in both cell and placebo-injected muscles, indi-
cating an effect of the cyclosporine on muscle strength (Miller et al., 1997). Previous trials had
failed to control adequately for the ameliorating effects of either the cyclosporine immunosup-
pression (Law et al., 1990) or placebo injection (Law et al., 1993). Furthermore, in a study of Beck-
er MD patients controlled for the effect of the transplantation procedure and cyclosporine im-
munosuppression, no improvement in strength was seen in myoblast-injected muscles (Neumeyer
et al., 1998). After a lull caused by the lack of success of human trials of myoblast therapy for
DMD, animal studies have increasingly been used to elucidate the problems seen, and to further
our understanding of the principles underlying muscle regeneration following injury or due to my-
opathic disease.

Factors for Successful Transplantation
A number of problems have been held accountable for the poor outcome of MTT clinical tri-

als to date, ranging from the preparation of the cells prior to implantation, to their poor dispersal
and survival once implanted, and to controlling the immune response. The immune reaction seen
following MT is being increasingly studied in animal experiments; the availability of immunode-
ficient animal strains has provided a means of avoiding this immune response for experimental
purposes. However, this issue does need to be further evaluated if clinical trials are to succeed. The
results of Vilquin et al. (1995b) following transplantation of myoblasts transgenically expressing
�-galactosidase into mdx mouse muscle under cyclophosphamide immunosuppression mirrored
those seen in the Karpati et al. (1993) clinical trial. It was concluded that as an immunosuppres-
sant, cyclophosphamide at high concentrations was toxic to injected myoblasts and at low con-
centrations was not sufficiently immunosuppressive. Human myoblasts transplanted into im-
munodeficient or immunosuppressed mice were able to fuse and produce dystrophin, although
there was evidence of humoral or cellular immune reaction from rejection of some cells in inade-
quately suppressed mice (Huard et al., 1994b). In a separate study, dystrophin-positive fibers were
still present 9 months after MT with histocompatible mouse cells into mdx mice, even though an-
tibodies to dystrophin and/or the muscle membrane were also present in many mice, indicating
that dystrophin incompatibility alone does not necessarily induce rejection (Vilquin et al., 1995a).
The need for adequate immunosuppression for MT in DMD patients was further highlighted in
the failure of MT in normal mice (Guerette et al., 1995). FK-506 was shown to be an effective im-
munosuppressant in mdx and normal mice (Kinoshita et al., 1994a,b) and was also effective in
preventing short-term immune reactions following MT in monkeys (Kinoshita et al., 1996a). The
inflammatory reaction can be prevented by treating the host with FK-506 and a monoclonal 
antibody against a lymphocyte function-associated antigen (LFA-1) (Guerette et al., 1997a), al-
though cell death was not reduced by treatment with FK-506 alone, indicating the mortality was
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not due to a specific acute reaction (Guerette et al., 1997b). The antiinflammatory property of a
transforming growth factor (TGF-�1) on myoblast survival was investigated. TGF-�1 expression
from retrovirally infected transplanted myoblasts decreased the inflammatory reaction against the
transplanted cells, thus prolonging their survival (Merly et al., 1998). Two approaches, blocking
the action of interleukin-1 (IL-1) by engineering transplanted myoblasts to express a cytokine in-
hibitor, or selection of specific muscle-derived cell populations, have also been suggested to im-
prove transplanted cell survival (Qu et al., 1998).

Although the inflammatory reaction has been proposed as the cause of the cell death seen dur-
ing the first 3 days posttransplantation, it cannot explain the massive cell death seen immediately
posttransplantation in both immunocompetent (Huard et al., 1994a) and nude mice (Beauchamp
et al., 1994). Using [14C]thymidine, a semiconserved marker, Beauchamp et al. (1997) found that
17% of donor cells survived 48 hr after transplantation, similar to the 20% survival reported by
Huard et al. (1994a) following transplantation of adenovirally marked cells. In the same study,
with an inherited marker (Y chromosome) only 35% of the original number of copies of host
genome were present after 48 hr, again indicating a massive loss of donor cells (Beauchamp et al.,
1997). In a previous study we estimated the amount of muscle formed from transplantation of a
known number of myogenic cells by multiplication of the weight of the muscle by the percentage
of dystrophin-positive fibers. Even assuming that all transplanted cells survive, these cells must di-
vide extensively to account for the calculated value of �10 mg of donor-derived muscle (Morgan
et al., 1996). When the actual number of cells surviving transplantation is considered, all muscle
of donor origin is formed from a small proportion of the initial injected population, which must,
therefore, undergo rapid proliferation (Beauchamp et al., 1999). Whether donor myoblasts were
unlabeled or labeled with [14C]thymidine or [3H]thymidine, the outcome was the same, despite
[3H]thymidine being toxic to dividing cells. This indicates that the cells that survived transplan-
tation and went on to proliferate and form muscle fibers were not labeled by [3H]thymidine, pre-
sumably because they divide slowly in culture and were therefore not dividing during labeling
(Beauchamp et al., 1999). This slow division is characteristic of some stem cells (Morrison et al.,
1997), which are considered by many to be the ideal cells for MT, giving rise to both fully differ-
entiated muscle and to more precursor cells capable of muscle regeneration following further pe-
riods of degeneration. This idea has received a boost by the demonstration that bone marrow-
derived cells contribute to the regeneration of mouse skeletal muscle following bone marrow trans-
plantation and also by direct grafting into host muscle (Ferrari et al., 1998) and by the extraction
of stemlike cells from muscle (Qu et al., 1998; Gross and Morgan, 1999).

Webster and Blau (1990) showed that neonatal muscle cells have a greater regenerative po-
tential compared with cells from either a teenage or an adult donor. Neonates would therefore be
the preferred donor source because 30–40 cell doublings in vitro would be required from a mus-
cle biopsy to replace the entire satellite cell pool within an adult (estimated at between 1011 and
1012 cells), even assuming all of the transplanted cells survived (Partridge and Davies, 1995).
Karpati et al. (1993) found a loss of myogenicity in normal adult myoblasts after 15-18 doublings
in vitro prior to implantation; in addition, there was a decrease in proliferative potential with the
age of the donor. In parallel with the loss of proliferative capacity, telomere length of satellite cells
also decreased during the first two decades of life, whereas telomere length of myonuclei contained
within muscle fibers remained constant (Decary et al., 1997). Telomeres are simple repetitive non-
coding DNA sequences found at the end of chromosomes, and a decrease in telomeric DNA is as-
sociated with somatic cell division. There appears to be an inverse relationship between telomere
length and proliferative capacity, and it is therefore supposed that the use of MPCs derived from
young donors would be best for MTT due to greater proliferative potential of satellite cells. How-
ever, even in young DMD patients the replicative capacity of satellite cells is further reduced by
the repeated cycles of degeneration and regeneration that are characteristic of DMD, and this has
implications for the idea of ex vivo gene therapy in which the patient’s own myogenic cells are en-
gineered to produce dystrophin before being expanded in vitro, prior to their reimplantation. For
experimental MTT in the mouse, the problem of limited proliferative capacity of donor cells in
culture has been overcome by utilizing conditionally immortal myoblasts from transgenic animals,
such as the H-2Kb–tsA58 mouse (Jat et al., 1991; Morgan et al., 1994). The transgene allows these
cells to be cultured for long periods of time while still retaining their myogenic properties, and fol-
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lowing transplantation they behave as normal MPCs. Long-term culture of these cells enables them
to be marked, for example, with a reporter gene, allowing the survival and migration of donor cells
to be monitored and facilitating the assessment of success of the MT procedure.

One marker of donor cells following transplantation is the presence of donor-derived normal
dystrophin in a dystrophic host. However, it has been reported that dystrophic muscles of both
mdx mice and DMD patients contain rare dystrophin-positive fibers, termed “revertant” fibers
(Hoffman et al., 1990), such that identification of a dystrophin-positive fiber alone is insufficient
to demonstrate successful transplantation. This source of dystrophin-positive fibers was not con-
sidered by Law et al. (1990), although the trial conducted by Huard et al. (1992) had taken it into
account. Full-length dystrophin mRNA is a useful marker of donor myoblasts, although in clini-
cal trials Karpati et al. (1993) and Morandi et al. (1995) failed to identify any full-length dys-
trophin mRNA, whereas Gussoni et al. (1992) identified low levels that had no particular associ-
ation with dystrophin-positive fibers on biopsy. Mendell et al. (1995), using antibodies specific to
particular exons, showed up to 10% dystrophin-positive fibers in one DMD patient following MT.
A panel of epitope-specific monoclonal antibodies and a polyclonal antibody were used to show
the failure of MT in muscle samples from a patient who had received MTT in a clinical trial per-
formed by the Cell Therapy Research Foundation (Memphis, TN) (Partridge et al., 1998). No dif-
ference in dystrophin-positive fibers was seen between myoblast- and sham-injected muscles, and
moreover, the pattern of dystrophin epitope expression corresponded to the patient’s genetic dele-
tion, indicating that the dystrophin-positive fibers were due to a reversion of the patient’s fibers
from a dystrophin-negative phenotype rather than to expression from normal donor myonuclei.
Markers of donor origin have also been used to look at migration of transplanted cells. Fluores-
cently labeling normal myoblasts prior to implantation into mdx muscle showed that most of the
fibers formed from donor cells are near the injection site, implying limited dispersion of the donor
cells (Satoh et al., 1993). Moens et al. (1996) showed by grafting whole extensor digitorum longus
(EDL) muscles between C57 and mdx mice that very few MPCs that are active in these grafted
muscles are able to migrate into adjacent muscles, this may have been because the grafted muscles
were not injured to further activate satellite cells. This implies that to make MT efficient enough
to be utilized as a therapy for myopathies, every affected muscle will need to be given closely spaced
injections of myoblasts. It has previously been shown that rat myoblasts in the same muscle may
migrate from one fiber to another (Hughes and Blau, 1990), but migration between muscles did
not occur unless the connective tissue barriers were damaged (Schultz et al., 1986; Morgan et al.,
1987; Watt et al., 1987, 1993, 1994). Migration of myoblasts following grafting into FK-506-im-
munosuppressed BALB/c and mdx mice has been increased by prior culture in concanavalin A
(Con A), a tetravalent plant lectin (Ito et al., 1998). The mechanism is unclear, although up-reg-
ulation of collagenase synthesis has been noted in a variety of cell types. A study by Skuk et al.
(1999) demonstrated that precise delivery of transplanted myoblasts in primates by multiple, close-
ly spaced injections can compensate for their poor migration in vivo, and that the presence of a
myotoxic phospholipase, such as notexin, also increased the success of the transplantation. (No-
texin is a phospholipase known to induce degeneration in muscle by destroying the plasma mem-
brane of mature fibers, but sparing MPCs (Harris and Johnson, 1978; Dixon and Harris, 1996)).
These were the best results obtained from myoblast transplantation in primates, which, due to a
close phylogenic relationship, provide a better model than the mouse for accurate extrapolation to
man. An increased participation in regeneration of donor mouse myoblasts was seen in both nor-
mal and mdx mice following irradiation and notexin treatment of host muscle (Kinoshita et al.,
1994b). When human myoblasts were transplanted into irradiated and notexin-damaged severe
combined immunodeficient (SCID) mice, the majority of fibers formed were of donor origin, al-
though the actual number of fibers present was, at best, one-third of the normal number due to
incomplete regeneration (Huard et al., 1994c). Kinoshita et al. (1996b) saw a high percentage of
fibers of donor origin in mdx mice injected several times with mouse cells cultured in the presence
of basic fibroblast growth factor (bFGF), without notexin treatment. The bFGF did not increase
the percentage of myogenic cells present within the primary culture because a myogenic clone 
cultured in the lowest concentration of bFGF showed the same improvement of MT. Gross and
Morgan (1999) treated irradiated and cell-injected mdx muscle with notexin to show that some
transplanted cells, in addition to forming dystrophin-positive fibers, can persist as muscle precur-
sor cells.
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As discussed, studies have shown the importance of the choice of donor cell population
(Beauchamp et al., 1999; Gross and Morgan, 1999) as a consideration for the increased efficacy
of clinical trials, in addition to methods to increase donor cell survival and migration on trans-
plantation (Moens et al., 1996; Ito et al., 1998; Skuk et al., 1999). The source of donor cells also
has implications when myoblasts are used as gene therapy vehicles, and greater success of this tech-
nique may be attained with the use of myogenic cells early in the myogenic pathway, such as mus-
cle stem cells (Brown and Miller, 1996). Donor cells with stem cell characteristics have been iden-
tified in injected muscles. Yao and Kurachi (1993) were able to extract myogenic cells of donor
origin from injected muscles, and Morgan et al. (1994) showed that cells isolated from irradiated
and injected muscles could be passaged through further rounds of irradiated mouse muscle. There
has also been success in differentiating uncommitted cells from nonmuscle tissue into skeletal mus-
cle under appropriate conditions, providing a possible source of material for MT (Young et al.,
1995; Gibson et al., 1995). Ferrari et al. (1998) showed that transplanted bone marrow-derived
cells (possibly originating from multipotent mesenchymal stromal stem cells) migrated into mouse
muscle that had been forced to degenerate, and that these cells were able to undergo myogenic dif-
ferentiation and participate in the regeneration of the damaged fibers.

The existence of populations of cells with the ability to form new muscle, both immediately
after transplantation and following future periods of degeneration, may prove crucial to the de-
velopment of methods to improve the success of human MTT.
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Protection and Repair 
of Hearing

Richard A. Altschuler, Yehoash Raphael, Jochen Schacht, 
David J. Anderson, and Josef M. Miller

INTRODUCTION

Deafness is the number one disability in the United States. Hearing loss affects more than 35
million individuals in all age groups. It increases with age, affecting one in three persons over

the age of 65 and 50% of individuals over the age of 75. With the increased longevity of our pop-
ulation, this disability is also increasing. Approximately one-half of all hearing losses are thought
to be of genetic etiology. Acquired deafness affects one in four to five individuals and can occur
from a variety of causes, including noise, drugs, disease, and aging. It is obviously important to de-
velop interventions to help to prevent hearing loss or to improve the chances to restore hearing af-
ter deafness. The means for inducing regeneration of the sensory hair cells, the loss of which re-
sults in profound deafness, currently remains an unrealized goal in mammals. However, recent
advances in our understanding of molecular mechanisms as well as new developments in cochlear
prostheses raise the promise for new and effective treatments for protection from acquired and ge-
netic deafness and better restoration of hearing. This chapter discusses the basis for the interven-
tions and the methods for achieving the interventions.

BASIS FOR INTERVENTIONS

Acquired Deafness: Endogenous Protective Mechanisms
Treatments for protection from acquired deafness can be based on enhancement of endoge-

nous protective mechanisms in the inner ear. Three such endogenous mechanisms have been iden-
tified: (1) reactive oxygen metabolites, (2) stress shock proteins, and (3) neurotrophic factors.

Regulation of reactive oxygen metabolites
The overproduction of superoxide radicals—and the ensuing chain reaction of formation of

other free radicals—now appears to be a common mechanism by which many forms of stress cause
damage in the inner ear, including noise and ototoxic drugs (such as aminoglycoside antibiotics).
The formation of superoxide radicals occurs early and throughout the traumatizing event. They
appear to form in association with intense mitochondrial activity, in response to prolonged tissue
hypoxia and a rebound hyperperfusion (e.g., Thorne et al., 1987) and an enhanced release of ex-
citatory amino acids (Puel et al., 1994, 1996). Reactive oxygen metabolites (ROMs) may be gen-
erated by stress events hours following the trauma (Yamane et al., 1995). The formation of these
radicals, in turn, leads to the initiation of a cascade of intracellular events that lead to cell death.
Interventions can be effective at different steps in the sequence of events: before the formation of
radicals, by blocking their formation, before they produce downstream effects, by intervention;
and during the sequence, so as to reduce or restrict the extent of damage or to enhance repair.
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Prevention of aminoglycoside-induced hearing loss
In the case of aminoglycoside antibiotics, Schacht and colleagues have established a molecu-

lar mechanism of action that involves free radical formation. Aminoglycoside antibiotics are ca-
pable of forming a chelation complex with iron, as demonstrated for gentamicin by nuclear mag-
netic resonance. The complex, with a 1:1 stoichoimetry of gentamicin to iron, is a redox-active
compound that will reduce oxygen to the superoxide radical at the expense of an electron donor
(Priuska and Schacht, 1995; Priuska et al., 1998; Sha and Schacht, 1999a). This property is ap-
parently shared by all aminoglycoside antibiotics (Sha and Schacht, 1999b) and is responsible for
the ototoxic properties of these drugs. The latter can be deduced from the fact that compounds
that suppress free radical formation by aminoglycosides in vitro are also capable of attenuating the
ototoxic affects in vivo. Such compounds include well-established antioxidants such as glutathione
and iron chelators (Garetz et al., 1994a,b; Song and Schacht, 1996). Indeed, an excellent protec-
tion against the ototoxicity of several aminoglycosides was achieved in guinea pigs with the well-
established chelating compounds 2,3-dihydroxybenzoate and deferoxamine. Their coadministra-
tion attenuated a gentamicin-induced hearing loss of 60–80 db to a negligible loss of around 10
db (Song et al., 1997). Similar protective affects were seen against the cochlear and vestibular tox-
icity of kanamycin and streptomycin (Song et al., 1998). Independent studies subsequently con-
firmed antioxidants as protectants against neomycin and amikacin (Conlon and Smith, 1998;
Conlon et al., 1999).

This in vivo protection both supports the mechanism of free radical involvement and points
toward antioxidant treatment as a potential clinical therapy. A clinically feasible prophylactic ther-
apy requires drugs that, alone, are nontoxic and easily administered to the patient. In their search
for a practicable application, Sha and Schacht (2000) tested 2-hydroxybenzoate, a precursor of
2,3-dihydroxybenzoate, and found it effective. This compound, commonly known as salicylate, is
a weak iron chelator and radical scavenger and may be oxidized under oxidative stress to the more
powerful prophylactic 2,3-dihydroxybenzoate. Salicylates have a long medical history as antiin-
flammatory drugs, mostly in the commonly supplied oral form of aspirin. These animal experi-
ments then imply that aspirin is a suitable medication to protect from aminoglycoside-induced
hearing loss. Clinical trials are now underway to determine efficacy in humans.

Prevention of noise-induced hearing loss
The prophylactic approach is currently less feasible for other stresses, for which mechanisms

behind ROM formation have yet to be elucidated or when a proactive treatment is not possible.
This reservation would apply to clinical cases of noise-induced hearing loss, and studies are there-
fore currently focusing on interventions at later times. In animal models, however, the potential
of antioxidants to limit noise trauma has been demonstrated.

Good evidence supports the view that ROMs are formed in the inner ear following intense
sounds; for example, superoxide radicals have been found in the stria vascularis (Yamane et al.,
1995). Consistent with such a free radical involvement, hearing loss can be attenuated by scav-
engers, including superoxide dismutase and allopurinol (Seidman et al., 1993), and lazaroids and
lazaroid-related compounds (Quirk et al., 1994), or by the up-regulation of antioxidant enzymes
(Hu et al., 1997). These observations were extended by studies showing the involvement of one of
the major endogenous antioxidant systems, glutathione, in the limitation of noise trauma. Glu-
tathione (l-�-glutamyl-l-cysteinylglycine) serves as an important physiologic antioxidant and rad-
ical scavenger, because it reacts directly with a number of ROMs, including superoxide anion rad-
icals, hydroxyl radicals, hydrogen peroxides, and other organic peroxides, to form glutathione
disulfide. Glutathione attenuates cochlear damage induced by gentamicin (Lautermann et al.,
1995a), kanamycin plus ethacrynic acid (Hoffman et al., 1987), amikacin (Nishida and Takumi-
da, 1996), and cisplatin (Lautermann et al., 1995b; Ravi et al., 1995).

Yamasoba et al. (1998) manipulated glutathione using l-buthionine-[S,R]-sulfoximine
(BSO), which depletes glutathione by inhibiting its synthesis. Following exposure to broadband
noise (102 dB SPL*) for 3 hr/day for 5 days, glutathione-depleted guinea pigs showed significantly
greater threshold shifts than did control subjects, and outer hair cell damage was more pronounced.

752 Altschuler et al.

* SPL is a physical measure of atmospheric pressure equal to 0.0002 dynes/cm2.



Similarly, tissue levels of glutathione can be influenced by the dietary availability of one of its pre-
cursors for synthesis, the amino acid l-cysteine. Decreased intake decreases cysteine levels in the
plasma and glutathione concentration in tissues. By this mechanism, administration of a low-pro-
tein diet leads to a reduction of glutathione levels in the cochlea, thereby increasing the suscepti-
bility to drug-induced hearing loss (Lautermann et al., 1995a,b). When guinea pigs were ad-
ministered a low-protein diet and exposed to noise, they demonstrated significant elevations in 
auditory brainstem response (ABR) threshold shifts as compared to animals on a normal protein
diet (Ohinata et al., 1999). In such glutathione-depleted animals, dietary glutathione ethyl ester
can efficiently increase tissue glutathione levels (Puri and Meister, 1983). In fact, oral administra-
tion of glutathione ester and vitamin C elevated glutathione levels in the cochlear sensory epithe-
lium in animals on a low-protein diet (Lautermann et al., 1995b). In noise-exposed animals, ad-
ministration of glutathione ester provided significant ABR protection at all frequencies as
compared to their saline-injected controls on a low-protein diet (Ohinata et al., 1999).

Interventions in noise-induced hearing loss may therefore now be based on the accelerated re-
moval of superoxide or derived free radicals, or on the strengthening or supplementation of gen-
eral detoxification systems.

Heat-shock proteins
Heat-shock proteins (HSPs) provide a natural protective mechanism for cells in numerous

systems and species. HSPs achieve their protective role by influencing the stress-related denatura-
tion of proteins (either reducing the denaturation or enhancing renaturation and regaining the
correct tertiary structure), as chaperones, or through an influence on cell death cascades. Several
families of HSPs (commonly grouped by their molecular weights) include HSP 25/27, HSP 70/
72, and HSP 90. Expression of the inducible form of HSP 70 in the cochlea has been shown with
heat (Dechesne et al., 1992), with transient ischemia (Myers et al., 1992), and with noise (Lim et
al., 1993). This expression is generally found in the sensory hair cells and is transient, peaking 4–
6 hr following the stress. HSP 27, on the other hand, is found constitutively (without the need for
induction by stress) and has a more widespread distribution, not only in sensory hair cells, but in
supporting cells and the lateral wall tissues (Leonova et al., 1998). Stress appears to modulate this
expression. A protective role of HSPs in the inner ear has been suggested. In several studies HSP
levels were up-regulated by an initial stress, either low-level noise (Mitchell et al., 1997a; Altschuler
et al., 1999) or heat (Yoshida and Liberman, 1999), followed by a noise exposure that would nor-
mally cause a significant hearing loss. Either preexposure resulted in a significant (30 db) reduc-
tion in noise-induced hearing loss and hair cell loss.

Neurotrophic factors
Neurotrophins were so named because during development they induce neuronal differ-

entiation, proliferation, growth, and migration, as well as the growth and migration of neuronal
processes (reviewed by Davies, 1994). Different neurotrophic factors act on different classes of
neurons (Davies, 1994) and act at different receptors. NGF (nerve growth factor) acts at the ty-
rosine kinase a (trka) receptor, neurotrophin-4 (NT-4) and brain-derived neurotrophic factor
(BDNF) act at the trkb receptor, and neurotrophin-3 (NT-3) acts at the trkc receptor (reviewed
by Klein, 1994). Other trophic factors with similar effects, but acting at different receptors, in-
clude ciliary neurotrophic factor (CNTF) (Sendtner et al., 1994), fibroblast growth factor (FGF)
(Eckenstein, 1994), and glial line-derived neurotrophic factor (GDNF) (Lin et al., 1993). Many
neurotrophic factors and/or their receptors have been shown in the normal cochlea, including
GDNF (Ylikoski et al., 1998) and NT-3 and BDNF (Ylikoski et al., 1993). Neurotrophic factors
may have a protective action through an influence on ROMs or via intervention in the cascade of
events induced by ROM formation to block cell death. The factors may reduce oxidative stress-
driven increases in intracellular Ca2� (Hegarty et al., 1997; Mattson et al., 1995; Mattson and 
Furakawa, 1996) through induced expression of calcium-binding proteins (Collazo et al., 1992;
Cheng and Mattson, 1992) or antioxidant enzymes (Mattson et al., 1995; Mattson and Furakawa,
1996). The neurotrophic factors may also share a similar biochemical pathway in providing pro-
tection and interact with ROM scavengers. Several studies have examined if local infusion of neu-
rotrophins into the inner ear fluids prior to stress will result in protection from hearing loss. When
levels of glial line-derived neurotrophic factor or neurotrophin-3 are increased in the inner ear pri-
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or to noise overstimulation or prior to the administration of ototoxic drugs there is significant pro-
tection, with decreased hearing loss and hair cell loss (Altschuler et al., 1999; Keithley et al., 1998;
A. M. Miller et al., 1999; Park et al., 1998; Shoji et al., 2000; Yagi et al., 1999). Thus neurotrophic
factors can provide protection. They are less effective if provided following the stress, suggesting a
greater role in protection than in repair.

Acquired Deafness: Deafness-Related Changes 
and Their Modulation

Many changes occur following deafness, both in the inner ear and in the central auditory path-
ways. In the inner ear, following loss of inner hair cells, a series of pathophysiological changes fol-
low, including scar formation, loss of the peripheral processes of the auditory nerve, and, over time,
substantial loss of the auditory nerve. The loss of auditory nerve is now believed to be related to a
loss of survival factors, including neural activity, causing these neurons to enter into the cell death
cycle. Centrally, neuronal death is minimal but changes occur that include decreased neuronal cell
size in the auditory brain stem; synaptic changes; reorganization of connections; changes in neu-
rotransmitters, receptors, and ion channels; and changes in glia, cytoskeletal elements, and regu-
latory mechanisms (Altschuler et al., 1997; Bledsoe et al., 1997; Miller et al., 1991, 1996). Al-
though some of these changes are related to a down-regulation concomitant with decreased activity,
other changes may be a reaction within the pathways to compensate for decreased activity. There
can be a large impact on these deafness-induced changes when activity is returned to the audito-
ry system, currently through cochlear prostheses and perhaps in the future through hair cell re-
generation. Studies have therefore been designed to develop interventions that can modulate the
deafness-related changes.

Enhancement of auditory nerve survival following deafness
Cochlear prostheses depend on direct stimulation of the auditory nerve, so auditory nerve

survival is of major importance. Neurotrophic factors not only play a role in protection from stress
and trauma (see above), but also are very important for cell maintenance, and their absence can
lead to cell death (Rich, 1992). Auditory nerve death following inner hair cell loss has been pos-
tulated to be the result of an associated loss of critical survival factors, and studies have therefore
examined if replacement of survival factors would stop the death of auditory nerve neurons. In-
deed, chronic delivery of neurotrophic factors into the fluids of the inner ear has now been 
shown to enhance auditory nerve survival significantly following noise- or drug-induced deafness
(Altschuler et al., 2000; Ernfors et al., 1996; J. M. Miller et al., 1997; A. M. Miller et al., 1999;
Staecker et al., 1996; Ylikoski et al., 1998). Effective neurotrophic factors include BDNF and
GDNF.

Depolarization has long been recognized as a trophic treatment in cultured cells, increasing
cell survival and modulating neural biochemistry to alter neurotransmitter, neuropeptide, and en-
zyme expression and density of (functional) voltage-gated calcium channels (Franklin and John-
son, 1992). If activity also serves as a survival factor for the auditory nerve, then electrical stimu-
lation should enhance survival. Studies have shown that chronic electrical stimulation of the
auditory nerve does significantly enhance its survival following deafness (Lousteau, 1987;
Hartshorn et al., 1991; Miller et al., 1991; Miller and Altschuler, 1995; Mitchell et al., 1997b;
Leake et al., 1991, 1992, 1995). The electrical stimulation may serve as a survival factor through
activation of voltage-gated ion channels and/or through up-regulation of autocrine factors, in-
cluding neurotrophic factors. In vitro results suggest that a combination of treatments may be most
effective (Hegarty et al., 1997) and studies to examine this are still ongoing.

Regrowth of auditory nerve processes following deafness
Studies have also examined if neurotrophic factors can induce regrowth of the peripheral pro-

cesses of the auditory nerve that regress following inner hair cell loss. Some neurotrophic factors
that enhance auditory nerve survival following deafness, such as BDNF (see above), will also in-
duce regrowth of peripheral processes (Cho et al., 1998). Other factors such as FGF are not ef-
fective in enhancing auditory nerve survival, but if provided along with a factor such as BDNF,
which does enhance survival, will induce even greater regrowth than seen with BDNF alone (Cho
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et al., 1998). Thus neurotrophic factors can serve not only to enhance survival of the auditory
nerve but also to restore its peripheral processes, although different factors may be necessary to ac-
complish the most effective treatment.

Genetic Deafness
One in 1000 newborns suffers from hearing impairment. In developed countries, more than

half of the afflicted babies are deaf due to genetic reasons. Genetic inner ear impairments can be
nonsyndromic, affecting only hearing, or syndromic, with multiple defects occurring in several
body systems. Many of the genes for deafness have now been identified, as well as their products.
Affected proteins of the inner ear include cytoskeletal proteins such as myosin and a tectorial mem-
brane protein (reviewed by Probst and Camper, 1999). Identification of the genes that are mutat-
ed in families with genetic inner ear impairments is important not only for diagnostic purposes,
but also for the potential for prevention and cure. One exciting study has addressed interventions
into genetic deafness, and has identified a mutation in Myo-15 as the cause for deafness and bal-
ance impairments in the shaker 2 deafness mouse (Probst et al., 1999). This mouse is a model for
several families in which mutations in the very same gene cause genetic inner ear impairments
(Wang et al., 1998). Probst et al. (1998) demonstrated that in transgenic mice destined (geneti-
cally) to become deaf, insertion of the wild-type (correct) gene sequence into the fertilized egg cor-
rected the genetic deficit, leading to normal inner ear structure and function in the adult mouse.
This demonstrated that addition of the correct copy of the gene can rescue the inner ear from ge-
netic deficits. To make such interventions viable for clinical applications, it is necessary to devel-
op the means for delivering genes into the inner ear cells, which are the cells directly affected by
the mutations. Gene therapy is one of the most promising technologies for gene delivery.

METHODS OF INTERVENTION
With effective protective measures for treating acquired deafness and measures for treatment

following deafness identified, the next challenge is to find methods to provide these interventions.

Auditory Prostheses
Auditory prostheses can provide direct stimulation of the auditory pathways to promote re-

turn of hearing following deafness. Stimulatory activity can also act as a survival factor to enhance
auditory nerve survival.

Cochlear prostheses
In severe and profound sensorineural hearing loss the sensory cells of the cochlea are destroyed.

Cochlear prostheses bypass the damaged receptor epithelium and directly electrically excite the au-
ditory nerve fibers. The development of the cochlear prosthesis has been the success story of the
field of neuroprostheses. It has provided a therapy for the profoundly deaf, where none previous-
ly existed. The first Food and Drug Administration-approved inner ear implants, approximately
25 years ago, were single-channel devices that provided crude input and were an aid to lip read-
ing. Now, multichannel devices, combined with many advances in signal-processing strategies,
routinely provide open-set speech discrimination and even use of the telephone in the majority of
implant recipients. Multichannel prostheses use strategies that attempt to approximate the “nor-
mal” encoding. One strategy is to divide the speech frequency range into six bands, with each ac-
tivating an electrode in an analog fashion. Another strategy divides the speech frequency range into
functionally significant regions (formants), with each assigned to clusters of electrodes that are ac-
tivated differently depending on the distribution of speech energy in the formant region. Electrode
arrays can be activated in an analog or digital fashion, with some devices providing simultaneous
activation of sites and others only one at a time, cycling among the sites at a high rate. At this time
there are no clear data to indicate that one strategy or approach is inherently better than another,
and different devices and strategies work better for some subjects than for others.

Central auditory prostheses
Central auditory prostheses can be advantageous when the cochlea is not suitable for im-

plantation or when there is insufficient auditory nerve survival. The dorsal-to-ventral axis of the
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cochlear nucleus, as with most auditory nuclei, is tonotopically organized and is therefore a can-
didate for prostheses placed either on its surface or penetrating into its depth (McCreery et al.,
1998; Mobley et al., 1995). Such implants are still in the development stage, although success with
surface prostheses on the cochlear nucleus (the first central synapse in the auditory pathways) has
been reported (e.g., Laszig et al., 1997; Portillo et al., 1993, 1995). Penetrating prostheses, such as
the two-dimensional arrays using multichannel, multishank silicon substrate technology of the
Michigan type (Anderson et al., 1989) or the Utah Intracortical Electrode Array (Nordhausen et
al., 1994, 1996), offer greater access to the spectral organization. Ultimately, three-dimensional
arrays constructed from multiple planes of two-dimensional silicon devices being used in animal
experiments may offer even greater access to the organization of brain stem structures (Hooger-
werf and Wise, 1994).

Miniosmotic Pumps
The fluid spaces of the cochlea provide for a closed environment well suited to receive local

delivery of chemicals. Local delivery provides improved access and avoids the side effects that sys-
temic delivery could entail. A model miniosmotic pump with cannula into the inner ear fluid of
scala tympani, or into the middle ear with access through the round window, has been developed
in animal models (e.g., Brown et al., 1993; Park et al., 1998), this model has been effectively uti-
lized for local application of chemicals that provide protection from acquired deafness or enhance
survival of auditory nerves (see above sections). Devices have also been developed for human ap-
plications (e.g., IntraEar, Inc).

Gene Therapy
Gene therapy is used to manipulate levels of specific proteins in cells and tissues. It can be

used to inactivate specific proteins or to overexpress them. In most cases, this is accomplished by
introducing a foreign gene into the cells. Viral vectors are the most efficient vehicles for gene trans-
fer, and adenovirus, herpes simplex virus, adeno-associated virus, and lentivirus can mediate gene
transfer into cells of the inner ear (reviewed by Raphael and Yagi, 1998). When mature mammalian
inner ears are inoculated with adenoviral vectors, fibroblasts and other cells of connective tissue
origin are transduced with the highest efficiency (Raphael et al., 1996; Yagi et al., 1999). At pres-
ent this limits the applicability of adenovirus-based gene therapy in the inner ear to genes encod-
ing secreted and diffusible proteins, such as the neurotrophins. Overexpression of the human
GDNF transgene with an adenovirus vector has been shown to protect hair cells from noise and
ototoxic drug insults in guinea pigs (Yagi et al., 1999). Similar treatment was also efficient in pro-
tecting spiral ganglion neurons from degeneration following hair cell loss.

The next major challenge for inner ear gene therapy is to infect hair cells and supporting cells
with a vector for delivering genes to these cells. Once this obstacle is overcome, it will be possible
to test the function of proteins intrinsic to hair cells, such as Myo15 and Myo7a, and to deliver
genes that can cure genetic inner ear impairments.

Combinations
With studies showing that both electrical stimulation and chemical delivery are important in-

terventions, methods that can combine these can be particularly effective. Tissue engineering in-
terventions are therefore being developed using University of Michigan silicon substrate neuro-
probe prostheses that will not only stimulate but will provide chemical factors as well.

Prostheses with microchannels
University of Michigan neuroprobes can now be fabricated with microchannels for local de-

livery of fluids (Chen et al., 1997). This provides the potential for site-specific delivery of neu-
roactive factors into the brain or inner ear. Because the neuroprobes containing the microchannels
are also capable of stimulation and recording, it will be possible to provide both electrical stimu-
lation and drug delivery to highly specific regions and to assess the functional results. This type of
device opens new approaches to understanding the role of brain chemistry in information pro-
cessing in the nervous system. By artificially adjusting levels of neuroactive components, neural
circuits will be modified and will therefore change their function. Longer term changes in circuits,
such as the population of dendrites, can be prompted by chemical action.
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Prostheses with biopolymers
Biopolymers can be synthesized such that they contain both the protein sequence for silk, to

provide strength and flexibility, and sequences of functional domains that naturally occur in the
extracellular matrix protein, to confer specific biological properties (Cappello, 1990; Cappello et
al., 1990). These can be “spun” in microstructured thin films on the surface of prosthetic devices
(Anderson et al., 1993). Biopolymers can be produced that contain the sequence of fibronectin or
laminin to provide a biologic “glue” (for neurons and epidermal cells, respectively), which can then
be coated on implants. This can, in turn, be used to influence and stabilize the neuroprobe tissue
interface, or to attach transformed cells for ex vivo gene transfer (see below). There is excellent tis-
sue compatibility for these coated probes, with or without attached Schwann cells (O’Shea et al.,
1996). The biopolymer can also be used for timed release of specific factors. Thus a prosthesis
could be providing electrical stimulation while releasing one or more chemical factors through mi-
crochannels (above) and other factors through diffusion out of the biopolymer. Specific placement
of biopolymer and microchannels can also provide different factors to different regions.

Prostheses with biopolymers and ex vivo gene transfer
With ex vivo gene transfer, cultured cells are transformed to produce a specific gene product

and are placed into a specific area of the body for region-specific release. One problem has been
that the transformed cells can migrate to a different region. With the use of biopolymers with 
fibronectin or laminin, transformed cells (e.g., fibroblasts and fibronectin; Schwann cells and
laminin), can be securely attached by the biopolymer to a neuroprobe or prosthesis, which is then
inserted into the region of interest. The cells will then remain in place and their action will be high-
ly localized.

CONCLUSIONS
The past decade has brought major advances in our understanding of the molecular mecha-

nisms underlying deafness and of the factors that influence and modulate its expression and pro-
gression. We can expect, as progress in these areas continues, that this knowledge will form the ba-
sis for “molecular otology.” Novel tissue engineering-based therapeutic interventions may become
a major part of the practice of otolaryngology in the twenty-first century.
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Vision Enhancement Systems
Gislin Dagnelie, Mark S. Humayun, and Robert W. Massof

VISUAL SYSTEM: ARCHITECTURE AND (DYS)FUNCTION

Human vision is mediated by one of the most highly developed sensory systems found in na-
ture. The capacity to combine high spatial resolution near the center of fixation with a wide

peripheral field of view, accurate depth perception, color discrimination, and light–dark adapta-
tion over 12 orders of magnitude is unparalleled; every stage in the visual system is organized to
accomplish this. The photoreceptor layer in the retina provides the high signal amplification of the
rods required for night vision, and the dense packing of three cone types provides for detailed cen-
tral and color vision. The intricate local preprocessing performed by subsequent retinal cell layers
augments these functions by performing brightness and color comparisons, and helps to reduce
the information stream acquired by over 100 million photoreceptors, allowing transport across a
mere 1 million fibers in the optic nerve to the visual centers in the brain, where further parsing
and interpretation of the image take place.

From a functional point of view, the visual system can be understood as depicted in Fig. 54.1,
with sensors, preamplifiers, preprocessors, transmission lines, and several central processor stages.
The two most crucial stages in the visual process—the conversion of light into chemical and elec-
trical signals, and the signal transmission from the eyes toward the brain—are also the most vul-
nerable ones. Light conversion and signal amplification in the photoreceptors require a highly
complex interplay between the molecules inside these cells, undergoing interconnecting cycles of
conversion and regeneration, and the surrounding cells—in particular, the retinal pigment ep-
ithelium (RPE) cells, which provide nutrients to, and digest cell membrane discarded from, the
photoreceptors. This process can easily be disrupted by nutritional deficits, overexposure to short-
wavelength light (presumably causing oxidative changes), attacks by pathogens, and especially a
genetic miscoding of one or more participating molecules (Heckenlively, 1988). Not only does
this directly cause impaired signal transduction, but the additional energy demand, the presence
of abnormal molecules, and the excess shed cell membrane may exceed the RPE cells’ support ca-
pacity, inexorably leading to degeneration of both photoreceptors and RPE cells. These diseases
are jointly known as retinal degenerations (Fig. 54.2, A and B). In general, secondary retinal cells
(horizontal, bipolar, amacrine, and ganglion cells) are not affected to the same extent, a notable
exception to transsynaptic degeneration patterns commonly found in the central nervous system.
Morphometric studies of retinal tissue such as that shown in Fig. 54.2B have found average cell
survival to be 80 and 30% in the macula (Santos et al., 1997), and 40 and 20% at eccentricities
up to 25� (Humayun et al., 1999b) for bipolar and ganglion cells, respectively, in retinas devoid
of photoreceptor nuclei.

At the signal transmission stage retinal ganglion cells (RGCs) encode the chemical signals in
the form of electrical spike trains that travel along RGC axons toward the thalamic relay nuclei
and other brain areas; at this stage the system is vulnerable to insults. Damage can result from in-
jury to the optic nerve (trauma), increased pressure inside the eye, crushing the fragile axon fibers
at the optic nerve head (glaucoma), and inflammation (optic neuritis) or impaired blood supply
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Fig. 54.1. Schematic representa-
tion of the visual system. The out-
er retina (retinal pigment epithe-
lium and photoreceptor layers)
forms the sensor array, followed
by several inner retinal prepro-
cessing stages, the ganglion cell
transmission stages, and further
central processing stages in sub-
cortical and cortical brain cen-
ters.

Fig. 54.2. Representative samples of ocular morphology in healthy and diseased conditions. (A)
Cross-section through the retina near its center (fovea), showing healthy photoreceptor outer seg-
ments (POS), multiple layers of photoreceptor cell nuclei in the outer nuclear layer (ONL), bipo-
lar cell nuclei in the inner nuclear layer (INL), and ganglion cell bodies in the ganglion cell layer
(GCL). (B) Retina of a patient with a long history of retinal degeneration, and bare light perception
in the last years of life, showing lack of photoreceptor outer segments and cell bodies, in com-
parison with A. (C) Scanning electron microscope cross-section of the optic nerve head, showing
healthy appearance of the support structure, the lamina cribrosa. (D) Optic nerve head from a pa-
tient with long history of glaucoma, showing compression of the lamina cribrosa and embedded
nerve fibers (retinal ganglion cell axons). Micrographs C and D courtesy of Harry A. Quigley, the
Johns Hopkins University (Baltimore, MD).



(ischemic neuropathy) of the optic nerve. Each of these insults can impair or interrupt the signal-
carrying capacity of optic nerve fibers (Fig. 54.2, C and D).

In addition to damage occurring at these distinct stages, more generalized damage to the reti-
na can occur. Common mechanisms for this are the leakage of capillaries in diabetic retinopathy
and the interruption of the blood supply to the inner retina (retinal vascular occlusive disease).
Each of these can lead to widespread cell death in the inner nuclear and ganglion cell layers
throughout the affected area; vascular occlusive disease provokes angiogenesis; the new retinal ves-
sels tend to leak and damage the retina’s fragile structure. Diabetic retinopathy is a major cause of
preventable blindness in the developed world.

POSSIBLE APPROACHES TO VISION RESTORATION
As in all biomedical engineering, approaches to restore function can be based on reversal of

the disease process and regeneration of autologous tissue, on tissue grafts, or on hybrid techniques
involving tissue as well as synthetic materials and devices. To support the cells affected by disease
or injury, neuroprotective substances, growth factors, and genetic modifications of cell function
may be used, postponing or preventing further loss of function. In addition, as long as useful func-
tion remains, one can strengthen the stimulus and internal response signal, counteracting visual
impairment as much as possible.

If little or no sensor function remains, one can seek to restore it through newly grown or trans-
planted photoreceptors and/or RPE cells, through a prosthetic device that will electrically stimu-
late remaining secondary retinal cells, or through man-made tissue(s) that mimic photoreceptor
function. At the RGC level, substitution for lost signal transmission may be sought through pro-
tection of the cells and administration of factors promoting axon regeneration—this may require
the use of synthetic tissues and factors enabling reconnection of axons with central structures—or
through in situ growth of new cells, promoted to differentiate into RGCs and to send new axons
through the optic nerve.

In preliminary form, some of these approaches exist in the laboratory, but others are merely
ideas. In the two following sections, existing and prospective methods are presented.

CURRENT APPROACHES

Optoelectronic Vision Enhancement Devices
These devices are based on a combination of optical and electronic image enhancement tech-

niques; their common principle of operation is to improve visibility of the image to the diseased
eye, through magnification, contrast, and/or color enhancement, and filtering or feature extrac-
tion. Current implementations such as the Low Vision Enhancement System (LVES; Vision sys-
tems International; Minneapolis, MN) use optical magnification, zoom, automatic focus, and (in
some cases) analog image enhancement (Fig. 54.3) (Massof, 1999). Digital feature enhancement,
although possible in the laboratory, is not currently implemented in portable format; however,
with the rapidly increasing power of chip-based image-processing circuitry such further improve-
ments are not far off. The same is true for the product of field of view and resolution, i.e., the num-
ber of pixels across the screen, which is currently limited to that of standard video and the video
graphics adapter (VGA), but which is likely to increase sharply with the introduction of high-
resolution video camera and display formats (e.g., high-definition television). Similarly, compact-
ness and color representation will be improved as smaller, lighter, and more luminous flat-panel
displays become available.

A useful property of video cameras such as those employed in the LVES is their built-in au-
tomatic gain control (AGC), resulting in constant internal image brightness over a wide range of
environmental illumination levels. Among other properties, this makes the image acquisition and
processing stages of these systems highly suitable as sensors and preprocessors, respectively, for
prosthetic and tissue-based image enhancement systems.

Vision Prostheses Based on Electrical Tissue Stimulation
As was mentioned above, retinas with severe degeneration of the sensor layer retain high num-

bers of secondary cells. This opens the opportunity to convey pixelized images to the degenerated
retina by a prosthetic device stimulating remaining secondary cells with a two-dimensional array
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of microelectrodes,* not unlike the rastered images provided by a stadium scoreboard (Dagnelie
and Massof, 1996). From an engineering point of view this opens a range of possible approaches
(to name a few, stimulation electrodes under vs. over the retina; fully integrated photosensor, im-
age processor, and stimulator systems vs. external image capture and processing linked to an in-
traocular stimulating matrix) and a host of biocompatibility, signal processing, and power man-
agement questions.

The most pressing question, however, that of the feasibility to convey visual imagery to pa-
tients blind from retinal degeneration, has been answered affirmatively. In a series of experiments
started at Duke University in 1992, and continued since 1993 at Johns Hopkins, more than a
dozen volunteers with end-stage retinitis pigmentosa (RP)—whose remaining vision was limited
to, at best, light perception—have participated in tests whereby, during a surgical procedure un-
der local anesthesia, the inner surface of the retina was electrically stimulated with small and brief
biphasic current pulses applied through single or multiple electrodes (Humayun et al., 1996,
1999a). Among the most salient findings are the subjects’ ability to see small punctate light flash-
es (phosphenes), whose perceived location corresponds exactly to that of the stimulation, and the
ability to see simple patterns of multiple phosphenes when multiple electrodes are activated si-
multaneously. Stimulation at rates greater than 40–60 pulses/s is perceived as continuous stimu-
lation, and perceived stimulus intensity increases with pulse duration and amplitude as well as rep-
etition rate. Independent tests in human volunteers and in amphibian retina (Greenberg, 1998)
have demonstrated that stimulus pulses 1 ms or longer in duration preferentially stimulate the
(deeper) bipolar cells rather than the (more superficial) RGCs.

In a collaborative effort with the group at Johns Hopkins, researchers in the Department of
Electrical Engineering at North Carolina State University (NCSU) have developed a modular sys-
tem for retinal stimulation, with a video image acquisition system and a chipset (radiofrequency
encoder/transmitter and decoder/demultiplexer/drivers) to control an intraocular electrode array
(Fig. 54.4). These devices are currently being tested in experimental animals with naturally oc-
curring retinal degenerations.

At the present time, several other groups are pursuing similar intraocular prosthetic devices,
in two variants: integrated subretinal stimulating “photodiodes,” and epiretinal stimulator arrays
with external image capture and preprocessing. In the first variant (Chow and Chow, 1997; Zren-
ner et al., 1997) small units are placed at the level of the missing photoreceptor/RPE layer, and in-
coming light—which is focused by the optics of the eye at this original photoreceptor plane, thus
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* Note the similarity of such a device, in both principle and operation, to the cochlear prosthesis (Clark
et al., 1990).

Fig. 54.3. The Low Vision En-
hancement System (LVES), de-
veloped at the Lions Vision
Center ( Johns Hopkins Univer-
sity), with support from NASA
and the Department of Veter-
ans Affairs, is a characteris-
tic example of optoelectronic
vision enhancement systems.
This system features binocu-
lar orientation cameras, a cen-
trally placed 1.5–10� zoom
camera with automatic focus,
and a binocular projection
path with built-in refractive
correction and alignment for
the wearer.



providing a sharp image of the outside world—is used to generate electrical impulses that stimu-
late nearby (bipolar) cells in the overlying retina. The simplicity and elegance of such a system
hinge on two important premises: that nutrients and oxygen from the underlying vasculature will
still be able to reach the inner retina and that external energy can be provided to produce the nec-
essary pulse generation and signal amplification, especially at low light levels. The developers of
such systems are concentrating on finding solutions for these problems, as well as on the design of
surgical methods to insert large arrays of such units under the retina.

The second prosthesis type, using an epiretinal stimulator array, is being pursued by two
groups, Harvard/Massachusetts Institute of Technology (Wyatt and Rizzo, 1996; Rizzo and Wy-
att, 1999) and a consortium of German universities (Eckmiller, 1997), in addition to work at Johns
Hopkins/NCSU (Humayun and de Juan, 1998). Each of these groups expects to have working
prototypes of a prosthetic device for human implantation within a few years.†

In addition to retinal stimulation, two other approaches to electrical stimulation of the visu-
al system are being studied. One of these, direct stimulation of the optic nerve (Veraart et al., 1998),
is less invasive surgically than implantation of devices inside the eye, but has the drawback that
stimulation of individual optic nerve fibers will require microelectrode arrays much finer than
those currently available, and a complex mapping system to establish the correspondence between
visual field locations and individual electrodes (see below).

The oldest attempts at vision restoration involved stimulation of the visual cortex through in-
tracranial electrodes, controlled by external image acquisition and signal-conditioning circuitry.
Several decades ago, Brindley and Lewin (1968) took the first steps in this direction by implant-
ing a set of electrodes over the visual cortex of a blind volunteer; the phosphenes described by this
volunteer were similar to those elicited by intraocular stimulation. More recently, researchers at
the National Institute for Neurological Disorders and Stroke (NINDS) have performed tests with
over 30 electrodes penetrating the cortical surface (Schmidt et al., 1996); the NINDS group as
well as researchers at the University of Utah are preparing for implantation of denser intracortical
electrode arrays (Fig. 54.5) (Normann et al., 1996). The Utah researchers have also performed psy-
chophysical studies to establish minimum requirements for prosthetic vision (Cha et al., 1992a,b),
and are testing device prototypes in primates.

The cortical prosthesis bypasses both retinal and optic nerve problems, and might therefore
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Fig. 54.4. Photomicrograph of the Die3 chip, developed at North Car-
olina State University, for reception, decoding and driving of 100 in-
traocular multielectrode signals. A delay-locked loop (DLL) and filter are
used to synchronize the amplitude-shift keyed (ASK) digital signal; the
control logic extracts the pulse amplitude, sequencing, and duration set-
tings. Each driver unit contains circuitry to drive five electrodes. For de-
sign considerations and other information, see Clements et al. (1999)
and the web site at http://www.ece.ncsu.edu/erl/erl—eye.html. Photo
courtesy of Wentai Liu (NCSU; Raleigh, NC).

† A significant complication in the design of a prosthesis with external image acquisition is the need for
eye position monitoring, allowing adjustment of the camera angle as the prosthesis wearer shifts his/her
gaze.



be seen as a universal approach to vision restoration. However, cortical stimulation requires com-
plex surgery of an otherwise healthy brain; moreover, the convoluted mapping of the visual cor-
tex complicates mapping of objects and locations in the outside world into a pixelized image that
can be understood by the prosthesis wearer. As with the epiretinal prosthesis, eye movement mon-
itoring is required. Algorithms to establish this mapping have been tested through simulations in
sighted volunteers (Dagnelie and Vogelstein, 1999), but thus far only for small (32) sets of simu-
lated phosphenes.

Cell Transplantation
Cell transplantation in the neurosensory system can, in principle, restore function through

two mechanisms: through rescue of threatened cells (e.g., through trophic factors produced by the
transplanted cells) or through functional integration into the host tissue. Both mechanisms appear
to be operational in retinal cell transplantation, and it is not always clear which mechanism is re-
sponsible for functional improvements observed.

Animal experiments performed in the past 15 years provide clear examples of this dilemma.
RPE cell transplantation in RCS rats (Li and Turner, 1988; Lopez et al., 1989) can lead to pho-
toreceptor rescue, and morphologic evidence of synapse formation suggests that transplanted pho-
toreceptors in light-damaged rats (del Cerro et al., 1989) and rats with photoreceptor degenera-
tions (Gouras et al., 1991) may be capable of assuming visual function. Yet, behavioral evidence
of regained function in light-deprived rats following photoreceptor transplantation (DiLoreto et
al., 1996) could be explained by either mechanism, and solid evidence that the observed synaps-
es indeed provide useful vision is still lacking.

Fetal tissue has proved more successful than fully developed retina in forming synaptic con-
nections and retinal morphology resembling that of intact retina (del Cerro et al., 1997a), and has
become the tissue of choice in most transplantation attempts. This tissue also carries a lower risk
of rejection by the host immune system, at least in photoreceptor grafts; indeed, rejection does not
appear to occur in rat or mouse photoreceptor transplantation (del Cerro et al., 1997a). Admit-
tedly, some caution is warranted, because immune reactions in rodents tend to be less severe than
in humans. In rat RPE allografts, on the other hand, some inflammation has been observed (del
Cerro et al., 1997a), suggesting that immune processes may play a more important role for this
cell type.

Preliminary attempts at retinal cell transplantation in blind volunteers, performed primarily
to demonstrate safety, have yielded results very similar to those in animals. Allografts of cultured
RPE appear to provide protection to functional age-related macular degeneration (AMD) through
trophic factors, but in exudative AMD the graft is quickly overwhelmed by an inflammatory re-
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Fig. 54.5. Silicon multielectrode
designed by Normann et al.
(1996) for penetrating stimula-
tion of the visual cortex or retina.
Interelectrode distances be-
tween 200 and 400 mm can be
manufactured. The 1- to 2-mm-
long electrode shafts are insulat-
ed, and the tips can be metal-
lized with platinum black or
other suitable metals.



action (Gouras and Algvere, 1996). Photoreceptor transplants appear to undergo a similar fate (del
Cerro et al., 2000), and also appear to convey an improvement in vision in some cases (del Cerro
et al., 1997b; Humayun et al., 2000), but whether this is mediated by graft–host synapse forma-
tion or by trophic support to the few remaining photoreceptors cannot be distinguished.

Tissue preparation for these early attempts has varied—ranging from cell microaggregates (del
Cerro et al., 1997a) and patches of cultured RPE (Gouras and Algvere, 1996) to agar-supported
sheets of retinal tissue prepared by vibratome (Silverman and Hughes, 1989) or excimer laser
(Liang et al., 1994)—but to date no generally accepted methods have emerged.

Axon Regeneration
Retinal ganglion cells behave as central nervous system neurons in their inability to recover

from severe injury: although the axons of peripheral (motor or sensory) neurons can regenerate
(and even be reconnected), central nervous system neurons seem to lose that capacity following
their original outgrowth during the organism’s early development. An important factor prevent-
ing later regeneration is provided by Schwann cells or astroglia forming the protective myelin
sheath around optic nerve axons. Cut rat optic nerve axons that will not form new neurites in their
natural optic nerve environment can be made to regenerate into a peripheral nerve graft (Fukuda
et al., 1998; Thanos, 1997). This is a very active field of research, combining the drive to find fa-
vorable environments for axon regeneration with studies of nerve growth and neuroprotective fac-
tors. The long-term goals are therapies for glaucoma and optic nerve diseases; it undoubtedly of-
fers great potential for tissue engineering approaches, and one may expect tissue engineering
approaches to play a major role in achieving these goals.

Drug Delivery
Since 1995 the understanding of photoreceptor and RGC death has changed dramatically. It

was previously thought that these cells die because a functional part—the photoreceptor outer seg-
ment and the axon, respectively—becomes dysfunctional, but both events are now widely under-
stood to trigger cell death through apoptosis. Better understanding of these apoptotic mechanisms
has given rise to the expectation that it may be possible to halt or even reverse this process.

The process of RGC degeneration following transsection or crushing of the optic nerve can
be halted, at least in animal models, with the use of neuroprotective agents such as neurotrophin-
4/5 (NT-4/5) (Sawai et al., 1996). It turns out, however, that this protection has only a limited
duration: Most RGCs die within 2–4 weeks, even with sustained administration of NT-4/5
(Clarke et al., 1998). It seems, therefore, that only axon regeneration may rescue the RGC.

In the case of photoreceptor degenerations, a variety of nerve growth factors and neuropro-
tective agents have been used, both in vitro and in rodent eyes, and several of these have shown
promise (LaVail et al., 1998). Clinical trials of some of these agents are planned for the near fu-
ture, but the optimal route of administration is yet to be decided. Systemic administration is not
an option, because these agents do not pass the blood–retina barrier very well, and unwanted side
effects might occur elsewhere in the body. Administration as an eye drop is not effective, because
the active substance would need to diffuse through the cornea or sclera, and most of it would be
washed away in the tear film. Repeated injection into the vitreous is unattractive to the patient,
and it is not clear how much of the active substance would reach the outer retina, rather than be
washed out of the eye.

The most promising current ideas include slow-release implants and delivery by macromole-
cules. Slow-release implants could be inserted into the eye through a small incision and attached
to its inside wall; this is the most direct approach for protection of the inner retina, i.e., retinal
ganglion cells. Macromolecules, e.g., liposomes, to which an active substance is attached, are in-
jected into the bloodstream; the active substance is released in the choroidal space under the reti-
na by irradiation with a low-energy laser beam (Asrani et al., 1997). At the present time this tech-
nique is experimentally used for the ablation of new vessel membranes growing into the retina in
patients with exudative macular degeneration.

A different form of drug delivery is used in retinal ischemic disease. Just as in cerebral ischemia,
if “clotbuster” drugs such as tissue plasminogen activator are used within hours after the ischemic
event, much of the damage may be prevented; experimental therapy with these drugs has had
promising results (Elman, 1996).
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Genetic Interventions
Delivery issues also play a role in the introduction of new genes into the degenerating retina.

Most retinal degenerations are genetic in nature, either inherited from one or both parents, or are
the consequence of a new mutation. The premise of gene therapy is that intervention at an early
stage may restore normal function to the cell, and prevent the degeneration process that might
otherwise ensue. Several strategies are needed to combat inherited retinal degenerations:

1. In recessively inherited diseases, both copies of a gene are defective, and introduction of a
third copy may be sufficient to achieve adequate function of the molecule encoded by the defec-
tive gene. An inactivated (retro)virus is used to introduce a healthy copy of the gene. Small genes
have been transfected successfully into photoreceptor and RPE cells using such viral vectors
(Dunaief et al., 1995; Sakamoto et al., 1998); however, because the defective genes responsible for
retinal degenerations are large, most vectors currently in use are not well suited for this task.

2. In X-linked disease, males carry only one copy of the X chromosome, including the de-
fective gene; here, too, introduction of an additional healthy copy of the gene may suffice to achieve
normal function.

3. In dominant disease, a single bad copy of the gene suffices to “poison” the delicate balance
of the cellular machinery or, at the very least, prevent its proper function. To curb or prevent this,
a therapeutic intervention has to block any step along the transcription pathway from the defec-
tive gene through (and including) its product molecule, but not along the path of the good copy
of the gene; a gene for such a blocking agent could, in principle, permanently neutralize the de-
fect. This technique has been used in vitro (Drenser et al., 1998) and in a transgenic rat model
(Lewin et al., 1998), using ribozymes to destroy mRNA produced by the P23H mutant gene de-
fect responsible for one form of autosomal dominant retinitis pigmentosa (RP). In the rat model,
a gene for ribozyme production was successfully introduced into photoreceptors.

Gene therapy research is concentrated around RP and related diseases with a clear inheritance pat-
tern. Macular degeneration and optic nerve diseases such as glaucoma and ischemia have no known
genetic causes, though genetic predisposition for such diseases exists; other therapeutic approach-
es are more likely to be effective against these diseases.

Stem Cell Research
As in other organ systems, use of stem cells, differentiating into various target cell lines de-

pending on trophic factors in vitro or in vivo, is emerging as an exciting approach to replacement
of lost retinal cells, but not much work has been done. Early reports suggest that adult rat hip-
pocampal stem cells survive and differentiate in retina damaged by transient ischemia, but not in
healthy control retina (Kurimoto et al., 1999).

APPLICATIONS OF ENGINEERED CELLS AND TISSUES:
CHALLENGES AND TENTATIVE SOLUTIONS

Of the current approaches to vision enhancement considered above, only the use of stem cells
can strictly be considered a form of tissue engineering. The complexity of ocular structures such
as the retina and optic nerve poses daunting challenges to anyone seeking to recreate their func-
tion. Although this may explain the lag in progress compared to other organ systems, it should not
keep researchers working to restore vision from drawing on the remarkable progress of tissue 
engineering approaches. We will briefly consider three application areas—corresponding to the
aforementioned three sites in the early visual system where severe vision loss may occur.

Photosensitive Structures
Current efforts in the areas of retinal cell transplantation and intraocular prosthesis design,

although promising, are in no way guaranteed to lead to reliable—i.e., long-term stable and of
high quality—restoration of useful vision. As was explained previously, each of the methods cur-
rently explored has inherent drawbacks.

Epiretinal electrode arrays require external image acquisition and preprocessing, including
real-time eye movement compensation, and may well be limited in resolution to ambulatory vi-
sion or, at best, visual acuity near legal blindness. The principal cause for this is the distance of at
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least 200 
m separating the electrodes from the target cells; as a rule of thumb, resolution can be
no better than the separation from the target cells, and higher electrode densities are ineffective.
However, it may be possible to develop electrodes that make more intimate contact with the tar-
get cells, leading to much better resolution; a possible approach would be to use electrodes that
penetrate superficial layers of the retina, making close contact with the bipolar cells and poten-
tially improving visual acuity by an order of magnitude.

One can envisage such a penetrating array as the Normann microelectrode shown in Fig. 54.5,
but the damage such an array might do to the delicate microphysiology of the retina is a distinct
disadvantage. As an alternative one might envisage inserting or growing, in situ, an array of paral-
lel “neurites,” penetrating the retina until they reach a specific target environment, e.g., the inner
nuclear layer; these neurites would act as “tubes,” releasing either electrical charge or a neuro-
transmitter that would activate inner retinal (e.g., bipolar) cells. Such tubes will be much less rigid
than silicon, finding their way between retinal cells rather than penetrating them.

Subretinal electrode arrays may overcome the resolution limitation of epiretinal arrays, but
this advantage remains to be demonstrated, as does the long-term biocompatibility of these arrays
under the primate retina. The most serious limitation, however, is the low yield of semiconductor
photoelectric conversion, causing considerable heat production, and demand for high illumina-
tion levels or a separate energy source. Consequently, introduction of a high-yield photoelectric
process would greatly benefit the development of these devices.

Such high-yield conversions are known to be performed by photosystem I (PSI), a macro-
molecule present in the membrane of thylakoids, which can be found inside the chloroplasts that
give the green color to plant leaves and algae. Experiments with thylakoids (Lee et al., 1996) have
shown that it is possible to anchor them onto a metal surface and use them as miniature photo-
voltaic elements. Lee et al. (1997) have also demonstrated that it is possible to chemically modify
thylakoid surface membranes to create charge displacement in a specific direction.

The engineering successes of thylakoids and PSI open the opportunity to create “cells” that
assume a dipole charge distribution or, with the help of some form of “intracellular electronics,”
produce a biphasic pulse between the cell’s “poles”; in a subsequent stage of development, auto-
matic gain control could be incorporated, as a limited form of light/dark adaptation. If these cells
can be made to attach to the outer retinal layers or to migrate into the inner nuclear layer, one
could achieve microscopic local current sources with sufficient conversion efficiency to ensure vi-
sion at a broad range of (day)light levels: To achieve true night vision, an external device such as a
night vision scope could be used.

Note that in this idealized situation the synthetic photoreceptors might be small and sensi-
tive enough to provide good vision without external image preprocessing (e.g., magnification and
contrast/edge enhancement). It is to be expected that preliminary forms of such light-sensing units
will be neither small nor sensitive enough to provide the dynamic range and resolution required;
at this intermediate solution level, external image processing with an advanced LVES-type head-
set would be a necessary complement to this intraocular light conversion array.

Outer Retinal Cell Transplantation
Transplantation of RPE and/or photoreceptor cells has not demonstrated full integration of

the transplanted cells into the host retina. Also, even if the host immune response appears to be
mild, its effects on graft survival—especially of transplanted RPE—cannot be ignored, and this
host reaction will have to be effectively controlled, without long-term systemic immune suppres-
sion. Both areas can profit from tissue engineering approaches.

Finally, a problem that has not been addressed in any detail is the secondary degeneration of
RPE cells in photoreceptor degenerative disease, and of photoreceptors in RPE degeneration. This
problem may be addressed adequately only by performing a combined graft of RPE and photore-
ceptors, presumably prepared in a tissue culture environment and stimulated toward integration
with a variety of nerve protection and neurotrophic factors.

Culturing stem cells or differentiated cell lines might allow transplant researchers to create
heterogeneous structures such as RPE/photoreceptor double sheets, with multiple photoreceptors
over each RPE cell. Culture conditions and growth stage of these sheets should be modulated to
create optimal conditions for integration with the host retina. In order to provide sufficient struc-
tural support to these fragile sheets, a resorbable polymer layer could be used as a substrate.
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Cell Matrices Supporting Axonal Regrowth
As was noted previously, an RGC axon damaged by glaucoma, optic nerve disease, or injury

can form new neurites only under the right environmental conditions, essentially mimicking those
in a developing organism. At the same time, neuroprotective factors are required to sustain the
RGC long enough for the axon to take over this support function. If the diagnosis of axon loss is
made early enough, it may be possible to save most of the threatened axons, and thus spare most
RGCs and the patient’s vision.

The experimental conditions created thus far, using peripheral nerve sheaths to create a sub-
strate for axonal regrowth, are less than ideal, because they do not provide an integrated environ-
ment in which regrowing axons combine with intact remaining axons, and in which protection of
the threatened RGCs is built into the environment. Tissue engineering approaches may provide
both the necessary synthetic materials and a better understanding of the necessary conditions to
create such an integrated environment for axonal regrowth.

One approach to such an integrated solution might be that engineered cells could be grown
in situ, as a loose skeleton of supporting tissue, to follow the course of the optic nerve to the chi-
asm and optic tract; these cells would be programmed to exude the necessary factors promoting
axon growth and RGC protection. Alternatively, it might be possible to influence the normal en-
vironment of the optic nerve, prohibiting axonal outgrowth, to become one that (temporarily) al-
lows or even stimulates this growth. Assuming that it would be possible to guide outgrowing ax-
ons toward the appropriate cerebral hemisphere, depending on their (hemi)retinal origin, RGCs
may actually be capable of restoring their connections to the same midbrain visual centers where
normal visual processing occurs.

Repopulating Ischemic or Diabetic Retina
New capillaries, formed under the influence of an angiogenic tissue response, tend to be poor-

ly organized and fragile, causing hemorrhaging and thus a great deal of damage to the already
stressed retinal tissue. Therefore, the prospects of restoring vision in such retinal areas are, at the
present time, poor.

This may change, however, if cell populations can be grown in vitro and introduced into the
retina under physiologic conditions mimicking those in the embryonal retina. In that case the for-
mation of new blood vessels would follow a much more orderly pattern, and the implanted cells
would be in a much better condition to form functional connections. Whether and when it will
be possible to recreate embryonal conditions and grow such integrated retinal tissue, from RPE to
RGC axons, required to restore vision to the ischemic portion of the retina is difficult to predict;
it is a challenge of a magnitude exceeding that of RPE/photoreceptor transplants, functional stim-
ulation of inner retinal cells, and RGC protection/axonal regrowth combined.

TOWARD “2020” VISION
The potential applications of tissue engineering sketched pose enormous challenges, well ex-

ceeding the competency of any single group or institution. Concerted research efforts by multi-
disciplinary groups may allow the implementation of the complex systems required to restore and
enhance vision. With improvement of the fundamental understanding of processes such as pho-
toconversion, graft integration, immune regulation, and axon regeneration on the one hand, and
the engineering ability to control tissue properties and growth, both in vitro and in situ, on the
other, implementation of partial vision restoration at the RPE/photoreceptor level and at the RGC
level is likely to advance to the level of experimental or even clinical therapy. Integration of all these
areas to recreate the full range of retinal processing is a much more distant goal.

To accomplish any of these forms of vision restoration, however, funding mechanisms for
multidisciplinary research and interest from the corporate sector will have to increase well beyond
their current levels. The number of severely visually impaired individuals and the economic im-
pact of vision restoration may not justify that these approaches receive priority over treatment of
life-threatening conditions, but the investment required is relatively modest and the improvement
in quality of life for (nearly) blind patients can be very significant.
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Brain Implants
Lars U. Wahlberg

INTRODUCTION

Tissue engineering applied to the central nervous system (CNS) is a relatively young but ex-
panding field. Experimental data strongly support the use of tissue engineering concepts and

promise new therapy for patients with poorly treated or untreatable neurological disorders. Parkin-
son’s disease (PD) has been a major target for brain implantation because this disease lacks an op-
timal therapy and is relatively well studied and understood. The symptoms of PD are caused by
the progressive destruction of dopamine-producing neurons, resulting in the hallmark clinical
signs of rigidity, tremor, and bradykinesia. Although the detailed toxic mechanisms involved in the
destruction of the dopaminergic neurons are not well known, many of the neuroanatomy, neuro-
physiology, and implant strategies have been elucidated. The discussion of brain implants will
therefore focus on this disease.

Despite the success of many drugs for Parkinson’s disease, such as l-dihydroxyphenylalanine
(l-DOPA) therapy introduced in the late 1960s, most patients on chronic l-DOPA therapy de-
velop progressive symptoms and drug-induced side effects with time. Therefore, surgical treatment
strategies developed during the 1950s, such as the ventrolateral pallidotomy for Parkinsonian rigid-
ity, have been rejuvenated. With improvements in imaging and surgical techniques, ablative pro-
cedures yield excellent results in select groups of PD patients (Laitinen, 1995; Speelman and Bosch,
1998). Building on the same principles, neural stimulators that inhibit neuronal transmission have
been implanted with reports of good therapeutic results (Benabid et al., 1998). Despite the suc-
cessful resurrection and development of neurosurgical procedures for Parkinson’s disease, these
procedures are based on the inhibition or destruction of normal neurons within complementary
areas of the motor system. They do not address the biology of the underlying disease and, albeit
successfully applied in many patients, the destruction of normal tissue is not an optimal treatment
for neurodegenerative disorders. There is therefore a need for new treatment strategies that can ad-
dress the pathology more directly. Fortunately, the accumulated knowledge of the pathological pro-
cesses, molecular and cell biology, biomaterials, imaging, and surgical procedures makes it now
possible to implement tissue engineering concepts to the treatment of PD. This chapter reviews
some of the approaches applied, beginning with a discussion of naked cell implants, followed by
discussions of encapsulated cells, controlled delivery of biomolecules, axonal guidance, and other
disease targets.

NAKED CELL IMPLANTS

Primary Tissue
Oral l-DOPA therapy is the main treatment for PD. l-DOPA, a precursor to dopamine that

passes the blood–brain barrier, is taken up by the dopaminergic neurons that, in turn, convert l-
DOPA to dopamine and increase their dopamine production. However, with the progressive loss
of dopaminergic neurons, the l-DOPA therapy eventually becomes ineffective and severe fluctu-
ations in the ability to initiate movements occur. Because of the finding that l-DOPA can increase
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the striatal production of dopamine and alleviate the symptoms of PD, a reasonable therapeutic
approach may be to implant dopamine-secreting cells in the striatum. Considering this idea, the
first transplantation for Parkinson’s disease was done at the Karolinska Hospital in Stockholm,
Sweden in 1982 (Backlund et al., 1985). In this experimental procedure, dopamine-secreting
adrenal chromaffin cells were harvested from one of the adrenal glands from the patient and trans-
planted to the putamen (autograft). This type of procedure was adapted very quickly by the neu-
rosurgical community and initial reports indicated good clinical results (Madrazo et al., 1991).
However with time, other studies showed poor survival of the cells and minimal positive clinical
effects, resulting in the cessation of the procedure in many places (Kordower et al., 1997).

During the late 1970s and early 1980s, a promising cell transplantation strategy for PD was
developed by Björklund and co-workers at Lund University in southern Sweden (Björklund and
Stenevi, 1979). They collected discarded aborted fetal tissue and dissected out the ventral mesen-
cephalon to create cell suspensions containing developing dopaminergic neurons for transplanta-
tion experiments. After several years of extensive validation of the concept in animal models, cells
were transplanted to the striatum of two patients in 1987 (Lindvall et al., 1989). The first results
were relatively unimpressive but prompted modifications to various parts of the experimental pro-
cedure, and a second pair of patients transplanted about 1 year later with the modified techniques
fared much batter. These patients showed positive clinical recovery starting about 4 months after
the procedure. Positron emission tomography (PET) data indicated that the grafts were able to
take up dopamine and survive (Lindvall et al., 1990a,b). Greater than 10 years out from the pro-
cedure, one of the patients shows persistent graft viability on PET scanning and is functioning
with minimal l-DOPA therapy (Björklund, personal communication). To date, more than 200
patients have been transplanted with fetal ventral mesencephalic tissue at different centers around
the world. Although results have varied, there is consistent evidence of survival and efficacy (Freed
et al., 1992; Levivier et al., 1997; Olanow et al., 1997; Lindvall, 1998).

On an experimental level, the transplantation of primary cells from fetal dopaminergic tissue
has shown good results, indicating that cell transplantation for Parkinson’s disease may be an ex-
cellent treatment strategy. However, the paucity of suitable tissue, processing problems, and ethi-
cal issues prevent the use of primary fetal tissue on a scale needed to make a medical product ben-
eficial to a large patient population. On the other hand, experimental fetal transplantation to the
CNS has given us invaluable information for the development of alternative tissue engineering
strategies. The fetal transplantation data show that allotransplantation to the CNS is feasible and
that transplanted cells can survive and function for many years, even after the withdrawal of im-
munosuppressive therapy. Although successful, because of the inability to apply the fetal trans-
plant technology to a larger group of patients, many alternatives to human fetal tissue are being
explored. One of the simplest replacements is porcine fetal ventral mesencephalon. This tissue can
be readily obtained under controlled circumstances but without major ethical concerns (Galpern
et al., 1996; Deacon et al., 1997; Edge et al., 1998). However, the recent awareness of the risks of
zoonosis and possible immunologic rejection issues make porcine cell transplantation less desir-
able from both safety and efficacy aspects.

Another interesting primary tissue is the carotid body, which contains dopaminergic glomus
cells that could potentially be transplanted in PD (Hansen et al., 1988). In several studies,
dopaminergic glomus cells were reported to alleviate Parkinson’s disease symptoms in both the 
6-hydroxydopamine (6-OHDA) rodent and the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) nonhuman primate models of Parkinson’s disease (Espejo et al., 1998; Luquin et al.,
1999). Behavioral recovery associated with the survival and sprouting of dopaminergic neurons
was noted, indicating the possibility to use these cells to treat PD in humans as either auto- or al-
lografts.

Primary Cell Lines
Two of the most important drawbacks to using primary tissue are its limited supply and the

difficulty to cryopreserve and bank primary tissues. The fetal transplantation experiments for
Parkinson’s disease have therefore required fresh tissue from four to eight donors, resulting in pro-
cedural difficulties and poor quality control. As mentioned, porcine fetal grafting is not an opti-
mal replacement. Fortunately, new techniques allow for the expansion of populations of human
fetal cells. This takes advantage of the human fetal source but removes some of the ethical sensi-
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tivity, because one fetal tissue could support the transplantation of thousands or perhaps millions
of patients.

The ability to expand and cryopreserve cells in cell banks is paramount to create allogeneic
cell replacements for primary fetal tissue. The expansion of normal, genetically unmodified cells
that are potentially useful for brain implantation has been achieved using cell isolation and defined
culture conditions. These cultures retain a limited number of cell cycles but the cell expansion may
still provide enough cells to transplant thousands of patients from a single donor. Cultured cells
can be expanded yet retain normal geno- and phenotypes and normal contact inhibition and dif-
ferentiation behaviors. These cells are therefore relatively safe to use, and the formation of tumors
or other abnormal behaviors is unlikely.

One example is mitogen-responsive human neural progenitor cell cultures that can be isolat-
ed from first-trimester aborted human tissue and expanded for greater than 1 year in vitro (Car-
penter et al., 1999). This was accomplished using defined media containing epidermal growth 
factor (EGF), fibroblast growth factor (FGF-2), and leukemia inhibitory factor (LIF). Similar to
previously described EGF-expanded mouse neural progenitor cells (Reynolds et al., 1992), these
cells can form the three major phenotypes of the nervous system (neurons, astrocytes, and oligo-
dendrocytes) in vitro. These human neural stem cell-containing cultures have been transplanted
to various regions in the adult rat and have been shown to survive, integrate, migrate, differentiate,
extend neurites, and arborize (Fricker et al., 1999). Unlike mouse and rat stem cell cultures, the
human cultures make large numbers of neurons in vivo, creating a potential source of cells for im-
plantation in PD and Huntington’s disease (HD). Both in vitro and in vivo, differentiated neurons
containing �-amino butyric acid (GABA) can be observed. Early data indicate that various factors
can also induce dopaminergic differentiation of stem cell cultures. This may have great implica-
tions for the treatment of PD.

Another interesting source of a dopamine-producing primary cell line is the retinal pigment-
ed epithelial cells found in the retina. Retinal pigmented epithelial (RPE) cells can be harvested
from the eyes of organ donors and grown in culture to produce cell lines estimated to be capable
of transplanting around 10,000 Parkinson patients per isolation. Attached to gelatin microcarri-
ers to improve survival, these cells have been implanted in the striatum of a rhesus monkey mod-
el of MPTP-induced Parkinson’s disease. The single injection of the cells resulted in significant 
improvement in Parkinsonian symptoms that lasted over the course of the 8-month-long study
(Subramanian, 1999).

Immortal Cell Lines
Immortal cells are different from cultured primary cells in that they have a genetic change that

renders them immortal. Often, tumor cells show aberrant chromosome numbers, lack contact in-
hibition, and display pleomorphism. However, not all tumor cell lines lose chromosomes and be-
have erratically. An intriguing tumor cell line has been isolated from a human testicular teratocar-
cinoma isolated from a metastasis in a patient (Andrews et al., 1982). This immortal cell line is
pleuripotent and can be induced to stop dividing and to differentiate into a neuronal phenotype
using retinoic acid (Andrews, 1984). This cell line is being investigated in the treatment of ischemic
stroke, and animal data suggest that the postinjury transplantation of this cell line into an infarcted
area can improve recovery (Saporta et al., 1999). The mechanisms surrounding this effect are un-
clear. Nevertheless, this cell line is currently being transplanted in the United States into patients
with lacunar stroke in a small safety trial (12 patients) at the University of Pittsburg (P. Sanberg,
personal communication). The transplantation of a cell line derived from a human cancer has ob-
vious associated risks. However, the approval of this trial demonstrates that cell transplantation for
severe neurological disorders is seen as a reasonable strategy by the regulatory agency, as long as
safety and efficacy can be demonstrated in animal models.

Other groups are investigating the transplantation of immortal cell lines but are using genet-
ic engineering to immortalize cells. Advances in genetic engineering have made it possible to ex-
tend the number of doublings a primary cell line can go through by inserting various oncogenes
and cell cycle regulators. This allows for the selection, clonal expansion, and banking of a large
number of cells. Besides the genetic modification, these cells retain otherwise normal genotypic
characteristics.

One group in England has developed an undifferentiated neuroepithelial stem cell line im-
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mortalized with the simian virus (SV40) large T oncogene under temperature-sensitive regulation
(Sinden et al., 1997). Using these cells, they have demonstrated positive effects on the sensory ne-
glect and motor asymmetries in a rodent ischemic stroke model. Based on reports in the literature,
various human neural cell lines have been created using the same immortalization strategy. Simi-
lar to the Pittsburgh study, the initial clinical target is stroke and clinical trials are anticipated to
start in late 2000.

Other investigators have immortalized mouse and human neural stem cells using retroviral
transduction of the v-myc oncogene (Snyder, 1995; Flax et al., 1998). These cells have been trans-
planted to rodent models and are able to survive, migrate, integrate, and differentiate into neu-
rons, astrocytes, and oligodendrocytes (Snyder et al., 1997; Taylor and Snyder, 1997; Billinghurst
et al., 1998).

Engineered immortal cell lines could potentially be made and expanded to treat millions of
patients. However, genetically engineered cells may also show a greater propensity to form tumors
compared with unmodified cells. To ensure safety, cells may need to be engineered with genes that
render the cells mitotically inactive or that commit “suicide” if exposed to particular drugs. Ex-
tensive safety studies will be required before these cells can be tested in humans.

Genetically Engineered Immortal Cell Lines
Genetic engineering has also been extended to manipulate cells to secrete specific neuro-

transmitters or proteins for local delivery in the brain. Again, Parkinson’s disease has been one of
the disease targets and two basic strategies have been investigated. The first involves replacing the
function of lost dopaminergic neurons by implanting engineered l-DOPA or dopamine-produc-
ing cells in the striatum. A second strategy involves the protection of transplanted or endogenous
dopamine neurons by the delivery of trophic factors, such as glial cell line-derived neurotrophic
factor (GDNF), in proximity to the neurons.

It is well known that the rate-limiting enzyme for dopamine synthesis is tyrosine hydroxylase
(TH), which converts tyrosine to l-DOPA. An additional enzyme called aromatic amino acid de-
carboxylase (AADC) is needed to convert l-DOPA to dopamine and is by necessity present in
dopaminergic neurons. However, other cells in the striatum may also contain enough AADC to
convert l-DOPA to dopamine. Therefore, a relatively simple strategy may be to create and trans-
plant cell lines that secrete l-DOPA, not dopamine. In animal models, the transplantation of var-
ious cells secreting l-DOPA and dopamine has been described. Results have shown behavioral im-
provements with both types of cells (Chen et al., 1991; Fisher et al., 1991; Lundberg et al., 1996;
Kaddis et al., 1997). No human trial using this type of approach has been described.

Because Parkinson’s disease involves a slow and progressive degeneration of dopaminergic
neurons, the ability to arrest or slow the degenerative process could form one therapeutic strate-
gy. Many protein factors have been shown to protect fetal dopaminergic neurons both in vitro
and in vivo and one of the most powerful factors is GDNF (Lin et al., 1993). This factor pro-
motes the survival (neurotrophic effect) and neurite extension (neurotropic effect) of dopamin-
ergic neurons both in vitro and in vivo (Hoffer et al., 1994; Clarkson et al., 1995; Tomac et al.,
1995). Based on positive animal data (Gash et al., 1998), GDNF has been tried in humans; in-
traventricular bolus injections of GDNF were performed monthly, but the trial was stopped, re-
portedly because of lack of efficacy (Amgen press-release, April, 1999). This is an unfortunate
outcome for patients suffering from PD. However, this is consistent with the idea that potent pro-
tein factors such as GDNF may need to be delivered locally and at constant low doses to show
efficacy and to avoid toxicity (Rosenblad et al., 1999). The implantation of genetically engineered
cells that secrete GDNF may therefore remain applicable to PD. This approach will most likely
be tried in the future.

Another interesting application of protein factor-secreting cells is to support the survival and
integration of transplanted dopaminergic cells. For example, it has been shown that chromaffin
cells show improved survival and convert to a neuronal phenotype when exposed to nerve growth
factor (NGF) (Strömberg et al., 1985). Studies using cotransplants of chromaffin cells with engi-
neered cells that secrete NGF (Niijima et al. 1995) show enhanced survival. An improvement in
the clinical outcome in a PD patient implanted with chromaffin cells perfused with NGF has also
been reported (Olson et al,. 1991).

Fetal ventral mesencephalic grafts have shown superior survival compared to chromaffin cell
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implants. However, even in the most optimal grafts, the total fraction of surviving dopaminergic
neurons is only about 10–20% (Brundin and Björklund, 1987). This has required a large num-
ber of donors (four to eight) to assure enough surviving cells for a clinical effect. Experiments us-
ing trophic support of fetal cell transplants have shown excellent results in animal models, with
increases in viability, integration, arborization, and functional outcome (Takayama et al., 1995;
Clarkson et al., 1998). One relatively simple strategy to improve the outcome and reduce the re-
quirement for primary tissue would thus be to cograft trophic factor-secreting cells with ventral
mesencephalic tissue. This has not yet been attempted in the clinic. In this scenario, the applica-
tion of polymeric or encapsulated delivery devices could also be possible, because the trophic sup-
port does not necessarily need to be chronic.

ENCAPSULATED CELL IMPLANTS
The implantation of naked cells has the advantage of allowing for migration, integration, and

the formation of neurites and synapses. These may be advantageous features for transplantation in
PD, because dopamine needs to be distributed over a relatively large volume in the striatum. How-
ever, naked cells cannot be retrieved. Therefore, if a potent protein factor or potentially tumori-
genic cells need to be removed, a retrievable encapsulated cell device may be a good option. En-
capsulated cell implants are essentially drug delivery devices that provide chronic delivery of
biological molecules. One of the most studied devices consists of a tubular polymeric membrane,
approximately 1 mm in outer diameter, that surrounds a core of cells suspended in a polymer ma-
trix (Fig. 55.1) (Aebischer et al., 1991b). The polymeric membrane excludes larger molecules and
cells but allows for the bidirectional passage of nutrients and secreted products. The encapsulated
cells can thus be protected from immune rejection, making xenogeneic transplantation possible
and immunosuppressive therapy unnecessary. The host is also protected and the risk of tumor for-
mation or dissemination of cells can be significantly reduced. The macrocapsule can be attached
to a polymeric tether making a device that can be easily handled and removed in the case of un-
toward effects (Fig. 57.1). These devices can be implanted intraparenchymally, intracerebroven-
tricularly (ICV), or intrathecally, depending on the application. Cellular survival and continuous
production of neurotransmitters and factors have been demonstrated for at least 6 months in the
rodent and guinea pig (Aebischer et al., 1991a) and several months in humans (Aebischer et al.,
1996). Encapsulated devices secreting GDNF have been studied in the rodent model (Tseng et al.,
1997; Sautter et al., 1998). In these studies, both histologic and behavioral data show neuropro-
tective effects of encapsulated cell delivery of GDNF on transplanted and intrinsic dopaminergic
neurons.

CONTROLLED-RELEASE IMPLANTS
Acellular polymeric brain implants that are able to deliver protein factors to the CNS have

also been developed (Tabata et al., 1993; Langer, 1995; Kuo and Saltzman, 1996; Mahoney and
Saltzman, 1996; am Ende and Mikos, 1997; Roskos and Maskiewicz, 1997; Yewey et al., 1997).
These systems release drugs by degradation- or diffusion-based mechanisms over an extended time
(weeks), but cannot sustain release over a long time (months), which is possible with cellular-based
systems. The advantage with polymeric release is that cells are not used, the dose can be controlled,
and the duration can be set. On the negative side, the formulation and stability of the factor or
drug may be problematic. In addition, biodegradable implants often cause a mild inflammatory
reaction, which may immunologically sensitize a cellular coimplant.
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Fig. 55.1. An encapsulated device is illustrated. A growth fac-
tor-engineered mouse immortal myoblast line (C2C12) is
housed in an extracellular matrix-coated poly(vinylalcohol)
(PVA) hydrogel foam contained within an immunoisolatory
poly(ethersulfone) (PES) membrane. The foam scaffold pro-
motes diffusion, adherence, differentiation, and survival. The
tether allows for handling and removal of the device. Magni-
fications from left to right are �1, �25, and �100. The sec-
tions are stained with hematoxylin and eosin.



Appropriately designed, polymeric controlled-release devices have several possible applica-
tions and could, for example, support the survival and integration of transplanted cells. Further-
more, a polymeric system can support the sequential release of growth factors that may be neces-
sary to support fully the stepwise differentiation of immature cells. This concept can be applied to
neural stem cells that may lack important embryonic signals in the adult brain (Wahlberg, 1997).
Synthetic drugs that cannot be made in cellular-based systems can also be delivered by these im-
plants. The local delivery of steroids (Christenson et al., 1991) and cyclosporin A may be two ap-
plications that could be used in combination with cell implants to avoid early immunologic sen-
sitization and rejection.

AXONAL GUIDANCE IMPLANTS
The transplantation of fetal dopaminergic cells to the striatum is called heterotopic trans-

plantation. This means that the dopaminergic cells are transplanted into an area different from
their normal location, which is the substantia nigra (SN). The heterotopic implantation of
dopaminergic neurons may result in the loss of important normal innervation and feedback loops.
Many transplants for PD may thus only function as simple cellular “pumps” that increase the stri-
atal dopamine levels. Although simplicity is desired, an ultimate strategy to treat PD could be to
transplant the dopaminergic neurons to their anatomically correct position (homotopic), regen-
erate the nigrostriatal axonal pathway, and induce sprouting and innervation of the striatal target
neurons. This would regenerate the appropriate connections and represent a more physiologic
strategy (Fig. 55.2D).

Unfortunately, axonal outgrowth has been limited in the CNS and the ability to regenerate
axonal pathways has been difficult. Fortunately, science has made progress in this area; what was
thought impossible only a few years ago now appears more feasible. Several molecules are now
known to both promote and guide axonal outgrowth. As mentioned, GDNF is a strong promot-
er of axonal outgrowth of dopaminergic neurons. In addition, extracellular matrix proteins, such
as laminin, can guide axonal outgrowth. It has been demonstrated that the creation of laminin
bridges promotes the growth of dopaminergic processes from the substantia nigra toward the stria-
tum in vivo (Zhou and Azmitia, 1988). Unlike the CNS, the peripheral nervous system is readily
able to regenerate axons. Using this fact, the brain implantation of peripheral nerve bridges
(Aguayo et al., 1984), and Schwann cell bridges secreting FGF-2 (Brecknell et al., 1996), result in
enhanced axonal regeneration. From a tissue engineering point of view, the creation of a degrad-
able regeneration channel releasing survival- and neurite-promoting factors and coated with mol-
ecules that facilitate axonal outgrowth may be a future reality (Fig. 57.2D). These types of im-
plants could have great potential use for regeneration in many areas of the CNS, including the
spinal cord.

DISEASE TARGETS
As mentioned, Parkinson’s disease has been the main target for tissue engineering approach-

es to treat neurologic disease. However, there are other neurologic indications that should be men-
tioned.

In Huntington’s disease (HD), several neuronal populations slowly degenerate and cause the
clinical signs of choreiform movements and progressive dementia. HD is inherited as an autoso-
mal dominant disease and the responsible mutation has been located to chromosome 4 [for a re-
view, see Haque et al. (1997)]. Carriers of the disease can therefore be screened for and identified
before the onset of symptoms. This makes a protective strategy for HD an attractive possibility,
whereby the delivery of neurotrophic factors could prolong the symptom-free interval. One such
factor is ciliary neurotrophic factor (CNTF), which protects striatal neurons in both rodent and
nonhuman primate models of HD (Emerich et al., 1997a,b). Considering these results, a small
clinical trial using an intracerebroventricularly placed encapsulated cell device secreting CNTF is
currently ongoing (fig. 57.2A) (M. Peschanski, personal communication).

Based on positive results in animal models [for a review, see Peschanski et al., (1995)], pri-
mary fetal striatal tissue transplantation for HD is also being attempted at a handful of centers in
the world (Fig. 57.2A). An initial report has described mild improvements in one of the implant-
ed patients (Kopyov et al., 1998). Because the number of implanted patients is few, it is current-
ly difficult to draw any major conclusions regarding the clinical utility of transplantation for HD.
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One possible advantage over PD is that the transplantation for HD involves homotopic implan-
tation, which at least theoretically should allow for the differentiation of the fetal tissue using nor-
mal environmental cues. However, in HD, multiple sets of neuronal populations degenerate, in-
cluding both cortical and striatal neurons. The homotopic transplantation for HD may thus
require extensive regeneration of axonal pathways (Fig. 55.2A).

Other diseases that could be amenable to the implantation of cells within the brain are the
myelin disorders (Fig. 55.2B). Animal experiments have shown the ability of neural tissue, puri-
fied oligodendrocytes, oligodendrocyte precursors, immortalized glial cells, and neural stem cells
to remyelinate areas of demyelination [for a review, see Duncan and Milward (1995)]. Although
oligodendrocyte precursor cultures can be established from rodent cells, equivalent human cells
have not been easy to make.
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Fig. 55.2. Tissue engineering approaches. In the center, an oblique frontal view of a cut section of
the human brain shows a stereotactic injection into the putamen, which is the standard method
used for fetal transplantation in PD. (A) in HD, both endogenous (corticostriatal) and transplant
axonal projections are important and may need extensive regeneration in late stages of the dis-
ease. Encapsulated cells delivering CNTF in proximity to the caudate nucleus may protect both
endogenous neurons and transplanted cells. Implants may need to be placed in both the putamen
and caudate nucleus to achieve the most optimal therapeutic effect. Not all axonal projections
need to be extensive, because of the proximity of some of the efferent and afferent nuclei (globus
pallidus). (B) Implantation of oligodendrocyte precursors or Schwann cells may remyelinate
plaques in myelin disorders such as multiple sclerosis. (C) Temporal lobe epilepsy may be treated
with the implantation of cells secreting inhibitory substances such as GABA in the area of the
seizure focus. (D) A futuristic treatment strategy for PD is illustrated whereby the dopaminergic
precursor cells are homotopically transplanted to the substantia nigra followed by deposit of an
axonal guidance implant along the stereotactic tract. Additional local deposits of GDNF-releasing
polymers or cells in the striatum may promote survival and arborization.



One substitute may be to transplant growth factor-expanded Schwann cells. This is based on
the fact that patients with CNS myelin disorders do not display demyelination of the peripheral
nervous system (PNS). In fact, myelination of central axons may spontaneously occur by ingrowth
of Schwann cells (the myelinating cell of the PNS) from the periphery (Duncan and Hoffman,
1997). An intriguing therapeutic possibility is therefore to grow Schwann cells from a nerve biop-
sy and expand these cells in culture. In turn, these cells could be transplanted into demyelinated
areas in the same patient. Physiologically, this may not be the best strategy, because Schwann cells
myelinate only single axons, whereas oligodendrocytes myelinate multiple axons. However, ani-
mal data indicate that, for a limited volume, Schwann cells can remyelinate (Blakemore and Crang,
1985) and restore functions (Felts and Smith, 1992) to central demyelinated areas. Preparation for
clinical trials using this strategy are ongoing.

One of the most common neurologic disorders is epilepsy, which affects about 2% of the pop-
ulation. A subgroup of these patients has temporal lobe epilepsy that is generated by a loss of neu-
rons and an imbalance of inhibitory and excitatory neurotransmitters in the hippocampal forma-
tion. In intractable cases, this disease is often treated surgically with the removal of the medial
hippocampus and the abnormal area. This procedure eliminates or reduces the frequency of
seizures in selected patients but involves a major surgical procedure and the ablation of normal tis-
sue. Therefore, a less invasive procedure may be to implant in the seizure focus inhibitory cells that
would raise the seizure threshold. This idea is supported by animal experimentation data that in-
dicate that locus coeruleus grafts and the local delivery of inhibitory substances such as GABA can
increase the seizure threshold (Bengzon et al., 1990; Kokaia et al., 1994; Lindvall et al., 1994).
However, with the lack of suitable cells, such as GABA-producing cells, transplantation for focal
epilepsy has not been as extensively studied as for some of the aforementioned disease targets.

Other disease indications that may benefit from brain implant strategies include stroke, brain
injury from trauma, Alzheimer’s disease, and rare disorders such as cerebellar degeneration and in-
herited metabolic disorders. These indications will be discussed elsewhere.

SURGICAL CONSIDERATIONS
The surgical implantation of most brain implants involves the use of stereotactic techniques

(Fig. 57.2). Stereotaxis in brain surgery was established in the beginning of this century and is now
well established in neurosurgical practice (Speelman and Bosch, 1998). It involves attaching a rigid
frame (stereotactic frame) to the skull followed by imaging such as magnetic resonance imaging.
Attached markers (fiducials) create a three-dimensional coordinate system in which any point in
the brain can be defined and related to the frame with high precision. In the operating room, the
markers used during imaging are replaced with holders that guide the instruments. It is a relative-
ly simple neurosurgical procedure done under local anesthesia and mild sedation. The procedure
is therefore safe and relatively painless. Among the �200 patients transplanted with fetal grafts for
Parkinson’s disease, rare surgical complications have been reported. The patients are usually dis-
charged from the hospital after an overnight observation.

CONCLUSIONS
In this chapter, various brain implants have been described that may have potential to treat

Parkinson’s disease and other neurological disorders using tissue engineering strategies. Most of the
current literature describes the transplantation of various primary cells, such as fetal tissue and
chromaffin cells. Tissue engineering principles have only more recently been introduced. Appli-
cations using growth factor support, genetic engineering, scaffolds, extracellular matrices, and en-
capsulation have all been able to improve the survival and function of the brain implant. The ul-
timate implants are yet to be developed and may combine genetically modified cells, controlled
delivery devices, axonal bridges, scaffolds, and encapsulated cells.
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Nerve Regeneration
Eric G. Fine, Robert F. Valentini, and Patrick Aebischer

NERVE REGENERATION AND NEURAL TISSUE ENGINEERING

In human adults, many tissues, including those of the peripheral nervous system (PNS), are ca-
pable of healing and regeneration. Neural tissue, due to its complex and numerous long-distance

interconnections, must heal by true regeneration, because healing by scar will not reestablish elec-
trical connectivity. In certain situations, underlying disease (such as diabetes or drug-induced neu-
ropathy) or extensive damage (such as large nerve defects or avulsion injuries) leads to negligible
recovery. In contrast, central nervous system (CNS) tissues, which include the brain and spinal
cord, show limited healing under almost all circumstances. A major impediment to healing is the
inability of adult neurons to proliferate in vivo and to be cultivated in vitro. Neural tissue engi-
neering seeks to provide new strategies to optimize and enhance regeneration through the use of
three-dimensional scaffolds, the delivery of growth-promoting molecules, and the use of neuronal
support cells or genetically engineered cells. The objectives of this chapter are to provide an
overview of the basic biology of neural regeneration (using the PNS as a model), to review bio-
material-based strategies for nerve repair, and to present more recent neural tissue engineering ap-
proaches (Table 56.1).

Problems and Challenges
Every year, hundreds of thousands of patients are treated for degenerative disease or traumat-

ic PNS and CNS damage, and the attendant social and economic costs are staggering. The adult
PNS retains the capacity for regeneration following injury, and many of the molecular/neu-
rotrophic factors are known. Nonetheless, the return of function in the clinical setting is quite vari-
able and motor and sensory deficits invariable persist. Repair of the CNS, which includes the brain
and spinal cord, represents an even greater challenge, because almost all injuries lead to an irre-
versible loss of function and because many victims are young. Refinements in microsurgical tech-
niques and drug therapies have had some beneficial effects on neural repair, but seem to have
reached an impasse, suggesting that biologic rather than technical factors are limiting. During
World War II, the large caseload of nerve injuries led to the development of nerve repair techniques
that involved end-to-end reconnection. Functional outcomes were further improved with advances
in microsurgical techniques and instrumentation. In the 1970s and 1980s, advances in polymer
science provided synthetic guidance channels for experimental nerve repair, although an ideal clin-
ical material has not been identified. From the 1980s to the present, progress in biotechnology and
molecular biology has uncovered some of the molecular and genetic bases of neural diseases, thus
opening biological avenues for promoting regeneration. Neural tissue engineering seeks to pro-
mote neural repair by combining the potency and specificity of biologically based repair strategies
(neurotrophic molecules, extracellular matrix equivalents, transplanted/genetically engineered
cells, etc.) with the purity and definition of synthetic technologies (material design/modification,
drug delivery systems, microelectronic fabrication, etc.). Neural tissue engineering may provide a
means of reducing health care costs and improving the quality of life by accelerating healing, pro-
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viding alternatives to current treatments, and enabling repair where it is not currently feasible.
Neural tissue engineering also entails efforts to replace neuroactive molecules in the CNS, to recre-
ate neural circuitry in vitro, and to design functional neural interfaces. This chapter concentrates
mainly on issues of neural regeneration.

OVERVIEW OF NEURAL REGENERATION
It has long been appreciated that the PNS is capable of regeneration following injury. The

central dogma that the adult CNS is not capable of regeneration has been challenged subsequent
to reports based on studies suggesting that there is a vigorous capacity for regrowth under optimal
conditions. In both nervous systems, regeneration is limited by the fact that adult neurons are not
capable of proliferating. In successful regeneration, sprouting axons from proximal nerve tissues
traverse the injury site, enter the distal nerve tissue, and make new connections with target struc-
tures. For the purposes of this chapter, we will use the PNS as a model for nerve regeneration.

Peripheral Nervous System
Peripheral nerves are responsible for the innervation of the skin and skeletal muscles and con-

tain electrically conductive fibers, the axons, whose cell bodies reside in or near the spinal cord.
Neurons are structurally unique in that axonal processes may extend for considerable distances
(e.g., up to 1 m or longer). All axons are ensheathed by Schwann cells, which provide structural
and chemical support for all PNS neurons. In fact, neuronal survival is contingent on the contin-
uous, retrograde flow of neurotrophic molecules synthesized by Schwann cells or target tissues.
Motor neurons originate in the anterior horn (inner gray matter) of the spinal cord and are re-
sponsible for directing voluntary movement. Sensory neurons are localized in dorsal root ganglia
found adjacent to the spinal cord and function to sense the local environment through specialized
sensors (stretch receptors, Pacinian corpuscles, etc.). Sympathetic neurons are located in sympa-
thetic ganglia found along the length of the cord and are responsible for regulating involuntary
functions (sweating, vascular tone, etc.). A single nerve may contain many hundreds of the three
neuronal types. Together, nerve fibers, Schwann cells, blood vessels, and surrounding connective
tissue constitute a nerve fascicle, which is the basic structural unit of a peripheral nerve. Most 
peripheral nerves contain one or more fascicles, each containing numerous myelinated and un-
myelinated axons. The surgical repair of cut nerves is complicated by the fact that the fascicular
tracts branch frequently and follow a tortuous pathway.

PNS Regeneration
Nerves (including the cell body and axons) react in a characteristic fashion to transection in-

jury (Sunderland, 1991). Injuries occurring close to the spinal cord are more likely to result in neu-
ronal death because a large axonal segment is lost. More peripheral lesions, such as those in the
hand or fingers, show a greater degree of successful regeneration. If the neuronal cell body survive
the initial injury, it swells and decreases neurotransmitter (i.e., the chemicals that control neuronal
signaling) production and increases production of the substrates necessary for reconstituting ax-
onal and membrane components. Immediately after injury, the tip of the proximal nerve stump
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Table 56.1. Strategies for neural repair

Biomaterial-based approaches
Surgical suture
Use of nerve guidance channel
Fibrin glue
Poly(ethylene glycol) fusion

Tissue engineering approaches
Delivery of neurotrophic factors
Use of functionalized gels
Seeding with Schwann cells
Use of genetically engineered cells



(i.e., the segment closest to the spinal cord) swells considerably and the severed axons retract sev-
eral millimeters. After several days the proximal axons begin to sprout vigorously and growth cones
emerge. Growth cones are mobile extrusions of the cut axons that flatten and spread when they
encounter an adhesive terrain. Growth cones elicit numerous extensions (e.g., fillipodia) that ex-
tend outward in all directions until the first sprout reaches an appropriate terrain. The lead sprout
is the only one to survive and the others die back in a process of pruning.

In the distal nerve stump, a process termed “Wallerian degeneration” begins within hours af-
ter transection. Wallerian degeneration is characterized by the degradation of axons and the pro-
liferation of Schwann cells, which organize into ordered columns, or bands of Bünger. Schwann
cell columns provide an optimal environment for growth cone adhesion and axonal outgrowth. In
successful regeneration, axons sprouting from the proximal stump bridge the injury gap and en-
counter an appropriate Schwann cell column (band of Bünger). In humans, axons elongate at an
average rate of 1 mm per day. Some of the axons reaching the distal stump traverse the length of
the nerve to form functional synapses, but changes in the pattern of muscular and sensory rein-
nervation invariably occur. The misrouting of growing fibers occurs primarily at the site of injury
because once they reach Schwann cell columns their paths do not deviate further. Failures in re-
generation may lead to the formation of a neuroma, a dense, irregular tangle of axons, which can
cause painful sensations. It should be noted that peripheral nerve transection also leads to marked
atrophy of the corresponding targets (e.g., muscle fibers). Accelerated axonal outgrowth and re-
generation is an important clinical goal because it results in less muscle wasting and decreased loss
of sensory units.

Surgical repair of peripheral nerves
In the absence of reconnection, recovery of function following a nerve injury is negligible.

This may be due to one or more factors, including (1) that neurons do not survive due to severe
retrograde effects, particularly due to the loss of neurotrophic support, (2) that a gap separating
the nerve stumps prevents sprouting axons from finding the distal stump, (3) that scar tissue in-
growth at the injury site acts as a physical barrier to axonal elongation, and (4) that the proximal
and distal fascicular patterns differ so much that extending axons cannot find an appropriate dis-
tal pathway.

Early attempts to reconnect severed peripheral nerves utilized a crude assortment of materi-
als, and anatomic repair rarely led to an appreciable return of function (Sunderland, 1991). Ma-
terials used include biologic materials such as catgut, silk, and cotton, and metal wires. Interven-
tions were often doomed by the high rates of infection resulting from poor sterile techniques and
inadequate sterilization of implanted materials. In the 1950s the concept of end-to-end repair, or
coaptation, was refined by surgeons who directly reattached individual nerve fascicles or groups of
fascicles. Further refinements occurred during the 1960s with the introduction of the surgical mi-
croscope and the availability of finer suture materials and instrumentation. In microsurgical nerve
repair the ends of severed nerves are apposed and realigned by placing several strands of very fine
suture material through the epineurial connective tissue without entering the underlying nerve fas-
cicles. This process is termed epineural repair. In instances in which individual fascicles can be
identified, they are often reattached individually in a process called fascicular or perineural repair.
Interestingly, perineural repair does not result in significantly better functional recovery when com-
pared to simpler epineural repair. Nerve grafting procedures are performed when nerve retraction
or nerve tissue loss prevents direct end-to-end repair. Nerve grafts are also employed when nerve
stump reapproximation would create tension along the suture line, a situation that is known to
hinder the regeneration process by compromising blood flow. In grafting surgery, an autologous
nerve graft from the patient, such as the sural nerve (or other sensory nerves, the removal of which
results in acceptable functional deficit), is interposed between the ends of the damaged nerve.
Presently, the most commonly used biomaterial in end-to-end repair or nerve grafting is fine
monofilament nylon (polyamide) suture hooked to stainless steel needles.

Repair with fibrin glue or fusion with poly(ethylene glycol)
There have also been efforts to develop “gluing” techniques for nerve repair, thus avoiding the

disadvantages associated with suturing. Sutures at the injury site can cause tissue reaction and lo-
cal scar tissue formation, impeding axonal outgrowth. Microsurgical repair techniques usually re-

56 Nerve Regeneration 787



quire expensive instrumentation, take relatively long to perform, and require training and spe-
cialized techniques. In addition, some neural tissues, including the CNS, are rather amorphous,
making suturing difficult or impossible.

Fibrin glue or “plasma clot” materials have been used for many years in experimental nerve
repair (Sunderland, 1991). Fibrin is derived from blood and is a major component of clots and
scabs. Fibrin glue is a two-component system composed of concentrated fibrinogen, which is ac-
tivated and polymerized into fibrin on the addition of thrombin. Some experimental studies show
that fibrin glue repair of peripheral nerves is comparable to standard microsurgical repair. Practi-
cal advantages include straightforward application, rapid repair time, and easier use in poorly ac-
cessible locations. One limitation is in the case of nerve gaps, because the nerve ends cannot be
readily approximated.

One unique experimental system uses poly(ethylene glycol) (PEG) to fuse axons of transect-
ed nerves in invertebrate animals (earthworms) (Krause and Bittner, 1990). The use of PEG 
immediately following nerve transection resulted in morphologic fusion of individual axons. The
concentration and molecular weight of PEG appear important in determining the extent and qual-
ity of fusion. Major limitations of this approach include the need for immediate repair (so that
Wallerian degeneration and axonal destruction do not occur) and the requirement that the nerve
ends be reapproximated under minimal tension.

Repair with nerve guidance channels
The frequent occurrence of nerve injuries during the World Wars of this century stimulated

surgeons and scientists to seek simple, effective means of repairing damaged nerves. A variety of
biologic and synthetic materials were shaped into cylinders and used to entubulate cut nerves.
Bone, collagen membranes, arteries, and veins were used to repair nerves from the late 1800s
through the 1950s. These materials did not enhance the rate of nerve regeneration when compared
to standard techniques, and clinical applications were not widespread. Magnesium, rubber, and
gelatin tubes were evaluated during World War I and cylinders of parchment paper and tantalum
were used during World War II. The poor results achieved with these materials can be attributed
to poor biocompatibility, because the channels elicited an intense tissue response that limited the
ability of growing axons to reach the distal nerve stump. Following World War II, polymeric ma-
terials with more stable mechanical and chemical properties became available. Millipore (cellulose
acetate), a microporous filter material, showed early favorable results in experimental models. Af-
ter long-term implantation (several months) in humans, however, the Millipore material became
calcified and eventually fragmented so that its use was discontinued. Silastic (silicone elastomer)
tubing was first tested experimentally in the 1960s. Thin-walled Silastic channels were reported to
support regeneration over large gaps in several mammalian species. Thick-walled tubing was asso-
ciated with nerve necrosis and neuroma production. Thin-walled Silastic tubing and bioresorbable
poly(glycolic acid) (PGA) tubes are the only synthetic materials currently used, on a very limited
basis, in the clinical repair of severed nerves. The subsequent sections discuss results obtained with
these and other synthetic materials in experimental nerve repair.

EXPERIMENTAL USE OF GUIDANCE CHANNELS
The availability of a variety of new biomaterials (particularly polymers) led to a resurgence of

entubulation studies in the 1980s. In repair procedures using nerve guidance channels, the free or
mobilized ends of a severed nerve are positioned within the lumen of a tube and are anchored in
place with sutures (Fig. 56.1). Tubulation repair provides several advantages, as listed in Table 56.2.
The most important factors include prevention of scar tissue invasion into the regenerating envi-
ronment, provision of directional guidance for elongating axons, and maintenance of endogenous
trophic or growth factors.

Guidance channels are useful in experimental procedures evaluating the process of nerve re-
generation because (1) the gap distance between the nerve stumps can be precisely controlled, (2)
the fluid and tissue entering the channel can be tested and evaluated, (3) the properties of the chan-
nel can be varied, and (4) the channel can be filled with various drugs, gels, etc. Nerves of differ-
ent sizes and with various dimensions from several mammalian species, including mice, rats, rab-
bits, hamsters, and nonhuman primates, have been studied. The regenerated tissue in the guidance
channel can be evaluated morphologically to quantify the outcome of regeneration. Parameters
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analyzed include the cross-sectional area of the regenerated nerve cable, the number of myelinat-
ed and unmyelinated axons, and the relative percentages of cellular constituents (e.g., epineurium,
endoneurium, blood vessels). Electrophysiology and functional evaluation can also be performed
in studies conducted for long time periods (several weeks or longer).

In the early 1980s the rat sciatic nerve model emerged as a useful system for studying nerve
repair and for evaluating guidance channels. The spatial–temporal progress of nerve regeneration
across a 10-mm rat sciatic nerve gap repaired with a silicone elastomer tube has been described in
detail and provides a point of reference for evaluating other systems (Longo et al., 1984; Williams
et al., 1983). During the first hours following repair the tube fills with a clear, protein-containing
fluid exuded by the cut blood vessels in the nerve ends. The fluid contains the clot-forming pro-
tein, fibrin, as well as neurotrophic factors known to support nerve survival and outgrowth. By the
end of the first week the lumen is filled with a longitudinally oriented fibrin matrix that coalesces
and undergoes syneresis to form a continuous bridge between the nerve ends. The fibrin matrix is
then invaded by cells migrating from the proximal and distal nerve stumps. This includes fibro-
blasts (which first organize along the periphery of the fibrin matrix), Schwann cells, macrophages,
and endothelial cells (which form capillaries and larger vessels). At 2 weeks, axons advancing from
the proximal stump are engulfed in the cytoplasm of Schwann cells. After 4 weeks some axons have
reached the distal nerve stump and many have become myelinated. The number of axons reach-
ing the distal stump is related to the distance the regenerating nerve has to traverse and the length
of original nerve resected. Silicone guidance channels do not support regeneration if the nerve gap
is greater than 10 mm and if the distal nerve stump is left out of the guidance channel (Lundborg
et al., 1982). In these experimental models, the morphology and structure of the regenerated nerve
are far from normal. The size and number of axons and the thickness of myelin sheaths are less
than normal. Electromyographic evaluation of nerves regenerated through silicone tubes reveals
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Fig. 56.1. Nerve guidance channel.

Table 56.2. Advantages of nerve guidance channels

Surgical repair is simplified
Tension at the suture line is reduced
Scar tissue invasion is prevented
Outgrowing tissue is guided
Endogenous neuroactive molecules are sequestered
External inhibitory molecules are repelled



that axons can make functional synapses with distal targets, although nerve conduction velocities
and signal amplitudes are slower than normal, even after many months.

Attempts to improve the success rate and quality of nerve regeneration have led to the use of
numerous biomaterials as guidance channels (Table 56.3). Biodurable materials such as acrylic
copolymers (Aebischer et al., 1989a; Uzman and Villegas, 1983), and polyethylene (Madison et
al., 1988), and bioresorbable materials such as polyglycolides (Molander et al., 1989), polylactides
(Nyilas et al., 1983), polyesters (Henry et al., 1985), and collagen (Archibald et al., 1991) have
been investigated. There is some concern that biodurable materials may cause long-term compli-
cations via compression injury to nerves or soft tissues. Biodegradable materials offer the advan-
tage of disappearing once regeneration is complete, but success thus far has been limited by
swelling, increased scar tissue induction, and difficulty in controlling degradation rates. In all cases,
these materials have displayed variable degrees of success in bridging transected nerves and the
newly formed nerves are morphologically quite different from normal peripheral nerves.

BIOMATERIAL-BASED APPROACHES TO NERVE REPAIR
Studies using nerve guidance systems suggest that neural degeneration is influenced by the

polymer system used and that it should not be considered a passive player. For example, manipu-
lating the physical, chemical, and electrical properties of synthetic channels allows control over the
regenerating environment and optimization of the regeneration process. The following features of
synthetic nerve guidance channels have been studied and will be reviewed: (1) transmural perme-
ability, (2) surface texture/microgeometry, (3) electrical charges, and (4) release of drugs.
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Table 56.3. Nerve guidance channel materials

Polymeric materials
Nonresorbable

Nonporous
Ethylene vinyl acetate copolymer (EVA)
Poly(tetrafluoroethylene) (PTFE)
Polyethylene (PE)
Silicone elastomers (SE)
Poly(vinyl chloride) (PVC)

Microporous
Gortex, expanded poly(tetrafluoroethylene) (e-PTFE)
Millipore (cellulose filter)

Semipermeable
Poly(acrylonitrile) (PAN)
Poly(acrylonitrile) poly(vinyl chloride) (PAN/PVC)
Polysulfone (PS)

Bioresorbable
Poly(glycolic acid) (PGA)
Poly(L-lactic acid) (PLLA)
PGA/PLLA blends
Polycaprolactone (PCL)
Polyester urethane

Metals
Stainless steel
Tantalum

Biologic materials
Artery
Collagen
Hyaluronic acid derivatives 
Mesothelial tubes
Vein



Transmural Permeability
The synthetic nerve guidance channel controls the regeneration process by influencing the

cellular and metabolic aspects of the regenerating environment. Because transected nerves lose the
integrity of their blood–nerve barrier and are in contact with the wound environment, the guid-
ance channel’s transmural mass transfer characteristics control solute exchange between the re-
generating tissue and the surrounding fluids. Nerves regenerated through semipermeable tubes dis-
play more normal morphologic characteristics than do nerves regenerated in impermeable silicone
elastomer (SE) and polyethylene (PE) tubes or freely permeable (microporous) expanded poly(tetra-
fluoroethylene) (e-PTFE) tubes. Nerves found in semipermeable tubes feature more myelinated
axons and less connective tissue (Aebischer et al., 1989a; Uzman and Villegas, 1983). The range
of permselectivity is important and optimal regeneration is observed with a molecular weight
(MW) cutoff range of 50,000–100,000. Permselective poly(acrylonitrile)/poly(vinyl chloride)
(PAN/PVC) channels with a MW cutoff of 50,000 support regeneration even in the absence of a
distal nerve stump (Aebischer et al., 1988, 1989a).

These observations suggest that controlled solute exchange between the internal regenerative
and external wound healing environments is essential in controlling regeneration. The early avail-
ability of oxygen and other nutrients in permselective tubes may minimize connective tissue for-
mation in PAN/PVC and polysulfone (PS) tubes. Decreased oxygen levels and waste buildup due
to impermeable wall structures may increase connective tissue formation in SE and PE tubes. Re-
generation may also be modulated by excitatory and inhibitory factors released by the wound heal-
ing environment. Semipermeable channels may sequester locally generated growth factors while
preventing the inward flux of molecules inhibitory to regeneration.

Surface Texture/Microgeometry
The microgeometry of the luminal surface of the guidance channel plays an important role

in regulating tissue outgrowth. Expanded microfibrillar e-PTFE tubes exhibiting different inter-
nodal distances (1, 5, and 10 
m) were compared to smooth-walled, impermeable PTFE tubes.
Larger internodal distances result in greater surface irregularity and increased transmural porosity.
Highly porous, rough-walled tubes contained isolated fascicles of nerves dispersed within a loose
connective tissue stroma. The greater the surface roughness, the greater the spread of fascicles
(Valentini and Aebischer, 1993). In contrast, smooth-walled, impermeable PTFE tubes contained
a discrete nerve cable delineated by an epineurium and located within the center of the guidance
channel. Similar results were observed with semipermeable tubes with either smooth or rough in-
ner walls that were fabricated with the same polymer (PAN/PVC) and exhibited similar mechan-
ical properties and MW cutoffs (50,000) (Aebischer et al., 1990). Nerve regenerated in tubes con-
taining alternating sections of smooth and rough inner walls showed similar morphologies, with
an immediate change from single-cable to numerous fascicle morphology at the interface of the
smooth and rough segments.

These studies suggest that the microgeometry of the guidance channel lumen also modulates
the nerve regeneration process. Wall structure changes may alter the protein and cellular con-
stituents of the regenerating tissue bridge. For example, the orientation of the fibrin matrix is al-
tered in the presence of a rough inner wall. Instead of forming a single, longitudinally oriented
bridge connecting the nerve ends, the fibrin molecules remain dispersed throughout the lumen.
As a result, cells migrating in from the nerve stumps fill the entire lumen in a loose pattern rather
than forming a dense central structure.

Electrical Charge Characteristics
Applied electrical fields and direct current stimulation are known to influence nerve regener-

ation in vitro and in vivo. Silicone tubes fitted with electrical leads and used as cuffs to surround
lesioned nerves have shown increased regeneration in rat models (Kerns et al., 1991).

Certain dielectric polymers may be used to study the effect of electrical activity on nerve re-
generation in vivo and in vitro. Electret materials are advantageous in that they provide electrical
charges without the need for an external power supply, can be localized anatomically, are biocom-
patible, and can be formed into a variety of shapes including tubes and sheets. Electrets are a class
of dielectric polymers that can be fabricated with stable bulk/surface charges because of their
unique molecular structure. True electrets, such as PTFE, can be formed to exhibit a static surface
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charge due to the presence of stable, monopolar charges located in the bulk of the polymer. The
sign of the charge is dependent on the poling conditions. Positive, negative, or combined charge
patterns may be achieved. Piezoelectric materials such as poly(vinylidene fluoride) (PVDF) display
transient surface charges related to dynamic spatial reorientation of molecular dipoles located in
the polymer bulk. The amplitude of charge generation is dependent on the degree of physical de-
formation (i.e., dipole displacement) of the polymer structure. The sign of the charge is depen-
dent on the direction of deformation, and the materials show no net charge at rest.

Negatively and positively poled PVDF and PTFE tubes have been implanted as nerve guid-
ance channels. Poled PVDF and PTFE channels contain significantly more myelinated axons than
do unpoled, but otherwise identical, channels (Aebischer et al., 1987; Valentini et al., 1989). In
general, positively poled channels contained larger neural cables with more myelinated axons, com-
pared with negatively poled tubes. It is not clear how static or transient charge generation affects
the regeneration process. The enhancement of regeneration may be due to electrical influences on
ligand binding, ionic fluxes, receptor mobility, growth cone motility, cell migration, etc.

Delivery of Neurotrophic Factors
Growth or neuronotrophic factors ensure the survival and general growth of neurons and are

produced by support cells (e.g., Schwann cells) or by target organs (e.g., muscle fibers). Some fac-
tors support neuronal survival, others support nerve outgrowth, and some do both (Table 56.4)
(Raivich and Kreutzberg, 1993). Numerous growth factors have been identified, purified, and syn-
thesized through recombinant technologies (Table 56.4). In vivo, growth factors are found in so-
lution in the serum or extracellular fluid or bound to extracellular matrix (ECM) molecules. The
release of soluble agents, including growth factors and other substrates from synthetic guidance
channels, may improve the degree and specificity of neural outgrowth. Using single or multiple
injections of growth factors has disadvantages, including early burst release, poor control over lo-
cal drug levels, and factor degradation in biologic environments. Guidance channels can be pre-
filled with drugs or growth factors, but the aforementioned limitations persist. Advantages of 
using a local, controlled delivery system are that the rate and amount of factor release can be con-
trolled and the delivery can be maintained for long periods of time (several weeks). Channels com-
posed of an ethylene vinyl acetate (EVA) copolymer have been fabricated and are designed to re-
lease incorporated macromolecules in a predictable manner (Aebischer et al., 1989b). The amount
of drug loaded, size of the drug, and geometry of the drug-releasing structure affect the drug re-
lease kinetics (Langer and Folkman, 1976). It is possible to restrict drug release to the luminal side
of the guidance channel by coating its outer wall with a film of pure polymer.

Nerve guidance channels fabricated from EVA and designed to slowly release basic fibroblast
growth factor (bFGF) support regeneration over a 15-mm gap in a rat model (Aebischer et al.,
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Table 56.4. Growth factors in neural regeneration

Growth factor Possible function

Neural factors
Nerve growth factor (NGF) Neuronal survival, axon–Schwann cell interaction
Brain-derived neurotrophic factor (BDNF) Neuronal survival
Ciliary neuronotrophic factor (CNTF) Neuronal survival
Glia-derived neurotrophic factor (GDNF) Neuronal survival
Glial growth factor (GGF) Schwann cell mitogen
Neurotrophin-3 (NT-3) Neuronal survival
Neurotrophin-4/5 (NT-4/5) Neuronal survival

General factors
Insulin-like growth factor 1 (IGF-1) Axonal growth, Schwann cell migration
Insulin-like growth factor 2 (IGF-2) Motoneurite, sprouting, muscle reinnervation
Platelet-derived growth factor (PDGF) Cell proliferation, neuronal survival
Acidic fibroblast growth factor (aFGF) Neurite regeneration, cell proliferation
Basic fibroblast growth factor (bFGF) Neurite regeneration, neovascularization



1989b). Control EVA tubes supported regeneration over a maximum gap of only 10 mm, with no
regeneration in 15-mm-long gaps. Another study using extruded EVA tubes designed to deliver
nerve growth factor (NGF) also supported regeneration over a critical nerve gap (Valentini et al.,
1995). The concurrent release of growth factors that preferentially control the survival and out-
growth of motor and sensory neurons may further enhance regeneration, because the majority of
peripheral nerves contain both populations. For example, NGF and bFGF control sensory 
neuronal survival and outgrowth, and brain-derived neurotrophic factor (BDNF), ciliary neu-
ronotrophic factor (CNTF), and glial cell line-derived neurotrophic factor (GDNF) control mo-
tor neuronal survival and outgrowth. Other molecules, neurotrophins (NT-3 and NT-4/5), may
do both. Factors that promote Schwann cell proliferation [e.g., glial growth factor (GGF)] may be
useful in enhancing nerve growth or in culturing transplantable cells. The local release of other
pharmacologic agents (e.g., antiinflammatory drugs) may also be useful in enhancing nerve
growth. Growth factors released by guidance channels may allow regeneration over large nerve
deficits and in sites where regeneration does not normally occur (e.g., brain and spinal cord).

Benchtop Fabrication Methods of Nerve Guidance Channels

Trophic factor-releasing tubes
Different experimental methods have been used to tailor the attributes of the nerve guidance

channels. These tubes have been made by dipping a mandrel in a polymer solution (Aebischer et
al., 1989b; Perego et al., 1994). A volatile solvent allows the first layer of polymer to dry when it
is removed from the solution before it is dipped again, forming the next layers. The mandrel is
then removed and a hollow cylinder is formed. This technique was improved by coating a hori-
zontally spinning mandrel (Borkenhagen et al., 1998a). The thickness of the tube can easily be
controlled and thus its rigidity, strength, toughness, and other mechanical properties are con-
trolled.

If a solvent for the polymer can be chosen such that it does not destroy a protein’s activity, dif-
ferent proteins/drugs and carrier molecules can be incorporated into the tube wall for eventual re-
lease into the lumen after implantation. Another method incorporates through the length of the
tube, a thin polymer rod containing neurotrophic factors, allowing for their long-term sustained
release (Bloch et al., 1999).

Thermoplastic polymers can be formed into tubes by extruding them at elevated tempera-
tures and pressures through a die and nozzle (Fine et al., 1991). By mixing relevant proteins into
the polymer dope, these tubes can be used as release systems (Valentini et al., 1995).

Semipermeable tubes
There may be some interest in controlling the transfer of moieties from the regenerating en-

vironment because optimization of the tube’s molecular weight cutoff enhances nerve regenera-
tion (Aebischer et al., 1989a). In addition, it has been shown that a semipermeable channel will
allow the regeneration of an axotomized peripheral nerve in the absence of a distal stump, where-
as no growth occurs in impermeable Silastic tubes (Aebischer et al., 1988). Semipermeable syn-
thetic polymer fibers can be fabricated by a dry-jet wet-spinning techniques (Cabasso et al., 1976;
Michaels, 1971). A polymer dissolved in its solvent is pumped through the outer lumen of a dou-
ble-bored nozzle and a nonsolvent flows through the inner lumen. As the two liquids come into
contact at the exit, a phase inversion occurs. When the solvent and nonsolvent are chosen so that
they have a greater affinity for each other than the solvent has for the polymer, the polymer comes
rapidly out of solution, forming a semipermeable layer. The nonsolvent continues to move slow-
ly outward past the initial interface, through the polymer solution, forming larger pores (with a
trabecular structure). As the forming tube exits the nozzle, it heads towards a nonsolvent bath,
which will solidify a dense (tight pored) exterior layer. Altering the parameters of flow, tempera-
ture, solvent/nonsolvent pairing, and distance from the nozzle to the nonsolvent bath will modi-
fy the resulting hollow fiber formed, and its permeability.

Biodegradable tubes
In trying to produce a more ideal nerve guidance channel that is biodegradable, therefore elim-

inating the need for a second operation to remove the tubing, many techniques of fabrication are
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being combined. The desired tube would slowly lose its mass, yet still be strong enough to main-
tain its shape and protect the regeneration environment during the period of cable reformation
before totally resorbing. A balance is sought between degradation rate and the inflammation that
degradation products incite. Fine soluble particles such as sugars and salts added to the exterior
coatings of mandrel dip-coated tubes form pores when dissolved out, reducing the mass of the bulk
polymer (Pennings et al., 1990). Other experimental methods blend in a second filler polymer that
is preferentially dissolved away after tube formation. Degradable polyester urethane tubes have
been formed with a porous honeycomb structure by casting the polymer solution in a mold and
freezing the mold. The frozen solvent crystals are then sublimated under vacuum conditions, leav-
ing a porous structure ( Jordan et al., 1999). The pores allow for infiltration of phagocytic cells and
create a greater surface area for them to degrade the polymer faster.

TISSUE ENGINEERING APPROACHES TO NERVE REPAIR
Biomaterial-based approaches to nerve repair show promise for certain clinical applications,

but may not provide sufficient support to bridge large gaps or to stimulate CNS repair. A higher
level of intricacy takes place when using the hollow nerve guidance channel tube as a receptacle
for hydrogel scaffolds, in an attempt to enhance regeneration by providing molecular constituents
that are present during embryonic development, are found at elevated levels during nerve injury,
or are actual components of the nerve tissue to be regenerated. Hydrogels are also used as matri-
ces to seed neuronal support cells or trophic-factor producing genetically engineered cells within
the nerve guides. Further advances in understanding the cellular and molecular aspects of neural
repair may provide more potent strategies for stimulating regeneration.

Inclusion of Insoluble Gels
As noted earlier, a fibrin cable bridging the nerve stumps serves as a scaffold over which out-

growing cells and axons migrate. Prefilling SE tubes with a longitudinally oriented fibrin gel has
been shown to accelerate regeneration across the gap and to increase the distance over which re-
generation occurs (Williams et al., 1987). Filling the tube with protein gels also influences the rate
and quality of regeneration. Filling guidance channels with fairly viscous gels of laminin and col-
lagen has been shown to improve and accelerate nerve repair in some models. Matrigel (a gel con-
taining collagen type IV), laminin, and glycosaminoglycans (another ECM component), intro-
duced in the guidance channel lumen, support some degree of regeneration over a long gap in
adult rats (Madison et al., 1988). SE channels preloaded with templates of collagen and glycos-
aminoglycans also increase the distance over which regrowth occurs (Yannas et al., 1985). One
study using semipermeable tubes filled with a range of collagen and Matrigel showed less regen-
eration in gel-filled tubes compared with tubes filled only with saline. This suggests that the vis-
cosity and orientation of the gel may be as important as its chemical makeup (Valentini et al.,
1987).

Use of Functionalized Gels
The extracellular matrix consists of complex proteins known to control cell shape, position,

and function. The availability of artificial ECM analogs will enable control of cell–substrate ad-
hesion, cell–cell communication, and cell guidance. The glycoprotein laminin, an extracellular
matrix component present in the basal lamina of Schwann cells, has been reported to promote
nerve elongation in vitro and in vivo. Other ECM products, including the glycoprotein fibronectin
and the proteoglycan heparin sulfate, have also been reported to promote nerve extension in vi-
tro. Some subtypes of the ubiquitous protein, collagen, also support neural attachment. Inappro-
priate physicochemical properties of these gels may interfere with the regeneration process. In an
alternate approach, the activity of these large, insoluble ECM molecules (up to 106 Da) can be
mimicked by short peptide sequences of a few amino acids (e.g., GRGDS, YIGSR, SIKVAV)
(Table 56.5) (Graf et al., 1987; Iwamoto et al., 1987; Kleinman et al., 1988). The availability of
small, soluble, bioactive agents allows more precise control over the chemistry, conformation, and
presentation of neuron-specific substances. Additionally, their stability and linear structure facili-
tate their use compared with labile (and more expensive) proteins that require tertiary structure
for activity. In vitro two-dimensional work demonstrated that immobilized peptides are indeed 
capable of promoting cell attachment and differentiation (Ranieri et al., 1993, 1995). Three-di-
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mensional substrates containing peptide mimics have also been shown to promote neural attach-
ment and regeneration in vitro (Bellamkonda et al., 1995a,b) and in vivo (Borkenhagen et al.,
1998b). This research has centered on the functionalization of naturally occurring gels and poly-
electrolytes (e.g., agarose, alginate) with various oligopeptides. Functionalized gels can be placed
within guidance channels or implanted along injured neural tracts in the PNS and CNS. Agarose
functionalized with laminin-derived peptides has been shown to support neurite elongation in vi-
tro and peripheral nerve regeneration in vivo. In future studies, it will be important to evaluate the
influence of gel viscosity and pore structure as well as the density and gradients of immobilized
ligands.

Seeding Neuronal Support Cells
All axons are ensheathed by support cells, the Schwann cells. Larger axons are surrounded by

a multilamellar sheath of myelin, a phospholipid-containing substance that serves as an insulator
and enhances nerve conduction. An individual Schwann cell may ensheathe several unmyelinat-
ed axons, but only one myelinated axon, within its cytoplasm. Schwann cells are delineated by a
fine basal lamina that contains laminin, collagen type IV, and other ECM molecules. The Schwann
cell basal lamina is capable of promoting neural outgrowth.

Adding neural support cells to the lumen of guidance channels is another strategy being used
to improve regeneration or to make regeneration possible over otherwise irreparable gaps (Table
56.6). Schwann cells can be expanded in vitro from small nerve biopsies (Morrisey et al., 1991).
For example, Schwann cells cultured in the lumen of semipermeable guidance channels have been
shown to improve nerve repair in adult rodents (Guénard et al., 1992; Xu et al., 1997). Cells har-
vested from inbred rats were first cultured in PAN/PVC tubes using various ECM gels as stabi-
lizers. The Schwann cells and gel formed a cable at the center of the tube after several days in cul-
ture. Once implanted, the cells were in direct contact with the nerve stumps. A dose-dependent
relationship between the density of seeded cells and the extent of regeneration was noted. The cul-
ture and expansion of human Schwann cells have proved difficult and may benefit through the use
of GGF and other Schwann cell mitogens. CNS glial cells, such as astrocytes, may also support
neural regeneration, although astrocytes obtained from older animals are less supportive than are
cells from young animals. The addition of Schwann cells to astrocytes seeded in guidance chan-
nels improved the outcome of regeneration (Guénard et al., 1994).

Olfactory ensheathing cells have been harvested and used to help support regeneration of 
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Table 56.5. Neuronal attachment and neurite-promoting factors

Factor Minimal peptide sequence

Collagens RGD, DGEA
Fibronectin RGD
Laminin SIKVAV, YIGSR, RGD
Neural cell adhesion molecule (NCAM) —
N-Cadherin —

Table 56.6. Schwann cell support of neural regeneration

Form organized columns following injury (bands of Bünger)
Secrete basal lamina with neurite-promoting properties (laminin, collagen type IV, etc.)
Secrete nerve growth factor and other neurotrophic molecules
Express NGF receptors (sequester NGF at injury site, juxtacrine stimulation of axons)
May be genetically engineered to secrete particular neurotrophins



axons in the central nervous system (Li et al., 1997). These cells were used because the normally
occurring support cells of the CNS in adults are inhibitory to regeneration. Contrary to this, ol-
factory receptor neurons continuously arise from the neuroepithelium and it is believed that they
have this capacity, in part, due to the olfactory glia that ensheathe their axons (Ramon-Cueto and
Valverde, 1995). For the first time, nerve fibers have crossed a gap in the spinal column and have
reentered distal tracks when harvested olfactory ensheathing cells were seeded into the lumen of a
nerve guide tube and used as the conduit (Ramon-Cueto et al., 1998).

Seeding with Genetically Engineered Cells
Another approach toward nerve repair involves the use of cells (Schwann cells, fibroblasts,

myoblasts, etc.) that are genetically engineered to secrete growth factors (Gage et al., 1991). The
use of support cells that release neuronotrophic and neurite-promoting molecules may enable re-
generation over large gaps or in recalcitrant tissues such as the spinal cord. There is significant ev-
idence that PNS elements, especially Schwann cells, are capable of supporting CNS regeneration.
For example, Schwann cell-seeded semipermeable channels support regeneration of the optic nerve
(R. F. Valentini, and P. Aebischer, unpublished observations) and of the fimbria–fornix pathway
(Kromer and Cornbrooks, 1985), which are CNS structures. In addition, fibroblasts engineered
to secrete NGF enhance neuronal survival after a lesion of the fimbria–fornix, a CNS structure
implicated in Alzheimer’s disease (Hoffman et al., 1993). The development of transfection/trans-
duction techniques for the sustained, in vivo expression of functional genes (encoding NGF,
CNTF, GGF, etc.), is under intense investigation.

SPECIFICITY OF NERVE RECONNECTIONS
Nerve entubulation techniques increase the number of axons and the distance that axons re-

generate. Another limitation that must be confronted for nerve repair and regeneration is the mis-
match of regenerating nerves to incorrect distal connections, thus limiting functional recovery. In
reanastomosis of nerve cables with mixed populations, sensory neurons can haphazardly reinner-
vate the motor end organs, and the motor axons can reinnervate the sensory organs. Brushart and
Seiler (1987) showed in rat experiments that if the proximal motor branch of the femoral nerve
was placed in a silicone Y-tube, one-half of the axons made the wrong choice of growing into the
end of the tube containing the distal sensory nerve stump, instead of the one containing the dis-
tal motor nerve stump, when the gap distance was 2 mm. Interestingly, two thirds of the motor
axons grew into the correct branch of the silicone tube when the distance was increased to 5 mm.
Despite this increase when lengthening the gap, there is no assurance that the neurons reconnect
to their original end organs. Efforts have been initiated to fabricate a microelectronic switchboard
that could be inserted into the regenerating environment (Rosen et al., 1990; Zhao et al., 1997).
Placed in the nerve guidance channel perpendicular to the regenerating axons, holes in the “nerve
chip” would allow neurites to pass through and reconnect to distal targets, and an electronic sig-
nal processor could be envisioned that would allow the nerve impulses to be sensed and rerouted
to their proper destinations (Dario et al., 1998; Kovacs et al., 1992; Lundborg et al., 1998). This
system would have the drawbacks of a chronic long-term implant and the electronics would be
subjected to the harsh destructive in vivo environment.

SUMMARY
The permeability, textural, and electrical properties of nerve guidance channels can be opti-

mized to impact favorably on regeneration. The release of growth factors, addition of growth sub-
strates, and inclusion of neural support cells and genetically engineered cells also enhances regen-
eration through guidance channels. Current limitations in PNS repair, especially the problem of
repairing long gaps, and in CNS repair, because brain and spinal cord trauma rarely result in ap-
preciable functional return, may benefit from advances in engineering and biology. The ideal guid-
ance system has not been identified, but will most likely be a composite device that contains nov-
el synthetic or bioderived materials and that incorporates genetically engineered cells and new
products from biotechnology.
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Transplantation Strategies 
for Treatment of Spinal 

Cord Dysfunction and Injury
Jacqueline Sagen, Mary Bartlett Bunge, and Naomi Kleitman

INTRODUCTION

The spinal cord occupies a unique position in the central nervous system (CNS) in that it pro-
vides our primary conduit for communication and interaction with the world around us. With

the exception of the unique sensors in the head, virtually all environmental stimuli are processed
by somatosensory systems via the spinal cord. In addition, our responses to and interactions with
our environment are under the control of motor systems functioning via final common pathways
in the spinal cord. Autonomic sensations and responses also involve the flow of information to and
from the spinal cord. Thus the spinal cord plays a critical role in the normal daily functioning of
the organism in its environment, and any disruption can have severe consequences in the motor,
sensory, and autonomic realms. The use of cellular or tissue transplantation for restoration of func-
tion has found potential CNS application in several disease and injury models (Azmitia and Björk-
lund, 1987; Dunnett and Richards, 1990; Freeman and Widner, 1998; Gash and Sladek, 1988).
For application to spinal cord dysfunction, several approaches may be envisioned: (1) the use of
neural implants as axonal bridges for repair of damaged spinal circuitry, (2) provision of cells for
replacement of lost or damaged neuronal or glial elements, and (3) provision of neurotransmitters
and/or neurotrophic factors by implanted cellular “minipumps.” These approaches are the subject
of this chapter. The reader is also referred to other reviews (e.g., Bregman, 1998; Bunge and Kleit-
man, 1999; Fawcett, 1998; Giménez y Ribotta and Privat, 1998; Plant et al., 2000; Sagen, 1998;
Schwab and Bartholdi, 1996; Steeves and Tetzlaff, 1998; Zhang et al., 1999).

SPINAL IMPLANTS AS AXON BRIDGES
The primary goal of implantation of cellular bridges into the spinal cord is to provide a per-

missive substrate for axonal growth across the injury site to enable repair of cord circuitry and
restoration of function following traumatic injury. For this purpose, the most common animal
models utilized include compression and contusion (leading to cavitation) injuries, which may
closely resemble crush injuries found in the clinic. Hemisection and complete transection models,
also much studied, provide information relevant to laceration lesions. The criterion for “success”
using various transplantation approaches is a subject of debate. Clearly, the best indication of suc-
cess would be nearly complete restoration of function. Whereas some indication of functional im-
provement has been reported using a variety of interventions and a variety of behavioral tests, this
appears to be limited, at least for the adult spinal cord, given the presently available technology.
Nevertheless, numerous studies have demonstrated that the capacity for regeneration in the adult
spinal cord is greater than previously thought, and suggest that restoration of function may ulti-
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mately be possible under the right circumstances (e.g., Bregman et al., 1998; Cheng et al., 1996;
Feraboli-Lohnherr et al., 1997; Grill et al., 1998; Li et al., 1997; Liu et al., 1999).

Following traumatic spinal cord injury, in addition to obvious cellular destruction at the site
of the injury, axons from several sources are damaged or severed. These include segmental axons
(e.g., primary axons derived from dorsal root ganglion cells), intersegmental axons (propriospinal
or interneuronal), and long axons (e.g., descending axons from the corticospinal tract, monoamin-
ergic axons from the locus coeruleus and raphe nuclei). Approaches toward regeneration of these
damaged axons include the use of artificial or biologic matrices and peripheral nerve, Schwann
cell, and fetal CNS tissue grafting.

Artificial and Biologic Matrices
Materials that have been utilized in bridges in spinal cord injury models include collagen, Ma-

trigel (a basement membrane preparation), Millipore filters, carbon filaments, and fibrin. Poly-
acrylonitrile/polyvinylchloride and polycarbonate tubes have been utilized to contain bridging cel-
lular transplants [for additional review, see Plant et al. (2000)]. Using a cat spinal cord transection
model, de la Torre (1982) found that a cell-free collagen matrix could integrate well with host
spinal tissue and attract several host cell types, including Schwann cells, fibroblasts, and meningeal
cells. Numerous tyrosine hydroxylase-positive fibers were found invading the graft and perhaps
reentering the spinal cord, suggesting the possibility of axonal regeneration from brainstem cate-
cholaminergic nuclei. Joosten and colleagues (1995), likewise observing axonal growth along with
other cell types into collagen, found that the time of gelation was key for ingrowth of regenerat-
ing fibers; corticospinal fibers grew into collagen grafts injected initially as a fluid but not into col-
lagen implanted as a self-assembled gel. Further refinements in this approach include the use of
chemical cross-linking of collagen gels (Marchand et al., 1993) and the addition of neurotrophic
or growth-promoting substances such as laminin (Goldsmith and de la Torre, 1992). Neuro-
trophin-3 (NT-3) added to collagen grafts improves corticospinal axon ingrowth (Houweling et
al., 1998).

Substrate-bound neurotrophic factors have been added to nitrocellulose implants (Houlé and
Johnson, 1989; Houlé and Ziegler, 1994). In spinal transection cavities of adult rats, nerve growth
factor (NGF)-treated nitrocellulose strips coimplanted with fetal spinal cord tissue induced ex-
tensive ingrowth of axons expressing calcitonin gene-related peptide (CGRP), most probably de-
rived from dorsal root axons. In addition, many fibers appeared to extend into the host spinal cord
rostral to the lesion and graft site, suggesting the potential for regrowth of ascending sensory ax-
ons using such an approach. Improvement in sensory axon regrowth into the spinal cord has also
been obtained using Millipore filters coated with embryonic astroglia (Kliot et al., 1988, 1990).

The future application of artificial and biologic matrices in spinal cord injury is an important
and promising area of research. A type of biocompatible and bioresorbable polymer to be further
tested is poly(lactic–co-glycolic acid). This compound is well tolerated by Schwann cells and spinal
cord tissue (Gautier et al., 1998). Three-dimensional hydrogels are also being investigated in CNS
repair. When combined with collagen, they support new tissue growth, thus enabling tissue re-
construction and regeneration (Plant et al., 1995, 1998). Hydrogels can be prepared with added
sequences such as the RGD sequence found in extracellular matrix molecules (Plant et al., 1997).
Following transplantation into the CNS, such a combination initiates axonal regeneration.
Schwann cells may be added to hydrogels as well to improve neurite growth-promoting activity
(Woerly et al., 1996).

Peripheral Nerve Grafts
It is well established that regeneration of several axonal processes in the CNS is greatly limit-

ed in contrast to axonal regeneration in the peripheral nervous system (PNS). Several possible ex-
planations for this have been put forward, including the induction of an astroglial scar barrier (cel-
lular or molecular) in response to CNS injury, the lack of supportive trophic factors and/or
matrices, and the presence of growth inhibitory factors produced by CNS oligodendrocytes and
the myelin they form. In contrast, peripheral nerves, and particularly Schwann cells, are remark-
ably supportive for the regrowth of axonal processes, including those of CNS origin. Thus, a ra-
tionale for intraspinal implantation of peripheral nerve segments is the provision of a conducive
matrix for axon bridging and reconnection in severed CNS pathways following traumatic injury.
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Although attempts at using peripheral nerve segments for spinal repair have been reported since
the early 1900s, interest in this approach gained momentum in the 1970s and 1980s (for review,
see Aguayo, 1985; Vrbová et al., 1994). Peripheral nerve grafts can serve as bridges across transec-
tion lesions of the adult spinal cord; fibers enter the PNS grafts from neurons in the host spinal
cord rostral and caudal to the lesion (Richardson et al., 1980). Long peripheral nerve bridges cir-
cumventing the cord carry CNS axonal processes for remarkable distances, e.g., from the lower
medulla to the thoracic cord (as much as 30 mm) (David and Aguayo, 1981). Thus, reconnection
of intersegmental and perhaps long axonal pathways may be possible using this approach. Unfor-
tunately, most findings indicate that, once the regenerating axons reach the CNS parenchyma,
their further elongation is limited to the immediate vicinity of the graft–host border. One possi-
ble impediment to axon regeneration may be the disruption of the astrocytic array that is caused
by the transection; this organization may provide an important guidance pathway for axon growth
in the stumps (Davies et al., 1994; Li and Raisman, 1994; Reier, 1986). Another, of course, is the
neurite growth inhibitory barrier that forms between the peripheral nerve graft and the host cord,
such as at the dorsal root entry zone.

Another approach that has been utilized is the implantation of peripheral nerve segments into
the lesioned dorsal columns, leaving the rest of the spinal cord intact (Pallini et al., 1988; Wilson,
1984, 1991). Good graft–host junctions were obtained, and some retrograde tracing studies in-
dicated that neurons in the spinal cord sent axonal projections into the graft (Pallini et al., 1988).
In addition, there seemed to be some transmission through the grafted peripheral nerve segments,
as indicated by electrophysiological recordings, and some improvements in sensation and motor
coordination (Waldrope and Wilson, 1986; Wilson, 1991). Neurons in the dorsal root ganglia also
can send axonal processes into grafted peripheral nerve fragments, because retrogradely labeled
cells were noted in dorsal root ganglia several segments caudal to the graft (Pallini et al., 1988).
Other studies have utilized predegenerated peripheral nerve segments as graft material in the dor-
sal columns (Oudega et al., 1994), the rationale being that their support of regeneration will be
improved due to the increased production of neurotrophic factors (Heumann et al., 1987). When
combined with lesioning to condition the dorsal root ganglion neurons, more sensory fibers pen-
etrated the peripheral nerve graft (Oudega et al., 1994). When both were combined with neu-
rotrophin infusion beyond the graft, sensory fibers not only extended into grafts but also into the
cord beyond (Oudega and Hagg, 1996, 1999). Another study utilizing peripheral nerve implants
in spinal dorsal columns demonstrated the capacity of injured dorsal column axons to reinnervate
grafted Pacinian corpuscles ( Jirmanová et al., 1994).

Peripheral nerve grafts can be utilized to restore segmental motor connectivity by providing
axonal bridges from ventral horn motor neurons to skeletal muscle (Bertelli and Mira, 1994;
Bertelli et al., 1994; Cullheim et al., 1989; Horvat et al., 1989). In these studies, when peripher-
al nerve segments were inserted into the spinal cord and denervated skeletal muscle following nerve
avulsion injuries, spinal motor neurons were capable of regenerating axonal input to skeletal mus-
cle. As evidence for this, muscle twitch responses could be elicited by electrical stimulation of the
implanted nerve segments (Cullheim et al., 1989), functional cholinergic neuromuscular junctions
and endplates could be demonstrated (Bertelli and Mira, 1994), and coordinated voluntary and
automatic activities could be obtained (Bertelli and Mira, 1994). Carlstedt et al. (1995) reported
a case study of brachial plexus injury in which avulsed ventral roots were reintroduced directly
(C6) and via sural nerve grafts (C7) into the cord just below the surface so as not to interfere with
tracts. Voluntary activity in arm muscles was detected electromyographically after 9 months and
clinically after 1 year; there was voluntary activity after 3 years. A possible additional benefit of
such an approach is the potential survival-promoting effects of peripheral nerve grafts due to their
endogenous neurotrophic factors. This is supported by studies demonstrating enhanced moto-
neuron survival and inhibition of nitric oxide synthase in spinal motor neurons when peripheral
nerve segments are implanted at the time of root avulsion; normally root avulsion leads to signif-
icant motoneuron loss (W. Wu et al., 1994). In another type of study, taking advantage of survival-
promoting factors in muscle, peripheral nerve was used to attach muscle to adult rat cord that re-
ceived a graft of embryonic spinal cord containing motoneurons (Sieradzan and Vrbová, 1989).
(Results of this study are described later, with a discussion of lower motor neurons.)

The above studies indicate the potential for peripheral nerve grafts to aid in the restoration of
segmental innervation in the injured spinal cord. Long spinal axon regeneration, e.g., the corti-
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cospinal tract, however, is more difficult to achieve using this approach. The work of Cheng et al.
(1996) is an exception to this. These authors transplanted multiple intercostal nerve grafts with fi-
brin glue containing a fibroblast growth factor (FGF-1), positioning of the graft endings toward
gray matter, and stabilization of the spinal column. The authors reported brainstem and corti-
cospinal growth through and beyond the grafts, and partial recovery of locomotor functions. Cor-
ticospinal growth was indicated by both retrograde and anterograde tracing. Combining neu-
rotrophic factors with peripheral nerve transplants improves the regenerative response of
subchronically and chronically injured supraspinal nerve cells (Ye and Houle, 1997).

Schwann Cell Grafts
The Schwann cells of peripheral nerves possess many attributes that predict their capability

of fostering CNS axonal regeneration (reviewed in Guénard et al., 1993). There is also the possi-
bility of autotransplanting Schwann cells obtained from a spinal cord-injured person; Schwann
cells can be obtained from a piece of their peripheral nerve and expanded in number in culture
(see Bunge and Kleitman, 1999). Also, while in culture, they may be genetically modified to gen-
erate neurotrophic factors. When cultured Schwann cells are microinjected in small volumes di-
rectly into long axon tracts such as the corticospinal tract or dorsal columns, both ascending and
descending tracts extend for considerable distances along the tracts and branch into the grafts (Li
and Raisman, 1994). Cultured Schwann cell suspensions have also been utilized in bridges in the
spinal cord lesioned by various means, including photochemically (Paino and Bunge, 1991; Paino
et al., 1994), by inflatable microballoon compression (Martin et al., 1991, 1993), by transection
(Wrathall et al., 1984; Xu et al., 1995a; Guest et al., 1997), and by suction (Kuhlengel et al., 1990).

Matrices or guidance channels are often combined with Schwann cells (Paino and Bunge,
1991; Paino et al., 1994; Xu et al., 1995a, 1997). Using semipermeable polymer channels filled
with Schwann cells suspended in Matrigel in complete transection lesions, Xu et al. (1997) demon-
strated in the grafts numerous axons from dorsal root ganglion cells and spinal interneurons as far
away as the C3 and S4 levels. The transplanted Schwann cells either myelinated or ensheathed the
axons that regenerated into the graft. There was limited regrowth of serotonergic and noradrener-
gic fibers, whose parent somata are in the brainstem. As in the case of most peripheral nerve trans-
plantation studies, Schwann cell bridges do not engender corticospinal fiber regeneration into the
graft and fibers do not leave the graft. The use of a similar type of channel enclosing Schwann cells,
but only half the size (i.e., filling a lateral hemisection rather than a complete transection), leads
to improved regeneration in that fibers reenter the host cord (Xu et al., 1999). Possibly the restora-
tion of cerebrospinal fluid circulation and more stable cord–graft interfaces (due to a more limit-
ed laminectomy) are important factors in the improvement.

Channels containing the Schwann cell grafts that fill complete transection gaps are more ef-
fective in a combination strategy. When a neuroprotective compound, methylprednisolone, is ad-
ministered at the time of Schwann cell transplantation, the Schwann cell bridge contains three
times as many myelinated axons, and twice as many spinal neurons respond by extending axons
into the graft (Chen et al., 1996). Also, brainstem neurons respond, even though the transplant is
in the thoracic region, far from the brainstem nuclei. Moreover, a modest growth of fibers from
the graft into the distal cord is observed. When neurotrophins, NT-3, and brain-derived neu-
rotrophic factor (BDNF) are infused into the space around the Schwann cell graft, more myeli-
nated axons are present in the graft and more spinal neurons extend axons into the graft (Xu et al.,
1995b). Brainstem neurons also respond to the neurotrophin-containing Schwann cell graft. Ge-
netically modifying the Schwann cells to produce human BDNF leads to an improved regenera-
tive response as well (Menei et al., 1998). Schwann cells genetically modified to secrete high lev-
els of another neurotrophin, nerve growth factor, engender dopaminergic and adrenergic axonal
regeneration (Tuszynski et al., 1998). Thus, genetically manipulating Schwann cells to increase
their production of neurotrophins improves their ability to support CNS axonal regeneration.

Grafts of Other Cell Types
Tuszynski et al. (1994) have pioneered the use of genetically modified fibroblasts to secrete a

variety of neurotrophic factors to improve regeneration in the cord. They have found, for exam-
ple, that the administration of NT-3 from fibroblasts to a hemisected spinal cord leads to growth
of corticospinal tract fibers, not through the fibroblast graft but in the gray matter around the graft
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in adult rat cord (Grill et al., 1998). An improved locomotor outcome was documented in this
work as well. Schnell et al. (1994) had initially shown that corticospinal fibers are responsive to
NT-3, both during development and after axotomy. Also, transplanted NT-3-producing tissue can
rescue axotomized Clarke’s nucleus neurons (Tessler et al., 1992). A new paper demonstrates that
regeneration of rubrospinal fibers occurs in the wake of transplantation of fibroblasts engineered
to secrete BDNF into a cervical hemisection cavity in adult rat cord (Liu et al., 1999). The axons
regenerate through and around the transplants, grow for long distances in the white matter below
the transplant, and terminate in gray matter regions. These results are accompanied by significant
recovery of forelimb usage.

Another cell type that appears to be highly promising in spinal cord regeneration without ge-
netic modification is the ensheathing glial cell. A unique cell in the olfactory system, these cells
have been found to support corticospinal tract regeneration in a very localized lesion (Li et al.,
1997, 1998) and to enable lengthy axon regeneration and also growth from Schwann cell grafts
into the distal cord (Ramón-Cueto et al., 1998). It is not yet known in what ways ensheathing glia
affect CNS regeneration: Do they shelter the axon? Do they provide a permissive growth substrate?
Or, do they secrete molecules that modify the lesion milieu?

Cells that may make the lesion milieu more favorable for neurite growth are macrophages,
which secrete a variety of cytokines and growth factors. Macrophages have been activated in vitro
by pieces of peripheral nerve and then injected into transected spinal cord (Rapalino et al., 1998).
This strategy leads to nerve fiber growth across the transected site, partial recovery of motor func-
tion, and evoked muscle responses. Retransection of the cord above the initial lesion site leads to
loss of recovery, indicating the involvement of fiber growth across the lesion.

Additional cell types used to bridge lesions, replace lost cells, serve as relay stations, or act as
“minipumps” (with added genes) are stem cells. Because they are now known to be present in nor-
mal adult CNS tissue, an important area of research will be to determine in what ways they may
be influenced to proliferate and populate lesion areas. Or, alternatively, they may be isolated to be
used in transplantation. An example showing the potential of neural stem cell transplantation is
the intracerebroventricular injection at birth to correct the widespread dysmyelination in the shiv-
erer (shi ) mouse due to the lack of myelin basic protein (Yandava et al., 1999). The injected cells
differentiate into myelin basic protein-expressing oligodendrocytes throughout the shi brain,
promoting improved widespread myelination with amelioration of behavioral symptoms. An in-
triguing aspect is that neural stem cells may possess a mechanism whereby their differentiation is
directed to replenish deficient cell types. (See further discussion on myelin-forming cells, with dis-
cussion of lower motor neurons.)

Fetal CNS Grafts
It has been hypothesized that the fetal CNS, the environment in which CNS neurons grow

during development, may be most conducive to encouraging axonal regrowth (Stokes and Reier,
1991). Potential advantages of fetal CNS tissue for grafting in spinal cord include not only the
possibility to bridge an injury site with a growth-promoting environment but also the possibility
of cellular replacement. In particular, the use of homotypic fetal spinal cord tissue implants may
provide a relay via synaptic connections to and from the implant. This approach has been primarily
successful when used in neonatal animals (Bregman and Kunkel-Bagden, 1994; Bregman et al.,
1993; Kunkel-Badgen and Bregman, 1990; Iwashita et al., 1994; Diener and Bregman, 1998a,b).
When spinal hemisections are performed in rats at birth, corticospinal tract axons are spared, be-
cause they have not yet grown past the site of injury (Schreyer and Jones, 1983). These develop-
ing axons are capable of elongating through fetal spinal cord implants and making appropriate
connections with host spinal neurons caudal to the lesion. In addition to corticospinal axons, im-
munocytochemical and tracing studies revealed that descending serotonergic and noradrenergic
axons extend throughout the transplant. CGRP fibers, presumably from dorsal root axons, also
grow into and project through the transplant (Bregman and Kunkel-Bagden, 1994; Bregman et
al., 1993; Bregman, 1987; Bregman and Bernstein-Goral, 1991; Houle and Reier, 1989). Of par-
ticular interest is the apparent restorative capacity of fetal spinal cord transplants in neonates,
which improved the maturation of locomotor patterns and shifted the time course of sensorimo-
tor development toward that of normal intact animal (Bregman and Kunkel-Bagden, 1994; Breg-
man et al., 1993). This includes enhanced recovery evidenced by frequency of contact-placing re-

57 Spinal Cord 803



sponses, improved performance on a grid runway, and increased base of support. Iwashita et al.
(1994) reported long-lasting functional recovery when embryonic spinal cord segments were im-
planted in the proper orientation in neonatal rats with complete spinal resection. Histologically,
in successful cases, the grafts showed remarkable survival and “seamless” integration with the host
(14 of 22 cases); the others showed complete degeneration and resorption. Tracing studies indi-
cated bidirectional long axonal projections across successful grafts. In addition, animals with suc-
cessful replacement exhibited good motor performance with hindlimb/forelimb coordination.
Surprisingly, this was not seen when embryonic spinal cord tissue was implanted in the incorrect
orientation.

Grafting of embryonic day 14 (ED14) fetal cervical cord tissue after cervical hemisection
yielded similar results in neonatal rats (Diener and Bregman, 1998a,b). Improved reflex responses
and skilled forelimb activity were associated with growth of raphespinal, corticospinal, brainstem,
and dorsal root projections. Raphe projections were seen apposed to propriospinal neurons, sug-
gesting reestablishment of supraspinal input to spinal circuitry below the lesion.

In contrast to neonates, fetal spinal cord implantation in adult injured rat spinal cord has gen-
erally yielded less successful outcomes in restoring supraspinal input (Bregman and Kunkel-Bag-
den, 1994; Bregman et al., 1993; Houle and Reier, 1988, 1989; Bernstein and Goldberg, 1989;
Itoh and Tessler, 1990; Jakeman and Reier, 1991; Nothias and Peschanski, 1990; Pallini et al.,
1989; Patel and Bernstein, 1983; Reier et al., 1986). Although CGRP-positive dorsal root axons
are apparently capable of penetrating the grafted tissue throughout its extent, ingrowth of de-
scending fibers is limited to the immediate host–graft interface. Some functional recovery has been
reported, such as improved recovery in stride length and grid runway performance (Bregman and
Kunkel-Bagden, 1994; Bregman et al., 1993), although permanent deficits remain and motor be-
havior does not return to control levels. Slightly better results were reported in adult cats with
spinal compression injuries (Wirth et al., 1992), which showed some recovery in walking, gait,
and stair climbing. This may be due to later maturation of cat spinal cord, or to the use of a com-
pression, rather than a transection, injury model, which may spare host long axon pathways to
some extent. Using a contusion injury model in adult rats, and transplants of fetal spinal tissue in
cell suspension rather than solid segments, long-lasting improvements in some motor tasks have
been reported, particularly in motivated fine motor behaviors, base of support, stride length, and
more normalized inhibitory control of reflex excitability (Stokes and Reier, 1992; Thompson et
al., 1993). Suggested mechanisms for these beneficial effects include enhanced anatomic sparing,
improved function of remaining systems, or the facilitation of alternative pathways.

Restoration of segmental innervation, particularly from dorsal root axons, is a consistent ob-
servation in adult animals with spinal cord injuries (Bernstein and Goldberg, 1989; Bregman et
al., 1993; Itoh et al., 1993a,b; Jakeman et al., 1989; Kikuchi et al., 1993; Rhrich-Haddout et al.,
1994). Cut central axons of dorsal root ganglion cells readily regenerate into embryonic spinal 
tissue grafts placed in hemisection cavities, and form synaptic contacts. Numerous fibers im-
munoreactive for CGRP, which is present in small-diameter primary afferents derived from dor-
sal root ganglion cells, are found in transplanted tissue for at least 1 year following fetal spinal cord
implantation (Itoh et al., 1993b). Further, electrophysiological responses could be evoked in the
fetal grafts by regenerated dorsal root axons, indicating the potential for functional segmental re-
covery using this approach. In addition, embryonic spinal grafts can apparently undergo normal
differentiation to some extent, particularly the dorsal horn, because they demonstrate characteris-
tics similar to the adult substantia gelatinosa, including the presence of met- and leuenkephalin,
neurotensin, substance P, and somatostatin immunoreactivity ( Jakeman et al., 1989). Thus, such
grafts may possess the capacity for neuronal replacement if appropriate intraspinal circuitries can
be restored.

The absence of regeneration in descending fiber tracts may not be an intrinsic limitation of
adult CNS neurons, but an insufficiency of trophic support provided by the fetal CNS grafts.
When members of the neurotrophin family were administered concurrently with transplantation,
increased serotonergic, noradrenergic and corticospinal ingrowths of axons into fetal spinal cord
grafts were observed in adult rats (Bregman et al., 1997). The effect was at least somewhat selec-
tive, in that ciliary neuronotrophic factor (CNTF) had no effect on growth of supraspinal axons.
This finding is similar to that of Xu et al. (1995b), who showed improved supraspinal axonal re-
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generation into Schwann cell grafts when the neurotrophins BDNF and NT-3 were infused into
the graft environment (see above).

Fetal CNS grafts, however, do provide some trophic substances. The observation of some de-
gree of functional recovery, even in the absence of host reinnervation by the graft, has suggested
that the recovery may be due to neurotrophic support provided by graft-derived astrocytes or oth-
er cellular components (Bernstein and Goldberg, 1989). Support for this comes from studies us-
ing heterotopic fetal CNS tissue as graft material. Fetal neocortical transplants in the adult spinal
cord can rescue axotomized Clarke’s nucleus neurons (Himes et al., 1994), provide graft-derived
astrocytes (Bernstein and Goldberg, 1989), and differentiate to produce defined neuronal and glial
cell populations (Connor and Bernstein, 1987). Furthermore, studies of fetal spinal transplanta-
tion in neonates and adults have suggested a neurotrophic component to observed enhancements
in recovery. Following complete midthoracic spinal transection in neonatal rats, Miya et al. (1997)
observed incomplete integration of the grafts, although some descending serotonergic fibers grew
through and beyond the graft. Although anatomic repair was incomplete, some rats were able to
demonstrate sufficient coordinated adaptable locomotion to suggest that the effect of the limited
supraspinal input was augmented by nonspecific trophic effects of the transplant on the distal cord.
Bregman et al. (1998) observed that either fetal spinal grafts or neurotrophic factor application re-
versed atrophy of mature rubrospinal neurons. Both interventions together were more effective
than either alone, suggesting the enhancement of graft efficacy may be associated with indirect ef-
fects of the trophic factors on the grafts themselves as well as direct effects on the regenerating ax-
ons. A report by Broude et al. (1999) confirms that both fetal spinal grafts and trophic factors ac-
tivate neuronal responses, such as c-Jun expression, that may be associated with axonal growth.
Thus, it will also be important to consider strategies to activate neuronal expression of regenera-
tion-associated genes (reviewed in Richardson and Lu, 1994; Steeves and Tetzlaff, 1998).

When other fetal CNS tissues, such as cerebellum, neocortex (Himes et al., 1994), and hip-
pocampus (Li and Raisman, 1993), have been grafted, target specificity has been reported in the
response of host neurons. Interestingly, “nontarget” CNS grafts (embryonic hippocampus or cor-
tex) did not elicit entry of cut brainstem fibers in a full transection model (Bernstein-Goral et al.,
1997). In their hemisected cord model, sprouting of uninjured contralateral axons appeared to ac-
count for at least some of the observed ingrowth, leading these authors to suggest that sprouting
and regenerating axons may differ in growth responsiveness after injury. The implantation of hu-
man fetal spinal cord allografts has undergone initial clinical testing in the United States and Swe-
den (Falci et al., 1997; Wirth et al., 1998, 1999). This approach has been used in clinical trials in
spinal cord-injured patients with recurring syringomyelia (cystic lesions of the cord causing pro-
gressive loss of function and increased symptoms such as pain, spasticity, and autonomic dysre-
flexia). Graft survival and recurrence of cyst expansion are being studied using magnetic resonance
imaging and physiologic assessment is underway.

SPINAL IMPLANTS FOR REPLACEMENT 
OF SPECIFIC CELL POPULATIONS

Lower Motor Neurons
As discussed above, in addition to providing a supportive growth environment, homotypic

grafts of fetal spinal cord could potentially provide for the replacement of lost neuronal popula-
tions and restore spinal circuitry via reciprocal host–graft connections. To some extent, the dorsal
horn of transplanted embryonic spinal cord appears to differentiate and take on characteristics typ-
ical of the adult substantia gelatinosa ( Jakeman et al., 1989). However, in general, ventral horn
motor neurons do not appear to survive or differentiate well after transplantation. Instead, this re-
gion is characterized by small and medium neurons, with a paucity of large neurons, suggesting
that the larger motoneurons, which are the earliest born, either selectively die or fail to mature to
the adult form. Nevertheless, the conditions necessary to enhance motoneuron replacement and
integration in host circuitry could be important in the treatment of neurologic diseases such as
amyotrophic lateral sclerosis (ALS) and poliomyelitis. This topic has been the subject of intense
investigation by Vrbová and colleagues (1994). This group has identified several factors, both host
and graft, that influence the survival of transplanted embryonic motoneurons. First, optimal donor
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gestational age appears to be after the onset of motoneuron pool proliferation but before axonal
extension into the periphery commences. Second, the availability of an appropriate target (i.e.,
denervated muscle) is essential. Third, the implanted motoneurons must be able to reach the tar-
get via a conduit, such as peripheral nerve implanted in the vicinity of the graft. In addition, the
authors have found that depletion of the host’s own motoneuron pool, similar to the cerebellum
of Purkinje cell-deficient mice receiving Purkinje cell transplants (Sotelo and Alvarado-Mallart,
1987), may create necessary “empty niches” for occupation of embryonic motor neurons migrat-
ing from the grafts.

Using this approach, Vrbová’s group transplanted small fragments of embryonic rat ventral
spinal cord (ED11–ED12) into the lumbar segment of hosts whose spinal cord motor neurons
had been selectively depleted several weeks earlier by sciatic nerve crush at birth (Sieradzan and
Vrbová, 1989). In addition, a host muscle with a length of attached nerve was implanted to cre-
ate a conduit and target muscle. Donor embryos were prelabeled in utero with 5-bromo-2�-de-
oxyuridine (BrdU) to aid in identification of donor-derived cells following transplantation. Re-
sults indicated numerous BrdU-labeled nuclei in the graft as well as host spinal cord, with some
labeled cells attaining a larger size than embryonic motoneurons. Retrograde tracing studies indi-
cated that some of these motoneurons, and the expression of choline acetyltransferase (ChAT) and
CGRP, which are useful markers for motoneurons, was quite low, again suggesting either selective
motoneuron death or the failure to reach full maturity (Sieradzan and Vrbová, 1993). In addition,
axons of these grafted neurons were not able to enter vacated endoneurial sheaths of spinal ventral
roots to reinnervate muscles deprived of their innervation, and thus recovery of lost motor func-
tion was not achieved. In a subsequent study, attempts were made to guide axons from grafted em-
bryonic motoneurons to their target via a reimplanted ventral root (Nógrádi and Vrbová, 1996).
Retrograde labeling 3–6 months later revealed axons of graft origin in the ventral ramus and some
reversal of the losses in muscle force.

In other studies, fetal spinal neurons have been grafted as a suspension, using cell populations
specifically enriched in motoneurons by density-gradient purification or fractionation using the
low-affinity NGF receptor as a ligand (Demierre et al., 1990; Peschanski, 1993; Peschanski et al.,
1992). These motoneurons survived, received host innervation, and in some cases migrated into
host parenchyma. However, as in solid grafts, ChAT expression was generally poor. The neuro-
toxic lectin, volkensin, has been used to deplete selectively adult motoneurons as a better model
of human degenerative motoneuron disease (Nógrádi and Vrbová, 1994). Again, transplanted fe-
tal neurons migrated into host tissue, but few CGRP-positive neurons were found.

Erb et al. (1993) implanted dissociated ED14 ventral spinal cord cells into the distal stump
of axotomized tibial nerves of adult rats. Large multipolar neurons were observed at the implan-
tation site, with some myelinated axons. Axons were traced to the experimentally denervated gas-
trocnemius muscle and were seen to form neuromuscular junctions. Completely denervated adult
rat gastrocnemius muscles shortened repeatedly, for hours, without electromyographic failure, af-
ter reinnervation by ED14–ED15 ventral spinal cord cells and exogenous electrical stimulation
(Thomas et al., 1998). Some reinnervated motor units also contract spontaneously, demonstrat-
ing some intrinsic excitability of the grafted motoneurons (Sesodia et al., 1999). Using a similar
paradigm, Fleetwood et al. (1998) reported that stem cells isolated from embryonic mouse spinal
cord cultured in FGF-2 and epidermal growth factor (EGF), and prelabeled with 3,3�-dioctade-
cycloxacarbocyanine perchlorate (DiO), were able to grow axons into denervated sciatic nerve seg-
ments. The resultant neuronal cells were immunoreactive for a microtubule-associated protein
(MAP-2) and ChAT.

In addition to motoneuron replacement, the provision of appropriate neurotrophic factors by
cellular implants may aid in the treatment of neurodegenerative diseases such as ALS by retarding
additional motor neuron loss or protecting transplanted embryonic motor neurons. As an exam-
ple, in animal models of chronic motoneuron degeneration, CNTF can prevent motor neuron loss
(Sendtner et al., 1992). Taking advantage of these findings, encapsulated baby hamster kidney
(BHK) cells that were genetically engineered to produce CNTF reduced motoneuron death after
facial nerve axotomy and prolonged the life-span of mutant mice with progressive mononeuropa-
thy (Sagot et al., 1995). An open-label safety study using encapsulated BHK–hCNTF cells im-
planted intrathecally in ALS patients revealed detectable levels of CNTF in the cerebrospinal flu-
id of these patients, with no significant adverse effects noted (Aebischer et al., 1996). However,
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evaluation of Norris scale slopes before and after implantation indicated that the disease contin-
ued to progress. Nevertheless, these findings indicate that it is possible to achieve sustained deliv-
ery of a neurotrophic factor intrathecally using cellular implantation.

Myelin-Producing Cells
The efforts of several laboratories have been focused on the potential for grafts of myelin-pro-

ducing cells to remyelinate axonal pathways, because demyelinating and dysmyelinating disorders
such as multiple sclerosis and the leukodystrophies continue to debilitate patients. For many of
these studies, mutant animals such as the myelin-deficient (md ) rat and the shaking pup (sh) have
been used. Both the md rat and sh pup have a point mutation in the proteolipid protein gene that
results in severe dysmyelination of the CNS and is the molecular basis of dysmyelination in pa-
tients suffering from Pelizaeus–Merzbacher disease. Remyelination could theoretically be derived
from two distinct cell types: Schwann cells, which myelinate peripheral nerves, and oligodendro-
cytes, which myelinate CNS axons. Both of these sources have been utilized in attempts to achieve
remyelination in the spinal cord. Schwann cells are particularly aggressive in their ability to pro-
liferate and remyelinate axons in the CNS and compete successfully with oligodendrocytes for po-
sitions on axonal surfaces, especially in the absence of type 1 astrocytes (Blakemore and Crang,
1989; Blight and Young, 1989). In a sense, this competition for space on axonal surfaces may be
detrimental in the long run, because the Schwann cells may displace host oligodendrocytes and
astrocytes (Vrbová et al., 1994). Nevertheless, Schwann cell grafts have been shown to be capable
of remyelinating spinal cord axons in myelin-deficient mutants (e.g., the quaking mouse, sh mouse,
and md rat), as well as in adult rats experimentally demyelinated using ethidium bromide (Baron-
Van Evercooren et al., 1993; Blakemore, 1977, 1980, 1983, 1984; Blakemore et al., 1987; Dun-
can et al., 1981, 1988). Remyelination by Schwann cells can arise from either peripheral nerve 
segments placed alongside or inserted into the dorsal columns, or by cultured Schwann cell sus-
pensions. The latter are capable of migrating quite some distance toward the demyelinated regions
(Baron-Van Evercooren et al., 1991; Langford and Owens, 1990).

Imaizumi et al. (1998) have reported that olfactory ensheathing cells, which have properties
resembling both astrocytes and Schwann cells, can remyelinate dorsal column axons following de-
myelination by X-ray irradiation and ethidium bromide injection. Suspensions of cells from neo-
natal rat olfactory bulbs were injected. Three weeks later, remyelinated axons showed improved
conduction velocity and frequency-response properties associated with PNS-like myelination of
axons. Olfactory ensheathing cells are highly migratory, and show evidence of having myelinated
areas remote from the injection site. Li et al. (1998) reported that suspensions of cells from olfac-
tory bulb injected into small electrolytic lesions of the corticospinal tract at C1–C2 supported re-
generation along the tract’s original CNS pathway. Regenerating corticospinal axons were associ-
ated with myelin sheaths immunopositive for protein-zero (typical of peripheral myelin segments)
and exhibiting typical peripheral nervelike morphologies. Peripheral and central myelin segments
were observed to be adjacent on some axons at the transition zone between damaged and undam-
aged host cord (Li et al., 1998).

As mentioned, the invasive nature of Schwann cells, and possibly olfactory ensheathing glia
grafts, may limit their usefulness in human application if they cannot be adequately controlled. In
contrast, oligodendrocytes may be a better choice, because, together with astrocytes, they are po-
tentially capable of forming a more normal and well-balanced glial environment (Vrbová et al.,
1994). As with Schwann cells, oligodendrocyte transplants have been derived either from intact
tissue (in this case embryonic spinal cord) or from defined glial cell cultures (Blakemore and Crang,
1988, 1989; Duncan et al., 1988, 1992; Gout et al., 1988; Rosenbluth et al., 1989, 1993;
Utzschneider et al., 1994). For example, embryonic spinal cord grafted into the spinal cord of sh
mice or md rats resulted in the formation of normal myelin sheaths with regular periodicity around
axons (Rosenbluth et al., 1989). Further, the implantation of spinal glial cell suspensions in md
rats resulted in a threefold increase in axon conduction velocity and normalized frequency-response
properties (Utzschneider et al., 1994). The potential usefulness of oligodendrocytes in spinal trans-
plantation is enhanced by the ability to utilize xenogeneic sources (Rosenbluth et al., 1993; Archer
et al., 1994) and cryopreservation techniques (Archer et al., 1994). In addition, transplanted oligo-
dendrocytes can apparently migrate rostrocaudally, particularly toward lesion sites (Duncan et al.,
1988; Duncan and Milward, 1995; Gumpel et al., 1989). However, the extent of remyelination
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has been limited to patches of dysmyelination. A study in canine myelin mutants has indicated
that donor tissue derived from fetal sources is most efficacious in myelinating large areas of the
CNS (Archer et al., 1997). Using mixed glial cell populations from the brain of an embryonic day
(ED) 45 normal canine, injected into the dorsal columns of sh pups, extensive remyelination near
the implant sites and up to 2 cm rostrally and caudally was observed.

Thus, more recent approaches have utilized progenitor cells as donor sources for remyelina-
tion (for review, see Billinghurst et al., 1998; Dubois-Dalcq, 1995; Rogister et al., 1999; Zhang et
al., 1999). For example, conditionally immortalized glial precursor cell lines (using the tempera-
ture-sensitive SV40 T antigen) were generated from ED14 mouse brain and transplanted in the
dorsal columns of rats with ethidium bromide demyelinating lesions (Trotter et al., 1993). Myelin
formation with regular periodicity could be observed around demyelinated axons following injec-
tions of early passages, although myelin sheaths were thin and showed breaks. The success of re-
myelination and behavioral recovery after experimental demyelination paradigms is dependent on
remaining axonal integrity ( Jeffery et al., 1999); however, these models have established the po-
tential for functional remyelination by precursor cell transplants. In another laboratory, a growth
factor-dependent cell line of rat oligodendrocyte precursors (CG4) could migrate extensively along
axonal tracts from the injection site in md rats and myelinate dorsal column axons (Tontsch et al.,
1994). Results of grafting CG4 cells into neonatal md rats indicated that highly motile, prolifera-
tive oligodendrocyte precursors yield the best survival and functional myelination (Espinosa de los
Monteros et al., 1997).

A particularly promising approach is the use of epidermal growth factor-responsive neural
stem cells, which can be generated from embryonic and adult brain and propagated continuous-
ly as spheres (neurospheres) in an undifferentiated state in the presence of EGF (Hammang et al.,
1994; McKay, 1997; Reynolds and Weiss, 1992). Under appropriate culture conditions, these cells
can be induced to differentiate into oligodendrocytes, astrocytes, or neurons. When transplanted
in the undifferentiated stem cell state into the spinal cords of md rats, the cells can differentiate
into myelinating oligodendrocytes and produce densely packed, normal-appearing myelin (Ham-
mang et al., 1997). Interestingly, although clonal neural stem cells preferentially differentiate into
astrocytes in vitro, a majority of these multipotential cells may shift toward oligodendroglial lin-
eage in response to environmental cues in myelin-deficient states (Hammang et al., 1997; Yanda-
va et al., 1999). Similar findings have been observed in sh pup mutants receiving transplants of
EGF-responsive neurospheres derived from the normal canine brain (Milward et al., 1997). Al-
though most studies have utilized progenitor cells derived from embryonic or neonatal animals,
multipotent stem cells are also present in the adult brain ependyma and can generate myelin-pro-
ducing oligodendrocyte progenitors (Zhang et al., 1999). In addition, allogeneic donor sources
may be feasible with appropriate immunosuppression (Li and Duncan, 1998), and myelinating
oligodendrocyte progenitors may be derived from ectopic sites, such as the optic nerve (Fanarra-
ga et al., 1998).

The first in vivo evidence that neurotrophic influences may promote the expansion of oligo-
dendrocyte lineage cells in the spinal cord was attained by McTigue et al. (1998). In this study, fi-
broblasts producing NT-3, BDNF, CNTF, NGF, FGF-2, or �-galactosidase were transplanted sub-
acutely into adult spinal cord injured by contusion. The NT-3 and BDNF groups showed increased
numbers of axons and enhanced myelination associated with increased numbers of BrdU-positive
oligodendrocytes, suggesting the trophic factors had initiated proliferation and differentiation of
endogenous oligodendrocyte precursor cells. Because multipotent neural stem cells could poten-
tially be engineered to produce neurotrophic factors, they may be ideally suited for combination
strategies requiring both cell replacement and delivery of therapeutic molecules (Billinghurst et al.,
1998).

SPINAL IMPLANTS FOR PROVISION OF NEUROTRANSMITTERS

Monoaminergic Cells for Restoration of Motor Functions
Several laboratories have utilized serotonergic or noradrenergic cells as graft sources in spinal-

injured or -denervated animals. Serotonergic cells have typically been obtained from embryonic
mesencephalic or medullary raphe regions (Foster et al., 1985, 1989; Privat et al., 1988, 1989;
Reier et al., 1992a,b). In spinal cords of adult rats denervated of serotonergic input by 5,7-dihy-
droxytryptamine, serotonergic cell suspensions implanted 7 days after the lesion were found to sur-
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vive for up to 12 months after grafting, with dense fiber outgrowth rostral and caudal to the grafts
(Foster et al., 1985, 1989). In general, it appears that better survival of serotonergic neurons is ob-
tained with medullary raphe grafts, possibly because this region is the normal source of seroton-
ergic innervation of the spinal cord. With medullary raphe grafts, many motoneurons could be
found surrounded by serotonergic fibers. Serotonin (5-HT) levels in the denervated cord after
transplantation were restored to 40% of that in unlesioned animals. In addition, electrical stimu-
lation of the grafts could excite motoneurons, suggesting that functional connections had been
formed. Using complete spinal transection, which depletes spinal cord 5-HT, similar survival and
integration was reported with embryonic raphe cell suspensions implanted 1 week following the
lesion (Privat et al., 1988, 1989). In the early postgrafting period, synaptic afferents to serotoner-
gic neurons were frequently seen. Later, serotonergic innervation was found in normal 5-HT-in-
nervated sites such as the ventral horn near motoneurons, intermediolateral cell column, and su-
perficial dorsal horn. In addition, sexual reflexes, which are under the control of 5-HT and absent
in paraplegic rats, were restored in transplanted animals. The window between spinal transection
and grafting was opened by Reier et al. (1992a,b), who found that fetal serotonergic grafting de-
layed from 1 to 3 months posttransection could still project their axons into gray matter regions
normally innervated by bulbospinal 5-HT neurons.

Noradrenergic neurons from embryonic brainstem containing the locus coeruleus have also
been utilized as intraspinal grafts to restore function in spinal transected or 6-hydroxydopamine
(6-OHDA)-denervated animals (Buchanan and Nornes, 1986; Commissiong and Sauvé, 1989;
Moorman et al., 1990; Nornes et al., 1988; Nygren et al., 1977; Yakovleff et al., 1989). Bulbospinal
noradrenergic systems are involved in a number of functions, including motor activities, auto-
nomic reflexes, and modulation of nociception. Good survival of noradrenergic neurons in locus
coeruleus transplants has been reported by inserting grafts directly into spinal cord parenchyma or
following placement in subpial cavities. The transplanted cells were found to grow processes and
reinnervate the spinal gray matter to nearly normal levels. In particular, immunoreactive nor-
adrenergic processes with terminals were found around motoneurons. In addition, improvements
in motor performance tasks involving noradrenergic input were reported, including increased force
of hindlimb flexion reflexes (Buchanan and Nornes, 1986; Nornes et al., 1988; Yakovleff et al.,
1989), rhythmic locomotion and step frequency (Yakovleff et al., 1989), and motor coordination
(Commissiong and Suavé, 1989).

Studies show that embryonic transplants of either raphe or locus coeruleus regions yield dense
monoaminergic reinnervation of host lumbar interneurons after a T8–T9 spinal transection, and
motoneurons in lumbar segments after grafting at T12–T13 (Yakovleff et al., 1995). Effects on
two fictive motor patterns, stepping and hindpaw shaking, could be discriminated 1 to 3 months
later: both types of grafts increased the excitability of the spinal stepping generator compared to
surgical controls, but neither significantly affected hindpaw shaking. More direct evidence of 
influence of fetal grafts on spinal stepping generators has been described (Feraboli-Lohnherr 
et al., 1997). Spinal cord locomotor circuits display plasticity independent of supraspinal input
(Giménez y Ribotta and Privat, 1998). This plasticity can be modulated pharmacologically or by
transplantation of embryonic monoaminergic neurons. By injecting 6-OHDA to eliminate nor-
adrenergic inputs after transplantation of fetal raphe or coeruleus cells, Feraboli-Lohnherr et al.
(1997) showed for the first time that transplanted serotonergic neurons can activate the spinal pat-
tern generator for locomotion independent of adrenergic influence. Electromyographic studies
showed that this locomotor-like activity was facilitated by the 5-HT reuptake blocker, zimelidine.

Adrenal chromaffin cells have also been used as intraspinal grafts to restore deficits after spinal
catecholamine depletion by 6-OHDA (Pulford et al., 1994). Neonatal rat adrenal medullary cells
cultured in the presence of NGF were implanted in the lumbar region of the spinal cord 2 weeks
after denervation. These grafts survived for at least 3 months postimplantation. In addition, the
long latency component of the hindlimb withdrawal reflex, which is catecholamine modulated,
was significantly more forceful than control implanted or unimplanted animals, and equally as ef-
fective as fetal noradrenergic implants.

Spinal Cord Grafts for Pain Modulation
Adrenal medullary chromaffin cells have also been utilized for transplantation in the spinal

subarachnoid space to alleviate pain. The choice of chromaffin cells was based on their ability 
to produce neuroactive substances with known antinociceptive properties, including the cate-
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cholamines epinephrine and norepinephrine and opioid peptides metenkephalin and leuen-
kephalin. In addition, chromaffin cells produce other agents that could potentially modulate pain,
including neurotrophic factors and other neuropeptides. The catecholamines and opioid peptides
released from the implanted cells can interact with local host spinal opioid and �-adrenergic re-
ceptors. Furthermore, it is thought that decreased pain sensitivity results from the synergistic ac-
tions of opioid peptides and catecholamines, because subeffective levels of agents acting at both
receptors produce potent analgesia, possibly with reduced tolerance development (Yaksh and Red-
dy, 1981; Wilcox et al., 1987; Drasner and Fields, 1988; Sherman et al., 1988). Early studies in
the Sagen laboratory utilized standard analgesiometric assays—the tail flick, paw pinch, and hot
plate tests—to assess whether released neuroactive substances from adrenal medullary allografts
could exert behavioral changes (Sagen et al., 1986a). Following nicotinic stimulation to increase
release of neuroactive substances from transplanted cells, the level of acute pain tolerance in ani-
mals with adrenal medullary transplants was much greater than in control animals. This an-
tinociceptive response was most likely due to the corelease of opioid peptides and catecholamines
from transplanted cells, because it could be attenuated by opiate antagonist naloxone or �-adren-
ergic antagonist phentolamine. Similarly, isolated chromaffin cells obtained from xenogeneic
bovine adrenal glands could reduce acute pain sensitivity using these tests (Sagen et al., 1986b).
Neurochemical studies of CSF samples collected via push–pull superfusion revealed increased lev-
els of both opioid peptides and catecholamines in the CSF of animals with adrenal medullary im-
plants (Sagen and Kemmler, 1989; Sagen et al., 1991). In addition, good viability of transplanted
chromaffin cells, either in solid tissue allografts or isolated suspensions of xenografts, has been con-
sistently demonstrated using immunocytochemistry and electron microscopy.

Behavioral findings using adrenal medullary or chromaffin cell transplants have been ex-
tended to chronic pain models, including inflammatory pain (Ortega-Alvaro et al., 1997; Sagen
et al., 1990; Siegan and Sagen, 1997; Vaquero et al., 1991; Wang and Sagen, 1995), neuropathic
pain (Décosterd et al., 1998; Ginzburg and Seltzer, 1990; Hama and Sagen, 1993, 1994), and cen-
tral pain models (Brewer and Yezierski, 1998; Hains et al., 1998; Yu et al., 1998a,b). In particu-
lar, adrenal medullary transplants have been shown to markedly reduce persistent pain resulting
from peripheral or central nervous system injury in rodent models. These pain syndromes, which
are difficult to manage clinically using conventional therapies, may be uniquely sensitive to the
therapeutic cocktail produced by chromaffin cell transplants, which likely includes neurotrophic
factors (Unsicker, 1993) and N-methyl-d-aspartate (NMDA) antagonist neuropeptides (Lemaire
et al., 1993; Siegan et al., 1997), in addition to catecholamines and opioid peptides. In support
for this, recent findings suggest that adrenal medullary transplants may also provide a degree of
neuroprotection as a result of either reducing hyperexcitability or secretion of neurotrophic fac-
tors. A long-term consequence of persistent noxious activation, such as that resulting from injury
to the peripheral or central nervous system, may be a loss of vulnerable inhibitory interneurons,
which would otherwise serve to limit pain. For example, peripheral nerve injury results in the ap-
pearance of hyperchromatic “dark neurons” indicative of transsynaptic degeneration and a loss of
inhibitory GABAergic neurons in the superficial spinal dorsal horn (Sugimoto et al., 1990). Both
the appearance of dark neurons and the loss of GABAergic neurons are reduced by adrenal
medullary transplants (Hama et al., 1996; Ibuki et al., 1997).

Using three distinct models of spinal cord injury pain, chromaffin cell allografts or xenografts
have been shown to reduce hypersensitivity to mechanical and thermal stimuli (Brewer and Yezier-
ski, 1998; Hains et al., 1998; Yu et al., 1998a,b). As an example, an excitotoxic spinal cord injury
that results in pathologic changes comparable to ischemic and traumatic clinical spinal cord 
injury can be produced by intraspinal injections of the mixed (�/�)�-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA)/metabotropic receptor agonist quisqualic acid (Yezier-
ski et al., 1998). This results in a behavioral syndome of mechanical and thermal allodynia and ex-
cessive grooming at approximately 10–14 days following quisqualic acid injections. The excessive
grooming continued to increase in severity in animals receiving control skeletal muscle transplants
(Brewer and Yezierski, 1998). In contrast, in animals with adrenal medullary transplants, the pro-
gressive increase in grooming was blocked, and skin areas were completely recovered to normal in
a few cases. Both mechanical allodynia and thermal allodynia were also attenuated by adrenal
medullary transplants compared to control transplants.

A chronic pain model used in our laboratory is the chronic constriction nerve injury model
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described by Bennett and Xie (1988). Chronic constriction of the sciatic nerve results in abnor-
mal pain behaviors closely paralleling clinical neuropathic pain syndromes such as causalgia, in-
cluding allodynia (perception of innocuous stimulus as painful) and hyperalgesia (increased sen-
sitivity to a painful stimulus). Two weeks following induction of peripheral nerve injury, rats were
implanted with either adrenal medullary or control tissues. In rats with adrenal medullary allo-
grafts, exaggerated responses to noxious thermal and mechanical stimuli induced by nerve con-
striction can be reversed within 1 week postimplantation. In addition, heightened sensitivity to
innocuous cold stimuli and tactile stimuli (von Frey hairs) was reduced in animals with adrenal
medullary, but not control, transplants.

Similar reductions in neuropathic pain symptoms were obtained in animals implanted with
bovine chromaffin cell xenografts (Hama and Sagen, 1994). These findings suggest that xeno-
geneic donors are a potential resource for cell transplantation in the therapy of chronic pain. How-
ever, the survival of xenogeneic cells in the rodent CNS has required at least short-term immuno-
suppression with cyclosporin A treatment (Ortega et al., 1992). One approach toward overcoming
the problem of immunologic mismatch is the use of encapsulation technology. Polymer capsules
made of permselective membranes can allow two-way diffusion of neuroactive substances from en-
capsulated cells and nutrient/trophic support from the host, while providing a barrier to im-
munoregulatory cells, antibodies, and complement proteins (Aebischer et al., 1988). Using this
approach, isolated bovine chromaffin cells were loaded into capsules and transplanted to the sub-
arachnoid space of the lumbar enlargement (Sagen et al., 1993). Rats were tested using tail flick,
paw pinch, and hot plate tests. Results demonstrated that antinociceptive effects of encapsulated
bovine chromaffin cells were similar to previous studies with unencapsulated cells, were repro-
ducible throughout the 8-week course of the study, and, like results from either rat adrenal
medullary allografts or bovine chromaffin cell xenografts, the antinociception could be attenuat-
ed by opioid and �-adrenergic antagonists. Good survival of chromaffin cells in the capsules was
confirmed by both neurochemical assays and immunocytochemistry in capsules retrieved from the
spinal subarachnoid space at the end of behavioral analysis.

Studies have also suggested that encapsulated bovine chromaffin cells can also alleviate symp-
toms of chronic spinal cord injury pain in rats (Yu et al., 1998b). A chronic allodynic state was
produced using a tunable argon ion laser aimed at the T13 vertebral segment of rats injected with
erythrosin B. Animals were implanted with either encapsulated bovine chromaffin cells or control
capsules containing alginate matrix only. Using calibrated von Frey hairs to test vocalization thresh-
olds to mechanical pressure and ethyl chloride spray to assess cold allodynia, chromaffin cell-con-
taining capsules were found to totally reverse mechanical allodynia and attenuate cold allodynia,
in contrast to control capsules. These effects were stable for at least 2 months postimplantation,
suggesting that the encapsulated bovine chromaffin cells survive longer in the rat subarachnoid
space than do unencapsulated bovine chromaffin cell suspensions in nonimmunosuppressed ani-
mals (Yu et al., 1998a).

Based on the promising results obtained from animal models, clinical studies using adrenal
medullary allografts were initiated in limited clinical trials. Initial clinical trials using human adren-
al medullary allografts were conducted at the University of Illinois at Chicago in five patients suf-
fering from severe pain secondary to inoperable cancer. Adrenal medullary tissue was obtained
from adult adrenal glands via the Regional Organ Bank of Illinois following pathogen screening,
and adrenal medullary tissue was dissected, cultured for 5–10 days, and verified for catecholamine
synthesis. Tissue from approximately two adrenal glands was implanted in the subarachnoid space
of patients via lumbar puncture using a 14-gauge Touhy needle. In follow-up, four of the patients
had marked reductions in visual analog scale (VAS) scores and analgesic consumption within 2–
8 weeks following adrenal medullary transplantation. Three of these patients remained free of pain
throughout the remainder of their lives, two for approximately 1 year [detailed case histories of the
patients can be found in Winnie et al. (1993)]. Using a similar protocol, Lazorthes et al. (1995)
performed adrenal medullary allogeneic implants in seven patients suffering from intractable pain
due to cancer. A multidisciplinary pain evaluation demonstrated progressively decreased pain
scores in six of the patients and opioid analgesic intake was decreased in three of the patients, sta-
bilized in two other patients, and increased in two patients. This study is ongoing and currently
includes 15 patients with similar promising results (Y. Lazorthes, personal communication).

Phase I clinical trials have also been conducted at several centers using encapsulated bovine
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chromaffin cell implants (Aebischer et al., 1994; Buchser et al., 1996; Burgess et al., 1996, 1999).
Phase I clinical trials were conducted to assess safety and preliminary efficacy at the University of
Lausanne, Switzerland, in seven patients with severe pain, using capsules containing approximately
2 million bovine chromaffin cells. Capsules were implanted under local anesthesia via lumbar
puncture, with the active portion of the capsule containing the chromaffin cells in the lumbar cis-
tern, and held in place via a silicone tether sutured to the lumbodorsal fascia. Except for occasional
reports of postdural puncture headaches, no adverse effects from the procedure were noted. Of the
seven patients, four who were receiving epidural morphine at the time of the implant were reported
to have decreased opioid use following the implant, with either a modest improvement or no wors-
ening in pain ratings. Three patients who were not receiving oral or epidural morphine treatment
at the time of the implant reported improvement in pain ratings. Histologic examination of the
spinal cords, when possible, revealed no remarkable pathology, and chromaffin cell viability was
confirmed in retrieved capsules by catecholamine release and immunostaining.

A similar phase I clinical trial has been conducted in the United States (Burgess et al., 1996,
1999). This study was conducted under a commercially sponsored (CytoTherapeutics, Inc.) in-
vestigational new drug (IND) application reviewed by the United States Food and Drug Admin-
istration and included 19 patients with intractable pain secondary to incurable malignancies and
life expectancy less than 5 months. Initially, 15 patients received capsules containing 1 � 106 cells
(5.0 cm in length), and an additional 4 patients received capsules containing 3 � 106 cells (7.0
cm in length). Participants selected for the study were advanced cancer patients with chronic pain
inadequately relieved by conventional therapies. No serious complications directly attributable to
the implant were noted and routine clinical pathology showed no evidence of adverse reactions.
The few mild adverse experiences attributable to lumbar puncture, including postlumbar punc-
ture headaches, subcutaneous fluid collections at the implant site, and subarachnoid–cutaneous
fistula were easily resolved. Evidence of analgesic efficacy was suggested by reductions in pain scores
in 9 patients, and opiate reduction in 8 of the original 15 patients (Burgess et al., 1996). Mean
VAS scores showed a gradual decline over time, with an approximate decline of 39% at 4 weeks
postimplant. Of the patients exhibiting improved pain control, the majority had pain complaints
that were localized to body regions innervated by lumbar and sacral nerves, suggesting that diffu-
sion of pain-reducing neuroactive agents to higher levels may be limited.

Given the initial safety and potential efficacy findings using encapsulated bovine chromaffin
cells, a large multicenter, placebo-controlled study in patients with cancer pain was initiated in
Switzerland, the Czech Republic, and Poland. The initial evaluation of findings from this trial in-
dicated no difference in pain reduction between encapsulated bovine chromaffin cell implants and
placebo control capsules containing matrix only. Although the evaluation has not yet been com-
pleted sufficiently to distinguish pain localization (e.g., lumbosacral versus. cervicothoracic) or
quality (e.g., neuropathic vs. nociceptive), findings of this study suggest that pain therapies using
this approach may be limited by achievable doses provided by limited numbers of encapsulated
cells and/or production of natural analgesic agents.

Another possible approach is the utilization of cell lines engineered to produce higher levels
of natural or novel analgesic agents. Earlier studies have been reported using cell lines to produce
opioid peptides or catecholamines. To provide opioid peptides, the AtT-20 cell line, derived from
the mouse anterior pituitary, was implanted intrathecally around rat and mouse spinal cord (H.
Wu et al., 1993, 1994b). This cell line releases high levels of opioid peptide, �-endorphin. In ad-
dition, a genetically modified version of this cell line, AtT-20/hEnk, which has been transfected
with the human proenkephalin gene), was implanted in some animals. This cell line secretes
enkephalin in addition to �-endorphin. Neither of these cellular implants altered base-line re-
sponses to acute noxious thermal stimuli, but antinociception was rapidly induced by intrathecal
injections of the �-adrenergic agonist isoproterenol, presumably via activation of AtT-20 cell sur-
face � receptors. In another study, this group implanted catecholamine-secreting cell lines, derived
from the B16 melanoma (H. Wu et al., 1994a). Implantation of the F1C29 clone, which appar-
ently releases higher levels of catecholamines, around the mouse spinal cord enhanced the an-
tinociceptive effect of exogenously administered morphine to a noxious thermal stimulus. This ef-
fect could be blocked by �2-adrenergic antagonists, suggesting mediation via release of
catecholamines from implanted cells.

Encapsulated �-endorphin-secreting tumor cell lines implanted in the CSF of rats at the lev-
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el of the atlanto–occipital junction has also been reported to reduce pain sensitivity as assessed by
tail pinch, hot plate, and neuromuscular electrical stimulation (Saitoh et al., 1995). Both the
mouse neuroblastoma Neuro2A and the mouse pituitary AtT-20 cell lines transfected with the
proopiomelanocortin (POMC) gene were effective, and the antinociception was attenuated by 
the opiate antagonist naloxone. Encapsulated cells actively secreted peptides and survived for at
least 1 month following transplantation.

Another approach, which may address potential limitations of tumor cell lines such as risk of
continuous unrestricted cell division, is the use of conditional immortalization strategies. Condi-
tional immortalization is a means to generate an immortalized cell line that can later be disimmor-
talized to stop cell division. Using the temperature-sensitive mutant of the SV40 large T antigen
(tsTag), transfected cells undergo continual cell division at low temperature conditions (e.g., 32–
34�C), but differentiate and become postmitotic when the temperature is raised (37–39�C). Con-
ditional immortalization with tsTag has been used to create rodent neuronal cell lines bioengineered
with novel genes to deliver potentially antinociceptive molecules following grafting into the sub-
arachnoid space (Eaton et al., 1997, 1999). The transfected genes tested thus far include the syn-
thetic enzymes for the neurotransmitters 5-HT and GABA, the preproenkephalin gene for
metenkephalin synthesis, and the preprogalanin gene for the peptide galanin synthesis. Using the
chronic constriction injury model of neuropathic pain, 1 million cells expressing bioengineered
GABA or 5-HT were transplanted in the rat subarachnoid space at L4–L5 levels. The presence of
grafted cells secreting antinociceptive molecules reversed the behavioral hypersensitivity within 1
week of grafting, and these effects lasted at least throughout the 8-week time course of the study. In
contrast, the control vector-only cell lines, which do not express the novel genes but survive and dif-
ferentiate under similar conditions, had no effect on the peripheral neuropathic pain.

In summary, during the past few years, the field of neural transplantation and development
of potential strategies for the treatment of spinal cord dysfunction and injury have witnessed rapid
growth. Only a short while ago, complications of spinal cord trauma and disease were thought to
be irreparable, but recent breakthroughs have demonstrated the regenerative capacity in the adult
spinal cord, and suggested that restoration of function may ultimately be attainable under the right
circumstances. Numerous promising approaches have been described in this chapter, including the
use of artificial and cellular bridges, provision of neutrophic factors, and replacement of specific
cell populations. It is likely that the ultimately successful strategy will incorporate a combination
of these approaches in the treatment of these debilitating disorders.
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Neural Stem Cells
Martin P. Vacanti

INTRODUCTION

The general medical doctrine has been that damage to the central nervous system, including the
brain and spinal cord, is irreversible. As stated by Valentini and Aebischer (1997), “a major im-

pediment to healing is the inability of adult neurons to proliferate in vivo and to be cultivated in
vitro.” The emergence of neural stem cell biology in the adult mammal has broken this barrier.
The combination of neural stem cell biology with the applied principles of tissue engineering will
revolutionize the medical approach to the treatment of damaged central nervous system tissue, in-
cluding injuries or diseases of both the brain and the spinal cord. Additionally, current strategies
using gene insertion techniques to replace a missing neural product may be enhanced when these
corrected cells are delivered using tissue engineering techniques.

BACKGROUND
Neural stem cells qualify as an ideal cell for use in repair strategies of the central nervous sys-

tem, including the spinal cord. Many of the characteristics that these unique cells possess make
them ideal candidates for the creation of functional central nervous system constructs. In the adult
mammal these stem cells lay dormant in a quiescent state, but have the capacity to proliferate, pro-
ducing mature cells with the properties of the damaged or injured tissue (Hines, 1997). As defined
by McKay (1997), a neural stem cell must have the capacity to differentiate into the three major
cell types of the central nervous system, neurons, astrocytes, and oligodendrocytes. Additionally,
the term “progenitor cell,” compared with a stem cell, is defined as a cell that has a more restrict-
ed potential. A cell isolated from the spinal cord may be restricted to lineage in that it may have
the capacity to differentiate only into an oligodendrocyte. In many cases it is impossible to deter-
mine if one is dealing with a stem cell or a progenitor cell. To add confusion to the issue, the ul-
timate fate of a cell may depend on the cell’s environment, whether it be in vivo or in vitro, and
the presence or absence of particular cytokines, or combination of cytokines, or even the particu-
lar time that the cell is exposed to cytokines. For simplicity’s sake, undifferentiated neural cells with
the capacity to differentiate into neurons, astrocytes, and oligodendrocytes will be referred to as
stem cells. In reality, these cells may actually be a continuum of cell types, from the pure stem cell
to the committed progenitor cell.

Reynolds and Weiss (1992) isolated cells from the striatum of the adult mouse. They demon-
strated that these cells could be stimulated to proliferate in vitro by use of epidermal growth fac-
tor (EGF). Before differentiating, these cells expressed nestin, a marker for neuroepithelial stem
cells (Lendahl et al., 1990). As the cells divided, they formed clusters of circular cells described as
neurospheres. If these cells were allowed to attach to poly(l-ornithine)-coated glass cover slips, they
would differentiate into various cells, some with the morphologic characteristics of astrocytes and
some with the characteristics of neurons. Immunocytochemistry demonstrated cells with gliofib-
rillary acidic protein (GFAP) and cells with neuron-specific enolase (NSE), markers of astrocytes
and neurons, respectively. If these neurospheres were disassociated and regrown in culture media
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containing EGF, they would continue to divide and would test positive for the intermediate fila-
ment nestin, indicating an undifferentiated state. Additionally, these secondarily derived cells
would again differentiate into both astrocytes and neurons if attachment was allowed.

Additional work by Reynolds and Weiss (1996) established stem cell characteristics in cells
that were derived from striatum removed from embryonic day 14 mice. Specifically, these cells
were EGF responsive and they were able to differentiate into neurons, astrocytes, and oligoden-
drocytes. When cultured with EGF these cells were passaged 10 times with a billionfold increase
in their cell number and still retained their proliferative and multilineage potential. Markers such
as �-tubulin, microtubule-associated protein-2 (MAP-2), and neurofilament (NF) indicated neu-
ronal differentiation. Finally, the marker O4 demonstrated the capacity of these stem cells to dif-
ferentiate into oligodendrocytes.

Gage et al. (1995b) isolated fibroblast growth factor-2 (FGF-2)-responsive cells from the hip-
pocampus of the adult rat. In culture these cells were positive for both glia and neuronal cell 
markers. It was noted on implantation into the adult rat hippocampus that the cells migrated and
differentiated both into neurons and into glia. It was also observed that some of these implanted
cells were ensheathed by several layers of myelin, indicating maturation. Gage suggested that these
hippocampal-derived cells responded to endogenous cues that regulate neurogenesis. This con-
cept is critical in regard to application of tissue engineering practices in the context of implanta-
tion of stem cells suspended on a biodegradable scaffolding material: growth, development, and
differentiation occur in response to the particular environmental cues at the site of implan-
tation.

Additional work of Weiss et al. (1996) demonstrated the presence and responsiveness of adult
thoracic spinal cord neural stem cells that were induced to proliferate, self-renew, and expand in
the presence of EGF and basic fibroblast growth factor (bFGF). These cells were isolated in all re-
gions of the spinal cord, including the thoracic and lumbosacral areas. They demonstrated stem
cell properties in regard to their proliferation and conversion to neurospheres, retaining the ca-
pacity to differentiate into all three neural cell lines. Attachment as previously described drove these
stem cells toward maturation.

Shihabuddin et al. (1997) isolated what appeared to be the same cell type but in the adult rat
spinal cord. Essentially, cells were isolated from all regions of the spinal cord and differentiated
into neuronal, astroglial, and oligodendrocytic cell lines. Additionally, some large neuronlike cells
expressed markers for p75NGFr, possibly implicating them as motor neurons. Neural stem cells
seem to be ubiquitous in the central nervous system, including the spinal cord, striatum, and even
the cortex.

Davis and Temple (1994) demonstrated neuroectodermal cells in the cortical ventricular zone
that had the capacity to generate into the three major cells types of the central nervous system. In
the embryonic rat they found that these cells maintained the ventricular zone and were responsi-
ble for creation of the subventricular zone that persists into adulthood. They felt that multipo-
tential neural stem cells could be the ancestors of other cortical progenitor cells. Morshead et al.
(1994) isolated adult mouse neural stem cells that resided in the subependymal area of the lateral
ventricle. Undifferentiated, these cells expressed nestin but had the capacity to differentiate into
both neurons and glia. The work of Craig et al. (1996) demonstrated an endogenous subependy-
mal neural cell population in the adult mouse brain. They demonstrated that EGF stimulated pro-
liferation, and with its withdrawal, these cells were found to differentiate into neurons, astrocytes,
and oligodendrocytes. Johansson et al. (1999) presented evidence that ependymal cells are neural
stem cells, capable of giving rise to a rapidly proliferative cell type that differentiates into neurons
and migrates to the olfactory bulb. They also note that after spinal cord injury these same cells 
proliferate and differentiate into astrocytes. Bjornson et al. (1999) demonstrated the versatility of
neural stem cells when they are engrafted into irradiated BALB/c mice. With genetic markers these
cells differentiated into a variety of blood cell types, including myeloid, lymphoid, and early
hematopoietic cells.

Taylor and Snyder (1997) demonstrated successful engraftment into most areas of the brain
of what they described as neural progenitor cells, introduced by injection into the lateral ventri-
cle. These cells were derived from the external germinal zone of neonatal mouse cerebellum and
were immortalized with the v-myc oncogene. They also discuss the potential of those cells for gene
product delivery. Shihabuddin et al. (1995), using an immortalized cell line, demonstrated differ-
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entiation into cells similar to both hippocampus and cerebral cortex cells following transplanta-
tion of the cell line into these respective areas in the adult Lewis rat. They discuss the plasticity of
the cells in response to local microenvironmental signals. A key concept of this study is that the
adult mammalian brain has the capacity to guide differentiation of neuronal cells such that they
are similar to neurons endogenous to the area of implantation.

Knowledge derived from studies of neural stem cells is increasing rapidly. Included in such
studies are immortalized cell lines that are generally isolated from embryonic central nervous sys-
tem (CNS) using nontransforming oncogenes such as v-myc or the temperature-sensitive T anti-
gen of SV40 (Lundberg et al., 1996). Although much information regarding the basic behavior of
neural stem cells will be obtained from these studies, at present we are reluctant to use these cell
lines in neural tissue engineering applications because of obvious concerns about conversion to
malignancy.

In terms of basic cell biology studies delineating characteristics of mammalian neural stem
cells, most of the work has been done on rodent embryos. The study of stem cell biology from cells
derived from the adult mammal is an emergent field. This is ideal when considering the applica-
tions of tissue engineering, with its focus on the use of autologous cells to generate tissue con-
structs. Although a generalization, it may be that the behavior of stem cells, whether they are de-
rived from the adult or fetal mammal, is essentially the same, with similar responses to trophic and
microenvironmental cues.

Gage et al. (1995a) discusses both multipotent cells and lineage-restrictive cells that reside in
the mature central nervous system. He emphasizes that they can be maintained, cultured, and stim-
ulated to multiply and differentiate with many of the same factors that stimulate their embryon-
ic counterparts. Realizing that in vitro culture systems will not contain all the necessary ingredi-
ents to guide the growth and development of the cells, he discusses implantation studies utilizing
these precursor cells in specific areas of the developing or adult central nervous system. Both the
importance of the microenvironment of the implantation site with respect to cellular differ-
entiation and the adherent plasticity of these cells are emphasized. The therapeutic implications
of using these cells, with the understanding of what factors and conditions will result in a desired
phenotype, reside in their potential to repair portions of the damaged or diseased brain.

Brustle and McKay (1996) recognized the persistence of neural stem cells in the adult mam-
malian brain and mentioned the ability of these stem cells to migrate and differentiate into neu-
rons. They feel that the guidance and recruitment of these transplanted cells will be determined
by external signals. They see the future of neuronal replacement depending on the development
of strategies of using these cells in a reconstructive context.

We feel that combining the use of neural stem cells with the principles of tissue engineering
will provide a powerful reconstructive context in regard to neuronal replacement. More precisely,
we believe this approach will result in the creation of functioning neural tissue constructs. We fore-
see applications to effect repair of a damaged or diseased central nervous system. Each particular
aspect will have to be developed according to its own unique demands, regarding cell type and spe-
cific environmental cues and conditions. For instance, Jankovski et al. (1996) found that cerebel-
lum postnatal precursor cells grafted into the cerebellum of adult mice generated only two adult
phenotypes, granule cells and molecular layer interneurons. They concluded that these progeni-
tors were strictly specified at the time of grafting. Frantz and McConnell (1996) found that late
cortical progenitor cells are not able to generate deep-layer neurons, but are restricted to the up-
per layers. Alternatively, Snyder et al. (1997) suggest that microenvironmental alterations created
by using targeted photolytic cell death induced multipotent neural precursors to differentiate into
layers 2–3 of neocortical pyramidal neurons. It was noted that this neuronal differentiation usu-
ally occurs only during embryonic corticogenesis.

This emphasizes the potential of devising strategies that alter status quo conditions in effect-
ing the development of new neural tissue. Feldman et al. (1996) demonstrated that CNS pro-
genitor cells can have their morphologic and electrophysiologic properties modified by culture
conditions, including growth factors and attachment substratum. Hammang et al. (1997) demon-
strated that nestin-positive undifferentiated neural stem cells injected into myelin-deficient rat
spinal cord differentiated into oligodendrocytes that produced myelin. These same cells in vitro
developed into astrocytes. Zigova et al. (1998) took subventricular zonal progenitor cells from post-
natal rats, and implanted them into the striatum of adult rats. The majority of the surviving cells
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were found to have a neuronal phenotype. These cells integrated into the striatal area of the rat
brain.

Cheng et al. (1996) discuss multipotent stem cells serving as progenitors for the development
of cortical neurons and glia. They talk of stereotyped division patterns within lineage trees. Both
intrinsic cell factors and environmental signals are described as likely to have a key role in a stem
cell’s behavior. More importantly, they suggest evidence is accumulating that cortical stem cells un-
der the influence of both environmental cues and intrinsic factors change with development. Ga-
iano and Fishell (1998) described the existence of both pluripotent and unipotent neural progen-
itors. They also suggest that both intrinsic cell factors and extrinsic cues guide neural cell fate.

Although environmental and intrinsic cell cues appear to guide the fate of these neural stem
cells, the role of natural factors also appear to play a major role. Cameron et al. (1998) discussed
the role of peptide growth factors, neurotransmitters, and neuroactive peptides in regard to the
generation of neurons and glia in the developing nervous system. They provide evidence from both
in vivo and in vitro studies. They find that basic fibroblastic growth factor, transforming growth
factor � (TGF-�), insulin-like growth factor-1, and the monoamine neurotransmitters stimulate
the proliferation of neural precursors. Additionally, they find that glutamate, �-aminobutyric acid,
and opioid peptides play a role in down-regulation. Other factors such as vasoactive intestinal pep-
tide, pituitary adenylate cyclase-activating peptide, platelet-derived growth factor, ciliary neu-
rotrophic factor, and members of the TGF-� family have differential effects on these systems.

The variables involved in the actions of these trophic factors are very complex. Cameron et
al. (1998) showed that cells grown in 0.1 ng/ml of basic fibroblastic growth factor generated ex-
clusively neurons, whereas a concentration of 10 ng/ml of basic fibroblastic growth factor gener-
ated a combination of neurons and glia. Therefore, just varying the concentration of one particu-
lar growth factor changes the outcome. A combination of factors may have an effect different in
terms of outcome from that when using the factors alone or in sequence. For instance, a popula-
tion of neural stem cells may be more responsive to the effects of basic fibroblastic growth factor
after pretreatment with epidermal growth factor.

For more detailed information concerning the role of growth factors, neural transmitters, and
cytokines in the regulation of stem cell development, the reviews by Cameron et al. (1998) and
Mehler et al. (1995) are very informative. If it is possible to make a generalization, it would be that
epidermal growth factor stimulates the proliferation of neural stem cells, keeping them in an undif-
ferentiated state. It appears that combining epidermal growth factor and basophilic growth factor
has the same effect on mammalian spinal cord stem cells.

To identify the stage of development of neural stem cells, immunocytochemical markers are
very useful. The marker nestin, an intermediate filament, is used to identify undifferentiated or
neural stem cells. The markers neurofilament, neuron-specific enolase, and microtubule-associat-
ed protein identify neurons. O4, a sulfatide, is a good marker of oligodendrocytes. GFAP, an in-
termediate filament, identifies astrocytes. Gage et al. (1995a) provide a complete review of neural
markers.

Investigators are recognizing the potential of neural stem cells for gene therapy and neural de-
generative conditions. Snyder et al. (1995) reports restoring �-glucuronidase along the entire neu-
roaxis of treated mice with transplanted neural progenitors containing the missing enzyme. They
reported widespread correction of this lysosomal storage disease in affected mice by use of this
method. Pinkus et al. (1998) feel that “progenitors are ideal for genetic manipulation and may be
engineered to express exogenous genes for neural transmitters, neurotrophic factors, and metabolic
enzymes.” They recognize that neural precursors do exist in the adult mammalian brain and that
they may be used to develop strategies for central nervous system repair. Tissue engineering may
offer an advantage in the quantity and duration of expression of these necessary neural products
by creating tissue constructs of genetically corrected neural stem cells.

NEURAL STEM CELL APPLICATIONS IN TISSUE ENGINEERING
Our laboratory is developing functional CNS tissue constructs derived from seeding bio-

degradable polymer scaffolding materials with neural stem cells suspended in hydrogel, with the
goal of implantation into the appropriate site and correction of lost or absent neural function. The
biodegradable scaffolding will serve to hold the neural stem cells in the appropriate three-dimen-
sional configuration and also provides an attachment site for differentiation. The local microen-
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vironment should provide the endogenous cues and cytokines needed to orchestrate growth, de-
velopment, and differentiation of these neural stem cells into functioning neural constructs. The
hydrogel suspension allows the infusion of nutrients and oxygen into, and exit of waste products
and CO2 out of, the cells. Conceptually, there are no restrictions placed on these cells in terms of
their ability to grow, organize, and differentiate. The ideal scaffolding material should be biologi-
cally inert and should disappear over time.

Our model required the isolation of neural stem cells from the adult mammal, with the idea
of an autologous application. An autologous source of neural stem cells negates concerns of rejec-
tion and immunosuppression. Although others have described the central nervous system as im-
munoprivileged, CNS autoimmune diseases do exist and the potential for subtle but chronic re-
jection of allogenic cells cannot be excluded.

Our laboratory has successfully isolated neural stem/progenitor cells from the rodent cortex,
striatum, and spinal cord (Fig. 58.1). The stem cells are stimulated to divide and are kept in an
undifferentiated state using EGF and bFGF. When these cells are driven to maturation with the
addition of serum and/or attachment to the bottom of flask, they take on the morphologic char-
acteristics of neurons, astrocytes, and oligodendrocytes (Fig. 58.2). Immunohistochemistry done
on these cells shows differentiation toward neurons, astrocytes, and oligodendrocytes, as indicat-
ed by positive marking for neurofilament, GFAP, and O4 respectively. Additionally, we have shown
that neural stem cells suspended in the hydrogel Pluronics F-127 at 23% survive and proliferate
in vitro (Fig. 58.3) (Vacanti et al., 1998). Under these same conditions the phenotypic expression
of these stem cells is controlled by growth factors in a fashion similar to stem cells cultured in me-
dia alone (Lachyankar et al., 1997).

Our goal was to develop a model in the rodent of neural injury, the correction of which by
the use of tissue engineering techniques would be readily demonstrable by gross, microscopic,
imaging, and neurologic criteria. Cheng et al. (1996) demonstrated partial restoration of hindlimb
function in adult rats that sustained complete spinal cord resections that were bridged with mul-
tiple intercostal nerve grafts. We adopted this model of injury in the adult rat with the idea of com-
bining spinal cord neural stem cells with tissue engineering techniques to effect repair by the cre-
ation of spinal cord tissue constructs.

We first developed a simple technique of isolating spinal cord stem–progenitor cells from the
adult Fisher rat, modifying a technique used by Lachyankar et al. (1997). In vitro these isolated
cells started as simple rounded structures from 2 to 4 
m in diameter, with the capacity to differ-
entiate into cells with morphologic characteristics of oligodendrocytes, astrocytes, and mature neu-
rons. Additionally, when these cells were suspended in the hydrogel Pluronics F-127 and were used
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Fig. 58.1. Spinal cord stem cells 3 days af-
ter isolation from an adult rat. One appears
to be sprouting a process.



to saturate small segments of poly(glycolic acid) (PGA), the stem cells were found to survive and
attach to the PGA scaffolding material when placed in an incubator at 37�C.

The hydrogel Pluronic F-127 is a copolymer of ethylene and propylene oxide with unique
gelation properties. Between 15� and 50�C it is a gel (body temperature is 37�C); it is a liquid
above and below this range (Cao et al., 1998). PGA fibers are 15 
m in diameter, with inner spaces
averaging 75 to 100 
m (Vacanti et al., 1993). We felt this combination of polymers to be the ide-
al candidate to serve as our scaffolding material for implantation of the spinal cord neural stem
cell constructs. The hydrogel characteristics would allow easy diffusion of oxygen, nutrients, CO2,
and waste products, and the polymer scaffolding material would serve as a site of attachment of
the neural stem cells, consequently providing anchorage to drive differentiation, and the large in-
ner spaces would not restrict the growth and development of the neuronal construct.

We hypothesized that spinal cord neural stem cells would grow, develop, and organize, driv-
en by their own intrinsic cell properties and communicating with each other as they orchestrated
their development, with guidance by local endogenous cues found in their unique environment,
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Fig. 58.2. Neurons that have dif-
ferentiated from stem cells after 7
days in culture.

Fig. 58.3. Neural stem cells
forming neurospheres in the hy-
drogel Pluronics F-127 after 3
days of incubation.



i.e., recent surgical injury (a segment of resected spinal cord). Our experimental group consisted
of adult Fisher rats, which, under surgical conditions, had 4-mm sections of their spinal cord re-
moved at the T8–T9 segments, creating a clinical condition of paralysis. These animals received
implants of adult syngeneic spinal cord progenitor/stem cells suspended in scaffolding as previ-
ously described (M. P. Vacanti, J. L. Leonard, B. Dore, L. J. Bonassar, Y. Cao, S. J. Stachelek, J. P.
Vacanti, F. O’Connell, C. S. Yu, A. P. Farwell, and C. A. Vacanti, unpublished study).

We realized that the original synaptic connections of the injured spinal cord are extremely
complex and extremely difficult, if not impossible, to reduplicate. We felt that any reestablishment
of viable neurons and supporting glia would have potential therapeutic benefits because of the in-
herent plasticity of the central nervous system, which may allow new connections and restoration
of function. One unanswered question concerned how these cells would form connections or
synapses with what was left of the intact neural tissue after the resection procedure. We felt it was
theoretically possible because transected neurons in vivo will generate or sprout new dendritic pro-
cesses. We felt it was logical to assume that these forming processes would synapse with the form-
ing processes of the implanted neural stem cells. If these synapses or connections did occur, we
thought functional recovery would result because of the ability of the brain to learn these new con-
nections. Over time this learning process would be reflected in functional neurological recovery.

We used a simple scale to monitor both motor and sensory function of the experimental group
as opposed to the control groups. Over an 8-week time period the experimental group had a sig-
nificant increase in neurological recovery of both sensory and motor function as opposed to the
control groups. Gross dissection (Fig. 58.4), magnetic resonance imaging, and histologic evalua-
tion (Fig. 58.5) demonstrated the creation of tissue-engineered spinal cord constructs in the ex-
perimental group as opposed to the control group. This model needs much work in its refinement
concerning ideal cell numbers, cytokines, and implantation materials. We do feel that it does pow-
erfully demonstrate the potential therapeutic benefit of this approach.

Other future applications may be the creation of models that would demonstrate possible re-
pair of cortical injuries such as stroke or trauma. Additionally, the use of neural stem cells in com-
bination with tissue engineering techniques might be applied to neurodegenerative processes, e.g.,
Parkinson’s disease, or neurogenetic degenerative processes, e.g., Tay Sach’s disease, combined with
gene insertion technology. Other applications may include repair or replacement of damaged or
diseased peripheral nerves, autonomic dysfunction (Hirschsprung’s disease), and atonic bladder.
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Fig. 58.4. Segment of tissue-
engineered spinal cord 3
months after implantation.



Neural stem cells may be used to augment the creation of other tissue-engineered constructs, e.g.,
the innervation of tissue-engineered constructs such as bowel or liver. Finally, these cells may have
the ability to guide and orchestrate the growth and development of other cell types used in the cre-
ation of tissue-engineered organs.

SUMMARY
Neural stem cell biology and tissue engineering are both emergent fields with great medical

potential. We feel that the combination of these disciplines will have a powerful beneficial effect
on future treatments of diseased or damaged CNS.
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Periodontal Applications
Neal A. Miller, Marie C. Béné, Jacques Penaud, Pascal Ambrosini, 

and Gilbert C. Faure

INTRODUCTION

Periodontitis is a disease that results in the destruction of supporting tissues of the teeth, subse-
quent gingival pocket formation, and ultimately tooth loss. The main etiology is bacterial in-

fection, but occlusal and systemic disorders are considered aggravating factors. Although peri-
odontitis is not life threatening, it is one of the most widespread disorders found among human
populations. Most surveys in Europe state that more than 40% of persons in the age group 35–
45 years old present periodontal pocketing (Miyazaki et al., 1991). The periodontal status deteri-
orates as the subjects grow older: in France the percentage of people with periodontitis exceeds
60% in the age group 45–64 years old (Miller et al., 1987). In the United States 36% of the pop-
ulation 19 years and older presents periodontitis; this increases to 52.5% of persons 45–64 years
old (Brown et al., 1989). Health costs for this disease have been estimated at $5–6 billion involv-
ing 120–133 million hours of treatment (Oliver et al., 1989), even though most patients do not
seek treatment.

Initial concern was in arresting the evolution of the disease after restoring lost periodontal ma-
terial. For several decades, periodontists have been striving to regenerate destroyed periodontium
(Hancock, 1989). Among earlier attempts, curettage, open-flap debridment, and diverse bone
grafting procedures can be cited. These therapeutic modalities most often result only in partial re-
pair and in residual pockets, primarily because progenitor cells of highly specialized tissues are not
easily secured but also because of the particularly difficult wound closing conditions pertaining to
periodontal surgery. As in any type of wound, a blood clot is formed very rapidly. In dermal
wounds, fibrin bridging is sufficient to close the wound, and epithelial proliferation, which starts
within 24 hr, is limited to the epidermal lesion (Clark, 1988). In periodontal lesions, the gingiva
can bind only to the vascular surface of the teeth, and very often the adherence is too frail, or the
blood clot is resorbed too rapidly. In this case, a long junctional epithelium may develop, between
the tooth and the flap, resulting in the formation of a pocket (Polson and Proye, 1983). An addi-
tional complication is the accumulation of plaque. Oral microorganisms adhere to the portion of
the tooth surface that is next to the marginal gingiva. Because of these wound closure hindrances,
complete submersion of the teeth under gingival flaps has been advocated (Klinge et al., 1981) but
is seldom feasible in human clinical situations.

New advances in periodontal therapy include the use of membrane barriers to guide the re-
generative tissue, and implantation of bone substitutes. These techniques apply to vertical bone
lesions and are becoming quite efficacious and predictable. Promoting regeneration at a distance
from a potential source of osseous cells remains difficult, but better knowledge of chemoattrac-
tants, growth factors, and osteoinduction proteins is likely to help develop clinical applications
that enhance healing and facilitate the selection of proper cell populations for bone or gingiva re-
construction. These approaches are detailed in this chapter.
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GUIDED TISSUE REGENERATION
Nyman et al. (1982), as others, observed that the presence of gingiva is detrimental to the re-

generation of the attachment apparatus. However, Nyman and co-workers were the first to find
an effective way of excluding gingival epithelial and connective tissue cells from reconstruction
sites. Their initial attempt to regenerate periodontium in the human succeeded in forming 5 mm
of new attachment with collagen fibers embedded in cementum. They used a Millipore filter,
which served as a barrier to keep connective tissue cells out of the resorbed site and avoid down-
ward growth of the gingival epithelium along the root surface. Little bone was produced, perhaps
because the filter collapsed against the tooth. Soon after, another material was adopted: expanded
poly(tetrafluoroethylene) (e-PTFE), or Teflon. The advantages of e-PTFE are its stiffness, that it
allows more room for bone formation, is biocompatible, and the ease with which it can be re-
moved. Numerous studies have proved the ability of e-PTFE membranes to promote repair of in-
trabony and furcation defects (Becker et al., 1987; Pontoriero et al., 1987). Histologic confirma-
tion of the repair, evidencing neoformation of cementum, periodontal ligament, and alveolar bone,
was obtained in both humans (Nyman et al., 1982) and animals (Caffesse et al., 1988b). The ma-
terial has, however, two major drawbacks: it causes severe gingival recession and, once exposed, ac-
cumulates large amounts of bacterial plaque (Becker et al., 1987; Selvig et al., 1990; Grevstad and
Leknes, 1993). Vascularization of the marginal gingiva is provided solely by terminal capillaries.
The placement of a cell-tight barrier disturbs the blood supply and avoids endothelial anastomo-
sis with blood vessels originating from the underlying tissues. Bacteria actively proliferating in the
crevicular part of the tooth will then colonize the e-PTFE membrane. Because of the subsequent
inflammation, the Teflon membrane must be removed between 4 and 6 weeks after placement
(Becker et al., 1987). To avoid the requirement for second-stage membrane retrieval and to min-
imize bacterial infection, resorbable membranes (Minabe, 1991) have been developed using col-
lagen or polysaccharide polymers. Collagen membranes used experimentally can be made from rat
tail, bovine dermis, or other sources. Industrially produced collagen membranes include collagen
from calf endocardium and are in use in human clinics (Penaud et al., 1992). Different types of
poly(lactic acid) or poly(galactic acid) have been used to form polymer membranes. A novel prod-
uct dissolves lactic acid in N-methyl-2-pyrolidone. The paste hardens in contact with water. It can
be directly applied in situ and thus conforms particularly well with the root forms (Bogle et al.,
1997; Rosen et al., 1998). When exposed, resorbable membranes accumulate small amounts of
bacterial plaque because bacterial and salivary enzymes accelerate their resorption. Thus perme-
abilized, the membrane is partially protected by the tissue exudate. Many polymer barriers feature
pores that allow fluid circulation or even a limited amount of tissue ingrowth (Gottlow et al.,
1994). The resorption rate of resorbable barriers can be modulated and thus their effect prolonged
if needed (Robert and Frank, 1994). How long a membrane should stay in place has not been de-
termined, but Miller et al. (1996) have shown that resorption rates of some products are too fast
to assure sufficient cell differentiation. Because of the infections mentioned above, e-PTFE mem-
branes have been removed between 4 and 6 weeks after placement. This is widely considered as
being sufficient for specific cells to occupy the defect and avoid ingrowth of the gingival chorion.
However, Florès de Jacoby et al. (1994) have reported that on removal of e-PTFE membranes, an
average 65% of root surface was covered by a neoformed tissue failing to mineralize completely.
At 9 to 12 months after placement of the barrier, only 31% of the same root surfaces were still cov-
ered. This demonstrates that more than half of the soft red tissue found under an e-PTFE mem-
brane after removal does not mineralize to form either cementum or bone. The neoformed tissue
was shown in Taiwan monkeys to be particularly labile when exposed to bacterial plaque (Ling et
al., 1994). Advancement of the histologic process is not well known. Amplifying divisions of pe-
riodontal ligament cells may have completed by postoperative day 21 (Iglhaut et al., 1988), but
these cells must be protected much longer. Sigurdsson et al. (1994), using e-PTFE membranes on
dogs, demonstrated that no regeneration occurs if the membranes are removed at 3 weeks, where-
as at 8 weeks 75% of the bone and 40% of the cementum are repaired. When collagen barriers are
used, a period of 10 days is sufficient to avoid epithelial downgrowth (Kodama et al., 1989). When
complete resorption occurs before 30 days, neocementum is present, but not new bone (Pitaru et
al., 1989). Although membranes exclude gingival tissue they do not enable the selection of peri-
odontal ligament cells or bone cells. It was first postulated that periodontal ligament cells were the
slowest to migrate. This was supported by experiments showing that after injury the proliferation
of periodontal ligament cells peaked at 2 or 3 days (Aukhil and Iglhaut, 1988). It was suspected
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that this apparently limited proliferation was caused by a weak angiogenesis and that premature
differentiation delayed migration (Aukhil et al., 1986). However, Nyman et al. (1987) found no
alkylosis on 11 teeth from 10 patients. In their opinion this was proof that periodontal ligament
cells reach the root surfaces before bone cells do. Buser et al. (1990) placed an implant in contact
with a retained root in a dog. Periodontal ligament cells migrated several millimeters along the im-
plant, producing cementum and a periodontal-like ligament. The cells were able to colonize a fair-
ly large surface much faster than the osseous cells crossed the minute space left by the drill. It seems
then that these two types of cells do not compete, but primarily restore their intended functions.
Whether resorbable or made of e-PTFE, membranes should be positioned under the flap margin.
It is recommended to extend their limits at least 2 mm beyond the edges of the osseous defect in
order to seal it completely from the gingiva. Gingival covering of the membrane is considered to
be of great importance (Tonetti et al., 1993). When second-stage surgery is needed (removal of
nonresorbable membrane), care must be taken to cover the neoformed tissue with gingiva, and it
is wise to consider the amount and quality of gingiva available before implantation of a membrane
(Anderegg et al., 1995). Reported results vary. Pontoriero et al. (1987) closed interradicular bony
lesions (furcation defects) in 90% of their cases, whereas Demolon et al. (1994) closed none. How-
ever, Lekovic et al. (1989) demonstrated that furcation defects receiving membranes respond much
better than those treated by flap surgery and curettage alone. Interdental vertical defects respond
quite well, as can be seen in Fig. 59.1. Laurell et al. (1994) obtained a mean 4.9-mm gain in pe-
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Fig. 59.1. (A) An angular defect has nearly
reached the apex of the mandibular bicuspid. 
(B) Placement of a resorbable membrane promot-
ed bone formation to the alveolar crest.
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riodontal attachment using poly(lactic acid) barriers for 47 intrabony defects. In a study limited
to mandibular three-walled intraosseous lesions, Becker and Becker (1993) evaluated an average
gain in bone filling of 4.3 mm for 24 patients treated with e-PTFE membranes. The appropriate
use of barrier membranes promotes predictable osseous repair and histologically verifiable new at-
tachment with neoformation of cementum and periodontal ligament fibers.

BONE SUBSTITUTES
Intraoral autologous bone grafts are, of course, choice material when osseous defects need to

be repaired (Becker et al., 1994). However, intraoral autologous bone is not always available in suf-
ficient quantities, particularly when patients present a deficiency of alveolar bone resulting from
severe periodontitis. Bone substitutes include synthetic materials such as hydroxyapatite and
methyl methacrylate, and modified mineralized biologic substances such as coralline or bovine tra-
becular bone and lyophilized human bone. These products provide surgical ease and patient com-
fort, and their various resorption rates are interesting. Opponents of bone grafting techniques af-
firm that regeneration of the periodontal attachment apparatus is not achievable by, or at least has
not been evidenced for, procedures other than membrane implantation (Egelberg, 1987). These
assertions overlook the very thorough work of Dragoo (1981), who produced histologic evalua-
tion of human material for every type of regenerative surgery that was known at the time and
demonstrated that bone grafts can produce new attachment with neocementum. In an articulate
study, Bowers et al. (1989a,b) produced histologic evidence of attachment regeneration after im-
plantation of demineralized freeze-dried bone allografts (DFDBAs). The best results were obtained
when teeth were submerged under flaps (Bowers et al., 1989a), or when the sites were protected
from epithelial downward growth by gingival grafts (Bowers et al., 1989b). Bone substitutes have
been suspected to impair the regeneration of connective tissue attachment. Takata et al. (1993)
have shown that periodontal ligament cells are capable of covering blocks of hydroxyapatite em-
bedded in root surfaces and of subsequently secreting cementum on synthetic material. Produc-
tion of this newly formed connective attachment with inserted collagen fibers is slightly delayed
compared to regeneration on natural dentine surfaces. It is sometimes postulated that new at-
tachment occurs preferentially where new bone is present (Caffesse et al., 1994). All techniques
that enhance bone formation would then be beneficial to connective attachment regeneration. Re-
search by Lowenguth et al. (1993) exposed a factor that may be important in this view. They im-
planted surface-demineralized dentine cylinders in rat skin and observed that appropriate ap-
proximation of dentine surfaces enhanced the orientation of fibroblasts and collagen fibers
perpendicular to the walls of the cylinders. The customary use of bone substitutes has been in in-
frabony pockets (Yukna, 1994a) and alveolar ridge preservation (Greenstein et al., 1985), but this
presents some limitations. If resorbable, the substances can be resorbed by the gingiva. The mate-
rial can also cause necrosis of the papillar and gingival tissue covering the defects. In such cases the
bone substitute is lost and the defect is even harder to treat. Therefore, in spite of the fact that bone
substitutes may induce great amounts of bone repair, as can be seen in Fig. 59.2, they are more of-
ten associated with resorbable (Penaud et al., 1992) or nonresorbable (Caffesse et al., 1994) mem-
branes. Proponents of the membrane technique often admit that barriers alone do not induce the
formation of much alveolar bone, or at least not above the existing crestal level. Only bone graft-
ing techniques with bone or substitute materials promote the formation of new bone, cementum,
and periodontal ligament coronal to the ridge (Yukna, 1994b). Another reason to use synthetic
materials is as spacers. It is thought that osseous formation under membranes is often limited by
the barrier collapsing against tooth structures because of the pressure exerted by the overlaying soft
tissues. Bone grafting materials are thus used both as spacers and as bone-conducting substances
(Caffesse et al., 1994; Plotzke et al., 1993), sometimes associated with membranes. Dragoo (1981)
showed that techniques used in the late 1970s caused epithelial downward growth and residual
pockets. The material that blocked apical migration was mostly iliac vital bone, which quickly oc-
cupied the root surface and induced ankylosis. Later, blocking epithelial downward growth with
a barrier was shown to be a sure and innocuous process. The combined use of grafting material
and membranes alone (Lekovic et al., 1989). The choice of a bone substitute will depend on the
final goal. Poly(methyl methacrylate) is highly biocompatible, but promotes no bone formation
and usually ends up encapsulated in fibrous connective tissue with no increased connective at-
tachment apparatus (Plotzke et al., 1993). The new interest in dental implants now encourages
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Fig. 59.2. (A) A deep angular bony defect is visible
on the mesial aspect of the mandibular molar. (B)
The defect has been filled with a bone substitute of
bovine origin. (C) Reentry 1 year later: total bone
fill has been obtained.



surgeons to use materials that will subsequently allow osteointegration (Seibert and Nyman, 1990;
Nevins and Mellonig, 1992), i.e., resorbable bone substitutes ultimately replaceable by new bone.
For two- or three-walled defects, rapidly resorbed substances such as demineralized freeze-dried
bone allograft can be used. Where rapid osseous repair seems less likely, slowly resorbing materi-
als are preferred, such as freeze-dried bone, use of which appears to result in more bone repair than
does DFDBA. In a report by Rummelhart et al. (1989), FDBA-treated sites gained 2.4 mm of new
bone vs. 1.7 mm in sites treated with DFDBA, even though bone matrix protein was directly avail-
able in the demineralized allograft. Slow resorption might also avoid rapid replacement of the ma-
terial by gingival connective tissue and macrophages. This might be why such materials as coralline
calcium carbonate promoted a mean fill of 2.3 mm in the patients treated by Yukna (1994b). The
concern that implanted materials of bovine or human origin might contain viruses or prions has
implemented the search for new totally synthetic materials. Bioactive glass seems quite promising
in its ability to promote bone fill (Lovelace et al., 1998; Price et al., 1997). It also presents an-
timicrobial properties (Stoor et al., 1998), which could be interesting in treating infected defects
in combination with other materials.

DENTAL IMPLANTS
Dental implants replace the dental root, not the periodontium. They are made of inert ma-

terial, usually titanium, and their placement cannot be considered a tissue engineering technique.
Nevertheless, their use often involves an increase of the existing osseous volume. Until 1969, ef-
forts aimed at producing a ligament-like tissue around dental implants, but such fibrous tissue
lacked perpendicular collagen fibers embedded in cementum. It rather contained parallel collagen
sheets on the surface of the implant, encapsulating it as a foreign substance. In 1969, Bränemark
et al. introduced the notion of osteointegration. It was then thought that the bone grew in direct
contact with the titanium. Later, Albrektsson et al. (1985) demonstrated that the interface between
implants and bone is a 20- to 40-nm-wide area containing proteoglycans and nonmineralized 
collagen (Sennerby et al., 1991). Soft tissues around teeth and implants present similarities
(Berglundh et al., 1991) but also differences (Buser et al., 1990). A long junctional epithelium con-
nects the implant to the oral epithelium. Apical to the epithelial junction, there is no true con-
nective tissue attachment. The fibers are at first perpendicular to the implant, then take a vertical
course as they near its surface, and surround it.

Alveolar bone exists to support the teeth, and this supportive bone begins to resorb if a tooth
is extracted. Alveolar atrophy can be severe in edentulous patients, but in many cases, dental im-
plants are difficult to place. Among the most common anatomical obstacles are the sinuses and
the mandibular dental nerve. But the height of the crest is not the only problem, because suffi-
cient width is also necessary (Fig. 59.3). Different forms of tissue engineering can be applied in
such cases. The most common, guided bone regeneration using a membrane, can be performed
before, after, or at the time of implantation, depending on the anatomic situation. The aim of guid-
ed bone regeneration in dental implantology is different from guided tissue regeneration in peri-
odontology. When treating infrabony pockets, the periodontist wants to enhance the migration of
periodontal ligament cells. When a deficit in osseous volume is the problem, the surgeon merely
tries to avoid competition between the bone and the gingiva. Linde et al. (1993) and Misch and
Dietsch (1993) have shown that gingival fibroblasts cultured in the presence of osseous cells in-
hibit the production of the latter. Schenk et al. (1994) demonstrated that if the membranes were
occlusive, they could promote woven bone within 2 months, and distinct cortical and trabecular
structures by 4 months. A membrane rigid enough to protect the underlying blood clot can be
used alone (Hardwick et al., 1995). However, membranes tend to collapse and must often receive
extra support. This can be provided by screws or pins made of titanium or absorbable polymers
(Nevins and Mellonig, 1994). These devices are used as tent poles, lifting up the center of the mem-
brane. When made of titanium, they must be removed after ridge augmentation is achieved. Most
studies so far have used e-PFTE barriers for guided bone regeneration with less drawbacks than
when it is used for periodontal lesions. Flap closure avoids eventual exposure and bacterial colo-
nization, and this nonresorbable material can remain in place as long as necessary, even several
years (Dahlin et al., 1991). Barriers can also be used with bone substitutes to achieve ridge aug-
mentation (Nevins and Mellonig, 1992). The materials must at first support the membrane, then
be resorbed and replaced by bone. The delay before implantation possibly depends on the nature
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of the substance applied, and can be quite long. As the material is resorbed the barriers tend to col-
lapse. Reinforced barriers have been designed to avoid this problem. Resorbable membranes dis-
appear long before the material has been transformed into bone. A solution for both concerns is
the use of titanium membranes. If bone or bone substitutes are used, the thick titanium mesh al-
lows the passage of blood vessels while maintaining the desired volume (von Arx and Kurt, 1999).
When no material is placed, thin nonperforated titanium membranes will provide enough sup-
port to keep the gingiva out of the defect and will enable new bone formation. Thus bone is formed
much faster than biomaterials can be resorbed and replaced by osseous tissue (Lundgren et al.,
1995).

Placement of dental implants in the maxillary premolar and molar regions is often impeded
by sinuses. Surgical techniques have been developed to push back the sinus mucous membrane
and increase the height of the alveolar bone by autogenous grafting (Springfield, 1992) or by use
of other materials such as hydroxyapatite (Misch and Dietsch, 1993).

GROWTH FACTORS AND PLASMA PROTEINS
For many periodontologists, protection of the blood clot that forms after a surgical procedure

is the key to periodontium regeneration (Egelberg, 1987), and this can be achieved, among other
ways, by membrane barriers. A different type of research is focused on enhancing rapid reorgani-
zation of the blood clot. Polson and Proye (1983) have suggested that fibrin linkage between col-
lagen fibers of demineralized dentine matrix and the gingival chorion could enhance and acceler-
ate the formation of a new connective attachment. However, fibrinogen is present in all sites of
injury, and studies demonstrating that a supplement of fibrinogen could improve new attachment
are lacking. Chemoattraction and cell orientation have also been intensively studied. Fibronectin
has been considered a promising promoter of fibroblastic activity. Wikesjo et al. (1988) demon-
strated that topical application of fibronectin on demineralized roots could be beneficial to heal-
ing. Terranova et al. (1987) have shown that fibroblast growth factor (FGF) has a potent chemo-
tactic effect on fibroblasts derived from periodontal ligament tissues. FGF is 10,000 times more
powerful than fibronectin in inducing fibroblast growth. Platelet-derived growth factor (PDGF)
is another chemoattractant with great potential, and no amount of fibronectin can stimulate the
proliferation of periodontal ligament fibroblasts to the extent achieved by nanograms of PDGF
(Terranova et al., 1987). The usefulness of fibronectin can also be questioned, because it has been
shown that it enhances the migration of basal keratinocytes (Woodley et al., 1990). Where ep-
ithelial cells colonize the root before connective tissue is formed, there will be no attachment ap-
paratus. Therefore, although fibronectin attracts and orients fibroblasts properly, some of its ef-
fects might not be desirable. Plasmatic protein sealants containing large quantities of fibrinogen,
but also fibronectin and coagulation factors, have been used with success to avoid suturing, but
Caffesse et al. (1988a) demonstrated very moderate gains in attachment levels when fibronectin
was applied on demineralized root surfaces. Biologic glues have also been proposed as spacers to
keep membrane barriers at a distance from the roots (Pini Prato et al., 1988), but the usefulness
of fibrinogen and/or fibronectin in periodontal surgery is still inconclusive.

Growth factors nevertheless seem worthy of investigation and clinical trials, for if the mem-
brane technique allows tissue selection and thus favors periodontal attachment, it does not accel-
erate the healing process. FGF and PDGF both have powerful effects on periodontal ligament fi-
broblasts. Periodontists have also shown interest in transforming growth factor � (TGF-�), which
appears to promote more significant deposition of fibroblast collagen than any of the other growth
factors, although it is not a fibroblast chemoattractant (Lynch et al., 1989). The combination of
FGF and insulin-like growth factor (IGF-1) seems promising as well, promoting the same colla-
gen deposition as TGF-� and a greater proliferation of ligament fibroblasts than PDGF alone
(Lynch, 1994). the PDGF–IGF-1 combination is chemotactic and mitogenic for periodontal fi-
broblasts; PDGF is chemotactic for osteoblasts, and promotes the synthesis of noncollageneous
proteins in bone cultures, and IGF-1 promotes the synthesis of collagen proteins. The PDGF–
IGF-1 combination results in greater bone matrix formation than any individual growth factor,
and interacts synergistically to yield significant collagen formation and healing in soft tissue
wounds (Lynch, 1994). Animal experiments have demonstrated that a gel containing this mixture
produces more and faster regeneration in the same procedures performed without these growth
factors (Giannobile et al., 1994). The delivery of growth factors through a gel allows the presence
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Fig. 59.3. (A) The width of the
crestal part of the alveolar ridge
is insufficient to house the cervi-
cal part of this dental implant. (B)
Holes have been drilled into the
cortical plate and a bone substi-
tute has been placed as a spacer.
(C) A resorbable membrane ex-
cludes the gingival chorion from
the healing site. (D) Six months
later, guided bone regeneration
has occurred, completely em-
bedding the implant in osseous
tissue.
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of a great amount of PDGF and IGF-1 during a short period of time, and even better results could
perhaps be obtained with a slow-release system. Lynch et al. 91991) showed that the PDGF–IGF-
1 mixture in a methyl cellulose gel had a half-life clearance of 3 to 4.2 hr, with more than 96% of
the factors cleared by day 4. Repair requires several weeks and it will be interesting to develop slow-
release devices. Other reports have suggested that the type of PDGF used might be important with
regard to matrix or cell surface attachment (Kelly et al., 1993), and consequently to the ability of
activated fibroblasts to produce new collagen (Cho and Garant, 1981). Additional studies in ani-
mal models have supported interest in these compounds and their association to regenerative ther-
apy (Cho et al., 1995; Park et al., 1995). Another group of promising molecules is that of bone
morphogenic proteins (BMPs), a mixture of peptides initially identified as a bone growth factor
and later shown to comprise at least 13 individual proteins (Wozney, 1995). BMPs can promote
new bone formation at the site of implantation, instead of changing the bone growth rate of ex-
isting bone. In the early 1970s BMPs were shown to be factors from the extractable protein of 
bone matrix capable of autoinduction (Urist and Iwata, 1973) and of inducing bone formation in
nonosseous environments (Sampath and Reddi, 1981). BMPs induce mesenchymal precursor cells
to differentiate in cartilage (Chen et al., 1991) and in bone-forming cells (Yamaguchi et al., 1991).
Thus, with recombinant human bone morphogenic protein 2 (rhBMP2), the proximity of resid-
ual bone is less important for osseous formation. According to Sigurdsson et al. (1995a), rhBMP
in a carrier enhances periodontal regeneration. When healing is compared with regeneration fol-
lowing membrane implantation, rhBMP produces more bone, but it is primary woven bone. The
membrane promotes a thicker cellular cementum. The use of rhBMP significantly reduced post-
surgical resorption. The membrane favors migration and proliferation of already differentiated
cells, whereas rhBMP promotes the grouping of mesenchymal stem cells in clusters, later devel-
oping in appropriate tissues. Sigurdsson et al. (1995b), using rhBMP, managed to promote verti-
cal bone formation in horizontal osseous defects generated in dogs. The abundant bone produced
not only covered the denuded half-root but in some cases even grew over portions of the crowns
of the teeth. A small 12.5-kDa peptide discovered by Terranova et al. (1994), PDL-CTX, also
seems to be a potent chemoattractant for periodontal ligament cells, with mitogenic properties.

A totally new approach to reconstructing resorbed periodontal tissues is the use of amelo-
genin. This growth factor, found in the epithelial cells forming the enamel organ, has been ex-
tracted from pigs and results in neoformation of acellular cementum (Hammarström, 1997). In
vitro experiments show that amelogenin increases proliferation of ligament fibroblasts but not of
epithelial cells (Gestrelius et al., 1997). Clinical trials in animals (Zetterström et al., 1997; Arau-
jo and Lindhe, 1998) and humans (Hammarström et al., 1997) have demonstrated significant
gains of bone, periodontal ligament, and cementum.
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Fig. 59.4. (A) Insufficiently at-
tached gingiva on a mandibular
cuspid. (B) Two months after
grafting a lattice containing cul-
tured gingival fibroblasts (gingi-
val chorion equivalent), a large
band of attached gingiva is now
present. (C) A biopsy of the heal-
ing gingiva was performed at 3
months. A sharp difference in the
height of the epithelium is visible
at the junction between neo-
formed gingiva and recipient bed
tissue. The two gingival tissues,
however, have a similar appear-
ance, although the new gingiva
(to the left) harbors more capil-
laries and less fibrous tissue than
the residual gingiva (to the right).
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CELL CULTURE TECHNIQUES
Cell culture techniques have seldom been used to treat periodontal disease. Hanachowicz et

al. (1989) cultured epithelial cells to treat gingival recession by grafting the cultured epithelial
equivalent. The procedure was successful in reinforcing the remaining gingiva, but there was lit-
tle gain in root coverage. P. Ambrosini and N. A. Miller (unpublished data) applied the method
developed by Bell et al. (1979) to the culture of human gingiva fibroblasts, and grafted the gingi-
val chorion equivalent they had obtained at the margin of a gingival recession (Fig. 59.4A). Twen-
ty-one days later, a biopsy was performed at the healed wound edge. Histologic examination
showed that the gingival chorion equivalent grafted had reconstituted an apparently normal gin-
gival tissue with dense collagen fibers and was covered by keratinized epithelium (Fig. 59.4B). This
technique appears to offer interesting advantages. The patient does not experience great discom-
fort, because an initial biopsy of 8 mm2 is sufficient to induce the culture. The culture can pro-
duce great quantities of chorion, which can be used for the reconstruction of several gingival re-
cession sites. Drawbacks are the time and money needed to sustain such cultures; the use of palate
donor sites allows a more rapid reconstruction (Martin et al., 1995). Such techniques, using au-
tologous cultured tissues, could, however, be considered when extensive reconstruction is needed.

Because osseous cells are not as easily harvested as gingival fibroblasts, some researchers have
sought to differentiate other cells into osteoblasts. Lecoeur and Ouhayoun (1997) have cultured
adipous cells in media containing rhBMP2 and dexamethasone. Thus treated, the adipocytes pro-
duced a high output of alkaline phosphatase, suggesting that these cells could undergo an os-
teogenic differentiation. This has brought hope that such cells could afterward be transplanted into
periodontal defects.

CONCLUSION
A certain number of factors impeding spontaneous regeneration of the periodontium have

begun to be adequately understood and addressed. For example, the problems of tissue competi-
tion between epithelium and connective tissue at the root surface and between gingival chorion
and osseous cells in bony defects are rather satisfactorily solved with the use of membranes. Spac-
ing and some degree of osseous conduction can be provided by bone substitutes, and use of these
products, associated or alone, is now widespread and partial regeneration of periodontal defects is
predictable. The best results are obtained in angular alveolysis. The number of bony walls at the
lesion is important: two- or three-walled defects will have better prognosis than one-wall defects.
The quality of the bone forming the lesion walls should also be considered: thick walls with can-
cellous bone will produce more osseous cells compared with cortical bone. The source of bone cells
and the distance they must travel are crucial to assess the chances of success of treatment modali-
ties currently in use. Research is opening new horizons. Growth factors seem promising tools to
attract the appropriate cells to healing sites and in promoting angiogenesis, an especially interest-
ing feature considering the avascular nature of the dental root. The use of BMPs, amelogenine, or
other inductor proteins might even enable induction of stem cells to differentiate into bone or pe-
riodontal ligament cells. The biologic effects of cytokines and their carriers still have to be stud-
ied. Substances that will not hinder healing but will release biological agents at a suitable rate need
to be developed. Animal models demonstrate that horizontal alveolysis can be repaired, and clin-
ical applications will surely emerge with time.

Considering the progress achieved since the early attempts at repairing dental defects with
biomaterials, it seems that we are getting closer to the possibility of totally regenerating periodon-
tium destroyed by disease, if not preventing such events.
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Regeneration of Dentin
R. Bruce Rutherford

INTRODUCTION

The goal of engineering the formation of new dentin is primarily motivated by the clinical need
to restore or thicken this mineralized tissue. Dentin surrounds and protects the vital tissues of

the tooth that reside in the dental pulp. Dentin is approximately 80% mineralized and provides,
in combination with enamel, the major structural mass of the tooth. Like enamel, dentin is a non-
vascular tissue; however, unlike enamel, the cells that synthesize dentin (odontoblasts) may remain
vital throughout adult life and may synthesize additional dentin. Recent experimental evidence
has suggested that, even if the odontoblast cells (which line the dentin pulp interface) are lost, it
may be possible to induce the differentiation of odontoblasts from pulp tissue using certain bone
morphogenetic proteins and thereby induce the synthesis of new dentin. Successful development
of a process to engineer successfully the regeneration of dentin could have commercial applications
as an enhanced pulp capping agent, as an alternative to root canal therapy under certain circum-
stances, and as a potential means of reducing tooth sensitivity often associated with the placement
of tooth fillings.

DENTIN
There are several different forms of dentin. Primary and secondary dentins are terms gener-

ally applied to dentins that form during the development of teeth. Tertiary dentins are those form-
ing in response to a specific stimulus, such as partial removal of the dentin layer. Tertiary dentin
matrices are categorized as reparative or reactionary. Reparative dentin is a tertiary dentin matrix
formed by new odontoblast-like cells in response to a specific stimulus after loss of those odonto-
blasts responsible for synthesis of primary and secondary dentin. Reactionary dentin is formed by
original odontoblasts (Smith et al., 1995). We use the terms “reparative” and “reactionary” dentin
when referring to tertiary dentin matrices of mammalian teeth. The induction of differentiation
of new odontoblasts from undifferentiated tissues may require different strategies than the stimu-
lation of extant odontobasts. It is likely that mature adult pulps contain stromal cells capable of
producing reparative dentin if given the appropriate stimulus, in that most data indicate that con-
nective tissue repair is mediated by resident stromal cells near the site of wounding (Prokop, 1997).

BONE MORPHOGENETIC PROTEINS
Bone morphogenetic proteins (BMPs) are a group of signaling molecules that were original-

ly isolated and described for their capacity to induce endochrondral bone formation in subcuta-
neous, intramuscular, or intrabony sties in mammals (Sampath et al., 1990; Wang et al., 1990).
There are now more than 30 BMP-like proteins that have been identified, though only a small
subset, at this time, have been demonstrated to be osteogenic (Wozney and Rosen, 1998).

Structurally all BMPs are members of the transforming growth factor � (TGF-�) superfam-
ily and several have been implicated in key stages of embryonic tissue morphogenesis (Hogan,
1996). As such, the early implications for this class of proteins were that their potential role in tis-
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sue formation could be possibly broader than a more limited role in cartilage and bone induction.
The first nonbone, noncartilage tissue that has been demonstrated to be induced by a bone mor-
phogenetic protein is dentin. The experimental evolution of the use of BMPs to engineer dentin
regeneration is described below.

INDUCTION POTENTIAL OF DENTIN
Several investigators have demonstrated that demineralized dentin powder, like demineralized

bone powder (Urist, 1965), induces ectopic bone formation (Bang, 1972; Butler et al., 1977; In-
oue et al., 1986). However, unlike demineralized bovine bone powder, for which the specific pro-
teins for bone induction have been identified (Sampath et al., 1990), demineralized dentin pow-
ders have not been further characterized and the molecular basis for dentin BMP activity has not
been established. It is likely that several of the BMPs are involved.

Dentin is also dentinogenic. Mineralized tissue superficially resembling dentin forms in as-
sociation with dentin fragments introduced into pulp during mechanical exposure (Seltzer and
Bender, 1981), and demineralized dentin implanted into dental pulp induces mineralized tissue
formation (Tziafas and Kolokuris, 1990; Tziafas et al., 1992). The dentin-associated dentinogenic
activity, like the bone-associated osteogenic activity (Sampath et al., 1990), is at least partially sol-
uble in 4 M guanidine hydrochloride, implicating molecules similar to the BMPs (Nakashima,
1990). In addition, crude dentin fractions prepared by ethylenediaminetetraacetic acid (EDTA)
extraction and collagenase digestion stimulate reparative dentinogenesis in small pulp exposures
in ferrets (Smith et al., 1990) or reactive dentinogenesis when applied to freshly cut dentin sur-
faces (Smith et al., 1994). In addition, dog dental pulps respond to crude allogenic, bone-derived
BMP by forming reparative dentin (Nakashima, 1990; Lianjia et al., 1993).

RECOMBINANT HUMAN BMPs INDUCE DENTIN FORMATION
Experiments linking BMPs to reparative dentinogenesis utilized recombinant human BMP2,

BMP4, BMP7, TGF-�, and platelet-derived growth factor (PDGF). In a follow-up study to her
previous work, Nakashima reported that recombinant human BMP2 and BMP4, but not TGF-
�, induce reparative dentinogenesis in dogs when placed on partially amputated dental pulps
(Nakashima, 1994). In this study, addition of BMP2 or BMP4 doubled (82 to 42%) the amount
of reparative dentin formed in partially amputated dog dental pulps when compared to teeth treat-
ed with the collagen-based carrier material after 60 days. The TGF-� was inactive in these exper-
iments. The carrier was allogenic dentin collagen prepared in a manner similar to that described
above and mixed with chondroitin 6-sulfate and acid-soluble rat tail tendon collagen.

Qualitatively similar data were obtained from nonhuman primate studies using recombinant
human BMP7 (Rutherford et al., 1993, 1994). These studies demonstrated that recombinant hu-
man BMP7 complexed with an insoluble type I collagen matrix (CM) delivery vehicle predictably
and reliably induced reparative dentinogenesis when placed on freshly cut healthy pulp tissues (Fig.
60.1) in nonhuman primates. The initial experiments in this series tested the hypothesis that re-
combinant human BMP7-induced tissue formation occurs in the place of and replaces the induc-
tive material. This suggests that the size and shape of the mass of inductive material control the
size and shape of the reparative dentin. Placing variable amounts of the BMP7/CM combination
in a surgically induced model of pulp exposure resulted in the formation of variable amounts of
reparative dentin, demonstrating that the mass of reparative dentin formed is, indeed, proportional
to the mass of BMP7/CM placed (Fig. 60.2).

This hypothesis also predicts that the reparative dentin should form largely superficial to, and
hence preserve the volume of, the remaining pulp tissue. Initial experiments tested this hypothe-
sis by layering osteogenic protein-1 (OP-1)/CM on the cut surface of the partially amputated pulp
and extending it laterally onto the adjacent cut dentin surface. We observed that the reparative
dentin formed largely superficial to the existing pulp tissue and extended laterally onto the exist-
ing dentin, also superficial to the level of the amputated pulp (Rutherford et al., 1993).

This dentinogenic response appears to be independent of the amount of the pulp tissue re-
moved. We have created variably sized lesions in coronal pulps, ranging from small and superficial
(1 mm in diameter and 0.5 mm deep) (R. B. Rutherford, unpublished observations) to large le-
sions (approximately 1–1.5 � 2–2.5 � 2–3 mm deep), which effectively removed all the dentin
covering the pulp chamber (Rutherford et al., 1993), to complete removal of the coronal pulp

848 R. Bruce Rutherford



(Rutherford et al., 1994). In addition, we have removed approximately 75% of the root pulp from
healthy ferret teeth and layered BMP7/CM over the remaining pulp (R. B. Rutherford, unpub-
lished observations). In most cases there was robust formation of reparative dentin. The formation
process is described below.

Initially the BMP7/CM is converted to a minimally inflamed, highly vascular granulation tis-
sue that matures to a loose, fibrous connective tissue resembling dental pulp. This new tissue be-
gins an apparently random pattern of mineralization, trapping cells and vascular channels in la-
cunae. BMP7/CM-induced reparative dentin in monkeys and ferrets is, at first, predominantly
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Fig. 60.1. Depiction of the application of the BMP7 de-
vice (recombinant human BMP7 with a bovine-derived,
type I collagen matrix) to a freshly cut pulpal surface in
a surgically induced model of pulp exposure.

Fig. 60.2. Cross-sectional area of reparative dentin formed
in response to varying quantities of the BMP7 device
placed in surgically induced primate models of pupal ex-
posure, as determined by histomorphometric analysis
(Rutherford et al., 1993).



atubular, with contiguous zones of tubular dentin adjacent to the dental pulp appearing after a few
weeks. Odontoblast-like cells are associated with areas of tubular-like dentin with cellular processes
apparently extending into the dentinal tubules (Rutherford et al., 1994). Approximately 95% of
the original mass of tissue is mineralized by 6 months, yet only about 20% of the surface was com-
posed of tubular dentin and associated columnar odontoblasts, whereas 50% of the pulpal surface
is lined with very flat cells that appear metabolically quiescent (Rutherford et al., 1994). The re-
maining cells appear more cuboidal and are associated with dentin that appears to be atubular.

DELIVERY SYSTEMS
With regard to the choice of delivery systems for application of a dentinogenic substance, the

experiments that have been performed to date have utilized naturally sourced, bioresorbable col-
lagen matrices for several important reasons. First and foremost, collagen matrices provide a high-
ly desirable environment for the chemoattraction and retention of local cell types at the site of 
tissue damage or deficit. Second, collagen matrices provide a temporary scaffold for initiation of
the tissue repair/regeneration process. Last and not insignificantly, collagen matrices provide for
hemostasis, which is often an important advantage in a site that is likely to exhibit substantial
bleeding.

The use of naturally-sourced delivery materials is, of course, not optimal from the standpoint
of pharmaceutical development. Inevitably, variations in source material as well as the inherent risk
of infectious disease make naturally sourced products or delivery systems less than ideal. Howev-
er, to date, these naturally sourced delivery materials have provided the most compatible systems
for the promotion of tissue regeneration, particularly for the bone- and dentin-promoting activi-
ties associated with the BMP subclass of the TGF-� subclass of proteins. Careful selection of source
materials and rigorous manufacturing processes can eliminate the potential problems associated
with naturally sourced delivery systems. Ultimately, better characterized, biocompatible, biore-
sorbable, synthetic materials may provide a more desirable alternative.

CLINICAL CONSIDERATIONS
The experiments described above (Nakashima, 1990, 1994; Rutherford et al., 1993, 1994)

utilized clinically healthy teeth. No attempt was made to induce inflammation (pulpitis) specifi-
cally or to test the capacity of the recombinant proteins to induce reparative dentinogenesis in 
previously diseased tissues. To determine the effect of a preexisting pulpitis on the response to
BMP7/CM, we have developed an animal model of experimental pulpitis by injecting bacterial
lipopolysaccharide (LPS; Salomonella typhimurium, 5 
g/
l) into small surgical exposures of adult
ferret teeth. The teeth were sealed with standard dental materials. After 3 days, most coronal pulps
displayed foci of chronic inflammation with variable tissue necrosis in the center of the lesion. All
lesions observed (n � 10) were limited to the coronal tissues with the subjacent root pulp free of
inflammatory cells (R. B. Rutherford, unpublished observations). After 3 days, the teeth were sur-
gically reexposed, the pulp removed to the level of the root canal, and BMP7/CM layered on the
freshly amputated pulp tissue. Four concentrations of BMP7 (0, 2.5, 7.5, and 25 
g/mg CM; n
� 20 teeth per group) were tested. In all cases, no reparative dentin formed in teeth pretreated
with LPS, whereas all three BMP preparations induced reparative dentinogenesis in healthy or
sham-infected pulps. Most pulps were necrotic after 2 weeks. These data suggest that a single ap-
plication of recombinant BMP fails to induce reparative dentinogenesis in freshly debrided tissues
deep to a focus of inflamed pulp tissue. The reasons for this failure are not clear. It is possible that
too few responsive cells are present in the noninflamed pulp deep to the experimental inflamma-
tory lesions. However, this explanation seems unlikely given earlier data suggesting that respon-
sive tissue is present nearly the entire length of the root (see above). More likely, perhaps, is that
the effectiveness of BMP7 is attenuated in inflamed tissues to the extent that a single application
of up to 25 
g BMP7 is insufficient to induce a reparative response.

It is possible that other clinical conditions exist wherein a single local application of a re-
combinant protein will prove insufficient to induce tissue regeneration. Therefore, in collabora-
tion with Renny Franceschi, we have developed and are testing a recombinant replication-
defective adenovirus that contains a mouse BMP7 gene driven by a cytomegalovirus promoter.
Preliminary experiments reveal that the virus transduces dental pulp cells in vitro and in vivo and
induces reparative dentinogenesis in a manner similar to exogenous recombinant protein. Further
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experiments testing the efficacy of this vector in experimentally inflamed teeth are in progress 
(R. B. Rutherford, unpublished observations).

ADDITIONAL CONSIDERATIONS
Qualitatively the pattern of reparative dentin formation in response to the crude preparations

or to highly purified recombinant proteins described above is similar. The tissue initially appears
atubular with cellular and soft tissue inclusions. Subsequently a more tubular form of matrix with
associated odontoblast-like cells appears attached to the mass of atubular matrix. This observation
supports the idea that some extracellular matrix component is a prerequisite to odontoblast differ-
entiation and tubular dentin formation (Veis, 1985). A detailed study of the structure of the sur-
face of the atubular dentin and the dynamics of the associated odontoblast differentiation may re-
veal the critical factors involved in this process. Such knowledge may provide the opportunity to
regulate odontoblast differentiation and hence the architecture of the tissue. Regulation of dentin
architecture may be important. The function of dentinal tubules is not known. The long-term vi-
ability of atubular dentin, its caries susceptability, permeability, and the magnitude of the bond
strength with existing dentin bonding agents are not known. Optimally engineered reparative
dentin may comprise a combination of atubular and tubular dentin. For example, if a layer of tubu-
lar-like dentin adjacent the pulp is required for long-term tissue viability, yet atubular dentin is
less susceptible to caries, an optimal layer of reparative dentin may be composed of a layer of tubu-
lar dentin deep to a layer of atubular dentin.

POTENTIAL APPLICATIONS OF BMP-INDUCED DENTINOGENESIS
Surgical debridement to expose vital pulp and the application of a recombinant BMP (or oth-

er dentinogenic molecule) protein or a recombinant viral vector capable of transducing cells to
produce a BMP7-based product could lead to several new therapeutic modalities for the preser-
vation of vital and functional teeth. The development of such procedures could provide for im-
proved pulp capping agents with enhanced biological responsiveness as well as potential alterna-
tives to conventional root canal therapy in certain instances.

Another application for the dentinogenic properties of BMPs is the potential reduction of
tooth sensitivity via the transdentinal stimulation of reactionary dentin. In this approach BMP7
was applied to freshly cut dentin surfaces in a liquid formulation with the hope that BMP7 might
diffuse through the dentinal tubules and stimulate the formation of reactionary dentin within the
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Fig. 60.3. Depiction of the application of recombinant human
BMP7 in a liquid formulation to freshly cut dentinal tubules in a
deep cavity preparation intended to stimulate the formation of new
reactionary dentin.



pulp chamber (Fig. 60.3). Initial experiments appear to indicate that this is possible (Rutherford
et al., 1995). Stimulation of reactionary dentin by an ethanol-containing solution of BMP7 re-
vealed a dose-dependent response of the pulpal tissue to the dentinogenic properties of BMP7 (Fig.
60.4). Unfortunately, it is not possible to measure adequately parameters of tooth sensitivity in an-
imal models. As such, the rigorous establishment of a correlation between the capacity of BMP7
to induce a thickening of the residual dentin layer separating a dental filling from the pulp, and
thereby, potentially diminish the sensitivity of teeth to newly placed dental fillings, must await
clinical investigation in human subjects.
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Wound Repair: Basic Biology 
to Tissue Engineering

Richard A. F. Clark and Adam J. Singer

INTRODUCTION

The skin is the largest organ in the body and its primary function is to serve as a protective bar-
rier against the environment. Other important functions of the skin include fluid homeosta-

sis, thermoregulation, immune surveillance, sensory detection, and self-healing (Holbrook and
Wolff, 1993). Loss of the integrity of large portions of the skin due to injury or illness may result
in significant disability or even death. The most common cause of significant skin loss is thermal
injury, with an estimated 2.5 million burns each year in the United States alone (Centers for Dis-
ease Control, 1982). Other causes of skin loss include chronic ulcerations (secondary to pressure,
venous stasis, or diabetes mellitus), trauma, excision of skin tumors, or other dermatology condi-
tions such as pemphigus or toxic epidermal necrolysis. It is estimated that the prevalence of leg ul-
cers alone is between 0.5 and 1.5%, with an annual cost of nearly $1 billion (Phillips and Dover,
1991). Some experts have estimated that the total number of chronic wounds exceeds 2 million
annually in the United States (Medical Data International, 1998). The social and financial tolls of
chronic wounds are extremely high.

Principal goals in wound management are to achieve rapid wound closure and a functional
and aesthetic scar. Over the past two decades extraordinary advances in cellular and molecular bi-
ology have greatly expanded our comprehension of the basic biological processes involved in
wound repair and tissue regeneration (Clark, 1996a). Ultimately these strides in basic knowledge
will lead to advancements in wound care resulting in accelerated rates of ulcer and normal wound
repair, scars of greater strength, and prevention of keloids and fibrosis. Already one growth factor
and several skin substitutes have reached the marketplace for second-line therapy of recalcitrant
ulcers (Singer and Clark, 1999). Furthermore, because tumor stroma generation is similar to
wound healing (Dvorak, 1986), the increased knowledge in wound repair may lead to unexpect-
ed advances in tumor therapy. Clearly scientific breakthroughs today in the processes of wound
healing and tissue regeneration will lead to future therapeutic successes in wound care and tissue
engineering. In this chapter the use of cultured keratinocytes, tissue-engineered skin substitutes,
and recombinant growth factors for wound care are discussed in the context of wound healing bi-
ology.

Wound repair is not a simple linear process in which growth factors released by phylogistic
events activate parenchymal cell proliferation and migration, but is rather an integration of dy-
namic interactive processes involving soluble mediators, formed blood elements, extracellular ma-
trix, and parenchymal cells. Unencumbered, these wound repair processes follow a specific time
sequence and can be temporally categorized into three major groups: inflammation, tissue forma-
tion, and tissue remodeling. The three phases of wound repair, however, are not mutually exclu-
sive but rather overlapping in time. In this overview, current ideas about wound repair are pre-
sented in a sequence that roughly follows the chronology of wound repair. The reader is referred
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to “The Molecular and Cellular Biology of Wound Repair” (Clark, 1996a) for a more detailed dis-
cussion of the many processes involved in wound healing.

INFLAMMATION
Severe tissue injury causes blood vessel disruption with concomitant extravasation of blood

constituents. Blood coagulation and platelet aggregation generate a fibrin-rich clot that plugs sev-
ered vessels and fills any discontinuity in the wounded tissue. While the blood clot within vessel
lumen reestablishes hemostasis, the clot within the wound space provides a provisional matrix for
cell migration.

Platelets
Successful hemostasis is dependent on platelet adhesion and aggregation. Platelets first adhere

to interstitial connective tissue, then aggregate. In the process of aggregation, platelets release many
mediators, including ADP, and express several clotting factors on their membrane surface. Together
these platelet products facilitate coagulation and further platelet activation.

When activated platelets discharge their � granules, several adhesive proteins, including fi-
brinogen, fibronectin, thrombospondin, and von Willebrand factor VIII, are released. The first
three act as ligands for platelet aggregation whereas von Willebrand factor VIII mediates platelet
adhesion to fibrillar collagens and their subsequent activation (Ruggeri, 1993). Platelet adhesion
to all four adhesive proteins is mediated through the platelet glycoprotein (GPIIb/IIIa; integrin
�IIb�3) surface receptor (Ginsberg et al., 1992). Platelet fibrinogen, once converted to fibrin by
thrombin, adds to the fibrin clot. In addition, platelets release chemotactic factors for blood leuko-
cytes (Weksler, 1992), and growth factors such as platelet-derived growth factor (PDGF) (Heldin,
1992), transforming growth factor � (TGF-�) (Nanney and King, 1996), and TGF-� (Roberts
and Sporn, 1996), which promote new tissue generation.

Neutrophils
The coagulation pathways activate complement pathways and injured parenchymal cells gen-

erate numerous vasoactive mediators and chemotactic factors, which together recruit inflamma-
tory leukocytes to the wound site. Infiltrating neutrophils cleanse the wounded area of foreign par-
ticles, including bacteria. If excessive microorganisms or indigestible particles have lodged in the
wound site, neutrophils will probably cause further tissue damage as they attempt to clear these
contaminants through the release of enzymes and toxic oxygen products. When particle clearance
has been completed, generation of granulocyte chemoattractants ceases and the remaining neu-
trophils become effete.

Transition between Inflammation and Repair
Whether neutrophil infiltrates resolve or persist, monocyte accumulation continues, stimu-

lated by selective monocyte chemoattractants (Clark, 1996b). Besides promoting phagocytosis and
debridement, adherence to extracellular matrix also stimulates monocytes to undergo metamor-
phosis into inflammatory or reparative macrophages. Wound macrophages, in fact, express TGF-
� and PDGF mRNA as well as TGF-� and insulin-like growth factor-1 (IGF-1) mRNA (Rap-
polee et al., 1988). Because cultured macrophages produce and secrete the peptide growth factors
interleukin-1 (IL-1), PDGF, TGF-�, TGF-�, and fibroblast growth factor (FGF), presumably
wound macrophages also synthesize these protein products (Clark, 1996b). Such macrophage-
derived growth factors may support the initiation and propagation of new tissue formation in
wounds. Thus, macrophages appear to play a pivotal role in the transition between inflammation
and repair (Riches, 1996).

EPITHELIALIZATION
Reepithelialization of a wound begins within hours after injury. It is clear that rapid reestab-

lishment of any epithelial barrier decreases victim morbidity and mortality. Epithelial cells from
residual epithelial structures move quickly to dissect the clot and the damaged stroma from the
wound space and to repave the surface of viable tissue.

Migrating wound epidermal cells do not terminally differentiate as do keratinocytes of nor-
mal epidermis. These migrating cells do not contain keratin proteins normally found in mature
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stratified epidermis nor do they contain filaggrin, a matrix protein in which these keratins are em-
bedded. In contrast, cells in all layers of the migrating epidermis contain keratins normally found
only in the basal cells of stratified epidermis (Mansbridge and Knapp, 1987). Nevertheless, the
phenotype of migrating epidermal cells is not identical to basal cells, in that the migrating cells
also contain involucrin, a component of differentiated keratinocyte cell walls, and transglutami-
nase, an enzyme that cross-links cell wall proteins.

If the basement membrane is destroyed by injury, epidermal cells migrate over a provisional
matrix of fibrin(ogen), fibronectin, tenasin, and vitronectin as well as stromal type I collagen
(Clark, 1996b). Fibrinogen is interspersed with stromal type I collagen at the wound margin and
interwoven with the fibrin clot in the wound space (Clark et al., 1999). Wound keratinocytes ex-
press cell surface receptors for fibronectin, tenasin, and vitronectin (Clark, 1990; Juhasz et al.,
1993; Larjava et al., 1993; Clark et al., 1996a). These specialized cell membrane receptors are of
the integrin superfamily (Table 61.1) (Hynes, 1992; Yamada et al., 1996). In addition, the inte-
grin �2�1 collagen receptors, which are normally disposed along the lateral sides of basal ker-
atinocytes, redistribute to the basal membrane of wound keratinocytes as they come in contact
with type I collagen fibers of the dermis.

The migrating wound epidermis does not simply transit over a wound coated with provisional
matrix but rather dissects through the wound, separating desiccated or otherwise nonviable tissue
from viable tissue. The path of dissection appears to be determined by the array of integrins that
the migrating epidermal cells express on their cell membranes, as described above. In addition,
�v�3, the receptor for fibrinogen/fibrin (Cheresh et al., 1989) and denatured collagen (Davis,
1992), is not expressed on keratinocytes in vitro (Adams and Watt, 1991) or in vivo (Gailit et al.,
1994). Therefore, keratinocytes do not have the capacity to interact with these matrix proteins
(Kubo et al., 1999). Furthermore, in the presence of fibrinogen or fibrin, epidermal cells fail to
bind fibronectin (Kubo et al., 1999), yet can bind type I collagen. Hence migrating wound epi-
dermis avoids the fibrin-, fibronectin-rich clot while migrating over a bed of fibrinogen, fi-
bronectin, and type I collagen (Fig. 61.1).

Extracellular matrix degradation is clearly required for the dissection of migrating wound epi-
dermis between the collagenous dermis, the fibrin eschar (Bugge et al., 1996), and probably de-
pends on epidermal cell production of both collagenase (Woodley et al., 1986) and plasminogen
activator (Grondahl-Hansen et al., 1988) and perhaps stromelysin (Saarialho-Kere et al., 1994).
Plasminogen activator activates collagenase as well as plasminogen (Mignatti et al., 1996) and

61 Wound Repair 859

Table 61.1. Integrin superfamily

Integrins Ligand Integrin Ligand

�1 Integrins �v Integrins
�1�1 Fibrillar collagen, laminin-1 �v�1 Fibronectin (RGD), vitronectin
�2�1 Fibrillar collagen, laminin-1 �v�3 Vitronectin (RGD), 
�3�1 Fibronectin (RGD), fibronectin, fibrinogen, 

laminin-5, entactin, von Willebrand factor, 
denatured collagens thrombospondin, denatured

collagen
�4�1 Fibronectin (LEDV), VCAM-1 �v�5 Fibronectin (RGD), vitronectin
�5�1 Fibronectin (RGD) �v�6 Fibronectin, tenascin
�6�1 Laminin
�7�1 Laminin �2 Integrins
�8�1 Fibronectin, vitronectin �M�2 ICAM-1, iC3b, fibronogen, 

factor X
�9�1 Tenasin �L�2 ICAM-1 -2, and -3

Other ECM integrins �X�2 iC3b, fibrinogen
�IIb�3 Same as �v�3
�6�4 Laminin



therefore facilitates the degradation of interstitial collagen as well as provisional matrix proteins.
Interestingly, keratinocytes in direct contact with collagen greatly increase the amount of intersti-
tial collagenase [matrix metalloproteinase-1 (MMP-1)] they produce compared to that produced
when they reside on laminin-rich basement membrane or purified laminin (Petersen et al., 1990).
The migrating epidermis of superficial skin ulcers and burn wounds, in fact, expresses high levels
of MMP-1 mRNA in areas where it presumably comes in direct contact with dermal collagen
(Saarialho-Kere et al., 1992; Stricklin and Nanney, 1994).

At 1 to 2 days after injury, epithelial cells at the wound margin begin to proliferate (Kraw-
czyk, 1971). The stimuli for epithelial proliferation during reepithelialization have not been de-
lineated, but several possibilities exist. Perhaps the absence of neighbor cells at the wound margin
signals both epithelial migration and proliferation. The “free edge effect” has been thought to stim-
ulate reendothelialization of large blood vessels after intimal damage (Heimark and Schwartz,
1988) and may relate to dissolution of cadherin junctions on the free edge (Dejana, 1996). Oth-
er possibilities, not exclusive of the former, are release of autocrine or paracrine growth factors that
induce epidermal migration and proliferation and/or increased expression of growth factor recep-
tors. Leading contenders include the epidermal growth factor (EGF) family (Nanney and King,
1996), especially TGF-� (Barrandon and Green, 1987) and heparin-binding epidermal growth
factor (HB-EGF) Higashiyama et al., 1991); the FGF family (Abraham and Klagsbrun, 1996), es-
pecially keratinocyte growth factor (KGF) (Werner, 1998); insulin-like growth factor (Galiano et
al., 1996); and TGF-� (Zambruno et al., 1995). Although some growth factors, such as IGF, may
derive from the circulation and thereby act as a hormone, other growth factors, such as HB-EGF
and KGF, derive from macrophages and dermal parenchymal cells, respectively, and act on epi-
dermal cells through a paracrine pathway (Werner, 1998). In contrast, TGF-� and TGF-�, orig-
inate from keratinocytes and act directly on the producer cell or adjacent epidermal cells in an au-
tocrine or juxtacrine fashion (Coffey et al., 1987; Brachmann et al., 1989). Many of these growth
factors have been shown to stimulate reepithelialization in animal models (Brown et al., 1989;
Lynch et al., 1989; Hebda et al., 1990; Staino-Coico et al., 1993) or to lack receptors in models
of deficient reepithelialization (Werner et al., 1994), supporting the hypothesis that they are ac-
tive during normal wound repair.

As reepithelialization ensues, basement membrane proteins reappear in a very ordered se-
quence from the margin of the wound inward in a zipperlike fashion (Clark, 1996b). Epidermal
cells revert to their normal phenotype, once again firmly attaching to reestablished basement mem-
brane through two hemidesmosomal proteins, �6�4 integrin and 180-kDa bullous pemphigoid
antigen (Gipson et al., 1993), and to the underlying neodermis through type VII collagen fibrils
(Gipson et al., 1988).

Epidermal Autografts and Allografts
Immediate wound coverage, whether permanent or temporary, is one of the cornerstones of

wound management. When the epidermis fails to heal normally or when a large surface area has
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Fig. 61.1. Integrins in early (three-dimensional) reepithelialization. The migrating epidermis in
contact with type I dermal collagen expresses a gene set including the collagen receptor �2b1,
urokinase plasminogen activator (uPA), and interstitial collagenase (MMP-1). With this armamen-
tarium the epidermis can dissect a path between viable dermis and nonviable clot and denature
stroma, ultimately leading to slough of the eschar.



been destroyed, supplemental epidermal coverage can be beneficial. Ideally, wound coverage would
be achieved using autologous skin or material having qualities similar to those of autologous skin.
Use of skin grafts, however, often requires extensive, invasive harvesting and is of limited quantity.

Autologous cultured keratinocyte grafts were first used in humans by O’Conner et al. (1981).
Subsequently there has been extensive experience with cultured epidermal grafts for the treatment
of burns as well as other acute and chronic wounds (Gallico et al., 1984; Odessey, 1992; Munster,
1996). The major advantage of this technique is the ability to provide autologous grafts capable
of covering large areas with reasonable cosmetic results. Another significant advantage of autolo-
gous grafts is their ability to serve as permanent wound coverage, because the host does not reject
them. Disadvantages include the time interval of 2–3 weeks required before sufficient quantities
of keratinocytes are available, the need for an invasive and painful procedure to obtain autologous
donor cells, and the large costs, estimated at $13,000 per 1% total body surface area covered (Rue
et al., 1993). Furthermore, graft take is widely variable based on wound status, general host sta-
tus, and operator experience.

Cultured keratinocyte allografts were developed to help overcome the need for a biopsy and
a separate cultivation for each patient to produce autologous grafts and to ameliorate the long lag
period between epidermal harvest and graft product. Successful keratinocyte allografting was first
reported in burns using keratinocytes obtained from cadaver skin (Hefton et al., 1983). Since then,
cultured epidermal cells from both cadavers and unrelated adult donors have been used for the
treatment of burns (Madden et al., 1986), for skin grafts (Thiovlet et al., 1986), and for treating
chronic leg ulcers (Leigh et al., 1987). Importantly, these allografts can result in accelerated and
sustained wound healing without any evidence of rejection. This tolerance is probably secondary
to the inability of cultured keratinocytes to express major histocompatability complex class II hu-
man leukocyte (HLA-DR) antigens (Hefton et al., 1983), and the absence of Langerhan’s cells, the
major antigen-presenting cells (APCs) of the epidermis (Thiovlet et al., 1986). Nevertheless, these
keratinocyte allografts are eventually replaced by recipient cells.

Current allografts utilize neonatal foreskin keratinocytes, which are more responsive than
adult cells to mitogens. In addition, they release more growth factors that stimulate adjacent ker-
atinocytes (Gilchrest et al., 1983). Cultured neonatal foreskin allografts promoted accelerated heal-
ing and prompt pain relief in a variety of acute and chronic skin ulcers (Phillips et al., 1989). An-
other major advance was the development of cryopreserved allografts that gave results comparable
to those with fresh allografts (Teepe et al., 1990; De Luca et al., 1992). Cryopreserved allografts
have been used to cover large wounds with exposed bone and cartilage after Mohs micrographic
surgery at a cost of $150 per application (Kolenik and Leffell, 1995). It is hoped that cryopreser-
vation will allow mass allograft production and wide availability.

Recombinant Growth Factors for Epidermal Wounds
Epithelial-targeted growth factors, such as EGF and more recently KGF, have been investi-

gated as potential treatment for nonhealing epidermal wounds and/or acute large-defect epider-
mal wounds. EGF was studied in patients with thermal burns and it was shown to accelerate the
healing of donor graft sites by 1.5 days (Brown et al., 1989). Although initial clinical investiga-
tions of EGF appeared significant (G. L. Brown et al., 1989; G. Brown et al., 1991), later large
clinical trails sponsored by the biotechnology and pharmaceutical industries did not confirm ther-
apeutic benefit. Keratinocyte growth factors are the newest members of the FGF family (Werner,
1998). KGF-1 and -2 are secreted by fibroblasts in response to injury and have both mitogenic
and motogenic paracrine effects on keratinocytes, particularly those in hair follicles and sebaceaous
and sweat glands (Pierce et al., 1994; Igarashi et al., 1998). Although exogenous administration of
KGF-1 has been shown to stimulate keratinocyte proliferation and reepithelialization in partial-
thickness porcine burns, it had no effect on reepithelization of full-thickness burns (Danilenko et
al., 1995). Likewise, KGF-1 stimulated reepithelialization of partial-thickness, but not full-thick-
ness, excisional porcine wounds; however, the thickness of the neoepidermis in both partial- and
full-thickness wounds was significantly increased (Staino-Coico et al., 1993). Animal studies with
KGF-2 are promising (Jimenez and Rampy, 1999) and clinical investigations with this factor are
now in progress. Clinical investigations with recombinant growth factors that target dermal com-
ponents of the skin, as well as epidermis, will be discussed at the conclusion of the following sec-
tion on granulation tissue.
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GRANULATION TISSUE
New stroma, often called granulation tissue, begins to form approximately 4 days after injury.

The name derives from the granular appearance of newly forming tissue when it is incised and vi-
sually examined. Numerous new capillaries endow the neostroma with its granular appearance.
Macrophages, fibroblasts, and blood vessels move into the wound space as a unit (Hunt, 1989),
which correlates well with the proposed biologic interdependence of these cells during tissue re-
pair. Macrophages provide a continuing source of cytokines necessary to stimulate fibroplasia and
angiogenesis, fibroblasts construct new extracellular matrix necessary to support cell ingrowth, 
and blood vessels carry oxygen and nutrients necessary to sustain cell metabolism. The quantity
and quality of granulation tissue depend on biologic modifiers present, the activity level of target
cells, and the extracellular matrix environment (Sporn and Roberts, 1986; Juliano and Haskill,
1992). As mentioned previously in the discussion on inflammation, the arrival of peripheral blood
monocytes and their activation to macrophages establish conditions for continual synthesis and
release of growth factors. In addition, injured and activated parenchymal cells can synthesize and
secrete growth factors. The provisional extracellular matrix also promotes granulation tissue for-
mation. Once fibroblasts and endothelial cells express the proper integrin receptors, they invade
the fibrin/fibronectin-rich wound space (Fig. 61.2).

Fibroplasia
Components of granulation tissue derived from fibroblasts, including the fibroblast cells and

the extracellular matrix, are collectively known as fibroplasia. Cytokines, especially PDGF and
TGF-� (Heldin and Westermark, 1996; Roberts and Sporn, 1996), in concert with the provisional
matrix molecules (Brown et al., 1993; Gray et al., 1993; Xu and Clark, 1996), presumably stim-
ulate fibroblasts of the periwound tissue to proliferate, express appropriate integrin receptors, and
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Fig. 61.2. Provisional matrix in-
tegrin expression is the rate-lim-
iting step in granulation tissue in-
duction. Once the appropriate
integrins are expressed on peri-
wound endothelial cells and fi-
broblasts on day 3, the cells in-
vade the wound space shortly
thereafter (on days 4 and 5). Fi-
broblasts and endothelial cells
express the fibrinogen/fibrin re-
ceptor �vb3 and therefore are
able to invade the fibrin clot; the
epidermis, however, does not ex-
press �vb3 and therefore dissects
under the clot. Ultimately the
clot that has not been trans-
formed into granulation tissue by
invading fibroblasts and en-
dothelial cells is dissected free of
the wound and sloughed as es-
char.



migrate into the wound space. Many of these growth factors are released from platelets and
macrophages; however, fibroblasts can produce growth factors, to which they respond in an au-
tocrine fashion (Leof et al., 1986; Raines et al., 1989). Multiple complex, interactive biologic phe-
nomena occur within fibroblasts as they respond to wound cytokines, including the induction of
additional cytokines (Leof et al., 1986; Raines et al., 1989) and modulation of cytokine receptor
number or affinity) Oppenheimer et al., 1983; Assoian et al., 1984). In vivo studies support the
hypothesis that growth factors are active in wound repair fibroplasia. Several studies have demon-
strated that PDGF, PDGF-like peptides, TGF-�, TGF-�, HB-EGF, and FGF family members are
present at sites of tissue repair (Matsuoka and Grotendorst, 1989; Pierce et al., 1992; Werner et
al., 1992; Ansel et al., 1993; Levine et al., 1993; Marikovsky et al., 1993; Frank et al., 1996). Fur-
thermore, purified and recombinant-derived growth factors have been shown to stimulate wound
granulation tissue in normal and compromised animals (Sporn et al., 1983; Lynch et al., 1989;
Greenhalgh et al., 1990; Mustoe et al., 1991; Steed et al., 1992; Shah et al., 1995), and a single
growth factor may work both directly and indirectly by inducing the production of other growth
factors in situ (Mustoe et al., 1991).

Structural molecules of the early extracellular matrix, termed the “provisional matrix” (Clark
et al., 1982), contribute to tissue formation by providing a scaffold or conduit for cell migration
(fibronectin) (Greiling and Clark, 1997), low impedance for cell mobility (hyaluronic acid) (Toole,
1991), a reservoir for cytokines (Nathan and Sporn, 1991), and direct signals to the cells through
integrin receptors (Damsky and Werb, 1992). Fibronectin appearance in the periwound environ-
ment as well as the expression of fibronectin receptors appear to be critical rate-limiting steps in
granulation tissue formation (Clark et al., 1996b; Gailit et al., 1996; McClain et al., 1996; Xu and
Clark, 1996; Greiling and Clark, 1997). In addition, a dynamic reciprocity between fibroblasts
and their surrounding extracellular matrix creates further complexity. That is, fibroblasts affect the
extracellular matrix through new synthesis, deposition, and remodeling of the extracellular matrix
(Kurkinen et al., 1980; Welch et al., 1990), whereas the extracellular matrix affects fibroblasts by
regulating their function, including their ability to synthesize, deposit, remodel, and generally in-
teract with the extracellular matrix (Mauch et al., 1988; Grinnell, 1994; Clark et al., 1995; Xu and
Clark, 1996). Thus the interactions between extracellular matrix and fibroblasts dynamically
evolve during granulation tissue development.

As fibroblasts migrate into the wound space, they initially penetrate the blood clot composed
of fibrin and lesser amounts of fibronectin and vitronectin. Fibroblasts presumably require fi-
bronectin in vivo for movement from the periwound collagenous matrix into the fibrin/fibro-
nectin-laden wound space, as they do in vitro for migration from a three-dimensional collagen gel
into a fibrin gel (Greiling and Clark, 1997). Fibroblasts bind to fibronectin through receptors of
the integrin superfamily (Table 61.1) (Hynes, 1992; Yamada et al., 1996). The Arg-Gly-Asp-Ser
(RGDS) tetrapeptide within the cell-binding domain of these proteins is critical for binding to the
integrin receptors �3�1, �5�1, �v�1, �v�3, and �v�5. In addition, the CSIII domain of fi-
bronectin provides a second binding site for human dermal fibroblasts via the �4�1 integrin re-
ceptor (Gailit et al., 1993). In vivo studies have shown that the RGD-dependent, fibronectin re-
ceptors �3�1 and �5�1 are up-regulated on periwound fibroblasts the day prior to granulation
tissue formation and on early granulation tissue fibroblasts as they infiltrate the provisional ma-
trix-laden wound (Xu and Clark, 1996). In contrast, the non-RGD-binding �1�1 and �2�1 col-
lagen receptors on these fibroblasts were either suppressed or did not appear to change apprecia-
bly (Gailit et al., 1996; Xu and Clark, 1996).

Both PDGF and TGF-� can stimulate fibroblasts to migrate (Seppa et al., 1982; Senior et al.,
1985; Postlethwaite et al., 1987) and can up-regulate integrin receptors (Heino et al., 1989; Ahlen
and Rubin, 1994; Gailit et al., 1996). Therefore these growth factors may be partially responsible
for inducing a migrating-fibroblast phenotype. Interestingly, PDGF increases �3�1 and �5�1
while decreasing �1�1 in cultured human dermal fibroblasts (Gailit et al., 1996). Furthermore,
fibronectin- or fibrin-rich environments promote the ability of PDGF to increase �3�1 and �5�1,
but not �2�1, mRNA steady-state levels by increasing the stability of these mRNA moieties (Xu
and Clark, 1996). This suggests a positive feedback loop between the extracellular matrix and ex-
tracellular matrix receptors. In vitro fibroblast migration has also been observed in response to a
variety of chemoattractants, including fragments of the fifth component of complement (Senior
et al., 1988); types I, II, and III collagen-derived peptides (Postlethwaite and Kang, 1976); a fi-
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bronectin fragment (Postlethwaite et al., 1981); elastin-derived peptides (Senior et al., 1980); and
interleukin-4 (Postlethwaite and Seyer, 1991).

Movement into a cross-linked fibrin blood clot or any tightly woven extracellular matrix may
also necessitate an active proteolytic system that can cleave a path for migration. A variety of fi-
broblast-derived enzymes in conjunction with serum-derived plasmin are potential candidates for
this task, including plasminogen activator, interstitial collagenase-1 and -3 (MMP-1 and MMP-
13, respectively), the 72-kDa gelatinase A (MMP-2), and stromelysin (MMP-3) (Mignatti et al.,
1996; Vaalamo et al., 1997). In fact, high levels of immunoreactive MMP-1 have been localized
to fibroblasts at the interface of granulation tissue with eschar in burn wounds (Stricklin and Nan-
ney, 1994) and many stromal cells stain for MMP-1 and MMP-13 in chronic ulcers (Vaalamo et
al., 1997). Although TGF-� down-regulates proteinase activity (Laiho et al., 1987; Overall et al.,
1989), PDGF stimulates the production and secretion of these proteinases (Circolo et al., 1991).

Once the fibroblasts have migrated into the wound they gradually switch their major func-
tion to protein synthesis (Welch et al., 1990). Ultimately the migratory phenotype is completely
supplanted by a profibrotic phenotype characterized by decreased �3�1 and �5�1 provisional ma-
trix receptor expression, increased �2�1 collagen receptor expression, abundant rough endoplas-
mic recticulum, and Golgi apparatus filled with new collagen protein (Welch et al., 1990; Xu and
Clark, 1996). The fibronectin-rich provisional matrix is gradually supplanted with a collagenous
matrix (Welch et al., 1990; Clark et al., 1995). Under these conditions, PDGF, which is still abun-
dant in these wounds (Pierce et al., 1995), stimulates extremely high levels of �2�1 collagen re-
ceptor, but not �3�1 or �5�1 provisional matrix receptors, supporting the contention that the
extracellular matrix provides a positive feedback for integrin expression (Xu and Clark, 1996).
TGF-�, which is observed in wound fibroblasts at this time (Clark et al., 1995), can induce fi-
broblasts to produce great quantities of collagen (Ignotz and Massague, 1986; Roberts et al., 1986).
IL-4 also can induce a modest increase in types I and III collagen production (Postlethwaite et al.,
1992). Because IL-4-producing mast cells are present in healing wounds, as well as fibrotic tissue,
they may contribute to collagenous matrix accumulation in these sites.

Once an abundant collagen matrix is deposited in the wound, fibroblasts cease collagen pro-
duction despite the continuing presence of TGF-� (Clark et al., 1995). The stimuli responsible
for fibroblast proliferation and matrix synthesis during wound repair were originally extrapolated
from many in vitro investigations over the past two decades and then confirmed by in vivo ma-
nipulation of wounds within the past 10 years (Sprugel et al., 1987; Pierce et al., 1991; Schultz et
al., 1991). Less attention had been directed toward elucidating the signals responsible for down-
regulating fibroblast proliferation and matrix synthesis. Both in vitro and in vivo studies suggest
that �-interferon may be one such factor (Duncan and Berman, 1985; Granstein et al., 1987). In
addition, collagen matrix can suppress both fibroblast proliferation and fibroblast collagen syn-
thesis (Grinnell, 1994; Clark et al., 1995). In contrast, a fibrin or fibronectin matrix has little or
no suppressive effect on the mitogenic or synthetic potential of fibroblasts (Clark et al., 1995; Tuan
et al., 1996).

Although the attenuated fibroblast activity in collagen gels is not associated with cell death,
many fibroblasts in day 10 healing wounds develop pyknotic nuclei (Desmouliere et al., 1995), a
cytological marker for apoptosis or programmed cell death (Williams, 1991), as well as other signs
of apoptosis. These results in studies of cutaneous wounds and other results in studies of lungs and
kidney suggest that apoptosis is the mechanism responsible for the transition from a fibroblast-
rich granulation tissue to a relatively acellular scar (Desmouliere et al., 1997). The signal(s) for
wound fibroblast apoptosis have not been elucidated. Thus fibroplasia in wound repair is tightly
regulated, whereas, in fibrotic diseases such as keloid formation, morphea, and scleroderma, these
processes become dysregulated.

Neovascularization
Fibroplasia would halt if neovascularization failed to accompany the newly forming complex

of fibroblasts and extracellular matrix. The process of new blood vessel formation is called angio-
genesis (Madri et al., 1996), and has been extensively studied in the chick chorioallantoic mem-
brane and the cornea (Folkman and Shing, 1992). The soluble factors that can stimulate angio-
genesis in wound repair are gradually being elucidated (Roesel and Nanney, 1995), but the factors
that do stimulate wound angiogenesis are less clear. Angiogenic activity can be recovered from ac-
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tivated macrophages as well as various tissues, including the epidermis, soft tissue wounds, and sol-
id tumors. Some years ago acidic or basic fibroblast growth factor (aFGF and bFGF) appeared to
be responsible for most of these activities (Folkman and Klagsbrun, 1987), but other molecules
have now also been shown to have angiogenic activity. These include vascular endothelial growth
factor (VEGF) (Keck et al., 1989), TGF-� (Yang and Moses, 1990), TGF-� (Schreiber et al.,
1986), tumor necrosis factor � (TNF-� (Leibovich et al., 1987), platelet factor 4 (PF4) (Mon-
trucchio et al., 1994), angiogenin (Vallee and Riordan, 1997), angiotropin (Hockel et al., 1988),
angiopoietin (Suri et al., 1996), interleukin-8 (Koch et al., 1992), PDGF (Battegay et al., 1994),
thrombospondin (Nicosia and Tuszynski, 1994), low-molecular-weight substances, including the
peptide KGHK (Lane et al., 1994), low oxygen tension, biogenic amines, and lactic acid (Folk-
man and Shing, 1992), and nitric oxide (NO) (Montrucchio et al., 1997). Some of these factors,
however, are intermediaries in a single angiogenesis pathway, for example TNF-� induces PF4,
which stimulates angiogenesis through NO (Montrucchio et al., 1997).

Angiogenesis cannot be directly related to proliferation of cultured endothelial cells. In fact,
Folkman (Folkman and Shing, 1992) has postulated that endothelial cell migration can induce
proliferation. If this is true, endothelial cell chemotactic factors may be critical for angiogenesis.
Some factors, of course, may have both mitogenic and chemotactic activities. For example, PDGF
(Senior et al., 1985) and EGF (Chen et al., 1994) can be either chemotactic factors or mitogenic
factors for dermal fibroblasts.

Besides growth factors and chemotactic factors, an appropriate extracellular matrix is also nec-
essary for angiogenesis. Three-dimensional gels of extracellular matrix proteins have more pro-
nounced effects on cultured endothelial cells than do monolayer protein coats (Feng et al., 1999a),
as has been observed with smooth muscle cells (Koyama et al., 1996). Rat epididymal microvas-
cular cells cultured in type I collagen gels with TGF-� produce capillary-like structures within 1
week (Madri et al., 1988). Omission of TGF-� markedly reduces the effect. In contrast, laminin-
containing gels in the absence of growth factors induce human umbilical vein and dermal mi-
crovascular cells to produce capillary-like structures within 24 hr of plating (Kubota et al., 1988).
Matrix-bound thrombospondin also promotes angiogenesis (Nicosia and Tuszynski, 1994), pos-
sibly through its ability to activate TGF-� (Schultz-Cherry and Murphy-Ullrich, 1993). We have
developed a sprouting angiogenesis assay using neonatal human dermal microvascular endothelial
cells (HDMECs) and have shown that fibrin, but not collagen, gels support sprouting angiogen-
esis (Feng et al., 1999b). These studies support the hypothesis that the extracellular matrix plays
an important role in angiogenesis. Consonant with this hypothesis, angiogenesis in the chick
chorioallantoic membrane is dependent on the expression of �v�3, an integrin that recognizes fi-
brin and fibronectin, as well as vitronectin (Brooks et al., 1994a). Furthermore, in porcine cuta-
neous wounds �v�3 is expressed only on capillary sprouts as they invade the fibrin clot (Clark et
al., 1996b). In vitro studies in fact demonstrate that �v�3 can promote endothelial cell migration
on provisional matrix proteins (Leavesley et al., 1993).

Given the information outlined above, a series of events leading to angiogenesis can be hy-
pothesized. Substantial injury causes tissue cell destruction and hypoxia. Potent angiogenesis fac-
tors such as FGF-1 and FGF-2 are released secondary to cell disruption whereas VEGF is induced
by hypoxia. Proteolytic enzymes released into the connective tissue degrade extracellular matrix
proteins. Specific fragments from collagen, fibronectin, and elastin, as well as many phylogistic
agents, recruit peripheral blood monocytes to the injured site, where these cells become activated
macrophages that release more angiogenesis factors. Certain angiogenic factors, such as FGF-2,
stimulate endothelial cells to release plasminogen activator and procollagenase. Plasminogen acti-
vator converts plasminogen to plasmin and procollagenase to active collagenase and in concert
these two proteases digest basement membrane constituents.

The fragmentation of the basement membrane allows endothelial cells to migrate into the in-
jured site in response to FGF, fibronectin fragments, heparin released from disrupted mast cells,
and other endothelial cell chemoattractants. To migrate into the fibrin/fibronectin-rich wound,
endothelial cells express �v�3 integrin. The newly forming blood vessels first deposit a provision-
al matrix containing fibronectin and proteoglycans, but ultimately form basement membrane.
TGF-� may induce endothelial cells to produce the fibronectin and proteoglycan provisional ma-
trix as well as assume the correct phenotype for capillary tube formation. FGF and other mitogens
such as VEGF stimulate endothelial cell proliferation, resulting in a continual supply of endothe-
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lial cells for capillary extension. Capillary sprouts eventually branch at their tips and join to form
capillary loops through which blood flow begins. New sprouts then extend from these loops to
form a capillary plexus.

Within a day or two after removal of angiogenic stimuli, capillaries undergo regression as char-
acterized by mitochondria swelling in the endothelial cells at the distal tips of the capillaries,
platelet adherence to degenerating endothelial cells, vascular stasis, endothelial cell necrosis, and
ingestion of the effete capillaries by macrophages. Although �v�3 has been shown to regulate
apoptosis of endothelial cells in culture and in tumors (Brooks et al., 1994b), �v�3 is not present
on wound endothelial cells as they undergo programmed cell death, indicating another pathway
of apoptosis in healing wound blood vessels (X. Feng, R.A.F. Clark, and M. G. Tonnesen, un-
published observations). Thrombospondin appears to be a good candidate for this phenomenon
(DiPietro et al., 1996).

Recombinant Growth Factors for Wound Healing
With the development of recombinant DNA technology the production of large quantities

of growth factors is now possible, leading to an increased interest in their potential therapeutic role
in wound healing. The four families of growth factors that have shown the greatest potential for
enhancing wound repair include the EGF family, the FGF family, the PDGF family, and the TGF-
� family.

The EGF family of growth factors includes EGF, TGF-�, and HB-EGF. As mentioned in the
previous discussion of epithelialization, these growth factors are potent keratinocyte mitogens and
motogens (promote cellular motility) that are released at the site of injury (Feliciani et al., 1996).
Attempts to enhance healing of burns by application of EGF or TGF-� in animals have led to con-
flicting results. Although some have noted enhancement (Brown et al., 1989), other studies have
failed to demonstrate consistent and significant biologic effects when EGF was applied to either
partial- or full-thickness burns in pigs (Danilenko et al., 1995). Limited acceleration of healing of
chronic venous stasis ulcers has similarly been demonstrated in humans with EGF (Brown et al.,
1991; Falanga et al., 1992).

The family of FGF includes multiple polypeptides that stimulate proliferation of both ker-
atinocytes and fibroblasts. In excisional wound animal models, basic FGF (FGF-2) significantly
increases both granulation tissue formation and reepithelialization (Pierce et al., 1992). FGF has
been shown to enhance the healing of chronic pressure sores in a limited number of paraplegics
(Robson et al., 1992a). Larger studies sponsored by the pharmaceutical industry, however, failed
to show clinical benefit.

The superfamily of PDGF includes PDGF and VEGF. PDGF occurs in three isoforms
PDGF-AA, -AB, and -BB (Heldin, 1992). The latter two isoforms are the most potent and are se-
creted by platelets (PDGF-AB), macrophages (PDGF-BB), and epidermal cells (PDGF-BB) in re-
sponse to injury or other perturbations and cause substantial proliferation of fibroblasts (Heldin
and Westermark, 1996). Application of PDGF to incisional wounds has resulted in more rapid
healing. PDGF has also stimulated reepithelialization and granulation tissue formation in animal
excisional wound models and burns (Pierce et al., 1992; Danilenko et al., 1995). Clinical trials us-
ing PDGF for the treatment of pressure sores and diabetic ulcers have been encouraging, demon-
strating more rapid and complete healing in wounds treated with PDGF (Robson et al., 1992b;
Steed, 1995). Recombinant PDGF-BB, in fact, is the first recombinant growth factor to gain ap-
proval by the Food and Drug Administration (FDA) with an indication to enhance healing of di-
abetic foot ulcers. This factor has been placed on the market as Regranex by Ortho-McNeil Phar-
maceuticals.

VEGF is secreted by keratinocytes and macrophages and induces vascular permeability as well
as angiogenesis (Iruela-Arispe and Dvorak, 1997). It has been shown to enhance healing of gastric
and duodenal ulcers (Folkman, 1995) and is currently under investigation for use in the treatment
of ischemic tissues (Isner, 1997). Other isoforms of VEGF have been described (Veikkola and Al-
italo, 1999), but no animal or clinical data are available at this time.

Within another large family, TGF-� has three isoforms that are chemotactic for macrophages
and are potent stimulators of procollagen type I and fibronectin (Roberts and Sporn, 1996). Mul-
tiple animal studies have demonstrated the ability of TGF-�1 and TGF-�2 to enhance wound
healing (Davidson et al., 1985; Mustoe et al., 1987; Ksander et al., 1990). Preliminary human
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studies suggest that TGF-�2 may be of benefit in the treatment of venous stasis ulcers (Robson et
al., 1995). Both TGF-�1 and TGF-�2 have been shown to increase scar formation in wound mod-
els (Border and Noble, 1994), whereas application of neutralizing antibodies has been shown to
reduce scarring (Shah et al., 1994). Interestingly, TGF-�3 has also been shown to reduce scar for-
mation in rat incisions (Shah et al., 1995), but this finding is under debate.

Other Cytokines
Growth hormone has been studied and found to be of benefit in the treatment of donor sites

in both children and adults with extensive burns (Herndon et al., 1990, 1995). Granulocyte–
macrophage colony-stimulating factor (GM-CSF) and monocyte colony-stimulating factor (M-
CSF) are potent stimulators of monocyte activation and chemotaxis and have been shown to ac-
celerate healing of wounds in rats (Middleton and Aukerman, 1991; Jyung et al., 1994). In con-
trast, granulocyte colony-stimulating factor (G-CSF) has not had any beneficial effects on wound
healing. Interleukin-1�, which is chemotactic for neutrophils and macrophages, has been evalu-
ated in the management of pressure sores (Robson et al., 1994).

Although clinical experience with growth factors and other mediators is limited, overall re-
sults have been discouraging. This is not surprising when one considers that wound repair is the
result of a complex set of interactions between soluble cytokines, formed blood elements, extra-
cellular matrix, and cells. It is possible that combinations of various mediators given at precisely
timed intervals will be more efficacious at promoting wound healing. Indeed, synergistic effects
on wound healing have been demonstrated for the following combinations: IGF-1 and PDGF
(Lynch et al., 1989; Greenhalgh et al., 1993), TGF-� and PDFG (Brown et al., 1994), and KGF
and PDGF (Danilenko et al., 1995).

Dermal Substitutes
The use of cultured keratinocytes to enhance wound healing has met with success, but it lacks

a dermal component that would help prevent wound contraction and provide greater mechanical
stability. Allografts of cadaver skin containing dermis have been used for many years yet provide
only temporary coverage due their rejection by the host. However, this skin can be chemically treat-
ed to remove the antigenic epidermal cellular elements (Alloderm; Life Cell Corporation; Wood-
lands, TX) and has been used alone or in combination with cultured autologous keratinocytes for
closure of various wounds and burns (Cuono et al., 1986; Kraut et al., 1995).

In 1981 Burke et al. developed a composite skin graft made of a collagen-based dermal lat-
tice (containing bovine collagen and chondroitin 6-sulfate) with an outer silicone covering. After
placement on the wound, the dermal component is slowly degraded. Several weeks later the silas-
tic sheet is removed and covered with an autograft. This composite graft has been used success-
fully to treat burns (Heimbach et al., 1988) and has received FDA approval for this indication (In-
tegra; Integra Life Sciences Corporation; Plainsboro, NJ). A similar product, in which the silastic
outer covering is replaced with human keratinocytes and the dermal component includes viable
fibroblasts, has also been used successfully in burns and chronic wounds (Boyce et al., 1995).

Another rendition of a dermal substitute is Trancyte (Dermagraft-TC) (Advanced Tissue Sci-
ences Inc.; La Jolla, CA). This consists of an inner nylon mesh in which human fibroblasts are em-
bedded together with an outer silastic layer to limit evaporation. The fibroblasts are lysed in the
final product by freeze–thawing. Prior to lysis, the fibroblasts had manufactured collagen, matrix
proteins, and cytokines, all of which promote wound healing by the host. Trancyte has been used
successfully as a temporary wound coverage after excision of burn wounds (Purdue, 1996), and
has been approved by the FDA for this indication. Dermagraft is a modification of this product
in which a biodegradable polygalactin mesh is used instead of a silastic layer and the fibroblasts re-
main viable. Use of this dermal substitute has had limited success in the treatment of diabetic foot
ulcers (Genzkow et al., 1996).

Combined Dermal and Epidermal Substitutes
Bell was the first to describe a bilayered model of skin consisting of a collagen lattice with der-

mal fibroblasts that was covered with epidermal cells (Bell et al., 1981). Modification of this hu-
man skin equivalent (HSE) composite consisting of type I bovine collagen and live allogeneic 
human skin fibroblasts and keratinocytes has been developed (Apligraf; Organogenesis; Canton,
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MA). It has been used successfully in surgical wounds (Eaglstein et al., 1995) and venous ulcers
(Sabolinski et al., 1996). In a large multicenter trial this product resulted in accelerated healing of
chronic nonhealing venous stasis ulcers when compared to standard compressive therapy (Falan-
ga et al., 1998). Both Apligraf (for venous stasis ulcers) and Dermagraft (for diabetic neurotroph-
ic ulcerations) have been available in Canada since 1997. Apligraf has become available in the Unit-
ed States as well, although Dermagraft is still awaiting approval by the FDA.

Several other composite skin substitutes combining dermal and epidermal elements have been
developed. Composite cultured skin (CCS; Ortec International Inc.; New York, NY) is composed
of both neonatal keratinocytes and fibroblasts embedded in distinct layers of bovine type I colla-
gen. This product is being evaluated in clinical trials for the treatment of burns and in patients
with epidermolysis bullosa. More extensive comparative data of the various biologic dressings have
been published (Phillips, 1998).

“Smart” Matrix for Wound Healing
Our laboratory has taken an indirect approach to dermal repair, by creating “smart” (a trade-

mark name) matrix constructs that will provide a reparative dressing or packing material for acute
and chronic wounds and in addition facilitate granulation tissue formation (patent issued). The
first construct will be a recombinant fibronectin mutant composed of the three cell-binding do-
mains (described below) conjugated to a matrix backbone of hyaluronan. Using a testing system
(patent issued) wherein fibroblasts move from a collagen gel onto a surface coated with protein,
various combinations of recombinant fibronectin fragments (Barkalow and Schwarzbauer, 1994),
as well as the enzymatically derived 120-kDa fibronectin fragment, have been tested for their abil-
ity to permit fibroblast movement.

The 120-kDa enzymatically derived fragment, which contains cell-binding peptides limited
to the classic RGD domain (Pierschbacher and Ruoslahti, 1984) and the PHSRN synergy site
(Obara et al., 1988), does not permit fibroblast movement. Furthermore, recombinant proteins
containing the Hep II domain (Heparin II domain; HV0) have little, if any activity. However,
combinations of the 120-kDa fragment with the Hep II domain do permit fibroblast motility. A
recombinant protein containing both the classic cell-binding domain and the Hep II domain also
allows movement, but no better than the combination of the 120-kDa fragment and the Hep II
domain. These studies demonstrate that the classic cell-binding domain plus the Hep II domain
are necessary and sufficient to permit fibroblast movement, but the movement is submaximal com-
pared to intact fibronectin. Maximum movement, however, is attained when the IIICS domain is
present along with the 120-kDa fragment and Hep II domain. A recombinant protein containing
the classic cell-binding domain, the Hep II domain, and the IIICS domain also promotes maxi-
mal migration. Thus, the classic cell-binding domain plus the Hep II domain plus the IIICS do-
main are necessary and sufficient to allow maximal fibroblast movement compared to intact fi-
bronectin.

In experiments in which synthetic CS1, CS5, and HI through HV fibronectin peptides were
added to the fibrin gel, we found that CS1 and CS5, when added separately to the assay, enhanced
PDGF-stimulated fibroblast movement from collagen gels into the fibrin gel, whereas HI, HII,
HIV, and HV, but not HIII, inhibited this movement. In contrast, when CS1 and CS5 were added
to the in vitro assay together, they inhibited fibroblast migration. Thus, HI, HII, HIV, HV, and
either CS1 or CS5, together with RGDS and possibly PHSRN, are necessary for mesenchymal
cell migration.

Composites will be tested for their ability to permit or promote fibroblast transmigration from
a collagen organotypic construct into the interstices of the composites. All composites that have
the capacity to permit or promote fibroblast migration in vitro will be tested for their capacity to
promote cutaneous wound repair in vivo (McClain et al., 1996). The matrix will be biocompati-
ble and absorbable over a several-week period.

WOUND CONTRACTION AND EXTRACELLULAR 
MATRIX REORGANIZATION

During the second and third week of healing, fibroblasts begin to assume a myofibroblast phe-
notype characterized by large bundles of actin-containing microfilaments disposed along the cy-
toplasmic face of the plasma membrane and the establishment of cell–cell and cell–matrix link-
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ages (Welch et al., 1990). In some (Darby and Gabbiani, 1990), but not all (Welch et al., 1990),
wound situations myofibroblasts express smooth muscle actin. Interestingly, TGF-� can induce
cultured human fibroblasts to express smooth muscle actin (Desmouliere et al., 1993) and may
also be responsible for its expression in vivo.

The appearance of the myofibroblasts corresponds to the commencement of connective tis-
sue compaction and the contraction of the wound. Fibroblasts link to the extracellular fibronectin
matrix through �5�1 (Welch et al., 1990), to collagen matrix through �1�1 and �2�1 collagen
receptors (Ignatius et al., 1990), and to each other through direct adherens junctions (Welch et al.,
1990). Fibroblast �2�1 receptors are markedly up-regulated in 7-day-old wounds (Xu and Clark,
1996), a time when new collagenous matrix is accumulating and fibroblasts are beginning to align
with collagenous fibrils through cell–matrix connections (Welch et al., 1990). New collagen bun-
dles in turn have the capacity to join end to end with collagen bundles at the wound edge and 
ultimately to form covalent cross-links among themselves and with the collagen bundles of the ad-
jacent dermis (Yamauchi et al., 1987; Birk et al., 1989). These cell–cell, cell–matrix, and matrix–
matrix links provide a network across the wound whereby the traction of fibroblasts on their peri-
cellular matrix can be transmitted across the wound (Singer et al., 1984).

Cultured fibroblasts dispersed within a hydrated collagen gel provide a functional in vitro
model of tissue contraction (Bell et al., 1979). When serum is added to the admixture, contrac-
tion of the collagen matrix occurs over the course of a few days. When observed with time-lapse
microphotography, collagen condensation appears to result from a “collection of collagen bundles”
executed by fibroblasts as they extend and retract pseudopodia attached to collagen fibers (Bell et
al., 1983). The transmission of these traction forces across the in vitro collagen matrix depends on
two linkage events: fibroblast attachment to the collagen matrix through the �2�1 integrin re-
ceptors (Schiro et al., 1991) and cross-links between the individual collagen bundles (Woodley et
al., 1991). This linkage system probably plays a significant role in the in vivo situation of wound
contraction as well. In addition, cell–cell adhesions and cell–fibronectin linkages appear to pro-
vide an additional means by which the traction forces of the myofibroblast may be transmitted
across the wound matrix.

F-Actin bundle arrays, cell–cell and cell–matrix linkages, and collagen cross-links are all facets
of the biomechanics of extracellular matrix contraction. The contraction process, however, needs
a cytokine signal. In fact, cultured fibroblasts mixed in a collagen gel contract the collagen matrix
only if serum is added to the medium (Bell et al., 1979). PDGF, the major fibroblast mitogen
serum, in fact, stimulates fibroblast contraction of the collagen matrix (Clark et al., 1989). PDGF
is abundant in wounds (Ansel et al., 1993), thus it may also provide the signal for wound con-
traction. TGF-� has also been shown to stimulate fibroblast-driven collagen gel contraction (Reed
et al., 1994). Because this factor persists in wound fibroblasts during the time of tissue contrac-
tion (Clark et al., 1995), it is an additional candidate for the stimulus of contraction. Perhaps both
PDGF and TGF-� signal wound contraction—one more example of the many redundancies ob-
served in the critical processes of wound healing. In summary, wound contraction represents a
complex and masterfully orchestrated interaction of cells, extracellular matrix, and cytokines.

Collagen remodeling during the transition from granulation tissue to scar is dependent on
continued collagen synthesis and collagen catabolism. The degradation of wound collagen is con-
trolled by a variety of collagenase enzymes from macrophages, epidermal cells, and fibroblasts.
These collagenases are specific for particular types of collagens but most cells probably contain two
or more different types of these enzymes (Hasty et al., 1986). Three matrix metalloproteinases have
been described that have the ability to cleave native collagen: MMP-1, or classic interstitial colla-
genase, which cleaves types, I, II, III, XIII, and X collagens (Grant et al., 1987); neutrophil colla-
genase (Hasty et al., 1990); and a novel collagenase produced by breast carcinomas and prominent
in chronic wounds (Vaalamo et al., 1997). It is not known whether interstitial collagenases, other
than MMP-1, are active in the remodeling stage of human wound repair (Saarialho-Kere et al.,
1993; Stricklin and Nanney, 1994).

Other MMPs potentially important in wound repair include two gelatinases, 72-kDa gelati-
nase A (MMP-2) and 92-kDa gelatinase B (MMP-9), with identical substrate specificity to de-
grade denatured collagens of all types as well as native types V and XI collagens (Hibbs et al., 1987;
Stetler-Stevenson et al., 1989); and stromelysin-1, -2, and -3, which degrade a wide variety of sub-
strates, including types III, IV, V, VII, and IX collagens as well as proteoglycans and glycoproteins
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(Saus et al., 1988; Murphy et al., 1991). Although gelatinase A and B are expressed in early wounds
(Salo et al., 1994), they may play a lesser role in later tissue remodeling. Gelatinase A is produced
constitutively by many cells and is up-regulated only by TGF-� (Overall et al., 1991), whereas
gelatinase B is subject it to regulation by a variety of physiologic signals, because its promoter con-
tains two AP-1 regulatory elements (Huhtala et al., 1991). Two other metalloproteinases that do
not belong to the above subgroups are macrophage metalloelastase (Shapiro et al., 1993) and a
novel transmembrane metalloproteinase that can activate secreted progelatinase A (Sato et al.,
1994). MMP enzymatic activities are controlled by various inhibitor counterparts called tissue in-
hibitors of metalloproteinases (TIMPs), which are finely regulated during wound repair (Madlen-
er et al., 1998).

Cytokines such as TGF-�, PDGF, and IL-1 plus the extracellular matrix clearly play an im-
portant role in the modulation of collagenase and TIMP expression in vivo (Circolo et al., 1991;
Sporn and Roberts, 1992; Huhtala et al., 1995). Interestingly, type I collagen induces MMP-1 ex-
pression through the �2�1 collagen receptor while suppressing collagen synthesis through the
�1�1 collagen receptor (Langholz et al., 1996). Type I collagen also induces expression of �2�1
receptors (Klein et al., 1991; Xu and Clark, 1996), thus collagen can induce the receptor that sig-
nals a collagen degradation–remodeling phenotype. Such dynamic, reciprocal cell–matrix inter-
actions probably occur generally during tissue formation and remodeling processes such as mor-
phogenesis, tumor growth, and wound healing, to name a few.

Wounds gain only about 20% of their final strength by the third week, during which time
fibrillar collagen has accumulated relatively rapidly and has been remodeled by myofibroblast con-
traction of the wound. Thereafter the rate at which wounds gain tensile strength is slow, reflect-
ing a much slower rate of collagen accumulation. In fact, the gradual gain in tensile strength has
less to do with new collagen deposition than with further collagen remodeling, with formation of
larger collagen bundles and an accumulation of intermolecular cross-links (Bailey et al., 1975).
Nevertheless, wounds fail to attain the same breaking strength as uninjured skin. At maximum
strength, a scar is only 70% as strong as intact skin (Levenson et al., 1965).

Therapies Designed to Reduce Scarring
Fetal healing is characterized by lack of scarring. The relative lack of TGF-�1, a profibrotic

cytokine, in fetal skin may help explain why the fetus heals without scarring (Adzick and Lorenz,
1994). Studies using neutralizing antibodies to TGF-�1 and TGF-�2, as well as using TGF-�3,
which down-regulates the other TGF-� isoforms, have resulted in reduced scarring, supporting
the central role of TGF-�1 in scar formation (Shah et al., 1995). Several strategies are being used
to block TGF-�1 and TGF-�2 in wounds in an attempt to attenuate scar formation.
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Skin
Nancy L. Parenteau, Janet Hardin-Young, and Robert N. Ross

INTRODUCTION

The engineering of skin tissue has been at the forefront of tissue engineering for many years and
has now yielded some of the first medical products to emerge from this field of work. This is

the result of work over the past 25 years in the areas of keratinocyte cell biology, extracellular ma-
trix biology, collagen scaffolds, polymer scaffolds, and tissue equivalents. The repair of skin using
tissue engineering has taken on many forms—from simple to complex. In this chapter the vari-
ous strategies are discussed, with an emphasis on the biologic relevance of each to normal skin
structure and function and the healing of wounds.

Skin wounds normally heal by formation of epithelialized scar tissue rather than by regener-
ation of full-thickness skin. Consequently, strategies for the clinical management of wound heal-
ing have depended historically on providing a passive cover to the site of the wound during the
period required for the reparative mechanisms of wound healing: reepithelialization, remodeling
of granulation tissue, and formation of scar tissue. Therapy could do little more than facilitate these
little understood processes. But recent advances in our understanding of fetal wound healing, the
concerted action of several growth factors, the role of the extracellular matrix in regulating the heal-
ing process, and the demonstrated ability of epidermal sheet grafts to close severe wounds not raise
the possibility of intervening therapeutically in tissue repair by providing lost epithelium, stimu-
lating dermal regeneration, and reconstituting full-thickness skin.

Tissue-engineered skin substitutes composed of autologous epidermal cell sheets (Epicel,
Genzyme Tissue Repair, Cambridge, MA), dermal substrates (Integra Artificial Skin, Integra Life
Sciences, Plainsboro, NJ; Alloderm, Lifecell Corporation, Woodlands, TX; Dermagraft, Advanced
Tissue Sciences, La Jolla, CA), or temporary coverings (Transcyte, Advanced Tissue Sciences and
Smith and Nephew) and a human skin equivalent (HSE) composed of both living dermal and epi-
dermal components [Apligraf* (Graftskin) HSE, Organogenesis Inc., Canton, MA] are now avail-
able, or nearly so, for the treatment of acute and chronic wounds. These products represent the
first of their kind and are the result of basic research in the biology of skin and wound healing and
clinical experience with skin grafts, cultured keratinocyte grafts, acellular collagen matrices, cellu-
lar matrices, and cultured composite grafts (Eaglstein and Falanga, 1997; Mian et al., 1992;
Palmieri, 1992; Zacchi, et al., 1998).

The dynamics of a chronic wound may be quite different from those of an acute wound. It is
not clear in venous ulcers, for instance, what pathologic mechanisms prevent the normal migra-
tion of the epidermis over the wound bed. It is hoped, however, that introducing the appropriate
factors and living cells into the engineered skin products will provide needed tissue and/or correct
the balance of elements, to promote the healing and repair of deep wounds (e.g., burns), large acute
wounds, and long-term chronic wounds (e.g., venous ulcers, diabetic ulcers and pressure ulcers).

CHAPTER 62

Principles of Tissue Engineering Copyright © 2000 by Academic Press.
Second Edition All rights of reproduction in any form reserved.

* Apligraf is a registered trademark of Novartis
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SKIN STRUCTURE AND FUNCTION
The passive and active functions of skin are carried out by specialized cells and structures lo-

cated in the two main layers of skin, the epidermis and the dermis (Fig. 62.1A). Complex func-
tional relationships between these two anatomic structures of skin maintain the normal properties
of skin. Tissue engineering applications in skin depend on an understanding of the structural com-
ponents of skin, their spatial organization, and their functional relationships.

The Epidermis
The skin is a physical barrier between the body and the external environment. The outermost

layer of skin, the epidermis, must therefore be tough and impermeable to toxic substances or harm-
ful organisms. It must also control the loss of water from the body to the relatively drier external
environment. The epidermis is composed primarily of keratinocytes, which form a stratified squa-
mous epithelium (Fig. 62.1). Proliferating cells in the basal layer of the epidermis anchor the epi-
dermis to the dermis and replenish the terminally differentiated epithelial cells lost through nor-
mal sloughing from the surface of the skin. These basal cells stop proliferating and terminally
differentiate as they move from the basal layer through the suprabasal layers to the surface of the
epidermis. Keratin filaments and desmosomes contribute physical strength in the living layers and
maintain the integrity of the epidermis.

The most superficial keratinocytes in the epidermis form the stratum corneum, the dead out-
ermost structure that provides the physical barrier of the skin. In the last stages of differentiation,
epithelial cells extrude lipids into the intercellular space to form the permeability barrier. The cells
break down their nuclei and other organelles and form a highly cross-linked protein envelope im-
mediately beneath their cell membranes. The physically and chemically resilient protein envelope
connects to a dense network of intracellular keratin filaments to provide further physical strength
to the epidermis. The cornified envelopes serve as the bricks and the lipids as mortar of the stra-
tum corneum.

Additional cells and structures in the epidermis perform specialized functions (Fig. 62.1A).
Skin plays a major role in alerting the immune system to potential environmental dangers. The
interacting cells in skin comprise a dynamic network capable of sensing a variety of perturbations
(trauma, ultraviolet irradiation, toxic chemicals, and pathogenic organisms) in the cutaneous en-
vironment and rapidly sending appropriate signals that alert and recruit other branches of the im-
mune system (Streilein, 1983; Bos and Kapsenberg, 1993). To restore homeostasis in the skin im-
mune system, the multiple proinflammatory signals generated by skin cells must eventually be
counterbalanced by mechanisms capable of promoting resolution of a cutaneous inflammatory re-
sponse. Dendritic cells of the immune system (Langerhans cells) reside in the epidermis and form
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Fig. 62.1. The basic components of skin and an engineered skin equivalent. (A) Diagram showing
the major cell types of skin and their organization. Note that stratified keratinocytes make up the
epidermis and display distinct morphological phenotypes. (B) A histologic section of Apligraf HSE
(hematoxylin and eosin; �142). Italics indicate cell types present in real skin but not in the engi-
neered skin equivalent.



a network of dendrites through which they interact with adjacent keratinocytes and nerves
(Streilein and Bergstresser, 1984). Melanocytes distribute melanin to keratinocytes in the form of
melanosomes. Melanin protects the epidermis and underlying dermis from ultraviolet radiation.
Sweat glands help to regulate body temperature through evaporation of sweat secreted onto the
skin surface. Sebaceous glands associated with hair follicles secrete sebum, an oily substance that
lubricates and moisturizes hair and epidermis. Hair keeps the body warm in many mammals, al-
though maintaining body temperature is not an important role for hair in humans. Hair follicles,
however, are an important source of proliferating keratinocytes during reepithelialization after se-
vere wounds.

The Dermis
The dermis underlies the epidermis. The dermis is divided into two regions: the papillary der-

mis, which lies immediately beneath the epidermis, and the deeper reticular dermis. The reticular
dermis is more acellular and has a denser meshwork of thicker collagen and elastic fibers compared
with the papillary dermis. The reticular dermis provides skin with most of its strength, flexibility,
and elasticity. Loss of reticular dermis can often lead to excessive scarring and wound contraction.

The dermis provides physical strength and flexibility to skin as well as the connective tissue
scaffolding that supports the extensive vasculature, lymphatic system, and nerve bundles. The der-
mis is relatively acellular, being composed predominantly of an extracellular matrix of interwoven
collagen fibrils. Interspersed among the collagen fibrils are elastic fibers, proteoglycans, and gly-
coproteins.

Fibroblasts, the major cell type of the dermis, produce and maintain most of the extracellu-
lar matrix. Endothelial cells line the blood vessels and play a critical role in the skin immune sys-
tem by controlling the extravasation of leukocytes. Cells of hematopoietic origin in the dermis
(e.g., macrophages, lymphocytes) contribute to surveillance function. A network of nerve fibers
extends throughout the dermis, which serves a sensory role in the skin (and, to a more limited ex-
tent, a motor function). These nerve fibers also secrete neuropeptides that influence immune and
inflammatory responses in skin through their effects on endothelial cells, leukocytes, and ker-
atinocytes (Williams and Kupper, 1996).

Immunology and the Skin
The first stage in the induction of a primary immune response in skin is the processing of

antigen by dendritic cells (Langerhans cells with dermal dendritic cells), the antigen-presenting
cells in skin. These cells process antigen and migrate out of the skin to the draining lymph node,
where they can recruit and activate T cells. The interaction of keratinocytes and fibroblasts with
T cells has important implications for the use of allogeneic cells in tissue engineering. Under nor-
mal conditions, keratinocytes and fibroblasts do not express major histocompatability complex
(MHC) class II antigens; they can be induced, however, by interferon-� to express MHC- class II
molecules and thereby acquire the ability to present antigen to T cells. Because the keratinocytes
and fibroblasts are deficient in the necessary costimulatory molecules (Nickoloff and Turka, 1994;
Phipps et al., 1989), antigen presentation by keratinocytes and fibroblasts does not result in T cell
activation. Instead, this antigen presentation can result in T cell nonresponsiveness (Gaspari and
Katz, 1988; Bal et al., 1990) or T cell anergy (Gaspari and Katz, 1991). Therefore, the primary
mode of skin rejection is likely mediated via an attack on the vasculature present in a normal skin
graft (Pober et al., 1986; Moulon et al., 1999).

Autologous skin grafts avoid issues of immunogenicity, of course, but autologous grafts have
significant limitations. Growing graft tissues from biopsy takes several weeks, the donor site cre-
ates another wound, and in some patients (e.g., severe burn patients) there may be no appropri-
ate donor site. Reproducibly making complex HSE constructs to order from autologous cells
would be technically difficult, time consuming, and very costly. Therefore, our ability to effectively
use allogeneic human cells is a key element in the success of engineered skin replacements.

The Process of Wound Healing
The immediate tissue response to wounding is clot formation to stop bleeding. Simultane-

ously, there is a release of inflammatory cytokines that regulate blood flow to the area, recruit lym-
phocytes and macrophages to fight infection, and later stimulate angiogenesis and collagen depo-
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sition (Williams and Kupper, 1996). These latter processes result in the formation of granulation
tissue, a highly vascularized and cellular wound connective tissue. Fibroblasts rich in actin, called
myofibroblasts (Desmouliere and Gabbiani, 1996), are recruited through the action of factors such
as platelet-derived growth factor (PDGF) and transforming growth factor � (TGF-�). Granula-
tion tissue forms in the wound bed, stimulated by factors such as PDGF. This tissue is gradually
replaced by scar tissue through the action of the myofibroblasts and factors such as TGF-�. Ker-
atinocytes are stimulated to proliferate and to migrate into the wound bed to restore epidermal
coverage. From our preclinical observations using both full-thickness HSE and dermal matrices,
coverage by the epidermis appears to play a key role in the regulation of the underlying inflam-
matory response. Providing a noninflammatory living connective tissue implant in the wound de-
fect also appears to be beneficial in directing the granulation response.

As this brief description shows, wound healing involves the interaction of many tissue factors
and elements. The poor healing response in chronic wounds has been attributed to an imbalance
of factors rather than to an insufficiency of any particular factor (Parenteau et al., 1997). Howev-
er, most, if not all, factor-based approaches have had marginal success. Identification of putative
wound healing factors has led to several attempts to speed wound healing by local application of
one or more factors that promote cell attachment and migration. Transforming growth factor-�,
epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), and platelet-derived
growth factor have been candidates for this purpose (McKay and Leigh, 1991; Martin et al., 1992;
Abraham and Klagsbrun, 1996; Nanney and King, 1996; Roberts and Sporn, 1996). Of these,
only PDGF has shown efficacy in clinical trials and is approved for clinical use (Regranex, Ortho
McNeil, Inc., Raritan, NJ). The arginine–glycine–aspartic acid (RGD) matrix peptide sequence
has been found to promote the migration of connective tissue cells, and thus stimulate production
of a dermal scaffold within the wound bed. This approach has been shown to accelerate healing
of sickle cell leg ulcers (Wethers et al., 1994) and diabetic ulcers (Steed et al., 1995), compared
with placebo, but not when compared with standard care. In addition, complex cell extracts have
been used in hopes of providing the appropriate mixture of elements. These include the use of
platelet extract to provide primarily platelet-derived growth factor (Knighton et al., 1989), and the
use of keratinocyte extracts to provide a complex mixture of elements of rapidly growing ker-
atinocytes (Duinslaiger et al., 1994); again, effects have been marginal, in part due to the complex
nature of the wound healing response (Nathan and Sporn, 1991). In addition, the use of factors
is not a sufficient approach, in and of itself, in situations where there is severe or massive loss of
skin tissue.

Why should living tissue be different in its response? The epidermal and dermal responses are
regulated by inflammatory cytokines and by autocrine and paracrine factors produced by the der-
mal fibroblasts and epidermal keratinocytes (Ansel et al., 1990; McKay and Leigh, 1991). These
factors regulate growth and differentiation of keratinocytes, proinflammatory reaction, angiogen-
esis, and deposition of extracellular matrix. Living tissue created through tissue engineering can
provide complex temporal control of factor delivery and effect and can be used to provide the need-
ed combination of chemical, structural, and, last but not least, normal cellular elements (Marks et
al., 1991; Sabolinski et al., 1996).

Cell Communication and Regulation in the Skin
Regulation of its own function is an essential requirement of skin. Epidermis, for example

produces parathyroid hormone-related protein (PTHrP), and plays a role in the regulation of ker-
atinocyte growth and differentiation (Blomme et al., 1998). Keratinocytes produce a large variety
of polypeptide growth factors and cytokines; these act as signals between cells, regulate keratinocyte
migration and proliferation, and stimulate dermal cells in various ways (e.g., to promote matrix
deposition and neovascularization) (McKay and Leigh, 1991; Parenteau et al., 1997). Cytokines
produced by keratinocytes are thought to regulate Langerhans cell migration and differentiation
(Lappin et al., 1996). Keratinocytes also translate a variety of stimuli into cytokine signals, which
are transmitted to the other cells of the skin immune system. Dermal cells produce and respond
to cytokines and growth factors to regulate numerous processes critical to skin function (Williams
and Kupper, 1996).

Approaches to dermal repair and regeneration center around control of fibroblast repopula-
tion and collagen biosynthesis to limit scar tissue formation. One of the keys to improving dermal
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repair is control, or redirection, of the wound healing response so that scar tissue does not form.
One promising observation is that fetal wounds heal without scarring (Mast et al., 1992). TGF-
�1, which is not expressed in the fetus, is a potent stimulator of collagen biosynthesis by fibro-
blasts in the adult and is thought to be an important inducer of scar formation. The matrix com-
position of the fetal dermis is also significantly different than that of adult dermis or granulation
tissue, therefore providing a better matrix environment for dermal cell repopulation, which may
also be key in controlling scar formation.

An engineered skin graft should incorporate as many of these factors as possible: (1) the ex-
tracellular matrix, (2) dermal fibroblasts, (3) the epidermis, and (4) a naturally occurring semi-
permeable membrane, the stratum corneum. These components may act alone, but more impor-
tantly they should act synergistically as part of a fully integrated tissue to protect the underlying
tissues of a wound bed and to direct healing of the wound (Sabolinski et al., 1996). Dermis con-
taining fibroblasts may be necessary for the maintenance of the epidermal cell population (Lazarus
et al., 1994). In turn, the epidermis is necessary for the formation of the so-called neodermis, in
the absence of a dermal layer (Compton et al., 1989), and can dramatically influence underlying
connective tissue response. The formation of the epidermal barrier also likely influences these pro-
cesses through control of water loss and its influence on epidermal physiology (Parenteau et al.,
1996).

ENGINEERING SKIN TISSUE
Although the epidermis has an enormous capacity to heal, there are situations in which it is

necessary to replace large areas of epidermis or in which normal regeneration is deficient. The der-
mis has very little capacity to regenerate. The scar tissue that forms in the absence of dermis lacks
the elasticity, flexibility, and strength of normal dermis. Consequently, scar tissue limits movement,
causes pain, and is cosmetically undesirable. Engineered tissues that not only close wounds but
also stimulate the regeneration of dermis would provide a significant benefit in human wound
healing.

Design Considerations
Tissue engineering has not focused on regenerating certain skin structures, such as hair folli-

cles or sebaceous glands, the loss of which is clinically less significant than the loss of dermis and
epidermis, which are needed to cover and protect the underlying tissues. There is some prelimi-
nary evidence that sebaceous glands may be possible in the HSE (Wilkins et al., 1994), although
the development of functioning adnexal structures is likely to be years away. There has also been
little need to stimulate extraneously the regeneration of other dermal components (e.g., blood ves-
sels and cells of the immune system) through tissue engineering methods because these compo-
nents have the ability to repopulate quickly and to normalize the area of a wound. Langerhans
cells, for example, have been shown to migrate and repopulate effectively within months (Des-
mouliere and Gabbiani, 1996). Control of vascularization is dependent on the makeup of the ex-
tracellular matrix and the degree of inflammation present in the wound. Whether modification of
vascularization through the use of exogenous factors will be of additional benefit for certain
wounds remains to be determined. Although it is technically possible to add melanocytes to HSE
for pigmentation (L. Wilkins, personal communication), clinical studies using Apligraf HSE,
which essentially lacks melanocytes, have shown repigmentation of the grafted areas through re-
population of the area with host melanocytes, resulting in normal skin color for each individual.
Therefore, tissue engineering approaches have primarily focused on providing or imitating struc-
tural and biologic characteristics of dermis, epidermis, or both. Some technologies, such as the
HSE, have sought to reproduce living, full-thickness tissue for transplantation.

The key features to be replicated in an engineered skin construct are as follows:

1. A dermal or mesenchymal element capable of aiding appropriate dermal repair and epi-
dermal support.

2. An epidermis capable of easily achieving biologic wound closure.
3. An epidermis capable of rapid reestablishment of barrier properties.
4. A permissive milieu for the components of the immune system, nervous system, and vas-

culature.
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5. A tissue capable of achieving normalization of structure and additional function such as
reduction of long-term scarring and reestablishment of pigmentation.

EPIDERMAL REGENERATION
Reepithelialization of the wound is a paramount concern. Without epithelial coverage, no de-

fense exists against contamination of the exposed underlying tissue or loss of fluid. The approaches
to reestablishing epidermis are numerous, ranging from the use of cell suspensions to full-thick-
ness skin equivalents possessing a differentiated epidermis. Silicone membranes have been used as
temporary coverings in conjunction with dermal templates (Heimbach et al., 1988), but living epi-
dermal keratinocytes are necessary to achieve permanent, biologic wound closure.

Green et al. (1979; Phillips et al., 1989) developed techniques for growing human epidermal
keratinocytes from small patient biopsy samples using coculture methods (Rheinwald and Green,
1975). The mouse 3T3 fibroblast feeder cell system allows substantial expansion of epidermal ker-
atinocytes and can be used to generate enough thin, multilayered epidermal sheets to resurface the
body of a severely burned patient (Gallico et al., 1984). Once transplanted, the epidermal sheets
quickly form epidermis and reestablish epidermal coverage (Compton, 1993). With time, the cul-
tured epithelial autograft (CEA) stimulates formation of new connective tissue (“neodermis”) im-
mediately beneath the epidermis (Compton et al., 1989), but scarring and wound contraction re-
main significant problems (Sheridan and Tompkins, 1995). Studies have shown that grafting of
CEA onto pregrafted cadaver dermis greatly improves graft take (Odessey, 1992). Cultured ep-
ithelial autografts (Epicel) have been available since the late 1980s.

DERMAL REPLACEMENT
Human cadaver allograft skin has been used when autologous skin grafts are not possible.

Problems associated with human cadaver allografts include the possibility of an immune rejection
reaction, potential for infection, and problems of supply and variability in the quality of the ma-
terial. Decellularized dermal tissue has also been used in an attempt to recapitulate as much of the
normal architecture as possible while providing a natural scaffold for reepithelialization (Mid-
delkoop et al., 1995; Langdon et al., 1988; Livesey et al., 1995; Cuono et al., 1986). Cadaver al-
lograft dermis can be processed to make an immunologically inert, acellular dermal matrix with
an intact basement membrane to aid the “take” and healing of ultrathin autografts (AlloDerm)
(Lattari et al., 1997). Currently, only the upper papillary layer of dermis is used clinically (Allo-
Derm). One limitation to this approach is that deep dermis and the more superficial papillary lay-
er differ in architecture. The deep reticular dermis is needed to prevent wound contraction. Work
is being done to develop a similar type of implant derived from deeper reticular dermis. Providing
an appropriate scaffold for deep dermal repair remains a challenge for groups investigating native
as well as synthetic matrices.

Tissue engineering has investigated the possibility of redirecting granulation tissue formation
through the use of scaffolds and livings cells. In one of the earliest tissue engineering approaches
to improving dermal healing. Yannas et al. (1982) designed a collagen–glycosaminoglycan sponge
to serve as a scaffold or template for dermal extracellular matrix. The goal was to promote fibro-
blast repopulation in a controlled way that would decrease scarring and wound contraction. A
commercial version of this material composed of bovine collagen and chondtroitin sulfate, with a
silicone membrane covering (Integra, Integra Life Sciences, Plainsboro, NJ) is currently approved
for use in burns (Burke et al., 1981; Heimbach et al., 1988). The dermal layer is slowly resorbed,
and the silicone membrane is eventually removed, to be replaced by a thin autograft (Lorenz et al.,
1997).

Several variations on the collagen sponge have been studied. Efforts have been made to im-
prove fibroblast infiltration and collagen persistence by collagen cross-linking (Middelkoop et al.,
1995; vanLuyn et al., 1995; Cooper et al., 1996), by inclusion of other matrix proteins (Hans-
brough et al., 1989; Ansel et al., 1990; de Vries et al., 1993; Murashita et al., 1996), with hyaluron-
ic acid (Cooper et al., 1996), and by modifying porosity of the scaffold (Hansbrough et al., 1989;
Yannas et al., 1989).

Although matrix scaffolds have shown some improvement in scar morphology, no acellular
matrix has yet been shown to lead to true dermal regeneration. This may be due in part to limits
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in cell repopulation, the type of fibroblast repopulating the graft ( J. Gross, personal communica-
tion), and control of the inflammatory and remodeling processes (i.e., the ability of the cells to de-
grade old matrix while synthesizing new matrix). The inflammatory response must be controlled
in dermal repair in order to avoid the formation of scar tissue. Therefore, dermal scaffolds must
not be inflammatory and must not stimulate a foreign-body reaction. This has been a problem in
the past for some glutaraldehyde cross-linked collagen substrates, for example (de Vries et al.,
1993). The ability of the matrix to persist long enough to redirect tissue formation must be bal-
anced with effects of the matrix on inflammatory processes. One way to achieve this is to form a
biologic tissue that is recognized as living tissue, not a foreign substance.

There have been advances in the design of artificially grown dermal tissues using human
neonatal fibroblasts grown on rectangular sheets of biodegradable mesh (Dermagraft). The fi-
broblasts propagate among the degrading fibers, producing extracellular matrix in the interstices
of the mesh (Hansbrough et al., 1992). Clinical trials of this material are ongoing and the mater-
ial is commercially available in some European countries and Canada. A related product is a non-
viable temporary covering for burns. In this case a nylon mesh, coated with porcine collagen, lay-
ered with a nonpermeable silicone membrane (Biobrane, Dow Hickam, Sugarland, TX), serves as
a platform for deposition of human matrix proteins and associated factors by the human dermal
fibroblast (Transcyte, Dermagraft-TC) (Hansbrough et al., 1997). The material is then frozen to
preserve the matrix and factors produced by the fibroblasts. The temporary covering must be re-
moved prior to autografting. It is commercially available for the treatment of second- and third-
degree burns (Hansbrough, 1997).

COMPOSITE SKIN GRAFTS
Human skin autograft has been the gold standard for resurfacing the body and closing wounds

that are difficult to heal. Cultured epidermal grafts are more likely to take when the dermal bed is
relatively intact, probably because dermal factors influence epithelial migration, differentiation,
attachment, and growth (Cuono et al., 1987; Phillips et al., 1990; Clark, 1993; Greiling and Clark,
1997). The epidermis and dermis act synergistically to maintain homeostasis (Leary et al., 1992;
Parenteau et al., 1997).

Boyce et al. have modified the approach first proposed by Yannas et al. to form a bilayered
composite skin made using a modified collagen–glycosaminoglycan substrate seeded with fibro-
blasts and overlaid with epidermal keratinocytes (Boyce and Hansbrough, 1988). An autologous
form of this composite skin construct has been used to treat severe burns with some success (Hans-
brough et al., 1989). An allogeneic form of the construct showed improved healing in a pilot study
in chronic wounds (Boyce et al., 1995). A similar technology has been studied in the treatment of
patients with genetic blistering diseases (Eisenberg and Llewelyn, 1998).

One of the first attempts to replicate a full-thickness skin graft was by Bell et al. (1981), who
described a bilayered skin equivalent. The dermal component consisted of a lattice of type I col-
lagen contracted by tractional forces of rat dermal fibroblasts trapped within the gelled collagen.
This contracted lattice was then used alone or as a substrate for rat epidermal keratinocytes. Bell’s
group demonstrated the ability of these primitive skin equivalents to take as a skin graft in rats.
This technology has now advanced to enable the production of large amounts of human Apligraf
HSE from a single donor (Wilkins et al., 1994). Using methods of organotypic culture, which pro-
vides a three-dimensional culture environment that is permissive for proper tissue differentiation,
the resulting HSE develops many of the structural, biochemical, and functional properties of hu-
man skin (Parenteau et al., 1992; Bilbo et al., 1993; Nolte et al., 1993).

The process for formation of the HSE has been covered in detail many times (Parenteau, 1994;
Wilkins et al., 1994) and will not be detailed here. However, there are points to be made about
the approach to these procedures. The culture of the HSE proceeds best with minimal interven-
tion. Normal cell populations seem to have an intrinsic ability to reexpress their differentiated pro-
gram in vitro to an extent that is now only beginning to be appreciated (Parenteau, 1999). A medi-
um that supplies adequate amounts of nutrients, lipid precursors, vitamins, and minerals may be
all that is required (Wilkins et al., 1994). Another element is the environmental stimulus provid-
ed by culture at the air–liquid interface, which promotes differentiation and formation of the epi-
dermal barrier (Nolte et al., 1993).
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The immunology of allogeneic tissue-engineered skin grafts is poorly understood. Inconsis-
tencies in the literature are due, in part, to the complexity of biologic and immunologic factors,
which determine the ability of a graft to take and to persist over time. Among the properties that
determine the immunogenicity of an engineered allogeneic graft are purity of cell populations,
antigen-presenting capabilities of graft cells, and the vascularity of the graft.

Purity of cell populations is critical. Differences in cell purity between laboratories may 
contribute to the conflicting results found in murine and human studies (Hefton et al., 1983;
Thivolet et al., 1986; Geilen et al., 1987; Aubock et al., 1988; Cairns et al., 1993). Both culture
condition and passage number will affect the purity of cell populations. Very early passages of ker-
atinocyte and fibroblast cultures might be expected to contain contaminating cell populations. The
antigen-presenting capabilities of keratinocytes and fibroblasts are also critical to determining the
immunogenicity of the HSE grafts. Fibroblasts and keratinocytes are not professional antigen-pre-
senting cells and fail to stimulate the proliferation of allogeneic T cells (Nickoloff et al., 1986;
Niederwieser et al., 1988; Gaspari and Katz, 1991; Theobald et al., 1993). Both of these cell pop-
ulations inherently do not express HLA class II molecules (Nickoloff et al., 1985) or costimulato-
ry molecules such as B7-1 (Nickoloff et al., 1993). The inability of keratinocytes and fibroblasts
to induce proliferation of allogeneic T cells is primarily due to the lack of expression of costimu-
latory molecules, even though aberrant antigen processing and invariant chain expression may also
contribute (Nickoloff and Turka, 1994).

The ability to utilize allogeneic cells rather than autologous cells, as in CEA therapy, enables
the reproducible manufacture of consistent Apligraf HSE (Wilkins et al., 1994). The inability of
epidermal keratinocytes and dermal fibroblasts to stimulate a T cell response, discussed above, per-
mits their use in allogeneic applications. Studies in athymic mice also indicate that the use of a dif-
ferentiated tissue such as the Apligraf HSE also beneficially affects its ability to engraft successful-
ly (Nolte et al., 1994; Parenteau et al., 1996). Severe combined immunodeficient (SCID) mice
lack a functioning immune system and can be successfully transplanted with a functioning human
immune system without risk of rejection. SCID mice transplanted with human leukocytes were
used as an in vivo model to assess the immunogenicity of allogeneic skin grafts (Moulon et al.,
1999). In these studies, human skin was rejected but allogeneic tissue-engineered skin graft sur-
vival was 100%.

Falanga et al. (1998) tested the safety, efficacy, and immunologic impact of Apligraf HSE
(Graftskin) in the treatment of venous leg ulcers. There were no signs of rejection or bovine col-
lagen-specific immune responses or response to alloantigens expressed on keratinocytes or fibro-
blasts. Apligraf HSE (Graftskin) has now been studied clinically in a number of applications, 
including chronic wounds (Sabolinski et al., 1996), dermatologic excisions, and burns. Its effec-
tiveness in the treatment of venous leg ulcers has been attributed to its ability to interact with the
wound in multiple ways (Sabolinski et al., 1996). The integrated tissue architecture of Apligraf
HSE provides a robustness needed for clinical manipulation. The pivotal study by Falanga et al.
(1998) of Apligraf HSE for the treatment of venous leg ulcers showed Apligraf HSE to be safe and
effective, healing more ulcers in shorter time when compared to conventional therapy. Data from
this study served as the basis for approval by the United States Food and Drug Administration for
commercial use. A study of Apligraf HSE (Graftskin) in surgical patients showed take in 12 of 15
patients and also showed no evidence of rejection (Eaglstein et al., 1995). In addition, Apligraf
HSE has been studied in burns (Waymack et al., 2000) and diabetic foot ulcers, and most recent-
ly, in the treatment of genetic blistering diseases (Falabella et al., 1999).

The living epidermal keratinocytes and the dermal fibroblasts produce cytokines, which serve
to regulate themselves, each other, and the cells of the patient. The living dermal extracellular ma-
trix contains collagen and glucosaminoglycans, which serve as noninflammatory living tissue im-
plants and scaffolds for tissue remodeling. The stratum corneum provides physical protection and
maintains the proper physical and biologic environment for wound closure. Application of
Apligraf HSE (Graftskin) can trigger a cascade of events that lead to normal healing even in the
absence of graft take. In this regard, the HSE serves as a “smart material,” providing the appro-
priate factors as needed, responding to the dynamics of the wound healing process, and benefi-
cially changing the condition of the wound, even though the HSE may not always persist as a graft.
Our clinical observations and results lead us to believe that all factors are important contributors
to the wound healing process (Sabolinskiet al., 1996).
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CONCLUSION
The routine treatment of skin wounds using engineered skin grafts has become a reality thanks

to a firm scientific foundation established over the past 25 years, a readily available cell source (in-
fant foreskin tissue), and the hard work and dedication of many individuals. Perhaps more im-
portantly, our experience with the development of Apligraf HSE demonstrates that making a
broadly available, effective medical device through tissue engineering is possible. It also illustrates
the important immune tolerance of certain allogeneic cells. In addition, Apligraf HSE demon-
strates the flexibility and broad utility of living tissue therapy.
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Dermal Equivalents
Gail K. Naughton

INTRODUCTION

Tissue engineering, the science of growing living tissues for transplantation, promises to revolu-
tionize a number of aspects of medical care. This science integrates the principles of cell biol-

ogy, polymer development, biochemistry, bioengineering, and transplantation science to create hu-
man physiologic tissues to replace damaged and diseased areas. Tissue engineering offers the ability
to create highly tested physiologic human tissues and organs for transplantation. The most ad-
vanced area in tissue engineering is the manufacture of skin for the treatment of patients with burns
or chronic wounds, with initial products having already received regulatory approval in the Unit-
ed States and other global markets. A number of approaches have been utilized to tissue-engineered
skin substitutes. Such approaches have included cellular bovine-based (Yannas and Burke, 1980)
human cadaveric materials (Sheridan et al., 1998) and animal collagens containing human cells
(Bell et al., 1984; Hansbrough et al., 1989; Eisenberg and Llewelyn, 1998). This chapter describes
the development, manufacturing, and clinical development of a human dermal equivalent manu-
factured by growing newborn allogeneic human dermal fibroblasts on a biodegradable three-di-
mensional scaffold to produce a human cell and human tissue implant for a variety of wounds
(Naughton and Tolbert, 1996).

CELL TESTING AND ESTABLISHMENT 
OF MANUFACTURING CELL BANKS

Tissue-engineered products offer advantages over cadaveric materials in that the cells utilized,
as well as the final manufactured product, are highly tested for a variety of viruses, contaminants,
and pathogens. The human fibroblast cell strains used to produce the human dermal equivalent,
Dermagraft (Dg) (Advanced Tissue Sciences, Inc., La Jolla, CA), are established from neonatal
foreskin (discarded after surgical circumcision) (Kruse and Patterson, 1973; Jakoby and Pastan,
1979) and cultured by standard methods. Maternal blood samples are tested for exposure to in-
fectious diseases, including human immunodeficiency virus (HIV), human T cell lymphototrop-
ic virus (HTLV), herpes simplex virus (HSV), cytomegalovirus (CMV), and hepatitis virus. An
initial screen is made of the cultured cells for sterility, mycoplasma, and for the eight human vi-
ruses: adeno-associated virus, HSV-1 and -2, CMV, HIV-1 and -2, and HTLV-I and -II. Master
cell banks (MCBs) and manufacturer’s working cell banks (MWCBs) are created and tested ac-
cording to applicable sections of the U.S. Food and Drug Administration (FDA) points to con-
sider (1993) and the guidelines from the European Union Committee for Proprietary Medicinal
Products (CPMP) (1989). This testing provides a more uniform and highly tested product than
is available from cadaveric donors (tissue banks) (Blood et al., 1979; White et al., 1991).

MANUFACTURING A DERMAL REPLACEMENT
Dermagraft is manufactured through the three-dimensional cultivation of human diploid fi-

broblast cells on a polymer scaffold. The fibroblasts secrete a mixture of growth factors and matrix
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proteins to create a living dermal structure that, following cryopreservation, remains metabolical-
ly active after being implanted into the patient’s wound bed (Cooper et al., 1991; Landeen et al.,
1992). This dermal product was designed to be shipped and stored at �70�C. Cryopreservation
of a tissue-engineered product offers the advantage of extensive sterility and cell and matrix test-
ing, ensuring the release of only sterile, uniform, and reproducible products.

Closed Manufacturing Systems
A closed bioreactor system is utilized for the manufacture of Dermagraft. This closed system

offers major advantages, including the maintenance of sterility during manufacture, the ability to
utilize in-process testing to maintain cell growth and matrix deposition, and the use of automat-
ed processes for tissue growth. The rate of deposition of matrix proteins during growth in the biore-
actor system is shown in Fig. 63.1, showing that matrix is deposited in both growth-associated
(glycosaminoglycans) and non-growth-associated patterns (human collagens).

A series of Dermagraft products is created by seeding the polymer scaffolds at passage 8. This
is a population doubling level of approximately 30 (which is about half the life-span for this cell
type). Utilization of fibroblasts from neonatal foreskins offers a number of advantages, including
the fact that these young cells actively proliferate under routine cell culture conditions and are from
a uniform source (same sex, age, and anatomical location), helping reduce variability of starting
material as well as final manufactured product. Fibroblasts are seeded into multicavity EVA bags
containing a 5 � 7.5 cm piece of knitted lactic acid/glycolic acid copolymer, mesh which is weld-
ed into the bag to prevent movement during the growth process or loss of the implant during rinse
of the product prior to implantation. Seeded bags are rotated to enhance uniform cell seeding and
are cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with bovine calf
serum, glutamine, ascorbate and nonessential amino acids (growth medium), with periodic
changes of medium. Tissue is grown under static conditions with medium, changes being made
by peristaltic pumping within the closed system. Samples of medium are routinely taken to test
for pH and glucose utilization and to predict the precise time for tissue harvest. At harvest, the
medium is drained and replaced by a 10% dimethyl sulfoxide-based cryopreservative solution.

Manufacturing, cryopreservation, storage, shipping, and thawing protocols were all estab-
lished to maintain integrity and metabolic activity of this tissue-engineered implant. The final
product is a 2-inch by 3-inch tissue in a laser-welded EVA bioreactor (Fig. 63.2). This bioreactor
design allows for use of an EVA container for sterilization, seeding, tissue growth, freezing, ship-
ping, and product storage and prevents any need for product repackaging. The up-scaled bioreac-
tor systems are designed to manufacture over 1000 units of Dermagraft per lot. A cross-section of
the dermal implant clearly shows the physiologic characteristics of this product, with human fi-
broblasts arranged in parallel and surrounded by naturally secreted human matrix proteins.

The bioreactor containing the engineered dermal implant is translucent to allow tracing of
the wound and precise trimming of the implant with sterile scissors. Dermagraft is cut to wound
size, removed from the ethylvinylacetate (EVA) package, and placed into the wound bed. No su-
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Fig. 63.1. The rate of matrix de-
position and cell proliferation
during the manufacture of 
Dermagraft. MTT, 3-(4,5-
Dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide.



tures are required. Dressings are utilized to ensure that the dermal implant remains in place, is kept
moist during integration into the patient’s wound bed, and functions as a replacement dermis.

Product Characterization
Dermagraft has been designed to replace the dermal layer of the skin and provide the stimu-

lus for the normal wound healing process. Characterization studies have shown that Dermagraft
is potentially a good model to study in vitro epithelialization (Contard et al., 1993) and the inter-
actions between the extracellular matrix, fibroblasts, and migrating epithelial cells (Landeen et al.,
1992).

Histological characterization of Dermagraft has shown that it has the structure of the papil-
lary dermis of newborn skin. This dermal implant contains normal matrix proteins (Table 63.1),
which play an integral role in providing structure as well as enhancing cell growth. A transmission
election micrograph of the tissue shows deposition of parallel collagen fibers (Fig. 63.3). These
fibers have normal periodicity and normal ratios of collagens type III and type I. In addition, all
of the glycosaminoglycans (GAGs) found in young healthy dermis are present in Dermagraft
(Table 63.2). These matrix components, vital for cell migration and for the binding of growth fac-
tors, are secreted by the newborn fibroblasts during the manufacturing process to yield a dermal
implant with an appropriate complement of human GAGs. The fibroblasts, evenly dispersed
throughout the tissue, remain metabolically active after implantation and delivery: a variety of
growth factors that are key to neovascularization, epithelial migration and differentiation, and in-
tegration of the implant into the patient’s wound bed. Detection and quantification of specific
messenger RNA as well as expression of growth factors have been previously described (Jiang and
Harding, 1998; Mansbridge et al., 1998; Naughton et al., 1997). The final product is extensively
tested after manufacture for sterility as well as for specific levels of collagens and other matrix pro-
teins. Because Dermagraft was designed to be a living tissue, remaining viable and delivering
growth factors and matrix proteins into the wound bed after implantation, testing is performed
pre- and postcryopreservation to assess its metabolic activity. A routine 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay is utilized for this assessment both at time of
manufacture and for testing of product stability over time.
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Fig. 63.2. A living bioengineered
2-inch by 3-inch human dermal re-
placement (Dermagraft) product
and a histological cross-section.

Table 63.1. Matrix proteins in Dermagraft

Matrix proteins Function

Collagen type I, III Major structural proteins of dermis
Fibronectin Cell adhesion, spreading, migration, mitogenesis
Tenascin Induced wound healing, control of cell adhesion



Importance of Growth Factors in a Dermal Replacement
Wound healing is a complicated process that involves a number of dynamic cellular and mol-

ecular events. Factors regulating wound healing are many and originate from different sources. Key
parameters, including cell migration, proliferation, angiogenesis, matrix deposition and degrada-
tion, and immune modulation, are essential for this process (Arbiser, 1996; Bennett and Schultz,
1993; Folkman and Klagsbrun, 1987; Marks et al., 1991; Moulin, 1995; Pettet et al., 1996;
Raghow, 1994; Schaffer and Nanney, 1996). Improvement of cell motility (e.g., dermal fibrob-
lasts, keratinocytes, melanocytes), angiogenesis (formation of vessels; migration and motility of en-
dothelial cells), and modification of matrix turnover all have impact on wound healing.

A tissue-engineered human dermal replacement can exploit the fact that the skin fibroblast is
one of the most important and predominant cell types in the tissue repair process. This cell type
appears at an early stage after injury, increasing in number as healing progresses (Arbiser, 1996;
Bennett and Schultz, 1993; Folkman and Klagsbrun, 1987; Marks et al., 1991; Moulin, 1995; Pet-
tet et al., 1996; Raghow, 1994). The cell is known to play a central role in the regulation of ma-
trix deposition and degradation in the wound. Fibroblasts, however, also synthesize a rich array of
cytokines, regulators of tissue repair in wounds, including interleukins, growth factors, and an-
giogenic factors.

Tissue Expansion Properties of Dermagraft
Jiang and Harding (1998) evaluated the ability of Dermagraft to stimulate tissue growth in

an ex vivo tissue expansion assay. Extracellular matrix gel was used as a support of tissue in order
to test the effect of factors on the tissue expansion from patients with chronic and acute wounds.
Briefly, Matrigel was dissolved in culture medium at 500 
g/ml. This was added to a 24-well tis-
sue culture plate. Materials and the complete system were kept ice cold at any given time until the
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Table 63.2. Glycosaminoglycans in Dermagraft

GAGs Function

Versican Structural, binds hyaluronic acid and collagen
Decorin Binds growth factors, influences collagen structure
Betaglycan TGF-� type III receptor
Syndecan Binds growth factors, enhances activity

Fig. 63.3. A transmission elec-
tron micrograph of Dermagraft.
Human collagen fibers are
arranged in parallel bundles 
and have normal banding peri-
odicity.



next step. Wound tissue was washed vigorously in culture medium and finely minced with a dis-
secting scalpel and scissors (approximately 0.5 mm in diameter), then further washed and trans-
ferred to cool Matrigel solution in a culture well. The temperature for the system was then quick-
ly raised to 37�C to form an irreversible gel, thus allowing the wound tissue to be embedded in
the Matrigel. Coculture inserts with Dermagraft were then placed on top of the well for cocultur-
ing. The system was monitored over a 4-week period using a Panasonic charge-coupled device
(CCD) camera and the distance between the wound edge and the leading front of the expansion
was calculated using image analysis software (Optimas; Optimas Ltd., UK).

In Matrigel, wound tissue was able to expand in a three-dimensional manner. Viable tissue
obtained from patients with acute and chronic wounds revealed various patterns of cell migration.
Briefly, after embedding, polymorphonuclear cells began to migrate out of the wound tissue. How-
ever, a large-scale migration of other cells (fibroblasts and endothelial cells) were seen from day 3
onward. The distance between the leading front of the area and the edge of the wound became
quantifiable from day 7. Images from these cocultured tissues were then taken with a digital cam-
era (UltraBix; Cambridge Scientific Instrument; Cambridge, UK). The relative distance between
this leading edge and wound tissue, termed the “expansion index” in this report, was then quan-
tified from these images with image analysis softward (Optimas). When Dermagraft was includ-
ed, there was a marked expansion of the wound tissue when compared with tissue without the
Dermagraft ( p � 0.0015). At a higher magnification, the expansion areas represents a mixture of
cells and structures. Most cells are fibroblast-like cells and endothelial cells. After a prolonged cul-
ture (over 2 weeks), a vessellike structure was clearly seen (Jiang and Harding, 1998).

A number of studies have been performed to correlate growth factor expression and secretion
with in vitro and in vivo wound healing characteristics of Dermagraft ( Jiang and Harding, 1998;
Mansbridge et al., 1998; Naughton et al., 1997; Newton et al., 1999). The angiogenic-promoting
properties of this human dermal replacement have been well characterized and provide a unique
tool for wound bed vascularization and promotion of healing.

Angiogenic Properties of Dermagraft
Tissue-engineered fibroblast-based tissues are capable of inducing rapid endothelialization

and vascularization. Providing such biologically active natural materials has been clinically shown
to induce new capillary formation and reduce inflammation in the wound bed of patients with di-
abetic foot ulcers ( Jiang and Harding, 1998; Newton et al., 1999). The tissue-engineered implants
secrete a variety of growth factors known to be critical to tissue regeneration and angiogenesis
(Table 63.3).

The angiogenic properties of our fibroblast-based engineered tissue have been investigated us-
ing a range of techniques, including the chick chorioallantoic membrane assay, the rat aortic ring
assay, stimulation of endothelial cell proliferation, chemokinesis, chemotaxis, and the inhibition
of apoptosis. These assays cover a wide range of the important individual steps in angiogenesis as
well as the overall process.

Analysis of our tissue-engineered human matrix has shown it to contain several components

63 Dermal Equivalents 895

Table 63.3. Growth factors

Growth factors Function

PDGF-A Mitogen for fibroblasts, granulation tissue, chemotactic
IGF Mitogen for fibroblasts
KGF Mitogen for keratinocytes
HBEGF Mitogen for keratinocytes, fibroblasts
TGF-� Mitogen for keratinocytes, fibroblasts
TGF-�1 Stimulates matrix deposition
TGF-�3 Stimulates matrix deposition, antiscarring
VEGF Angiogenesis
SPARC Both anti- and proangiogenic



that may be beneficial in neovascularization. Fibronectin present in the matrix has been shown to
stimulate the proliferation of endothelial cells, and the denatured collagen has been proved to be
a favorable substrate for human endothelial cell attachment. Bound growth factors in the matrix
include transforming growth factor � (TGF-�) and hepatocyte growth factor (HGF), which are
important in stimulating new capillary formation and endothelialization. Finally, the matrix con-
tains laminin-1, which can serve to inhibit initial hyperplasia via the YIGSR peptide. The combi-
nation of these matrix proteins along with naturally secreted growth factors offers a physiologic
solution to promoting the in vivo induction of angiogenesis.

Stimulation of angiogenesis in the chick chorioallantoic membrane
Ten-day-old chicken embryos were obtained from McIntyre Farms (Lakeside, CA) and incu-

bated at 37�C. Eggs were candled to locate and mark a target area void of large vessels. Two small
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Fig. 63.4. Dermagraft-stimulat-
ed angiogenesis in the chorioal-
lantoic membrane assay. Top
two panels show the macroscop-
ic view, bottom two panels show
histology. Left panels are of scaf-
fold alone (top) or nonviable
Dermagraft (bottom); the panels
to the right are treated with Der-
magraft.



holes were made in the shell with a needle, directly over the air sac and over the target area. Suc-
tion was applied to the first hole, causing the chorioallantoic membrane (CAM) to drop away from
the marked area. Using a Dremel Moto-Tool, the eggshell was removed from the target area to cre-
ate a “window.” A 4-mm-diameter circular sample (fibroblast-based engineered tissue or control)
was then placed on the membrane near, but not on top of, a large blood vessel. The hole was cov-
ered with a piece of clear adhesive tape and the eggs were incubated for 72 hr at 37�C to allow
blood vessel growth. The treated section of the membrane was then removed, photographed, and
fixed in methanol. The number of fine blood vessel branch points in the region of the sample was
counted. Biopsy samples were fixed in methanol and sections stained with Masson’s Trichrome.

The three-dimensional fibroblast-based tissues induced vessel development in the CAM to a
greater extent than control (Fig. 63.4), including both fine capillary development and evidence for
increased permeability. The development of capillary blood vessels in CAMs treated with three-
dimensional fibroblast cultures was also clearly visible by histology. This type of capillary devel-
opment is characteristic of vascular endothelial growth factor (VEGF)-induced angiogenesis. It
differs from that observed using basic fibroblast growth factor (FGF) stimulation, whereby the ves-
sels show a larger diameter with little or no increase in permeability. When the number of vessels
per sample in the CAM was counted, there was a statistically significant difference between the
scaffold and the three-dimensional cultures (Fig. 63.5). VEGF stimulated angiogenesis in a dose-
dependent manner. The angiogenic activity of the three-dimensional culture was reduced by
�90% by preincubation with anti-VEGF’s neutralizing antibody prior to placement on the CAM.

Angiogenesis in the rat aortic ring assay
In the aortic ring assay, the ability of the endothelial cells isolated from rat aorta to generate

microvessels was used to demonstrate angiogenesis ( Jiang and Harding, 1998). Thoracic aortas,
removed from 1- to 2-month-old Sprague–Dawley male rats, were transferred to serum-free
MCDB131. The periaortic fibroadipose tissue was carefully removed, and the aortas were washed
8 to 10 times and cut into 1-mm lengths. Wells were punched in a 1.5% agarose gel and filled
with clotting fibrinogen solution (20 
l of 50 NIH units/ml bovine thrombin in 1 ml fibrino-
gen). The aortic rings were placed into the centers of the wells. After clotting, the dishes were flood-
ed with serum-free MCDB131. The cultures were incubated at 37�C with 5% CO2, with medi-
um changes every 3 days. Newly formed microvessels were counted on days 3, 7, and 14. When
aortic rings were cocultured with living fibroblast-based engineered tissue, there was a significant
increase in the number of microvessels formed (Fig. 63.6).
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p

Fig. 63.5. Effect of Dermagraft (Dg) on capillary blood vessel for-
mation in the CAM. Bars represent 95% confidence intervals.

Fig. 63.6. Stimulation of blood vessel formation by Dermagraft (Dg) in the
aortic ring assay.



Stimulation of endothelial cell proliferation
Endothelial cell proliferation is a critical component of angiogenesis. The ability of fibrob-

last-based engineered tissue to stimulate this activity was determined by [3H]thymidine incorpo-
ration. Various growth factors and concentrated conditioned medium samples were assessed for
their influence on the proliferation of human vascular endothelial cells (HUVECs). Confluent cul-
tures were detached and resuspended in HUVEC growth medium to a final concentration of 2.5
� 104 cells/ml. Attachment Factor Solution (Cell Applications, Inc.) was used to pretreat 24-well
plates and cells were added, 1 ml of cell suspension per well. Cells were allowed to settle and at-
tach and then were switched to Endothelial Serum Free medium (Cell Applications, Inc.), sup-
plemented with fibroblast culture medium or medium conditioned by monolayer or three-di-
mensional fibroblast cultures. On day 2, the cells received fresh serum-free medium supplemented
as appropriate with 1 
Curie/ml [3H]thymidine. On day 3, medium was removed, cells were
washed three times with phosphate-buffered saline (PBS), and 250 
l of 2.3% sodium dodecyl
sulfate (SDS) solution was added to solubilize the cells. After 30 min, the SDS extract and 1 ml
of a PBS wash were transferred to a scintillation vial. Then 5 ml of ScintiVerse (Fair Lawn, NJ)
was added to vials and radioactivity was determined using a Beckman LS6500 Scintillation
Counter (Fullerton, CA).

Medium conditioned by incubation with three-dimensional fibroblast cultures stimulated
[3H]thymidine incorporation in cultures of endothelial cells (Fig. 63.7). The proliferative effect is
dose dependent.

Stimulation of endothelial cell chemokinesis
The ability of our fibroblast-based engineered tissue to stimulate endothelial cell migration

was tested in two assays. The first was a chemokinesis assay that determines the stimulation of cell
movement without any directional definition. The second measured cell migration toward a stim-
ulation source. The chemokinesis assay was performed and reported by Martin and colleagues
(1998). Endothelial cells were grown on Cytodex-2 beads. The assay estimates the dissociation of
cells from the beads and reassociation with a culture plate. The cells on the plate were stained and

898 Gail K. Naughton

Fig. 63.7. Stimulation of endo-
thelial cell proliferation by Der-
magraft (Dg).

Fig. 63.8. Stimulation of endo-
thelial cell motility by Derma-
graft (Dg).



counted. As shown in Fig. 63.8, coculture of the cells with the fibroblast-based engineered tissue
gave a marked increase in transfer of cells from bead to plate (p � 0.0003). The activity of the
three-dimensional fibroblast cultures was inhibited about 60% using anti-HGF neutralizing anti-
body.

Stimulation of endothelial cell chemotaxis
Cell migration was analyzed with an endothelial cell chemotaxis assay utilizing a Neuro Probe

48-well Boyden chemotaxis chamber (Neuro Probe, Inc.). Polycarbonate membrane filters (Poret-
ics Corporation; 25 � 80 mm) were soaked in 0.5 M acetic acid overnight, washed three times for
1 hr with water, incubated in a solution of 0.01% calf skin gelatin type III (Sigma; St. Louis, MO)
for 12–16 hr, and air dried. HUVECs were detached and resuspended in HUVEC growth medi-
um at a final concentration of 1.0 � 105 cells/ml. The Boyden chamber was assembled as follows:
30 
l/well of sample or standard was added to the bottom wells, the gelatin-coated membrane was
placed on top, and 50 
l of cell suspension was added to the upper wells. The chamber was incu-
bated at 37�C for 3 hr. Membranes were then carefully removed from the chamber and the cell
side was rinsed in PBS and drawn across a wiper blade to remove nonmigrated cells. The mem-
branes were stained with Wright’s Geimsa stain and either the number of cells counted or the den-
sity of staining was reported against a standard curve generated with 20, 10, 5.0, and 0 ng/ml pu-
rified VEGF.

Medium conditioned by the fibroblast-based engineered tissue greatly stimulated cell migra-
tion in a dose-dependent manner (Fig. 63.9). The three-dimensional fibroblast-conditioned medi-
um stimulated HUVEC migration to a greater extent than the positive control using VEGF, even
at 50 ng/ml. Anti-VEGF antibody inhibited migration stimulated by three-dimensional fibrob-
last-culture-conditioned medium by 50%.

Induction of integrin �v�3
The �v�3 integrin has been shown to play an important role in angiogenesis, and neutraliz-

ing antibodies directed at it are capable of blocking capillary blood vessel formation. Its expression
is induced by VEGF and it is thought to play a critical role in endothelial cell migration.

The presence of integrins and cell surface receptors was determined by flow cytometry on a
FACStar (Cytometry Research Services; San Diego, CA). Cells were prepared for analysis as fol-
lows: HUVECs were trypsinized and the cells resuspended at 1 � 106 cells/ml. Volumes of 250–
500 
l of the cell suspensions were washed three times with Hank’s Balanced Salt Solution (HBSS;
GibcoBRL; Grand Island, NY) and finally resuspended in 10% FBS in HBSS. The cells were in-
cubated for 30 min with primary antibodies diluted to 1 
g/ml in 10% FBS in HBSS, washed
three times with HBSS, incubated for 30 min with secondary antibodies diluted to 1 
g/ml in
10% FBS in HBSS, washed three times with HBSS, and fixed in 200 
l of 10% formalin (Bax-
ter; Deerfield, IL) at a density of 106 cells/ml.

The presence of �v�3 integrin on the surface of endothelial cells was analyzed by flow cy-
tometry after treatment with medium conditioned by fibroblast-based engineered tissue. Cultured
HUVECs display substantial surface expression of �v�3 integrin under normal culture conditions.
Nonetheless, medium conditioned by the fibroblast-based engineered tissue stimulated a signifi-
cant increase in expression of this integrin.
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Fig. 63.9. Stimulation of endothelial cell chemotaxis by Derma-
graft.



Expression of angiogenic growth factors
Several of the angiogenic properties of fibroblast-based engineered tissue described above were

demonstrated to be sensitive to neutralizing antibodies against specific growth factors, notably vas-
cular endothelial growth factor and hepatocyte growth factor/scatter factor. Accordingly, experi-
ments were performed to examine the expression of these and other angiogenic factors by the fi-
broblast-based tissue. Growth factor expression was examined both by estimation of mRNA levels
by polymerase chain reaction methods and estimation of the free protein by enzyme-linked im-
munosorption assay.

Specific messenger RNAs were estimated by quantitative reverse transcriptase and polymerase
chain reaction (RT-PCR) using the ABI TaqMan method (Perkin-Elmer; Foster City, CA). Total
RNA was extracted from the cells using a Rapid RNA Purification Kit (Amresco; Solon, OH). The
RNA was reverse transcribed using Superscript II (Life Technologies; Grand Island, NY) with ran-
dom hexamer primers (Sigma; St. Louis MO). Amplification of samples of cDNA containing 200
ng of total RNA was detected in real time and compared with the amplification of plasmid-de-
rived standards for specific mRNA sequences using a copy number over a range of five orders of
magnitude within 40–4,000,000/reaction. In purification and the efficiency of reverse transcrip-
tion, mRNA sequences for platelet-derived growth factor (PDGF) B chain, VEGF, or TGF-�1
were added to RNA isolations, and their yield measured by the TaqMan procedure. The control
mRNA sequences were obtained by T7 RNA polymerase transcription of plasmids containing the
corresponding sequence. The values were normalized using glyceraldehyde-3-phosphate dehydro-
genase as a control.

CLINICAL RESULTS OF WOUND HEALING

Critical Product Specification
Any device designed to act as a replacement tissue must provide critical therapeutic benefits

to the patient and function as a physiologic replacement. To conduct such physiological interac-
tions with both the wound bed and the migrating epidermis, it is essential that the dermal implant
have a sufficient number of viable, metabolically active fibroblasts remaining after the cryopreser-
vation/storage/thaw process. The pivotal study was performed to examine the use of cryopreserved
tissue-engineered living human dermal tissue for the treatment of diabetic foot ulcers. Results from
this study elucidated the specific product parameters necessary for a tissue-engineered implant to
function physiologically as a dermal replacement (Mansbridge et al., 1998; Naughton et al., 1997;
Pollak et al., 1997). A complete analysis of all in vitro and clinical data at the conclusion of the
study confirmed that the metabolic activity of Dermagraft must lie within an optimal therapeutic
range (TR) to ensure that the tissue will be sufficiently active after implantation to affect wound
healing by regaining its ability to synthesize and secrete normal dermal proteins, including growth
factors. Statistically significant improved healing was observed in patients receiving therapeutical-
ly active product at their first two implants and in at least half of their implants (DG-TR group,
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Fig. 63.10. Histologic evaluations
of wound site biopsies of patients
before and after implantation
with Dermagraft show a marked
reduction in inflammatory cell
infiltration and an increase in
blood vessels. Similar results
were not evident in the tissue of
placebo-treated patients. Magni-
fication, 40�.



n � 61). A total of 50.8% of this patient population experienced complete wound closure with-
in 12 weeks (p � 0.006). Patients who received every dose of Dermagraft with the correct meta-
bolic activity (n � 37) had the highest percentage of complete wound closure (54.1%) by week
12 and were by themselves statistically significantly better than the control group (p � 0.007).

In addition to patients being followed through week 12, data were collected for week 32 heal-
ing, a full 6 months after the last application of Dermagraft. Because the dosage of Dermagraft
was complete at the end of the first 8 weeks, it was expected that the difference between Derma-
graft and control healing would narrow considerably at week 32, a full 6 months after the last dose.
Despite the long time since the last implantation, however, the Dermagraft-treated patients con-
tinued to do much better than the controls. The DG-TR group still had significantly more pa-
tients healed than the control group (p � 0.039), and the median time to complete healing was
twice as fast with Dermagraft (13 weeks for Dermagraft vs. 28 weeks for control). Previous stud-
ies have shown that fibroblasts implanted clinically in the Dermagraft product persist for at least
6 months in vivo after implantation. The persistence of these cells clearly shows the uniqueness of
a tissue-engineered product in wound healing: persistent cells are capable of secreting growth fac-
tors and normal matrix proteins long term into the wound bed, thus promoting an on-going phys-
iological healing environment.

SUMMARY
Clinical use of our fibroblast-based tissue-engineered implants has shown rapid vasculariza-

tion of the wound bed, remodeling of the tissue, and reduction in inflammation (Fig. 63.10). The
mechanism of action of this healing has been well studied (Jiang and Harding, 1998; Mansbridge
et al., 1998, 1999; Naughton et al., 1999) (Fig. 63.11) and has led clinicians to look for new ap-
plications associated with problem wounds whereby this action would be beneficial. This approach
offers obvious benefits over a single growth factor approach, such as the local application of ex-
ogenous VEGF, because multiple angiogenic factors are naturally secreted by the fibroblast-based
tissue-engineered constructs at physiologically relevant ratios. These cells can respond to biologi-
cal signaling in vivo and induce a more physiologic healing process. In addition, the matrix com-
ponents have been shown to induce endothelial migration and may serve as a source of natural un-
damaged proteins that can enhance in vivo remodeling.

The strong clinical safety profile of this product, along with the physiologic properties that
promote rapid healing, make it an excellent candidate for use in the study of revascularization and
regeneration of damaged tissue in a variety of chronic and acute wounds.
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Artificial Womb
Christopher S. Muratore and Jay M. Wilson

A SQUAT grey building of only thirty-four stories. Over the main entrance the words, CEN-
TRAL LONDON HATCHERY AND CONDITIONING CENTRE, and, in a shield, the
World State’s motto, COMMUNITY, IDENTITY, STABILITY. . . .

In the Bottling Room all was harmonious bustle and ordered activity. Flaps of fresh sow’s
peritoneum ready cut to the proper size came shooting up in little lifts from the Organ Store
in the sub-basement. Whizz and then, click! The lift-hatches flew open; the bottle-liner had
only to reach out a hand, take the flap, insert, smooth-down, and before the lined bottle had
had time to travel out of reach along the endless band, whizz, click! another flap of peritoneum
had shot up from the depths, ready to be slipped into yet another bottle, the next of that slow
interminable procession on the band.

Next to the Liners stood the Matriculators. The procession advanced; one by one the eggs
were transferred from their test-tubes to the larger containers; deftly the peritoneal lining was
slit, the morula dropped into place, the saline solution poured in . . . and already the bottle had
passed. . . .

Each bottle could be placed on one of fifteen racks, each rack, though you couldn’t see it,
was a conveyor traveling at the rate of thirty-three and a third centimetres an hour. Two hun-
dred and sixty-seven days at eight metres a day. Two thousand one hundred and thirty-six me-
tres in all. One circuit of the cellar at ground level, one on the first gallery, half on the second,
and on the two hundred and sixty-seventh morning, daylight in the Decanting Room. Inde-
pendent existence—so called.

“But in the interval,” Mr. Foster concluded, “we’ve managed to do a lot to them. Oh, a very
great deal.” His laugh was knowing and triumphant.

“That’s the spirit I like,” said the Director once more. “Let’s walk around. You tell them every-
thing, Mr. Foster.”

Mr. Foster duly told them.
Told them of the growing embryo on its bed of peritoneum. Made them taste the rich blood

surrogate on which it fed. Explained why it had to be stimulated with placentin and thyroxin.
Told them of the corpus luteum extract. Showed them the jets through which at every twelfth
metre from zero to 2040 it was automatically injected. Spoke of those gradually increasing dos-
es of pituitary administered during the final ninety-six metres of their course. Described the ar-
tificial maternal circulation installed in every bottle at Metre 112; showed them the reservoir
of blood-surrogate, the centrifugal pump that kept the liquid moving over the placenta and
drove it through the synthetic lung and waste product filter. Referred to the embryo’s trouble-
some tendency to anaemia, to the massive doses of hog’s stomach extract and foetal foal’s liver
with which, in consequence, it had to be supplied. [Aldous L. Huxley, “Brave New World”
(932)]

Although Huxley’s “Brave New World” describing a futuristic science was written many decades
ago, the principles of constructing an artificial womb were remarkably accurate. The womb

would require a vessel, biologic tissue for implant (sow’s peritoneum), nutrition (blood surrogate),
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hormones (placentin, thyroxin, pituitary), unknown growth factors (corpus luteum extract, hog
stomach extract, fetal foal liver), oxygen, a centrifugal pump, a synthetic lung, a waste product fil-
ter, and temperature and light controls. Today, long after Huxley conjured his new world, this list
has changed little. Although the “ideal” artificial womb would be a total tissue construct, practi-
cally speaking, the CYBORG (cybernetic and organic) approach outlined by Huxley will un-
doubtedly yield the first practical womb substitute. But, before one begins the task of developing
an artificial womb, it is useful to first understand why such a construct might be useful in the first
place.

WHAT DOES THE FIELD OF TISSUE ENGINEERING 
HAVE TO OFFER THE PREMATURE INFANT?

Prematurity is the leading cause of neonatal death and morbidity worldwide, accounting for
60–80% of deaths of infants without congenital abnormalities. The overall neonatal mortality rate
in the United States is approximately 7 per 1000, a rate that ranks nineteenth in the world and
well below many industrialized and Third World countries. This mortality rate has steadily de-
creased largely because of improvements in neonatal intensive care, leading to infant survival rates
of approximately 50, 80, and 97% for infants born at 24, 28, and 32 weeks of gestation, respec-
tively (normal gestation is 40 weeks (Kipikasa and Bolognese, 1997). However, survival rates alone
do not tell the whole story. Many premature survivors have significant morbidity. In one study,
children who weighed less than 705 g at birth demonstrated substantially higher rates of mental
retardation, cerebral palsy, and visual disabilities as well as neurobehavioral dysfunction and poor
school performance. Other complications, including respiratory distress syndrome, intraventricu-
lar hemorrhage, necrotizing enterocolitis, bronchopulmonary dysplasia, sepsis, patent ductus ar-
teriosis, and retinopathy of prematurity, increase with decreasing gestational age (Kipikasa and
Bolognese, 1997; Dawson et al., 1997).

Currently, the preterm viable infant (�24 weeks of gestation) is cared for in a neonatal in-
tensive care unit (ICU), where it must survive the transition from the protective liquid fetal envi-
rons to the harsh invasive realm of the New World. During this transition, rapid and profound
physiologic changes enable the infant to make the successful passage from intrauterine to ex-
trauterine life. These changes are developmental tasks that all babies must complete. To accom-
plish them successfully, the fetus must have relatively mature organ systems, including renal, skin,
pulmonary, and cardiovascular. The earlier in gestation the infant is born, the greater the number
and magnitude of fetal tasks that are unfinished and the more vulnerable the infant (Rowe, 1998).

Invariably, lung underdevelopment is the most formidable challenge faced by the preterm in-
fant, although significant underdevelopment of the skin, cardiovascular, and immune systems
compounds the problem. Although lifesaving, the invasive environment of the modern newborn
ICU inflicts an iatrogenic toll that might be avoided if the preterm infant could complete the de-
velopmental process while being maintained in a liquid incubation system simulating the protec-
tive in utero environment.

PREMATURITY—THE CONSEQUENCES

Intraventricular Hemmorhage
The most common form of brain injury in premature infants is intraventricular or periven-

tricular hemorrhage. Risk of intracranial hemorrhage is directly associated with the degree of pre-
maturity. Overall, 46–58% of infants with extremely low birth weight sustain some form of in-
traventricular hemorrhage; 50% of intraventricular hemorrhages occur on the first day of life and
90% occur by age 1 week. Intraventricular hemorrhage (IVH) is graded on a scale of one to four
based on the extent of hemorrhage and the involvement of the surrounding structure. Prognosis
is directly related to the severity of the hemorrhage, with mortality rates ranging from 16 to 50%
and the incidence of major neurodevelopmental handicaps from 45 to 86%. Extensive hydro-
cephalus and significant periventricular injuries are associated with more than a 90% risk of ma-
jor long-term neurodevelopmental sequelae (Rowe, 1998; Dawson et al., 1997). The cause of IVH
is thought to be immature development of the brain compounded by the stress of the fetus trying
to survive in a postnatal environment for which it is poorly equipped.
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Hyaline Membrane Disease
Hyaline membrane disease (HMD) contributes significantly to morbidity and mortality

among premature infants. The primary biochemical abnormality in HMD is deficiency of pul-
monary surfactant, which leads to increased atelectasis, worsening of pulmonary compliance, and
progressive respiratory failure. Long-term follow up of survivors of HMD has demonstrated per-
sistent abnormalities in pulmonary function testing, increased susceptibility to pulmonary infec-
tions, and development of bronchopulmonary dysplasia, in the most severely affected infants
(Dawson et al., 1997).

Bronchopulmonary Dysplasia
Bronchopulmonary dysplasia (BPD), or chronic lung disease, in infants is the most common

pulmonary sequela of mechanical ventilation of both premature and full-term infants. The inci-
dence of BPD among premature infants is inversely proportional to gestational age and birth
weight. Up to 70% of infants with birth weights less than 1000 g will develop BPD. Many factors
play a role in the development of BPD, but the most significant are the degree of pulmonary struc-
tural and functional immaturity at birth and the degree and length of mechanical ventilation and
oxygen support (Dawson et al., 1997). Prevention of HMD and BPD is challenging in the cur-
rent neonatal ICU setting, but may be achieved utilizing an extrapulmonary source for gas ex-
change to allow the lungs to mature without injury.

Skin Maturation and Transepithelial and Insensible Water Loss
Insensible water loss is the invisible loss of water from the lungs and skin. The major com-

ponent of insensible water loss during the newborn period is transepithelial water loss (TEWL).
In the low-birth-weight infant, TEWL can have profound effect on fluid balance and thermoreg-
ulation, and it can ultimately effect mortality. TEWL results from water molecules diffusing across
the superficial capillaries of the skin. For the extremely low-birth-weight infant with almost no
keratinization, water loss can be enormous. As water is lost, so is heat. For every milliliter that evap-
orates, 0.58 kcal of heat are dissipated. TWEL is inversely related to gestational age and birth
weight (Rowe, 1998). Prevention of TEWL is impossible in the current newborn ICU, but might
be possible if the preterm infant is cared for in a liquid-based environment.

Necrotizing Entercolitis
Since the introduction of neonatal intensive care medicine in the 1960s, and with increasing

neonatal survival, necrotizing entercolitis (NEC) has become the most common gastrointestinal
tract disease of the newborn (Albanese and Rowe, 1998). The incidence of NEC is approximate-
ly 1 to 3 in 1000 live births, but the true incidence is difficult to ascertain. NEC is predominant-
ly a disease of low-birth-weight premature infants. It is believed that the susceptibility of the im-
munologically immature gut makes it vulnerable to an inciting agent such as endogenous bacteria
or hypoxic injury. Enteral feedings also stress the immature gut and provide a substrate for bacte-
rial proliferation, resulting in mucosal injury. The breakdown of the gut barrier initiates an in-
flammatory cascade, ultimately resulting in intestinal necrosis (Albanese and Rowe, 1998). Pre-
vention may require providing nutrition by a source other than enteral.

Long-Term Costs of Prematurity
Long-term costs of perinatal disabilities secondary to prematurity are dramatic. There are di-

rect cost issues such as hospital bills, physician fees, office visits, laboratory tests, rehabilitation ser-
vices, and medical expenses, in addition to parental out-of-pocket costs. Indirect costs also reflect
foregone opportunities of family members, such as wages lost while seeking medical treatment or
while the infant is convalescing (McCormick and Richardson, 1998). The additional costs to so-
ciety of caring for the complications of prematurity are currently unknown, but are undoubtedly
enormous.

THE IDEAL ARTIFICIAL WOMB
Because none of the complications of prematurity occur in a fetus that remains in the womb,

one novel method of addressing the problem would be to maintain profoundly premature infants
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in the fetal environment. No apparatus to achieve this exists, thus we will endeavor to describe the
“ideal” artificial womb and then to review the data on preliminary attempts to create it. The ide-
al artificial womb would have to reproduce many of the functions of the maternal/placental unit,
such as gas exchange and nutrition, as well as provide a protective environment for continued de-
velopment in an environment free of bacterial and viral contamination. The time frame during
which such support might be necessary could range from 5 to 15 weeks.

The relatively new field of tissue engineering owes its existence to the understanding of cel-
lular physiology, growth, proliferation, communication, and interaction with biodegradable poly-
mer constructs. On a more global scale, successful maintenance of a fetus mandates that near-per-
fect fetal physiology is maintained. The goal therefore, for an artificial womb, either completely
or partially tissue engineered, would be to mimic as closely as possible the in utero environment,
maintain fetoplacental circulation, and reproduce the contributions and physiology of the pla-
centa.

Recreating the in Utero Environment
As depicted in Fig. 64.1, conceptually, the fetus, still in continuity with the umbilical cord

and placenta, would be placed in a flexible incubator that permits fetal movement. The incubator
is filled with a warm electrolyte solution, closely mimicking amniotic fluid, which is circulated,
filtered, and returned to the incubator. Reproduction of a liquid-based protective environment
would prevent insensible water loss from the lungs and skin, making fluid balance and ther-
moregulation easier (Rowe, 1998). Moreover, this liquid-based environment would apply pressure
to the outside of the fetal chest, equilibrating and counterbalancing an equal pressure transmitted
via an open airway to the lungs (Adzick and Harrison, 1991). This fluid pressure contributes the
resultant intrapulmonary distending pressure, which is essential to proper lung development (Ad-
zick and Harrison, 1991). Amniotic fluid is also swallowed and plays an active role in the main-
tenance and development of the gastrointestinal tract. In order to completely support the fetus, a
myriad of growth factors would have to be added to this fluid.

Maintenance of Fetoplacental Circulation
Normal fetal growth and development are dependent on umbilical blood flow to meet the

growing demand of fetoplacental exchange of oxygen, carbon dioxide, nutrients, metabolic wastes,
and hormones. Umbilical blood flow increases in direct proportion to the increase in fetal body
weight, so that flow remains approximately constant at 110 to 125 ml/min/kg during the third
trimester. Furthermore, fetal biventricular cardiac output is near maximal under basal conditions
in near-term fetal sheep and the umbilical–placental circulation is near maximally dilated (Adam-
son et al., 1998). This umbilical blood flow represents about 30% of the fetal biventricular cardiac
output. At birth, however, umbilical–placental circulation begins to close. Flow rapidly decreases
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after delivery to less than 20% of the normal fetal value. This is accompanied by significant de-
creases in umbilical artery and vein diameters (Adamson et al., 1998). Maintenance of umbilical
blood flow and near-maximal placental vascular dilatation will be essential to extrauterine fetal sur-
vival. Consequently, understanding the factors that regulate umbilical blood flow is critical to
maintaining umbilical–placental vascular patency. The exogenous use of vasoactive factors would
be an important adjunct to ensure umbilical–placental blood flow in the extrauterine fetus.

Interestingly, there are no detectable adrenergic or cholinergic nerve fibers in the human pla-
centa or in the human umbilical cord vessels. Thus the absence of the innervation of the extrafe-
tal umbilical cord vessels and the placenta indicates that these vessels are not under neural control
(Adamson et al., 1998). Therefore, pharmacologic manipulation directed at adrenergic or cholin-
ergic receptors would not be necessary to maintain umbilical–placental blood flow for the ex-
trauterine fetus. However, there are a number of systemic and placental-derived vasoconstrictors
that contribute to umbilical–placental blood flow regulation, including angiotensin II, bra-
dykinin, catecholamines, thromboxane, prostaglandins, endothelin-1, histamine, peptides, and
serotonin. In humans, thromboxane and endothelin-1 are potent vasoconstrictors of the placen-
tal vessels. Endothelin-1 in particular may increase the sensitivity to other vasoconstrictors and
thus modify the vasoactive response of the umbilical–placental circulation to other agents (Adam-
son et al., 1998). Likewise, a number of hormones have vasodilatory actions on the placenta. Im-
portant factors considered to have a vasodilatory role on the umbilical–placental circulation in-
clude adenosine, corticotropin-releasing hormone (CRH), endothelial-derived relaxing factor
(EDRF), natriuretic peptides, and prostacyclin. In particular, CRH at physiologic concentrations
and EDRF appear to play an important role in the maintenance of low vascular resistance in this
vascular bed (Adamson et al., 1998).

Placental Physiology
The importance of the native placenta to the artificial incubator cannot be neglected. Many

vasoactive factors are produced and act locally in the placenta; this provides additional justifica-
tion for including the placenta in the artificial incubation system. The placental membrane sur-
face area is responsible for diffusion of oxygen, carbon dioxide, nutrients, and many systemic and
locally produced hormones. Contemporary extracorporeal membrane oxygenator (ECMO) units,
whether utilizing a roller pump or centrifugal pump, currently provide adequate gas exchange. The
membrane oxygenator can oxygenate and remove CO2 from either whole blood or a blood sub-
stitute such as liquid perfluorocarbon. Nutrition provided in the form of total parenteral nutrition
(TPN) can be infused either directly into the placental blood or diffused across the engineered pla-
cental–ECMO interface. Likewise, antibiotics and other medications may be given similarly, pro-
vided they can cross the interface barrier.

Finally, the development of an autologous placenta–ECMO interface, derived and engineered
from human tissue, as a conduit would be far superior to the currently used silastic tubing. To en-
hance the autologous nature of the ECMO interface membrane, the membrane might be con-
structed of umbilical vein-derived endothelial cells, seeded on a biodegradable polymer. A tissue-
engineered membrane would further obviate the need for anticoagulation or routine circuit
changes, both of which are necessary with the conventional ECMO, because the risk of mural
thrombi would be less. Moreover, fewer circuit changes translate into a lower risk of infection, and
less fetal disturbance or manipulation.

STATE-OF-THE-ART ARTIFICIAL PLACENTA DESIGN
The first efforts to develop long-term extrauterine extracorporeal maintenance of a premature

fetus were initiated in the late 1950s and were continued by many groups into the 1960s. The ear-
ly studies used a pump oxygenator to sustain life or to provide adequate perfusion in previable fe-
tuses. In 1958, Westin et al. reported that seven previable human fetuses had been kept alive 5–
12 hr by extracorporeal perfusion of the umbilical vein and induction of hypothermia (Callaghan
et al., 1956; Westin et al., 1958). In 1961, Lawn and McCance described an incubation system
designed to support the isolated fetus and called it an artificial uterus or artificial placenta. The
authors used both open and closed tanks filled with isotonic glucose to contain the fetus. In this
design the fetal heart pumped the blood through the oxygenator via the umbilical arteries to main-
tain the circulation. The authors were interested in studying the effects of pressure and flow in the
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umbilical vessels, and oxygen consumption in the fetus. In 1969, Zapol et al. developed an artifi-
cial placenta consisting of an extracorporeal circuit and one silicone membrane blood oxygenator.
This circuit was connected to the fetus via the umbilical vessels. Arteriovenous perfusion was
achieved. Blood from the umbilical artery was collected in a reservoir bag pumped through the
membrane lung and returned to the fetal umbilical vein while the fetus was maintained submerged
in a warm saline bath. With this apparatus, they were able to maintain exteriorized premature fe-
tuses for up to 55 hr.

In 1987, Kuwabara et al. reported the development of an extrauterine fetal incubation system
also using an extracorporeal membrane oxygenator. This group exteriorized a preterm fetal goat
and cannulated the umbilical vessels with polyvinyl catheters. Following systemic heparinization,
the catheters were connected to the ECMO circuit and the fetus was placed into the incubator
filled with artificial amniotic fluid consisting of a balanced electrolyte solution, which was warmed
to 39.5�C. The fluid was circulated and cleaned by an in-line filter. The ECMO circuit consisted
of polyvinyl chloride tubing, a roller pump, and a microporous membrane oxygenator and a heat
exchanger. The blood was drained from the umbilical arteries, oxygenated, and returned to the
umbilical vein. This system required anticoagulation, which was maintained with a continuous in-
fusion of heparin that was titrated to keep the activated clotting time to approximately 250 sec.
Fetal electrocardiogram heart rate, arterial blood pressure, central venous pressure, and electroen-
cephalogram, tracheal pressure, gross movements, and flow rates of perfusate were continuously
recorded. Blood samples were sequentially obtained from the circuit for hematologic, biochemi-
cal, and blood gas analyses. A catheter was transabdominally implanted in the urinary bladder for
the measurement of urine volume, osmotic pressure, and electrolytes.

With this system, fetuses were kept under fairly stable physiologic conditions for periods up
to 165 hr. The most common causes of death were circulatory failure and blood clotting. Massive
intraperitoneal hemorrhage was noted in some of the cases due to administration of excessive hep-
arin, whereas other cases reported clotting in the oxygenator due to insufficient heparinization.
Nevertheless, utilizing this system, reasonable fetal circulation and fetal blood gas profiles were
maintained for up to 7 days.

In later studies, Kuwabara et al. (1989) reported an improvement in the extrauterine system
that allowed for maintenance of the fetus for as long as of 236 hr, with a mean duration of 146.5
hr of extrauterine survival. These improved results were attributed to several improvements in the
experimental methods. The flow rate of the extracorporeal circulation was maintained at approx-
imately 100 ml/min/kg. PaO2 and PaCO2 were kept between 25–35 and 35–45 mmHg, re-
spectively, which was achieved by changing the flow rate of oxygen, nitrogen, and CO2 gases. An-
ticoagulation was maintained with continuous infusion of heparin to achieve a lower activated
clotting time of approximately 200 sec. All fetuses received a physiologic electrolyte solution in-
travenously containing 7.5–10% glucose at a rate of 10 ml/hr. An improvement in catheter de-
sign, allowing the tips of the catheters to be positioned in the lower part of the abdominal aorta,
made it possible to maintain more consistent flow throughout the extracorporeal circuit.

In the previous studies, marked water retention resulting in massive ascites, plural effusions,
and subcutaneous edema had appeared as early as the second or third day of the incubation peri-
od (Zapol et al., 1969). The etiology for this phenomenon remains unclear but, excess fluid intake
by infusion and fetal swallowing and immature renal function together with endocrinologic and
or metabolic disturbances while on the ECMO circuit were thought to contribute. To prevent flu-
id retention on extracorporeal dialysis ultrafiltration method was utilized. This improved the flu-
id balance, as shown by the fact that no severe water retention was observed at autopsy of any 
fetus, and the electrolyte balance of the fetus was maintained within the physiologic ranges
throughout the study, in contrast to earlier studies. Causes of death, again, in all cases of long-term
incubation not associated with mechanical failure, were due to circulatory failure. Circulatory fail-
ure was noted to progress slowly throughout the duration of incubation.

In 1990, Unno et al. utilized the extrauterine fetal incubation system to study extrauterine fe-
tal physiology compared to in utero fetal physiology. Many studies had shown that mammals un-
der physiologic conditions had the ability to maintain a normal oxygen consumption level by 
increasing the oxygen extraction ratio when oxygen delivery fell to a certain extent. Using ex-
trauterine fetal incubation, Unno et al. revealed that the same phenomenon occurred. They de-
termined that the oxygen consumption decreased when the oxygen delivery was less than 10 ml/
min/kg and it remained almost constant when the oxygen delivery exceeded 10 ml/min/kg. The
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relation suggested that this level of oxygen consumption was a basic requirement for the ex-
trauterine goat fetus on ECMO and that the critical oxygen delivery value was approximately 10
ml/min/kg. This study indicated that the oxygen consumption of an isolated goat fetus incubat-
ed in an isothermic environment with umbilical arteriovenous extracorporeal membrane oxy-
genation was almost equal to a fetus in utero.

The incubation periods for this experiment were between 58 and 236 hr, a significant im-
provement from prior attempts. Although these data provided significant information on oxygen
delivery and utilization by an extrauterine fetus, the exteriorized animal did not survive for more
10 days. During these studies excessive fetal gross movements and water imbalance due to swal-
lowing of artificial amniotic fluid during the extrauterine fetal incubation were strongly suspect-
ed of being the causes of circulatory deterioration and failure during long-term incubation (Unno
et al., 1990). To suppress fetal movement and swallowing, pancuronium bromide was adminis-
tered in subsequent studies (Unno et al., 1993). This was provided either as a continuous infusion
or as an intermittent bolus, with the doses adjusted according to fetal activity. The extracorporeal
circuit was maintained as previously mentioned. With the administration of muscle relaxant, the
externalized goat fetus on ECMO could be supported for approximately 3 weeks. Fetal parame-
ters, including fetal blood gas, O2 saturation, and PaO2, PaCO2, and measurements of oxygen
consumption all remained stable during long-term extrauterine fetal incubation, demonstrating
that the fetus was able to adapt better to extrauterine fetal circulation when fetal activity was sup-
pressed.

Although these physiologic parameters demonstrated that the fetal cardiovascular system was
able to adapt to the extracorporeal environment for a lengthy period of time, long-term immobi-
lization is not at all physiologic. When attempts were made to initiate spontaneous lung respira-
tion after 3 weeks of paralysis, spontaneous breathing did not occur. The long-term administration
of pancuronium bromide in the preterm state may have caused fetal neuromuscular disturbances
that prevented spontaneous breathing, or inadequate muscle development occurred secondary to
muscular weakness due to the long-term immobilization.

ORGAN MATURATION DURING MAINTENANCE 
WITH ARTIFICIAL WOMB

Although the prior studies have shown that long-term paralysis prevented subsequent spon-
taneous respiration, in 1998, Yasufuku et al. demonstrated that the use of an extrauterine support
system nevertheless did permit continued lung growth and maturation. Using twin goat fetuses as
controls, they compared production of surfactant, maintenance of pulmonary epithelial ion trans-
port, and lung maturation by histologic criteria. To prevent net efflux of lung liquid they ligated
the tracheas of their extrauterine fetus. The ductus arteriosus was maintained open with high flow
and low oxygen saturation, thereby maintaining fetal circulation. Their results demonstrated nor-
mal production of surfactant, maintenance of ion transport of the pulmonary epithelium, increase
in lung weight, and increase in mature alveolar type II cells in the ligated animal lungs. This re-
port provided preliminary evidence that the use of an extrauterine fetal incubation system could
support the preterm fetus while allowing continued growth and maturation of immature fetal or-
gans such as the fetal lung.

VARIATIONS OF ARTIFICIAL WOMB TECHNOLOGY
All of the above experiments were performed using a fetus without the placenta. An alterna-

tive approach, hybrid respiratory support, includes the placenta with extracorporeal membrane
placental oxygenation (Akagi et al., 1991). In this conceptual design, a preterm fetus could po-
tentially be connected to a placenta instead of an oxygenator. The placenta would be interfaced
with an artificial uterus, namely, the ECMO circuit. The ECMO circuit in this case uses an arti-
ficial blood substitute (Perfluorocarbon) to deliver oxygen to the placenta. In in vitro experiments,
gas exchange took place between the fetal blood and the ECMO circuit across the placental mem-
brane. This hybrid system relied on flow rates of the artificial blood through the placental–ECMO
circuit at a fixed rate of 3 liters/min. In these in vitro experiments the gas transfer rate increased
consistently with the blood flow rates of 60 ml/min per oxygen at 40 ml/min per CO2 at a blood
flow rate of 1 liter/min. These results are comparable to that of clinically available membrane oxy-
genators for infants today and could represent an alternative method for extrauterine maintenance
of a preterm fetus in the future (Akagi et al., 1991).
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CONCLUSION
Despite the revolutionary advances that have occurred in modern medicine, premature labor

remains an unsolved problem. Consequently, preterm infants are unique patients who require a
unique branch of medicine devoted to their care and management. For infants �24 weeks old,
the modern newborn ICU is sufficiently equipped to provide care. However, a combination of in-
fant underdevelopment and iatrogenic injury place the premature infant at unique risk. Further-
more, for those infants born 24 weeks of gestation, there is currently no technology that will 
sustain them. Twenty-four weeks represents a milestone in fetal development because it is ap-
proximately the transition period from the pseudoglandular stage of pulmonary development to
the terminal saccular stage. The terminal saccular stage represents the earliest histologic and phys-
iologic stages of lung development capable of adequate gas exchange. It is generally accepted that
there is no capacity for gas exchange prior to this stage of lung development. As such, attempts to
ventilate mechanically an infant 24 weeks of gestation are generally unsuccessful. The develop-
ment of an artificial womb that could sustain the preterm fetus in a liquid-based environment
could potentially salvage the fetus born 24 weeks of gestation.

The invasive environment of the modern newborn ICU inflicts an unintentional iatrogenic
toll that might be avoided if the preterm infant could complete the developmental process while
being maintained in a protective liquid incubation system. Complications of prematurity, includ-
ing respiratory distress syndrome, intraventricular hemorrhage, necrotizing enterocolitis, bron-
chopulmonary dysplasia, sepsis, patent ductus arteriosis, and retinopathy, may be avoided with the
development of an artificial womb, thereby making Huxley’s vision a reality.
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Regulatory Considerations
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INTRODUCTION

The United States Food and Drug Administration (FDA) is a science-based regulatory agency in
the United States Public Health Service (PHS) whose mission is to promote and protect the

public health through regulation of a wide range of products, by assuring the safety of foods, cos-
metics, and radiation-emitting electronic products, as well as the safety and effectiveness of human
and veterinary pharmaceuticals, biologicals, and medical devices. The FDA recognizes that an im-
portant segment of the products that it regulates arises from applications of new technology, such
as tissue engineering. Tissue engineering, which applies life sciences and engineering principles to
the maintenance, modification, improvement, restoration, or replacement of human tissue or or-
gan function, has led to a broad range of products based on their common source materials, i.e.,
human tissues or organs (e.g., autologous or allogeneic tissues); animal tissues or organs (e.g., trans-
genic animals or xenotransplants); and processed, selected, or expanded human or other mam-
malian cells (e.g., stem/progenitor cells, genetic and somatic cellular therapies), with or without
biomaterials and totally synthetic materials of biomimetic design. Representatives of these prod-
uct classes are in different stages of development. To date, some have been approved for use by the
FDA and many are under either preclinical investigation or regulatory evaluation. This chapter
provides background on and an overview of the regulatory considerations related to the FDA re-
view and approval of tissue-engineered medical products (TEMPs). It discusses the FDA’s legisla-
tive authority and product regulatory process together with updates of proposed regulatory ap-
proaches, development of standards/guidance, and communications with industry. The review of
products is conducted on a case-by-case basis and the product’s safety and effectiveness are assessed
with respect to its manufacture and clinical performance, as applicable, as well as the manufac-
turer’s claim of intended use. The FDA is divided into six centers, each staffed with the scientific
and regulatory expertise appropriate for evaluating the products in its jurisdiction. In addition,
each center can apply any of the FDA’s statutory authorities to regulate its products. The agency
has adopted a cooperative approach across the appropriate FDA centers in developing the regula-
tory approaches for TEMPs. These approaches have simplified and facilitated the administrative
process for evaluating TEMPs, the resolution of product regulatory jurisdiction questions, and the
evaluation of product specific safety and effectiveness issues. As tissue engineering technology con-
tinues to evolve, leading to new and different products, new and different product-specific issues
will also be expected. The FDA will continue to build on current initiatives, apply lessons learned
from previous products as applicable, and look to the best scientific minds and methods to achieve
innovative, flexible, and appropriate resolutions. A productive dialogue among the FDA, indus-
try, and consumers is the key in this endeavor in order to establish the proper place for TEMPs in
clinical medicine.
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Tissue-Engineered Medical Products

Range of products
Tissue engineering has been defined as the application of the principles of life sciences and

engineering in developing biologic substitutes for the maintenance, modification, improvement,
restoration, or replacement of tissue or organ function (Skalak and Fox, 1988; Langer and Vacan-
ti, 1993; Hellman et al., 1998). Products developed through this technology, or tissue-engineered
medical products (TEMPs), may be thought of as a broad range of products based on their com-
mon source materials—human tissues or organs (e.g., autologous or allogeneic tissues); animal tis-
sues or organs (e.g., transgenic animals or xenotransplants); and processed, selected, or expanded
human or other mammalian cells (e.g., stem/progenitor cells, genetic and somatic cellular thera-
pies), in combination with or without biomaterials. Totally synthetic materials of biomimetic de-
sign may also be considered tissue engineered.

Product examples
Since its inception, the multidisciplinary technology of tissue engineering, which encom-

passes advances in cell and molecular biology, materials science, surgical techniques, and engi-
neering, has given rise to a diverse array of potential therapeutic products for many different med-
ical conditions, affecting virtually every organ and system in the body. These products provide
either a structural/mechanical function or a metabolic function. Examples, among others pub-
lished in the scientific literature, include artificial skin constructs, expanded cells for cartilage re-
generation, engineered ligament and tendon, bone graft substitutes, products intended for nerve
regeneration, cells for spinal cord repair, engineered cornea and lens, products for periodontal tis-
sue repair, engineered products for cardiovascular repair/regeneration, blood substitutes, and en-
capsulated cells for restoration of tissue or organ function, used either as implants (encapsulated
pancreatic islet cells), or ex vivo as metabolic support systems (liver-assist devices) (Hellman et al.,
1998; Hellman, 1995; Bonassar and Vacanti, 1998). To date, some of these products have been
approved for use by the FDA and many are under either preclinical investigation or regulatory
evaluation.

LEGISLATIVE AUTHORITY/OVERSIGHT

Laws
Because TEMPs and their source materials span a broad spectrum of potential clinical appli-

cations, the responsibility for overseeing their development and commercialization within the
United States federal government has been divided among different regulatory agencies, centers,
and programs. The Health Resources Services Administration (HRSA) oversees the National Or-
gan Transplant Program and the National Marrow Donor Program. The remaining tissue-engi-
neered products are regulated by FDA.

The FDA is a science-based regulatory agency in the PHS. The agency’s legislative authority
for product oversight, premarket approval, and postmarket surveillance and enforcement is de-
rived principally from the Federal Food, Drug, and Cosmetic (FD&C) Act and the Public Health
Service Act. Under these authorities, the FDA evaluates and approves medical products for the
marketplace, inspects manufacturing facilities sometimes before and routinely during commercial
distribution, and takes corrective action to remove products from commerce when they are un-
safe, misbranded, or adulterated.

FDA Organization
The FDA’s mission is to promote and protect the public health through regulation of a wide

range of products by assuring the safety of foods, cosmetics, and radiation-emitting electronic
products, as well as assuring the safety and effectiveness of human and veterinary pharmaceuticals,
biologicals, and medical devices. The FDA’s six centers are each staffed with personnel having the
scientific and regulatory expertise appropriate to a center’s mission. The Center for Biologics Eval-
uation and Research (CBER) regulates biologics; the Center for Drug Evaluation and Research
(CDER) regulates drugs; the Center for Devices and Radiological Health (CDRH) regulates med-
ical devices and radiation-emitting electronic products; the Center for Food Safety and Applied
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Nutrition (CFSAN) regulates foods and cosmetics; the Center for Veterinary Medicine regulates
animal drugs, devices, and feed; and the National Center for Toxicological Research (NCTR) con-
ducts product-related toxicology research. However, each center can apply any of the statutory au-
thorities to regulate its products. For example, many products reviewed by CBER are regulated
under the medical device authority. In addition to the centers, a number of other FDA offices, for
example, the Office of Regulatory Affairs (ORA) and the Office of Orphan Products (OOP), pro-
vide assistance to the centers on regulatory procedures and facility inspections, as necessary.

PRODUCT EVALUATION AND THE REGULATORY PROCESS

Categories of Products
Regulations applicable to human medical products depend on whether the product is desig-

nated a biologic, drug, medical device, or combination product. Products are reviewed generally
by the FDA center with the lead responsibility and jurisdiction for the particular product catego-
ry. The term “biological product” is defined as a virus, therapeutic serum, toxin, antitoxin, vac-
cine, blood, blood component or derivative, allergenic product or analogous product, or ar-
sphenamine or its derivatives (or any other trivalent organic arsenic compound), applicable to the
prevention, treatment, or cure of diseases or injuries of man [42 U.S.C. 262(a)]. The phrase “anal-
ogous product” has been applied to a broad range of products (21 U.S.C. 600.3). A drug is an ar-
ticle intended for use in the diagnosis, cure, mitigation, treatment, or prevention of disease in hu-
mans or other animals, and an article (other than food) and other articles intended to affect the
structure or any function of the body of humans or other animals [21 U.S.C. 321(g)]. A device is
an instrument, apparatus, implement, machine, contrivance, implant, in vitro reagent, or other
similar or related article, including any component, part, or accessory, which is intended for use
in the diagnosis of disease or other conditions, or in the cure, mitigation, treatment, or prevention
of disease, in humans or other animals, or intended to affect the structure or any function of the
body of humans or other animals, and which does not achieve any of its principal intended pur-
poses through chemical action within or on the body of humans or other animals, and which is
not dependent on being metabolized for the achievement of any of its principal intended purpos-
es [21 U.S.C. 201(h)]. When biologics, drugs, and/or devices are combined, such products are
designated combination products. Tissue-engineered medical products do not comprise a specif-
ic product category under the FDA regulations.

Types of Product Premarket Submissions
The Federal FD&C Act requires demonstration of safety and efficacy for new drugs and de-

vices prior to introduction into interstate commerce. The PHS Act requires demonstration of safe-
ty, purity, and potency for biological products before introduction into interstate commerce. Con-
sequently, premarket clinical studies with new drugs and devices must be carried out under
exemptions from these laws. For drugs and biologics, which are considered drugs under the FD&C
Act, the application for the exemption is called an Investigational New Drug (IND) application.
For a device, the application is called an Investigational Device Exemption (IDE). The FDA reg-
ulations describing the IND application are found in Title 21 of the Code of Federal Regulations
(CFR), section 312 (21 CFR 312); the regulations for an IDE are in 21 CFR 812.

The contents of IND and IDE applications are similar. Applications will include a descrip-
tion of (1) the product and manufacturing processes and methods sufficient to allow an evalua-
tion of product safety and (2) preclinical studies that were appropriately designed to assess risks
and potential benefits of the product. The IND and IDE applications contain a proposal for a clin-
ical protocol, which describes the indication being treated, proposed patient population, patient
inclusion and exclusion criteria, treatment regimen, study end points, patient follow-up methods,
and clinical trial stopping rules. Both IND and IDE investigations require Institutional Review
Board (IRB) approval before they may commence. Although IND and IDE requirements are
somewhat different (e.g., in cost recovery and device risk assessment areas), it is important to note
that FDA will apply comparable standards of safety and efficacy for either type of application.
When the FDA determines that there is sufficient information to allow clinical investigations to
proceed, the IND or IDE exemptions are approved.

The first clinical trials conducted under the IND or IDE applications are often clinical trials
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involving a small number of individuals (e.g., phase 1/feasibility studies) designed primarily to as-
sess product safety. If these earlier studies indicate reasonable safety, phase 2 studies may be devel-
oped to investigate proper and safe dosing and potential efficacy. Phase 3/pivotal studies utilize
well-controlled clinical trial designs that support a determination regarding safety and efficacy and
lead to an application to FDA for premarket approval of the product.

It should be noted that there can be circumstances in which the first study under an IND or
IDE will not be a phase 1/feasibility study. This may occur, for example, when sufficient clinical
experience exists to establish the safety of a product after use overseas or in a different patient pop-
ulation. The FDA may review data from clinical studies performed outside the United States in
the IND/IDE process and/or in an application for marketing approval. The agency strongly en-
courages a sponsor to meet with the FDA staff to discuss the clinical protocol, study results, sta-
tistical analyses, and applicability of the data to a United States population before submitting the
Premarket Approval (PMA) or Biologics License (BLA) applications.

According to the laws and regulations governing commercial distribution of medical prod-
ucts, there are several different types of product premarket submissions. As a general rule, the type
of submission for a specific product will depend on the type of product (biologic or device). Tis-
sue-engineered medical products regulated as biologics will require review and approval of a BLA
that demonstrates the safety and effectiveness of the product before it may be marketed commer-
cially. If the TEMP is regulated as a device, a PMA demonstrating safety and effectiveness must be
approved, or a Premarket Notification [510(k)] must receive clearance. In order to obtain a 510(k)
premarket clearance for a product, the sponsor would need to demonstrate substantial equivalence
to a legally marketed predicate device. A humanitarian use device (HUD) is a product that may
be marketed under an exemption for treatment or diagnosis of a disease or condition that affects
fewer than 4000 patients per year in the United States. A Humanitarian Device Exemption (HDE)
exempts a HUD from the effectiveness requirements for devices if certain criteria are met as de-
scribed in Section 529(m)(1) of the FD&C Act, as amended February, 1998.

Postmarket surveillance for TEMPs is an important area of consideration. Manufacturers, user
facilities such as hospitals and nursing homes, and health care professionals need to report adverse
events through the FDA MedWatch process. Record keeping should be instituted by manufac-
turers of cellular and tissue therapies to allow tracking, when applicable, of donor tissues or cells
and of patients who receive the final product. Postmarketing studies may be necessary when (1) a
sponsor seeks a change in labeling, (2) such studies are a condition of the FDA approval, or (3)
such studies are necessary to protect the public health or to provide safety or effectiveness data. In
addition, postmarket surveillance of a medical device introduced into interstate commerce after
January 1, 1991, may be required if it is (1) intended for use in supporting or sustaining human
life, (2) presents a potential serious risk to human health, or (3) is a permanent implant, whose
failure may cause serious, adverse health consequences or death (see Section 522 of the FD&C
Act).

Review of Product Premarket Submissions
The intended use of the product, the claims that the sponsor wants to make for the product,

and safety concerns specific to the product will determine the types of data to be developed and
submitted for the FDA review. Regulatory evaluation of medical products is conducted on a 
case-by-case basis. The assessments of safety and effectiveness are the basic elements of premarket
review. The manufacturer is responsible for providing evidence of the product’s safety and effec-
tiveness.

Product safety and effectiveness are evaluated with respect to product manufacture and the
product’s clinical performance, as applicable, as well as the manufacturer’s claim of intended use
(i.e., the patient population to be treated and the role of the product in the diagnosis, prevention,
monitoring, treatment, or cure of a disease or condition). For TEMPs, issues of product manu-
facture can include cell/tissue and biomaterials sourcing, processing and characterization, detec-
tion and avoidance of adventitious agents, and product consistency and stability, as well as quali-
ty control procedures. Other important considerations include evaluation of the preclinical data,
e.g., toxicity testing, biomaterials compatibility, and in vitro/animal models for product effective-
ness. Collecting data on product performance in humans requires insight into clinical trial design
(e.g., patient entry criteria and study end points), study conduct, and subsequent data analyses.

At the request of the sponsor of a new drug, the FDA will facilitate the development and ex-
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pedite the review of such drug if it is intended for the treatment of a serious or life-threatening
condition and it demonstrates the potential to address unmet medical needs for such a condition.
The development program for such a drug or biologic may be designated a fast-track development
program. The FDA works closely with sponsors of products in fast-track development programs
and may apply special procedures such as accelerated approval based on surrogate end points, sub-
mission and review of portions of an application, and priority review to facilitate its development
and expedite its review, as published in the November 18, 1998, Guidance for Industry: Fast Track
Development Programs (see web site at http://www.fda.gov/cber/guidelines.htm).

With regard to the expedited review of medical devices, the FDA published on March 20,
1998, the guidelines entitled “PMA/510(k) Expedited Review Guidance for Industry and CDRH
Staff” (http://www.fda.gov.cdrh/modact/expedite.pdf ). This guidance document describes the
criteria for and procedures under which Premarket Approval Applications (PMAs), PMA Supple-
ments, and Premarket Notification [510(k)] applications undergo expedited review. In general, ap-
plications dealing with the treatment or diagnosis of life-threatening or irreversibly debilitating
diseases or conditions may be candidates for expedited review if (1) the device represents a clear,
clinically meaningful advantage over existing technology, (2) the device is a diagnostic or thera-
peutic modality for which no approval alternative exists, (3) the device offers a significant advan-
tage over existing approved alternatives, or (4) availability of the device is in the best interest of pa-
tients. Granted expedited review status means that the marketing application will receive priority
review before other applications. When multiple applications for the same type of medical device
(which offer a comparable advantage over existing approved alternatives) have also been granted
expedited review, the applications will be reviewed with the priority according to their respective
submission due dates.

Product Jurisdictional Decisions
A product jurisdictional decision consists of the determination as to whether a product should

be regulated as a biologic, drug, device, or combination product. Jurisdictional decisions for a com-
bination product are based on the product’s primary mode of action. In addition, as part of a ju-
risdictional determination are the decisions as to which center will take the lead for product pre-
market review and which type of submission is the most appropriate. These determinations may
be made on a routine basis when product premarket submissions are filed and reviewed by the 
individual center’s divisions. However, there are times when it is not clear what the product’s 
regulatory path should be. This may often occur with TEMPs because of their novel composition
and combination of biologic, drug, and/or device components. In this case, the jurisdictional 
decision is delegated to the center’s management and/or to the FDA Office of Chief Mediator 
and Ombudsman (OCMO) within the FDA’s Office of the Commissioner (e-mail address: 
ombudsman@oc.fda.gov).

How are combination products regulated?
Section 16 of the Safe Medical Devices Act (SMDA) of 1990 [21 U.S.C. 353(g)] describes

how the FDA will determine which center within the agency will have the primary jurisdiction for
the premarket review and regulation of any combination product. Designation of the lead FDA
center for product review is based on the primary mode of action of the combination product.
Designations also frequently will indicate whether a center other than the lead center will be asked
to assist the review in a consulting or collaborative capacity.

The regulation on combination products, 21 CFR Part 3, was adopted in November, 1991,
and implements Section 16. It defines combination products and discusses the appropriate regu-
latory approaches. To enhance the efficiency of agency operations, the scope of the regulation was
extended to apply to any product for which the jurisdiction is unclear or in dispute. The regula-
tion specifies how a sponsor can obtain an agency determination early in the process before any
required filing and which FDA center will have primary jurisdiction for the premarket review and
regulation of the product.

FDA InterCenter Agreements
The FDA InterCenter Agreements between CBER, CDER, and CDRH were established in

the early 1990s to clarify product jurisdictional issues. The three documents describe the alloca-
tion of responsibility for certain products and product categories.
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The sponsor seeking a jurisdictional decision may contact the designated center identified in
the InterCenter Agreement before submitting an application for product premarket review or to
confirm jurisdiction and to discuss the application process. For a combination product not cov-
ered by a guidance document or for a product for which the center with primary jurisdiction is
unclear or in dispute, the sponsor of an application for premarket review should follow outlined
procedures to request a designation of the lead center through a Request for Designation (RFD)
to the OCMO, as per CFR Part 3, before submitting applications.

These legislative and regulatory initiatives have simplified and facilitated the resolution of ad-
ministrative questions such as product regulatory jurisdiction for TEMPs within the FDA. Cur-
rently, TEMPs are regulated by both CBER and CDRH. Both centers are involved in the evalua-
tion of these products, with the lead center for product review identified by the product’s primary
mode of action and the other center acting as a consultant (Hellman et al., 1998; Hellman, 1995).
For example, (1) human tissue products (e.g., musculoskeletal tissue, skin, cornea) that are man-
ufactured by methods that do not change tissue function or characteristics are the regulatory re-
sponsibility of the Human Tissue Program, Office of Blood Research and Review, CBER; (2)
CDRH performs the premarket review of certain cellular wound healing products incorporating
a supportive matrix; and (3) xenotransplant, somatic cell, and encapsulated cell and gene thera-
pies are regulated by the Office of Therapeutic Research and Review, CBER. Certain cellular ther-
apies (e.g., ex vivo liver-assist devices) are evaluated jointly by CBER and CDRH as combination
products, with CBER designated as the lead center.

Tissue Reference Group
The Tissue Reference Group (TRG) was established in 1997 to assist the FDA Ombudsman

in determining product jurisdiction for human cellular and tissue-based products (www.fda.gov/
cber/tissue/trg.htm). The TRG is an intercenter standing committee composed of six voting
members, three representatives from CBER and three from CDRH, and a liaison from OCMO.
This committee was established to assist in making jurisdictional decisions and applying consis-
tent policy to the regulation of cellular and tissue-based products. Typically, when an inquiry is di-
rected to the TRG, the sponsor is asked to provide written information about the product in ques-
tion. At a regularly scheduled meeting, the TRG members discuss this product and render a
consensus recommendation, which is then forwarded to the centers for sign off, and relayed to the
sponsor in writing. A sponsor may request a meeting with the TRG, either before or after a TRG
decision is reached. The sponsor who chooses to address a product jurisdiction inquiry to the TRG
has the option of submitting an RFD to the OCMO at any time during this process. In addition
to working on specific product jurisdiction, the TRG members discuss general regulatory and sci-
entific issues related to human cellular and tissue-based products and facilitate exchange of infor-
mation between CBER and CDRH reviewers for these types of products.

Additional Ongoing FDA Intercenter Activities
The FDA, recognizing the complex nature of TEMPs, has taken a cooperative approach across

its centers in developing the necessary oversight for these products. These include rulemaking,
guidance documents, and long-standing cross-cutting working groups, such as the Wound Heal-
ing Clinical Focus Group (WHCFG) and the FDA InterCenter Tissue Engineering Working
Group (TEWG). The initiatives of the FDA working groups contribute substantially to this co-
operative approach in addressing the scientific issues of TEMPs and providing input/recommen-
dations on regulatory oversight for these products. These groups do not work in isolation, but
rather work in a cooperative, complementary way.

Wound Healing Clinical Focus Group
The Wound Healing Clinical Focus Group (WHCFG) was formed in the early 1990s and is

composed of approximately 20 members representing CBER, CDER, and CDRH. Its members
are, in general, the reviewers of applications to the FDA regarding wound healing products. The
mission of the WHCFG is to facilitate the development and assessment of products for wound
healing. The group serves to enhance consistency of reviews across centers, share information from
all parts of the agency, provide a forum for problem solving, and act as a direct liaison from the
FDA to academic and industry organizations. The group has also been charged with preparing a
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guidance document for industry on wound healing agents. To this end, the WHCFG organized
Advisory Committee Meetings to discuss issues associated with clinical trials of patients with
chronic ( July 15, 1997) and burn (November 14, 1997) wounds.

FDA InterCenter Tissue Engineering Working Group
The FDA InterCenter Tissue Engineering Working Group (TEWG) is composed of scientif-

ic research and review staff from five participating FDA centers, CBER, CDER, CDRH, CFSAN,
and CVM and certain FDA offices. It was established in July, 1994, to identify and address the
emerging scientific and science-based regulatory issues of TEMPs. The group, focusing the agency
on TEMPs, facilitates intercenter communication and cooperation among the FDA research, re-
view, and administrative staff in review and regulation of TEMPs, and explores international per-
spectives on TEMPs (Hellman, 1997; Durfor, 1997). Its goal is to support and strengthen prod-
uct review, and it works to promote regulatory consistency for TEMPs across the FDA through
networking mechanisms on science and review issues.

Communication and education are important functions for the TEWG. Different approach-
es are being used to disseminate information on TEMPs both within and outside the agency. These
include an education/training program in the agency and TEWG-initiated symposia, workshops,
short courses, and other projects. The group works in cooperation with other federal agencies such
as the National Institutes of Health (NIH), National Science Foundation (NSF), and National In-
stitute of Standards and Technology (NIST), as well as societies, institutes, and academe, to review
the scientific and regulatory issues concerning TEMPs (Durfor, 1997).

Recognizing that TEMPs are being developed for a potential worldwide marketplace, the
TEWG develops initiatives to gather and assess information on how entities other than the FDA
are regulating these products in order to acquire a global perspective for the evaluation of these
products. Among others, the TEWG organized a meeting, the Workshop on Tissue Engineering:
A Global Regulatory Perspective for Tissue-Engineered Products at the 5th World Congress on
Biomaterials, in May, 1996, in order to understand the regulatory approaches for TEMPs by dif-
ferent national regulatory bodies. It was learned that, although there are certain differences in pro-
cedures, there are also similarities in requirements for manufacture and performance of TEMPs
(Durfor, 1997).

As a result of outreach initiatives, the TEWG and its members are participating in the devel-
opment of voluntary consensus standards for various aspects of TEMPs through the American So-
ciety for Testing and Materials (ASTM), a U.S.-based standard-setting organization, which com-
municates with the International Standards Organization (ISO). It is believed that standards that
meet FDA requirements will be helpful for both the FDA in its regulatory review of TEMPs and
for the industry in guiding product development.

FDA Transmissible Spongiform Encephalopathies Working Group
Processing issues related to cell/tissue sourcing and the detection and elimination of adventi-

tious agents are important issues for any medical product, including TEMPs, that incorporates an-
imal or human tissue(s). Following reports of a variant form of Creutzfeldt–Jakob disease (vCJD)
in humans in Great Britain in 1996, attention immediately focused on a possible link between 
human transmissible spoingiform encephalopathy (TSE) disease and bovine spongiform enceph-
alopathy (BSE), of high incidence in the cattle of Great Britain, and on the many products using
bovine-derived materials.

The InterCenter FDA TSE Working Group, formed in the late 1980s following the report of
BSE in the cattle of Great Britain, had been monitoring the disease and developing initiatives for
safeguarding the FDA-regulated products containing or manufactured from bovine-, ovine-, and
caprine-derived materials. These initiatives have included recommendations, in the form of letters
and guidance to the industry, on the safe sourcing and processing of these animal materials used
in the FDA-regulated products. In view of the reports of vCJD, the Group, which is now com-
posed of approximately 30 members for all FDA centers and offices, was charged in March, 1996,
with assessing the impact of TSE agents on FDA-regulated products and recommending actions
that could be taken to protect animal and human health and to alert industry to appropriate safe-
guard measures.

Recognizing the importance of the concerns associated with the TSE agents, i.e., resistance to
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conventional means of inactivation and the lack of a presymptomatic diagnostic test for identifi-
cation of animal and human cell/tissue donors, the agency sponsored a meeting, the Internation-
al Workshop on TSE Risks in Relation to Source Materials, Processing, and End-Product Use, in
June, 1998. The FDA TSE Working Group has marshaled efforts with international groups, as
well as across the FDA, to provide prudent, rational, practical, and timely decisions and actions to
safeguard the FDA-regulated products and animal and human health. The Working Group was
instrumental in the development of this workshop. The primary objective of the workshop, held
under the auspices of the Joint Institute for Food Safety and Applied Nutrition (JIFSAN), a part-
nership between the University of Maryland and the FDA, was to identify practical guiding prin-
ciples for evaluating risks posed by animal and human TSE agents in FDA-regulated products, in-
cluding TEMPs. An outline of critical elements to consider in addressing TSE risk evaluation was
developed at the workshop and is available via e-mail (tse@life.umd.edu). This outline is a first
step in the development of a generic framework of practical guiding principles for evaluating TSE
risks in three interrelated areas: sourcing (selection of raw material), material processing, and the
use of final products made from these materials. In parallel, a set of information tools has been de-
veloped to facilitate risk evaluation and access to TSE information. This paradigm for decision
making may provide a useful model for assessing the impact of other emerging infectious disease
agents on medical products.

For sourcing of human cells and tissues, the emergence of vCJD, a human TSE, provides new
challenges for the evaluation of risks of possible iatrogenic transmission via human tissues and flu-
ids following tissue transplants or transfusion. Evaluating the risks of vCJD transmission is com-
plicated by several factors: (1) it is not known if vCJD has transmission characteristics similar to
CJD, (2) the pathogenesis of vCJD is not yet known, and (3) the number of individuals with sub-
clinical vCJD cannot be determined with certainty. The absence of a definitive diagnostic test for
human TSE agents, including the agent of vCJD, means that safe sourcing for human tissues, flu-
ids, and organs must be based on exclusion criteria, which are periodically reviewed and revised
(Workshop, 1999).

RECENT DEVELOPMENTS IN PRODUCT EVALUATION

Interim Rule and Final Rule: Human Tissue 
Intended for Transplantation

The FDA published an Interim Rule (58 FR 65514, December 14, 1993) that required all
facilities engaged in procurement, processing, storage, or distribution of human tissues intended
for transplantation to ensure that certain infectious disease testing and screening of the donors of
these tissues for human immunodeficiency virus (HIV), hepatitis B, and hepatitis C were per-
formed and that records documenting such testing and screening be available for the FDA in-
spection. Such tissues are derived from a human body, are intended for administration to anoth-
er human for the diagnosis, cure, mitigation, treatment, or prevention of any condition or disease,
and are recovered, processed, stored, or distributed by methods not intended to change tissue func-
tion or characteristics. These tissues included musculoskeletal tissue (e.g., bone, ligaments, ten-
don, fascia, cartilage), ocular tissue (e.g., cornea), and skin. The rule did not apply to organs, se-
men, reproductive tissue, human milk, and bone marrow, and did not cover tissue that was
currently regulated as a drug, biological product, or medical device. In response to comments re-
ceived, the FDA clarified and modified many of the provisions in the Interim Rule when it pub-
lished the Final Rule (62 FR 40429, July 29, 1997). At the same time, the agency issued a Guid-
ance for Screening and Testing of Donors of Human Tissue Intended for Transplantation.

Somatic Cell and Gene Therapy
In 1993, the FDA published a somatic and gene therapy statement (Application of Current

Statutory Authorities to Human Somatic Cell Therapy Products and Gene Therapy Products, No-
tice 58 FR 53248) outlining how the FDA’s statutory authorities governing therapeutic products
would apply to somatic cell therapy and gene therapy products. The statement defines somatic cell
therapy products as autologous, allogeneic, or xenogeneic cells that have been propagated, ex-
panded, selected, pharmacologically treated, or otherwise altered in biological characteristics ex
vivo to be administered to humans and applicable to the prevention, treatment, cure, diagnosis,
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or mitigation of disease or injuries. Gene therapy products are defined as products containing ge-
netic material administered to modify or manipulate the expression of genetic material or to alter
the biological properties of living cells. Some gene therapy products (e.g., those containing viral
vectors) to be administered to humans fall within the definition of biological products and are sub-
ject to the licensing provisions of the PHS Act, as well as to the drug provisions of the FD&C Act.
Other gene therapy products, such as chemically synthesized products, meet the definition for a
drug and are regulated only under the relevant portions of the FD&C Act. Cellular products in-
tended for use as somatic cell therapy are biological products subject to regulation pursuant to the
PHS Act (42 U.S.C. 262) and also fall within the definition of drugs in the FD&C Act [21 U.S.C.
321(g)]. As biologicals, somatic cell therapy products are subject to licensure to ensure product
safety, purity, and potency. At the investigational stage, these products must be in compliance with
21 CFR part 312, which stipulates that clinical trials are to be conducted under the code for INDs.
The statement also discusses the combination of biological products with drugs or devices.

Proposed Approach to Regulation of Cellular 
and Tissue-Based Products

In the 1990s, the FDA devoted considerable resources to the regulation of human cellular and
tissue-based products. In analyzing its regulatory approach to these products, the FDA came to re-
alize that the existing patchwork of regulatory policies did not fully address many issues raised in
this rapidly evolving area of product development.

On February 28, 1997, the FDA announced a document entitled, “A Proposed Approach to
the Regulation of Cellular and Tissue-Based Products,” in conjunction with “Reinventing the Reg-
ulation of Human Tissue,” the sixth “Reinventing Government” report, produced in conjunction
with the Vice President’s National Performance Review. A notice of availability was published on
March 4, 1997 (62 FR 9721) (see web site, www.fda.gov/cber/tissue/docs.htm). The regulatory
framework was designed to provide a comprehensive approach to the regulation of a broad spec-
trum of human cellular and tissue-based products, both traditional and new. This approach would
consist of a tiered, risk-based regulatory program that would protect the public health without ei-
ther imposing unnecessary government oversight or inhibiting innovation and product develop-
ment in this rapidly growing field.

Under the proposed approach a human cellular and tissue-based product is defined as a prod-
uct containing or consisting of human cells or tissues that are intended for implantation, trans-
plantation, infusion, or transfer into a human recipient, e.g., musculoskeletal, ocular, and skin tis-
sue; hematopoietic stem cells; reproductive cells and tissues; human dura mater; human heart valve
allografts; somatic cell therapy products; and combination products. The term would not include
vascularized human organs for transplantation; whole blood, blood components, or blood deriv-
ative products; secreted or excreted human products; minimally manipulated bone marrow; an-
cillary products used in the manufacture of cellular or tissue-based products, cells, tissues, and or-
gans derived from animals other than humans; and in vitro diagnostic products.

The agency identified the principal public health and regulatory concerns for the cellular and
tissue-based products, included in the proposed approach, as (1) transmission of communicable
disease, (2) processing controls to prevent contamination and preserve product integrity and func-
tion, (3) clinical safety and efficacy, (4) promotional claims and labeling, and (5) monitoring and
communicating with the industry. The agency also recognized that certain characteristics were ma-
jor determinants of the degree of risk associated with the use of these products, i.e., (1) source of
cells or tissue—autologous or allogeneic, (2) cell and tissue viability, (3) homologous or nonho-
mologous function, (4) degree of manipulation—minimal or more than minimal, (5) systemic or
local effect, (6) storage—in a bank or not stored (unbanked), and (7) combination of cells or tis-
sue with a drug or device.

In analyzing the above concerns and product characteristics, the agency concluded that a cel-
lular or tissue-based product with all of the following characteristics would have the least amount
of risk, and thus could be regulated without an actual premarket submission to the FDA—mini-
mal manipulation, homologous function, not combined with a drug or device component, and
having a local effect. If a product had any one of the following characteristics, it would present a
greater risk and, thus, would be regulated as a biological drug or device requiring a premarket sub-
mission to the FDA for evaluation of clinical safety and efficacy—more than minimal manipula-
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tion, promoted or labeled for a nonhomologous function, combined with a drug or device com-
ponent, or having a systemic effect (except in certain specified situations). Certain general re-
quirements would apply to all establishments and products, i.e., registration of the establishment
and listing of products, with periodic updates as necessary; determination of donor suitability
through donor testing and screening; and current good tissue practices, such as proper handling
and processing controls.

As indicated, transmission of communicable disease has been identified as a principal public
health and regulatory concern for cellular and tissue-based TEMPs. For a TEMP containing allo-
geneic cells or tissues, most risks of transmission can be controlled through adequate donor screen-
ing and product manufacturing procedures. A lower level of transmission risk would be expected
with the use of autologous cells or tissues. However, cell manipulation or processing of autologous
tissue may activate latent virus expression, which may present an increased risk when reintroduced
to the donor, and inadvertent use of allogeneic tissue may occur if manufacturing and storage pro-
cedures do not prevent it. In addition, although certain processing methods may reduce or elim-
inate the presence of most viruses and, thus, decrease the risk of exposure, no process is currently
known to be effective for complete inactivation of all agents without concomitant destruction of
the cellular or tissue component.

Implementation of Proposed Approach—Rules
As part of the implementation of the proposed approach to the regulation of cellular and tis-

sue-based products, the agency has stated that it will promulgate three proposed rules, which will
expand on the existing regulations for human cell and tissue products, both in scope and in con-
tent. [See “Human Tissue Intended for Transplantation,” Final Rule, 62 FR 40429, July 29, 1997
(www.fda.gov/cber/tissue/docs.htm).]

The first of these proposed rules, “Establishment Registration and Listing for Manufacturers
of Human Cellular and Tissue-Based Products,” was published on May 14, 1998 (63 FR 26744)
(see www.fda.gov/cber/tissue/docs.htm). The FDA proposed a consolidated registration and list-
ing system for establishments engaged in the recovery, screening, testing, processing, storage, la-
beling, packaging, or distribution of human cellular and tissue-based products. This registration
and listing system would establish a database for future communication with this industry. The
proposal stated the criteria for determining (1) whether a product would be subject to registration,
product listing, and the other proposed regulations, and (2) whether a human cellular or tissue-
based product would be subject only to the regulations being promulgated under Section 361 of
the PHS Act, or would be regulated as a biological drug or medical device under Section 351 of
the PHS Act and/or the FD&C Act. All cell and tissue establishments would use the same regis-
tration and listing procedures (as well as the same FDA form) to maintain a unified database. This
proposed regulation also specified the details of when, how, and where a manufacturer would reg-
ister and list, and how a registration number would be assigned.

Two proposed rules are being developed and are expected to be published at a later date: one
addressing suitability determination for donors of human cellular and tissue-based products, and
the other describing proposed current good tissue practices (GTPs). The agency anticipates that it
will also develop Guidance for Industry documents, which would provide information on prac-
tices that the FDA would find acceptable in complying with the regulations.

Tissue Action Plan
In order to develop the regulations and guidance documents needed to implement the pro-

posed approach in a timely manner, the FDA, under CBER leadership, has outlined a tissue 
action plan that created a core team and several task groups (see www.fda.gov/cber/tissue/tis-
sue.htm). The core team consists of individuals from CBER, CDRH, ORA, and the Office of the
Commissioner who meet monthly to oversee progress, make decisions on significant policy issues,
and provide final review and sign-off. Although ancillary products were excluded from the pro-
posed approach, the agency has formed a task group to develop guidance for industry in this area.

Xenotransplantation Action Plan
The current working PHS definition of xenotransplantation is a procedure that involves the

use of live cells, tissue, or organs from a nonhuman animal source (a xenograft), transplanted or
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implanted into a human or used for ex vivo contact with human body fluids, cells, tissues, or or-
gans that are subsequently given to a human recipient. Although many believe that xenotrans-
plantation offers a potentially promising source of therapeutic materials, the use of live animal
grafts raises concerns regarding the potential infection of recipients with both known and un-
known infectious agents and possible subsequent transmission to their close contacts and into the
general human population.

To coordinate activities related to the regulation of xenotransplantation (through the IND
and licensing mechanisms), the FDA has established a Xenotransplantation Action Plan and a
Xenotransplantation Core Team, which oversees the work of several task groups charged with writ-
ing proposed regulations and guidance documents. In addition, the FDA participates with other
federal agencies and the Office of Policy within the Office of the Assistant Secretary of Planning
and Evaluation in the Department of Health and Human Services (DHHS) in developing poli-
cies and guidelines with respect to xenotransplantation. Priorities of this collaborative effort in-
clude revision of The Draft Guideline on Infectious Disease Issues in Xenotransplantation (1996)
and other initiatives.

INTERACTION BETWEEN FDA HEADQUARTERS 
AND FIELD OFFICES

Team Biologics
Team Biologics is a plan, implemented in 1997, for reinventing the FDA’s ability to optimize

compliance of regulated biologics industries, including blood and plasma establishments, plasma
fractionators, vaccine manufacturers, licensed in vitro diagnostics manufacturers, and the biotech-
nology industry. The approach involves three elements—a core team of certified ORA investiga-
tors, CBER certified inspectors, and specially trained compliance officers, who will actually per-
form the inspections, with the ORA team member taking the lead role; a steering committee,
which will quality control this effort; and an operations group, which will be responsible for ac-
tual implementation and daily oversight. Inspectional guidance documents, such as a Compliance
Program and an Inspection Guide, are being developed and will be updated periodically.

Regional Training
Because the inspection of tissue establishments is a relatively new area for field investigators,

the FDA has made efforts to share the technical expertise at the FDA headquarters with the field.
Regional training of field investigators from several districts took place in Baltimore, Maryland in
February, 1999, at a 3-day workshop developed by the Central Regional Training Center of the
FDA. The workshop included presentations by CBER, CDRH, ORA, the State of Maryland, the
American Association of Tissue Banks (AATB), and the Eye Bank Association of America (EBAA).

Future training programs are being planned to enable field investigators to better evaluate the
regulatory compliance of tissue establishments in the areas of recovery, screening, testing, pro-
cessing, storage, and distribution of human tissue. New teaching methodologies, such as interac-
tive video conferences and self-paced learning via electronic mail, are being considered.

DEVELOPMENT OF STANDARDS

Hematopoietic Stem Cell Model
The development of standards intended to ensure the safety and effectiveness of biological

products has traditionally occurred in parallel by industry, standard-setting bodies, and the FDA.
Such efforts have been labor intensive for all involved. In an attempt to ease the regulatory bur-
den on industry and on the agency, while providing protection to the public, the agency is con-
sidering an approach whereby industry would be requested to develop product standards. These
standards would be reviewed by the agency and, if found acceptable, would be adopted by the
FDA. The agency would develop a process that would include reliance on standards as a basis for
licensure.

On January 20, 1998, the FDA published a Request for Proposed Standards for Unrelated
Allogeneic Peripheral and Placental/Umbilical Cord Blood Hematopoietic Stem/Progenitor Cell
Products; Request for Comments (63 FR 2985) (see www.fda.gov/cber/tissue/docs.htm). This
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notice requested submission of comments, accompanied by supporting clinical and nonclinical
laboratory data and other relevant information, proposing manufacturing standards and product
specifications for minimally manipulated hematopoietic stem cells obtained from peripheral blood
and cord blood for unrelated allogeneic use (in a recipient unrelated to the donor).

The notice stated that industry and the public would have 2 years to develop and submit data,
followed by approximately 1 year for the FDA to review the data. If the FDA determines that the
submissions support the development of standards, the FDA intends to issue such standards fol-
lowing the agency’s procedures (good guidance practices). If the FDA determines that adequate
information for standards development is not available, the agency intends to enforce the tradi-
tional IND and license application requirements at the close of the 3-year period.

American Society for Testing and Materials—FDA Participation
As indicated above, the development of standards is envisioned increasingly as an effective ve-

hicle for the FDA to use in its product review process and for the industry to use in its product
development. This is consistent with the Food and Drug Administration Modernization Act
(FDAMA) of 1997 that contains provisions for standards development for products under the
FDA’s jurisdiction in order to streamline the product approval process. This legislation allows the
FDA to recognize formally appropriate voluntary consensus standards for medical devices devel-
oped by nationally and internationally recognized standards development organizations, without
making them federal requirements subject to notice, comment, and rulemaking. Under FDAMA,
the FDA will continue to select and adopt standards that meet the FDA’s regulatory requirements
for use in the review process, because it believes that the formal recognition of standards and the
manufacturer’s ability to conform to such standards will benefit the industry, consumers, and the
FDA (Marlowe and Phillips, 1998). Further information on the recognition of consensus stan-
dards and declaration of conformity to standards is available in the guidance document entitled
“FDA Modernization Act of 1997: Guidance for the Recognition and Use of Consensus Stan-
dards; Availability” (63 FR February 25, 1998) (see www.fda.gov/cdrh/modact/k982.html).

Recognizing the importance of standards as well as guidance documents in product develop-
ment and regulatory review, FDA scientific research and review staffs are active participants/rep-
resentatives in the recently established American Society for Testing and Materials (ASTM) ini-
tiative on TEMPs. For example, the scope of the ASTM effort, in Committee F04, Medical and
Surgical Materials and Devices, Division IV: Tissue-Engineered Medical Products, is the develop-
ment of standards for TEMPs focusing on the components of these products, such as the biolog-
ical component (cell, tissue, cellular product, and/or biomolecule) and the biomaterial compo-
nent (biological, biomimetic, and/or synthetic) (see www.astm.org). This division is working with
other ASTM committees and other organizations with mutual interests. The division currently in-
cludes 10 subcommittees, each working in a different standard area related to TEMPs. Through
its voluntary consensus process that encourages input from expert groups and all interested par-
ties, the ASTM procedures aim to ensure that the standards are technically sound and rest on a
solid scientific foundation. The standards may include test methods, specifications, practices,
guides, classifications, or terminology.

COMMUNICATIONS WITH INDUSTRY
Commensurate with its public health mission in assuring the safety and effectiveness of med-

ical products for human use, the FDA is establishing effective vehicles of communication with the
industry on topics ranging from basic research to product development and commercialization.
These include FDA-sponsored workshops in emerging research areas such as the annual FDA Sci-
ence Forums—a session on tissue engineering was a highlight of the December, 1998, FDA Sci-
ence Forum on Biotechnology—and workshops focused on areas of potential product-related pub-
lic health concern such as the June, 1998, Workshop on TSE Risks. In addition, the FDA Staff
Colleges of the different centers develop courses on generic and specific science and/or product-
related areas to provide continuing education of the FDA research, review, and administrative staff.
For example, the FDA Staff College course on tissue engineering is currently in its fifth year and
has dealt with topics ranging from new technological approaches and product applications to is-
sues important for designing appropriate preclinical and clinical studies for TEMPs. The FDA also
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develops and participates in a number of national and international meetings focused on TEMP-
related scientific and regulatory issues. The FDA considers this participation to be an important
vehicle for maintaining an effective dialogue with the industry. In addition, representatives of in-
dustry and research and development consortia have been invited to present their research and to
discuss both generic and specific product-related regulatory concerns with the FDA staff. Indi-
vidual meetings with product sponsors are encouraged from the very early stages of product con-
cept through the later stages of product development and approval. Industry representatives are
also encouraged to attend the public meetings of the FDA advisory committees on topics of prod-
uct-related concern, such as the FDA TSE Advisory Committee’s deliberations on the safe pro-
curement and processing of animal- and human-derived material used in FDA-regulated products.
The industry is also encouraged to comment on proposed regulations and guidance documents
that are made publicly available through the Federal Register and the FDA web sites.

THE FDA AND FUTURE PERSPECTIVES 
FOR TISSUE-ENGINEERED MEDICAL PRODUCTS

As exemplified by some of the initiatives described in this chapter, the FDA will continue to
develop science-based rationales with regard to its regulatory oversight of TEMPs that will provide
a road map for the FDA reviewers as well as industry. Such an approach will seek to enhance prod-
uct review and to address questions for manufacturers early on in product development. The ini-
tiatives described seek to promote innovation, at the same time ensuring that the proper and ap-
propriate levels of control for safety and effectiveness are maintained during the development of
all medical products, including TEMPs. In support of these initiatives, the FDA centers and cross-
cutting working groups will continue their programs in research, technology monitoring, guid-
ance/standards, training/education for the FDA staff and industry, and cooperation with public
and private groups.

An important part of the FDA assessment for medical products, including TEMPs, will con-
tinue to be premarket review, based on product-by-product review. Pivotal in the regulatory re-
view for all products are the manufacturer’s claim of intended use, product quality control proce-
dures, and product performance. As tissue engineering technology evolves, leading to new and
different products, new and different product-specific issues will also be expected. As a result, the
FDA will continue to build on current initiatives in order to resolve such issues through its con-
tinuing research, review, and assessment of TEMPs. The lessons learned from previous product
categories, such as lessons involving recombinant DNA technology and propagation of cell lines,
may be applicable to new products and technologies in some cases. In other cases, the agency will
look to the best scientific minds and methods to achieve innovative, flexible, and appropriate res-
olutions. A productive dialogue among the FDA, industry, and consumers is the key element in
this endeavor in order to establish the proper place for TEMPs in the armamentarium of clinical
medicine.
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This volume represents a comprehensive compilation of the field of tissue engineering. It cap-
tures a moment in time in an area of science and medicine that is continuously growing, gain-

ing new knowledge, and inventing new technologies. Its composition reflects the interdisciplinary
nature of the field. There are contributions from clinical surgeons and physicians; biologists ex-
pert in cell biology, developmental biology, and molecular biology; and engineers from broad ar-
eas of that discipline. The breadth of tissues and organs covered spans the entire mammalian or-
ganism. The nature of the science ranges from the chemistry of living systems and biomaterials to
the physiology of the whole organism. It includes the understanding of cellular machinery, a hi-
erarchical organization of cells in their local environment, and their association over great distances
relative to the entire organism. The organization of the book is intended to provide an in-depth
understanding for these diverse areas that is easily accessible. The hope is that it is a compendium
for those who are knowledgeable in the field, but can also provide inspiration and instruction to
those students who are either interested in or just entering the field.

The amount of new information and the number of experimental systems that are now en-
tering human clinical trials is substantially greater than in the first edition. Because of the expo-
nential rise in interest in the field, this trend is expected to continue. It is not possible to predict
the changes that will occur in the next few years, which likely will radically alter the next edition
of this text. One of the greatest gifts of Western thought to mankind is that at any given instant
in time, humanity has never known so much about the physical world and will never again know
so little.

Joseph P. Vacanti
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