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INTRODUCTION

In their Preface, the editors of this volume describe the IgE/anti-IgE story as an
exciting one. An exciting and fascinating story it is indeed.

Since the publication of the first volume in the Lung Biology in Health
and Disease series, many texts on asthma have appeared. Although asthma is not
a new disease, we can safely say that its story has been virtually rewritten over
the past 20 years. New observations and discoveries, as well as the reassessment
of old ones, have led to the development of these many monographs. In addition,
the pace of advances has been remarkable. As happens with other diseases, the
drive for these advances has certainly been the research opportunities from which
the community of scientists has benefitted; however, in the case of asthma, the
ever-increasing public health burden that this disease represents has greatly in-
creased the impetus to do more, and do it faster!

And indeed, during the past two or three decades, we have seen astonishing
progress. The development and use of new, more potent bronchodilators first
dominated the therapeutic landscape. Then the realization that asthma is an in-
flammatory disease led to the greater use of anti-inflammatory drugs, with gluco-
corticosteroids in the vanguard. But, as research uncovered the inflammatory cas-
cade, from the insult to the response, new agents capable of interrupting the
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cascade were discovered and used very successfully. One such example is antileu-
kotrienes.

Yet, long before this remarkable era, the IgE molecule had been recognized
and its role defined by the Ishizakas. In fact, their research on the IgE molecule
was one of the first steps, if not the very first, to establish asthma as an inflamma-
tory disease.

In the mid-1970s, the first major clinical studies demonstrated the therapeu-
tic significance of anti-IgE molecules. Then, more recently, the ‘‘neutralization’’
of the IgE molecule reached new peaks with the availability of the recombinant,
humanized monoclonal anti-IgE antibody. Today, we have in hand the results of
many clinical trials, especially in children, that establish the value of this new
pharmacological agent. And therein lies the excitement of this story.

The new monograph, edited by Robert Fick, Jr., and Paula Jardieu, reports
the story from the basics to the application. The authors as well as the editors
are the researchers and clinicians who developed most of the story. So, we have
it firsthand!

The Lung Biology in Health and Disease series benefits greatly from the
inclusion of this particular volume. As executive editor of the series, I am grateful
to all the contributors for giving me the opportunity to present this new volume.
However, it is the patients who will benefit the most from the work reported
here.

Claude Lenfant, M.D.
Bethesda, Maryland



FOREWORD

Although today the IgE immune effector system is well established and the role
of IgE antibodies in allergic disease is widely appreciated, this was not the case
as recently as 30 years ago. We have progressed a great distance in a relatively
short span on the timeline of science. When we initiated our studies on human
reaginic antibodies, the majority of immunologists and allergists believed that
these antibodies belonged to IgA because of the work by Heremans and Vaerman
in 1962 (1). They demonstrated that the reaginic activity in the serum of allergic
patients was recovered in the IgA fraction, in which no other serum protein was
detectable. In 1963–64 their data were reproduced by several investigators and
evidence accumulated to support the IgA hypothesis (2,3). We became suspicious
about the concept, however, because of findings showing that reaginic activity
in the ‘‘pure IgA fraction’’ could not be removed by precipitation of IgA with
anti-IgA (4). Additionally, the human IgA isoagglutinin failed to sensitize human
skin for Prausnitz-Küstner reaction (5). The results indicated then that reaginic
activity should be associated with impurities present in the IgA fraction, and
further, that the serum concentration of any unique immunoglobulin with which
the reaginic activity is associated must be extremely low compared with the other
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vi Foreword

known immunoglobulin isotypes. These findings forced us to change our strategy
from isolation of the relevant IgA fraction to identification of the novel immuno-
globulin.

Retrospectively, the tool that provided the key to identification of IgE was
the preparation of polyclonal antibodies specific for IgE. Using the antibodies,
reagin could be identified in vitro and IgE could eventually be isolated from the
serum of atopic individuals (6). The anti-IgE antibodies were also employed to
identify the first and second cases of IgE myeloma proteins (7) and to establish
that IgE represents a unique immunoglobulin isotype (8).

When IgE was identified, a majority of allergists were suspicious about
the role of reaginic antibodies in allergic diseases. However, somewhat more
convincing to them was the fact that we could demonstrate the reaction of either
allergen or anti-IgE to cell-bound IgE causing the release of histamine and leuko-
trines (9,10). These findings caught the clinicians’ attention. Subsequently, we
succeeded in identifying the target cells for IgE as basophilic granulocytes and
mast cells (11) and obtained experimental evidence that structures in the Fc por-
tion of IgE are involved in passive sensitization of target cells (12). The presence
of IgE as a unique immunoglobulin isotype was confirmed and the role of IgE
antibodies in allergic disease was on its way to becoming established. The won-
derful science of monoclonal anti-IgE in the 1990s has made possible confirma-
tion and then extension of the earliest reports in the 1960s and 1970s.

Kimishige Ishizaka, M.D.
La Jolla Institute for Allergy and Immunology

San Diego, California
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PREFACE

This volume chronicles the successes of a true ‘‘bench-to-bedside’’ story. The
storyline moves logically from the identification of an antiserum precipitating
reaginic activity (termed ‘‘IgE’’ in part because when injected it caused skin
erythema) through well-controlled clinical trials 25 years later demonstrating the
safety and efficacy of an anti-IgE monoclonal antibody in allergic disease. Bio-
medical scientists had labored for three decades to block IgE interaction with
immune effector cells expressing IgE receptors. The engineering of a humanized
recombinant monoclonal antibody* binding IgE at an epitope shared by IgE re-
ceptors FcεRI and FcεRII has provided researchers interested in the immuno-
pathogenesis of asthma with a safe and effective probe uniquely suited to delin-

* A word concerning consistency of reference to the monoclonal anti-IgE molecules dis-
cussed in this volume: it is the murine antibody MAE11 that was humanized and version
25 (E25 or rhuMAb-E25) was selected for clinical studies. As patient safety was demon-
strated and clinical successes mounted, the laboratory designation ‘‘E25’’ was assigned
new names (omalizumab/Xolair). The term ‘‘anti-IgE’’ is intended to refer more broadly
or generically to the concept of antibodies binding IgE. Another murine antibody, TES-
C21, was humanized and in limited early clinical development is referred to as hu56901
(or, in the early literature, as CGP56901).
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x Preface

eate the contribution of IgE. Beyond asthma, anti-IgE will someday also provide
invaluable insights into the role of IgE in seasonal and perennial allergic rhinitis,
atopic dermatitis, helminth parasitic infections, and allergic bronchopulmonary
aspergillosis—to mention only a few disorders discussed in the chapters that
follow.

To be sure, technological and conceptual breakthroughs were needed before
the fruits of clinical activity in important allergic diseases could be enjoyed and
the dream realized. Köhler and Milstein showed us how to immortalize antibody-
producing cells from a mouse spleen and thereby reliably produce large quantities
of individual (monoclonal) antibody. In recent years there has been spectacular
growth in the use of MAbs to study the role of inflammatory mediators in experi-
mental asthma, and currently there are 10 MAb therapeutics approved by FDA
providing important treatments for diseases as varied as Crohn’s disease, respira-
tory syncytial virus infection, and breast cancer. Certainly the early reports
(1967–70) describing the role of the new immunoglobulin (IgE) in allergic dis-
ease, and later the identification of the domains on IgE responsible for IgE attach-
ment to immune effector cells, were seminal observations. Additionally, the engi-
neering of an IgE-binding MAb that did not crosslink IgE bound to the surface
of high-affinity receptor bearing cells, thereby creating a nonanaphylactogenic
antibody, was a conceptual breakthrough essential to clinical studies in patients
with allergic disease. Ultimately, the ability to ‘‘humanize’’ antibodies derived
from murine sources has made possible prolonged repeated administration in
patients with chronic diseases.

This is an exciting story, but it would not appear before you without the
contributions of a great number of professionals whose efforts have directly re-
sulted in this volume in the prestigious Lung Biology in Health and Disease
series. We wish, first and foremost, to recognize the chapter authors, selected as
recognized international authorities, who have contributed outstanding scholarly
reviews. Dr. Lenfant has been an unwavering champion of this volume. His help
extends beyond this single volume to his encouragement of a career dedicated
to lung research (RBF) supported in the 1980s by the NHLBI Lung Division’s
Clinical Investigator Award Program. Two Marcel Dekker, Inc., colleagues have
made remarkable contributions. Sandra Beberman, Vice President, Medical Divi-
sion, displayed a saintly level of patience during a prolonged period of writing,
and Moraima Suarez, Production Editor, served as a confident guide through the
complexities of the production of a textbook of this breadth. We would like to
acknowledge the daily unflagging support of our Genentech Executive Assistants,
sage partners managing challenging schedules. This volume could not have been
completed without the assistance provided by Marilyn Anchick and Bernadette
McAllister.

In closing, we wish to acknowledge our patients. Included are the 1.5 mil-
lion U.S. asthmatics requiring urgent medical care for severe asthma exacerba-
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tions, the 500,000 occupying hospital beds, and the 5000 who continue to die
annually from reversible obstructive lung disease. Sadly, we recognize that there
are far greater numbers of patients who continue to awaken from sleep short of
breath and patients who are forced by allergic disease to restrict their activities,
narrow their choices, and fall short of their full potential. Finally, we recognize
our patients who in the ultimate display of altruism have chosen to volunteer for
clinical studies of Xolair. Without such selfless displays of faith and courage
there would be no therapeutic advances with which to fill books.

Robert B. Fick, Jr.
Paula M. Jardieu
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André Capron, M.D. Professor Emeritus and Director, INSERM U547,
Institut Pasteur de Lille, Lille, France

xiii



xiv Contributors

Monique Capron, Ph.D. Professor, Centre d’Immunologie et de Biologie
Parasitaire, INSERM U547, Institut Pasteur de Lille, Lille, France

Paul Carter, Ph.D. Director, Department of Protein Engineering, Immunex
Corporation, Seattle, Washington

Thomas B. Casale, M.D. Director of Clinical Research, School of Medicine,
and Professor and Assistant Chair, Department of Medicine, and Chief, Allergy
and Immunology, Creighton University, Omaha, Nebraska

Rajinder K. Chitkara, M.B., M.D. Associate Professor of Medicine, Division
of Pulmonary and Critical Care Medicine, Department of Medicine, Stanford
University School of Medicine, Stanford, and VA Palo Alto Health Care System,
Palo Alto, California

Donald W. Cockcroft, B.Sc., M.D., F.R.C.P.(C) Professor, Division of
Respirology, Department of Medicine, University of Saskatchewan, Saskatoon,
Saskatchewan, Canada

Philip J. Cooper, M.B.B.S., Ph.D. Department of Infectious Diseases, St.
George’s Hospital Medical School, London, England

Chantal Matkin Dolan, Ph.D. Epidemiologist, Department of Epidemiology,
Genentech, Inc., South San Francisco, California

David Dombrowicz, Ph.D. Researcher, INSERM U547, Institut Pasteur de
Lille, Lille, France

John V. Fahy, M.D. Associate Professor, Division of Pulmonary and Critical
Care Medicine, Department of Medicine, University of California, San Francisco,
San Francisco, California

Robert B. Fick, Jr., M.D. Clinical Professor of Medicine, Department of Pul-
monary and Critical Care Medicine, Stanford University School of Medicine,
Palo Alto, and Staff Clinical Scientist, Research and Development, Genentech,
Inc., South San Francisco, California

Ricki M. Helm, Ph.D. Associate Professor, Department of Pediatrics, Univer-
sity of Arkansas for Medical Sciences, and Arkansas Children’s Hospital Re-
search Institute, Little Rock, Arkansas



Contributors xv
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Introduction

S. G. O. JOHANSSON

Karolinska Hospital
and Karolinska Institute
Stockholm, Sweden

Allergy as a disease has a fairly decent historical tradition. In 1819 Dr. John
Bostock reported to the Royal Medical and Chirurgical Society of London on
his own medical problems of ‘‘periodical affection of the eyes and chest,’’ which
he later called Catarrhus aestivus or ‘‘hay fever.’’ He attributed his symptoms,
which occurred during the summer, to sunshine and warmth. In 1873 Charles
Harrison Blackley first reported the techniques of nasal pollen provocation tests,
scratch tests in the skin, and pollen counts obtained by a kite carrying a greasy
glass plate. He established thus the basis for allergy practice, which remained
substantially unchanged for nearly 100 years.

In 1919 a case was reported of asthma caused by allergy to horse dander,
which had been passively transferred by blood transfusion (1), and in 1921 Praus-
nitz and Küstner (2) performed their famous passive transfer of a positive skin
test, later called the PK test. Concurrently and independently, Dr. Arent de Besche
in Norway was carrying out similar studies using serum from patients allergic
to horses.

The term ‘‘atopy’’ was introduced by Coca and Cooke in 1923 (3). They
reported the presence of heat-labile ‘‘bodies,’’ which they called ‘‘reagins’’ by
virtue of their similarity in this respect to the heat-labile reagins (complement)
of the Wassermann reaction. They concluded that it is ‘‘advisable for the present

1
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to avoid the term ‘antibodies’,’’ because there was ‘‘no evidence that these bodies
appeared as the result of immunological stimulation.’’

Despite great efforts during the next 40 years, very little progress was
achieved with regard to isolation and characterization of the reagin. In retrospect,
it is easy to understand why. The extremely low serum concentration and its great
biological lability obscured most experimental data. As late as 1965, in a textbook
on immunological diseases, it was speculated that the reaginic activity ‘‘is not
a single, indivisible molecular species but is present in allergic sera in the form
of labile complexes’’ (4) that ‘‘differ radically from immune antibodies.’’

In 1966–67, the Ishizaka group in Denver, Colorado, claimed to have an
antiserum that could precipitate reaginic activity (5). It was postulated that this
represented a new immunoglobulin, provisionally called γE-globulin. One reason
for the name was that when injected into human skin the fraction caused ery-
thema, a reaction that, ironically, is not IgE-mediated. Despite great effort, they
never succeeded in purifying the γE-globulin, which is not surprising considering
its extremely low serum concentration.

In 1965, independent of this work and for quite other reasons, Bennich and
Johansson, in Uppsala, Sweden, detected an atypical myeloma protein that was
found to share the physicochemical properties characteristic of the reagin (6). A
normal counterpart, provisionally called IgND, could be detected in serum of
healthy individuals, and patients with allergic asthma had on average a sixfold
higher concentration of IgND than normals or patients with nonallergic asthma
(7). A radioimmunoassay (RAST) was developed, capable of detecting IgND
antibodies to allergen, which correlated well with skin testing (8). In collaboration
with Denis Stanworth from Birmingham, United Kingdom, it was shown that the
PK reaction in humans could be blocked in a dose-dependent way with isolated
IgND (9) or Fc fragments of the ND protein (10).

It was found that γE-globulin and IgND shared antigenic properties. At a
workshop in Lausanne in February 1968, in which the main researchers from the
two groups participated, it was finally agreed that there were enough data avail-
able on the structure and antigenicity of the material to allow the declaration of
a new immunoglobulin, which was called IgE (11). In addition, its relationship
to the reaginic activity was confirmed. This finding confirmed that immunological
intervention intended to eliminate or decrease symptoms of atopic allergy can
only be effective if an IgE sensitization is present.

During the first two thirds of the twentieth century, many doctors and scien-
tists regarded allergology as a suspicious specialty. This situation changed drasti-
cally once IgE was recognized. It then became possible to measure accurately
the immunological sensitization by analyzing the presence of IgE antibody to
almost any allergen.

Today, our knowledge about the role of IgE in allergic inflammation is
substantial. According to the present hypothesis of how the immune system is
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controlled, there is a balance between Th1 and Th2 helper cells. Th1 cells promote
immune protection against bacterial and viral infections, and Th2 cells protect the
body from helminthic infestations and are perhaps also involved in maintaining
pregnancy (12). The precise, beneficial role of IgE is still not known. However,
both systems also have adverse reactions; Th1 is involved in autoimmunity and
allergic contact dermatitis and Th2 in IgE-mediated allergy. It should be remem-
bered that cells and mediators of the immune system are found in biopsies of
any inflammatory site, as immunological reactions are of course involved in me-
diating and initiating inflammatory as well as allergic responses.

Thus, presence in the tissue or circulation of increased numbers of eosino-
phils, IL-5, or even polyclonal IgE without significant antibody activity does
not necessarily indicate an allergic reaction. One example is the eosinophilic
inflammation and polyclonal IgE response typical of nonallergic nasal polyps
(13), probably driven by ‘‘superantigens’’ of Staphylococcus aureus. Similar
mechanisms might explain the microscopic and immunological appearance of
IgE in the bronchial mucosa in biopsies of nonallergic asthma (14).

Although we have a good understanding of IgE and allergic inflammation,
we still do not understand enough of the primary sensitization reaction. This can
be illustrated by any of the recent epidemiological investigations that show a
steady increase in the prevalence of allergic diseases over the last 100 years or
so. It is generally believed that ‘‘lifestyle factors’’ are of great importance to this
increase, but until we understand, in some detail, the mechanisms of sensitization,
it will be very difficult to interfere effectively with the aim of decreasing allergy.

In addition to classical treatment with pharmacologically active drugs, new
treatments based on manipulation of the immune reaction are approaching com-
pletion. One example is injection of monoclonal antibodies specific to interleu-
kins, e.g., IL-5 (15), which could inactivate eosinophils. Another is antibodies
to IgE (16), which will decrease circulating and cell-bound IgE, hopefully leading
to an amelioration of symptoms.

The introduction of a new drug, omalizumab, which is a humanized mono-
clonal antibody to IgE, has a most interesting potential to decrease or eliminate
IgE molecules, irrespective of allergen specificity, from the circulation and from
the surface of inflammatory cells. Thus, in IgE-mediated diseases this new treat-
ment has the potential to be most effective. On the other hand, nonallergic in-
flammation or inflammation caused by non-IgE mechanisms cannot, by defini-
tion, be dampened by omalizumab. As a consequence, more attention must be
paid to identification of the immunological sensitization than today when many
physicians look at and treat symptoms with no regard to the underlying pathologi-
cal mechanisms.

The idea of producing a reagent that could attack and eliminate the key
player in the classical allergic reaction, IgE, is not new, and it has taken quite
some time and effort to achieve the present outcome of the launch of a humanized
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antibody capable of fulfilling these expectations. By drastically reducing the
amount of circulating IgE, which in itself is a remarkable task considering the
short 2- to 3-day half-life of free IgE, the number of IgE molecules and its high-
affinity receptors on mast cells and basophils are also reduced. As a result, the
density of cell-bound IgE antibody with any allergen specificity is reduced below
the threshold of molecules, 300 or so per cell, needed to trigger the cell to release
its mediators.

What is the future for allergic individuals? Obviously, once readily avail-
able at reasonable cost, an anti-IgE treatment, like omalizumab, will have a sig-
nificant impact on the need for allergen-specific diagnosis and treatment. The
allergic patient deserves to know what is causing his or her symptoms. Only the
patient can take full responsibility for his or her situation, e.g., by avoiding expo-
sure to cats, or by not eating eggs, fish, or peanuts. However, the complicated,
multisensitized, and multisymptomatic patients, who today represent a consider-
able burden on health care resources, can be managed simply through IgE elimi-
nation once it has been shown that their symptoms are IgE-mediated.

This volume in the Lung Biology in Health and Disease series is dedicated
to summarizing our present knowledge of the mechanisms and use of IgE elimina-
tion in the treatment of IgE-mediated allergic diseases. Read it carefully. It repre-
sents a historical document. IgE was discovered 30 years ago and it may be
eliminated from the world within another 30 years. Let us hope it is all to the
benefit of the human race.
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I. Introduction

Closely following the identification in 1967 of the new immunoglobulin IgE pos-
sessing reaginic activity, the biological role of IgE in atopic allergy became appar-
ent. Almost immediately attempts were made to modulate IgE and, it was hoped,
improve the condition of highly allergic individuals worldwide. Study reports of
the causes for variation in serum IgE in normal populations and the distribution
of IgE in allergic population samples fueled these nascent therapeutic efforts.
Population-based studies of serum IgE have garnered increased attention with
the recent publication of study results of a safe and effective monoclonal anti-
body–binding IgE (omalizumab/Xolair).

This chapter reviews the literature on the distribution of serum IgE levels
in normal and asthmatic populations in developed countries including the United
States, Canada, Europe, Scandinavia, and New Zealand. First, IgE levels ob-
served in population-based studies of normal, healthy individuals are examined.
Factors associated with serum IgE levels such as age, gender, race/ethnicity, and
smoking are briefly discussed. Second, reports on the IgE levels in asthmatic and
allergic populations both with and without an additional allergic comorbidity are
reported. The association of serum IgE with disease status is discussed. Third,
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this chapter presents the baseline serum IgE levels in subjects who participated
in three clinical trials of a novel anti-IgE therapeutic agent (omalizumab/Xo-
lair). The baseline levels of IgE in subjects with allergic asthma (AA) are pre-
sented in the context of what we would expect in normal, healthy people and in
patients with AA based on the current scientific literature.

II. IgE Levels in Normal, Healthy Subjects

Several population-based studies have examined the distribution of serum IgE
levels in the general population (Table 1) (1–8). Data from these population-
based studies report overall geometric mean levels of IgE in the general popula-
tion ranging from approximately 20 to 40 IU/mL, with variation according to
age, sex, and geographic distribution (Table 1). In one of the largest population-
based studies of IgE levels in the United States, the Tucson Epidemiological
Study, the geometric mean level of IgE in 2743 white, non–Mexican American
children and adults aged 6–64 years was 32.1 IU/mL (1). Several additional
studies measured serum IgE levels in convenience samples from specific popula-
tions; values from these studies are similar to those in Table 1.

Some studies have evaluated the serum levels of IgE in nonallergic or non-
asthmatic subjects only (Table 2) (1,2,9–15). Geometric mean levels of serum
IgE are typically lower in studies of nonallergic subjects compared to mixed
pools of allergic and nonallergic subjects. For example, among allergen skin test–
negative subjects in the Tucson Epidemiological Study, the geometric mean IgE
levels were 22.9 IU/mL for men and 14.7 IU/mL for women (1), somewhat lower

Table 1 Geometric Mean Values and Distribution of IgE (IU/mL) from Studies
of the General Populations of United States, Canada, Europe, Scandinavia,
and New Zealand

Location Ref.

Tucson, AZ 1
Total

Geometric mean (n) 32.1 (2743)
95th percentile 553.1

Men
Geometric mean (n) 42.3 (1241)
95th percentile 744.4

Women
Geometric mean (n) 25.6 (1502)
95th percentile 409.7
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Table 1 Continued

Location Ref.

Saskatchewan, Canada (included children) 3
Whites of European descent

Geometric mean (n) 81.3 (819)
North American Indians

Geometric mean (n) 275.4 (275)
Manitoba, Canada 2

Men
Geometric mean (n) 23.4 (889)

Women
Geometric mean (n) 18.7 (925)

Norway 4
Men

Geometric mean (n) 17.8 (650)
Women

Geometric mean (n) 13.8 (618)
Budapest, Hungary 5

Men
Geometric mean (n) 64 (164)

Women
Geometric mean (n) 34 (154)

Paris, France 6
Men

Geometric mean (n) 34.2 (189)
95% CI 1.42–822.1

Copenhagen, Denmark 7
Total

Geometric mean (n) 22.9 (593)
95% CI 14.3–31.5

Three regions in New Zealand 8
Total

Geometric mean (n) 43.4 (718)
95% CI 38.6–48.9

Men
Geometric mean 47.5
95% CI 40.2–56.1

Women
Geometric mean 39.6
95% CI 33.4–46.8
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Table 2 Geometric Mean Values and Distribution of IgE (IU/mL) from Studies
of Nonallergic Subjects

Location Ref.

Southern United States: nonatopic whites 9
Geometric mean (n) 32 (425)

Richmond, VA: nonatopics/nonasthmatics 10
Black

Geometric mean (n) 320 (97)
White

Geometric mean (n) 123 (53)
San Diego, CA: nonatopics/nonasthmatics 11

Men
Geometric mean (n) 21.4 (113)

Women
Geometric mean (n) 13.5 (88)

Tucson, AZ: allergen skin test–negatives 1
Men

Geometric mean (n) 22.9 (758)
95th percentile 316.5

Women
Geometric mean (n) 14.7 (905)
95th percentile 188.8

Manitoba, Canada: nonatopics/nonasthmatics 2
Men

Geometric mean (n) 14.7 (334)
Women

Geometric mean (n) 12.1 (359)

than the levels reported from the mixed allergic and nonallergic populations (42.3
IU/mL for men and 25.6 IU/mL for women) (1).

A number of factors have been shown to correlate with serum levels of
IgE. Serum IgE levels are age-related, with peak levels occurring during child-
hood, usually between the age of 8–12 years, and typically decreasing thereafter
(1,5,9,10,16–18). In adults, serum IgE levels are higher in men than in women
(1,2,4,5,7,11,16,19), although differences by gender are not as well established
in younger populations (Fig. 1).

In addition to gender, serum IgE may vary by ethnicity: there is evidence
that serum IgE levels are higher in blacks than in whites (9,10,17) and some
evidence that serum IgE levels are higher in North American Indians(18) (see
Tables 1 and 2). It is not clear if differences among these racial and ethnic groups
are due to genetic differences or to differences in environmental exposures. High
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Figure 1 The distribution of IgE levels (IU/mL) by age and gender from the general
population sample of the Tucson Epidemiological Study. (From Ref. 1.)

levels of serum IgE were observed in a study comparing serum IgE levels in
North American Cree Indians relative to their white Saskatchewan counterparts.
The authors theorized that these high IgE levels could be due to both unexplained
genetic factors or environmental factors such as increased exposure to infections
including more frequent attacks of gastroenteritis and bronchopneumonia in in-
fancy, upper respiratory tract infections, and others. The inclusion of children in
this study may partially explain the reported higher serum IgE levels compared
to adult only populations.

Several studies have demonstrated that smokers have higher IgE levels than
nonsmokers (4,11,20–22). However, the relationship between smoking and IgE
levels has not been clearly established. In one study, serum IgE levels were not
significantly different among nonsmokers, ex-smokers, and current smokers;
however, they were significantly higher in heavy smokers (23). Others report that
serum IgE levels were not correlated with either the amount smoked or the num-
ber of pack-years (21).

III. IgE Levels in Asthmatic and Allergic Populations

On average, asthma patients have higher IgE levels than healthy control patients
(3,9–11,14,24,25), but there is considerable overlap in the distribution of IgE
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Figure 2 The distribution of IgE levels (IgE) in normal subjects and in subjects with
asthma from a sample of the general population in the southern United States. Normals
(�), N � 435; Asthmatics (■), N � 487. (Adapted from Ref. 9.)

among normal and asthmatic populations (9) (Fig. 2 and Table 3). In the Tucson
Epidemiological Study, mean IgE levels were higher in all age strata of asthmatic
patients compared to those without asthma. In multivariate analyses, serum IgE
levels independently predicted asthma after adjustment for age, sex, smoking
status, and skin test index (12). In the data from the Tucson Epidemiological
Study, it appeared that asthma was almost always associated with a higher IgE
level, thus challenging the concept that there are allergic and nonallergic forms
of asthma (12).

In addition to results from the Tucson Epidemiological Study, other studies
from diverse geographical areas have reported higher serum IgE levels in adults
with asthma including San Diego, CA (11), Manitoba, Canada (2), South Wales
(26), Charlottesville, VA (27,28), Richmond, VA (10), Portland, OR (21), Paris,
France (23,24), Tucson, AZ (1,12), the southern United States (9), Haren, the
Netherlands (29), Spain (30), Melbourne, Australia (31), and Dunedin, New
Zealand (13). As in the general population data and in nonasthmatic populations,
serum IgE levels increase with age in asthmatic or rhinitic children, peaking at
approximately age 10 and then declining (12,32).

Studies in children with asthma confirm that serum IgE levels are higher
than in nonasthmatic children. In children aged 2–16 years, geometric mean titers
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Table 3 Geometric Mean Values and Distribution of IgE (IU/mL) in Adults
with Asthma, with or Without Allergic Disorders

Location Ref.

Richmond, VA 10
Blacks with asthma

Geometric mean (n) 678 (69)
Whites with asthma

Geometric mean (n) 219 (22)
San Diego, CA: age 38–82 years 11

Men with asthma
Geometric mean (n) 70.8 (17)

Women with asthma
Geometric mean (n) 47.9 (34)

Southern United States 9
Asthma, no atopy 305 (507)

Geometric mean (n)
Asthma and atopic dermatitis 985 (48)

Geometric mean (n)
Paris, France: age 22–55 years 24

Men with asthma
Geometric mean (n) 87.4 (23)

Copenhagen, Denmark: age 14–71 years 14
Asthma and perennial rhinitis

Median (n) 360 (53)
Alberta, Canada: age 11–82 years 25

Asthma with negative allergen skin tests
Log-mean (n) 60.2 (21)

Asthma with positive allergen skin tests
Log-mean (n) 172.3 (51)

Saskatchewan, Canada: age 1–75 years 3
Asthma in whites of European descent

Geometric mean (n) 210 (38)

of serum IgE ranged from 99 to 548 IU/mL in those with asthma (9,19,33),
compared with a range of 16.2–51 IU/mL in nonasthmatic or nonatopic children
(1,9,34,35). In addition, there is some evidence that a younger age of onset of
asthma may be associated with higher serum total IgE level as an adult (36).

A. IgE Levels in Asthma in Combination with an Additional Allergic
Comorbidity

Several studies demonstrate that the highest serum IgE levels are found in patients
with both asthma and an additional allergic disorder (2,9,14,25,37–40). In a study
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of patients from the southern United States, the geometric mean IgE level was
985 IU/mL in patients with atopic dermatitis and asthma compared with 305 IU/
mL in patients with asthma alone, 273 IU/mL in patients with atopic dermatitis
alone, and 171 IU/mL in patients with allergic rhinitis (9). Similarly, in a study
from Montpellier, France, median IgE concentrations were higher in patients with
both atopic dermatitis and asthma than in those with asthma alone (40). Data
from Switzerland also suggest that serum IgE levels are higher in patients with
both atopic dermatitis and asthma than in those with atopic dermatitis alone (15).

B. Association of Serum IgE Levels with Disease Status in Subjects
with Asthma

Several studies have found an association with serum IgE level and bronchial
responsiveness in both asymptomatic subjects and in patients with a history of
asthma (16,29,33,41–44). In a Spanish study of 214 adults with a past history
of asthma, bronchial responsiveness in response to methacholine challenge
showed a linear relationship with serum IgE levels (16). This relationship was
strongest for patients with active asthma compared to those without symptoms.
Other studies have also found an association between high serum levels of IgE
and bronchial responsiveness to methacholine or histamine challenge (41,42). In
a population-based study in Italy, the odds ratio for serum IgE level � 150 kU/
L with bronchial reactivity to methacholine challenge was 3.18 after adjustment
for age, sex, smoking status, asthma symptoms, and pulmonary function; in this
study, only IgE level and atopy were found to independently predict bronchial
responsiveness (42). Two studies from the Netherlands found a similar relation-
ship between bronchial responsiveness and serum IgE levels in patients with
asthma, particularly in nonsmokers (29,43).

The relationship between serum IgE level and lung function has also been
explored, in both samples of healthy patients and in those with asthma or obstruc-
tive lung disease. Cross-sectionally, total serum IgE level was found to be in-
versely related to age- and height-adjusted FEV1 score in 310 French adult men,
particularly in subjects who had never smoked (24). Similarly, an inverse relation-
ship between log IgE and FEV1 was found in 1078 men in the Normative Aging
Study (45). However, no relationship was found between log IgE levels and
FEV1/FVC in same study (45) or in the pooled results from two cohort studies
in Portland, Oregon, of 863 adults (21). Several studies have examined the rela-
tionship between serum IgE levels and pulmonary function in patients with
asthma (33,46,47). Thus, some studies report an association between IgE level
and lung function while others do not. It may be that the findings vary according
to the spirometric measure evaluated or other undetermined factors.

Additionally, several studies have examined the predictive value of serum
IgE levels on lung function in subjects followed longitudinally. In 310 French
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men, there was a significant inverse relationship between serum IgE level and
5-year FEV1 decline observed in nonsmokers and ex-smokers but not current
smokers (24). In the 1078 men in the Normative Aging Study, however, no rela-
tionship between log IgE level and annual change in measures of pulmonary
function was demonstrated in either smokers or nonsmokers after adjustment for
age, height, and baseline pulmonary function. Thus, serum IgE levels were not
predictive of an accelerated rate of pulmonary function decline in middle-aged
and older men in this study (45). In the Oregon cohort studies, serum IgE levels
were not found to be predictive of rate of decline in lung function over a period
of 9–11 years when adjusted for height, age, and sex (21).

Data exploring the relationship of serum IgE level with the clinical severity
of asthma are limited, with conflicting results. In data from the Childhood Asthma
Management Program, log serum IgE was positively correlated with both dura-
tion of asthma and with the mean daily albuterol puffs used for symptoms during
the month preceding study enrollment in 1028 children with mild-to-moderate
asthma (33). In a study from Victoria, Australia, of 10-year old asthmatic chil-
dren, mean IgE concentration increased progressively as the severity of asthma
increased (48). A study from Melbourne, Australia, which utilized the same se-
verity grading scale, also found that mean serum IgE levels generally increased
as severity increased (31). However, the investigators note the presence of wide
variations and considerable overlap of the IgE distributions in the 315 asthmatic
children and in the control group of 82 children (31). Again, this supports the
concept that IgE alone cannot be used as a cutpoint to distinguish between pa-
tients with or without asthma. In contrast to the data from Australia, other studies
have found no relation between serum IgE levels and the frequency of asthma
attacks, severity of asthma attacks, or physician-assessed asthma severity (36,49).

Thus, serum IgE levels may correlate with severity of asthma, but the data
are not consistent. There is some evidence to suggest that serum IgE level in
children may predict those in whom asthma will persist. In a longitudinal study
of 540 children by Sherrill et al., higher mean serum IgE levels in children less
than 1 year old were associated with higher mean serum IgE levels at ages 6 and
11 years and persistent wheezing (50). More longitudinal data of IgE and asthma
associated clinical outcomes are needed to more fully understand the relationship
between IgE levels and severity of asthma.

IV. New Data from Clinical Trials

Three Phase III pivotal trials of a novel anti-IgE therapeutic agent enrolled adoles-
cents and adults 12–75 years of age with moderate to severe persistent asthma
and children 6–12 years of age with mild to moderate persistent asthma. The
trials included patients who had a documented history of asthma for greater than
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one year, were skin test positive, and had a serum IgE level of at least 30 IU/
mL. The lower bound for the IgE levels was close to the mean level of 32 IU/
mL reported for normal, healthy patients from two of the largest epidemiological
studies (1,9). Additionally, adults were required to have an IgE � 700 IU/mL,
and children were required to have an IgE � 1300 IU/mL. Thus, the distribution
of serum IgE levels from the anti-IgE pivotal clinical trial data is artificially
truncated. Nevertheless, we found that the geometric mean values for IgE in
patients with AA in the anti-IgE clinical trials are consistent with reported means
for patients with asthma from the available literature.

In the pediatric trial, children 6–12 years of age had a geometric mean IgE
level of 241 IU/mL (95% CI 219–265; n � 334). In the adolescent and adult
trial of moderate to severe asthma conducted in the United States, the overall
geometric mean for patients aged 12–75 years was 131 IU/mL (95% CI 122–
140; n � 525). The overall geometric mean in adolescents and adults (n � 546)
from a third clinical trial conducted both in North America and Europe was 157
IU/mL (95% CI 146–168; n � 546).

To examine the effects of age and sex, we pooled the data from the two
pivotal trials in adolescents and adults (Table 4). We observed the typical associa-
tion of age and IgE with higher geometric mean IgE levels in adolescents com-
pared with adults. Adolescents 12–17 years of age had a geometric mean IgE
level of 208 IU/mL (95% CI 177–245). Adults aged 18–44 years had a geometric
mean IgE level of 149 IU/mL (95% CI 139–159), and adults aged �45 years
had a geometric mean IgE level of 125 IU/mL (95% CI 115–136). These data
are consistent with observations from the literature that IgE levels wane with age
(1,9,10,12,20,23).

The effect of sex appeared to vary with age, with differences being more
apparent in adults than in children or adolescents. In children, although females
had a higher geometric mean value than males, the distributions were similar. In
the pooled data, male and female adolescents had similar geometric mean IgE
levels and distributions, though the sample size was limited. The geometric mean
value for IgE in adult males was higher than in adult females. The difference
between the means and distributions of IgE levels by sex was more apparent in
older than in younger adults.

Our data are consistent with the literature that IgE levels are higher among
asthmatics than in a normal, healthy population (10,12,19,51). In the anti-IgE
clinical trials, the geometric mean levels of IgE were higher in children and ado-
lescents than in adults and higher in adult males than adult females.

We were also able to observe the stability of IgE concentrations over time
by tracking the IgE levels in placebo patients. Mean total IgE concentrations were
generally stable in placebo patients in the pivotal AA studies. Geometric means
of total IgE in adolescents and adults were within 5% of baseline values after 6
months of follow-up. Total IgE within-patient variability in patients with AA
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Table 4 Baseline Data from Pivotal Phase III Trials in Children (n � 334:
231 males and 103 females) and in Pooled Adolescents and Adults with
Allergic Asthma (n � 1071: 483 males and 588 females)

IgE (IU/mL) Total Male Female

Age: 6–12 yr
Geometric mean 241 238 248
95% CI 219–265 211–269 211–291
n 334 231 103

Age: 12–17 yr
Geometric mean 208 208 208
95% CI 176–246 169–257 159–272
n 76 54 22

Age: 18–44 yr
Geometric mean 149 152 146
95% CI 139–159 138–168 133–160
n 622 272 350

Age: 18� yr
Geometric mean 139 150 132
95% CI 132–147 139–162 123–141
n 995 429 566

Age: 45� yr
Geometric mean 125 147 111
95% CI 115–136 128–167 99–124
n 373 157 216

over time was a composite of both assay variability and underlying changes in
the patients’ IgE levels. The intrapatient CV for placebo patients, calculated on
the log scale, was 25% (n � 330) and ranged between 21 and 29% among the
baseline IgE subgroups, with no obvious systematic relationship. Similar within-
patient variability was observed by sex and by racial subgroups. Interestingly,
higher within-patient variability in total IgE levels was observed in children 6–
11 years of age (34% CV; n � 83). The number of elderly patients (�64 years)
was too small to make an assessment about variability. Overall, average total IgE
concentration changed little over a one-year period in placebo patients with AA.

V. Conclusion

From the available literature, it is clear that serum IgE levels are elevated in
patients with asthma compared to healthy, normal controls. Several factors have
been reported to be increased in patients with asthma, while other factors have
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Table 5 Factors Associated with Serum IgE Levels

Factors consistently reported to be associated with increased serum IgE levels in
subjects with asthma:
Age (children � 12 years)
Male gender (adults)
Presence of an additional allergic comorbidity
Bronchial responsiveness

Factors that may be associated with increased serum IgE levels in subjects with
asthma:
African American or American Indian racial/ethnic background
Smoking
Disease severity
Duration of asthma

Factors reported to be inversely associated with serum IgE levels in subjects with
asthma:
Age (adults)
Lung function

been reported to have an inverse relation to serum IgE levels (Table 5). The
lowest levels of serum IgE are observed in nonallergic and nonasthmatic popula-
tions, and the highest levels are observed in patients with asthma in combination
with another allergic condition. However, because of the large overlap that occurs
in the distribution of IgE levels among normal and asthmatic patients, it is not
possible to use IgE alone as a means of identifying patients with asthma. Further-
more, data on the association between IgE and measures of disease status and
disease severity are somewhat limited. Our own data on the levels of IgE in our
large clinical cohort of adolescents and adults with severe AA and in children
with mild to moderate AA are consistent with reported levels in the literature.
These data represent the largest clinical cohort data available on the distribution
of IgE in allergic asthma.
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Understanding the Binding of IgE to Its High-
Affinity Receptor and to an Anti-IgE Antibody

LEONARD G. PRESTA and ROBERT L. SHIELDS

Genentech, Inc.
South San Francisco, California

Antigen-specific IgE antibodies bind to the α subunit of a specific high-affinity
tetrameric receptor complex, FcεRI (1), expressed on mast cells, basophils, Lang-
erhans cells, and monocytes (2–7). IgE binds FcεRI via its Fc region (constant
domains Cε2, Cε3, and Cε4) (2), and multivalent antigen binding by the IgE
Fab domains results in crosslinking and aggregation of FcεRI-IgE complexes.
FcεRI crosslinking initiates a cascade of intracellular signaling events that are
in part regulated by FcεRI γ and β subunits (8–10) and that triggers the release
of inflammatory mediators, cytokines (11), and chemokines. Inflammatory medi-
ators produce the clinical symptoms of allergic rhinitis and asthma (12,13), while
cytokines and chemokines may amplify the cellular immune responses that regu-
late the pathophysiology of allergic disease (14). IgE also binds to a low-affinity
receptor (FcεRII, CD23) (15), a member of a family of Ca2�-dependent (C type)
carbohydrate-binding proteins, expressed on B lymphocytes and eosinophils. IgE
binding to CD23 may elicit several diverse biological activities (16,17). Antigen-
IgE immune complexes can bind to both FcεRII on B cells and FcεRI on mono-
cytes and Langerhans cells to enhance antigen presentation in various lymphoid
compartments and regulate T-helper cell pathways that regulate IgE synthesis.
Because there is some evidence to suggest that the epitopes in the Fc region of
IgE that bind to both FcεRII and FcεRI may overlap, the development of an IgE
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antagonist that blocks IgE binding to both receptors may have a significant effect
on the immunoregulation of allergic disease.

Since only a small fraction of FcεRI receptor complexes on the surface of
a cell must be occupied with IgE and crosslinked to initiate the degranulation
reaction (18), the goal of developing a high-affinity and specific antagonist to
FcεRI-IgE has been elusive. Early experimental approaches to this problem in-
volved the identification of nonanaphylatogenic anti-IgE or anti-FcεRI mono-
clonal antibodies and the use of both IgE peptides and soluble recombinant frag-
ments of IgE and FcεRI as competitive inhibitors of mast cell degranulation in
vivo. Prior to the recent crystallographic data on IgE, FcεRI, and their complex
(19–21), structure-function studies employing site-directed mutagenesis of both
IgE and the FcεRI α-chain enabled researchers to narrow their focus to specific
domains in either IgE or FcεRI (22–24). These structure-function studies, in
concert with the crystal structures, may augment the development of leads derived
from structure-based peptides (25,26) or screening of either small chemical or
phage-based peptide libraries (27,28).

I. Defining IgE Epitopes That Interact with Fc�RI

Early studies utilizing peptides and protein fragments derived from the sequence
of IgE were designed to identify binding site(s) on IgE for FcεRI and FcεRII
(29–31). These studies provided only limited data on the sections of IgE involved
in binding to its receptors. Studies using protein fragments of IgE were sugges-
tive, but interpretation was complicated by the uncertain retention of native con-
formation of IgE (32,33). The ability of low-affinity peptides to block formation
of the IgE-FcεRI complex was problematic given the high affinity of this interac-
tion (Kd � 10�9–10�10 M�1) (1,34,35). More recently, both randomized and spe-
cific phage-displayed Cε3-Cε4 peptide libraries have been used to screen for IgE
epitopes that are bound by a nonanaphylatogenic anti-IgE monoclonal (36). These
peptide mimitopes, which may partially mimic the IgE binding site for FcεRI,
have been successfully used to generate polyclonal nonanaphylactogenic antisera,
which block IgE-mediated mast cell degranulation in vivo (37). Such IgE-like
antigens could theoretically be used as vaccine immunogens to generate anti-
idiotypic, neutralizing, and nonanaphylactogenic IgE antibodies (38); however,
such an approach might not have the same safety profile compared to nonanaphy-
lactogenic monoclonal anti-IgE therapy.

The first significant breakthrough in defining Fc domains involved in FcεRI
binding occurred when IgG/IgE chimeric immunoglobulins were constructed and
tested for binding to IgE and IgG receptors (39–42). These studies implicated
the IgE Cε3 domain as the major, if not sole, binding site on IgE for FcεRI.
Once the Cε3 domain was implicated, a more refined mapping of individual
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residues in this domain was undertaken (23). By a combination of IgG loop sub-
stitutions in IgE and alanine substitution for all putatively exposed residues in
the Cε3 domain, several residues were found to be important for IgE binding to
FcεRI: Arg408(376), Ser411(378), Lys415(380), Glu452(414), Arg465(427),
and Met469(430) (IgE residues are numbered according to Ref. 43; residue num-
bers in parentheses are according to Ref. 44). A subsequent study uncovered
P364(333) and R365(334) as additional IgE residues involved in binding FcεRI
(35). In the crystal structures of IgE, these residues are members of the Cε3
domain N-terminal linker (i.e., the segment connecting the Cε2 and Cε3 do-
mains; Pro364, Arg365), loop CD (i.e., the loop connecting β-strands C and D
in domain Cε3; Arg408, Ser411, Lys415), β-strand D (Arg428), loop EF
(Glu452), and β-strand F (Arg465, Met469). A role for the Cε3 domain loop AB
was proposed (45). However, a later study by the same group contradicted this,
showing that loop AB is not directly involved but that a correct conformation of
this loop is necessary for proper binding (46); this same conclusion was reached
by an earlier study (23).

Each IgE molecule has two identical heavy chains and, hence, could have
two identical binding sites per IgE. Three lines of evidence point to a nonequiva-
lence between the two sites. First, IgE forms only a one-to-one complex with
FcεRI (47,48). This can be rationalized from a biological perspective—if both
sites on IgE could bind to FcεRI, then a single IgE molecule could crosslink two
FcεRI molecules independent of its being bound to antigen. Second, biophysical
measurements of IgE suggest that IgE has a bent configuration both in solution
and when bound to FcεRI (48–52). Such a bent structure may result in the two
binding sites having different conformation and/or exposure. Third, two antibod-
ies have been reported that bind to IgE free in solution but will not bind to FcεRI-
bound IgE (53,54). IgE should have two copies of the epitope of these anti-IgE
antibodies, one on each heavy chain. If the two copies of the epitope were equiva-
lent, one might expect that the second site would be available even if the first
site were interacting with FcεRI.

Finally, it is apparent that when IgE binds to FcεRI a conformational
change occurs, which may involve a change in either or both the IgE and FcεRI.
This is supported by hydrodynamic studies of complex formation in solution (48)
as well as by studies of anti-IgE antibody binding (55). In the latter study it
was determined that, in solution, an anti-IgE antibody could form three types of
complexes with IgE depending on the molar ratios of the two components. At a
1:1 molar ratio, a hexamer consisting of three anti-IgE and three IgE was found.
When IgE was in excess, a trimer consisting of a 1:2 ratio of anti-IgE:IgE was
obtained. When the anti-IgE antibody was in excess, a trimer consisting of 2:1
ratio of anti-IgE:IgE was obtained. These data suggest that when IgE is free in
solution, both of its identical epitopes are available to the anti-IgE antibody. In
contrast, when IgE is complexed with FcεRI, the anti-IgE does not bind to it;
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hence, either both epitopes are masked binding of a single FcεRI or a conforma-
tional change occurs, which makes the second epitope unavailable for anti-IgE
binding.

Studies on the domains of FcεRI involved in binding to IgE have also
been reported. The FcεRI receptor is comprised of three membrane-bound chains,
which can, in humans, form a trimeric αγ2 or tetrameric αβγ2 complex (7). The
α chain is involved in IgE binding while the β and γ chains are involved in signal
transduction. The extracellular portion of the α-chain consists of two immuno-
globulin superfamily domains, and prior to solution of the IgE-FcεRIα complex
(20), the second membrane proximal domain had been implicated as the major
site for interaction with IgE (22,27,28,56,57). Other studies elucidated the specific
FcεRI residues involved in binding to IgE (22,24,34). The IgE-FcεRIα crystal
structure shows that binding interactions are formed between both Cε3 domains
of the IgE-Fc and one side of the second FcεRI immunoglobulin-like domain
and at the top of the interface between the FcεRI immunoglobulin-like domains
(20). The crystal structure also shows that binding of one FcεRIα to one IgE
prevents binding of a second FcεRIα, as previously determined in binding experi-
ments.

II. Nonanaphylactogenic Anti-IgE Antibody Identification
and Humanization

Early studies on anti-IgE antibodies using mouse IgE and rat FcεRI-expressing
RBL cells and FcεRII expressing B cells focused on elucidating their binding
epitopes by competition and cross blocking studies and relating these epitopes
to those segments of IgE involved in binding to FcεRI and FcεRII (58–63).
These studies also led to the conclusion that one type of therapeutically useful
anti-IgE antibody would bind to soluble-free IgE, thereby preventing IgE binding
to FcεRI, but would not interact with FcεRI-bound IgE (60,62). Failure of the
anti-IgE antibody to bind to FcεRI-bound IgE would eliminate the possibility of
anti-IgE crosslinking multiple FcεRI complexes, leading to mast cell degranula-
tion and release of inflammatory mediators, which, in turn, would elicit an unfa-
vorable biological response, such as symptoms associated with allergy or asthma
(58,63,64). Two murine antibodies, MaE11 (53,65) and TES-C21 (54), directed
against human IgE were identified by screening for monoclonals, which bound
to free IgE in solid-phase ELISA assays but failed to bind to IgE bound to native
EcεRI, either on human basophils or cell lines expressing recombinant FcεRI α-
subunit.

However, as a therapeutic, the murine antibody could not be the molecule
of choice because clinical use of nonhuman antibodies has identified three funda-
mental problems. First, nonhuman antibodies cause a human immune response,
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which can reduce the therapeutic value of the nonhuman antibody (66–71). Sec-
ond, therapeutic efficacy is reduced by the relatively rapid clearance of the nonhu-
man antibody compared to human ones (72). Finally, nonhuman antibodies gener-
ally show only weak recruitment of effector functions (e.g., antibody-dependent
cell-mediated cytolysis), which may be desirable, or essential, for efficacy.

For both of the reported anti-IgE antibodies, the process of humanization
was utilized to make them therapeutically acceptable. Humanized antibodies sig-
nificantly reduce the amount of nonhuman sequence in the molecule and have
been shown to reduce the occurrence of anti-antibody response when used clini-
cally (73). This technique, pioneered by Winter and colleagues (74–76), involves
transplantation of the nonhuman antigen-binding loops (also referred to as
complementarity-determining regions, or CDRs) onto a human antibody frame-
work. In addition to CDRs, select nonhuman framework residues may also be
incorporated into the humanized antibody in order to maintain proper CDR con-
formation (77) or because they interact directly with the antigen (78). The human-
ized antibody, when properly constructed, contains approximately 5–8% nonhu-
man residues, the majority of which will be in the CDRs. Several humanized
antibodies are now successful therapeutics (79–81), and many more are currently
in clinical trials (see Chap. 20).

Three techniques have been used for humanization of antibodies. First, in
the ‘‘best-fit’’ method, humanized antibodies have been designed by comparing
the sequence of the murine antibody of interest to a database of human antibody
sequences and choosing the human antibody closest in sequence to that of the
murine antibody (54,82,83). Second, in a process referred to as ‘‘resurfacing,’’
only the non-CDR, solvent-exposed murine residues are changed to a human
sequence; the murine residues buried in the interior of the light (VL) and heavy
(VH) chain variable domains and at the VL/VH interface are retained as murine
(84,85). Third, a human framework derived from consensus sequences of human
VL and VH subgroups is used (as opposed to choosing a human framework
closest to the murine antibody sequence) (86). This provides for use of the most
common framework found among human IgG antibodies and eliminates possible
idiosyncracies present in any individual framework, both of which would reduce
the chance of an immunogenic response against the humanized antibody.

The anti-IgE antibody TES-C21 was humanized utilizing both the ‘‘best-
fit’’ and consensus methods (54). Though the optimal overall binding to IgE was
achieved with the humanized antibody designed using the consensus method, no
clear advantage of one method over the other was apparent. The resulting human-
ized antibodies bound to IgE with an affinity similar to the parent murine TES-
C21. Of these, the humanized antibody with optimal binding contained nine mu-
rine framework residues in VH and four murine framework residues in VL.

A different anti-IgE antibody, E25, was also humanized (53,87) and is cur-
rently in clinical trials (88–93). For this humanization, the consensus method
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was used, and 13 variants of the humanized antibody were evaluated to probe the
importance of framework residues on antibody binding. In the final humanized
antibody, five residues in the human consensus framework were changed to their
murine counterpart (i.e., from the parent murine antibody) to provide for binding
comparable to that of the original murine antibody. Both the parent murine and
humanized antibodies blocked binding of human IgE to CHO 3D10 cells express-
ing human FcεRI α chain (1) but did not bind to FcεRI-bound IgE (53).

In addition to the humanization, several amino acids in the CDRs important
for binding of the antibody to IgE were elucidated (53). The sequence of the E25
CDRs includes several charged side chains (Fig. 1). CDR-L1 contains three Asp
residues, while CDR-L3 possesses His, Glu, and Asp; in CDR-H3 there are three
His residues. A computer model of humanized E25 pointed to the spatial proxim-
ity of all of these charged residues (Fig. 2). In contrast, the lone Asp H54 in
CDR-H2 is spatially separated from the other charged residues. E25 variants were
generated in which one or more charged residues were replaced with Ala. In
CDR-L1 alteration of one of the three Asp residues, Asp L32, to Ala effectively
abolished binding to IgE, while the other two had minimal effect. Simultaneous
alteration of GluL93Ala and AspL94Ala in CDR-L3 also reduced binding,
though much less than for AspL32Ala. Individually substituting the three His
residues in CDR-H3 with Ala resulted in either slightly improved binding or a
threefold reduction in binding. However, simultaneous alteration of all three His
residues abolished binding. While these substitutions cannot discern whether
these charged residues are involved in direct binding to IgE or provide some
conformational stability to their respective CDRs, they show that CDR-L1 and
CDR-H3 are important determinants in IgE binding for the E25 antibody. The
concentration of charges in the CDRs, especially in CDR-L1 and CDR-H3, sug-
gested that the E25 epitope on IgE also had a concentration of charged residues,
which may have important implications for developing future IgE antagonists.

The E25 antibody was chosen for humanization because it fulfilled the
criteria of binding to free IgE but not FcεRI-bound IgE. This suggested that the
E25 epitope on IgE might overlap the binding site on IgE for FcεRI. The panel
of IgE variants used to elucidate the FcεRI-binding site on IgE (23) were also
used to determine the E25 epitope. Table 1 shows that the IgE residues involved
in binding to the E25 antibody are a subset of those involved in FcεRI binding.
The importance of the binding site overlap between the E25 epitope on IgE and
that of FcεRI is illustrated by the mapped epitopes of two other anti-IgE antibod-
ies. MaE13 and MaE17 (65) were also identified in the initial screen resulting
in MaE11. However, in vitro cell-based assays measuring histamine release
showed that MAE13 allowed 5% histamine release, MaE17 allowed 10% hista-
mine release, while MaE11 exhibited no histamine release (one of the criteria
leading to the choice of MaE11 as the parent antibody of humanized E25 as
therapeutic antibody). Table 1 shows that the MaE13 and MaE17 epitopes overlap
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Figure 1 Alignment of amino acid sequences of murine MaE11, humanized E25, and
human consensus sequences. Differences between sequences are noted by bullets.
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Figure 2 Model of E25 Fab: VH residues are colored dark gray, VL residues are light
gray, charged residues are colored white and labeled (L � light chain, H � heavy chain).

that of MaE11 (and E25) but are slightly displaced compared to that of MaE11
and FcεRI. The differences in the epitopes of the three antibodies in conjunction
with the histamine release data suggest that in order to be therapeutically effica-
cious (i.e., zero tolerance for histamine release), the antibody must bind to and
efficiently block the same site on IgE as that utilized by FcεRI.

When the humanized E25 antibody was being characterized for use in clini-
cal trials, it was discovered that an Asp-Gly sequence in CDR-L1 could undergo
a rearrangement to form isoaspartic acid (94). This sequence was in the parent
murine antibody CDR-L1 and hence was included in the humanized antibody.
Formation of isoaspartic acid in CDR-L1 abrogated binding of the humanized
antibody, reducing binding of the Fab form to IgE by 87%. Though the low level
of isomerization did not prevent use of E25 in clinical trials, further studies on
E25 were undertaken to determine if the problem could be overcome. Changing
the CDR-L1 AspL32 to Ala or Glu prevented isomerization, but these changes
also reduced binding of the E25 antibody to IgE by 73% and 67%, respectively.
From the study on the residues in the E25 CDRs important for binding to IgE
(53), it was found that changing certain CDR residues to Ala improved binding,
namely Asp H54 and His H105. Simultaneously changing AspH54Ala and His-
H105Ala in conjunction with AspL32Ala (the problematic Asp) resulted in an
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E25 variant with binding reduced only twofold compared to that of the original
E25.

III. Possible Mechanisms of Action of Anti-IgE E25 Antibody

When the co-crystal structure of IgE/FcεRIα was determined, only a few of the
IgE residues previously mapped by mutagenesis as part of the FcεRI-binding
site on IgE were found to contact FcεRI (20), e.g., Pro364, Arg365, and Arg465.
Many others, e.g., Arg408, Ser411, Lys415, Arg428, Glu452, and Met469, were
not part of the IgE/FcεRI interface. This discrepancy might be due to some of
the mutations in IgE effecting a conformational change in IgE domain Cε3, which
abrogated binding to FcεRI, even though the altered amino acids in IgE did not
directly interact with FcεRI.

The epitope of the anti-IgE murine MaE11 and its humanized counterpart
E25 mapped to IgE residues which, for the most part, are not part of the IgE/
FcεRI interface (Table 1); these include Ser407, Arg408, Ser411, Lys415,
Glu452, and Met469. As noted for FcεRI, mutations at some of these residues
may have effected a conformational change in the IgE (e.g., Arg408, Ser411,
Glu452). If we exclude these three residues, the E25 epitope on IgE would consist
of Ser407, Lys415, Met469, and β-strand D. Surprisingly, this epitope is distant
from the IgE/FcεRI interface in the co-crystal structure (20), and it is uncertain
how E25 would exert its effect by sterically hindering binding of IgE to FcεRI.
In contrast, the epitope of MaE17 includes IgE loop BC and seems closer to the
FcεRI-binding site found in the crystal structure than the epitope of E25 (Table
1). However, MaE17 allowed 10% histamine release, whereas MaE11 allowed
no histamine release, suggesting that steric hindrance alone may not fully explain
the mechanism of E25.

Another possibility is that the E25 exerts its influence by locking the IgE
into a conformation that precludes FcεRI binding. The latter is suggested by
comparison of the crystal structures of free IgE-Fc and IgE bound to FcεRIα
(20,21). Comparison of these structures shows a conformational change in IgE
when bound to FcεRI, with an ‘‘open’’ form in free IgE and a ‘‘closed’’ form
in bound IgE. There are relatively large shifts between the two forms in the
position of several loops, including loops CD and EF (which comprise some of
the E25 epitope on IgE). It is feasible that when E25 binds to free IgE it locks
the IgE in the ‘‘closed’’ form, thereby preventing FcεRI binding (which requires
the ‘‘open’’ form).

IV. Summary

The current results with an anti-IgE monoclonal antibody in clinical trials (88–
93) have provided proof that preventing binding of IgE to its high-affinity recep-
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tor, FcεRI, can indeed mitigate the symptoms of asthma and possibly also allergic
rhinitis. The recent determination of the crystal structures of the IgE, FcεRIα
and IgE-FcεRIα (19–21), in conjunction with mapping of the FcεRI-binding site
on IgE (23,35), has laid the groundwork for the next generation of antiasthma
and antiallergy therapeutics. The structural data will, hopefully, aid in the design
of small, orally available therapeutics that can prevent the release of inflammatory
mediators and cytokines, as opposed to current therapeutics that act after the
release of these mediators.
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I. Introduction

It has long been recognized that IgE-mediated secretion from tissue mast cells
or circulating basophils is a central pathophysiological mechanism responsible
for the signs and symptoms of allergic diseases. It has also been recognized that
elimination of IgE antibody from the circulation should ameliorate the pathophys-
iological process associated with atopy. Of course, not all aspects of allergic
diseases have been shown to be fully dependent on IgE-mediated function in
mast cells and basophils, but even in the case of asthma, where a wide variety
of pathophysiological mechanisms probably play a role in the expression of the
disease, eliminating the IgE-mediated component should have marked effects on
the symptoms and severity of the disease. The trick has been developing a thera-
peutic that reduces circulating IgE and then providing enough of the agent to
chronically and markedly influence the functional responses of IgE-bearing cells.
This is not an easy task because these cells are exquisitely sensitive to stimulation.
A great deal of knowledge about basophil and mast cell function can be used to
make predictions about the requirements for new IgE-suppressing therapeutics.
Such therapeutics, if actually demonstrated to suppress circulating IgE and associ-
ated cellular responses, could be useful tools for dissecting out the relative roles
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of this arm of the immune response in a variety of atopic diseases, including
asthma. A variety of schemes have been proposed to induce a decrease in circulat-
ing IgE; one currently undergoing investigation is monoclonal anti-IgE antibody.
Coupled with recent knowledge about basophil and mast cell function, studies
using anti-IgE antibody in vivo have provided useful insights into the nature of
allergic reactions, the cell biology of the high-affinity receptor for IgE (FcεRI),
and their relationship to studies of basophil and mast cell function.

II. Secretory Functions of Basophils and Mast Cells

A. Mediator Classes: Histamine and Other Preformed Mediators

Of the inflammatory mediators found in basophils and mast cells, none has re-
ceived more attention than histamine. This focus is rightfully so given the fact
that this mediator is not synthesized to an appreciable quantity by any other cell
type in the body, making it a specific marker for basophil and mast cell activation.
Under normal conditions, basophils are the predominant source of histamine
found in blood. However, following experimental or natural exposure to allergen,
these cells will migrate into tissue sites in the lung, nose, and skin where they
are known to contribute to the ongoing inflammation by releasing histamine and
other pro-inflammatory mediators in what is known as the late phase response
(LPR) (1–3). In contrast, it is well accepted, but not fully understood, that mast
cell precursors circulate in blood only to ‘‘home in’’ on specific organs, where
they subsequently develop into mature mast cells and become the predominant
source of histamine in these tissue sites. Both cell types synthesize histamine
from l-histidine through the activity of histidine decarboxylase and store it in
cytoplasmic granules, forming a complex with highly charged proteoglycans
(4,5). In basophils this is achieved primarily with chrondroitin sulfate, whereas
in mast cells heparin is the predominate proteoglycan. During the latter stages
of maturation from precursor cells, both cell types appear to depend on the modu-
latory actions of hematapoietic growth factors for the upregulation of histamine
content. For basophils, both IL-3 and GM-CSF have an important role in this
process (6,7), whereas stem cell factor (SCF) has been shown to be critical for
human mast cell development in vitro (8–11). Furthermore, the administration
of recombinant SCF into humans induces mast cell hyperplasia and activation
along with hyperpigmentation of the skin (12). Other cytokines and factors have
been shown in vitro to synergize with SCF to promote the maturation of mast
cells including IL-6 and prostaglandin E2 (PGE2) (8), IL-4 (13), and thrombo-
poietin (14). Human mast cells isolated from a variety of tissues, including lung,
skin, or small intestine, have been shown to average 3–8 pg of histamine per
cell. In contrast, basophils contain considerably less histamine, averaging approx-
imately 1 pg per cell (15). Interestingly, this amount per basophil is remarkably
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consistent among donor populations. Histamine is released from activated cells
following intracellular signals, culminating with the fusion of cytoplasmic gran-
ules with the cell membrane and extrusion of their contents extracellularly in a
form of exocytosis that has been well characterized ultrastructurally (5). As an
inflammatory mediator, histamine is a potent smooth muscle spasmogen and can
cause vascular leakage by dilating terminal arterioles and constricting postcap-
illary venules. In addition to these proinflammatory effects, histamine has
been shown to downregulate specific immune responses, particular cytotoxic T-
lymphocyte (CTL) responses, by increasing cyclic adenosine monophosphate
(cAMP) levels via its binding to H2 receptors on CD8� T cells (16,17). These
inhibitory effects are reversed with H2 receptor antagonists (18,19). In light of
this information, it seems possible that histamine may also selectively target and
downregulate T-helper (Th)1–like responses with the increasing evidence that
basophils promote Th2-like responses by producing IL-4 and IL-13 (see Fig. 1
and below). With respect to this belief, histamine has been shown more recently

Figure 1 Diagrammatic representation of the secretogogues released from human baso-
phils and mast cells following IgE/FcεRI crosslinking. The binding of specific antigen
to receptor-bound IgE initiates signals that culminate in the release of preformed pro-
inflammatory mediators and the synthesis of immunoregulatory cytokines. IL-3 and SCF
enhance these secretory events in basophils and mast cells, respectively.
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to suppress IL-12 and IFN-γ production by monocytes and Th1 cell clones, re-
spectively, while promoting the secretion of the Th2 cytokine, IL-10 (20,21).

Mast cells also store neutral proteases within their cytoplasmic granules.
At least four molecular forms of tryptase (I, IIβ, III, and α) have been described
and are found at high levels within mast cells isolated from most tissues (22,23).
Human basophils isolated from normal blood have also been reported to express
tryptase, but at levels (0.05 pg/mL) nearly 50–100 times less than those found
in mast cells (24) and primarily of the α form (25). As a result, tryptase is com-
monly used as a specific marker for identifying mast cell involvement in allergic
lesions and is typically detected using monoclonal antibodies suitable for immu-
nohistochemistry. Nonetheless, more recent evidence has challenged this belief
by showing that tryptase is readily detected in basophils found in the blood of
some allergic patients (26), suggesting that not all tryptase-positive cells found
in allergic lesions are mast cells, but may also include basophils. Likewise, chy-
mase is another protease that is typically found in mast cells and not basophils.
However, not all tryptase-positive mast cells co-stain for chymase, a finding that
is very dependent on anatomical location and which has led to the concept of
mast cell heterogeneity. The exact role for these proteases in vivo remains highly
speculative.

B. Mediator Classes: Lipid Mediators

Basophils and mast cells, within minutes following activation, also generate and
release lipid mediators that have potent inflammatory properties. Both PGD2 and
leukotriene C4 (LTC4) are synthesized by mast cells, indicating that cyclo-
oxygenase and lipoxygenase enzymes are active in these cells. In contrast, baso-
phils appear to make only LTC4. In fact, the apparent absence of cyclo-oxygenase
activity in basophils, combined with evidence showing that prostaglandins are
not detected in lavage fluids taken during the LPR, has suggested that the hista-
mine and LTC4 measured in these reactions are derived from basophils accumu-
lating at the lesion site (27). The arachidonic acid serving as the substrate for
the synthesis of PGE2 and LTC4 is likely derived from the metabolism of phos-
phatidylcholine and phosphotidylinositol through the enzymatic activity of phos-
pholipase A2, or by the sequential action of phospholipase C and diglyceride
lipase. The amount of LTC4 per basophil or mast cell (10–100 fg) is far less
than their pg/cell levels of histamine (15). However, on a molar basis, LTC4 is
up to 6000 times more potent in contracting smooth muscle. Furthermore, LTC4
is metabolized to LTD4 and LTE4 with the combined effect of all three leuko-
trienes, formerly known as slow-releasing substance of anaphylaxis (SRS-A),
having a profound bronchoconstrictive and mucus-producing consequence when
released in the respiratory system or inducing a prolonged wheal-and-flare reac-
tion in the skin. These mediators, in fact, are thought to be major contributors
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to the pathophysiology of asthma. Mast cell–derived PGE2 is also a potent in-
ducer of smooth muscle contraction and vasodilation. Moreover, both PGE2 and
the leukotrienes have been shown to attract leukocytes into the reaction site and
to modulate a variety of cellular immune responses, particularly the increased
production, or inhibition, of various cytokines.

C. Mediator Classes: Cytokines

A vast amount of information collected over the past 20 years has shown that
certain pro-inflammatory cytokines play a significant role in the pathogenesis of
chronic allergic inflammation and disease. None have gained more recognition
than those commonly classified as the Th2 cytokines, which were originally re-
ported to be produced by a subpopulation of mouse CD4� lymphocytes (28)
and presently include IL-4, IL-13, IL-5, IL-6, and IL-10. In contrast, the increased
expression of so-called Th1 cytokines, which are exemplified by IFN-γ, IL-2,
and IL-12, is negatively associated with allergic conditions. Of significant rele-
vance, there is now striking evidence that FcεRI� cells, particularly basophils,
are important producers of specific Th2 cytokines—a finding that has reinforced
the concept that these cells play a more pivotal role in the development of chronic
disease than originally thought (29). Human basophils generate de novo and se-
crete large quantities of IL-4 and IL-13 following IgE crosslinking, with solid
evidence that they have the capacity to produce more IL-4 than any other leuko-
cyte circulating in blood (30–34). Studies show, in fact, that they can account
for up to 10-fold more IL-4 than that made by T lymphocytes (35,36). This obser-
vation most likely reflects the notion that the frequency of antigen-specific baso-
phils (i.e., those that express allergen-specific IgE) is far greater than the number
of antigen-specific lymphocytes circulating in blood. Likewise, several studies
report the production of Th2-type cytokines by human mast cells (37–41); how-
ever, controversy exists regarding the ability of these cells to generate Th2 cytok-
ines, particularly IL-4. The evidence for mast cell–derived cytokines derives pre-
dominantly if not exclusively from immunohistochemistry techniques that detect
cytokine-expressing cells in suspension or tissue that are co-staining either for
intracellular tryptase or cell surface c-kit (CD117). In vitro studies using mast
cells purified from skin or lung tissue have not been as supportive for mast cells
being a source of cytokines (42). In fact, mast cells derived from cord blood
precursors cultured in medium containing SCF and IL-6 have also challenged
the immunohistochemistry data. These in vitro–derived cells, which stain for
tryptase and are morphologically identical to tissue-derived mast cells, do not
generate IL-4 mRNA or protein but do appear to make IL-5, a Th2-type cytokine
that is not made by basophils (43). The controversies regarding the generation
of cytokines by basophils and mast cells are unexpected given the fact that both
cell types express FcεRI. While several explanations can account for such differ-
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ences, there is evidence from studies using murine mast cells that indicate the
ability to generate specific cytokines is determined by the level of FcεRI expres-
sion—a subject that will be discussed in greater detail below.

D. Relative Roles for Basophils/Mast Cells Versus Lymphocytes
in Cytokine Secretion

By producing IL-4 and IL-13, basophils (and perhaps mast cells) may help or-
chestrate a variety of biological responses that are central to the pathogenesis of
allergic disease. This belief is founded on the fact that these two cytokines induce
isotype switching from IgM to IgE in B lymphocytes (44,45) and activate endo-
thelium for eosinophil adhesion and transmigration by upregulating VCAM-1
expression (46–48). IL-4 is also critical for the development of the Th2 response
(49,50). Interestingly, basophils and mast cells are among the few cell types that
express the ligand for CD40 (CD40L) (51), which, in the presence of IL-4 or
IL-13, provides the co-stimulus required for IgE synthesis by B cells. In fact, in
vitro studies have shown that activated basophils alone can induce IgE synthesis
by B lymphocytes (51,52). In the same studies, mast cells did not support the
synthesis of IgE despite expressing CD40L. Once again, this latter finding chal-
lenges the concept that mast cells readily produce IL-4 and IL-13.

E. Sensitivity of Basophils and Mast Cells

An important component of the allergic response is the sensitivity of mast cells
and basophils to stimulation through FcεRI. This aspect of the overall response
is not often considered because determining sensitivity of the cells themselves
in a given patient is difficult. Indeed, it is difficult to determine for the circulating
basophil and currently not even feasible for the tissue mast cell. By sensitivity,
we refer to the number of receptors that need to be aggregated in order to result
in secretion that is 50% of a maximal response (53,54). Clearly, the ability of
an antigen to initiate a response from the mast cell or basophil depends on how
many receptors need to be activated. Therefore, the sensitivity of a cell to a
particular concentration of antigen will be a function of at least eight identifiable
parameters:

1. Number of epitopes on the antigen
2. Avidity of the antigen for its respective IgE
3. Concentration of antigen-specific IgE
4. Ratio of antigen-specific IgE to total IgE
5. Accessibility of IgE to the mast cell or basophil
6. Number of receptors per mast cell or basophil
7. Number of cell surface antigen-specific IgE molecules required to initi-

ate secretion
8. Maximum secretory response
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The number of epitopes on the antigen and the avidity of the antigen for
its respective IgE antibody are related since the avidity is a function of both
single site affinity (i.e., the intrinsic affinity of a given antigen epitope for its
specific antibody) and the number of epitopes that are involved in binding to
either the same specificity antibody or a mix of antibodies that all bind to the
same antigen. Parameters 1 and 2 determine the concentration of antigen required
to reach an optimal number of crosslinks on the cell surface, i.e., weak avidities
require more antigen. There are well-explored theoretical studies that show that
the peak of the crosslinking curve for a small bivalent hapten occurs at 1/2Ka
(55,56), where Ka is the single site affinity of the hapten for the antibody. In a
similar, although more complicated manner, the optimal number of crosslinks is
related to the avidity (57–59).

The next four factors partially determine how many molecules of antigen-
specific IgE reside on the surface of the mast cell or basophil. For example, if
a mast cell has 100,000 FcεRI receptors, the total IgE concentration is 1000 ng/
mL, and the antigen specific IgE titer is 200 ng/mL, then 20,000 receptors will
be occupied by the antigen-specific IgE (because the occupancy of the receptor
is determined by the very high association constant between this receptor and
IgE and when the IgE concentration is this high, it is simpler to state the numbers
as if all receptors were occupied—the numbers will be valid within 2–3%). As
will be explored in greater detail in the next section, the total IgE concentration
also determines the expression of FcεRI, so that a ratio of specific to total IgE
of 20%, as in the example above, has a far different consequence if the total IgE
concentration is 10 ng/mL vs. 1000 ng/mL. Since the IgE concentration deter-
mines receptor expression, the ability of IgE antibody to be present outside the
vascular compartment also determines the ability of mast cells to respond to an-
tigen.

The last two parameters determine the ultimate response of the cell when
all other factors are equal. It is now clear from studies of human basophils that
the sensitivity of the cells varies markedly among individuals. The distribution
of sensitivities among the population centers at a value of �2000 antigen-specific
IgE molecules per cell (54). In other words, 2000 antigen-specific IgE molecules
need to be present for the cell to generate a response that is half of its maximum.
The maximum itself appears to be an independent parameter of basophil function
(54). For example, subjects can be found whose basophils are significantly more
sensitive than the median, while their maximal response is 10% of what the cell
is capable of secreting. With respect to the sensitivity distribution, low values
(i.e., very sensitive cells) have been measured in the 200 IgE molecules per baso-
phil range and highs have been measured above 30,000. These extremes are not
common, with 90% of the population falling between 1,000 and 10,000.

The maximum secretory response is partially a function of the mediator
being examined. Histamine release is often expressed as a percentage of the total
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cellular content since this is a preformed mediator. For this mediator, the maxi-
mum can only be 100% as there have been no demonstrations of histamine syn-
thesis closely following stimulation. Defining the maximum for the other two
major classes of mediators, newly synthesized arachidonic acid products or cytok-
ines, is more difficult. However, there are non–IgE-dependent stimuli, both phys-
iological and nonphysiological, that induce much greater levels of either LTC4
or IL-4 than can be obtained from IgE-mediated secretion. In this way, even the
secretion of these two mediators can be placed in the context of a maximal re-
sponse. Alternatively, histamine release can be expressed as ng per million cells
in the same way that LTC4 and IL-4 are often expressed. In either case, these
maximums vary considerably among basophil preparations. While there is a loose
correlation among the secretion of histamine, LTC4 and IL-4, there are clearly
factors independent of the initial signal strength that determine the amount of
secretion of the three mediators. The mechanisms underlying the differences
among subjects are not currently understood.

The current descriptions of sensitivity and maximal response are best ap-
plied to secretion of histamine. However, a more complete understanding will
require further information about the same parameters in the context of lipid and
cytokine release. Both of these mediators are critical determinants of the allergic
inflammatory response, so that understanding the extent to which new therapeu-
tics need to suppress basophil and mast cell responsiveness will be dependent
on new information regarding the relative roles of each of the secreted mediators.
Recent studies have indicated that basophil sensitivity is very similar when
viewed from the secretion of each of three classes of mediators. This means that
if cell surface antigen-specific IgE is present at a density sufficient to initiate
only 50% of the maximum histamine release, approximately 50% of the maximal
secretion of IL-4 and LTC4 will also be obtained. It remains to be determined
whether the equivalent suppression of secretion for each of the three classes of
mediators will lead to equivalent reductions for the functional endpoints of the
three different mediator classes.

The above discussion is not simply an academic exercise in understanding
the details of secretion. It has a very practical consequence for understanding the
ability of some therapeutics to modulate the allergic reaction. This is particularly
true for any therapy that operates by reducing the circulating IgE concentration.
For example, consider an atopic donor with basophils (and perhaps mast cells)
expressing 250,000 FcεRI receptors, a circulating IgE titer of 500 ng/mL, 20%
of which is directed against ragweed antigen E (AgE), and a sensitivity of 1000
molecules of AgE-specific IgE (for one-half of their maximal response). Taking
into account the binding affinity of IgE for its receptor, reducing the response
of the basophils to less than 10% of their normal response, in the absence of a
change in their FcεRI expression, would require a reduction in IgE titer between
2,000- and 10,000-fold (60). We do not yet know how far the basophil response
must be suppressed to make a noticeable change in symptoms, but physiological
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studies in airway tissues indicate that local secretion of 2–3% of available tissue
histamine leads to a maximal contraction of the smooth muscle tissue (61). It
may be that not all tissue mast cells are secreting in these tissues hung in physio-
logical baths for challenge, but this number does suggest that only very low levels
of secretion are necessary for significant end-organ responsiveness. This amount
of reduction seems extreme and partly results from the high affinity of IgE for
FcεRI as well as the high sensitivity of the basophils and mast cells.

We now know, however, that the concentration of IgE antibody also deter-
mines the expression of FcεRI on basophils and mast cells (see below), although
a direct demonstration of this observation on human tissue mast cells has not yet
been made. Thus, if IgE titers fall, so too does FcεRI expression. This dynamic
considerably alters the prediction made above. Much more modest and achievable
changes in IgE titer, 50- to 100-fold, significantly reduce the function of baso-
phils. The details of this prediction are borne out in therapeutic trials of anti-IgE
antibody.

Much of our information for human cells comes from studies of basophils,
as these cells are more readily accessible. Limited studies of tissue mast cells
have been done, and thus far some of the general features of the basophil translate
well to the mast cell. In particular, mast cell sensitivity appears to be similar to
basophils, i.e., only a few thousand antigen-specific IgE molecules per mast cell,
or less, are required for significant activation. However, one curious distinction
is that most mast cell preparations, including those derived from BAL washings,
express low numbers of receptors. For basophils, the median level of expression
is 150,000 FcεRI per basophil, ranging from 5000 to nearly one million among
preparations. Most atopics express greater than 200,000 (presumably due to their
higher circulating IgE titer). In our studies of mast cells, most densities fall below
30,000 per mast cell, with only 25% of the mast cell preparations showing values
well above 100,000 (62). Indeed, because flow cytometry is not very sensitive
when working with impure cell populations and because the contaminating cells
in mast cell preparations cause a higher than usual control fluorescence, mast
cells often do not even have measurable levels of FcεRI using these methods.
Based on various calibrations, the flow cytometer probably cannot detect below
10,000 receptors in these preparations. The significance of these observations to
therapeutics that reduce IgE antibody is not yet clear, but at face value might
indicate that reduction of mast cell IgE to levels insufficient to allow antigen-
induced secretion may be easier than reduction of cell surface basophil IgE.

III. Fc�RI Expression on Basophils and Mast Cells

A. Descriptives

A hallmark of the basophil and mast cell phenotype is the expression of FcεRI,
the high-affinity receptor for IgE antibody. In the late 1970s it was observed that
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there was a strong correlation between the serum IgE concentration and the cell
surface expression of FcεRI on circulating basophils (63). It was not possible at
that time to determine if the two parameters were linked by some preexisting co-
expression mechanism (e.g., genetic linkage) or whether the expression of one
determined the expression of the other. With improvements in technology it be-
came possible to discriminate between these two possibilities. It is now accepted
that the presence or absence of IgE antibody determines the relative expression
of the receptor. This has been demonstrated by a variety of methods in both mice
and humans (60,64–68). In mice, it is possible to demonstrate that increasing the
concentration of IgE, either in culture or in vivo, upregulates the expression of
FcεRI on both mast cells and basophils. Similar results have been obtained for
human basophils, both in vitro and in vivo. Both increases and decreases in IgE
have been explored in the human basophil studies, and both conditions alter
FcεRI expression, either up or down, as appropriate to the concentration of IgE.
A caveat for the studies of human basophils in vivo is that the decrease in IgE
antibody was induced by the administration of an anti-IgE antibody, so it remains
possible that this reagent had unrecognized direct effects on FcεRI expression.
This connection between IgE titer and FcεRI expression establishes an interesting
feedback loop under conditions in which IgE titers are being altered. It appears
as a positive feedback loop which markedly enhances the cellular responsiveness
when IgE concentrations rise. From one perspective, such upregulation of FcεRI
allows a cell to maintain a level of functionality against one antigen even if new
antigenic specificities of IgE appear and cause an increase in the total IgE titer.
In the absence of this feedback loop, the addition of new antigenic specificities
might actually lead to a decrease in the response to preexisting antigens. One
interesting speculation relates to the teleological explanations for the presence
of this feedback loop. If parasitic infections induce a nonspecific rise in IgE in
the absence of the IgE-receptor feedback loop, mast cell/basophil responses to
the parasite antigens would diminish. To compensate, the immune system devel-
oped the feedback loop to offset this effect. Whatever the reasons for the existence
of this feedback loop, it provides a useful biological side effect for therapeutics
that act to decrease circulating IgE antibody levels.

B. Mechanisms

In vitro studies of human basophils indicate that regulation does not occur through
another cell type, i.e., it appears that IgE directly influences basophils to express
more FcεRI (65). Until recently, it was not clear whether IgE influenced FcεRI
expression by direct interaction with FcεRI itself because the concentration de-
pendence of FcεRI upregulation by IgE suggested that IgE may interact with
another IgE binding molecule. The EC50 for upregulation occurs at approxi-
mately 250 ng/mL (�1 nM), which is significantly higher than estimates of the
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affinity of IgE for FcεRI, which should range from 3 to 25 ng/mL. On the other
hand, the EC50 was too low to readily fit the interaction of IgE with other known
IgE-binding molecules like CD32, CD23, or galectin-3. However, recent direct
studies demonstrated that neither IgG nor lactose influenced upregulation by IgE,
indicating no role for either CD32 or galectin-3. Basophils do not express CD23
protein or mRNA, and IgE upregulation was not influenced by MHM6, an anti-
body known to bind to CD23 and alter IgE binding. Finally, a mutated form of
the Fc portion of IgE (R334S), which has been demonstrated to bind to FcεRIα
with 10- to 100-fold lower affinity than the unaltered Fc molecule, was found to
have a 30-fold lower potency than the parent molecule for upregulating FcεRI
expression. Parenthetically, the mutant IgE-Fc had binding characteristics similar
to the parent when tested against binding to CD23 (FcεRII). These studies cumu-
latively demonstrated that IgE probably interacts with FcεRIα itself to upregulate
FcεRI expression (69).

A central question is whether the presence of IgE induces either mRNA
and/or protein synthesis and, conversely, whether the absence of IgE leads to
downregulation of either of these events. A direct answer is not currently known.
However, there are various clues that suggest that synthesis may be constitutive.
Furthermore, these changes do not appear to be due to receptor recycling. A
variety of studies in RBL cells indicated that a small amount of receptor expres-
sion could be controlled by receptor cycling (70,71). In the absence of IgE, cell
surface receptors would be internalized, only to be reaccumulated on the cell
surface if IgE was present. In other words, IgE, when bound to the receptor,
appeared to stop an otherwise continuous loop of recycling. Under these condi-
tions, two- to threefold increases in cell surface receptor expression could be
observed when IgE was added to the medium, without the synthesis of any new
receptors. It is often the case that a one-week incubation of human basophils
leads only to two- to threefold increases in cell surface receptors, so the RBL
results provided a viable explanation for the human basophil phenomenon. How-
ever, in vitro studies indicated that the amount of FcεRIα obtained from a whole
cell lysate increased or decreased in concert with cell surface expression. This
indicated that there was not a store of receptor accounting for the changes. An
additional caveat is that although in vitro experiments tend to result in modest
changes, there are examples of 20-fold increases that are not as readily explained
by a cycling mechanism similar to that studied in RBL cells. When considering
that the expression in vivo ranges 200-fold, it seems even less likely that a cycling
mechanism could be operative. Thus, receptor is synthesized during upregulation
and lost during downregulation. It remains to be determined whether these are
induced events. If IgE interacts through FcεRIα and induction occurs, this would
be a new property of this well-studied receptor, i.e., the ability for univalent
binding to induce a signal within the cell (the signal to make more receptor).
These studies have been difficult to do in human basophils because receptor
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upregulation appears very slow. A loose calculation indicates that 400–600 recep-
tors are placed on the cell surface per hour under optimal in vitro conditions.
This makes pulse-chase studies demanding. However, changes in the expression
of mRNA for FcεRIα are feasible, and these studies, carried out a with a variety
of detection methodologies, indicate that no changes occur withing the first day
or two following exposure to high concentrations of IgE antibody (unpublished
observations). While it remains possible that protein synthesis is induced in the
absence of changes in mRNA or that mRNA changes occur much later than thus
far examined, an alternative hypothesis is that synthesis is constitutive and that
maintenance on the cell surface is dependent on occupancy by IgE. This scheme
is similar to that of CD23, where a cell surface metalloprotease clips the receptor
if it remains unoccupied by IgE. In the case of FcεRIα, the mechanism of removal
could be similar to CD23 or related to some endocytotic process. The conse-
quence is that receptor is made at a slow rate, and if occupied rapidly enough
by IgE, it is protected from removal and therefore accumulates on the cell surface
over time. With this scheme, receptor occupancy is determined by the forward
rate constant of IgE binding rather than by equilibrium (because the off rate is
so slow for this receptor). The forward rate constant of IgE binding to whole
cells is known to be quite slow so it is possible to explain the modest shift in
the EC50 for upregulation by the slow forward rate of occupancy of FcεRIα by
IgE (65,69). In this scheme there is no endpoint, except the limits of protein
crowding on the cell surface, but this is not much of a concern, at least for baso-
phils, because they do not have a long life span. The longest life span estimates
have been 2 weeks, which is not enough time, given the rates of synthesis pro-
jected from in vitro studies, to express more than several hundred thousand recep-
tors. However, mast cells are believed to survive for months, so that an open-
ended upregulation model may be too simplistic.

C. Regulation and Genetics

As will be noted in the studies below, expression of FcεRI may be a critical
determinant in the success of therapies that suppress free circulating IgE levels.
Therefore, understanding how the expression of the receptor is regulated may
suggest additional ways to augment such therapies. Understanding the mecha-
nism of its regulation by IgE antibody itself is important, but defining other intrin-
sic and extrinsic modulators of its expression will also be relevant. A variety of
recent studies have focused on the expression of FcεRI during mast cell matura-
tion. This kind of information will be important, but it would not be surprising
if it does not strictly apply to regulation that occurs in a fully mature cell. For
example, it appears that IL-4 may alter the expression of FcεRI in developing
mast cells, but its effects appear to depend on the precise source or conditions
of mast cell culture (72–74). This receptor is expressed early in the differentiation
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of mast cells at a time reasonably coincident with the expression of elements
necessary for granule formation (75). As this differentiation process is influenced
by a variety of cytokines, it is not surprising that expression of the receptor is
also affected. It remains to be determined if there are ligands (that are not IgE)
that specifically alter FcεRI expression independent of effects on other aspects
of the development process. With respect to IL-4, we have found that expression
of FcεRIα on mature circulating basophils is not influenced by this cytokine in
either the presence or the absence of IgE antibody (unpublished observations).

Following the initial description of the sequence of the gene for FcεRIα
and its 5′ upstream region (76), there has been little information regarding the
responsive transcription elements in this gene. However, one recent study (77)
has demonstrated the presence of two trans-acting protein response elements in
the FcεRIα promoter as defined in reporter constructs. Ets and GATA cis-acting
response elements exist in the human promoter region (using 5′ sequences ap-
proximately �75 bp 5′ of the initiation site), and antibodies to GATA-1 and Elf-
1 induce a supershift of mixtures of mast cell nuclear extracts and probe in EMSA
tests. Interestingly, GATA-1 has been demonstrated to be required for expres-
sion of the mast cell granule enzyme carboxypeptidase A (78), further linking
the expression of these two mast cell genes. No information is yet available
about response elements that relate to IL-4 stimulation or other known cytokine-
stimulated transcription factors.

D. Functional Consequences of Receptor Regulation

In human cells, only the increase and decrease in mass of FcεRIα during up-
or downregulation of FcεRIα due to the presence or absence of IgE has been
demonstrated. In murine studies, expression of FcεRIβ has also been observed
(67), but this subunit is required for expression of FcεRI in murine cells (79).
In human cells, only FcεRIα and γ are necessary for expression (80–82), so it
remains possible that there is discordant regulation of the various FcεRI subunits
in human cells. The fact that expression of FcεRIβ is a strong determinant of
the signal developed in an aggregated receptor suggests (83) that coordinated
expression of all receptor subunits would be necessary to produce cells that were
actually more sensitive to stimulation. This coordinated upregulation would apply
to other early signaling components that may be found to be rate-limiting. Recent
in vitro functional studies of FcεRI upregulation in human basophils in fact sug-
gest that coordinated upregulation of the necessary elements of the IgE-mediated
signaling pathway does not always occur. The elements that may limit upregula-
tion of function have not been identified. The instances of uncoordinated upregu-
lation of signaling component expression occur in studies of human basophils
under culture conditions and may therefore not occur as readily in vivo. Neverthe-
less, the fact that uncoordinated upregulation can occur may indicate that there
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are multiple conditions that determine the functional consequence of FcεRIα
upregulation induced by IgE. Much more study is required to sort out these obser-
vations and their implications to pathophysiology and therapeutics.

E. Relationship of Basophil Characteristics to Other Leukocytes

As mentioned above, among circulating leukocytes a correlation between surface
expression of FcεRI on basophils and levels of serum IgE levels has been known
for nearly two decades (63). This original observation involved basophils of
atopic individuals and has been recently confirmed (84). Recently, we examined
this relationship in basophils, monocytes, and eosinophils of individuals with a
variety of disease states characterized by an elevation of IgE, including allergic
asthma, atopic dermatitis, hypereosinophilic syndrome, hyper IgE syndrome,
helminthic-infested hosts, and IgE myeloma (85). Within a range in serum IgE
levels (3–4 � 106 ng/mL) and diverse diseases states, the relationship of serum
IgE to basophil FcεRIα expression persists. Taken together with the effects of
anti-IgE infusion on human basophil FcεRI expression (see below), there is in-
creasing evidence for serum IgE regulation of basophil expression of its high-
affinity receptor.

Accumulating evidence from several groups suggests the presence of FcεRI
on other leukocytes including circulating blood monocytes, eosinophils, and
platelets. Whereas FcεRI is readily detected on the surface of blood basophils of
nearly all individuals, including those with low serum IgE, the observed expres-
sion of the high-affinity IgE receptor on other leukocytes has been more difficult
in terms of disease state and levels of expression. In the case of blood monocytes,
FcεRIα expression has been reported in allergic diseases such as rhinitis, asthma,
and eczema with a positive correlation to serum IgE (84,86). The highest level
of FcεRIα expression was observed on monocytes of subjects with atopic derma-
titis (86); however, the overall level of monocyte expression is typically 10- to
100-fold lower than that found on basophils from the same individual. In our prelim-
inary studies, monocyte FcεRIα has not been detectable in nonatopic, elevated IgE
states, suggesting that the presence of IgE is not a sufficient regulatory stimulus for
FcεRI expression on monocytes as it is on basophils (65). One lab has detected
FcεRIα expression on monocytes of nonatopic individuals but no IgE. They also
confirmed that there are higher levels of FcεRIα and IgE expression on monocytes
of atopic subjects (87). An explanation for monocyte expression of FcεRI in atopics,
and the reduced level relative to the basophil, has not been found.

An important difference from basophils is that monocyte FcεRI complexes
lack the β subunit and are composed only of an α chain and two γ chains. The
existence of such an alternate FcεRI receptor complex was first demonstrated by
in vitro transfection experiments that demonstrated stability of the human αγ2
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complex, a feature not shared by murine or rodent FcεRI complexes (80). In
terms of function, FcεRI-bearing monocytes have been shown in vitro to present
IgE-targeted antigens to T cells at significantly lower concentrations (10- to 1000-
fold) than required for traditional IgG-facilitated antigen capture (88). FcεRI can
also activate monocyte PGE2 release (89) and a calcium signal (86). However,
the exact function of FcεRI on monocytes remains uncertain.

Surface FcεRI expression on peripheral blood eosinophils has been variably
observed in vivo since the first report of the high-affinity receptor on blood eosin-
ophils (90) and remains a topic of controversy (91). The initial description in-
volved blood eosinophils from subjects with hypereosinophilic syndromes (90),
but subsequent studies have failed to reproduce these observations (85,92). Blood
eosinophils express both mRNA and intracellular protein for the α and γ subunits
of the FcεRI receptor complex but lack the β subunit protein. Eosinophils in
culture with IL-5 release the α subunit protein into the culture supernatant, but
the addition of IgE failed to induce expression of the receptor on the cell surface
(92). In addition, culture of eosinophils with IL-4 is reported to augment mRNA
and protein for α chain without significant alteration of surface α expression
(93). The presence of intracellular pools of α protein and the secretion of the α
subunit by cultured eosinophils may offer one explanation for the immunodetec-
tion of eosinophil FcεRI α in tissue biopsies of late-phase allergen challenge of
the nose (94) and skin (95). Indeed, in the study by Sihra et al. (84), the levels
of eosinophil expression of FcεRIα were even lower than observed on corre-
sponding monocytes, if detected at all, and were not correlated to serum IgE
levels. Another study of peripheral blood eosinophil FcεRIα expression in sub-
jects with allergic rhinitis suggested levels of approximately 0.5% of basophils
and failed to show significant induction of eosinophil superoxide release, degran-
ulation, or LTC4 production following IgE-dependent activation (96). Thus, in
our hands and others, significant surface expression of the high-affinity receptor
on peripheral blood eosinophils has not been confirmed.

Other leukocytes reported to bear surface FcεRI include tissue-derived
Langerhans cells (97,98), where surface α chain expression is also quite variable.
Surface expression of FcεRI on Langerhans cells appears to be limited by the
amount of gamma chain expressed and is greatest in individuals with atopic der-
matitis (99). Peripheral blood dendritic cells (100) have also been shown to bear
the alternate form of the high-affinity IgE receptor and may use it for allergen
presentation to T cells. Platelets have also been reported to bear FcεRI and release
inflammatory products such as RANTES after triggering of the receptor
(101,102). In summary, beyond the well-characterized function of the receptor
on circulating basophils, the role of the high-affinity receptor on other bloodborne
cells and factors regulating its expression on these cells are not yet firmly estab-
lished.
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IV. In Vivo Regulation of Fc�RI on Human Basophils

A. Studies of Anti-IgE Antibody

The design of a humanized antibody (rhumAb-E25) that could bind IgE and pre-
vent its attachment to the high-affinity receptor, without the harmful side effect
of inducing receptor crosslinking, has allowed a novel means of interfering with
allergic responses (103). Simultaneous E25 infusion in mice undergoing allergen
sensitization demonstrated significant reductions in both total and allergen-
specific IgE, possibly through depletion of CD23-positive IgE-bearing B cells
(104). In humans, therapy with anti-IgE in allergic asthmatics showed reductions
in the early phase (105) and late phase (106) responses to airway allergen chal-
lenge and reductions in sputum eosinophils.

Studies of basophil FcεRIα in the context of anti-IgE therapy allowed a
unique opportunity to explore the effects of IgE modulation on receptor expres-
sion. As part of a phase I trial with this monoclonal antibody, allergic subjects
were infused with doses of E25 antibody based on both body weight and serum
IgE biweekly for one year. Examination of free IgE titers 2 hours after the initial
antibody infusion revealed a 99% decline in free IgE that was maintained by
subsequent bi-weekly infusion. Both basophil surface-bound IgE and FcεRIα
staining by flow cytometry revealed a 50% reduction 3 days after the initial infu-
sion and 90–100% reduction approximately 1 week after the initial E25 infusion
(60). The reduction in IgE density on basophils at 3 months of biweekly infusions
was greater than 99% (average 2,200 molecules per basophil at 3 months vs.
average 240,000 molecules per basophil at baseline). Total IgE receptors were
likewise reduced by 97% at 3 months (8600 molecules per basophil) resulting
in threefold more unoccupied receptors than occupied ones (Fig. 2).

The functional consequences of basophil receptor modulation after 3
months of anti-IgE infusion in these subjects was determined by in vitro basophil
histamine release responses to three secretagogues: antigen (Dermatophagoides
farinae), to which all subjects had skin test sensitivity; polyclonal anti-IgE; and
fMLP, a non–IgE-dependent stimulus for basophil histamine release. A 90% re-
duction in histamine release triggered by an optimal dose of D. farinae was seen
after 3 months of anti-IgE (Fig. 2). In contrast, polyclonal anti-IgE–mediated
histamine release was more modestly reduced at 40% of baseline values without
a shift in the dose-response curve. As expected, no change was seen in terms of
fMLP-mediated histamine release. In a subset of subjects, sensitization of the
open receptors on basophils with benzyl-penicilloyl (BPO)-IgE, at this point in
the treatment, followed by either antigen-triggering (BPO-HSA) or by polyclonal
IgE was sufficient to restore responses to pretreatment levels seen with D. farinae
or polyclonal anti-IgE. The observation suggested that despite a 97% decline in
IgE and FcεRI at 3 months, a sufficient number remained to be sensitized and
capable of initiating normal mediator release to an IgE-triggered event. In addi-
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Figure 2 Quantitation of basophil total IgE receptors by lactic acid elution and D. fari-
nae (DF) and anti-IgE–induced basophil histamine release responses. (A) Mean RIST
values for total IgE eluted from subjects basophils (n � 11) prior to infusion of E25 (pre),
after 12 weeks of rhuMAb-E25 treatment (12 weeks of E25), one hour after last infusion
of E25 (46 weeks of E25), and at termination from the postinfusion follow-up study (termi-
nation of post E25 study). Values are expressed as the mean 	 SEM number of receptors
per basophil. (B) Samples obtained at the same timepoints as in Figure 3 were examined
for histamine release responses to optimal doses of D. farinae or anti-IgE. Results are
expressed as mean percent of histamine release. (From Ref. 68.)

tion, skin prick test titrations to D. farinae after 26 weeks of E25 infusions were
significantly suppressed as compared to baseline and thus support E25 modula-
tion of skin mast cell functional responses (107).

The implication of these functional studies is that shifts in receptor occu-
pancy by allergen-specific IgE could restore basophil mediator release. Further
support for this hypothesis was obtained from later portions of the same phase
I E25 trial. After 28 weeks of biweekly infusions, subjects were randomized to
receive a 3 to 20-fold reduction in E25 dosing and continued for another 18
weeks. The result of this reduction was an increase reflected in free serum IgE
levels from a mean of 7 ng/mL at week 28 to approximately 21 ng/mL at the
termination of infusions (68). By the end of this treatment period, the levels of
basophil surface IgE expression and FcεRIα rose three- to fourfold, with the
average number of receptors per basophil rising to nearly 35,000 per cell at the
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time of termination of E25 dosing (Fig. 2). In terms of functional impact, allergen-
dependent (D. farinae) basophil histamine release was nearly restored and poly-
clonal anti-IgE–induced release was completely restored by the time of the final
E25 infusion (85). Thus, a slight reduction in E25 dosing allowed an increase of
10–20 ng/mL in free serum IgE, and this resulted in repopulation of the basophil
surface with sufficient allergen-specific IgE and receptor numbers to reverse the
previous reduction in histamine release responses. The clinical impact of the re-
covery of histamine release responses was not examined.

In the last part of this study, subjects were followed for up to one year
after their final dose of E25 to examine restoration of serum IgE levels, basophil
phenotype, and basophil function (68). As previously noted, due to the dosage
reduction introduced in the latter half of infusions, basophil function was nearly
restored, with only a slight rise in circulating free IgE and basophil receptor
numbers by the last day of infusion. During the first 8 weeks post-treatment, free
IgE levels rose nearly fivefold, while basophil surface IgE and FcεRIα rose 2.7-
fold and 2-fold, respectively (Fig. 3).

B. In Vitro Regulation of Fc�RI on Human Basophils
from Treated Subjects

The implication that free serum IgE was modulating basophil surface phenotype
in vivo in E25 recipients was tested in parallel in vitro experiments using baso-
phils from the patients in the phase I study. Basophils were isolated from subjects
within 8 weeks of their last E25 infusion, when they had low receptor number
and surface-bound IgE. Enriched basophils were then cultured in the presence
of IgE for up to 7 days and observed to have a near twofold rise in both surface-
bound IgE and FcεRIα expression (68). The degree of FcεRIα enhancement var-
ied inversely with the baseline expression levels on basophils with a range of
0.7- to 15-fold. The kinetics of receptor enhancement in vitro appeared acceler-
ated versus the in vivo rate. The variation in rates may be due to higher levels
of IgE used with basophils in vitro (500 ng/mL) versus the mean IgE level seen
at 8 weeks postdiscontinuation (94 ng/ml; see Fig. 3). In support of this concept
is the fact that dose dependence for IgE-dependent FcεRIα enhancement was
seen in parallel cultures using 50 and 500 ng/mL IgE. Another effect of IgE
exposure in vitro appeared to be maintenance of surface-bound IgE on basophils
since cultures without IgE demonstrated a decline in levels after 7 days. In later
studies, prolonged culture of basophils in the absence of IgE led to a loss of both
surface-bound IgE and receptor levels (65).

The in vitro alterations in basophil IgE receptor phenotype were not ob-
served in basophils cultured in medium alone or in the presence of similar
amounts of IgG. A potential role for CD23 and FcγRII in regards to binding
of IgE complexes was examined in basophil cultures. No alteration in basophil
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Figure 3 Levels of free serum IgE (A), basophil surface IgE (B), and FcεRIα (C) within
8 weeks after discontinuation of rhuMAb-E25. (A) Mean free IgE values 	 SEM for 11
subjects are shown. Flow cytometric analysis of blood basophils by FITC-conjugated goat
antihuman IgE (B) and by FcεRIα Mab 22E7 plus PE-conjugated goat antimouse IgG
(C). Values represent mean 	 SEM for 11 subjects (preinfusion mean levels are 216 	
5 MFI for IgE). *p � 0.01 or **p � 0.001 as compared to day 0. (From Ref. 68.)
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expression of FcγRII was seen under any culture condition, and CD23 was never
detected. As noted previously, basophil culture experiments have shown a need
for IgE binding to its high-affinity receptor to achieve enhancement, although
the mechanisms remain unknown (65). Together, the in vivo and in vitro data
strongly support a role for IgE regulation of basophil FcεRI expression; however,
the mechanism remains uncertain. Further, the expression and regulatory factors
for FcεRI expression on other leukocytes remain to be established.

C. Implications of In Vivo Results for Therapeutic Dosing
of Anti-IgE Antibody

The in vivo downregulation of FcεRIα during treatment with anti-IgE antibody
yielded two important observations. First, in the study described, the reduction
of free IgE was just sufficient to reduce basophil responsiveness to its threshold.
Due to the limit of detection, we could not directly determine the endogenous
cell surface expression of IgE on many of the treated subjects’ basophils. Esti-
mates indicate that densities were often below 2500 molecules per cell. Based
on previous studies of basophil sensitivity in the general population and the fact
that polyclonal anti-IgE antibody continued to induce, on average, maximum
histamine release that was 50% of the pretreatment response, these results indi-
cated that cell surface IgE density hovered around 1000–2000 molecules per cell.
Therefore, the antigen-specific IgE was probably below 500 molecules per cell,
accounting for the very weak responses to D. farinae antigen. The observation
that sensitizing the cells with antigen-specific IgE restored responsiveness also
suggested that suppression of the response was borderline. This impression was
supported by the second observation: a relatively small increase in cell surface
receptors, which followed a modest reduction in the amount of E25 antibody
used for treatment, leading to a slight increase in free IgE, caused a marked
restoration of the functional response. Thus, for this population of patients, with
starting IgE titers around 500 ng/mL, 100-fold reductions are on the threshold
of sufficiency. This conclusion led to suggestions concerning the nature of pa-
tients that can be effectively treated.

Using the functional study as a guideline, a somewhat counterintuitive sug-
gestion arises. Two key parameters in the effectiveness of a treatment that pro-
duces conditions that are marginally sufficient to reduce basophil function are
the ratio of specific to total IgE and the total IgE level. However, if we consider
an average IgE titer of 500–1000 ng/mL for atopic patients, the remaining ele-
ment, ratio of specific to total IgE, becomes very important. As noted previously,
some antigens are capable of driving an immune response which is heavily domi-
nated by antigen-specific IgE. Thus, a patient with a single hypersensitivity may
not be the best type of patient to treat unless they begin with a very low total
IgE titer. For more typical levels of IgE antibody, the best patient may be one
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with multiple hypersensitivities. The logic is that any one allergen-specific IgE
would represent a smaller fraction of the total IgE so that when cell surface
IgE levels were suppressed to what would be considered the threshold for anti-
IgE-induced histamine release, any given specific antigen would generate no re-
sponse. Figure 4 shows an unpublished observation important in this context. For
the study population used in the phase I trials of E25, the ratio of D. farinae–
specific IgE to total IgE concentration is plotted along the abscissa, one symbol
per patient. On the ordinate is the ratio of the D. farinae–specific response after
and before E25 treatment (3 months into treatment). For this small study popula-
tion, there is a reasonable correlation between the two parameters, suggesting
that those with higher specific-to-total IgE ratios are less successfully treated
under the protocol of the phase I study.

Figure 4 Relationship between the ratio of pretreatment D. farinae–specific IgE to total
IgE and the change in basophil response following treatment with rhuMAb-E25. The ratio
of specific to total IgE is not absolute, the assay for D. farinae-specific IgE has not been
calibrated against standard IgE preparations. The output measure from this assay is in
KIU per mL of serum. The basophil response is expressed as the ratio of posttreatment
to pretreatment histamine release: basophils were from whole blood by Percoll single step
gradients and challenged in vitro with an optimal concentration of D. farinae antigen.
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There are four important caveats to the above prediction. The first is trivial.
If the doses of E25 used during treatment are very high, and IgE levels are sup-
pressed far below those previously observed (��100-fold), then all these consid-
erations are academic because these studies adequately demonstrated that elimi-
nation of IgE translates to elimination of allergic responses. The second caveat
relates to the total IgE titer. For a given dosing regimen, clearly those with low
IgE titers should be more successfully treated than those with very high titers.
The third point is more subtle and may be an important consideration for those
patients who do not seem to respond well to any treatment that only partially
reduces free IgE titers. As noted previously, the sensitivity of basophils to IgE-
mediated stimulation ranges 100-fold in the general population (although only
10-fold among the majority of subjects). Reducing total cell surface IgE to 1500
molecules per cell may have a significant impact on the average subject’s basophil
response but little impact when the cell is capable of responding well with only
200 molecules. From previous population studies, �10% of subjects have baso-
phils with this high level of sensitivity. The typical treatment may simply be
insufficient when the cells are this sensitive to stimulation. The opposite end of
the spectrum would provide the best case for treatment. The fourth point concerns
the relationship between the characteristics of basophils versus mast cells. As the
tissue response probably depends on the response of the mast cell rather than the
basophil, a great deal of this information about basophil behavior may not be
entirely applicable to mast cells. There are indications that mast cells are similarly
sensitive to stimulation, but the precise nature and dynamics of their receptor
expression, and the influence of IgE, are not well studied. Thus, many of the
arguments put forth may apply in a theoretical sense but at the practical level
need refinement when being applied to mast cells. The various predictions about
the requirements for successful anti-IgE antibody therapy might need significant
modification because the setpoints and dynamics may differ for tissue mast cells.

V. Conclusion

In recent years, the role of mast cells and basophils in allergic disease pathogene-
sis has expanded. While their critical participation in anaphylactic events, via
rapid release of preformed vasoactive mediators, remains firmly established, it
is now realized that these cells can contribute prominently to subsequent inflam-
matory events by generating and releasing impressive amounts of lipid and cytok-
ine mediators. This has served to underscore the need for novel therapeutics that
target these cells and prevent them from being activated by allergen. At the fore-
front of these efforts are those that have the potential capacity to disarm mast
cells and basophils by preventing their sensitization with IgE antibody. Indeed,
anti-IgE antibody is now in late stages of clinical trials (60,68,106–110). Already
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this agent has proven to be an exceptional tool for exploring not only the role
of IgE in allergic diseases but also its ability to regulate levels of FcεRI and IgE-
mediated degranulation responses. It is also hoped that the future availability of
these and other novel agents that target mast cells and basophils will ultimately
lead to improved management of allergic disorders.
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I. Introduction

IgE receptors bind either to the Fc portion of the immunoglobulin, and thus be-
long to the Fc receptor superfamily, or to carbohydrate moieties. The high-affinity
receptor (FcεRI) and the low-affinity receptor (FcεRII/CD23) fall in the first
group, while, Mac2/galectin-3, a member of the S-type lectin family, falls in the
second one.

A high-affinity IgE receptor was initially described as expressed only on
mast cells and basophils. Capron et al. (1) and Lawrence et al. (2), later reported
on the presence of IgE receptors on rat macrophages and human lymphocytes,
respectively. Indeed, a low-affinity IgE receptor belonging to the lectin superfam-
ily, FcεRII/CD23, was then identified on various cell populations, in particular
on B lymphocytes. FcεRI have been identified on various cell types, including
mononuclear phagocytes (3), eosinophils (4), antigen-presenting cells (5–7), and
platelets (8).

Over the last 8 years, several important findings, mainly due to the new
experimental approaches involving molecular biology and genetically engineered
animals, have modified our concepts of the role of eosinophils in immune re-
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sponse as well as the properties of FcεR. The present chapter will focus mainly
on the expression and functions of the two IgE Fc receptors by eosinophils.

II. General Structure of Fc�RI and Fc�RII

Since an extensive review about FcεRI has been recently published (9), we en-
courage its reading for detailed information and references about the molecular
structure of the receptor and the mechanisms of FcεRI-mediated signal transduc-
tion.

FcεRI is typically a tetrameric structure formed from one α chain (FcεRIα),
one β chain (FcRβ), and a dimer of disulfide-linked γ chain (FcRγ). FcεRIα, the
IgE-binding subunit of the receptor, is a glycoprotein belonging to the immuno-
globulin superfamily and comprises two immunoglobulin-related domains (form-
ing a highly bent structure), one transmembrane domain, and a short cytoplasmic
tail. Crystal structure of the soluble form of FcεRIα, bound to the Fc fragment of
an IgE molecule has been recently obtained (10,11). FcεRIα (even in its truncated
soluble form) binds IgE with a 1:1 stoichiometry through it second immunoglobu-
lin domain, although some residues in the first domain might contribute to the
binding. The binding site was located in the Cε3 portion of the immunoglobulin.
Binding affinity is 10�9–10�10 M. FcRβ possess four transmembrane domains,
intracytoplasmic amino- and carboxy-termini, shared, in mast cells, by both
FcεRI and FcγRIII (CD16), a low-affinity IgG receptor. Polymorphisms in FcRβ
have been associated to atopy. FcRγ chain is closely related to ζ and η chains.
These subunits, composed of a transmembrane domain and a cytoplasmic tail,
are found associated as homo- or heterodimers within several antigen receptors:
FcαR (IgA receptor), FcεRI, FcγRI (high-affinity IgG receptor), FcγRIII, and T-
cell receptor (TCR).

Both FcRβ and FcRγ are involved in signal transduction. They both possess
an ITAM motif, which allows them to bind SH2 domains, present in nonreceptor
tyrosine kinase. Upon clustering of receptor-bound IgE by multivalent antigen,
Lyn kinase, which is in part bound to FcRβ independently of the ITAM motif,
phosphorylates FcRβ and FcRγ ITAMS. This allows recruitment of additional
Lyn by FcRβ and of Syk kinase by FcRγ. Then Lyn phosphorylates Syk, which
in turn autophosphorylates. This leads to phosphorylation of downstream sub-
strates by activated Syk.

The receptor expressed by mast cells and basophils is essentially an αβγ2

tetramer. In humans and in rat, but not in mouse, other cell types such as eosino-
phils, monocytes (3), dendritic cells (6), and Langerhans cells express a trimeric
receptor lacking FcRβ, although FcRβ mRNA was detected in Langerhans cell
from atopic patients (7) as well as in eosinophils (4). In the absence of FcRβ,
membrane-bound Lyn phosphorylates FcRγ ITAM and Syk at a very low level.
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Indeed, it has been demonstrated that FcRβ was acting in vitro (12) and in vivo
(13) as an amplifier of FcRγ-mediated cellular activation. Besides its role in signal
transduction, FcRβ also promotes membrane expression of the receptor com-
plexes by improving intracellular trafficking and processing of the heavily glyco-
sylated FcεRIα (14). The combined amplification gain brought by the presence
of FcRβ within the receptor has been estimated at between 12- and 30-fold (14).
Thus, the various cell types expressing a trimeric FcεRI are much less efficient
than mast cells and basophils, expressing a tetrameric receptor, in the translation
of IgE-dependent triggering into biological effect.

The low-affinity receptor for IgE was shown to be identical to CD23,
a molecule discovered independently on human lymphoblastoid B cells, on
Epstein-Barr virus–transformed B cells, and as a B-cell activation antigen (re-
viewed in Ref. 15). FcεRII/CD23 is the only FcR that does not belong to the
immunoglobulin gene superfamily. FcεRII/CD23 is a single copy gene with two
isoforms, CD23a and b, produced by both alternative splicing and using different
initiation sites for translation. They only differ by a short amino acid stretch in
their intracytoplasmic region. FcεRII/CD23 is a type II membrane glycoprotein
of 45 kDa, with a long C-terminal extracellular region, a single transmembrane
domain, and a short N-terminal intracytoplasmic tail. The lectin domain, homolo-
gous to C-type lectins, contains the IgE-binding site (15). IgE binding to FcεRII/
CD23 is calcium-dependent. A triplet of amino acids (Asp, Gly, Arg) is present
at the carboxy-terminus of human FcεRII/CD23, but not in mouse CD23. This
motif, in reverse orientation, is known as an adhesion sequence and is found in
integrin receptors. Surface CD23 undergoes natural proteolytic cleavage to yield
soluble fragments of 37 to 16 kDa, likely the result of an autocatalytic process.
The presence of IgE reduces the rate of extracellular cleavage, whereas a fraction
of CD23 can be internalized and intracellularly processed to a 16 kDa fragment
by endocytosis (15).

The cellular distribution of the two isoforms, CD23a and CD23b, appeared
different: FcεRII/CD23a is constitutively expressed on resting B cells, whereas
FcεRII/CD23b is found on inflammatory cells as well as on IL-4–treated B cells.
While CD23 expressed on B cells regulates antigen presentation to T cells, B-
cell proliferation and differentiation into IgE-producing cells, FcεRII/CD23 on
macrophages, eosinophils, and platelets mediates IgE-dependent cytotoxicity to-
wards schistosome larvae in vitro (16) and thus could play a role in IgE-mediated
protective immunity against helminth infections. A recent study has suggested a
regulatory role for the region of chromosome 19, encompassing CD23 in atopic
disorders. However, no polymorphism was detected in the coding sequence of
CD23 (17).

Signal transduction through surface CD23 ligation is linked to cyclic nucle-
otides and nitric oxide (NO) pathways in various human cells and in rat macro-
phages (18). Some divergences are found between the signaling pathways cou-
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pled to CD23a and CD23b. In contrast to CD23a expressed by B cells,
crosslinking of CD23b on other human cells has little, if any, effect on Ca2�

influx and phosphoinositide pathway (18). These results, associated with the very
short length of the intracytoplasmic domain of CD23, suggest that CD23 may
be associated with other molecule(s) involved in signal transduction (18).

The soluble form of CD23 can also exert pleiotropic activities, which are
independent of IgE binding. In particular, it has been shown that soluble CD23
could bind to CD21, the Epstein-Barr virus and complement receptor 2 (15), and
to CD11b and CD11c integrins. Altogether, these results indicate that CD23
should not be viewed only as a low-affinity IgE receptor, but also as an adhesion
molecule involved in cell-cell interactions. Alteration in CD23 balance could
thus potentially lead to various diseases such as allergies and other inflammatory
diseases.

III. Presence of IgE Receptors on Eosinophils

IgE receptors were initially detected on human eosinophils by binding assays
such as IgE rosette formation, binding of radiolabeled IgE, and indirect flow
cytometry (reviewed in Ref. 19). All these assays revealed that the expression
of IgE receptors was restricted to a fraction of blood eosinophils, usually around
30%, a percentage of which was significantly increased when eosinophils were
purified from hypereosinophilic patients. They also showed some heterogeneity
in the binding of different IgE obtained from myeloma to eosinophils, a finding
likely to explain the discrepancies between the results obtained by different
groups (20). Nevertheless, evidence that IgE was binding in vivo to human eosin-
ophils from eosinophilic patients with high IgE levels was provided in 1985.
Indeed, cytophilically bound IgE was detected on tissue eosinophils and, to a
lesser extent, to blood eosinophils (21). Moreover, treatment at acid pH of eosino-
phils from patients with parasitic infections led to elution of IgE molecules dis-
playing antibody specificity, confirming the existence of cytophilically bound IgE
antibodies to eosinophils from patients (19).

The existence of a saturable binding site for IgE on eosinophils was demon-
strated by Scatchard analysis using radiolabeled IgE (22). The binding constant
determined for monomeric IgE was in the range of 10�7 M�1, which corresponds
to a low affinity, similar to the affinity generally reported for the low-affinity
IgG receptors (23). A saturable binding was detected only for eosinophils with
low density (‘‘hypodense’’) but not for eosinophils with normal density (‘‘normo-
dense’’). However, it must be pointed out that the low equilibrium constant asso-
ciated with the heterogeneity of eosinophil populations could have limited the
precision of such results. Since only an average of 30% eosinophils displays IgE
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binding, it is likely that the affinity constant would increase when taking into
account only receptor-bearing populations.

Expression of IgE receptors on eosinophils has been also studied in rodents,
in particular in the context of helminth infections. In the rat, presence of IgE
receptors involved in protective immunity towards Schistosoma mansoni, a trem-
atode parasite and causal agent of schistosomiasis, was demonstrated both in vitro
and in vivo (24). Indeed, rat eosinophils incubated with serum from Schistosoma-
infected animals containing anti-Schistosoma IgE or with a rat IgE monoclonal
antibody towards Schistosoma secretion products displayed antibody-dependent
cell-mediated cytotoxicity (ADCC) activity towards schistosomula in vitro,
whereas incubation of eosinophils with an irrelevant IgE was ineffective (25,26).
Furthermore, passive transfer of eosinophils from Schistosoma-infected animals
(displaying high concentration of anti-Schistosoma IgE in their serum) to naive
rats provided them with a significant level of protection during a challenge infec-
tion, while transfer of eosinophils from naı̈ve animals was ineffective (22).

In the mouse, in striking contrast with both the human and the rat situations,
the absence of FcεR, even on eosinophils present in granuloma from Schisto-
soma-infected animals, was unambiguously demonstrated (27).

A. Galectin-3

Galectin-3 (MAC-2/ε-BP) was first identified on macrophages (28), then on mast
cells (29) and neutrophils (30). Expression of galectin-3 (MAC-2/ε-BP) was also
detected at the surface of human eosinophils (31). An inhibition of IgE-dependent
eosinophil-mediated cytotoxicity towards parasite targets by anti-Mac-2 mAb
was observed, reflecting a functional role of this IgE binding structure.

Galectin-3 mRNA was detected in mouse eosinophils (27). Disruption of
galectin-3 gene in mice has been shown to reduce macrophage-mediated perito-
neal inflammation and seems to be involved in chemoattraction of monocytes
and macrophages (32).

B. Identification of Fc�RII/CD23 on Eosinophils

The inhibitory effects of both polyclonal and monoclonal antibodies cross-
reacting with FcεRII/CD23 on the IgE-mediated functions of human eosinophils
led us to suggest that eosinophils could express this receptor (33). Common bio-
chemical characteristics were found between eosinophil FcεRII and the B-cell
CD23 antigen. In particular, three polypeptides of 45–50, 23, and 15 kDa were
detected by immunosorbent chromatography or by immunoprecipitation with a
monoclonal antibody (mAb) directed to eosinophil IgE receptor (named BB10)
or with IgE itself (33). Similarly, mAb 135 (anti-B-cell CD23) bound to a protein
fraction immunoprecipitated by BB10 and reciprocally, on extracts from both
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eosinophils and B cells, suggests the existence of cross-reacting molecules be-
tween eosinophil FcεRII and B-cell CD23 (33). Another similarity between eosin-
ophil FcεRII and CD23 was the presence, in both structures, of an adhesion se-
quence. Detection of such a motif was performed by the binding of an
antifibronectin antibody (Ab) in the case of eosinophils. It was shown to be pres-
ent in the CD23 sequence with a reverse orientation. Similarly to B-cell CD23, the
45–50 kDa molecules immunoprecipitated from eosinophils might correspond to
the membrane receptor, whereas the smaller molecular weight components could
represent cleavage products, also released as soluble form in eosinophil superna-
tants and in blood of eosinophilic patients (34). Using flow cytometry and differ-
ent anti-CD23 mAbs, a low expression of CD23 was observed on human eosino-
phils, with a large heterogeneity according to the patients (35). In a more recent
study, performed by in situ hybridization and RT-PCR analysis, we demonstrated
in eosinophils the presence of CD23 mRNA, totally homologous in sequence with
B-cell CD23 (36). Moreover, both CD23a and CD23b isoforms were detected
on eosinophils. These results led us to conclude that human eosinophils could
synthesize and express the CD23 molecule, homologous to B-cell CD23 and
involved in the IgE-mediated function of eosinophils.

Likewise, in rat the first IgE receptor identified on eosinophils and likely
to mediate ADCC reactions was CD23 (37). As mentioned earlier, mice do not
express CD23 on eosinophils (27).

C. Detection of Fc�RI on Eosinophils—A Controversial Issue?

The demonstration in 1992 that FcεRI could be expressed in humans on cell types
other than mast cells and basophils, namely Langerhans cells from epidermis (7),
raised the possibility that human eosinophils would also be able to express FcεRI,
besides expressing CD23. Two years later it was indeed shown that highly puri-
fied eosinophils from patients with marked eosinophilia expressed a functional
FcεRI (4). A mAb recognizing FcεRIα (clone 15-1) was used in flow cytometry
to detect surface expression of the receptor. Expression was very heterogeneous
among the different patients. FcεRI was detected not only on highly purified
blood eosinophils but also on skin eosinophils from atopic dermatitis patients by
immunostaining of skin biopsies with the 15-1 mAb (38). In addition, FcεRIα
mRNA was detected by Northern blot, while the FcRβ and FcRγ mRNA were
only detectable by RT-PCR. The anti-FcεRIα mAb was also able to inhibit bind-
ing of 125I-IgE. Altogether, these results demonstrated that a functional FcεRI
was expressed on human eosinophils. However, as observed for Langerhans cells
and monocytes, expression levels are usually very low (and heterogeneous) when
compared to mast cells and basophils. Because FcRβ protein has not been de-
tected so far in human eosinophils, one can suspect that its absence can account
for this low expression levels.
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These apparently clear-cut results are still challenged by some investiga-
tors. Indeed, in a recent study, the authors were unable to detect surface expres-
sion of the receptor on eosinophils from patients, while surprisingly evidencing
a significant intracellular pool of FcεRIα as well as soluble receptor (39). Another
report mentioned that eosinophils expressed about 0.5% of FcεRI expressed on
basophils but could not be induced, upon receptor crosslinking with IgE and anti-
IgE, to degranulate, to produce superoxide anions, or to release leukotriene C4

(40). A third report mentioned that eosinophils from atopic patients were express-
ing negligible amounts of FcεRI and that EPO was not released upon receptor
activation (41). Such findings are likely due to the lack of sensitivity of the detec-
tion method used and, at least for the last report, to the inadequate activation
protocol (absence of crosslinking of receptor-bound anti-FcεRIα with a second-
ary antibody).

As we observed for CD23, the status of FcεRI on rat and mouse eosinophils
is very different. Our recent results have demonstrated that, in rats, upon thiogly-
collate elicitation, peritoneal eosinophils expressed a functional trimeric αγ2

FcεRI able to mediate IgE-dependent ADCC towards schistosomula (42). In
mouse, countless studies have reported on eosinophilia as a hallmark of pulmo-
nary inflammation and of granuloma formation. Since wild-type mice do not
express FcεR (27), this species does not appear to be the best suited model for
the study of IgE-dependent, eosinophil-mediated reactions, as already mentioned
by Jones et al. (43) after experiments on a model of parasitic infections.

In order to obtain an animal model that would reproduce the cellular distri-
bution of FcεRI found in humans, transgenic (Tg) mice expressing the human
FcεRα chain (hFcεRα) under the control of its own promoter elements were
generated (13,44). In these animals, not only mast cells, but also eosinophils,
macrophages, and Langerhans cells expressed a functional receptor, resulting
from the association of hFcεRα with the endogenous FcRγ. Such murine cells
with a humanized FcεRI able to bind both human and murine IgE represent a
novel experimental model more relevant that the wild-type mouse models to eval-
uate the role of IgE-dependent effector mechanisms both in vitro and in vivo.
Indeed, eosinophils from Schistosoma mansoni–infected transgenic animals dis-
played FcεRI-dependent ADCC towards parasitic larvae, whereas eosinophils
from infected WT animals were not cytotoxic (D. Dombrowicz et al., unpublished
observations). However, like their wild-type counterparts and unlike rats, naive
hFcεRα Tg animals harbor a very small number of eosinophils, which only in-
creases upon antigen sensitization or helminth infection. In order to obtain naive
animals with high number of hFcεRI-positive eosinophils, hFcεRIα Tg mice were
crossed with animals overexpressing IL-5 in T cells (using hCD2 promoter) (45).
As expected, the resulting double transgenic mice displayed splenic, peritoneal,
and medullar eosinophilia. Like in humans, eosinophils obtained from these ani-
mals were expressing FcεRI, but on a low proportion of eosinophils. Due to their
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low granular content, eosinophils from naive animals (46) did not exhibit ADCC
towards schistosomula. However, they displayed IgE- and FcεRI-mediated adher-
ence to the larvae.

It thus appear that, from both morphological and functional points of view,
rat eosinophils are much closer to human ones than their murine counterparts.
Therefore, the results regarding the involvement of IgE and eosinophils in murine
models of asthma are not necessarily relevant to the cognate human pathology.

D. Regulation of Fc�RI Expression

FcεRI expression is regulated by at least two factors, namely IL-4 and IgE. A
correlation was first observed between serum IgE levels and IgE receptors present
on human basophils (47,48). These results were further extended by Sihra et al.
(49), who showed that a correlation between IgE levels and FcεRI expression
existed not only for basophils, but also for monocytes. Kita et al. (40), as well
as our own group, were able to show such a correlation for eosinophils. However,
two other groups did not observe the same phenomenon (39,49). Nevertheless,
we were able to reproduce such an upregulation of FcεRI expression by IgE
in vitro using eosinophils from either normal donors, thioglycollate-elicited rat
peritoneal eosinophils, or splenic eosinophils from IL-5 � hFcεRIα Tg mice (D.
Dombrowicz et al., unpublished). On the other hand, IL-4 was shown to upregu-
late FcεRI expression on human mast cells derived from cord blood (50,51) or
fetal liver (52). Terada et al. showed that blood eosinophils from patients with
allergic rhinitis had increased mRNA for FcεRIα upon treatment with IL-4,
whereas no effect could be detected at the protein level (53).

It appears nevertheless that FcεRI expression on eosinophils is increased
in several allergic and inflammatory disorders. Increased numbers of FcεRIα
mRNA and FcεRIα-positive cells were detected in the nasal mucosa of patients
with atopic rhinitis, after allergen challenge, with around 15% cells identified as
eosinophils by double immunostaining (54). A significant proportion of eosino-
phils expressing FcεRI was also detected in the skin of atopic subjects after aller-
gen challenge during the late phase reaction (55–57).

Finally, the expression levels of FcεRI vary not only according to the pa-
thology, but also probably according to the maturation stage and or tissue local-
ization of eosinophils, as suggested by the fact that peritoneal or splenic eosino-
phils from IL-5 � hFcεRIα Tg mice expressed more receptors at their surface
than bone marrow or blood eosinophils (D. Dombrowicz et al., unpublished).

IV. Functions in the Immune Response

The expression of both FcεRI and CD23 by human eosinophils enables this cell
type to act in two ways in the immune response: as an effector and as a regulatory
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cell. Indeed, IgE binding to eosinophils and subsequent receptor engagement by
crosslinking by a multivalent antigen or by anti-IgE antibodies has been shown
to induce the specific release of some, but not all, cytotoxic proteins (EPO, MBP,
EDN) contained within the granules (4,19,58). This led us to suggest that the
release of granule proteins and the underlying degranulation mechanisms could
differ according to the type of Fc receptor engaged, as demonstrated upon IgE
(19) and IgA (59) binding, and confirmed upon FcεRI crosslinking. Inflammatory
mediators such as leukotrienes and superoxide anions are also produced upon
IgE-dependent activation (60). These molecules have the potential of being both
beneficial and detrimental to the host. On the one hand, it has been demonstrated
that, in the course of IgE-mediated ADCC reactions towards helminths, granular
proteins were cytotoxic for Schistosoma larvae in vitro (4,16,19,35). Human eo-
sinophils, together with platelets and macrophages/monocytes, which also ex-
press both FcεRI and CD23, might thus participate to anti-helminthic immunity
in vivo. EPO in the presence of hydrogen peroxide and bromide ions has been
shown to possess bactericidal properties (61,62). On the other hand, the same
granular molecules display potent pro-inflammatory properties and are therefore
able to be harmful to the host itself. Indeed, EPO allows bromination of tyrosine
residues from the host’s own proteins and can thus be responsible for tissue dam-
age (63,64). Bromotyrosine concentrations have been shown to be greatly in-
creased in broncho-alveolar lavages from asthmatic patients upon in vivo anti-
genic challenge (64).

It is also possible that IgE receptor expression would provide eosinophils
with a means to exert their antitumoral activity through IgE-mediated ADCC.
Indeed, it has been shown that eosinophils sometimes play a role in IL-4 antitu-
moral activity (65) and that FcαR (66), FcεRI (67,68), and FcγR (69) also partici-
pate to antitumoral activity.

Eosinophils have been recently associated with inflammatory reactions oc-
curring during skin allograft rejection (70). In one model of graft-versus-host
disease, the reaction was lethal and associated to IgE production (71). An involve-
ment of FcεRI in this process has not been demonstrated so far.

As demonstrated for mast cells, eosinophils, which also synthesize several
cytokines, are able to secrete cytokines upon FcεRI engagement and therefore
modulate the immune response. Indeed, it was first demonstrated that activation
of eosinophils by IgE immune complexes induced IL-5 release (72). More re-
cently, and similarly to IgA immune complexes (59), we have shown that FcεRI
or CD23 crosslinking induced the selective release of IL-10 by eosinophils. These
cells would thus be able to polarize the immune response towards a type 2 profile.

Since it has been shown that FcεRI, expressed by professional antigen-
presenting cells such as human epidermal Langerhans cells (73), dendritic cells
(6), and monocytes (74), was able to very efficiently mediate antigen capture,
processing, and presentation, eosinophils might possibly fulfill the same function.
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Indeed this cell type expresses not only MHC-II (75), but also co-stimulatory
molecules such as CD28, CD80, and CD86 (59,76 Woerly et al., 1999). This
potentially allows them to develop the appropriate cellular contacts and to deliver
the required signals for T-cell activation. The antigen-presenting function of eo-
sinophils was demonstrated in a murine model of aerosol sensitization (76). How-
ever, since murine eosinophils do not express FcεR, these receptors cannot affect
these cells directly.

Finally, besides Schistosoma infection, IgE and eosinophils have been asso-
ciated with protective immunity against Trichinella and Necator parasites in vivo
in rats (77) and in humans (78), respectively.

V. Potential Pitfalls of Anti-IgE Therapy in Patients
with Parasitic Infections

Increased IgE production is, besides atopic manifestations (asthma, rhinitis,
atopic dermatitis), proverbially associated with helminth infections. It is estimated
that 3.5 billion people are infected with intestinal and other helminths, causing
pathology in approximately 450 million cases. Although these parasites induce low
mortality directly, they take their toll on human health by establishing long-term
chronic infections and are responsible for a high morbidity. It is estimated that more
than 50% of infected individuals have a mean serum IgE level above 1000 units/
mL, which is comparable or even superior to those of found in allergic patients.
Polyclonal type 2 activation might account for these high IgE levels.

Pioneering observations in vitro in various models of schistosomiasis and
in vivo demonstration in rats of the protective role of IgE have shed new light
on the potential role of IgE in immune defense against helminth parasites. In
humans, epidemiological correlations arising from seven different studies in vari-
ous parts of the world strongly suggest that IgE may be one of the keys to protec-
tive immunity in schistosomiasis (79–85). From a general standpoint, it is now
agreed that helminths drive a strong type 2 immune response characterized by
IgE antibodies, eosinophilia, and mast cell expansion. While the role of mast
cells in protective response against helminths, apart from intestinal nematodes,
remains elusive, there is accumulating evidence that IgE antibodies are involved
in antibody-mediated immunity and that eosinophils are key effector cells in the
killing of various helminth larvae (e.g., schistosomes, filarial worms, Trichinella,
intestinal nematodes).

Although it has been shown in some experimental circumstances that IgE
responses might be beneficial to the parasite and that anti-IgE treatment (86)
could increase immunity, it should be stressed that most of these observations
were made in the mouse, which, unlike rats and humans, does not express FcεRI
on effector and antigen-presenting cells (eosinophils, macrophages, and dendritic
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cells). During recent years, the demonstration of IgE receptor expression on in-
flammatory cells has slightly changed our perspective regarding the cellular
mechanisms of both immune defense against helminths and allergic reactions.
The IgE-dependent release of multiple inflammatory proteins by these cell popu-
lations allows them to participate in inflammatory processes associated with aller-
gic reactions. Early experiments regarding the mechanisms of activation have
revealed, in particular for macrophages and eosinophils, the key role played by
IgE immune complexes.

All these considerations lead us to recommend the greatest care for im-
muno-intervention using anti-IgE antibodies (87–89) in areas with high rates
of helminth infections. Besides the potential risk of decreasing immune defense
mechanisms in individuals exposed to helminth infections, the massive produc-
tion of IgE–anti-IgE complexes in individuals with high IgE levels could lead to
the undesirable activation of inflammatory cells and the occurrence of deleterious
events.

A final consideration regards the intriguing but so far unexplained lack of
prevalence of allergic manifestations in countries characterized by high endemic-
ity of helminth infections, namely tropical areas such as Africa, Central and South
America, and some Asian countries (90). It is noticeable that the use of antihel-
minthic drugs has led to the emergence of allergic diseases in populations previ-
ously infected by helminths. This situation has been particularly striking in Japan
and in some countries in South America where the disappearance of parasitic
diseases following industrialization led to a dramatic increase in the prevalence
of allergy. This raises the fascinating question of the actual role, during evolution,
of the IgE molecule, originally targeted against helminth infections and now re-
acting against environmental allergens in industrial countries. It also calls into
question strategies aiming at massive administration of anti-IgE antibodies in
areas of endemic infections by helminths.
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I. Introduction

During the past decade, considerable new information has been obtained about
the function of the eosinophil and its role in human diseases. Presently, the eosin-
ophil is recognized as a proinflammatory granulocyte implicated in protection
against parasitic infection and believed to play an important role in allergic dis-
eases, such as bronchial asthma, allergic rhinitis, and atopic dermatitis (1). The
eosinophil is an important source of cytotoxic cationic proteins, such as major
basic protein (MBP), eosinophil peroxidase, and eosinophil cationic protein, that
have the potential of a two-edged sword: on the one hand, protecting the host
against overwhelming helminth infections but, on the other hand, causing host
tissue damage (2). Eosinophils can also induce inflammation by releasing lipid
mediators, oxygen metabolites, and cytokines (2). Numerous studies have shown
the association of eosinophils and various human parasitic and allergic diseases.
For example, the most common cause of eosinophilia worldwide today is proba-
bly infection with helminths (3). Analyses of patients infected with Onchocerca
volvulus have shown striking deposition of the eosinophil granule MBP around
degenerating microfilaria (4). In allergic diseases, eosinophilic and lymphocytic
infiltration in the epithelium and lamina propria of the airways have been consis-
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tent findings even in mild and stable asthma (5). Indeed, correlations have been
observed between the number of infiltrating eosinophils and asthma disease se-
verity (5). Pulmonary segmental allergen challenge in allergic individuals causes
eosinophil recruitment into the airways; this is associated with the release of
eosinophil granule proteins and an increase in vascular permeability (6,7). In
spite of these strong associations among eosinophils, their cytotoxic granule pro-
teins, and human diseases, the activation mechanism(s) of eosinophils in vivo
has been largely unknown.

Helminth infections and allergic diseases are characteristically associated
not only with peripheral blood and tissue eosinophilia, but also with high levels
of both total and antigen-specific IgE antibodies. IgE antibody may be involved
in diseases in three ways. First, it is well known that IgE-dependent mast cell
activation and release of histamine and other inflammatory mediators, such as
prostaglandins and leukotrienes, from these cells is the central element in anaphy-
lactic and immediate hypersensitivity reactions (8). Further, upon activation
through IgE receptors, human mast cells and basophils have been shown to pro-
duce cytokines, such as interleukin (IL)-4 and IL-5, which are potentially impor-
tant to recruit eosinophils and to cause chronic allergic inflammation (9). Second,
the interaction of IgE antibody and IgE receptors on antigen presenting cells,
such as CD23 on B cells and the high-affinity IgE receptor (FcεRI) on Langerhans
cells and monocytes, may present antigen to and stimulate T cells, resulting in
a continuous activation of the immune system (10). Finally, IgE may mediate
killing of the invading helminth and host cell damage by acting as a ligand for
antibody-dependent cell-mediated cytotoxicity (ADCC) by macrophages and
other immune cells (11). In fact, in immunoepidemiological studies, Hagan et
al. demonstrated a significant correlation between the production of antischisto-
some IgE antibodies and the acquisition of immunity against reinfection to Schist-
osoma haematobium (12). In allergic diseases such as bronchial asthma, there is
a close correlation between serum IgE levels and the prevalence and severity of
the diseases (13). Thus, there is now converging evidence to support a role for
IgE in resistance to helminthic infection and in the pathophysiology of allergic
diseases in humans. Therefore, it is reasonable to speculate that IgE is involved
in the activation of eosinophils in these diseases. In this chapter we will review
how eosinophil IgE receptor research has progressed, describe current knowledge
regarding the low-affinity IgE receptor (FcεRII/CD23) and the high-affinity IgE
receptor (FcεRI) on human eosinophils, and identify potential problems and fu-
ture directions.

II. History of IgE Receptors on Eosinophils

Early studies on the killing of schistosomula in vitro by human eosinophils in-
volved the use of cells purified from normal or slightly eosinophilic individuals,
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together with heat-inactivated sera from individuals with schistosomiasis (14).
The results of these studies suggested that the reaction could involve IgG and
be independent of complement. Further analysis showed that IgG1 and IgG3
subclasses effectively mediate ADCC by human eosinophils, while IgM, IgG2,
and IgG4 are not only inactive, but indeed block the effects of the active sub-
classes (15). A quite separate phenomenon was observed with eosinophils with
low-density, so-called ‘‘hypodense’’ eosinophils, that are recovered from individ-
uals with very high eosinophil counts. Receptors for IgE were identified on both
rat and human eosinophils (16), and ‘‘hypodense’’ human eosinophils were
shown to kill schistosomula in the presence of IgE (17). Subsequently, much
work has been done on this eosinophil IgE receptor, which currently appears to
be similar to the low affinity IgE receptor (FcεRII) expressed on B cells (CD23)
(18–22). Eosinophils from patients with eosinophilia express another low-affinity
IgE-binding molecule belonging to the S-type lectin family, called Mac-2/ε-bind-
ing protein (23). The cytotoxic function of eosinophils was abolished by the anti-
body against this molecule (23). More recently in 1994, Gounni et al. described
FcεRI on eosinophils from patients with marked eosinophilia (24). The evidence
to support this claim was comprehensive and included inhibition of [125I] IgE
binding to eosinophils by anti-FcεRI α-chain monoclonal antibody (mAb) (clone
15.1), surface expression of FcεRI α chain by flow cytometry, immunostaining
of tissue eosinophils with 15.1, the demonstration of FcεRI α-, β-, and γ-chain
transcript, the release of eosinophil granule proteins after stimulation of eosino-
phils with 15.1, and the inhibition of IgE-dependent eosinophil ADCC against
Schistosoma targets with 15.1. Similar observations were found recently with rat
eosinophils obtained from peritoneal cavities of animals injected with thioglyco-
late (25). Altogether, these findings suggested that human eosinophils express
three receptors for IgE, including FcεRI, FcεRII, and Mac-2, and lead to the
conclusion that IgE-mediated activation of eosinophils could be potentially im-
portant for host defense and pathophysiology of diseases.

However, this seemingly strong association between human and rat eosino-
phils and IgE-mediated diseases has been unclear in mice. For example, analyses
of the effects of antibodies to IL-5 on helminth-induced eosinophilia have shown
that anti-IL-5 suppresses blood eosinophilia and eosinophil infiltration into the
tissues of parasitized animals. However, ablation of eosinophilia by anti-IL-5 was
not associated with a diminution of resistance in mice infected with S. mansoni
(26) or with Trichinella spiralis (27). These findings suggest that eosinophils are
not involved in the expression of immunity to these parasites, at least in these
mouse models. In contrast, mice infected with Trichuris muris showed the exactly
opposite findings. In this infection, the resistance to infection was associated with
the production of Th2 cytokines, such as IL-4 and IL-5, tissue eosinophilia, and
intestinal IgA production (28). Furthermore, in murine asthma models, the experi-
ments using anti-IL-5 showed that neither IL-5 nor eosinophils were required
for airway hyperresponsiveness in BALB/c mice sensitized and challenged with
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ovalbumin (OVA) (29). In contrast, C57BL/6 mice rendered IL-5 deficient by
homologous gene recombination failed to develop eosinophil infiltration into the
lungs, airway hyperresponsiveness, and lung damage, all of which were seen in
littermate controls sensitized and exposed to OVA (30). These contrasting find-
ings among murine models of eosinophilic disorders and some inconsistencies
between the findings in humans and mice have led to a recognition of potential
difference(s) between human and mouse eosinophilic leukocytes.

Previously, Lopez et al. described the distribution of Fc receptors on mouse
eosinophils isolated from mice infected with the cestode Mesocestoides corti
(31,32). In these reports the authors determined that mouse eosinophils, similar
to human eosinophils, expressed the type II Fc receptor for IgG (FcγRII), but
they were unable to detect any IgE binding to mouse eosinophils. More recently,
Jones et al. thoroughly examined eosinophils obtained by bronchoalveolar lavage
(BAL) from the lungs of CBA/J mice infected with Toxocara cani by flow cytom-
etry (33). They found that mouse eosinophils are negative for surface IgM (sIgM),
sIgA, sIgE, and FcεRII but are positive for sIgG1 and FcγRII. Furthermore, they
showed that culturing eosinophils for 24 or 48 hours with exogenous IgE or IL-
4 or both did not induce IgE binding capacity or FcεRII expression. De Andres
et al. expanded these studies by including FcεRI and Mac-2 and by examining
mRNA transcript and receptor-mediated cellular function (34). Furthermore, de
Andres et al. examined murine eosinophils from two sources, namely eosinophils
isolated from liver granuloma of CBA mice infected with S. mansoni and bone
marrow cells isolated from BALB/c mice and cultured with a combination of eosin-
ophil growth factors. The results obtained from these two different sources are
virtually identical with regard to the lack of IgE receptor expression on murine
eosinophils, and they could not detect any surface expression of FcεRII or Mac-2
or binding of murine IgE to the cells. Reverse transcription (RT)-PCR analyses did
not detect mRNA transcript for the α chain of FcεRI or FcεRII but did detect Mac-
2 mRNA. Furthermore, in vitro culture of granuloma eosinophils did not induce
IgE binding or expression of IgE receptors. In contrast to the lack of IgE receptors,
functioning IgG receptors, including FcγRIIb and FcγRIII, were detected on granu-
loma eosinophils, consistent with previous observations by others. Therefore, mu-
rineeosinophils seem to lack IgEreceptors andneed toutilize theFcγR,complement
receptors, and/or possibly FcαR to carry out antigen-dependent cellular functions;
this may explain the discrepancies among findings made in humans and mice.

III. Low-Affinity IgE Receptor (Fc�RII/CD23)
on Human Eosinophils

The initial report for the expression of low-affinity IgE receptors on human eosin-
ophils goes back to the mid-1980s. In this report (18), the investigators generated
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an IgM mAb, called BB10, by immunization of mice with human ‘‘hypodense’’
eosinophils. This BB10 mAb inhibited IgE-dependent cytotoxicity of human eo-
sinophils and platelets. The competition experiments revealed a cross-inhibition
between the binding of BB10 and IgE in eosinophils, platelets, and monocytes,
suggesting the specificity of BB10 for the IgE-binding site(s) of these cell types.
Subsequently, the same investigators found the inhibitory effects of both poly-
clonal and monoclonal antibodies, cross-reacting with B-cell FcεRII/CD23, on
the IgE-mediated cytotoxic functions of eosinophils, suggesting that eosinophils
likely express this receptor (20). Furthermore, the mAb 135 (an anti B-cell CD23)
bound to molecules immunoprecipitated by BB10 and vice versa, both on eosino-
phils and on B cells, suggesting the existence of cross-reactive molecules between
eosinophil FcεRII and B cell CD23. Using flow cytometry and different anti-
CD23 mAbs, a low expression of CD23 was observed on human eosinophils
with a large heterogeneity among the patients (22). In a recent study the presence
of CD23 mRNA, totally homologous in sequence with B-cell CD23, was detected
by in situ hybridization and RT-PCR (35); both the CD23a and CD23b isoforms
were detected. These results led to the conclusions that human eosinophils synthe-
size and express the CD23 molecule; this molecule is homologous to B-cell CD23
and is involved in the IgE-mediated functions of human eosinophils.

Although the earlier observations on the presence of FcεRII/CD23 in hu-
man eosinophils seemed convincing, several controversies were raised recently.
For example, Seminario et al. (36), Kita et al. (37), Saini et al. (38), and Sano
et al. (39) studied blood and, in some cases, BAL eosinophils from patients with
a wide variety of diseases, including asthma, allergic rhinitis, atopic dermatitis,
parasitic infections, and marked eosinophilia, using several different anti-CD23
mAb and flow cytometry. These investigators were not able to detect CD23 on
the surface of eosinophils, while CD23 was detected on monocytes from the
same patients (37,38). On the other hand, one of these reports (39) observed that
permeabilized eosinophils contain a significant intracellular pool of FcεRII that
is similar to B-cell FcεRII and that it is rapidly and transiently mobilized to the
cell surface upon stimulation in vitro. The physiological significance of these
findings is still unknown. For example, whether CD23 is capable of more sus-
tained surface expression under certain in vivo conditions than the expression
elicited under experimental conditions needs to be elucidated. Eosinophils infil-
trating into the lesions of patients with atopic dermatitis were also positively
stained with anti-CD23 mAb (40); however, the authors did not discriminate
whether this molecule exists within the cells or is expressed on the cell’s surface.
Thus, it is possible that, in certain diseases, CD23 may be expressed by human
eosinophils. However, the frequency of these diseases may be rare, as judged by
data indicating the lack of CD23 expression in various human diseases (36–39).
It is also still unclear whether there are any circumstances in which eosinophil
CD23 plays roles in eosinophil activation and disease process.
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IV. High-Affinity IgE Receptor (Fc�RI) on Human Eosinophils

The demonstration that FcεRI could be detected on Langerhans cells in the skin
(41) suggested that it might be expressed on other cell populations. Earlier, as
described above, eosinophils were considered to express only the low-affinity
IgE receptor (FcεRII) (16–20). However, studies by Gounni et al. (24) demon-
strated that eosinophils from patients with marked eosinophilia express FcεRI
and that they release inflammatory mediators and exert cytotoxicity to helminths
through this receptor. In these studies, a mAb (clone 15.1) directed to the α chain
of FcεRI (FcεRIα) was used in flow cytometry to detect surface expression of
the FcεRI. FcεRI was not only detected on blood eosinophils but also on skin
eosinophils from patients with atopic dermatitis by immunostaining skin biopsy
specimens. Furthermore, mRNA for α, β, and γ chains of FcεRI was detected
by Northern blot or RT-PCR. The mAb to FcεRI induced degranulation of eosino-
phils and also was able to inhibit [125I] IgE binding and IgE-mediated cytotoxicity
to S. mansoni targets. Altogether, these findings represented a comprehensive
study and suggested that a functional FcεRI is expressed on human eosinophils.
Subsequent studies by other investigators on patients with allergic diseases
showed that human tissue eosinophils from allergen-induced late-phase skin reac-
tions expressed mRNA for the α, β, and γ subunits of FcεRI and gave positive
staining for anti-FcεRIα antibody (42,43). Eosinophils reactive with anti-FcεRIα
were also found in skin and bronchial tissues from patients with atopic dermatitis
(40) and asthma (44), respectively. Furthermore, increased numbers of FcεRIα
mRNA- and FcεRIα protein-positive cells were detected in the nasal mucosa
of patients with allergic asthma after allergen challenge (45). Thus, it has been
reasonably concluded that eosinophils in patients with allergic diseases and dis-
eases associated with eosinophilia express FcεRI and that this receptor may play
a role in eosinophil activation and release of inflammatory mediators.

However, there are caveats in this conclusion. Most of the patient studies
were performed by histological examinations using in situ hybridization and im-
munocytochemical techniques, techniques that do not allow differentiation be-
tween cell surface versus intracellular expression of the protein. Therefore, except
for the first report (24), little is known about the actual expression of FcεRI
protein on the surface of eosinophils. Furthermore, the functional significance of
the FcεRI expression by eosinophils from patients with allergic diseases has not
been elucidated. Subsequent studies addressing these key questions revealed con-
trasting findings from earlier reports. For example, investigators carefully and
repeatedly examined peripheral blood and BAL eosinophils using specimens
from various diseases associated with eosinophils, such as asthma, atopic derma-
titis, parasitic infections, and the idiopathic and familial hypereosinophilic syn-
dromes; they used several anti-FcεRI mAb (clones 22E7, 15.1, and 15A5) and
several techniques, such as flow cytometry and cell surface biotinylation (36–
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39,46). The results of these extensive studies were consistent, and no or negligible
expression of FcεRI was detected on the cell surface of human eosinophils. Using
a highly sensitive biotinylated IgE probe, we were able to estimate the surface
expression level of FcεRI on blood eosinophils in patients with allergic rhinitis;
it was very small, reaching at most 0.5% of the levels expressed by basophils
from the same donors (37). In addition, both other investigators (39) and we
(37) failed to detect any effector functions of eosinophils, such as degranulation,
superoxide production, and leukotriene C4 production, mediated by FcεRI, while
basophil histamine release was observed in the same experimental conditions.
Nonetheless, these eosinophils released appreciable amounts of granule proteins
in response to stimuli mediated through FcγR or FcαR (37,39). Thus, while eosin-
ophils from patients with allergic diseases and asthma may transcribe the mRNA
for FcεRI subunits and make the proteins, they likely have extremely low surface
expression of FcεRI. Such an eosinophil FcεRI may have no or minimal func-
tions.

FcεRI expression is regulated by at least two factors, namely IL-4 and IgE.
A direct correlation was observed between serum IgE levels and FcεRI present
on human basophils (47) and mast cells (48). These observations were extended
by Sihra et al. (46), who showed the correlation also exists for monocytes; how-
ever, they and other investigators (36,38) failed to show such a correlation for
eosinophils. We have studied blood eosinophils from patients with a single dis-
ease, allergic rhinitis, using a sensitive biotinylated probe (37). In this group,
there was a significant direct correlation between serum IgE levels and eosinophil
expression of FcεRI (37). Importantly, however, the expression level of FcεRI
was barely detectable by the conventional indirect immunofluorescence method
even in the patient with the highest level of serum IgE. IL-4 was shown to upregu-
late FcεRI expression on human mast cells derived from cord blood (49) and
fetal liver (50). Terada et al. (51) showed that blood eosinophils from patients
with allergic rhinitis also had increased mRNA for the α chain of FcεRI after
treatment with IL-4, whereas no effect was detected at the protein level. Semi-
nario et al. (36) and Smith et al. (52) cultured eosinophils with IgE, IL-4, other
cytokines/growth factors, and tissue matrix proteins for up to 11 days in an at-
tempt to induce expression of FcεRI; however, none of the conditions tested were
able to promote surface expression of FcεRI by human eosinophils. Thus, the
cell surface expression of the FcεRI complex by human eosinophils is not likely
to be upregulated by IgE and IL-4 as it is in mast cells and basophils.

It may be important to note that there seems to be a dissociation between
the synthesis of FcεRI subunits and the cell surface expression of this receptor
in human eosinophils. Indeed, Smith et al. (52) confirmed the presence of intracel-
lular FcεRIα protein, using flow cytometry to analyze permeabilized cells as
well as immunohistochemistry to directly visualize cytospin preparations, but
negligible FcεRIα protein was detectable on the cell surface. Furthermore, Semi-
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nario et al. (36) used immunoprecipitation and Western blot analysis to show
that eosinophils have subunit proteins for FcεRI, including FcεRIα and FcεRIγ,
within the cells, but that FcεRIα was not expressed on the surface. Instead, the
investigators found that FcεRIα protein was spontaneously released into the su-
pernatant of cultured eosinophils (36). Interestingly, FcεRIγ protein was ex-
pressed on the eosinophil’s surface (36); this protein may be involved in the
formation of other FcR on eosinophils, such as FcγRIII (CD16). The meaning
and significance of released soluble FcεRIα protein, that is, whether it could act
to downregulate cellular responses to IgE by binding free IgE and decreasing
its serum levels, need further study. At present there is no explanation for why
eosinophils release FcεRIα protein instead of expressing it on their cell surface.
Previous reports have shown that truncation of the transmembrane and cyto-
plasmic domains of FcεRIα results in a protein secreted by Chinese hamster
ovary cells (53). Therefore, future investigations need to examine the mRNA
transcript and protein sequence of eosinophil FcεRIα and to determine the molec-
ular mechanisms of FcεRIα release by human eosinophils.

V. Cautions, Potential Problems, and Future Directions

The controversies concerning eosinophil IgE receptors have taught us several
important lessons. First, transcription of mRNA or even the presence of synthe-
sized receptor protein within the cells does not necessarily indicate the expression
of the receptor on cell surfaces. Potential discrepancies between receptor expres-
sion and actual receptor function need to be resolved.

Second, expression of IgE receptors on human eosinophils and IgE-depen-
dent functions of these receptors may not be commonly seen in eosinophils. The
initial studies regarding the presence of IgE receptors on human eosinophils have
utilized eosinophils from patients with marked eosinophilia, including patients
with hypereosinophilic syndrome and diseases associated with skin disorders and
lymphomas (18,24). There are no data from these same investigators to document
expression of IgE receptors on eosinophils from healthy donors (no eosinophilia)
and from patients with mild to moderate eosinophilia due to more common condi-
tions, such as allergy and asthma. Later studies by other investigators, which
sought IgE receptors in these common conditions, found no or negligible surface
expression of FcεRI and FcεRII by human eosinophils (36–39,46,52,54). One
way to reconcile these observations of the lack of surface FcεRI in these reports
with that of Gounni et al. (24) is to conclude that eosinophils from atopic individ-
uals are substantially different from eosinophils in patients with potential hemato-
logical disorders. Because blood and tissue eosinophils, even those from atopic
subjects, express mRNA for three subunits of FcεRI (42,43), there may be post-
translational mechanisms present in rare hematological disorders that are not ob-
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served with eosinophils in allergic diseases. Nevertheless, recent observations in
atopic subjects (37,52) suggest that FcεRI is unlikely to be important in eosino-
phil activation and degranulation in allergic diseases.

Third, in association with the issues described above, expression of IgE
receptors on eosinophils may be tightly regulated by various environmental fac-
tors. For example, in humans the expression of FcεRII was limited to eosinophils
from patients with marked eosinophilia and, even in this group, to a unique cell
population of ‘‘hypodense’’ eosinophils (55). Furthermore, expression of mRNA
transcript and receptor protein for FcεRI and FcεRII is likely regulated by IL-4
and IgE (47–50,56). Therefore, diseases or tissue environments or both with
abundant IL-4 and IgE, as well as local milieu enriched in cytokines, growth
factors, and co-stimulatory molecules, may favor the expression of IgE receptors
on eosinophils. In fact, by using mice selected for heightened production of IgE,
Eum et al. concluded that both the recruitment of eosinophils to the airways and
high IgE titers are required for lung pathology of allergic BP2 mice (57), and
they speculated on a possible IgE-driven activation of eosinophils in this mouse
model. In addition, in contrast to mice, the expression of IgE receptors on rat
eosinophils is more widely accepted (16,25,58). Thus, IgE receptor expression
may be disease-, tissue-, species-, and/or strain-specific, and the observations
obtained with certain conditions should not be generalized. Therefore, we cannot
exclude the possibility that tissue eosinophils, as opposed to blood eosinophils,
may express functional cell surface FcεRI in humans. Nonetheless, the lack of
this molecule in eosinophils cultured in a variety of conditions, including enrich-
ment with IL-4 and IgE (36,52), and in eosinophils from BAL fluids after allergen
challenge (36), raises the large question as to other optimal conditions able to
induce surface expression of FcεRI by human eosinophils.

Finally, several published articles from investigators who studied human
eosinophil IgE receptors need to be reconciled. In 1988, the eosinophil IgE recep-
tor was originally found to have a low affinity (Kd of 10�7 M) and to possess a
molecular weight that corresponded to that of FcεRII (19). IgE binding and IgE-
dependent ADCC to schistosomula were completely inhibited by antibody to
either FcεRII (18) or Mac-2 (23). Hence, earlier studies demonstrated evidence
for expression of the low-affinity IgE receptor without any evidence of the high-
affinity IgE receptor, FcεRI. However, later in 1994 the same investigators re-
ported the presence of the FcεRI on human eosinophils, and all the IgE-dependent
functions of human eosinophils were explained by this receptor (24). Therefore,
the reports on eosinophil expression of FcεRI, FcεRII, and Mac-2 need to be
reconciled on the relative expression and function of each receptor.

In summary, as shown in Table 1, human eosinophils from patients with
allergy and asthma transcribe mRNA and contain considerable amounts of intra-
cellular but no or negligible surface FcεRIα. Eosinophils do not seem to express
FcεRII (CD23) surface protein either. Unlike mast cells and basophils, investiga-
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tors were not able to demonstrate upregulation of cell surface FcεRI or FcεRII
using IgE and IL-4. Therefore, it may be reasonable to conclude that the func-
tional significance of eosinophil IgE receptors in human allergic diseases and
eosinophilic disorders is highly questionable. Interestingly, the FcεRI α chain is
released from eosinophils into the supernatant during culture. Whether the eosino-
phil transiently expresses FcεRI on its surface, which is then cleaved, whether
the FcεRI α chain is directly secreted, and whether this soluble FcεRI α chain
bears any biological significance still need to be resolved. Further studies of IgE
receptors on mouse and human eosinophils may solve the existing controversies
and help to interpret and understand the pathophysiological mechanisms of hu-
man eosinophilic disorders, the roles of eosinophils in human immunity, and their
murine models.
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Murine Models of Asthma

Caveats and Conclusions on the Contribution of IgE and
Mast Cells to Allergic Inflammation, Airway
Hyperresponsiveness, and Airflow Obstruction

JEFFREY S. TEPPER and DANIEL B. TUMAS
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South San Francisco, California

Asthma is a chronic inflammatory disease characterized by airflow obstruction,
airway hyperresponsiveness, and, importantly, the infiltration of lymphocytes,
eosinophils, and mast cells, which are believed to be responsible for the physio-
logical manifestations and accompanying airway remodeling. Over a decade of
research and clinical efforts have implicated numerous mediators and mecha-
nisms to play a role in the pathogenesis of asthma. The results of studies in
animals, particularly in mice, suggest that redundant mechanisms may lead to a
similar outcome—asthmatic disease. Delineating the mediators of allergic asthma
in animal models is important but is useful only if these studies have relevance
to the pathogenesis of human asthma. To delineate such relevance of murine
studies, it is important to understand the inherent differences between experimen-
tally induced allergic pulmonary disease in mice and clinical disease in human
asthmatics and appreciate the different pathogenic mechanisms that can occur
between mice and humans.

To better understand the pathogenesis of human asthma, a variety of experi-
mental approaches using murine models of allergic pulmonary inflammation have
been developed. In murine models of human asthma, it is apparent that initiation
of the allergic immune response is T-lymphocyte dependent (1,2). However, the
predominant direct mediator(s) of allergic inflammation identified in these murine

103



104 Tepper and Tumas

models appears to be variable, with numerous conflicting studies. Pulmonary
eosinophilic inflammation and increased airway reactivity in these models can
be suppressed by inhibiting a variety of mechanisms including elimination or
suppression of T lymphocytes (1–4), elimination of T-lymphocyte helper type-2
cytokines with neutralizing antibodies or gene knockout (5), inhibition of various
chemokines (6–8), inhibition of IgE (9,10), and inhibition of various adhesion
molecules (11–15). Though in general these studies have been instrumental, if
not critical, in delineating the function of important cytokines, chemokines, etc.,
it is not clear which model or data most clearly defines or best reflects the predom-
inant pathological mechanism in human asthma, if a dominant mechanism exists.
The heterogeneity of conclusions obtained from these murine studies may reflect
differences in the model, strain of mouse, or the allergen and sensitization proto-
col utilized or simply that there are numerous, perhaps redundant, mechanisms
by which allergic asthma can develop in mice (16–18). It is possible that similar
redundant mechanisms exist in humans. Confidence in the relevance of these
murine models may improve as efficacy data attained in mice are correlated with
those attained clinically in humans using a parallel therapeutic approach targeting
the same mechanism(s).

In the vast majority of human asthmatics, there is strong correlation be-
tween disease and IgE (19). The role of IgE in contributing to mast cell degranula-
tion and subsequent pulmonary inflammation has been inferred from numerous
epidemiological studies that demonstrate a relationship between levels of IgE
and asthma (20–22). Disease severity correlates with serum and BAL (bronchoal-
veolar lavage) fluid IgE (22). The mechanistic link between the binding of serum
IgE to the high affinity receptor FcεRI on mast cells that results in degranulation
and anaphylaxis is also well established (23).

The defined link between human allergic asthma and IgE implies a critical
role for the interaction of IgE and its Fc receptors (FcR) on mast cells, basophils,
and possibly eosinophils. It is well established in humans that IgE can bind to
FcεRI (CD32), the high-affinity IgE receptor, FcεRIIA (CD23), the activating
ITAM motif–carrying low-affinity IgE receptor, and FcεRIIB, the inhibitory
ITIM motif–carrying low-affinity IgE receptor. In humans, both mast cells and
basophils express FcεRI where it exists as a tetramer of an α, β, and two γ sub-
units. Recent data have additionally identified the expression of FcεRI as a trimer
of one α and two γ subunits on monocytes, dendritic cells, eosinophils, and plate-
lets in atopic or hypereosinophilic human patients (24). In humans, IgE is the
only antibody capable of causing mast cell degranulation.

However, in the mouse species differences in reaginic immunoglobulins
and their counter-receptor type and distribution have significantly clouded the
extrapolation of studies carried out in the mouse concerning the role of IgE in
degranulation of mast cells. In mice and rats, mast cells and basophils express
FcεRI as the tetrameric complex and also express the following Fc gamma chain
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receptors: FcγRIIb1, FcγRIIb2, and FcγRIII. Thus, murine mast cells and baso-
phils can bind to and be activated by both IgE and IgG (25,26). This significant
and important difference may enable rodent mast cells to have an active role in
allergic asthma models in the absence of IgE whereby IgG-allergen complexes
can trigger the release of inflammatory mediators from these cells. Oshiba et al.
(27) have clearly shown this by demonstrating that passive transfer of ovalbumin
(OVA)-specific IgG1 can induce allergic/asthmatic pulmonary disease upon sub-
sequent aerosol exposure to ovalbumin. It is thus critical to consider both the
role of allergen-specific IgE and IgG in mice in order to accurately interpret data
and accurately assess the correlation between IgE and experimentally induced
allergic asthma in mice. It is important to consider this difference when trying
to use data derived from murine models to understand the pathogenic mechanisms
of human asthma. This perhaps has greatest significance in murine models that
utilize systemic immunization with adjuvants to induce an allergic immune re-
sponse as such adjuvants in mice markedly enhance T-helper type 2 responses in
which high levels of both IgG1 and IgE allergen-specific antibodies are produced.
Though both IgG1 and IgE are induced in these models and have a role in murine
mast cell degranulation, in many published studies often only IgE is discussed
or, perhaps incorrectly, deemed relevant. Since both IgG1 and IgE can induce
murine mast cell degranulation, making conclusions about the dependence or
independence of allergic inflammation on IgE, and therefore mast cells, in mice
without considering the role of IgG1 may be inaccurate. Furthermore, because
both mast cells and basophils express FcεRI, it is important to consider both cell
types when studying IgE-induced allergy or anaphylaxis.

Eosinophil and basophil FcR expression is similar in humans and mice.
Eosinophils from both species express FcεRII, FcγRII (A/B in humans, b1 and
b2 in mice), and FcγRIII (25). Human eosinophils additionally have inducible
expression of FcγRI, the high-affinity receptor for IgG (25), and express a trimeric
form of FcεI in humans with hypereosinophilia (24).

With these differences in mind, we review some of the important findings
identified using mouse models of human asthma with specific emphasis on the
role of mast cells and IgE. We present published studies and our own data that
investigate the role of mast cells and IgE in murine models of allergic inflamma-
tion. Finally, we attempt to interpret and reconcile the disparate murine data and
put them in context with recent human trials using an anti-IgE antibody.

I. Evidence Indicating a Lack of Involvement of Mast Cells
in Murine Asthma Models

Though the mechanism and effects of mast cell activation via cross-linked
IgE is well delineated, it is apparent from numerous studies utilizing mast cell–
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deficient mice that the induction of an asthma-like phenotype in mice does not
obligatorily require the presence of mast cells. For example, the anaphylactic
responses previously associated with IgE-mediated mast cell activation were re-
ported to occur in mice devoid of mast cells. Takeishi et al. (28) were the first
to show that systemic antigen challenge in allergen-sensitized mast cell–deficient
mice (W/Wv) or congenic normal mice resulted in identical anaphylactic re-
sponses. However, it is important to remember that the study of the mechanism
of systemic anaphylaxis is not the same as the study of the induction of pulmonary
allergic airway inflammation. Brusselle et al. (29) extended these findings in an
active sensitization murine asthma model. In this model, W/Wv mice were not
protected from developing airway inflammation after systemic OVA sensitization
followed by inhalation of OVA. The W/Wv mice developed comparable BAL
eosinophilia as well as total and OVA-specific IgE compared to their congenic
controls. Similarly, Takeda et al. (30) reported allergic inflammation in W/Wv
sensitized mice, and in addition they showed there was no difference in airway
hyperresponsiveness between W/Wv and wild-type mice. These studies demon-
strated that an allergic asthma-like response could be induced in mice deficient
in mast cells. It should be noted that mast cell–deficient mice do have basophils
and these cells may have a role in the induction of allergic pulmonary inflamma-
tion in mice. However, a defined role for basophils has not been established in
these in vivo models.

II. Evidence Indicating a Lack of Involvement of IgE
in Murine Asthma Models

The first study to report IgE-independent anaphylaxis occurred when the Cε-
deficient mouse was generated (31). These mutant mice produce no IgE but make
normal levels of other immunoglobulin isotypes. Systemic sensitization with
OVA and adjuvant followed by systemic challenge resulted in anaphylaxis as
measured by tachycardia, decreased pulmonary conductance and dynamic com-
pliance, and death. The authors noted that the drop in pulmonary conductance
was not as pronounced in the IgE-deficient mice as it was in the wild-type mice,
suggesting that IgE may play a role in immediate airflow obstruction after antigen
challenge. More direct evaluation of the role of IgE in allergic inflammation was
assessed by Melhop et al. (32). Using the same Cε-deficient mice, they demon-
strated that after intranasal sensitization and challenge with Aspergillus antigen,
only the wild-type control mice developed an increase in serum IgE. Yet, both
wild-type and IgE-deficient mice had equal and significant increases in BAL and
airway tissue eosinophilia compared to nonsensitized controls. Furthermore, both
IgE-deficient and wild-type strains of sensitized mice were hyperresponsive to
methacholine challenge. Similar results were obtained by Hammelman et al. (33),
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who reported that treatment with an nonanaphylactic anti-IgE antibody 2 hours
prior to aerosol challenge resulted in a �80% reduction in serum IgE but an
allergic inflammatory and airway reactivity response indistinguishable from the
sensitized IgG control antibody-treated mice. As we have previously stated, a
caveat to the interpretation of these studies lies in the fact that murine IgG is
capable of binding to and activating murine mast cells.

A different approach to understanding the role of IgE was examined by
Miyajima et al. (34), who blocked the high-affinity IgE receptor. The mouse
was created by targeted disruption of the α subunit of the FcεRI receptor, thus
eliminating confounding interpretations by avoiding disruption of the common
γ subunit found in other low-affinity Fc receptors. Both control and FcεR1-
deficient mice systemically sensitized and challenged with intravenous OVA ex-
hibited anaphylaxis as described above. The authors concluded that the FcεRI
receptor was not essential for the production of anaphylaxis by active sensitiza-
tion in the mouse where both IgE and IgG1 are present.

A more definitive experimental model to evaluate the combined role of IgE
and IgG1 in allergic inflammation has recently become available. Mice deficient
in B cells produce no immunoglobulins (35). Inhalation sensitization with OVA
in wild-type and B-cell–deficient mice resulted in a mild but detectable allergic
inflammation in lung cell digests from both strains (36). One difference was
noted—only the wild-type mice demonstrated airway responsiveness as assessed
by in vitro stimulation of tracheal smooth muscle by electrical field stimulation.
Thus, without the presence of either IgE or IgG1, allergic inflammation could
result from antigen sensitization and challenge.

In a similar approach, using a different strain of mice and a systemic OVA
sensitization followed by multiple aerosol challenges, Korsgren et al. (37) demon-
strated that B-cell–deficient mice as well as wild-type sensitized controls had
eosinophilic allergic inflammation and an increase in mucus-containing cells
as detected by light and transmission electron microscopy. MacLean et al. (38)
extended these findings by showing that, in addition to equivalent allergic in-
flammation as measured by cell differential, Th2-type cytokine production, and
chemokine expression, B-cell–deficient mice also had equivalent airway re-
sponsiveness. The authors concluded that allergic inflammation could be induced
in mice without the involvement of B cells or immunoglobulins. However, the
discrepancy regarding the role of immunoglobulins in airway responsiveness
between the Hamelmann et al. (36) and MacLean et al. (38) studies remains
unresolved.

Further evidence that immunoglobulins are not required to produce allergic
inflammation and airway hyperresponsiveness in mice has come from studies in
which CD4� Th2 cells were produced in culture from OVA-TCR transgenic
donor mice. Intravenous transfer of these cultured cells alone did not produce
lung pathology. However, with repeated OVA aerosol challenge, these cells were
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recruited to the lung and produced allergic inflammation (39) and airway hyper-
responsiveness (40) similar to actively sensitized, antigen-challenged mice. Oval-
bumin specific immunoglobulins were not detected using this model (39).

III. Study I: Role of IgE and Mast Cells in a Systemic OVA
Sensitization Model

The studies discussed above suggest that in mice, active sensitization can induce
anaphylaxis, allergic inflammation, and airway hyperresponsiveness in the ab-
sence of mast cells or IgE. Our own research (41) attempted to verify and extend
these findings by depleting IgE in mast cell–deficient mice (W/Wv). By this
combined approach we hoped to ablate the direct effects of IgE on mast cells,
diminish the effects of IgE on basophils and eosinophils via the low-affinity re-
ceptor CD23, and eliminate the T-cell–stimulated mast cell production of cytok-
ines. Mice were pretreated with anti-IgE prior to active sensitization (systemic
OVA plus adjuvant) and aerosol challenge, after which allergic inflammation,
airway reactivity, and airflow obstruction were assessed. We observed that both
W/Wv and congenic wild-type control mice developed equivalent levels of total
and OVA-specific IgE in the serum (Table 1). Pretreatment with an anti-IgE
antibody reduced serum total IgE to nearly undetectable levels and OVA-specific
IgE to below the limit of detection of our assay. Similar results were observed
in the BAL. Further evidence of the effectiveness of the anti-IgE pretreatment
is suggested by the lack of IgE on B220� BAL cells (B lymphocytes) and that
aerosol exposure to the crosslinking anti-IgE antibody did not result in broncho-
constriction in sensitized mice.

Using this sensitization and challenge protocol, elimination of IgE in mast
cell–deficient mice did not have a significant impact on allergic inflammation as
evidenced by cellular infiltrate in BAL (Fig. 1) and lung tissue (data not shown).
The BAL was characterized primarily by an increase in eosinophils and lympho-
cytes, with a similar cellular profile appearing in the perivascular and peribronchi-
olar cuffs surrounding airways in lung tissue sections. These observations were
supported by a lack of difference in measurements of BAL supernatant IL-5 and
eosinophil peroxidase in any of the groups of sensitized mice (Table 1). Further-
more, airflow obstruction in response to antigen challenge was observed in all
but two of the mast cell–deficient and all of the wild-type sensitized mice.

As would be expected from the data above, both wild-type and W/Wv
sensitized mice became hyperresponsive to methacholine compared to their re-
spective nonsensitized controls (Fig. 2). However, nonsensitized W/Wv mice
were considerably less sensitive to methacholine than were nonsensitized wild-
type mice. This reduction in responsiveness of the W/Wv mice in the naı̈ve state
resulted in a methacholine response from the sensitized W/Wv mice that was
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Figure 1 Neither anti-IgE nor mast cell deficiency alters BAL cellular composition. N
as per Table 1. Mast cell–deficient (W/Wv) mice and wild-type control mice (WT) were
sham injected or sensitized with 10 µg ovalbumin (OVA) IP and 0.75 mg of ALUM on day
0. Starting on day 14 through day 21, all mice received a 30-minute inhalation challenge of
aerosolized 1% OVA delivered by a DeVilbiss ultrasonic nebulizer. Antibody-pretreated
mice were injected (200 µg sc) with anti-IgE or an isotype control antibody on days �21,
�14, �7, 0, 7, 14, and 18. On days 14 through 21, mice also received daily inhalations
of anti-IgE or control antibody (12 mg aerosolized to completion, deposited lung dose
�2 µg/mouse). Inhalation anti-IgE treatment occurred 1 hour prior to OVA inhalation
challenge. p � 0.0001 for overall difference between groups by ANOVA. Only differences
between nonsensitized and sensitized groups different by subtest (p � 0.0001). Data are
mean 	 standard deviation. PMN, polymorphonuclear leukocyte.

comparable in magnitude to the nonsensitized wild-type mice and significantly
less than the sensitized wild-type group (Fig. 2). Thus, overall it appeared that
mast cells play a role in baseline airway responsiveness to methacholine and may
serve to modulate airway responsiveness due to allergic inflammation. No such
similar claim could be made for the removal of IgE. The removal of IgE had no
negative impact on allergic inflammation or airway responsiveness. One possible
explanation, however unlikely, was that small amounts of antigen-specific IgE
were produced and bound to basophils despite anti-IgE treatment prior to sensiti-
zation. Crosslinking of basophils after aerosolized OVA challenge could result
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Figure 2 Mast cell deficiency (W/Wv) resulted in a baseline shift in airway respon-
siveness in nonsensitized mice, lowering the absolute responsiveness of sensitized W/Wv
mice to that of nonsensitized wild-type mice. Sensitization and pretreatment as described
in Figure 1. N as per Table 1. Twenty-four hours after the seventh OVA challenge, con-
scious mice were placed in a whole body plethysmograph and exposed to increasing con-
centrations of aerosolized methacholine for 1 minute. Pause [expiratory time/relaxation
time �1], a measurement of airflow obstruction, was averaged for 4 minutes after each
methacholine challenge. Data are expressed as mean 	 standard error at each methacho-
line concentration. (Inset) The effect of mast cell deficiency on PC200. PC200 data are
the mean 	 standard error of the methacholine concentration causing a doubling of Pause.
Group abbreviations: nonsensitized, wild-type (NS-WT); nonsensitized, mast cell–
deficient (NS-W/Wv); sensitized, wild-type (SN-WT); sensitized, mast cell–deficient
(SN-W/Wv). SN-W/Wv group is different from all other groups by Dunnett’s test.

in inflammation since it has been estimated that 10% receptor occupancy is suffi-
cient to trigger degranulation (42). However, there is no evidence to support this
finding in our experiment. It is now clear that although we likely succeeded in
eliminating IgE and mast cells, we did not eliminate IgG1 that may have contrib-
uted to our inability to find differences between treatment groups. Despite these
reservations, other studies, as cited above, have reported that the lack of all immu-
noglobulins, the IgE high-affinity receptor, or mast cells does not result in the
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inability of actively sensitized and challenged mice to develop allergic inflamma-
tion, anaphylaxis, and, possibly, airway reactivity and airflow obstruction.

IV. Evidence for the Involvement of Mast Cells and IgE
in Murine Asthma Models

Although mast cells and immunoglobulins may not be required in certain mouse
models of asthma, multiple investigators have shown that under specific condi-
tions they can contribute to allergic inflammation and lung function changes.
Martin et al. (20) first demonstrated the importance of mast cells in airway reac-
tivity by activating mast cells with a crosslinking anti-IgE antibody. In nonsensi-
tized wild-type mice, crosslinking mast cells with anti-IgE resulted in increased
airway hyperresponsiveness to intravenous methacholine challenge compared to
saline-treated controls. However, surprisingly the hyperresponsiveness occurred
only with methacholine challenge and not 5-HT. A direct role for mast cells was
established by repeating the experiment using two strains of mast cell–deficient
mice (W/Wv and Sl/Sld) and showing that airway reactivity was not increased
in these strains. Bone marrow reconstitution of the mast cells in these deficient
strains resulted in restoration of hyperresponsiveness.

Kung et al. (43) showed that W/Wv mice had an attenuated (�40%) in-
flammatory cell influx compared to congenic controls after systemic OVA sensiti-
zation followed by aerosolized OVA challenge, in contrast to the studies dis-
cussed in previous sections indicating that lack of involvement of mast cells in
allergic inflammation. The authors reported decreased BAL and lung tissue eosin-
ophils and decreased lung eosinophil peroxidase activity without an effect on
serum IgE and IgG levels in the W/Wv mice compared to the sensitized controls.
The critical role of mast cells in this response was demonstrated by showing
that attenuation of allergic inflammation in W/Wv mice was fully reversed after
adoptive transfer of bone marrow–derived mast cells into W/Wv mice 4–5 weeks
prior to OVA sensitization. In a similar study, Kobayashi et al. (44) found that
W/Wv mice had decreased airway responsiveness and a nonsignificant decrease
in BAL eosinophilia. The apparent discrepancy between these two studies and
those presented previously may have resulted from a difference in the severity
of the inflammatory response in the different groups of studies (see discussion
below).

In contrast to the Miyajima et al. (34) report of FcεRI-independent induc-
tion of anaphylaxis, Dombrowicz et al. (45) showed that FcεRI is requisite for
the induction of anaphylaxis. Lack of FcεRI did not affect mast cell development,
nor did it affect the half-life of IgE. FcεRI receptor–deficient mice were protected
from anaphylaxis and had no tachycardia, body temperature drop, or Evans Blue
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dye extravasation, three indicators of systemic anaphylaxis, when IgE was admin-
istered 24 hours before an anti-DNP IgE challenge (passive sensitization model).
Wild-type control mice had obvious changes in these three parameters and were
prostrate after anti-DNP IgE administration. This study indicates that an impor-
tant role for FcεRI in systemic anaphylaxis can be shown in a passive sensitiza-
tion model where the role of IgG1 is excluded or greatly minimized.

Several other experiments using passive sensitization have demonstrated a
specific role of IgE in airway reactivity and allergic inflammation. Naı̈ve BALB/
c and SJL mice were passively sensitized with anti-OVA IgE and then challenged
twice with aerosolized OVA (27). Eosinophils were increased in the BAL and
tissue, and airway reactivity was increased compared to nonsensitized but OVA
challenged mice. Similar responses were observed in mice challenged with anti-
OVA IgG1 but not with IgG2a or IgG3 anti-OVA isotypes. Hamelmann et al.
(46) extended this finding demonstrating that anti-OVA IgE caused airway reac-
tivity in normal but not in athymic mice. Airway reactivity could be reinstated
in the athymic mice if they received anti-OVA IgE plus IL-5. The authors con-
cluded that both antigen-specific IgE and IL-5 were required to produce increased
airway reactivity after antigen challenge in this passive sensitization model.

A role for IgE was also demonstrated in a strain of mice that produce large
amounts of IgE in comparison to BALB/c mice (47). After systemic sensitization
and multiple OVA aerosol challenges, only the high IgE–producing strain were
hyperresponsive to both intravenous 5-HT or inhaled methacholine. In the high
IgE–producing strain, there was also greater infiltration of eosinophils into the
bronchial respiratory epithelium. Airway hyperresponsiveness, only observed in
the high IgE producers, was suppressed with an anti IL-5 antibody, again indicat-
ing a role for both high IgE titers and IL-5.

Noncrosslinking anti-IgE antibodies have also been used to assess the role
of IgE in murine models of asthma. In one study, a single dose administration
of an anti-IgE antibody 6 hours prior to antigen challenge significantly lowered
circulating levels of IgE and reduced eosinophil cell counts in the BAL (10).
Secretion of IL-4 and IL-5 from pulmonary lymphocytes isolated from these
sensitized mice was also lower. Heusser et al. (9) followed up these results and
showed that inhibition of IgE with anti-IgE antibody in OVA-immunized mice
reduced the acute bronchoconstriction that occurs following antigen challenge.
Haile et al. (48) performed a similar antibody experiment using high IgE–
producing mice. The same noncrosslinking anti-IgE antibody, when administered
prior to antigen challenge, reduced BAL and tissue eosinophils, recruitment of
IgE-bearing basophils, mucous metaplasia and acute antigen-induced broncho-
constriction, and nonspecific airway hyperresponsiveness. These studies demon-
strated a significant role of IgE in the induction of allergic pulmonary inflam-
mation in mice. However, in the study by Coyle et al. (10), all of the antibody
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effects could be reproduced by blocking CD23, the low-affinity receptor in CD23-
deficient mice, suggesting that the effects observed with this noncrosslinking anti-
body were not due to blocking the high-affinity receptor, FcεRI.

V. Study 2: The Role of IgE in Murine Asthma Determined
by the Model

It is apparent that the conclusions attained from studies with murine asthma mod-
els cited in the literature often conflict with one another concerning the impor-
tance of IgE. Faced with this we designed experiments to determine whether the
role of IgE depends upon the model utilized. Our hypothesis was that sensitization
strategies using a potent adjuvant may induce redundant mechanisms that in turn
induce an asthma-like phenotype. These could include the induction of IgG1 or
a Th2 lymphocyte response. To test this hypothesis, we utilized three models: a
model using only aerosolized dust mite, a model combining aerosolized dust
mite and respiratory syncytial virus (RSV) infection, and a model using systemic
sensitization (intraperitoneal) with dust mite allergen adsorbed to the adjuvant
alum. Prior to switching to dust mite antigen, we attempted to use ovalbumin to
sensitize and challenge mice using only the inhalation route but were unable to
induce inflammation even with numerous aerosol challenges given over a period
of 6 months (unpublished data). The dust mite allergen Dermatophagoides pte-
ronyssinus was chosen because the immunodominant protein Der p 1 is one of the
major inducers of allergic disease (49). To further enhance the allergic immune
response to aerosolized dust mite allergen, live RSV was co-administered. RSV
infection has been reported to exacerbate airway inflammation in asthmatics (50–
52) and is thought to be an important risk factor for the development of asthma in
children (53,54). Furthermore, human RSV infection in mice can enhance airway
sensitization to allergen and exacerbate the induced asthmatic phenotype in mice
(55). After sensitization, all models used the same protocol for subsequent aller-
gen challenge by aerosol exposure. After establishment of these three models,
the role of IgE was assessed using and anti-IgE monoclonal antibody.

Use of only aerosolized dust mite antigen to both sensitize and challenge
mice resulted in mild allergic pulmonary inflammation (data not shown). Both the
IP/aero and RSV/aero models produced significant eosinophilic and lymphocytic
pulmonary inflammation and a similar degree of mucosal pathology and thick-
ening (Figs. 3 and 4). Thus, concomitant self-limiting viral infection had an en-
hancing or adjuvant effect similar to systemic immunization with alum.

Treatment with anti-IgE antibody reduced both serum and BAL fluid IgE
by greater than a factor of 10 in both the IP/aero and RSV/aero groups compared
to the non–IgE-depleted controls (Fig. 5). Although total IgE was reduced to
equivalent low levels in all animals treated with the anti-IgE antibody, pulmonary
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Figure 3 Anti-IgE treatment significantly reduced the number of white blood cell
(WBC) eosinophils in the BAL of the RSV/aero group (p � 0.05) but had no effect on
lymphocytes or in any cellular component of the IP/aero group. BAL was collected after
aerosol challenges with dustmite antigen in mice previously sensitized to this antigen.
Groups of mice were treated with the anti-IgE antibody or were untreated (n � 6/group).
Data expressed as mean 	 standard error and subtested with Duncan’s multiple range
test.
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Figure 4 Anti-IgE demonstrated an ameliorative effect on both inhibiting eosinophilic
inflammation and on decreasing mucosal epithelial hypertrophy in the RSV/aero-treated
mice. Representative histological sections of main intrapulmonary lobar bronchi stained
with routine hematoxylin and eosin (H&E) or with Alcian blue-PAS dye are shown from
a control animal (A and B), an untreated animal in the RSV/aero group (C and D), and
an anti-IgE–treated animal in the RSV/aero group (E and F). The H&E sections (A, C,
and E) are magnified 400�, while the Alcian blue-PAS sections (B, D, and F) are magni-
fied 800�. Anti-IgE treatment had no effect on the inflammation, mucosal height, or rela-
tive mucus production in the IP/aero group (data not shown).

inflammation was reduced only in mice sensitized by aerosol exposure with or
without concomitant RSV infection. Anti-IgE treatment in the RSV/aerosol dust
mite–sensitized group reduced the mean number of BAL eosinophils by a factor
of 10. Since anti-IgE treatment had a specific effect on infiltration of eosinophils,
we evaluated whether depletion of IgE had an ameliorative effect on large airway
mucosal lesions. We quantitated the degree of large airway mucosal epithelial
cell hypertrophy and mucosal thickening by determining the mean height of the
mucosal epithelium in the primary lobar bronchi as measured by the distance
from the mucosal basement membrane to the lumenal surface. In the RSV/aero
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Figure 5 Anti-IgE treatment significantly reduced the IgE levels in the serum and BAL
in all treated groups. The IP/aero group mice were sensitized to dustmite antigen (1 µg
and 1 mg ALUM). The RSV/aero mice received 10e6 pfu of live virus intranasally on
days 0 and 14 and received aerosolized antigen challenge on days 1 through 7. All groups
of mice then received aerosol challenge from days 15–21. Anti-IgE antibody (100 µg)
was administered to some of the mice (n � 6/group) from the IP/aero or the RSV/aero
groups one day prior to and on the day of antigen administration.

animals the thickness of the mucosa in lobar bronchi was reduced from 38 µm
	 2.6 in untreated animals to 21 µm 	 2.7 in anti-IgE treated animals (p �
0.05) compared to the mean height of the mucosa in the main lobar bronchi of
naı̈ve controls, which was 14 µm 	 2.9. This effect of anti-IgE treatment on
mucosal hypertrophy and thickness was accompanied by a reduction in mucus,
as can be seen in Figure 4, which shows lobar bronchi sections stained with
Alcian blue-PAS.

In contrast, IgE depletion in animals sensitized to dust mite allergen by
systemic exposure with adjuvant had no effect on pulmonary inflammation (mean
numbers of BAL leukocytes, eosinophils, or lymphocytes) or mucosal lesions
(Fig. 4). The lack of efficacy of anti-IgE therapy in the systemic sensitization
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model (IP/aero) suggests that other mediators were induced that could drive aller-
gic pulmonary eosinophilic inflammation. These alternative mechanisms could
involve chemokines (6), interleukins, or allergen-specific IgG1.

These results demonstrate that by using sensitization protocol (RSV/aero)
more similar to natural allergen sensitization and exposure as occurs in humans,
one can generate IgE-dependent allergic pulmonary inflammation in mice. The
study also demonstrates that the mechanisms and pathogenesis of allergic in-
flammation in murine models can differ significantly between models that differ
in sensitization strategies. It is apparent that in the systemic sensitization model
both IgE and other, apparently redundant, mediators are induced.

VI. Summary and Conclusions

At first glance, obvious contradictions in the data might question the useful-
ness of animal models in evaluating the role of immunoglobulins and mast
cells in human asthma. However, with careful examination of these studies
taking into account differences between human and murine biology, evaluation
of the differences between murine asthma models, coupled with the perspective
gained by recent clinical studies using an anti-IgE antibody, a new understanding
emerges.

Several of the discussed studies similarly concluded that anaphylaxis and
allergic airway inflammation could be induced in the absence of IgE, mast cells,
or the FcεRI receptor in the mouse. A caveat to this interpretation is that the
mouse has at least one redundant mechanism that does not exist in humans. In
the mouse, mast cell activation induced by the interaction of IgE and mast cell
FcεRI receptor is well characterized. However, in the mouse the interaction of
IgG1 and mast cell FcγRIII receptor can also induce mast cell activation and
degranulation (56). Indeed, loss of the FcεRI α chain results in an enhancement
of FcγRIII mast cell degranulation. It is clear that the immunization strategies
described in many of the above reports induce a robust IgG1 antiallergen response
in our hands, and thus the relative role of IgG1-mast cell FcRIII receptor interac-
tion should not be overlooked in these models. Furthermore, in studies with mast
cell–deficient mice, IgE can interact with basophils and eosinophils and the de-
granulation of these cells may be capable of inducing allergic pulmonary disease.
On the other hand, when both mast cells and IgE are removed as in our studies,
or when no immunoglobulins are present as in B-cell–deficient mice as well as
in the Th2 lymphocyte transfer studies, allergic inflammation and airway hyper-
responsiveness can be produced.

Despite these caveats, the data obtained from certain murine asthma models
demonstrate significant modulatory effects of both mast cells and IgE on allergic
inflammation. Notably, these models include mice specifically bred to produce
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high-IgE, passive IgE sensitization models, and models that do not generate se-
vere airway inflammation either by eliminating adjuvant-enhanced systemic im-
munizations or by using small numbers of aerosol challenges. In the case of high
IgE–producing mice or with passive IgE models, the role of IgG1 is either greatly
reduced or eliminated. In models without intense systemic sensitization with ad-
juvant (57) or with few antigen inhalation challenges (44,58), the balance be-
tween IgE and IgG1 may be tipped in favor of IgE, thus allowing the role of
IgE to be elucidated. Alternatively, these less intense sensitization and challenge
models may decrease the impact of mediators from other infiltrating cells, notably
lymphocytes and eosinophils relative to mediators expressed by mast cells. How-
ever, even in these models, where the influence of IgE and mast cells are greatest,
inflammation was significantly attenuated but rarely was it ablated, suggesting
that additional mechanisms are responsible for the inflammation.

Mast cells can, however, be shown to contribute to airway responsiveness
and airflow obstruction. In several published studies (33,44), as well as by our
own data, allergic inflammation was not suppressed in sensitized W/Wv mice,
yet there was an attenuated response to nonspecific and specific airway challenge.
Possibly this is due to an effect of inflammation amplifying cholinergic respon-
siveness since it was not true of 5-HT challenge (20) and baseline methacholine
reactivity in naı̈ve mice was significantly altered in our studies (41). This ampli-
fication may also occur by redundant mechanisms that become important with
more intense antigenic stimulation, as discussed above. This is best exemplified
by a study by Kobayashi et al. (44) in which airway responsiveness was attenu-
ated when W/Wv mice received three antigen inhalation challenges after sensiti-
zation. However, when the same sensitization protocol was followed by multiple
antigen challenges per day over several days, there was no difference in airway
responsiveness between control and W/Wv mice.

These conclusions beg the question of how these murine models of asthma
compare to the clinical situation. Several clinical trials have now been carried
out using a monoclonal anti-IgE antibody that binds free IgE without crosslinking
FcεRI receptors on mast cells. Results from clinical bronchoprovocation studies
(59,60), discussed in detail in other chapters in this book, indicate that systemic
anti-IgE is effective in reducing antigen-provoked early and late asthmatic re-
sponses, airway hyperresponsiveness, and eosinophil accumulation in induced-
sputum. Furthermore, in clinical trials of asthmatics, Milgrom et al. (61) demon-
strated that anti-IgE therapy reduced symptom scores and exacerbations of
asthma and allowed a greater number of subjects to decrease or discontinue their
use of corticosteroids than was observed in the placebo-treated group. Of particu-
lar note is the trial design that used patients optimally treated with corticosteroids
and β-agonists prior to and during anti-IgE treatment, therefore biasing the trail
against finding a positive result. Anti-IgE was clearly efficacious in these already
well-controlled patients and therefore will be a valuable asset in the treatment
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of asthma. As seen in certain mouse models, some patients, however, did not
respond completely to anti-IgE therapy. With this perspective, the relevance of
different mouse models may be clearer.

In the clinical situation, as demonstrated by the effect of anti-IgE, IgE (and
by inference mast cells) plays a role in asthma, probably both as a trigger for
initiating the allergic cascade as well as an effector of response. Similarly, in the
mouse, when the redundant immunoglobulin IgG1 is removed or reduced, IgE
and mast cells can be shown to modulate allergic inflammatory responses. How-
ever, in mice and possibly in humans, removal of IgE is not necessarily curative.
Data from the murine models suggest that Th2-cell–derived cytokines can cause a
similar inflammatory response in the absence of immunoglobulin. Whether these
apparently IgE-independent effects occur in humans is currently unknown.

Asthma is a disease defined by phenotype, not mechanism. Overall, animal
models suggest this phenotype may arise by heterogeneous pathways in which
there may be separate, redundant, or multiple mechanisms responsible for the
clinical manifestation of the disease. The responsiveness to different therapies in
mice appears to depend upon the relative prevalence of other redundant mediators
as produced by different sensitization and challenge protocols. Careful examina-
tion and improvement in our understanding of animal models of asthma may
eventually help us unravel and treat this complex disease.
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I. Introduction

The prevalence and severity of asthma and other allergic diseases are increasing
worldwide, reflected by an increase in asthma-related symptoms, medication us-
age, and hospital admissions for asthma (1,2).

Asthma is closely associated with atopy, characterized by elevated circulat-
ing allergen-specific IgE and positive skinprick responses to allergen testing.
Recent epidemiological and immunopathological studies have increased our
understanding of the involvement of allergen sensitization and IgE-mediated
mechanisms in the genesis and persistence of chronic airway inflammation in
asthma. Data also suggest that local IgE-mediated mechanisms may contribute
to the chronic airway inflammation of ‘‘intrinsic,’’ or nonatopic asthma, where
allergen sensitization has not been identified.

In this chapter we provide an overview of the current cellular and molecular
mechanisms involved in airway inflammation, in particular the involvement of
IgE-mediated mechanisms, and the application of novel therapeutic agents to
suppress ongoing airway inflammatory responses in asthma.
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II. Asthma Epidemiology: The Significance
of Allergen-Specific IgE

Approximately 80% of asthmatics are sensitized to specific environmental aller-
gens, such as house dust mites, pollens, and animal danders. Although atopy is
the single strongest risk factor for asthma and increases the risk of asthma 10-
to 20-fold, only about one fifth of atopic subjects develop clinical asthma. Strong
epidemiological associations have been shown between asthma and atopy, as
assessed by total serum IgE or positive skinprick tests in childhood (3) and in
adults (4). Studies have confirmed associations between the level of indoor aller-
gen exposure, including house dust-mite allergen (Der p-1) and cat allergen (Fel
d 1) and the degree of IgE sensitization, serum IgE levels, and the frequency and
severity of asthma symptoms (5–8) and airway hyperresponsiveness (4,9–11).
Domestic exposure in early life to Der p 1 levels of greater than 2 µg per gram
of dust has been shown to significantly increase the risk of initial allergen sensiti-
zation and the development of asthma, and exposure to levels over 10 µg per
gram of dust increases the risk of developing acute exacerbations of preexisting
asthma (12–14). Exposure to Alternaria allergens has been linked to acute life-
threatening attacks in asthmatics (15), and other allergens, including animal dan-
der (16), insect dust, grass pollen (17), and molds (18), have also been implicated
in asthma exacerbations.

III. Pathological Features of Asthma

Asthma is characterized by variable damage to the bronchial epithelium and in-
creased numbers of airway mucosal and submucosal inflammatory cells, includ-
ing eosinophils, mast cells, and T lymphocytes (19–21). Other prominent features
of asthma include hypertrophy and hyperplasia of airway smooth muscle, base-
ment membrane thickening, mucosal edema and excessive secretion of mucus,
all of which contribute to airway narrowing (22).

In severe exacerbations both large and small airways show gross damage
and shedding of the epithelium, and the airways may become occluded by inspis-
sated mucus and cellular debris, which form tenacious plugs (Fig. 1). Studies

Figure 1 Characteristic pathological features of asthma: (a) Epithelial disruption, sub-
basement membrane collagen deposition and infiltration of the submucosa with inflamma-
tory cells—specifically eosinophils, mast cells, T cells, and tissue macrophages; (b) Epi-
thelial metaplasia with an increase in goblet cells. Chronic asthma is also characterized
by hyperplasia of airway smooth muscle beneath the inflamed submucosa and the deposi-
tion of matrix proteins both in the submucosa and adventitia of the airway (H & E stain).
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(b)

Figure 1 Continued
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suggest differences in the type of inflammation depending on the time-course of
asthma exacerbation, with infiltration by eosinophils being noted in slow-onset
fatal asthma and an excess of neutrophils being the prominent feature of sudden
acute asthma deaths (23).

IV. Cellular Involvement in Asthma

Asthma has been traditionally viewed as a chronic inflammatory condition char-
acterized by airway infiltration by activated mast cells and eosinophils, orches-
trated by specific Th2-type T lymphocytes (24). However, neutrophils have re-
cently been implicated in more severe forms of asthma, and it is also increasingly
evident that the bronchial epithelium, endothelium, fibroblasts, and the extracellu-
lar matrix play a dynamic role in the airway inflammation of asthma (Fig. 2).

A. The Orchestrating Role of T Lymphocytes
in Airway Inflammation

There is considerable evidence to support the view that the asthmatic airway
inflammation is driven by the persistence of chronically activated T cells of a
memory (CD 45 RO�) phenotype, which are sensitized to specific allergenic,
occupational, or viral antigens, and localize to the airways after appropriate anti-
gen exposure (25) or viral infection. This hypothesis is supported by observations
in studies using broncho alveolar lavage (BAL) and bronchial biopsies from asth-
matic subjects, where elevated numbers of circulating activated CD25� CD4�
T cells are seen in acute severe asthma, which are closely correlated with the
level of airflow obstruction (26). Analysis by immuno-histochemistry, in situ hy-
bridization (ISH), and flow cytometry of bronchial biopsies and BAL from symp-
tomatic asthmatics has also confirmed increased numbers of activated T cells
(19,27). Of particular interest is the correlation shown between activated CD4�
lymphocytes, eosinophils, and cells positive for IL-5 mRNA in BAL, supporting
the view that T cells regulate the accumulation and function of eosinophils in
the airways in asthma by the release of interleukin-5 (IL-5) (28).

Studies support the view that CD4� (Th2) and cytotoxic CD8� (Tc) T
cells are a major source of Th2-type cytokines in the airways in asthma (29–
32). Co-localization studies of BAL and bronchial biopsy samples from both
atopic and nonatopic asthmatics confirm that T cells are the predominant cells
encoding mRNA for IL-3, IL-4, IL-5, IL-10, and GM-CSF. T cells are considered
to play an important role in regulating IgE synthesis in asthma. This is mediated
by the increased T-cell production of IL-4 and IL-13 and the accentuated expres-
sion of the accessory molecule CD40L on activated T cells in asthma, which
binds to its ligand on B cell after B cell–T cell physical contact, delivering essen-
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Figure 2 The cellular basis and cytokine network involved in asthma airway inflamma-
tion. Airway dendritic cells (antigen-presenting cells, APC) present allergen to resident
T cells in the context of major histocompatibility molecule (MHC) II complex–T-cell
receptor (TCR) ligation, and costimulatory signaling via the CD28-CD80/CD86 pathway
resulting in the production of Th2-type cytokines and chemokines (IL-16, eotaxin, eotaxin-
2). This promotes T-cell proliferation and differentiation to a Th2 phenotype (IL-4), the
recruitment, activation, and survival of eosinophils (IL-5, eotaxin), and the switching of
B cells to IgE synthesis (IL-4, IL-13). Mediators released by eosinophils [major basic
protein (MBP); eosinophil cationic protein (ECP); eosinophil peroxidase; cysteinyl leuko-
trienes (LTC4, LTD4, LTE4)], and mast cells [histamine; tryptase; prostaglandins (PGE2);
thromboxane A2 (TXA2)] result in airway inflammation and the clinical syndrome of
asthma.

tial accessory signals required by B cells for clonal expansion, proliferation, and
isotype class switching to the synthesis of IgE (20).

Therapeutic studies have demonstrated a role for T cells in asthma air-
way inflammation. Prednisolone treatment in corticosteroid-sensitive asthmatics
(CSA) results in improved lung function, reduced airway hyperresponsiveness
(AHR), accompanied by a reduction in eosinophil counts, and a reduction in the
numbers of CD4� T cells expressing mRNA encoding IL-3, IL-5, and granulo-
cyte macrophage-colony stimulating factor (GM-CSF) but not IL-2, IL-4, or IFNγ



Role of IgE in Asthma 131

in BAL (33–35). However, a minority of subjects develop a severe form of
asthma that is refractory to systemic corticosteroid treatment (corticosteroid-re-
sistant asthma, CRA). Compared to CSAs these subjects have increased numbers
of circulating CD4� CD25� T cells and in vitro peripheral blood mononuclear
cell (PBMC) cultures from CRAs show ongoing mitogen-induced proliferation
when cultured in the presence of dexamethasone (36). Bronchial biopsies from
CRAs also show increased expression of IFNγ and persisting IL-4 and IL-5
mRNA expression, which is not reduced by steroid treatment (37).

B. The Effector Role of Eosinophils

Elevated eosinophil counts have consistently been shown in the airways in asthma
both at baseline and after segmental allergen challenge, and eosinophil influx has
been closely related to the late phase bronchoconstrictor response (21). Eosino-
phils have been closely associated with the degree of airway inflammation, epi-
thelial damage, and disease severity in asthma as confirmed by eosinophil counts
in the airway lumen, mucosal tissue, and induced sputum (38) IL-3, IL-5, and
GM-CSF release has been shown to prolong airway eosinophil survival by inhib-
iting apoptosis and to prime eosinophils for mediator release (39).

A number of pro-inflammatory proteins (major basic protein, MBP; eosino-
phil cationic protein, ECP; eosinophil-derived neurotoxin; and eosinophil peroxi-
dase, EPO) and lipid products (cysteinyl leukotrienes, LTC4, LTD4, LTE4; pros-
taglandins, PGE2; thromboxane TxB2; 15-HETE; and platelet activating factor,
PAF) released by degranulation of activated eosinophils have been shown to
promote smooth muscle contraction, tissue edema, and mucus secretion and dam-
age the epithelial integrity by disruption of epithelial desmosomes and tight junc-
tions (22). Eosinophils have also been shown to synthesize a number of pro-
inflammatory cytokines including IL-1, IL-3, IL-4, IL-5, IL-6, IL-16, TNF-α,
GM-CSF, IFN-γ, and transforming growth factors (TGF-α and TGF-β) involved
in allergic inflammation and the remodeling process in asthma (40).

The release of IL-5 and eotaxin in the airways in asthma has been closely
associated with the bronchial infiltration and accumulation of eosinophils (41),
by promoting the initial development of eosinophils from bone marrow progeni-
tor cells that express CD34� and IL-5 receptor-α (28,42–44). However, a recent
study by Robinson et al. has shown increased numbers of CD34�/IL-5 receptor-
α mRNA-positive cells in the bronchial tissue of asthmatic compared to nonasth-
matic patients, suggesting that in situ eosinophil differentiation may occur in the
bronchial mucosa in asthma in response to local IL-5 production (45).

A recent study in atopic asthma has confirmed increased expression of high-
affinity IgE receptors (FcεR1) on eosinophils (80–91%) in BAL 24 hours after
segmental allergen challenge compared to baseline (4%) (46), supporting the
view that eosinophils may be involved in allergen presentation to T cells (47)
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and that cross-linkage of FcεRI receptors may result in eosinophil degranulation
and the bronchial epithelial damage characteristic of asthma.

C. Mast Cells

Mast cells have long been viewed as having a pivotal role in the development
of the EAR in asthma via the allergen-specific activation of IgE-bound FcεRI
receptors on the cell surface (48). Receptor aggregation and signal transduc-
tion leads to the release of an array of preformed and newly synthesized pro-
inflammatory mediators (histamine, heparin, tryptase; prostaglandins, PGD2 and
PGE2; leukotriene C4, LTC4; and thromboxane A2, TXA2) with spasmogenic and
vasoactive properties (49). Increased numbers of FcεRI� cells have been shown
in atopic and nonatopic asthmatics compared with control subjects and are pre-
dominantly co-localized to mast cells, macrophages, and eosinophils (50). The
increased numbers of mast cells in bronchial biopsies and elevated mediator re-
lease in BAL from atopic asthmatics have been shown to correlate inversely with
forced expiratory volume in one second (FEV1) and AHR, respectively (24,51).
Mast cells produce an array of cytokines (IL-3, IL-4, IL-5, IL-6, IL-8, IL-9, IL-
10, IL-13, and RANTES) relevant to the EAR and LAR in asthma (52).

Although primarily viewed as an effector cell, mast cells are also involved
in regulating allergic responses. In allergic responses, mast cells are noted to
express increased levels of FcεRI and CD40L and produce IL-4 and IL-13 and
can directly control the synthesis of IgE by B cells (53). In vitro studies have
previously shown that mast cells can be induced to express CD40L and promote
IgE synthesis by interaction with B cells in the presence of exogenous IL-4. Mast
cells can also modulate T-cell activation and Th2-type differentiation by cytokine
release and the ability to present antigen to T cells in a major histocompatibility
complex (MHC)-II and co-stimulatory dependent fashion (54). Mast cell prote-
ases such as tryptase can activate matrix metallo-proteases that stimulate the
growth of fibroblasts and smooth muscle cells, supporting the view that mast
cells may be involved in the airway remodeling of asthma (55).

D. Basophils

Basophils are thought to contribute significantly to allergic inflammation. A re-
cent study by MacFarlane and coworkers demonstrated increased numbers of
basophils in the airways of asthmatics compared to rhinitic or normal control
subjects, both at baseline and after allergen challenge (56,57). This supports the
results of Guo and coworkers, suggesting that the majority of IgE-bearing cells
recruited to the airways 17–22 hours after allergen challenge were basophils (58).
In vitro studies have shown that basophils can be activated by IgE-dependent
mechanisms, with the release of a significant amount of IL-4 early after allergen
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stimulation and IL-13 release at a later stage, which may play a role in promoting
the differentiation of CD4� T cells to a Th2 phenotype and the synthesis of IgE
(59,60).

V. Mechanisms of Asthma Severity and Chronicity

Despite the considerable improvement in the understanding of asthma pathogene-
sis, the mechanisms that determine disease severity remain poorly understood.
The degree of sputum, BAL, and blood eosinophilia and, to a lesser extent, levels
of ECP in blood have been found to broadly relate to disease severity. T-cell
activation and expression of Th2-type cytokines is found in all degrees of asthma,
but, as discussed above, it is most prominent in severe disease that is poorly
controlled by corticosteroids (61). Physiological indices of asthma severity such
as methacholine responsiveness are related to the number and activity of eosino-
phils and activated CD4� T cells in BAL from atopic asthmatics (62,63). Airway
hyperresponsiveness but not symptom scores has been shown to be inversely
related to the number of activated eosinophils and mast cells in bronchial biopsies
from asthmatics not treated with corticosteroids (64). In asthmatics treated with
inhaled corticosteroids, AHR, but not symptom score or lung function, is in-
versely related to the number of infiltrating mast cells, activated eosinophils,
CD8�, and CD45RO� T cells in bronchial biopsies from these patients (63).

Recent studies by Wenzel and coworkers suggest that neutrophils may play
an important role in the inflammatory response in more severe forms of asthma
(65). This study showed that while mucosal eosinophil numbers may or may
not be raised, a significantly higher neutrophil count is seen in bronchial and
transbronchial biopsies of severe, corticosteroid-dependent asthmatics compared
with moderate asthmatics and normal controls (65). Other studies have docu-
mented increased numbers of neutrophils in induced sputum in severe asthma
(66), during exacerbations (67), and in the circulation post–allergen challenge
(68). Postmortem studies have shown distinct pathological features in cases of
sudden-onset asthma death, with a paucity of airway eosinophils but marked neu-
trophilic infiltration compared to cases of slow-onset asthma death (23,67), where
eosinophilic airway infiltration, gross epithelial shedding, airway edema, and ob-
struction with inspissated mucus plug formation are prominent. Some studies
have shown that corticosteroids can enhance neutrophil function through in-
creased leukotriene and superoxide production and inhibition of apoptosis (69).
Lipid-derived and mast cell–derived mediators remained elevated in severe asth-
matics despite treatment with high-dose corticosteroids. It is possible that corti-
costeroids could reduce lymphocyte and eosinophil-mediated inflammation but
could exacerbate the neutrophil-mediated inflammation in severe asthma (65).



134 Lordan et al.

VI. IgE-Facilitated Antigen Presentation in Asthma

Antigen presentation of allergens to the immune system is central to the initiation
and maintenance of airway inflammation in asthma. On exposure to antigen, T
cells require the assistance of ‘‘professional’’ antigen-presenting cells (APCs),
such as dendritic cells (DCs), tissue macrophages, or, in the case of secondary
presentation B cells, for optimal activation (70). Dendritic cells are believed to
be the main APCs in the airways, being strategically positioned in the bronchial
epithelium for the uptake and presentation of allergen to T cells. Dendritic cell
numbers are elevated in the mucosa of asthmatic individuals and are reduced by
treatment with inhaled corticosteroids in association with improved disease con-
trol (71,72).

Emerging evidence suggests that IgE may potentiate allergen-specific re-
sponses by binding to high- and low-affinity IgE receptors (FcεRI and FcεRII)
on the surface of APCs, thereby facilitating the capture and internalization of
antigen, which can subsequently be processed and presented to T cells (73). It
has been demonstrated that IgE/FcεRI-mediated antigen uptake results in 100-
to 1000-fold increased effectiveness of antigen presentation by APCs (74). A
recent bronchial biopsy study has shown that pulmonary dendritic cells and mast
cells stain positively for the α subunit of FcεRI, supporting the role of IgE-
facilitated antigen presentation in the induction and maintenance of chronic in-
flammation in asthma (75).

Other cells, such as macrophages or B cells, may also be involved in antigen
presentation, but their role in asthma is poorly understood. Increased FcεR1 re-
ceptor expression has been confirmed on bronchial tissue macrophages in atopic
and nonatopic asthmatics, suggesting an involvement in IgE-mediated airway
inflammation (50). Macrophages have the potential to promote inflammation
through the production of pro-inflammatory mediators, such as PGE2, hydrogen
peroxide, leukotrienes, and cytokines (IL-1, TNF-α, IL-6, IL-8, IL-10, IL-12,
GM-CSF, IFNγ, and TGF-β) (76), and it has been suggested that chronic activa-
tion of airway macrophages may be driving the inflammatory process in non-
atopic asthma (77).

However, macrophages recovered by BAL are generally poor antigen-
presenting cells and have predominantly an immunosuppressive role in the lungs
(78,79). Alveolar macrophages (AMs) have a reduced capacity to bind with T
cells, which may be due to reduced expression of LFA-1 on their cell surface (80),
and defective expression of B7-1 (CD80) and B7-2 (CD86) previously shown
on AMs would reduce the ability to present antigen efficiently to T cells due
to reduced costimulatory signalling via CD28 and CTLA-4 (81). However, in-
creased expression of CD86 (82) and CD80 (361) has recently been shown on
AMs from atopic asthmatics compared with normal controls, suggesting that alve-
olar macrophages in asthma may be capable of antigen presentation.
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VII. Role of Costimulatory Molecules

There has been considerable interest in the role of costimulatory molecules in
antigen presentation and T-cell activation and differentiation in asthma (Figs. 2
and 3) (83). The activation of T cells in immune responses requires at least two
distinct signals from APCs, the first provided by the cognate interaction of the
T-cell receptor (TCR) with MHC II–peptide complexes on APCs, and the second
by the interaction of CD80 (B7-1) or CD86 (B7-2) on APCs with CD28 or CTLA
on T cells (84). Costimulation via CD28 results in T-cell activation, while ligation
of its higher affinity homolog, cytotoxic T-lymphocyte antigen (CTLA)-4, is con-
sidered to suppress the immune response by competing with CD28 for bind-
ing with CD80 or CD86 early in the immune response and preventing CD28-
mediated activation (85). Lack of costimulatory signaling has been shown to
result in T-cell unresponsiveness or anergy (86).

Murine studies suggest that CD28-B7 costimulation plays a critical role in
the production of Th2 cytokines, the development of airway hyperresponsiveness,

Figure 3 Role of costimulatory signaling via the CD28/CTLA4-CD80/CD86 pathway
in the initiation and activation of the immune response, and the differentiation of naive
Th0 lymphocytes towards a Th1 or Th2 phenotype. CD28-CD80/CD86 interaction in the
presence of IL-4 promotes the development of a Th2-type immune response found in
allergic inflammation, whereas costimulation in the presence of IL-12 or interferon gamma
(IFNγ) deviates the immune response towards a Th1-type response and the development
of cell-mediated immunity.
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and eosinophilic airway infiltration in asthma (87,88). A recent study in mild
asthmatics has shown a significant reduction of allergen-induced IL-5 and IL-13
production in bronchial tissue cultures by CTLA-4Ig, a humanized fusion protein
of IgG1 and the extracellular component of CTLA-4, that selectively antagonizes
costimulatory signaling via the CD28-B7 pathway (89). CTLA-4Ig has also been
reported to effectively inhibit allergen-induced synthesis of the chemokines IL-
16 and RANTES in similar bronchial explant studies (90). The relevance of
CD28-B7 costimulation in mild asthma has been further strengthened by Larche
and colleagues, who have shown that a selective anti-CD86 antibody inhibits the
allergen-stimulated proliferation of airway T cells isolated from BAL (91). The
relevance of the CD28-B7 pathway in vivo and in more severe forms of asthma
remains to be clarified and warrants further investigation. The application of
CTLA-4Ig to clinical trials in asthma and other T-cell–mediated inflammatory
conditions will be of particular interest (92).

VIII. The Bronchial Epithelium as a Regulator
of Airway Inflammation

The bronchial epithelium is increasingly being shown to play a dynamic role in
regulating the inflammation, repair, and remodeling process of asthma. It is well
established as an important source of mediators including arachidonic acid prod-
ucts (15-HETE, PGE2), nitric oxide (NO) endothelins, cytokines (IL-1β, IL-5,
IL-6, IL-11, GM-CSF, IL-16, IL-18) (93–98), chemokines (IL-8, Gro-α, MCP-1,
MCP-3, RANTES, MIP-1α, MIP-2, eotaxin, and eotaxin-2), and molecules in-
volved in inflammation and repair.

Epithelium activation can occur via a number of stimuli including media-
tors such as histamine (99), cytokines (100–102), leukotrienes, and environmen-
tal stimuli including allergens, occupational chemicals or pollutants (103,104),
viruses, and shifts in the epithelial lining fluid osmolarity that may occur in
exercise-induced asthma. Inflammatory cells recruited to the airways release a
number of cytokines, tissue-damaging proteases, and cationic proteins resulting
in structural and functional damage to the epithelium. The mast cell–derived
serine protease tryptase and Matrix-metalloproteinase-9 (MMP-9) derived from
eosinophils stimulate IL-8 release and increased ICAM-1 expression by epithelial
cells (105). Allergen-derived proteases (Der p 1, a cysteinyl protease, and Der
p 6, a serine protease) have also been shown to promote IL-8 release and increase
ICAM-1 expression by bronchial epithelial cells, possibly through protease-
activated receptor (PAR) mechanisms (106). The protease activity of allergens
such as Der p are also capable of epithelial cell detachment and cytokine produc-
tion, most likely by interfering with the integrity of intercellular tight junctions
on the epithelial barrier by cleavage of the tight junction adhesion protein oc-
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cludin (107). The disruption of the epithelial barrier by particular allergens would
facilitate the delivery of antigens to APCs resident in the submucosa and accentu-
ate the activation of the immune system (108,109). The confirmation of FcεRI
and FcεRII receptors on bronchial epithelial cells (110) also suggests that epithe-
lial cells can be directly activated by IgE-mediated mechanisms.

IX. Cytokine Networks in Asthma

It is increasingly evident that an expanding array of cytokines plays a critical
role in orchestrating the airway inflammation in asthma by promoting the devel-
opment, recruitment, activation, differentiation, and survival of inflammatory
cells. Individual cytokines have many overlapping cell regulatory actions and
function through complex cytokine networks (Fig. 2). They interact with specific
high-affinity receptors on target cells, activating linked secondary intracellular
cascades that regulate the specific transcription of genes and the ultimate cellular
response. Considerable progress has been made in characterizing the cellular
sources and actions of the numerous cytokines involved in asthma (Table 1).

Although in situ hybridization studies of BAL and bronchial biopsies have
confirmed T cells to be a major source of cytokines in asthma, it is clear that
other cells, including eosinophils, mast cells, and bronchial epithelial cells, and
the structural elements of the airways contribute to the cytokine milieu. Cytokines
derived from T cells and mast cells, such as IL-4, IL-5, and IL-13, play central
roles in the pathogenesis of asthma by their ability to promote eosinophil recruit-
ment, activation, terminal differentiation, and survival in the airways and, in the
case of IL-4, promote B-cell switching to IgE production (11). IL-4 and IL-13
act in concert with TNF-α to stabilize vascular cell adhesion molecule (VCAM)-
1 expression on endothelial cells, increasing the adherence of eosinophils to
the endothelium, resulting in enhanced eosinophil recruitment to the airways
(30,112). IL-3 and GM-CSF contribute to eosinophilic inflammation by increas-
ing eosinophil survival, and mast cell and basophil development. A number of
studies have confirmed increased expression of the Th2-type cytokines, which
promote the allergic response (IL-4 and IL-5), and reduced expression of the Th1-
type cytokine IFNγ, in BAL and bronchial biopsies from asthmatics (113,114).
Although T cells and mast cells are likely to initiate the production of eosino-
philotactic cytokines, eosinophils are also capable of enhancing eosinophilic in-
flammation by producing IL-4, IL-5, GM-CSF, and TNF-α (115). While there
is a considerable body of evidence to support the role of cytokines such as IL-3,
IL-4, IL-5, IL-6, and GM-CSF in asthma, a number of studies have recently
focused on IL-10, IL-12, IL-13, and IL-16 (113,115–117).

There is evidence that IL-10 may participate in mitigating allergic in-
flammatory responses, although initial studies suggested predominantly pro-
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inflammatory effects of IL-10 in allergy by its ability to suppress Th-1 prolifera-
tion, differentiation and IFNγ production. Studies using in situ hybridization
have shown reduced IL-10 expression in BAL from asthmatics compared to nor-
mal subjects, which is co-localized predominantly to T cells and alveolar macro-
phages (118). Interleukin-10 mRNA was increased after allergen challenge, coin-
cident with the LAR, suggesting that IL-10 may act to dampen down inflamma-
tory responses induced by the earlier release of pro-inflammatory cytokines (119).
Interleukin-10 has been shown to reduce the expression of accessory molecules
CD80, CD86, CD23, MHC II, on APCs, thereby suppressing accessory cell func-
tion and antigen presentation (120). IL-10 inhibits the release of the eosinophilo-
poeitic cytokine IL-5 by Th2 lymphocytes and accelerates eosinophil death by
reducing expression of CD40 on eosinophils and inhibiting eosinophil-derived
GM-CSF and TNF-α release (121). Interleukin-10 inhibits IgE-dependent pro-
duction of TNF-α, GM-CSF, and IL-6 and has been shown to suppress allergen-
stimulated proliferation and generation of IgE-positive B cells in PBMC cultures
from atopic subjects (121). However, IL-10 is a growth factor for mast cells in
rodents, and in vitro studies have shown that IL-10 increases IgE release by B
cells, preactivated through CD40 in the presence of exogenous IL-4, suggest-
ing that IL-10 may also exacerbate inflammatory responses. This suggests that
IL-10 may be useful as a potential therapeutic agent in asthma by controlling
Th2-mediated inflammatory processes and preventing eosinophil accumulation
(115,119).

Recent interest has focused on the possible role of IL-12 in regulating air-
way inflammation in asthma. Interleukin-12 is derived predominantly from mac-
rophages, monocytes, and dendritic cells, and a recent study by Naseer and co-
workers has shown reduced mRNA expression for IL-12 in bronchial biopsies
of atopic asthmatics compared to normal controls, which is localized predomi-
nantly to alveolar macrophages and T cells (113). The numbers of IL-12 mRNA�

cells were increased significantly after treatment with prednisolone in steroid-
sensitive (SS) asthmatics associated with improvements in lung function, but
remained unchanged in asthmatics showing a poor clinical response to steroid
treatment. IL-12 has been shown to suppress the development of IL-4–producing
Th2 cells and to promote the development of Th1-type lymphocytes (22). In
sensitized mice, IL-12 treatment has been shown to abrogate airway hyperrespon-
siveness, eosinophilia, and the production of Th-2-type cytokines after allergen
inhalation (123). Interleukin-12 has also been shown to suppress IgE production
by IL-4 stimulated PBMCs (124) and inhibit IL-5 release in allergen-stimulated
PBMC cultures of allergic asthmatics (125). There has been considerable enthusi-
asm regarding the therapeutic potential of IL-12 replacement therapy in asthma
(126). Administration of recombinant human IL-12 to mild asthmatics by weekly
subcutaneous injection resulted in a significant reduction in circulating eosino-
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phils and a halving of eosinophil counts in induced sputum. However, there was
no significant improvement in AHR or in EAR or LAR following inhaled allergen
challenge (127).

The central role of IL-13 in chronic airway inflammation in asthma has
recently been confirmed. These studies have shown overexpression of IL-13 in
the lungs of transgenic mice results in an increase in airway mucus secretion,
the development of subepithelial fibrosis, airway hyperresponsiveness, and eosin-
ophilic airway inflammation. This was associated with increased pulmonary eo-
taxin expression, and the effects of IL-13 have been shown to be independent
of IL-4 (128–130). This cytokine promotes the development and expression of
MHC class II and FcεRII (low-affinity IgE receptor) molecules on dendritic cells
(131,132) and also upregulates VCAM-1 expression on vascular endothelial cells
(133), which together with IL-4 and TNFα promotes eosinophil accumulation.
Interleukin-13 is produced mainly by activated T cells and has a potentially im-
portant role in regulating allergic inflammation in asthma by promoting B-cell
proliferation, differentiation, and immunoglobulin secretion by enhancing isotype
class switching from IgG to IgE. Studies have conclusively shown elevated num-
bers of cells expressing IL-13 mRNA in the bronchial tissue of atopic and nona-
topic asthmatics (134) and increased IL-13 levels in BAL after segmental allergen
challenge (131,135). As noted for IL-2 and IL-4, treatment with prednisolone
results in improvement in lung function, which is associated with a significant
reduction in IL-13 mRNA expression in glucocorticosteroid-sensitive asthmatics,
but not in glucocorticosteroid-resistant asthmatics, who showed little clinical im-
provement after treatment (113).

IL-16 is a newly characterized cytokine that is produced by CD4� and
CD8� T cells, epithelial cells, mast cells, and eosinophils (117,136,137). It uses
the surface molecule CD4 as its ligand and thus activates cells that are CD4�,
namely monocytes and CD4� T cells (138). Bronchial biopsy studies using ISH
have shown expression of IL-16 mRNA on epithelial cells from asthmatics but
not normal or atopic controls. The epithelial and subepithelial IL-16 mRNA
expression was significantly associated with airways hyperresponsiveness and
CD4� T-cell infiltration in the bronchial mucosa (94). IL-16 has been detected
early in BAL postendobronchial allergen challenge in asthmatics but not in con-
trol subjects (117). This suggests a role for early IL-16 release in the selective
recruitment of CD4� T cells and eosinophils to the inflamed bronchial mucosa
in asthma.

IL-18 is another recently characterized cytokine synthesized by activated
macrophages and bronchial epithelial cells (139). In association with IL-12, IL-
18 acts on Th1-type T cells to produce IFNγ, and in vivo and in vitro studies in
mice show that IL-12 and IL-18 strongly activate B cells to produce IFNγ (140).
Further studies are necessary to characterize the function of IL-18 in asthma.
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X. Transcription Factors

There is increasing awareness of the critical role played by transcription factors
in the regulation of cytokine gene expression in asthma (141). Cytokines bind
to specific receptors on target cells, resulting in increased intracellular production
of an array of protein kinases and phosphorylation of transcription factors like
nuclear factor kappa B (NE-κB) and activator protein-1 (AP-1) (142). These in-
tracellular signaling proteins bind to regulatory sequences of target genes, re-
sulting in the promotion (transactivation) or suppression (transrepression) of gene
transcription and subsequent mRNA and protein synthesis.

NF-κB is thought to play a central role in allergic airway inflammation,
but a number of other transcription factors, including the JAK-STAT pathway
(Janus kinases-signal transducers and activators of transcription), C-EBPβ (C/
enhancer-binding protein β, previously NF-IL-6), NF-AT (nuclear factor of acti-
vated t cells), AP-1, and GATA-3, also appear to be involved in Th-2 differentia-
tion and allergic responses (143). In particular, elevated numbers of cells co-
expressing GATA-3 mRNA and IL-5 mRNA in asthmatic airways have been
shown to be CD3� T cells, supporting the link between GATA-3 overexpres-
sion and IL-5 dysregulation in asthma (144). Many stimuli including cytokines
(IL-1 β, TNF-α), viruses, and oxidants can stimulate the activation of NF-κB
and AP-1 in the lung (145,146). NF-κB is an important regulator of several induc-
ible genes, such as inducible nitric oxide synthase (iNOS) (147), the inducible
form of cyclooxygenase (COX-2), pro-inflammatory cytokines, chemokines, and
adhesion molecules (148).

Therapies for asthma, including corticosteroids and cyclosporin A, may
function through interaction with transcription factors (149). Glucocorticosteroid
receptors (GRs) are themselves transcription factors, and after binding with glu-
cocorticoids in the cytoplasm, they localize to the nucleus and bind to positive
glucocorticoid response elements (pGREs) or negative glucocorticoid response
elements (nGREs) to promote or inhibit gene transcription (150). Corticosteroids
also inhibit activation of other transcription factors like AP-1 or, in the case of
NF-κB, via a direct interaction between the activated glucocorticosteroid receptor
and the p65 subunit of NF-κB. In T cells and monocytes, glucocorticoids have
also been shown to increase gene transcription for I-κBα, which binds to acti-
vated NF-κB in the nucleus and induces dissociation of NF-κB from κB-binding
sites on target genes. In glucocorticoid-resistant asthmatics, there is exaggerated
AP-1 production, which sequesters activated GRs, reducing their availability to
inhibit the pro-inflammatory actions of NF-κB (151,152). Since it is likely that
transcription factors such as NF-κB play a critical role in amplifying airway in-
flammation in asthma, an improved understanding of the functions of transcrip-
tion factors may lead to the development of novel therapeutic agents.
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XI. Evidence of Airway Remodeling in Asthma

A number of studies indicate that irreversible airflow obstruction may occur in
asthma, associated with structural changes consistent with an airway remodeling
process (153). Morphometric studies have shown prominent smooth muscle hy-
perplasia and hypertrophy in both large and small airways (154), increased angio-
genesis (155), prominent mucus gland hyperplasia (156), and airway wall thick-
ening particularly in cases of fatal asthma (157).

The thickened basement membrane zone abnormalities noted at postmor-
tem of asthmatics have been confirmed even in bronchial biopsies of mild asthma-
tics. Immunohistochemistry studies have shown that this thickened layer is com-
posed of collagen types I, III, V, and fibronectin, most likely originating from
myofibroblasts, and electron microscopy studies have localized the increased sub-
basement membrane thickness to the lamina reticularis layer (158,159). In vitro
studies suggest that the remodeling process involves a number of growth factors
and cytokines, including transforming growth factor (TGF)-β1, platelet-derived
growth factor, basic fibroblast growth factor, TNF-α, IL-4, endothelin, and other
molecules including tryptase and histamine, thereby suggesting that mast cells
contribute to airway remodeling in asthma (160,161) (Fig. 4). Activated eosino-
phils in the reticular lamina have been shown to be a major source of TGF-β1

mRNA, which is closely associated with the degree of airway fibrosis and decline
in FEV1 seen in asthma, providing further links between chronic allergic airway
inflammation and the structural remodeling process in asthma (162).

Tryptase is known to cleave certain components of the extracellular matrix
(e.g., fibronectin, collagen VI) and activate MMPs (e.g., MMP-9, stromolysin)
and can also enhance the proliferation of fibroblasts, smooth muscle, and epi-
thelial cells (163). A number of extracellular matrix proteins contribute to the
inflammation and remodeling of asthma. Eosinophils express integrins such as
VLA-4, VLA-6, and LFA-1, which are known to adhere to matrix proteins such
as laminin, fibronectin, and fibrinogen (164,165), which promote eosinophil accu-
mulation, activation, and survival locally in the bronchial tissue (166). Mast cells
also express integrins, and in vitro studies have shown that fibronectin adherence
encourages IgE-mediated mast cell degranulation, chemotaxis, and proliferation.
In asthmatics, matrix protein interaction is capable of altering IgE-mediated cy-
tokine release by basophils (166).

Recent studies suggest that the epidermal growth factor receptor (EGFR)
may play an important role in the repair of the epithelium in asthma (167). Over-
expression of the EGFRs and C erb β1, but not C erb β2, β3, or β4, has been
shown in both repairing and apparently normal epithelium in asthma (168,169),
suggesting that the bronchial epithelium in asthma is chronically ‘‘stressed’’ and
in a persistent repair phenotype. Epidermal growth factor receptor can be acti-
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REMODELING

Figure 4 The epithelial mesenchymal trophic unit: a model of epithelial repair and re-
modeling in asthma. The bronchial epithelium and the underlying myofibroblasts release
a number of cytokines and growth factors in response to injury, which promotes the prolif-
eration of myofibroblasts and smooth muscle cells, angiogenesis, and the synthesis of
tissue matrix, which plays an important role in the repair and remodeling process in
asthma. The repair process has been compared with the interaction of the epithelium and
mesenchymal tissue in the normal development of the human lung. EGF, epidermal growth
factor; TGF-β1, transforming growth factor-β1; PDGF, platelet-derived growth factor;
aFGF, activated fibroblast growth factor; ET-1, endothelin-1; KGF, keratinocyte growth
factor.

vated by environmental stress, cytokines, growth factors, and G-protein–coupled
receptors, supporting a role for EGFR in coordinating the response to mucosal
injury and repair in asthma (167,170).

In contrast to epithelial wound healing elsewhere in response to damage,
the bronchial mucosa reepithelialization occurs in the absence of granulation tis-
sue formation. Similar to the epithelial-mesenchymal interactions involved in the
branching morphogenesis in the embryonic lung, it has been postulated that a
bidirectional communication occurs between the repairing epithelium and the un-
derlying myofibroblasts in asthma resulting in a chronic imbalance of matrix syn-
thesis and remodeling (Fig. 4) (167). The concept of an epithelial-mesenchymal
trophic unit in asthma is supported by the identification that growth factors (KGF,
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EGF, basic and acidic fibroblast growth factors, and TGF-β itself) involved in
normal lung development and airway branching (171,172) are also released by
the repairing bronchial epithelium in response to injury (161,169,173). Kerat-
inocyte growth factor (KGF), an epithelial mitogen, is also released by cultured
myofibroblasts, which may also regulate the proliferation of basal epithelial cells,
which have been shown to strongly express receptors for KGF.

A recent study involving bronchial biopsy in children as young as 3 years
of age indicated that irreversible structural changes of airway remodeling are
present at a very early stage in asthma (174) and that inhaled corticosteroids do
not appear to significantly reverse the airway deposition of collagen despite re-
lieving symptoms, improving lung function, and modifying bronchial hyperreac-
tivity (175,176). This supports the current recommendation for the early introduc-
tion of effective anti-inflammatory treatment for all but the mildest forms of
asthma (177).

XII. Intrinsic and Extrinsic Asthma: A Role for Local Airway
IgE Production in Both?

The concept of allergic and nonallergic asthma has been challenged by epidemio-
logical studies showing that the prevalence of asthma is closely related to the
serum IgE concentration regardless of atopic status (4). At the molecular level,
the underlying pathogenic mechanisms in both groups of asthmatics share a num-
ber of similarities but also exhibit certain distinct features. Intrinsic asthmatics
have been classified as having serum IgE concentrations lying within the ‘‘nor-
mal’’ reference range (0–150 IU/mL), although total serum IgE concentrations
were noted to be higher than nonatopic control subjects (50).

Both atopic and ‘‘intrinsic’’ forms of asthma exhibit airway infiltration by
activated mast cells, eosinophils, CD4� and CD8� T lymphocytes, basophils,
and neutrophils, but the level of circulating and airway eosinophilia is found to
be more prominent in intrinsic asthmatics, as shown in bronchial biopsies and
induced sputum (178). Intrinsic asthmatics display more pronounced activation
of peripheral blood CD4� and CD8� T lymphocytes and CD45� memory T
cells (29,179). Ying and colleagues have identified elevated numbers of activated
CD25� T cells in bronchial biopsies of both atopic and intrinsic asthmatics
(50,178), but the numbers of CD3�CD4�, but not CD8� T cells were found
to be slightly higher in intrinsic asthmatics (31).

A ‘‘Th2 environment’’ has been shown to be a strong component of atopic
and nonatopic asthma, with increased expression of mRNA encoding the cyto-
kines IL-3, IL-4, IL-5, IL-13, GM-CSF and augmented expression of the C-C
chemokines, MCP-3, and RANTES (31,32). Bronchial mucosal IL-5 mRNA ex-
pression has been shown to correlate with markers of disease severity in both
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atopic and nonatopic asthma (180). Elevated numbers of cells expressing mRNA
for IL-4 have been shown in atopic asthma, which have been closely related with
disease severity. The demonstration of increased numbers of cells expressing
mRNA for IL-4 and IL-13 (134) and elevated numbers of cells bearing FcεRI
receptors (50) in bronchial tissue of both atopic and nonatopic asthma suggests
that local bronchial submucosal IgE production may contribute to the inflamma-
tory process in intrinsic asthma. The putative role of local airway IgE synthesis
in intrinsic asthma has been supported by the documented increased expression
of ε germ-line gene transcripts (Iε) and mRNA for the ε heavy chain of IgE in
bronchial biopsies from both atopic and nonatopic asthmatics. Thus, in atopic
and nonatopic asthma there may be a significant role for IgE (77), possibly di-
rected against a yet unidentified allergen in intrinsic asthma.

It has also been suggested that intrinsic asthma may be a consequence of
persistent macrophage activation as a result of an auto-allergic process triggered
by a low-grade viral infection. Abnormal macrophage activation in intrinsic
asthma has been described (181), and increased numbers of FcεRI-bearing mac-
rophages have been identified in asthmatic airways, suggesting a role for IgE-
mediated antigen presentation (50). Bentley and colleagues have shown markedly
increased numbers of CD68� macrophages in bronchial biopsies from intrinsic
asthmatics, which exhibited increased expression of the activation marker GM-
CSF-α receptor subunit (178). Increased numbers of cells expressing mRNA for
IL-3 and GM-CSF are also found in the bronchial mucosa of intrinsic asthmatics
(182). IgE-mediated production of chemokines (IL-8, MCP-1) and pro-inflam-
matory (TNF-α, IL-1, IL-6) and anti-inflammatory (IL-1 receptor antagonist, IL-
10) cytokines has been demonstrated in human alveolar macrophages mediated
by IgE-CD23 interaction (183). It has been suggested that airway inflammation
is preferentially promoted by the activation of IgE receptors on macrophages in
nonatopic asthma.

XIII. IgE Synthesis in the Asthmatic Airway

In order to produce a functional IgE molecule, B cells must undergo two DNA
rearrangement events, a VH(D) JH recombination, which gives rise to an IgM-
IgD- B cell, and a rearrangement involving isotype switching, which gives rise
to a B cell expressing IgG, IgA, or IgE. A two-signal hypothesis has been postu-
lated for the induction of IgE synthesis (184).

A. Induction of IgE Synthesis: A Two-Signal Model

The first signal is supplied by the activity of cytokines, IL-4/IL-13; these mole-
cules are responsible for determining isotype specificity, i.e., immunoglobulin
gene transcription at a specific region of the Ig locus in B cells (185,186). The
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second signal can be generated by multiple mechanisms, which results in the
activation of DNA switch recombination. These signals include contact-mediated
signals delivered by T cells (184), B-cell activators including Epstein-Barr virus
(EBV) infection (187,188), monoclonal antibodies to the B-cell antigen CD40
(188), and hydrocortisone (189,190). The signals required for IgE production are
generated following the interaction of activated T cells with B cells. Activation
of T cells by APCs such as dendritic cells, macrophages, or B cells via the MHC
II-TCR and CD28-B7 costimulatory pathways leads to the secretion of cytokines
including IL-4 and/or IL-13 and the expression of CD40 ligand (CD40L) by the
T cell. Alternatively, it was considered that a noncognate interaction might be
involved, where the class II MHC antigen/peptide complex is not recognized by
the T-cell receptor (191). Both of these mechanisms could activate the CD4� T
cells that are required to induce IgE synthesis (192,193) (Fig. 5).

Figure 5 T- and B-cell interactions involved in the induction of IgE synthesis. Allergen
binds to antigen-specific IgM on the surface of B cells, which leads to the internalization
of the IgM/Ag complex followed by endosomal processing and the presentation of anti-
gen-derived peptides via the HLA class II molecule. The T-cell receptor (TCR) complex
specifically recognizes this HLA class II/Ag complex, leading to the induction of CD40L
expression. CD40L interacts with CD40 on the surface of the B cell, stimulating an in-
crease in the expression of CD80 surface antigens; the CD80-CD28 interaction is a
costimulatory signal that leads to the induction of cytokine expression and T-cell pro-
liferation. The cytokines IL-4/IL-13 bind to receptor complexes on B cells and in the
presence of the CD40 signal results in B-cell proliferation, IgE isotype switching, and
synthesis.
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B. Interleukin-4 and Interleukin-13

Substantial evidence has supported the role of IL-4 and IL-13 in the induction
of IgE synthesis (194). Interleukin-4 and IL-13 are the only cytokines known
that can induce IgE synthesis in vitro using the recombinant proteins (186,195).
The role of IL-4 was initially identified in vitro, T-cell–derived IL-4 was able
to induce IgE production by lipopolysaccharide (LPS)-stimulated murine B cells
(196), and anti-IL-4/IL-4 receptor (IL-4R) antibodies inhibited IgE responses in
experimental animals (197,198). The role of IL-4 in human IgE isotype switch
in B cells from IgM to IgE has been established using normal unfractionated
peripheral blood mononuclear cells (PBMCs) (199) and single B cells stimulated
with murine and human T-cell clones (192,200). Interleukin-4 is produced by
activated Th2-type CD4� cells and Tc2 type CD8� cells (201), mast cells, and
basophils (202). Functions attributable to IL-4 include upregulation of surface
CD23, MHC class II and IL-4 receptor expression on monocytes and B cells,
and increased expression of VCAM-1 on endothelial cells.

There is compelling evidence for the role of IL-13 in the induction of IgE
synthesis (132,186,203). Interleukin-13 is produced by activated Th2-type CD4�
and Tc2-type CD8� T cells, basophils, and mast cells (204–206) and shows
similar biological effects to IL-4, including upregulation of CD23 and MHC class
II expression on B cells and monocytes and induction of ε germline transcription
and isotype switching to IgE/IgG4 (207,208). Although IL-13 and IL-4 share
several functions, only IL-4 can act as a growth factor for T cells (209). The
regulation of IL-13 and IL-4 production is also thought to be regulated by inde-
pendent mechanisms. T cells stimulated with anti-CD28 and phorbol myristate
acetate (PMA) results in optimal production of IL-13 with almost no production
of IL-4 (210). IL-4 activity is regulated on several levels and is thought to involve
a naturally occurring splice variant of human IL-4, IL-4 delta 2, which can act
as an antagonist for IL-4–induced IgE synthesis and CD23 upregulation in B
cells (211).

The signal delivered by IL-4 or IL-13 initiates transcription through Iε, the
switch region Sε, and the Cε exons. This spliced 1.8 Kb mRNA germline tran-
script is truncated and nonfunctional due to the presence of stop codons in all
reading frames of Iε. IL-4/IL-13 mediate their functions via the interaction with
cell-bound and soluble from receptors (212). IL-4R is composed of two subunits,
a 145 kDA IL-4Rα chain required for IL-4 binding and the signal transduction of
growth-promoting and transcription-activating functions and a common γc chain
found in several cytokine receptors, which amplifies signaling of the IL-4R α
chain (Fig. 6)(213). IL-4R is expressed on T cells, B cells, mast cells, macro-
phages and the endothelium (214). IL-13R has a heterodimeric structure and is
composed of IL-13Rα involved in IL-13 binding and the IL-4Rα chain (215).
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Figure 6 IL-4 receptor α chain polymorphisms. The IL-4 receptor is composed of an
α chain (IL-4Rα or αa′) and a γ chain (γc), but other forms do exist due to the formation
of heterogeneous structures with components of the IL-13 receptor. Signal transduction
via IL-4R is thought to involve the activation of IRS1/2 and STAT6, which leads to cell
proliferation and the activation of gene transcription at several loci in the genome including
several cytokine genes, CD23 and Iε. The positions of known polymorphic sites within
the coding region of the gene are also highlighted. A role for the 150V variant in determin-
ing the activation level of the receptor has been suggested by Mitsuyasu et al. (225), but
this is still controversial due to the polymorphic nature of the receptor and the concept
of which polymorphism is actually resulting in the functional effects.

Therefore IL-4 and IL-13 can engage the IL-13R due to the presence of both
cytokine specific α chains, which has obvious functional implications (Fig. 7).
The signal transduction pathways involved in IL-4R–mediated activities have
been elucidated; IL-4Rα and γc chains are associated with the Janus family tyro-
sine kinases, namely JAK1 and JAK3 (216). Upon receptor activation, these ki-
nases phosphorylate tyrosine residues in the intracellular domains of the receptor,
which then serve as binding sites for signal transducer and activator of transcrip-
tion (STAT) molecules, namely STAT6 (217). Subsequent phosphorylation of
STAT6 molecules generates active homodimers, which translocate to the nucleus
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Figure 7 Models for IL-13 receptor structures. The diagram represents the proposed
composition of the four IL-13 receptor complexes described by Obiri et al. (360). Type
I IL-13R is composed of two 65–70 kDa isomers, α and α’, respectively, which both
bind IL-13. The α’ chain also binds IL-4, but in this configuration IL-13 will have greater
affinity for the receptor than IL-4. Type II IL-13R may be composed of the α’ subunit
and a 140 kDa IL-4Rβ subunit, which is shared between IL-4R and IL-13R. This receptor
binds both ligands, but IL-13 binding to IL-4Rβ is low affinity in contrast to IL-4 binding
to the α’ subunit. This receptor therefore results in cross-competition by IL-13 and IL-4
for each others’ binding region. Type III is predicted to be composed of the α’, IL-4Rβ,
and a 64 kDa subunit known as the common γ (γc) chain due to the finding that this subunit
is present in multiple cytokine receptor structures. In this arrangement IL-13 will bind
weekly to IL-4Rβ and will interact with the α’ subunit. The γc subunit does not engage
IL-13, but as shown IL-4 binds to both the IL-4Rβ and γc subunit. Again IL-13 and IL-
4 will compete for binding for this receptor. Type IV may be composed of the α’ subunit,
which binds both IL-4 and IL-13, the IL-4Rβ subunit, which binds IL-4 and IL-13, but
IL-13 with very low affinity, and the γc subunit, which interacts with the IL-13R complex
and binds IL-4. Therefore, IL-4 will bind to all three proteins, which explains the observa-
tion that IL-4 binds well to cells expressing this complex and IL-13 demonstrates only a
limited binding. (Adapted from Ref. 360.)
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and in the presence of other transcription factors, such as NF-κB, can initiate
transcription of multiple genes including Cε (204) (Fig. 6). This pivotal role of
STAT6 has been reinforced by the observation that STAT6 knockout mice lack
IgE class switching (218). Signal transduction via the IL-13R is thought to in-
volve STAT6 activation leading to Cε transcription, possibly using a JAK2 (219)
and TYK2 (220) mechanism. An independent signal transduction pathway related
to IL-4–mediated cell growth activities has also been described (202,204,221–
223), possibly involving IL-4–dependent phosphorylation of insulin receptor sub-
strate 1 (IRS-1), SH2 domain–containing molecules, phosphatidylinositol 3 ki-
nase (PI-3 kinase), and mitogen-activated kinase (MAPK) molecules.

Interestingly, the IL-4Rα gene has been found to be highly polymor-
phic (Fig. 6), containing 12 identified single nucleotide polymorphisms, 5 of
them leading to amino acid substitutions: Ileu50Val, Glu375Ala, Cys406Arg,
Ser411Leu, and Ser761Pro (224). Characterization of these variants has led to
controversy due to the presence of multiple mutations confounding the analysis.
Residue 50 of the IL-4R α chain is located in the extracellular portion of the
receptor; an Ileu50Val variant has previously been described (213). It was shown
that the Ileu 50 variant was associated with atopic asthma but not with nonatopic
asthma in a Japanese population and also showed association with raised total
serum IgE, house dust mite–specific IgE, and atopy in children (225). In vitro
transfection studies using mouse and human B-cell lines have demonstrated that
the Ileu 50 transfected mouse cells showed almost threefold greater cell growth
and an approximately threefold increase in luciferase activity (expression under
the control of the Iε promoter) compared to the Val 50 transfected cell line in
response to human IL-4 (225). These IL-4R polymorphisms require further char-
acterization to evaluate linkage disequilibrium effects and demonstrate that the
regulation of IgE synthesis in individuals may have a genetic predisposition lead-
ing to high or low secretion levels (Fig. 6).

Although it is considered that IL-4 or IL-13 stimulation is necessary but
not sufficient for the induction of IgE synthesis in B cells, with a particularly
dominant role played by IL-13 (226), an additional ‘‘second’’ signal delivered
by CD40-CD40L interaction is also required.

C. CD40 and CD40L

The role of CD40/CD40L in IgE synthesis has been of particular interest. Early
work illustrated that recombinant IL-4 and anti CD40 antibodies could induce
the synthesis of high levels of IgE by purified B cells in culture (188). It was
found that an existing high level of CD40 expression on B cells was upregulated
in atopic individuals, and anti-CD40 antibody alone was found to cause the syn-
thesis of IgE. In nonatopic individuals, only antibody and recombinant IL-4 could
promote IgE synthesis. CD40 has been identified as a 39 kDa surface phosphory-
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lated glycoprotein expressed on primary mature B cells, follicular dendritic cells
(FDCs), and normal endothelium. It has been demonstrated that activated γ/δ T
cells expressing CD40L can induce isotype switching in B cells (227). CD40
activation by CD40L leads to B-cell adhesion, increased CD80/86, CD23, ICAM-
1, and lymphotoxin-α (LT-α) expression (228). CD40-mediated triggering of the
isotype switch is postulated to be under the control of a unique signal transduction
pathway, involving a TNF receptor–associated factor (TRAF)–mediated process
(229–231) or protein tyrosine kinase (PKC)–mediated pathways (232,233). How-
ever, due to the lack of a kinase domain in CD40, it is suggested that CD40-
associated proteins must be involved in signaling, possibly via the JAK kinase
pathway (194).

In addition to the stimulatory signals described above, the low-affinity IgE
receptor, FcεRII/CD23, is thought to have a prominent role in the regulation of
the IgE response. CD23 can be cleaved into soluble fragments of variable length
(sCD23); these fragments have been suggested to have cytokine-like activities
(234). Various roles for the membrane-bound CD23 molecule have been found;
the B-cell CD23 molecule has been shown to present allergen in the form of an
allergen-IgE-CD23 complex to T cells; it has also been suggested that CD23
expression is required as a ‘‘third’’ component in the induction of IgE producing
cells and for these cells to become memory cells (235).

IL-4/IL-13 upregulates CD23 expression on B cells and a range of in-
flammatory cells providing a local source of contact stimulation and soluble
growth factor. IgE itself can exert a negative feedback effect by binding to the
membrane form of CD23. The mechanism of action is thought to involve the
cell adhesion molecule CD21, which is a counter receptor for CD23. CD23 can
bind and trigger CD21 on B cells and enhance IgE synthesis (236). Therefore a
potential role for CD21 may be clonal amplification of B cells by antigen. IgE
could exert its effects by binding to the same or overlapping site(s) on the CD23
molecule as CD21; it also is thought that the binding of IgE to CD23 prevents
the release of the soluble forms of the receptor (237,238). The CD23-CD21 inter-
action has been further investigated, confirming that antibodies to CD23 can in-
hibit IL-4–induced human IgE production and by the identification of the site
on the CD21 molecule that interacts with CD23 (239). More recently it has been
shown that a soluble form of the CD21 receptor (sCD21, 135 Kda) is generated
in vivo, which inhibits sCD23 induced IgE synthesis in IL-4–stimulated B cells
(240). The role of sCD23 in the induction of IgE synthesis has also been demon-
strated by the finding that inhibition of proteolytic processing of CD23 inhibits
IgE synthesis (241).

D. The Role of Other Cytokines in IgE Synthesis

In addition to the prominent role of IL-4, it has been postulated that IL-5 (B-cell
growth factor) and IL-6 (B-cell differentiation factor) may have a role in the
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regulation of the IgE response in asthma (199,242,243). In the presence of IL-
4 both cytokines increase IgE synthesis in PBMCs, which is inhibited by the
addition of anti-IL-6. The role of IL-6 in the induction of IgE synthesis following
and IL-4/CD40 stimulation has been reinforced more recently (244,245). IFNγ,
IFNα, and TGF-β have all been shown to suppress IL-4–induced IgE synthesis
(198,242,246,247). IL-4 has been shown to downregulate IFNγ production (248),
and IFNγ has been found to be an antagonist for IL-4–dependent induction of
CD23 on B cells. IL-12 also suppresses the production of mature ε transcript
while having no effect on ε germline transcription (124). In a mouse model of
asthma, elevated IL-9 has been shown to produce higher serum IgE levels, possi-
bly by a modulation of the IL-4 mechanism (249).

XIV. The Role of Fc�RI and CD23 in Allergic Disorders

A. The High-Affinity IgE Receptor

The high-affinity receptor (FcεRI) engages IgE with a 1000 higher affinity (kA �
1010 M�1) compared to FcεRII/CD23, which binds IgE with relatively low affinity
(kA � 107 M�1). FcεRI is expressed on a variety of cell types, initially found on
mast cells and basophils, and more recently identified on the surface of epidermal
Langerhans cells (250), eosinophils, (251), peripheral blood monocytes (252),
blood dendritic cells (253), epithelium cells (254), and human platelets (255).
FcεRI has been implicated in several functions, including IgE-mediated hyper-
sensitivity, antigen presentation (256), and IgE-dependent killing of schistosomes
(251). FcεRI is considered a critical component of the effector arm of the allergic
response in mediating both the immediate and late allergic response; indeed ele-
vated numbers of cells expressing FcεRI have been described in mild asthma
patients compared to controls (50). The extensive distribution of both Fcε recep-
tors on a variety of cell types found in the asthmatic lung has confounded the
identification of which IgE receptor is mediating which function. Clearly, FcεRI
on mast cells and basophils has a defined role in the initial triggering of the
allergic cascade, and IgE-FcεRI complexes on dendritic cells (257) and macro-
phages (50) have a role in enhanced allergen presentation to T cells leading to
T-cell–mediated allergic reactions. The role of FcεRI on other cell populations
has been the focus of some conflicting reports in the literature. FcεRI is found
on eosinophils, the primary effector cell in the asthmatic lung, and it has been
reported that FcεRI upregulation on BAL eosinophils is a key component in the
asthmatic response (46). Recently it has been suggested that IgE-FcεRI interac-
tion does not activate eosinophils and an IgG-IL-5 mechanism was postulated
(258). Evidence also exists for a role of IgE-mediated activation or regulation
of eosinophils via the FcεRI receptor (259). These findings highlight the need
for further research into the precise role of FcεRI on these cell types and in the
pathogenesis of allergic disorders.
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B. Fc�RI Structure-Function Correlations

The FcεRI receptor is composed of four transmembrane polypeptides, which are
noncovalently attached comprising the FcεRIα chain (232aa), FcεRIβ chain
(244aa), and two disulfide-linked FcεRIγ chains (68aa) (260). The α chain is a
member of the Ig superfamily, and its extracellular (EC) domain (45–65 kDA)
contains the IgE-binding site; the β (32 kDa) and γ chains (7–9 kDa) are required
for surface expression of the receptor complex and transmembrane signaling. The
FcεRIγ cytoplasmic tail contains an immunoreceptor tyrosine activation motif
(ITAM), and γ phosphorylation has been linked to signal transduction. This has
been confirmed using chimeric constructs (261).

The receptor composition is αβγ2 (262), but hFcεRI has also been found
as αγ2 complex (263,264). It has been demonstrated that the presence of the β
subunit is essential for full IgE-mediated activation of mast cells (265). Previ-
ously, models based on homology to known structures have been used as tem-

Figure 8 (Panel 1) Structural models of human IgE-Fc in the coplanar (A) and bent
conformation (B). The location of the regions implicated in the interaction of hIgE with
its receptors are shown in the context of structural models of IgE in the coplanar and bent
conformation. The predicted structures of hIgE-Fc are based on sequence homology with
IgG1, the demonstration of the parallel nature of the inter-Cε2 disulfide bonds, and bio-
physical data, which suggest that IgE bends at the Cε 2/3 and/or Cε 3/4 interface
(266,270,279–282). Colors in the original art correspond to: Cε2 (green), Cε3 (yellow), and
Cε4 (violet). Sequences thought to influence IgE/FcεRI binding include the Cε2-3 interface
(aa330-335) (black) (274,275,283,284), the A-B loop, aa343-353 (red) (278,285), aa306–
313, 311–320, 331–338, 382–391 (orange) (286), and residues R376, S378, K380, D414,
R427, M429 (blue) (287). Regions that have been implicated in FcεRII/CD23 binding in-
clude aa367-376 (cyan) (276), the Cε2-3 interface (black) (286), and the A-B loop (278).
(Panel 2) The high-affinity Fc receptor α chain (FcεRIα). (A) The hFcεRI α-chain extracel-
lular domains (domain 1 a.a 1-86, domain 2 a.a 87-172) were modeled using homology to
with the constant domain of a murine κ -light chain (267). The predicted domain structure
of seven anti-parallel β strands, arranged as two β sheets (three and four strands) linked
with a single disulfide bond is clearly visible, the seven sites of N-glycosylation, which do
not contribute to the complementary interaction, have been omitted. (B) This illustrates
regions of domain 2 thought to be involved in the interaction with IgE including: a.a 100-
115 (288), a.a 93-104, 111-125, 123-137 (289), a.a 87-128, 129-145, 146-169 (290), a.a
119-129 (291), and D159, K117 (292). (Panel 3) The low-affinity Fc receptor (CD23/
FcεRII). (A) Schematic representation of the hFcεRII/CD23 molecule depicting the triple
helical coiled coil stalk region that has been computed to connect the extracellular lectin
homology domains with the N-terminal cytoplasmic domain. The single N-glycosylation
site is also shown. (B) Model of lectin-homology domain (268). Regions involved in IgE
binding are colored in the original; residues 176–183 (red), 185–190 (violet), 224–233
(green), 238–243 (yellow), and 251–256 (cyan) (293). (Adapted from Ref. 272.)
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plates for structure-function studies of the IgE-FcεRIα interaction (266–270).
More recently the structures of the two FcεRIα extracellular Ig domains have
been crystallized, leading to new insights into the nature of the IgE-FcεRI interac-
tion (271).

C. The Human IgE-Fc�RI Interaction

The main binding site(s) on the IgE molecule are located within the Cε3 domain
and domain 2 of FcεRIα (272) (Fig. 8). The kA of this interaction has been shown
to be � 1010 M�1 in numerous studies using cell-based assays and using surface
plasmon resonance (SPR) in conjunction with a recombinant soluble form of the
FcεRIα extracellular domains applying a simple pseudo first-order model (273).
SPR measurements indicated that the IgE/FcεRI interaction is biphasic (274,275),
which has been confirmed in a later study following an empirical analysis (273).
The precise mode of interaction, however, requires further investigation. Glyco-
sylation of either molecule is not required for the interaction (260,276,277). A
pH dependency has been demonstrated for the interaction of hIgE with FcεRI,
with optimum receptor occupancy at 6.4 and 7.4, suggesting a role for His resi-
dues in hIgE in the maintenance of the high-affinity of interaction (278).

The interaction is thought to involve a 1:1 binding stoichiometry, even
though the IgE molecule contains two ε chains and has therefore two potential
binding sites. It has been rationalized by the finding that IgE in solution, when
receptor engaged, is bent from the planar position (280) (Fig.8). The most obvious
explanation for the 1:1 stoichiometry would be that the bent conformation renders
the second ε chain inaccessible via steric effects involving the Cε2 domain twist-
ing over the face of Cε3. One explanation is that conformational changes occur
during binding and/or that the binding of the α-chain to one site may prevent
the interaction with the second site. Interestingly, the removal of structural con-
straints associated with the mutation of Pro333 to A or G at the Cε2-3 interface
of IgE dramatically reduces the ability of IgE to mediate stimulus secretion cou-
pling, although the effect on the kinetics of interaction is minimal. This sug-
gests that this residue may play a role in the formation of a bent IgE and that a
decrease in structural constraints computed to accompany the mutation of Pro to
Gly inhibits the ability of the ligand to mediate receptor aggregation and secretory
responses (273). Further studies to identify the molecular basis of this unex-
pected observation are necessary since they hold promise for the design of
FcεRI-blocking agents, which cannot induce mediator secretion upon crosslink-
ing (272,273).

D. The Low-Affinity IgE Receptor (Fc�RII/CD23)

CD23 has been implicated in a number of functions including B-cell growth and
differentiation and IgE-mediated immunity. It was independently characterized
as the B-cell receptor for IgE but has now been found on eosinophils, platelets,
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natural killer cells, T cells, follicular dendritic cells, Langerhans cells, and epithe-
lial cells (294). The role of CD23 is still not fully understood, although it appears
that the function of the molecule is tissue specific. Two forms of CD23 exist
(FcεRIIa and FcεRIIb), which differ by only a few residues in the N-terminal
portion of the protein. It has now been shown that these forms are functionally
distinct; FcεRIIa mediates endocytosis by B cells and FcεRIIb is involved in IgE-
mediated phagocytosis by a diverse number of cells including monocytes and
eosinophils (295,296). Interestingly, a recent publication has shown expression
of both forms of CD23 on the surface of eosinophils (297).

CD23 binds IgE in a species-specific manner (monomeric form kA 107 M�1,
dimers and complexes kA 108 M�1) and the expression of the receptor is modulated
by IgE possibly preventing proteolysis of the extracellular region (298). Auto-
proteolysis of CD23 produces receptor fragments including 37, 33, 29, 25, and
16 kDa fragments, and these soluble forms of the receptor have been shown to
have diverse cytokine-like properties, originally being described as IgE-binding
factors (IgE-BF), although they can function independently of IgE. It has been
shown that expression of CD23 and IgE-BFs is under the control of IL-4 and
IFNγ, depending on the cell line under study. IL-4 generally has an upregulation
effect, with obvious implications in allergy, where it was found that expression
of CD23 and IgE-BFs was required for an IgE response (299,300). A second
ligand for CD23 has also been identified—CD21—which is involved in the mod-
ulation of the IgE response (236,301). CD21 is a membrane protein found on B
cells, follicular dendritic cells, and basophils and has recently been identified in
a soluble form (240).

The CD23 molecule has been shown to be involved in combating parasitic
infestation (296); the induction of IgE synthesis (302,303); the maintenance and
modulation of the IgE response (237,239,304); B-cell proliferation, activation,
and differentiation (238,305); and as a cell adhesion molecule (301). The findings
that CD23 interacts with β integrins, CD11b and CD11c, on monocytes (306)
and that CD21 is expressed on the surface of several cell types (239) indicate
that the role of CD23 is far beyond a low-affinity IgE receptor. The IgE-Cd23
interaction is considered to have pivotal role in both the immediate and LAR of
asthma. This is exemplified by the finding that CD23 interactions mediate IgE
production, that IgE-CD23–dependent activation of alveolar macrophages leads
to the production of chemokines and cytokines, which promote airway inflamma-
tion (183), and that enhanced IgE-CD23 allergen presentation to T cells has
been shown to be critical for pulmonary eosinophilia and Th2 cytokine produc-
tion (307).

E. Fc�RII Structure-Function Correlations

CD23 is a type II integral membrane glycoprotein with an apparent molecular
weight of 45–55 kDa and is not a member of the Ig superfamily. The protein
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contains 321 residues with no N-terminal signal sequence and is composed of
two regions separated by a 24-amino-acid trans-membrane region near the N
terminal (308) (Fig. 8). The receptor is thought to be orientated so that the N
terminal is found on the cytoplasmic side, and therefore, the composition is a
large C-terminal extracellular region, a single TM, and an N-terminal cytoplasmic
tail. The extracellular region contains a C-type (calcium-dependent) lectin do-
main, which places the receptor in a family of proteins that includes the asialogy-
coprotein receptor (ASGPR) and adhesion proteins known as selectins. This lec-
tin domain is flanked on the C-terminal side by a sequence of unknown tertiary
structure that contains an inverse RGD (Arg-Gly-Asp) sequence, implying a role
in cell adhesion (305). On the N-terminal side of the lectin domain there is a
repetitive region composed of five heptadic repeats of hydrophobic Leu/Ileu resi-
dues, and it is predicted that these repeats form an α helical stalk which is in-
volved in trimer formation (309,310) (Fig. 8). It has been shown that two forms
of human CD23 exist that differ structurally at the N terminal, where the seven
terminal amino acids of FcεRIIa (NH2-Met-Glu-Glu-Gly-Gln-Tyr-Ser) are re-
placed by six amino acids (NH2-Met-Asn-Pro-Pro-Ser-Gln) in IL4-inducible
FcεRIIb (295,296). These different forms are produced by alternate transcrip-
tional initiation and RNA-splicing sites and have been shown to be tissue specific
and functionally distinct.

No high-resolution structure exists for human CD23/FcεRII, which has led
to modeling studies on the basis of homology to rat mannose-binding protein
(rMBP) (267–269).

F. The Human IgE-Fc�RII–CD23 Interaction

In contrast to the IgE-FcεRI interaction, the IgE-FcεRII–CD23 complex is
thought to involve a 2:1 binding stoichiometry, with two lectin heads interacting
with the two ε chains of an individual IgE molecule. It is believed that there are
two binding sites on IgE that interact with residues on the dimeric/trimeric FcεRII
(311). Residues within the Cε3 A-B loop and a region close to the glycosylation
site at N371 play a critical role in the interaction of IgE with the lectin head
region of the receptor (273,278) (Fig. 8). The IgE-binding site in FcεRII-CD23
has been identified—residues 151–288 in the lectin head region (311). Homolog
scanning mutagenesis has been used to define the IgE-binding region on FcεRII
further, implicating segments comprising residues 165–190 and 224–256 (293).
There is a distinct region on the molecule to which all the critical segments identi-
fied by Bettler and coworkers (293) contribute, while the opposite face is proba-
bly involved in the interaction with glycosyl residues. This face of the molecule
has been predicted to be analogous to the carbohydrate-binding region of rat
MBP and is implicated in the interaction between FcεRII-CD23 and CD21-CR2,
which is Ca2� dependent and inhibited by fucose-1-phosphate (293). In contrast,
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there is no evidence for a contribution of carbohydrate to the complementary
interaction between IgE and FcεRII. In fact, enzymatically deglycosylated IgE
(276) or IgE variants where the site of carbohydrate attachment has been mutated
engage FcεRII-CD23 with 10-fold increased binding affinity (I. Sayers et al.,
unpublished observations).

XV. Early and Late Asthmatic Responses: Role of IgE

A. IgE-Mediated Hypersensitivity: Basic Mechanisms

The role of IgE antibodies in the initiation of the allergic cascade is well estab-
lished (312,313) and is characterized by a biphasic response involving an ‘‘imme-
diate or early allergic response’’ (EAR) and a ‘‘late phase allergic response’’
(LAR) (314) (Fig. 9).

IgE plays an important role in the pathogenesis of asthma by virtue of its
capacity to bind specifically to its two Fcε receptors. Mast cells sensitized with
IgE via FcεRI interact with soluble multivalent allergen leading to receptor aggre-
gation. In a series of unidentified steps, including the recruitment of intracellular
protein kinases, phospholipases, and Ca2� mobilization, a rapid degranulation
occurs resulting in the release of preformed and newly synthesized pro-inflam-
matory mediators. These include, e.g. histamine, tryptase, leukotrienes, prosta-
glandins, platelet-activating factor (PAF), and a number of cytokines including
IL-3, -4, -5, -6, -10, and -13, tumor necrosis factor (TNF)-α and GM-CSF (205).
The immediate response occurs within minutes and in asthma is characterized
by the constriction of the bronchioles and bronchi, contraction of smooth muscle,
and vasodilation of capillaries. Lipid mediators produced include prostaglandins,
PAF, and the leukotrienes, which have a prolonged effect and may therefore
influence the allergen-induced LAR, which occurs 4–24 hours after initial chal-
lenge. This LAR is characterized by cell-mediated eosinophilic inflammation in
the airway. Twenty-four to 48 hours after allergen challenge, infiltrating T cells
express primarily mRNA for IL-4, IL-5, and GM-CSF but not IFNγ (316). In
asthma the intensity of the LAR dictates the severity of bronchial hyperrespon-
siveness that follows allergen provocation (317). There is considerable debate as
to whether this LAR component involves IgE-mediated release of mediators
(318) or a form of cell-mediated hypersensitivity or both. Langerhans cells ex-
press FcεRI and have demonstrated efficient allergen presentation to T cells via
an IgE-mediated process (319), suggesting that IgE has a multifunctional role in
the allergic response that goes beyond the initial triggering of the allergic cascade
(320). The LAR is considered to reflect the changes that occur after chronic aller-
gen exposure, i.e., a strong inflammatory component with activated CD4� T
cells, tissue eosinophilia, and an increase in the production of the Th2-type cyto-
kines (316).
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Bronchial biopsies in stable atopic asthmatics have observed these compo-
nents (19,64). Several Th2-type cytokines, (IL-4, IL-5, IL-13, but not IFNγ) and
C-C chemokines are produced by multiple cells types, which regulate IgE synthe-
sis and lead to the generation of eosinophilic airway inflammation (Fig. 9) (321).
Allergic tissue damage results from the release of basic proteins, leukotrienes,
and PAF secreted by activated eosinophils. It is clear that the mast cell plays an
important role in the immediate response and that T cells play a key role in
orchestrating the nature and severity of the inflammation by the secretion of cy-
tokines. As stated earlier, the eosinophil is regarded as the primary effector cell
due to the capacity to secrete major basic protein and eosinophil cationic protein,
which have profound cytotoxic effects on the airway epithelium (316).

B. Critical Role of IgE in Immediate and Late Phase Responses of
Allergic Asthma: Evidence from Clinical Trials Using Anti-IgE

IgE antibodies are crucial mediators of allergic reactions; the capacity of IgE to
bind to its Fc receptors represents a potential site for therapeutic intervention.
Of particular interest is inhibition of the IgE-FcεRI interaction due to the impor-
tance of FcεRI-mediated exocytosis in the initiation of the allergic cascade (48).
The IgE-CD23 interaction is also a rationale target due to the role of the role
CD23-IgE–allergen complexes in enhanced antigen presentation (72). These con-
cepts have led to extensive studies in order to elucidate the structural basis of
IgE-Fc receptor interactions as a prelude to the design of structural antagonists,
which could prevent the initiation of the allergic cascade (272,282). The existence
of naturally occurring anti-IgE antibodies is well established, mainly of the IgG
isotype and having the ability to enhance or inhibit IgE-FcεRI binding (322,323).
These findings led to the rationale that a nonanaphylactogenic anti-IgE antibody
could block the IgE-FcεRI interaction and attenuate the allergic cascade.

For human therapy a nonanaphylactogenic monoclonal murine IgG1 anti-
IgE (Mae11) was generated that specifically bound to circulating human IgE and
recognized the identical or overlapping binding epitope as the α chain of the

Figure 9 IgE-mediated hypersensitivity in asthma. Following IgE synthesis and secre-
tion from B cells, IgE rapidly binds to high- and low-affinity receptors on multiple cell
types (sensitization), including mast cells and basophils via FcεRI. Crosslinking of recep-
tor-bound IgE on mast cells by polyvalent allergen leads to receptor aggregation and cell
activation, resulting in the secretion of preformed and newly synthesized mediators, which
cause the clinical manifestations of immediate or type I hypersensitivity. These mediators
also contribute to the late phase response through the priming and recruitment of inflam-
matory cells, which bear and upregulate CD23. Together the immediate and late phase
responses lead to the clinical symptoms of asthma.
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FcεRI receptor (FcεRIα) and CD23 lectin head region in the Cε3 domain of hIgE.
The humanized rhuMAb-E25 anti-IgE antibody has been shown to cause a dose-
dependent decrease in serum IgE (324) and has been used in human clinical trials,
which has led to a greater understanding of the role of IgE in the early and late
phase responses in asthma.

In a randomized, double-blind, parallel group study of mild allergic asthma-
tics, allergen broncho-provocation in the presence and absence of intravenous
administered rhuMAb-E25 was performed (325). The concentration of allergen
causing a 15% decrease in FEV1 was measured (PC15), compared to baseline
values, and the PC15 on days 27, 55, and 77 were increased by 2.3, 2.2, and
2.7 doubling doses, respectively, with rhuMAb-E25 and �0.3, �0.1, and �0.8
doubling doses with placebo (p � 0.002). Methacholine challenge PC20 also im-
proved marginally, becoming significant on day 76 (p � 0.05). This inhibitory
effect was associated with an 89% reduction in circulating IgE levels, suggesting
that IgE has a pivotal role in the immediate response and that anti-IgE therapy
may form a new novel treatment for asthma. A further randomized, double-blind,
placebo-controlled study was performed by Fahy et al. (326). The administration
of an intravenous infusion of RhuMAb-25 to mild atopic asthmatics reduced
serum IgE levels, increased the allergen dose required to provoke an early asthma-
tic response, and decreased the mean maximal fall in FEV1 during the early re-
sponse (30 	 10% at baseline to 18.8 	 8% (treatment) vs. 33 	 8% at baseline
to 34 	 4% after placebo; p � 0.01) and reduced the mean maximal fall in FEV1

during the late phase response (24 	 20% at baseline to 9 	 10% vs. 20 	 17%
at baseline to 18 	 17% after placebo; p � 0.047). Maximal broncho-constriction
during the late phase was reduced by 60%, methacholine PC20 was increased by
1.6 doubling doses, and the degree of eosinophilia in induced sputum 24 hours
after allergen challenge was reduced 11-fold. These findings provide compelling
evidence for the role of IgE in regulating airway narrowing, airway tissue eosino-
philia, and airway hyperreactivity in the LAR (326). Of interest, daily administra-
tion of rhuMAb-E25 directly to the airways for 8 weeks failed to inhibit early
and late responses to allergen challenge, indicating that removal of circulating
IgE was critical for efficiency (327).

Identification of the IgE-specific receptor/effector cell mechanism in the
LPR is still outstanding. Enhanced IgE-CD23 allergen presentation to T cells has
been shown to be critical for pulmonary eosinophilia and Th2 cytokine produc-
tion in a murine model (307). In addition a role for IgE-FcεRI–mediated allergen
presentation by dendritic cells to T cells has been shown to be critical for T-
cell–mediated allergic reactions (257), thus providing rationale explanations for
the role of IgE in the LAR. It is unlikely that the interaction of IgE with FcεRI on
eosinophils plays a significant role in the LAR due to the finding that eosinophil
activation results from IgG stimulation and the activity of cytokines, such as IL-5,
independent of IgE-mediated activation (258). It has been suggested that CD4� T
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cells control the inflammatory airway in the LAR via the release of Th2-type
cytokines (328,329). Therefore, one possible explanation for the role of IgE in the
LAR is in the regulation of T-cell activation via allergen presentation. Conflicting
evidence has suggested a role for IgE-mediated in the activation and regulation
of eosinophils via the FcεRI receptor (259).

The application of anti-IgE antibodies in animal studies and its use in clini-
cal trials in mild forms of asthma has established the involvement of IgE in the
pathogenesis of both the early and late allergen responses in asthma. The precise
role of IgE and its high- and low-affinity receptors in the modulation of the LAR
is still outstanding at this time, although increasing evidence suggests a role in
allergen presentation and the activation of T cells as a primary function.

XVI. Molecular Therapeutic Strategies for Asthma

Corticosteroid treatment has been shown to be extremely effective in the manage-
ment of the majority of asthmatic subjects (330), presumably by preventing the
transcription of genes involved in airway inflammation (331), inhibition of cyto-
kine (34,332) and chemokine release (333), suppression of inflammatory cell ac-
tivity (334), and reducing the expression of adhesion molecules involved in in-
flammatory cell recruitment (335). However, significant numbers of asthmatics
develop considerable morbidity related to side effects from the corticosteroids
required for disease control, and a minority of asthmatics remain truly resistant
to the immunomodulatory effects of current anti-inflammatory treatments such
as corticosteroids (36,336) and the leukotriene receptor antagonists (337). This
has prompted the development of more selective anti-inflammatory agents for
the management of airway inflammation in asthma. The increased understanding
of the complex cellular and molecular basis of asthma inflammation has led to the
identification of key players that regulate the immunological cascade of asthma
inflammation, which may be amenable to modulation by selective T-cell antago-
nists; immune deviation, cytokine supplementation or antagonism; inhibition of
adhesion molecule expression; chemokine receptor blockade; or the administra-
tion of nonanaphylactogenic humanized anti-IgE molecules (Fig. 10).

A. Antagonists of IgE-Fc� Receptor Interactions

The inhibition of IgE-Fc receptor interactions would be highly desirable; of par-
ticular interest is the IgE-FcεRI interaction due to the importance of FcεRI-medi-
ated exocytosis in the initiation of the allergic cascade (48). Approaches have
focused on structural intervention of these interactions, including the use of novel
recombinant proteins or peptides based on the sequence of IgE or FcεRI (282)
or using monoclonal antibodies against human IgE (338), FcεRII (339), and
FcεRI (340). The identification of binding regions on IgE and FcεRIα has led
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Figure 10 Effects of selective therapeutic antagonists on the inflammatory cascade in
asthma.

to the design of constrained peptides, and it has been shown that the binding of
IgE to the α chain of FcεRI can be blocked by both IgE- and receptor-derived
peptides. The therapeutic utility of these peptides is, however, doubtful in view
of the short half-life and 104- to 107-fold lower affinities compared with the native
molecules. Furthermore, the administration of receptor-derived peptides carries
the inherent danger of eliciting an antipeptide immune response, which can acti-
vate mast cell degranulation through receptor cross-linking. A phenomenon ob-
served recently may also assist the development of more effective and safer anti-
allergic drugs. It emerged that when Pro333 at the Cε2-3 interface of hIgE was
substituted by Gly, only a small alteration in the binding kinetics of the FcεRI
interaction was evident, although FcεRI-mediated stimulus secretion coupling
was completely abrogated (273). It is tempting to speculate that an understanding
of this phenomenon may assist the design of inhibitors that can actively compete
with hIgE for receptor sites while inhibiting FcεRI-mediated function.
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Investigations leading to the development of the humanized nonanaphylac-
togenic mouse monoclonal (mAb) antihuman IgE antibodies appear particularly
promising, since these antibodies are potent inhibitors of the IgE-FcεRI interac-
tion. The humanized rhuMAb-E25 monoclonal anti-hIgE antibody resulted in a
dose-dependent reduction in serum free IgE levels leading to attenuation of both
the early and late phase responses to allergen provocation, and it was well toler-
ated (341).

These intervention strategies can be considered as passive immunotherapy;
it may, however, be possible to actively immunize atopic individuals since there
is evidence that neonatal or adult immunization with IgE can stimulate the forma-
tion of therapeutically useful anti-IgE auto-antibodies in animal systems (342).
Their action suggests that the identification of structural determinants in IgE,
which participate directly in IgE-receptor interaction, may form the basis for the
development of peptide immunogens to induce the formation of antibodies, which
can bind specifically to the receptor-binding sites of IgE in the circulation and
to membrane IgE on B cells. Used as vaccines, such peptides could have a direct
application in the treatment of all IgE-mediated allergies.

B. Inhibition of IgE Synthesis: Modulation of the IL-4/IL-13
Receptor System

As described previously, the IL-4/IL-13 receptor system is critical in the ac-
tivation of IgE synthesis; several approaches have been explored to selectively
inhibit these functions. A mutant form of human IL-4 has been engineered—IL-
4Y124D—containing a tyrosine-to-aspartate substitution at position 124. This
variant engages IL-4R but lacks the T-cell proliferative response associated with
IL-4 and inhibits IL-13 activity and IL-4/IL-13–induced IgE synthesis in vitro
(343–345). Administration to scid mice reconstituted with B and T cells resulted
in significant reduction of IgE production in the absence of any effect on IgG
concentrations (346) Human IL-4 has also been shown to exist as an alternative
splice variant whereby exon 2 is removed from the mature protein, IL-4δ, and
has IL-4 antagonistic properties (347). Similarly, a splice variant of the IL-4R
has been identified in mice which generates a soluble form of the receptor (212).
Both of these splice variants occur in vivo and therefore constitute a naturally
occurring control mechanism for IL-4 activity. All of these findings demonstrate
that functional antagonists of the IL-4/IL-13 receptor system hold promise in the
therapy of allergic disorders. However, due to the heterogeneity of the IL-13
receptor and a role for both IL-4 and IL-13 in the induction of IgE synthesis, the
elimination of both cytokine activities is required to constitute a rationale therapy
(Fig. 10). Interestingly, an IL-13–binding protein has been identified in mice,
which binds IL-13 with greater affinity than IL-13R, suggesting a regulatory role
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(348). Although IL-4 and IL-13 regulation provide compelling targets for therapy,
once the IgE isotype switch has occurred, IgE synthesis is no longer dependent
on IL-4 and therefore the elimination of IgE-secreting cells is required in parallel
to IL-4/IL-13 modulation.

C. T-Cell Antagonists in Asthma

Recent studies using the T-cell–selective agent cyclosporin A (CsA) have shown
promising results in the management of steroid-dependent asthma. Trials of CsA
treatment in steroid-dependent asthma have resulted in improved lung function,
a reduction in asthma exacerbations, and a reduction of IL-2 and IL-2 receptor
expression and the transcription and translation of mRNA for IL-5 and GM-CSF
in CD4� T cells (349).

A recent trial investigating the effects of keliximab, a chimeric primatized

selective anti-CD4 monoclonal antibody in corticosteroid-dependent asthma, also
supports the role of CD4� T cells in chronic asthma. Administration of a single
intravenous infusion of keliximab at doses ranging from 0.5 to 3.0 mg per kilo-
gram body weight resulted in a significant reduction in circulating CD4� T-cell
counts. Even at 24 hours, significant improvements in lung function and symptom
scores were documented that persisted for 14 days in patients receiving the higher
dose of 3.0 mg/kg (350). Although still an experimental treatment, this may repre-
sent a useful adjunctive treatment in the management of severe asthma.

Selective antagonism of CD28-mediated T-cell costimulation with CTLA-
4Ig has been shown to be well tolerated and effectively suppress T-cell–mediated
parameters of disease severity in patients with psoriasis (351). As an increas-
ing number of reports are documenting the importance of T-cell costimulation in
the pathogenesis of asthma, this supports the initiation of clinical trials assessing
antagonists of T-cell costimulation, such as CTLA-4Ig, in the management of
asthma (92).

D. Anti-IL-5 Antibodies

The selective yet central role played by IL-5 in regulating the development of
eosinophils in bone marrow and the accumulation, activation, and survival of
eosinophils in the airways in asthma has identified the potential of antagonists
as a novel therapeutic strategy in asthma. Studies using a blocking monoclonal
anti-IL-5 antibody in animal models of asthma including primates have shown
significant improvements in airway hyperresponsiveness and eosinophilic airway
inflammation (352). Phase 1 clinical trials of a humanized anti-IL-5 antibody
(SK-240563) have recently been performed, and it has been shown to effectively
reduce eosinophil counts in the circulation and induced sputum of mild asthma-
tics. Of particular therapeutic interest was the observation that the reduction in
eosinophil counts was noted to persist for 3 months after a single I.V. injection
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(353). Although significant improvements in airway hyperresponsiveness or re-
sponse to allergen challenge were not achieved, the prolonged activity of the
agent on eosinophil counts is promising and merits assessment of anti-IL-5 ther-
apy in more severe forms of asthma.

E. Anti-TNF-�

Elevated TNF-α expression has been documented in asthmatics (354), particu-
larly after allergen challenge, and in acute severe asthma (355) and is considered
to play an important role in airway inflammation and bronchial responsiveness in
asthma (356). TNF-α is predominantly released by mast cells by IgE-dependent
mechanisms and is known to augment the release of pro-inflammatory mediators
and chemokines and the expression of adhesion molecules, leading to inflamma-
tory cell recruitment and activation in the airways in asthma. Recent clinical trials
of a blocking humanized anti-TNF-α monoclonal antibody have shown dramatic
clinical benefit in the management of acute exacerbations of rheumatoid arthritis.
The pro-inflammatory activity in asthma supports the potential of TNF-α antago-
nism in suppressing airway inflammation in asthma.

F. Interleukin-10 Replacement

The recognition of a relative deficiency of IL-10 in asthma and its potential anti-
inflammatory activity by inhibition of cytokine release has prompted interest in
the potential of IL-10 replacement therapy in asthma. Recombinant human IL-
10 has been administered as a weekly infusion to patients with inflammatory
bowel disease, where a similar pattern of cytokines is expressed, and has been
shown to be remarkably effective in disease control (357).

G. Interleukin-12

There has been considerable enthusiasm regarding the potential of IL-12 replace-
ment therapy to reset the dysfunctional Th2 immune response in asthma (126).
Recombinant human IL-12 has been administered to humans and has been shown
to be safe in low doses. Systemic or topical administration of IL-12 may prove
valuable in the treatment of more severe forms of asthma.

H. Mycobacterium vaccae

There is interest in the potent immuno-modulating effects of extracts derived
from Mycobacterium vaccae, a Mycobacterium species that normally occurs as
an environmental saprophyte. It is currently being investigated as an immunother-
apeutic agent for tuberculosis, HIV, cancer, and allergic asthma and has been
well tolerated. Administration of this agent to patients with tuberculosis has been
shown to restore a protective Th1-type immune response (358). Pretreatment of
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BALB/c mice with an extract from M. vaccae has been shown to suppress the
allergic response to ovalbumin challenge, resulting in reduced IgE and IL-5 re-
lease, which supports the therapeutic potential for allergic asthma. Clinical trials
involving M. vaccae as an immunotherapy in asthma are currently underway.

XVII. Conclusion

The exponential increase in the understanding of the complex immune pathways
in asthma inflammation has led to the development and clinical trials of agents
capable of modulating the activity of inflammatory cells in asthma. There is now
a considerable body of evidence that IgE-mediated mechanisms contribute sig-
nificantly to the complex immunological pathways involved in the activation of
inflammatory cells, the production of cytokines, and the release of pro-inflamma-
tory mediators that effect the epithelial damage, repair, and remodeling process
so characteristic of asthma. Increased knowledge of the structural composition
of high- and low-affinity IgE receptors, the airway cells that express these recep-
tors, and the functional activity of IgE-FcεRI and IgE-FcεRII interactions has
led to the development of novel molecular therapies that suppress IgE-mediated
inflammation, such as the anti-IgE antibody RhuMAb-E25. Future efforts will
have to be directed at elucidating the relative contribution of individual cell types
and mediators in the hope that the wide syndrome of asthma may eventually be
broken down into subtypes, hopefully with distinct patterns of mediators that are
involved in their pathogenesis. Of particular importance is the development of
selective antagonists capable of abrogating the inflammatory response in more
severe disease, which is not only becoming more prevalent, but is also draining
a major proportion of the funds dedicated to asthma management (359).
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I. Introduction

Standardized and controlled inhalation challenge with allergen has become a val-
uable laboratory tool in investigating the pathogenesis and pharmacotherapy of
IgE-mediated asthmatic responses (1). This chapter reviews the history and sci-
ence of standardized bronchoprovocation with allergen and the value of these
tests in understanding the pathophysiology and treatment of asthma.

II. History

During the nineteenth century, allergic disease (allergic rhinitis, conjunctivitis,
and asthma) was little recognized and poorly understood. In 1873, Blackley re-
ported a series of investigations clearly documenting the role of pollen as a cause
of allergic rhinitis, conjunctivitis, and asthma (2). This was almost a century
before the humoral substance known as reagin, felt to be the cause of the allergic
diathesis, was identified as a new serum immunoglobulin—IgE (3). Following
the initial reports of bronchoprovocation with whole pollen grains in 1873, there
appears to have been little activity in this regard until the late 1940s and 1950s (4–

191



192 Boulet and Cockcroft

15). About this time, several investigators reported the use and value of allergen
provocation with solubilized extracts of allergen. Endpoints were measured rather
crudely by changes in vital capacity (4–10), by the appearance of symptoms and
‘‘rough breathing’’ (11,12), or by the dose liminaire causing a detectable change
in the spirogram (14,15). Introduction of calculation of forced expiratory volume
in one second (FEV1 and FEV1 :forced vital capacity (FVC) ratio as a means of
detecting airflow obstruction appeared about the mid-1950s. The FEV1 soon be-
came the major tool for the measurement of airway response to allergens as well
as to nonallergic bronchoprovocation and to bronchodilators (13). The advantages
of using FEV1 over FVC are obvious in that the FEV1 will fall substantially prior
to a fall in vital capacity and, thus, provides earlier and safer documentation of
airflow obstruction. The modern era of bronchoprovocation was established by
two groups working independently, one headed by Professor Pepys in London
(16–19) and the other by Professor Orie in The Netherlands (20–23). In the late
1960s and early 1970s, these two groups developed the basis for the current
science of bronchoprovocation and outlined the effects of most of the common
asthma pharmacotherapy.

III. Airway Response to Allergen

A. Early Asthmatic Response

The allergen-induced early asthmatic response (EAR) is both clinically and physi-
ologically the most widely recognized allergen response. The allergen-induced
EAR is an episode of airway obstruction with symptoms occurring immediately
after allergen exposure or allergen provocation. Airflow obstruction is maximal
between 10 and 20 (or 30) minutes after exposure and resolves spontaneously,
usually within 90–120 minutes (1,16–23). This is the same time course as the
well-recognized early cutaneous wheal-and-flare response to injected allergen.
The presumed mechanism of the EAR is allergen-IgE–induced release of mast
cell mediators, which then induce airway narrowing primarily from airway
smooth muscle contraction. This is supported by observations that the airway
response to allergen is dependent not only on the dose of allergen, but also upon
the level of allergen-specific IgE (which should be a determinant of the amount
of mediator release) and the degree of nonallergic airway hyperresponsiveness,
which is a determinant of how responsive the airways will be to these released
mediators (24,26).

The nonallergic airway responsiveness is generally measured with inhala-
tion provocation tests with either histamine or methacholine. This relationship
is strong enough that the dose of allergen required to produce a target EAR
can be predicted, albeit crudely, by measurement of skin test endpoint (related
to the level of allergen-specific IgE) and the provocation concentration of hista-
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Figure 1 Allergen-induced isolated early asthmatic response (EAR). FEV1 (L) is on the
vertical axis and time (hr) post–allergen inhalation on the horizontal axis. Inhalation of
ragweed allergen extract caused a 30% fall in FEV1 maximal at 10 minutes and resolved
by 2 hours (solid line); the response following inhaled diluent is shown in the dotted line.

mine or methacholine causing a 20% FEV1 fall (methacholine PC20) (27). The
bronchospastic nature of the allergen-induced EAR is supported by the inhibition
and reversal of the response by inhaled β2-adrenoceptor agonists (1); these drugs
may also influence the EAR prophylactically by preventing mast cell mediator
release (28,29). An example of an allergen-induced early asthmatic response is
shown in Figure 1.

B. Late Asthmatic Response

Blackley gave an elegant clinical description of a late asthmatic response (LAR)
in 1873 following accidental heavy pollen exposure (2). The allergen-induced
LAR in the laboratory was first identified in 1951 by Herxheimer (8) and has
since been well characterized (16–24,30,31). The LAR is an episode of airflow
obstruction beginning between 3 and 4 hours after allergen challenge and sponta-
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neous resolution of the EAR and lasting for 7–12 hours or more. Depending on
the population studied and the allergen(s) used, the prevalence of LARs varies
but is seen in about 50% of subjects with EAR. Isolated allergen-induced LARs
are seen occasionally. The mechanism of the airflow obstruction and the immuno-
pathogenesis of the LAR have been a matter of some controversy. Pepys de-
scribed large allergen-induced LAR’s following Aspergillus bronchoprovocation
in subjects with allergic bronchopulmonary aspergillosis (17,19). These large
LARs were poorly responsive to bronchodilator (19). Because of the time course,
some of the pharmacological responsiveness, and the presence of serum precipi-
tins against Aspergillus, Pepys suggested that a local Type III immune complex
reaction was important in the pathogenesis of the LAR (17,19). By contrast, Orie
and others argued that the appearance of LAR following bronchoprovocation
with allergens such as pollen and house dust (mite), to which precipitating IgG
antibodies could not be demonstrated, argued for IgE-dependent mechanisms as
a cause of the LAR (23,31). The demonstration that polyclonal anaphylactogenic
anti-IgE injected into the skin or inhaled into the airways could produce cutaneous
late allergic responses (32) and airway late responses (33) gave strong support
to the IgE dependence of the allergen-induced LAR.

The incomplete reversal of the large Aspergillus-induced LARs with sym-
pathomimetic drug suggested that inflammation, either cellular or noncellular,
might be an important component of the LAR. Although this hypothesis is likely
correct, more recent studies have demonstrated that mild to moderate LARs are
actually quite responsive to inhaled β2-adrenoceptor agonists (34,35), and, thus,
airway smooth muscle contraction plays a major role in the LAR.

The allergen-induced LAR is not as easy to predict as the EAR. In one
study, the most important determinants of the LAR were a high level of allergen-
specific IgE, a low dose of allergen causing a late cutaneous allergic response,
and a large late cutaneous response in subjects with a small early cutaneous re-
sponse to the same dose of allergen (36).

C. Allergen-Induced Increase in Airway Responsiveness

Allergen-induced increase in airway responsiveness is generally assessed by mea-
suring airway responsiveness to histamine or methacholine. Altounyan was the
first to report seasonal increases in airway responsiveness to histamine (37). This
was first studied, using both histamine and methacholine, in the laboratory by
Dr. Hargreave’s group (38). In a series of studies, airway responsiveness to both
histamine and methacholine was found to be increased both 7 and 24–30 hours
post–allergen challenge, often lasting for several days (38–40) (see Fig. 2). This
was seen in approximately 50% of positive allergen challenges (38) and corre-
lated with the presence and size of the allergen-induced LAR (39) as well as
with seasonal increases in airway responsiveness (40). Further investigations
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Figure 2 Allergen-induced increase in airway responsiveness to histamine. Vertical axis
FEV1 (L) on top graph and histamine PC20 (mg/mL, log scale) on bottom graph. Horizontal
axis time in days following a single ragweed pollen extract inhalation. The top graph
shows a spontaneously reversible dual asthmatic response. The bottom graph demonstrates
allergen-induced increase in airway responsiveness to histamine; there was �10-fold fall
in histamine PC20 lasting about 5 days postallergen. This was associated with reappearance
of symptoms of asthma on exposure to ‘‘nonallergic’’ triggers. Histamine PC20 returned
to baseline by 10 days. (From Ref. 122.)

have demonstrated that the airway responsiveness is not yet (much) increased 2
hours after allergen challenge (41) but does appear to be increased in the majority
of subjects 3 hours after allergen challenge (42).

The mechanism of allergen-induced increase in airway responsiveness is
uncertain. Animal studies suggest the need for polymorphonuclear leukocytes
(43). The relationship of this to the LAR, the relationship of the LAR to allergen-
induced airway inflammation (see below), and the correlation between airway
responsiveness and airway eosinophilia (44) have led to the hypothesis that
allergen-induced increase in airway responsiveness is somehow caused by airway
inflammation. In fact, until recently, measurement of allergen-induced increases
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in airway responsiveness was used as a surrogate measurement of allergen-
induced inflammation (45).

Allergen-induced increase in airway responsiveness to methacholine is
such a consistent feature of subjects with LARs that its measurement has become
a routine component of allergen bronchoprovocation in many centers. Measure-
ment of methacholine responsiveness at 3 hours may be convenient but may
interfere with the onset of the LAR (42). Measurement at 7 hours may be difficult
to interpret because of the LAR-related reduction in baseline FEV1 (38). There-
fore, this is generally measured by looking at a ∆log PC20 from 24 hours before
allergen challenge to 24 hours after allergen challenge.

D. Allergen-Induced Airway Inflammation

Allergen-induced bronchial eosinophilia was first demonstrated by bronchoscopic
bronchoalveolar lavage (BAL) in 1985 (46). Increase in BAL eosinophils was
seen 6–7 hours after allergen challenge in subjects with an LAR but not at either
2 or 7 hours in subjects with an isolated EAR or at 7 hours in either normal or
atopic subjects with a negative allergen challenge (46). This was confirmed with
segmental allergen challenge and BAL (47). Until recently, assessment of airway
inflammation has been considered too invasive to be a routine part of allergen
challenges. However, standardized protocols are now available for hypertonic
saline-induced sputum examination, and this may prove a useful routine addition
to the allergen challenge (48).

IV. Standardization of Allergen Provocation Tests

A. Background

Allergen inhalation tests are primarily a research tool. For this reason, the princi-
ples of standardization have been developed to try and assure the best possible
intraindividual reproducibility. The principles of standardization outlined below
are based on both scientific and empirical concepts. Standardization encompasses
technical aspects (aerosol generation, inhalation, measurement of response) and
nontechnical or subject-related aspects, the latter designed to assure patient sta-
bility.

B. Technical Aspects

Technical aspects of standardization of allergen provocation tests are the same
as for other inhalation provocation tests (49,50).

Aerosol Generation and Inhalation

Two major techniques of aerosol generation and inhalation are used for allergen
provocation tests. The first is a 2-minute period of tidal breathing from a continu-



Response to Bronchoprovocation 197

ous output nebulizer—the technique used in our lab (27). The second involves
a counted number (usually five) of inspiratory capacity breaths from a breath-
acted dosimeter (49). The goal for standardization of all methods is to try to
deliver a reproducible dose of allergen to the airways (50). A reliable nebulizer
generating a reproducible aerosol whose operating characteristics are known and
understood should be chosen. The nebulizer should be calibrated so that the out-
put either per 2 minutes of tidal or per single breath-activated dose are known
and kept constant. Since the primary goal in research allergen challenges is to
minimize intraindividual variability, it is our practice to ensure that an identical
nebulizer be used for repeat allergen challenges in the same individual. Attention
should also be paid to the pattern of inhalation. This may be particularly important
with regard to the five inspiratory capacity breaths technique. The speed and
depth of inhalation may influence aerosol dose and deposition, and, indeed, we
suspect it may influence the nebulizer output of some dosimeter systems. The
use of and duration of a breathhold following inspiratory capacity breaths also
has the potential to alter the retention of aerosol and therefore affect the response.
It is therefore important to attempt to reproduce the inhalation pattern as closely
as possible on repeat challenges. In this regard (as well as for measurement of
the response), it can be very helpful if the same technician or research assistant
performs all allergen challenges in the same individual.

Preparation of Allergen Extracts

Allergen extracts for inhalation provocation should be aqueous as opposed to
glycerinated. Aqueous dilutions are made using a commercial diluent, for exam-
ple, isotonic saline with 0.4% phenol and 0.03% human serum albumin added
as preservatives and stabilizing agents. Allergen challenges are generally done
with geometric (usually, but not always, doubling) increase in dose. Serial dou-
bling dilutions are therefore made under the best sterile conditions. There are
theoretical concerns regarding the stability of allergen preparations, particularly
of weaker allergen dilutions, as well as the possibility of contamination. There
are at least two ways to circumvent this concern. Perhaps the most common
is to prepare a fresh batch of allergen dilutions, from the same stock solution,
immediately prior to each allergen challenge. This is quite time-consuming. If a
serial doubling dilution approach is used, even small errors will become multi-
plied with subsequent dilutions. An alternate approach which we have found
effective is to prepare multiple single use aliquots of each allergen dilution spe-
cifically for an individual subject. These aliquots are then stored in the freezer
in a vial that is compatible with our Wright nebulizer. They are thawed immedi-
ately prior to use and discarded after use. Since freezing and thawing of allergen
extracts reduces their potency (personal observation), we always perform even
the first allergen challenge with a set of previously frozen allergen extracts.
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Measurement of Response

Doubling doses of allergen are inhaled at 10- to 15-minute intervals (27,49,50).
It is particularly important to start at a safe and low enough concentration so that
there is no concern starting repeat allergen challenges at the same starting dose.
Using the skin test endpoint (determined by duplicate prick skin tests with the
same allergen and same dilutions to be used for inhalation) and a methacholine
PC20, it is possible to predict, usually within three doubling concentrations, the
allergen PC20 (27). For safety sake, we start at least four concentrations below
this prediction. If the first allergen challenge is an integral part of the study (e.g.,
a drug study), then it is ideal to reproduce the same challenge, the same starting
dose, etc. for all subsequent challenges. By contrast, if the allergen challenge is
a screening or dose finding challenge, and if many concentrations have to be
administered in order to achieve a response, then it would be desirable to shorten
subsequent challenges by starting two doubling doses below the responding dose
(the goal being to administer at least three allergen concentrations) for each and
every allergen challenge during a series. The response is generally measured by
the FEV1 using the baseline FEV1 assessed after the subject has rested in the lab
for 15–30 minutes. The best of three values is used as the baseline. Ten to 15
minutes after challenge (a time standardized for the specific technique used), the
FEV1 is repeated in duplicate at approximately 60-second intervals and the best
of two acceptable maneuvers is retained. Doubling doses of allergen are adminis-
tered until the FEV1 has reached a target reduction generally of 15–20%; inhala-
tions are then stopped. In subjects who have almost reached the target FEV1

reduction, a number of options exist. The first is to repeat the last concentration
rather than administer a doubling concentration. The second option is to wait a
further 10 minutes to ascertain if the target FEV1 reduction has been achieved
and, if not, then to administer another inhalation either the same or a doubling
dose depending on the FEV1. Whatever approach is taken, the goal in subsequent
allergen challenges should be to reproduce the pattern of dosing so long as it is
possible to do so safely. Following completion of allergen inhalations, the FEV1

is measured at 10- to 15-minute intervals for the first hour to determine the magni-
tude and pattern of the EAR. FEV1 is usually determined again at 90 and 120
minutes and then hourly from 2–7 hours following allergen challenge (examples
can be seen in Figs. 1 and 3). The EAR is usually measured as the maximum
percent reduction in FEV1 occurring during the first hour and the LAR as a maxi-
mum percent fall in FEV1 between 2 or 3 and 7 or 8 hours after inhalation. Many
investigators also measure the area under the curve (AUC) using a trapezoidal
calculation. The EAR would thus be measured as the AUC from time 0–2 hours
post–allergen inhalation and the LAR as the AUC from 3–7 hours post–allergen
challenge. This approach, which is a same dose-variable response technique, is
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Figure 3 Allergen-induced dual asthmatic response. Legend as per Figure 1. Inhalation
of grass pollen extract in this subject resulted in a 28% EAR maximal at 20 minutes with
spontaneous resolution at 2 hours, followed by a late asthmatic response with a 45% fall
in FEV1 6 hours post–allergen inhalation. (From Ref. 122.)

commonly employed for allergen and exercise challenges (50). An alternate ap-
proach to reporting the response is to use a same response-variable dose technique
such as that used to report the response to methacholine challenges (51). In this
approach, the response (20% fall in FEV1) is kept constant and the results reported
as the dose or concentration producing this response either the provocative dose
(PD)20 or PC20 (or PC15). We have successfully used the allergen PC15 in evaluat-
ing changes in EAR (52). An advantage of this approach is that it is no longer
mandatory to administer the same dose of allergen in subsequent challenges; no
matter how well controlled our subjects are, at least occasional subjects cannot
achieve the same dose safely in repeat challenges. It is important in calculating
and interpreting the allergen PC15 or PC20 that a rigorous doubling dosing sched-
ule be administered without variations as described above. To this point, the
allergen PC15 has only been used as a measure of the allergen-induced EAR.
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Although this has not been addressed to our knowledge, it is conceivable that,
in appropriate subjects, it would be possible to calculate an allergen PC15 for the
late response (‘‘LAR-PC15’’) as well.

Diluent Response

It is important to control allergen challenges with a diluent day during which
diluent is inhaled in the same method that is used for allergen on three occasions
at 10- to 15-minute intervals followed by identical monitoring of spirometry for
7 hours (1,27,31,50). The diluent day is generally performed the day before the
first allergen challenge. This allows any early changes in FEV1 following allergen
to be differentiated from an irritant response (following diluent) and any late
changes in FEV1 following allergen to be differentiated from spontaneous diurnal
fluctuations in FEV1. The diluent day also allows the subject to become familiar
with the procedure and gives time for performance of skin test endpoint and
baseline methacholine challenge (27). Although it would probably be ideal if
each subsequent allergen challenge were accompanied by a diluent day, in the
interests of time, in subjects with stable FEV1 following diluent, this is generally
not repeated after the initial challenge.

C. Nontechnical Factors (Subject-Related)

Efforts should be made to assure that subjects undergoing allergen provocation
are as stable as possible in order to have reproducible responses. This is at least
as important as the technical factors, but we suspect it is not always as well
appreciated as is standardization of technical factors. Important subject-related
factors include stability in lung function (indeed stability in asthma control), med-
ication use, and factors that may influence airway responsiveness.

Baseline FEV1 should be reproducible within at least 10% prior to repeat
allergen challenges. A case could be made for establishing stability of methacho-
line PC20 (within one doubling concentration) prior to repeat allergen challenges.
The methacholine PC20 would have to be measured the day before adding to
the time commitment; however, if determination of allergen-induced increase in
airway responsiveness to methacholine is part of the protocol, then a preallergen
methacholine PC20 is required.

Control of medications that might influence the response is also important
(1,50). Bronchodilators (functional antagonists) that may inhibit the airway re-
sponse must be withheld for their duration of action. This is most important for
inhaled β2-adrenoceptor agonists but is also relevant for other bronchodilating
medications such as theophylline, leukotriene receptor antagonists (LTRAs),
and anticholinergics. Anti-inflammatory medications (corticosteroids, cromones,
LTRAs) ideally should not be used by patients undergoing allergen challenges. If
the research protocol allows concomitant anti-inflammatories (or indeed requires
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concomitant anti-inflammatories), then it is important that they be used in a stable
dose for many weeks (4–6 at least). The anti-inflammatory agent should be con-
tinued in the same dose throughout the study and should be withheld for 12 hours
prior to challenge to avoid any direct inhibition of the allergen challenge. Ideally,
subjects should be off all anti-inflammatory medications for 4–6 weeks prior to
a study and for its duration. There are a number of nonasthma medications
that should be considered and inquired about. Antihistamines may influence the
allergen-induced asthmatic responses and should be withheld for their duration
of action. Nonsteroidal anti-inflammatory drugs (aspirin, indomethacin, etc.) may
influence certain aspects of the allergen-induced response and should be withheld.
In fact, all medications, both prescription and proprietary, should be recorded in
the subject’s files. Attempts should be made to make sure that chronic use of
such medications is kept the same both in type and dose. Allergen avoidance is
also an important aspect of subject controls. Since allergen exposure may
heighten airway response to methacholine (37–40), it has been empirically sug-
gested that subjects for a series of allergen challenges should be tested at a time
when there is no allergen exposure. This means strict avoidance of antigens that
can be avoided (fur-bearing animals, etc.) and testing in a non-allergen season,
i.e., the middle of winter. Unavoidable indoor allergens such as house dust mite
may be considered to be a constant, but it is important to try and make sure that
there are no major changes in exposure to these antigens. Subjects should not be
pursuing new mite allergen exposure reduction strategies (or vice versa) while
they are engaged in a series of allergen challenges.

Respiratory tract infections, particularly viral, may increase airway respon-
siveness (53), and it is recommended that allergen challenges be withheld for
several weeks following a recent respiratory tract infection. There are some data
to support enhancement of the LAR in subjects who have had a recent or a concur-
rent viral infection (54). It is our routine to avoid starting a study involving aller-
gen challenges for at least 4 weeks following either allergen exposure or a respira-
tory tract infection. Development of a respiratory tract infection in the midst of
an investigation may pose a problem. In crossover studies, it is possible and
therefore desirable to postpone the next stage of the investigation until the respira-
tory tract infection has resolved and at least until the airway responsiveness has
returned to baseline. In parallel studies this is not an option, and the study results
will have to be interpreted in light of this, or the subject may even have to be
dropped from the study.

D. Safety Concerns

Unlike histamine/methacholine challenges, allergen challenges are associated
with a slight but significant risk of potentially serious adverse events (1). Physi-
cian attendance during the challenge and the EAR is mandatory. Facilities must
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be available for rapid reversal of bronchospasm and angioedema. Personnel
trained in cardiopulmonary resuscitation and facilities in which to perform this
must be available. Allergen challenges should probably be performed in or adja-
cent to a hospital. In some centers, patients have actually been hospitalized for
the duration of an allergen challenge. There are also safety concerns related to
the laboratory staff. We feel it is important to avoid laboratory staff being exposed
to aerosol clouds of aqueous allergen droplets. In our lab, the Wright nebulizer
is attached to the back of a Hans Rudolph valve and then via a mouthpiece to
the patient. Two ventilator filters are placed on the expiratory line so as to capture
the uninhaled aerosol and prevent exposure of lab staff.

E. Reproducibility

There are few data regarding reproducibility of allergen challenges. In one study,
which addressed reproducibility of two challenges repeated at 2- to 12-week inter-
vals using the 2-minute tidal doubling allergen dose challenge, satisfactory repro-
ducibility was found (55). In 28 subjects with perhaps some selection bias, both
the EAR and LAR were usually reproducible within what would be considered
one doubling concentration (or the equivalent), i.e., a second EAR to the same
concentration of allergen usually falls within the range of half the response to
twice the response. If allergen PC20 were calculated, this would correspond to
	1 doubling concentration. In this group of patients, the LAR was slightly more
reproducible than the EAR. Using this repeatability data, fewer than eight sub-
jects are required to have 90% power to show a clinically significant 50% reduc-
tion in the FEV1 response during either the EAR or the LAR. Thus, the short-
term reproducibility of EAR and LAR over a few weeks is generally good. How-
ever, despite adequate standardization, longer term reproducibility may not be
as good and needs further assessment.

V. Allergen Provocation to Study Physiopathology of
Asthma and Mechanisms of Action of Asthma Drugs

A. Study of Asthma Physiopathology

Airway inflammation, and probably its effects on airway structure (airway remod-
eling), are considered to be responsible not only for the acute but also the long-
term changes in airway function in asthma such as persistent airway respon-
siveness and variable airflow obstruction (56–59).

Bronchoprovocation tests, particularly with allergens, have proved useful
in exploring asthma physiopathology and in determining the characteristics and
underlying mechanisms of the airway inflammatory process, as well as the influ-
ence of therapy on these processes (43,46,48,60–63). Allergen challenges have
also been helpful in evaluating the relationships between exposure to allergen



Response to Bronchoprovocation 203

and the induced physiological and inflammatory changes in airways (25,39,46–
48,64,65). The potential for allergen exposure to increase airway responses to
a variety of stimuli, particularly when inducing a LAR, has been determined
(39,41,64–66). Correlations between laboratory exposure and changes occurring
after natural exposure to common allergens have further confirmed the validity
of these tests as useful means for looking at asthma physiopathology (40).

Both whole-lung and endobronchial segmental allergen challenges have
been used to investigate airway inflammatory events. Endobronchial challenges
make it possible to evaluate the effects of different doses of allergen delivered
to the lung segments while sampling a number of sites in the same subject (67).
This technique, however, requires an endoscopy, is not readily repeatable, makes
physiological correlates difficult, uses higher allergen doses that may not reflect
real-life situations, and can induce severe bronchospasm. In spite of these draw-
backs, however, the technique has proved valuable for confirming the findings
of whole-lung challenges and exploring dose responses to allergen.

Allergen challenges in asthmatic subjects not using anti-inflammatory
agents cause an airway inflammatory response characterized by an increase in
the number and activation of such inflammatory cells in the airways as lympho-
cytes, mast cells, and eosinophils. There is also an increased production of in-
flammatory mediators such as cationic proteins, histamine, prostaglandins, and
leukotrienes, as well as a variety of cytokines. The next sections provide examples
of the findings reported.

Bronchoalveolar Lavage

Analysis of BAL fluid after allergen provocation showed an increase in the num-
ber of inflammatory cells such as eosinophils and CD8-positive T cells (46,68–
70). Late-phase inflammatory events 6 hours after local allergen provocation in-
volve the selective retention of airway T cells expressing specific cell-adhesion
molecules (71). Levels of RANTES, MIP-1α, and MCP-1 were significantly in-
creased in the BAL fluid obtained after endobronchial allergen challenge as com-
pared with the saline control site, suggesting that they are involved in the regula-
tion of cell traffic in asthma in response to allergen exposure (72).

Bronchial Biopsies

The development of techniques such as bronchial biopsies during endoscopic
procedures made it possible to explore the effects of allergens on airway structure
and components more thoroughly. In stable asthma, variable increases in eosino-
phils, mast cells, lymphocytes, and neutrophils in the airway wall have been
observed in comparison with normal subjects, even when asthma was of recent
onset or mild (57,73). After allergen challenges, bronchial biopsies have shown
an increased expression of some adhesion molecules and an influx of mast cells,
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neutrophils, eosinophils, and CD3� lymphocytes in the airways in the hours
following allergen exposure (62,74,75).

Noninvasive Measurement of Airway Inflammation

Noninvasive techniques such as induced sputum analysis have been used to docu-
ment airway inflammation after allergen exposure (48,76–79). Such techniques
may be easily repeated, making it possible to correlate changes with physiological
parameters over time.

Induced-sputum analysis was also able to demonstrate an increase in met-
achromatic cells and eosinophils after allergen inhalation (48,76). The late re-
sponse to allergens was associated with an increased concentration of tumor ne-
crosis factor α (TNFα) and interleukin 5 (IL-5) in induced sputum in addition
to an increased eosinophil count and in eosinophil cationic protein (ECP) and
eosinophil peroxidase (EPO) (77). After aerosolized allergen challenge, ECP and
histamine in induced-sputum supernatant were higher than at baseline (78). Tryp-
tase was detectable in the sputum of many subjects.

Effects of Low-Level Exposure to Allergens

Recent studies have shown that even low levels of exposure to allergen can pro-
duce changes in airway function over time (79). This has important clinical rele-
vance, as it may suggest that a subclinical exposure can be detrimental. In asthma-
tic subjects (79,80) and even in allergic nonasthmatic subjects (81), low-dose
allergen exposure could induce airway inflammation and may possibly induce
structural changes if persistent. Repeated inhalations of low doses of allergens
caused an airway eosinophilia in atopic asthmatics and an increase in EG2-positive
cells and IL-5, in association with an increase in airway responsiveness and mild
worsening of asthma control (80). This occurred even without the development
of acute bronchoconstriction or the development of a late asthmatic response.

Evaluation of the Airway Repair Process

Allergen challenges also make it possible to study the airway repair processes.
Gizycki et al. obtained bronchial biopsies from allergic asthmatic patients and
nonasthmatic control subjects 24 hours after diluent and allergen challenge (82).
Light microscopy revealed statistically significant increases in the total number
of inflammatory cells and in ‘‘activated fibroblasts’’ after allergen challenge.
Electron microscopy showed significant increases in the total number of eosino-
phils and cells with the ultrastructural features of myofibroblasts after allergen
challenge. The authors proposed that subjects who repeatedly develop a late re-
sponse have increased numbers of migrating, contractile cells that may contribute
to increase bronchial smooth muscle mass.
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More recently, the analysis of changes in matrix metalloproteinases
(MMPs) and tissue inhibitor of metalloproteinase-1 (TIMP-1) in airway fluids
after allergen challenges provided another means of studying the balance between
airway inflammation, tissue damage, and changes in extracellular matrix proteins
(83,84).

B. Mechanisms of Action of Asthma Drugs

Medications used to treat asthma include relievers, such as short-acting β2-
adrenoceptor agonists, to treat acute intermittent asthma symptoms. However,
these drugs only provide acute symptomatic relief and do not influence asthma
control or severity. In fact, the need for regular or frequent use is considered as
evidence that asthma is not adequately controlled. Controllers (preventers) are
ideal to prevent day- or nighttime asthma symptoms and optimize airway func-
tion. This last category includes anti-inflammatory medications such as inhaled
and oral glucocorticosteroids, leukotriene receptor antagonists, and antiallergic
or ‘‘nonsteroidal’’ agents such as cromoglycate and nedocromil. Controllers also
include bronchodilators such as the long-acting β2-adrenergic agents theophylline
and ipratropium. Inhaled glucocorticosteroids are the first choice of this category
of agents. The role of leukotriene receptor antagonists remains to be determined,
but they offer a second choice for this purpose. When inhaled glucocorticoste-
roids are insufficient to control asthma, this may be achieved by adding drugs
such as the long-acting inhaled β2-adrenergic agents salmeterol or formoterol
or the leukotriene receptors antagonists montelukast or zafirlukast (85,86). In a
minority of patients there may be a role for other bronchodilators such as theoph-
ylline and ipratropium.

Various aspects of airway response may be used in different ways to predict
the effects of both relievers or controllers on asthma. For example, the ability of
relievers to inhibit EAR seems to be correlated with their efficacy in treating
intercurrent asthma symptoms. In this regard, β2-adrenoceptor agonists are the
most powerful agents and the best choice for their rapid onset of action.

On the other hand, the inhibition of LAR and the allergen-induced increase
in airway responsiveness is of particular interest in evaluating the efficacy of
controllers and their mechanisms of action, particularly their anti-inflammatory
effects. Many of them also block EAR, such as long-acting β2-adrenoceptor ago-
nists, theophylline, cromoglycate, nedocromil, 5 lipooxygenase inhibitors, and
leukotriene receptor antagonists, while a single dose of inhaled corticosteroids
(ICSs) is ineffective for this purpose (45,87–92) (Table 1). In contrast, treatment
with corticosteroids ranging from one week to 2 months can result in a reduction
of the EAR (93–95), partly because of the improvement in airway responsiveness,
this last possibly related to a reduction in the number of airway inflammatory
cells.
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LAR can be inhibited by long-acting β2-adrenoceptor agonists, cromogly-
cate, nedocromil, and a single dose of ICS administered either before the allergen
challenge or in the interval phase between the EAR and LAR 2 hours after aller-
gen challenge (29,96–99) (Table 1). Leukotriene-receptor antagonists may reduce
EAR and LAR; however, inhibition of LAR by theophylline is controversial
(86,100,101). Nedocromil sodium has proved effective in blocking the early and
late asthmatic responses to allergens when given before, but it failed to reduce
the fall in expiratory flows following allergen inhalation when given after the
occurrence of the EAR (90).

EAR and LAR have been shown to be antagonized by long-acting β2-
adrenoceptor agonists such as salmeterol (96). Although we found what seemed
to be an inhibitory effect of salmeterol on some markers of allergen-induced
inflammation at 6 hours postexposure, we could not find such an effect 24 hours
after exposure in patients who had been on this type of medication for a week
and even observed a mild increase in some of these compared to placebo
(102,103). This seems to be relatively similar to what had been reported with
short-acting agents (104). However, such an increase was not found in another
study using segmental challenge (105).

Allergen challenges have been used to evaluate the effects of new mole-
cules such as anti-IgE antibody E25 (106) and IL-5 antagonists (107). The former
was able to significantly inhibit allergen-induced responses, while the latter was
not. Surprisingly, the latter was nevertheless able to reduce eosinophils in the
blood and induced sputum, suggesting that the role of this cell in allergen-induced
airway responses should be reassessed.

The determination of the inhibitory effect of drugs on allergen-induced
responses, particularly LAR, has the potential to be specific to allergic asthma.
This may explain why agents with what is considered mostly antiallergic proper-
ties such as cromoglycate and nedocromil are less useful in nonatopic asthma.
This may also apply to new pharmaceuticals that operate via an IgE-specific
pathway, although it has yet to be studied. Nevertheless, a majority of asthmatic
sufferers have an allergic component that may contribute to the expression of the
disease. Furthermore, agents such as corticosteroids seem to work as nonspecific
blockers of inflammation, acting not only on allergen-related mechanisms but
also on others.

VI. Predicting the Clinical Efficacy of Asthma Drugs from
Their Inhibitory Effect on Allergen Bronchoprovocation

A. Asthma Outcomes: Control Versus Severity of Asthma

The goals of asthma therapy are to achieve optimal asthma control and reduce
the severity of the disease while avoiding untoward side effects of the medication
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(85,86). Optimal control of asthma, defined by the absence of respiratory symp-
toms, no need for rescue bronchodilator, and a normal pulmonary function, may
be difficult to achieve. However, most asthmatic patients can obtain acceptable
control, with daytime symptoms fewer than 4 days a week, nighttime symptoms
less often than once a week, mild and infrequent exacerbations, normal physical
activities, no absenteeism at work, no need for regular rescue inhaled short-acting
β2-adrenoceptor agonist, FEV1, or peak expiratory flows (PEF) ideally �90%
personal best and PEF diurnal variation of �15% (85). Acceptable control is
obtained by taking appropriate environmental measures, ensuring proper educa-
tion of patients, and prescribing individualized pharmacotherapy; level of control
should be regularly assessed and the treatment adjusted accordingly.

The initial measure of severity of asthma in a patient is based on the fre-
quency and duration of respiratory symptoms and the degree of airflow limitation.
Once asthma is well controlled, one of the best ways to judge severity is to
determine the level of treatment needed to maintain acceptable control. Signs of
severe or poorly controlled asthma also include a prior near-fatal episode, recent
hospitalization, or visit to the emergency room; nighttime symptoms; limitation
of daily activities; need for inhaled β2-adrenoceptor agonist several times per day
or at night; and FEV1 or PEF of �60% of predicted value.

B. Correlations Between Inhibitory Effects of Asthma Drugs
on Allergen Challenge and Their Clinical Efficacy

Allergen challenges have been used as a method for evaluating the relative po-
tency of asthma drugs, particularly anti-inflammatory agents. Asthma is consid-
ered to be an inflammatory disorder, and the ideal agent for long-term treatment
of this disease is the one that can best antagonize the inflammatory process while
producing no significant untoward side effects. Studies have indeed shown anti-
inflammatory treatment to be associated with improved asthma control, reduced
morbidity and mortality, and reduced health-care costs (108–110). As previously
mentioned, the first studies looked at the effects of such bronchodilators as ipra-
tropium on allergen-induced responses; later studies looked at others agents, such
as β2-adrenoceptor agonists, cromoglycate, beclomethasone, and others.

Drugs that help control asthma and act as good maintenance therapy gener-
ally reduced the allergen-induced responses, including the late asthmatic re-
sponse, while agents with minimal effect on these last, such as calcium channel
blockers and antihistamines, were not found useful for this purpose (111,112).

ICSs are the mainstay of asthma treatment. In search of a method for de-
termining the bioequivalence of these preparations, researchers have assessed
their inhibitory effect on allergen-induced LAR and confirmed their ability to
attenuate both the LAR and the secondary increase in airway responsiveness
(113,114).
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The single-dose ICS/allergen inhalation model has been used recently both
to look at the comparative efficacy of ICS and as a predictor of clinical efficacy
of different doses of these agents (115). The efficacy of budesonide, a clinically
useful agent, was tested at doses of 200 and 800 µg and compared with the
efficacy of a poorly effective ICS (D-5159) at a dose of 8 mg and a placebo.
Both budesonide doses, but not the D-5159, produced a significant inhibition of
the LAR. The allergen-induced LAR model seemed therefore able to differentiate
a single dose of an active inhaled corticosteroid from a placebo and a highly
potent ICS from a weak one. However, the model did not differentiate between
two fourfold doses of the active ICS. This is in keeping with other observations
showing marked efficacy of the inhaled corticosteroid used in reducing allergen-
induced LAR but little dose-response relationship, suggesting that the dose re-
sponse had plateaued at low doses in these subjects. This may reflect either the
excellent anti-inflammatory effect of those agents, even at low doses, or the pa-
tients’ narrow range of asthma severity, being very mild in all those tested.

VII. Allergen Provocation and the Development of New
Therapeutic Agents

A. Allergen Challenges as Early Assessment of Usefulness
of Drugs

Inhalation of allergen in the laboratory can be useful to study the effects and
properties of these newly developed asthma medications. With techniques such
as bronchial biopsies, BAL, and noninvasive techniques for assessing airway
inflammation, the allergen bronchoprovocation has become a powerful test to
compare the anti-inflammatory properties of agents. Allergen exposure in sensi-
tized subjects is one of the most frequent triggers of airway inflammation. To
be effective in controlling asthma, as a large majority of asthmatic patients have
an allergic component, the drug should be able to antagonize the inflammatory
response to current allergen exposure. But this may not be the only reason of
their efficacy as they may also antagonize baseline airway inflammation and re-
sponsiveness or the one induced by triggers other than allergens. If a new agent
is developed, it would be useful to compare its potential to inhibit the different
components of the airway inflammatory response with standard therapies such
as ICSs. As discussed later, some agents may help to control asthma without
acting on inflammatory responses. The evaluation of mechanisms by which new
agents inhibit allergen-induced responses should therefore be included, not only
clinical or physiological measures. Theoretically, it could also help to determine
the magnitude of the anti-inflammatory effect if, for example, we were to deter-
mine the percent reduction in some parameters such as eosinophils in sputum.

Furthermore, we are just beginning to explore the potential effects of aller-
gen exposure on airway remodeling, and although noninvasive techniques for
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looking at these aspects remain to be developed, there is a potential to look at
this aspect of the response to the allergens in the future.

Finally, it is quite possible that earlier use of agents acting on allergen-
induced airway responses could prevent the development of asthma or help to
prevent asthma from becoming more severe or refractory following allergen ex-
posure. Adequate environmental control is often difficult to achieve, and there
may be a role, at least in targeted groups such as highly atopic subjects or those
with asymptomatic airway responsiveness, for early anti-inflammatory treatment
at the very onset or maybe even before asthma becomes symptomatic (116,117).
This should be further explored.

B. Pitfalls

The correlation between the anti-inflammatory properties of asthma drugs and
their potential for inhibiting allergen-induced airway physiological responses has
not always been very good, supporting the need for additional assessment of
airway inflammation. Indeed, although it was initially thought that drugs that
could inhibit the late asthmatic responses to allergens probably had clinically
relevant anti-inflammatory properties, it was shown that this was not always the
case. For example, long-acting β2-adrenoceptor agonists were initially considered
likely to have some significant airway anti-inflammatory effect and to be able to
block the EAR and LAR for a prolonged period of time (118). Further studies
showed that they had no significant effect on the airway inflammatory process,
at least in regard to cellular infiltration and some mediators release (101,118–
120). In this case, the protection against the allergen-induced responses was
mostly due to the functional antagonist effect of the drug rather than the inhibition
of the allergen-induced airway inflammation. It is obvious that mechanisms other
than anti-inflammatory effects can prevail in this inhibition, as it may be obtained
by agents without recognized anti-inflammatory effect such as β2-adrenoceptor
agonists or furosemide (121).

VIII. Conclusion

Allergen bronchoprovocation has been most useful in the investigation of the
pathophysiology of asthma and in defining the clinical efficacy and the properties
of asthma medications, particularly in their potential to block various aspects of
airway inflammation. A correlation between the clinical efficacy of a drug and
its potential for suppression of allergen-induced responses, particularly LAR, has
been observed, although the mechanisms by which this occurs, either a functional
antagonism or an anti-inflammatory effect, should be documented. Drugs that do
not antagonize allergen-induced responses will unlikely be suitable for mainte-
nance treatment of asthma. The dose response to agents such as ICSs is relatively
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flat, however, showing the sensitivity of allergen responses to be inhibited by
low doses of these agents. Furthermore, the use of allergen-induced airway repair
responses, considered to play a role in long-term outcome of asthma, are just
beginning to be evaluated, and the effects of drugs on this process remain to be
determined.
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tardée à la poussière de maison. Int Arch Allergy 1962; 21:8–19.

31. Robertson DG, Kerigan AT, Hargreave FE, Chalmers R, Dolovich J. Late asthmatic
responses induced by ragweed pollen allergen. J Allergy Clin Immunol 1974; 54:
244–254.

32. Dolovich J, Hargreave FE, Chalmers R, Shier KJ, Gauldie J, Bienenstock J. Late
cutaneous allergic responses in isolated IgE-dependent reactions. J Allergy Clin
Immunol 1973; 52:38–46.

33. Kirby JG, Robertson DG, Hargreave FE, Dolovich J. Asthmatic responses to inhala-
tion of anti-human IgE. Clin Allergy 1986; 16:191–194.

34. Dorsch W, Baur X, Emslander HP, Fruhmann G. Zu Pathogenese und Therapie
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I. Introduction

Subjects with allergic asthma who inhale an aeroallergen to which they are sensi-
tive become symptomatic with wheeze, cough, chest tightness, and sputum pro-
duction. Common aeroallergens that evoke this response include cat skin allergen
(Fel d 1) and house dust mite allergens (Der p 1 and Der p 2). When airway
allergen challenge is performed under carefully controlled conditions in the clini-
cal research laboratory, pulmonary function tests reveal airway obstruction and
worsening of bronchial hyperreactivity to histamine or methacholine. Specifi-
cally, asthmatic subjects typically demonstrate two patterns of response to inhaled
allergen in this setting. Nearly all subjects develop an early asthmatic response
(EAR), i.e., symptoms and bronchoconstriction commencing within minutes of
inhalation of allergen inhalation and resolving spontaneously within 1 or 2 hours.
In addition, approximately 50–60% of asthmatic subjects also develop a late
asthmatic response (LAR), i.e., recurrence of symptoms of wheeze and recurrence
of bronchoconstriction 3–12 hours after allergen challenge. Exploring the mecha-
nisms of the airway response to inhaled allergen has helped in the development
of current theories about the pathophysiology of asthma, and the allergen chal-
lenge model has also helped in the development process for new drugs for asthma.
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In this chapter I will review the pathophysiology of the early and late phase
responses to inhaled allergen in asthmatic subjects. Special attention will be paid
to the role of IgE and to the new insights that have been gained from clinical
studies involving the effects of nonanaphylactogenic anti-IgE antibodies in aller-
gen challenge experiments in animals and humans.

II. Mechanism of the Early Asthmatic Response

The bronchospasm that occurs immediately after aeroallergen inhalation in aller-
gic asthmatic subjects is at least partly an IgE-mediated immediate hypersensitiv-
ity reaction (1). At least two lines of evidence support this mechanism for the
early asthmatic response. First, pretreatment with an anti-IgE monoclonal anti-
body attenuates the early phase response in asthmatic subjects (Fig. 1) (2,3).
Second, analysis of bronchoalveolar lavage fluid collected immediately after air-

Figure 1 The effect of anti-IgE on the early and late phase response to inhaled allergen.
The data are from the study presented in Figure 2. The figure shows the FEV1 as a percent
of baseline in the first hour after allergen challenge (early phase response) and from 2 to
7 hours after allergen challenge (late phase response) in the placebo (top panel)– and
rhuMAb-E25 (lower panel)–treated groups at baseline (open squares) and at the end of
treatment (closed squares). rhuMAb-E25 treatment significantly attenuated both the early
and late phase responses.
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way allergen challenge reveals increased concentrations of mediators such as
histamine, tryptase, PGD2, thromboxane A2 and B2, and LTC4 and D4, which are
known to be released by mast cells, a cell type that expresses a high density of
receptors for IgE on its surface (4–8).

In immediate hypersensitivity reactions, multivalent allergen molecules
crosslink adjacent Fab components of IgE on mast cells and basophils, causing
degranulation of the cells and secretion of preformed and newly generated media-
tors of bronchoconstriction and vascular permeability. Specifically, aeroallergen
associates with IgE bound to its high-affinity receptor (FcεRI) on the membrane
of effector cells. The high-affinity receptor (FcεRI) is a multimeric complex con-
sisting of one IgE-binding α chain, one β chain, and two disulfide linked γ chains
(9); the α chain binds IgE, and the β and γ chains are required for insertion of
the α chain into the membrane and for signal transduction. Signal transduction
following receptor aggregation involves activation of the protein kinase Lyn,
phosphorylation of tyrosine residues on the β and γ chains of the FcεR1 receptor,
activation of tyrosine kinase Syk, phosphorylation of phospholipases, and degran-
ulation of the cell granules via non cytoxic calcium- and temperature-dependent
mechanisms (10).

The mediators released by mast cells following IgE-mediated activation
include those that were preformed and stored in secretory granules and those
that are newly generated (11). Preformed mediators include histamine, neutral
proteases (tryptase and chymase), proteoglycans, and acid hydrolases (β-hexos-
aminidase and β-glucuronidase). Several mediators are also newly generated, and
these include arachidonic acid metabolites, platelet-activating factor, and cyto-
kines. Metabolites of arachidonic acid are released from cellular phospholipids
upon activation of phospholipase enzymes. Biologically active arachidonic acid
derivatives include the prostaglandin, leukotriene, and lipoxin families (Fig. 2).
Free arachidonic acid is metabolized to prostanoids (PGD2, PGE2, PGF2α, pros-
tacyclin, and thromboxane A2) by the action of cyclooxygenase or to leukotrienes
by the action of lipoxygenases. The 5-lipoxygenase pathway, in particular, is
considered important because it yields LTA4, LTC4, LTD4, and LTE4 (12). Plate-
let-activating factor (PAF) is generated from alkyl phospholiids after cell activa-
tion and a variety of cytokines, including IL-3, IL-4, IL-5, IL-6, IFNγ, GM-CSF,
and TNFα, are also newly synthesized and secreted by activated mast cells
(11,13).

Many of the preformed and newly synthesized mediators released from
activated mast cells cause smooth muscle contraction either directly or indirectly,
and acute bronchoconstriction is considered the principal mechanism of airway
obstruction during the early asthmatic reaction. For example, histamine, PGD2,
PGF2α, thromboxane B2, LTC4, and LTD4 are thought to cause contraction of
airway smooth muscle directly (14–17), whereas the contraction caused by tryp-
tase and PAF is indirect (18–21). Although all of these mediators have the poten-



222 Fahy

Figure 2 Schematic representation of possible IgE-mediated mechanisms for the late
phase response involving mast cell–dependent and mast cell–independent pathways. Inha-
lation of aeroallergen may cause IgE-dependent activation of mast cells leading directly
or indirectly to the late phase response (pathway A). Alternatively, there is evidence that
inhalation of aeroallergen may cause activation of CD4� T cells and a subsequent late
phase response through a process of IgE-facilitated antigen presentation or IgE-dependent
antigen focusing of allergen to CD4� T cells by IgE receptor–bearing dendritic cells
(pathway B).

tial to play some role in the bronchoconstriction of the early asthmatic response,
several lines of evidence suggest that LTC4 and LTD4 are the most important
mediators of this response. First, the leukotrienes are the most potent smooth
muscle agonists on a molar basis, being at least one order of magnitude more
potent than histamine or cholinergic agonists (22). Second, pretreatment of asth-
matic subjects with cysteinyl leukotriene receptor antagonists is associated with
a near complete attenuation of the early phase response to aerosolized allergen
challenge (23,24). Third, antagonists of other mast cell mediators such as hista-
mine, cycloxygenase products, and PAF are only marginally effective in attenuat-
ing the EAR, if effective at all. For example, the inhibitory effects of antihista-
mines on the early asthmatic response are modest (25–27), clinical trials of at
least three different PAF antagonists have not shown efficacy in blocking the
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EAR (28–30), and indomethacin (an inhibitor of cyclooxygenase) does not atten-
uate the EAR (31).

Increased vascular permeability and mucin hypersecretion represent other
possible mechanisms by which mast cell mediators might cause airway obstruc-
tion during the EAR. Indeed, albumin concentrations in bronchoalveolar lavage
increase immediately following allergen challenge (32) providing evidence of
allergen-induced increases in vascular permeability. These effects are likely to be
mediated by many of the same mediators that cause smooth muscle contraction,
including leukotrienes and histamine; chymase may have a special role as a mucin
secretagogue (33). The airway narrowing during the EAR appears to be mainly
the result of bronchial smooth muscle contraction, however, because the airway
narrowing is reversible with β-agonist treatment (34), which would not be ex-
pected to reverse mucosal edema or mucin secretion.

It is possible that the mechanism of bronchoconstriction during the EAR
is not entirely IgE dependent. In fact, anti-IgE pretreatment does not completely
block bronchoconstriction during the EAR in human studies (2,35). Although the
size or duration of dosing with anti-IgE in these protocols may have been inade-
quate, it is possible that non–IgE-dependent mechanisms may operate during the
EAR. The non-IgE mechanisms that may cause mast cell degranulation include
complement-derived anaphylatoxins, especially C3a (36), or nonspecific stimuli
such as hyperosmolarity (37). In addition, it is possible that the rate of transepithe-
lial electrolyte transport by airway epithelial cells is important in the development
of the EAR. This possibility is suggested by the remarkable efficacy of inhaled
furosemide, an inhibitor of Na-K-Cl cotransport channels, in inhibiting the EAR
(38). One possibility to explain this finding is that mast cell mediators such as
arachidonic acid metabolites cause increased transepithelial electrolyte transport
and that this is an important final common pathway for the EAR. Whether or
not changes in electrolyte transport during allergen challenge are IgE dependent
is not known.

In summary, current information suggests that the mechanism of airway
narrowing during the early asthmatic response is an acute bronchoconstrictor
response caused mainly by an IgE-dependent immediate hypersensitivity reac-
tion. Of the preformed and newly synthesized mediators released from mast cells
during these reactions, the cysteinyl leukotrienes appear to be the most important
in the pathogenesis of the EAR.

III. Mechanism of the Late Asthmatic Response

A. Overview

Approximately 50–60% of patients who develop an EAR to allergen also develop
delayed bronchoconstriction, otherwise known as a late asthmatic response (39).
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The physiological events that characterize the LAR include not only recurrent
bronchoconstriction but also worsening of baseline hyperresponsiveness to meth-
acholine or histamine (39). Pathologically, the LAR is characterized by cellular
inflammation of the airway, increased bronchovascular permeability, and in-
creased mucus secretion (40–42). Together, these findings suggest that the airway
obstruction characteristic of the LAR results from a combination of effects in-
cluding smooth muscle contraction, airway edema, and mucus hypersecretion.
The dominant cause of airway obstruction during the LAR must be bronchial
smooth muscle contraction, however, because, like the EAR, the obstruction is
reversible with treatment with β-agonist (43,44). The characteristics of asthmatic
subjects who develop both early and late asthmatic responses to aeroallergen are
incompletely understood. So-called ‘‘dual phase’’ responders are not consistently
found to have more severe asthma than ‘‘single phase’’ responders, but they are
more reactive to methacholine at baseline (45).

The mechanisms responsible for the delayed bronchoconstriction, mucosal
edema, and mucus hypersecretion characteristic of the LAR are incompletely
understood, but the association of LAR with increased airway inflammation is
well established. For example, analysis of airway secretions and of airway biop-
sies during the LAR demonstrates increased numbers of eosinophils, lymphocytes
(especially T lymphocytes of the Th2 phenotype), and basophils (46–51). The
increase in neutrophil numbers sometimes observed during the LAR may be a
nonspecific phenomenon (52). In addition, increases in the inflammatory products
of eosinophils and lymphocytes have been described in the airway during the
LAR (46,53).

The recruitment of eosinophils, lymphocytes, and other inflammatory cells
from the vascular space to the airways during the LAR is delayed because recruit-
ment requires the coordinated upregulation of a number of gene products related
to transmigration of cells (54–56). First, a series of receptor-ligand interactions
must occur between leukocytes and vascular endothelial cells during the initiation
of transmigration. Selectins, expressed on leukocytes, bind to their ligands on
endothelial cells to initiate tethering and rolling, the first step in endothelial trans-
migration (56). During the LAR, mast cell–derived TNFα and GM-CSF may be
important in upregulating selectins and their ligands (46). In addition, epithelial
cells activated during the EAR may also secrete mediators such as IL-6 that can
upregulate selectins and their ligands. Tethering and rolling is followed by firm
adhesion mediated by integrins, a family of adhesion molecules that is known
to be upregulated by cytokines such as IL-4 and IL-13 (57–59). Integrin α4β1

(formerly very late activation molecule 4, VLA-4) interacts with its receptor on
vascular endothelial cells, CD106 (formerly vascular cell adhesion molecule 1,
VCAM-1) to promote firm adhesion of eosinophils and lymphocytes. Chemotaxis
is the final step in inflammatory cell recruitment, and chemoattractants, such as
IL-5, PAF, RANTES, PGD2, LTD4, and eotaxin, may be particularly relevant for
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the eosinophilia observed during the LAR. These chemoattractants may be se-
creted by mast cells, epithelial cells, or macrophages activated directly or indi-
rectly by allergen exposure; they bind to matrix molecules in the interstitium,
creating a gradient along which inflammatory cells migrate to the airway intersti-
tium and epithelium from the vascular space.

B. Role of IgE in the Late Phase Response to Allergen

The role of IgE in the late asthmatic response has been established in human
studies in which it has been shown that pretreatment of asthmatic subjects with
rhuMAb-E25—a nonanaphylactogenic anti-IgE monoclonal antibody—attenu-
ates the LAR (Fig. 1) (35). This study established a role for IgE in the LAR—
a role that had been debated up to that point (60). It also provided suggestive
evidence that anti-IgE treatment attenuates allergen-induced airway eosinophilia.

The precise mechanisms by which IgE contributes to the inflammatory
events of the LAR are not fully worked out. Because IgE can bind to effector
cells via either high-affinity receptors (FcεRI) or low-affinity receptors (FcεRII/
CD23), it is possible that IgE mediates the LAR as a consequence of its binding
to FcεRI receptors, FcεRII receptors, or both. A review of the literature on this
subject suggests at least two possible mechanisms for IgE-mediated airway nar-
rowing and hyperreactivity during the LAR. One mechanism depends on IgE and
mast cells; a second mechanism depends on IgE but does not require mast cells.

C. IgE-Dependent, Mast Cell–Dependent Mechanism for the LAR

Mast cells are among the most important and potent effector cells for IgE-medi-
ated inflammatory responses. An IgE/mast cell–dependent mechanism for bron-
choconstriction during the LAR is plausible, because mast cells are equipped
with the necessary mediators to cause delayed bronchoconstriction following aer-
oallergen exposure and crosslinking of surface FcεRI receptors. A variety of mast
cell mediators may be important in causing the delayed bronchoconstriction typi-
cal of the LAR, but IL-5 may be particularly important. IL-5 has been identified
as a product of activated mast cells (61), and IL-5 is an important chemoattractant
for eosinophils. Thus, accumulation and activation of eosinophils in the airway
following mast cell activation during the EAR might account for bronchoconstric-
tion during the LAR secondary to the effects of eosinophil mediators such as
MBP, ECP, and leukotrienes.

Secretion of eosinophil-active cytokines such as IL-5 is not the only mecha-
nism by which mast cells may mediate the LAR. Other cytokines such as IL-4
are also secreted by mast cells (62), and IL-4 might indirectly mediate the LAR
through its upregulatory effects on T cells or epithelial cells (63–65). In addition,
other mast cell mediators such as arachidonic acid metabolites may cause activa-
tion of airway epithelial cells or macrophages, setting off a cascade of events
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that could culminate in the LAR. Thus, the IgE-dependent activation of mast
cells may mediate the LAR via the effects of mast cells on eosinophil chemotaxis,
epithelial cell activation, macrophage activation, or other indirect effects in the
airway.

The role of IL-5 in the late phase response to allergen has been explored
in animal studies, and some preliminary data are also available from a small study
in human subjects. For example, Cieslewicz et al. (66) recently demonstrated
that pretreatment of sensitized mice with an antibody to IL-5 prevents increases
in airway resistance and airway eosinophilia 3–8 hours following airway chal-
lenge with allergen. Studies of the effects of IL-5 antibodies are ongoing in aller-
gic asthmatic subjects as well, and preliminary data have been presented (67).
Twelve asthmatic subjects were treated with a single injection of anti-IL-5, which
resulted in a significant decline in blood and sputum eosinophilia. Despite the
antieosinophil effects of the anti-IL-5 treatment, no significant attenuation of the
early or late asthmatic response was found. Although this study calls into question
the relevance of IL-5 and eosinophilia as mediators of the LAR in humans, the
authors cautioned that their study was small and may not have used an adequate
dose of anti-IL-5. Additional human studies with anti-IL-5 should clarify this
issue.

D. IgE-Dependent, Mast Cell–Independent Mechanism for the LAR

Significant advances have been made in the past 15 years in understanding the
role of IgE and its receptors in allergic inflammation. A particularly important
advance has been the discovery that IgE and its receptors have a role in antigen
presentation (68,69). Specifically, it has been discovered that FcεRI and FcεRII/
CD23 are present on the cell surface of antigen-presenting cells (APCs) such as
B cells and dendritic cells (70–72). Interestingly, supernatants of activated Th2
cells strongly enhance expression of FceRII/CD23 on the cell surface of APCs
in vitro (73), explained predominantly as another effect of the Th-2–derived cy-
tokine IL-4 (68,74,75). The presence of IgE receptors on APCs means that these
cells can bind allergen-specific IgE by an FcεR mechanism, and this mechanism
greatly increases the efficiency of antigen presentation, as evidenced by the exper-
iments of van der Heijden et al. (68). These authors examined the role of IgE in
Der p II antigen presentation by CD23-expressing EBV-B cells to Der p II–
specific CD4� T lymphocytes. Purified Der p II protein was preincubated with
IgE from atopic donors, and the EBV-B cells were incubated with these com-
plexes before the B cells were used as APCs. It was found that activation of the
Der p II–specific T cells by the IgE-complexed Der p II occurred at a 1000-fold
lower concentration than that required for T-cell activation by presentation of
uncomplexed Der p II. This role of IgE in antigen presentation to APCs has
been termed ‘‘facilitated antigen presentation’’ (68) or ‘‘IgE-dependent antigen
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focusing’’ (70). The finding of IgE receptors on the surface of antigen-presenting
cells in the skin has shown that this mechanism might be operant in human al-
lergy (71).

The discovery of the phenomenon of IgE-dependent antigen focusing has
opened up the possibility of an IgE-dependent, mast cell–independent, mecha-
nism for the LAR. In this scenario mast cells are not required for the development
of a late asthmatic response. Rather, the important cells are IgE-bearing antigen-
presenting cells, the most important of which are dendritic cells and macrophages.
These IgE-bearing APCs bind inhaled allergen and present it to allergen-specific
T cells, which then become activated and secrete cytokines of the Th2 phenotype,
resulting in eosinophil recruitment and bronchoconstriction (Fig. 2).

Evidence of an IgE-dependent, mast cell–independent, mechanism for the
LAR comes mainly from the work of Coyle et al. (76) in the mouse model of
asthma. These authors examined the role of IgE, IgE receptors, and mast cells
in allergen-induced eosinophilia (a marker of the LAR) and T-cell activation in
the lungs in sensitized mice. They found that administration of anti-IgE 6 hours
before airway challenge with house dust mite antigen neutralized serum IgE,
inhibited allergen-induced recruitment of eosinophils, and inhibited activation of
T cells. They also found that mice deficient in CD23 and mice pretreated with
an antibody to CD23 did not develop lung eosinophilia following allergen chal-
lenge. In contrast, mice deficient in mast cells continued to develop lung eosino-
philia when challenged with allergen. From these data the authors concluded that
the development of lung eosinophilia in response to allergen challenge does not
depend on activation of mast cells, but rather on activation of T cells following
IgE-CD23-facilitated antigen presentation to T cells. Dendritic cells in mice differ
from those in humans in that they do not have FcεRI receptors, so any similar
mechanism in humans may involve either high- or low-affinity IgE receptors.

E. IgE-Independent Mechanism for the LAR

While treatment with anti-IgE monoclonal antibody attenuated the LAR to aller-
gen challenge in asthmatic human subjects, it did not abolish it (Fig. 1) (3). Again,
the size or duration of dosing with anti-IgE in this protocol may simply have
been inadequate, but it is possible that non–IgE-dependent mechanisms may con-
tribute to the LAR. The evidence for this comes largely from studies of murine
models of asthma, in which the combination of an increase in bronchial reactivity
to methacholine and an increase in the number of eosinophils in bronchial lavage
fluid within 24 hours after antigen challenge is thought to indicate the occurrence
of events similar to those of the LAR in humans. These changes have been found
after antigen challenge in mice incapable of synthesizing IgE or any other im-
mune globulin (77). Further work in mice has suggested that antigen-induced
lymphocyte synthesis of IL-13 may be sufficient to initiate the events responsible
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for increased bronchial reactivity and airway eosinophilia (78,79). The relevance
of these findings to asthma as it occurs in humans is not established, but they at
least raise the possibility that IgE serves as an important mechanism for ampli-
fying the airway responses to antigen challenge but may not be entirely responsi-
ble for them.

IV. Summary and Conclusions

The mechanism of the LAR in allergic asthmatic subjects is incompletely under-
stood, but an important role for IgE has been established. Whether IgE acts via
mast cell–dependent or–independent mechanisms and whether IgE is fundamen-
tal to the occurrence of the LAR or instead amplifies the effects of other, non–
IgE-dependent mechanisms in shaping the LAR is a source of ongoing debate
and investigation.

The availability of nonanaphylactogenic anti-IgE antibodies for use in hu-
man studies has allowed clinical studies, which have established a role for IgE
in the LAR. This finding also raises the possibility that IgE-dependent antigen
focusing is important in allergic responses in the airway. Therefore, inhibition
of IgE might represent a method for desensitizing the airway to aeroallergen and
for interrupting an important mechanism of chronic allergic airway inflammation.
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I. Introduction

The history of effective attempts to understand, treat, and manage asthma may
be condensed into the past 40 years. By the mid-1960s asthma was recognized
to have a significant allergic component even though the precise triggers of the
disease were poorly characterized. IgE was described in 1967 reports by Ishizaka
et al. (1) and Johansson and coworkers (2). Antecedent work had already demon-
strated a role in the disease for basophil leukocytes (3). At the beginning of the
1980s short-term cell culture experiments incriminated specific mediators and
the underlying involvement of the immune system. It was reasoned that when
cell-bound IgE on basophils or tissue mast cells is crosslinked by an antigen, the
cell degranulates, releasing preformed and newly synthesized mediators of im-
mediate hypersensitivity such as histamine, leukotrienes, and platelet-activating
factor. It was postulated that these pro-inflammatory chemicals identified in bio-
logical fluids might be responsible for the swelling, erythema and smooth muscle
contraction characteristic of the asthmatic reaction.

* Deceased.
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These in vitro and ex vivo data, coupled with emerging epidemiological
data demonstrating a significant association between serum IgE levels and asth-
matic airway disease, made the case for IgE as a key mediator in asthma. Eleva-
tions of IgE antibodies, not IgG, were reported by Pollart et al. (4) to be a risk
factor for emergency department visits. In a population-based study of 2657 resi-
dents of Tucson, Arizona, self-reported symptoms of asthma correlated with se-
rum IgE levels (5). Other studies confirmed these initial associations showing a
relationship between IgE levels and airway hyperresponsiveness (6,7). Similar
correlations between serum IgE and asthma have been strengthened by indepen-
dent analyses of data from the U.S. National Health and Nutrition Surveys (8,9).
These U.S. population–based studies demonstrated that the overall proportion of
allergic (IgE-mediated) asthma among U.S. asthmatics �6 years old was 92%
(9). Earlier NHANES II data revealed that 20.2% of U.S. participants had skin
test reactivity to at least one of eight common perennial or seasonal allergens (8).

The availability in the mid-1990s of a nonanaphylactogenic antibody-bind-
ing IgE (10,11) made possible direct study of the precise role of IgE in clinical
asthma. Boulet et al. (12), in an early use of this IgE binding MAb, determined
the provocation concentration of allergen causing a 15% fall in FEV1 (allergen
PC15) during the early asthmatic response (EAR) employing an allergen-induced
bronchoprovocation technique. Mean serum free IgE fell by 89% after anti-IgE
(Xolair), while there was no significant change after placebo. Compared with
baseline values (day 1), the median allergen PC15 on days 27, 55, and 77 were
increased by 2.3, 2.2, and 2.7 doubling doses, respectively, with Xolair and �0.3,
�0.1, and �0.8 doubling doses with placebo (p � 0.002). Methacholine PC20
improved after Xolair, this change becoming statistically significant on day 76
(p � 0.05); no change was observed in the placebo group. The role of IgE in
early and late asthmatic reactions was also studied by Fahy and coworkers (13).
Applying a similar aeroallergen bronchoprovocation technique to the study of 19
mild asthmatics, it was observed that Xolair treatment for 56 days reduced EAR
40% (placebo was unchanged). This finding confirmed the report of Boulet. Fur-
thermore, in the first direct demonstration of the essential role of IgE in the LAR,
Fahy observed a 63% improvement in the cellular inflammatory late phase fol-
lowing Xolair treatment.

The first direct study of the contribution IgE makes to the clinical state of
moderate-severe asthma using the Xolair anti-IgE probe was reported by Milgrom
et al. (14). Three hundred and seventeen subjects (age range 11–50 years) who
required inhaled or oral corticosteroids (or both) were randomly assigned to re-
ceive either placebo or one of two regimens of Xolair intravenously for 20 weeks.
For the first 12 weeks of the study, the subjects continued the regimen of cortico-
steroids they had received before enrollment. During the following 8 weeks, the
doses of corticosteroids were tapered in an effort to discontinue this therapy.
After 12 weeks of therapy, the mean symptom scores were improved by 30%
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(p � 0.005). Twenty weeks of Xolair resulted in greater decreases and discontin-
uations of corticosteroids in the Xolair patients without a worsening of asthma
control (14).

Together with colleagues across the United States and in Europe, we have
designed, conducted, and analyzed large multicenter, double-blind, placebo-
controlled trials confirming the initial observations of Boulet, Fahy, and Milgrom.
The aim here, in this text, is to provide a review of three additional anti-IgE
clinical trials: the first conducted exclusively in an adult U.S. asthmatic popula-
tion, the second a wider study including international centers, and finally a study
of anti-IgE (Xolair/omalizumab) in subjects with more severe asthma requir-
ing high-dose corticosteroid treatment. We believe that the evidence en toto of
the role of IgE in adult asthma mustered from cell culture, immunochemistry,
population-based studies, and more specific clinical interventions with Xolair
makes possible an incontrovertible conclusion.

II. U.S. and International Studies of Xolair Administered
Subcutaneously to Moderate-Severe Asthmatics

U.S. subjects were enrolled using a 1:1 randomization in a 7-month double-blind
core study comprised of 16 weeks of stable treatment followed by 12 weeks of
attempted steroid dose reduction (Fig. 1). Patients received Xolair based on body
weight and the total serum IgE level at the first visit (Fig. 2). The primary efficacy
variables were the number of asthma exacerbation episodes experienced by a
patient during the steroid-reduction period and during the double-blind stabiliza-
tion period. There were a number of secondary efficacy variables. The secondary
efficacy variables measured for the double-blind stabilization period were number
of patients experiencing at least one exacerbation and the number of puffs of res-
cue medication taken. Secondary efficacy variables for the double-blind steroid-

Figure 1 Xolair asthma study design.
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Figure 2 Xolair customized dosing for asthma.

reduction phase were percent reduction of the inhaled corticosteroid beclometha-
sone (BDP) and the number of patients having at least one asthma exacerbation.
Exploratory variables measured during the double-blind stabilization period in-
cluded morning PEFR, FEV1, and total and individual asthma symptom scores
(nocturnal, morning, and daytime).

Patients were enrolled with the diagnosis of asthma of �1 year duration,
who, in addition to the standards of the American Thoracic Society (ATS) (15),
demonstrated a �12% increase in FEV1 following inhaled bronchodilator, skin
prick test positivity (house dust mite [D. farinae, D. pteronyssinus], cockroach,
dog, or cat) and remained symptomatic despite inhaled corticosteroids and fre-
quent use of short-acting bronchodilators. Five hundred and twenty-five subjects
were enrolled, 79% of whom had moderate disease severity and 21% of whom
were judged to be severe (Table 1).

Both the investigator’s assessed and the protocol-defined asthma exacer-
bation events (AEEs) occurred less frequently in Xolair-treated patients than
placebo-treated ones. During 16 weeks of stable steroid treatment, the mean num-
ber of the protocol-defined AEEs (i.e., AEEs requiring systemic steroid burst) in
Xolair-treated patients was almost one half of that in placebo-treated patients
(0.28 vs. 0.54; p � 0.006). The number of patients experiencing AEEs (one or
more) was approximately one third lower in the Xolair group than in the placebo
group (14.6% vs. 23.3%, p � 0.009). Moreover, the evaluation of asthma symp-
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Table 1 U.S. Asthma Clinical Trial: Summary of Demographic and Baseline
Characteristics by Treatment (all randomized patients)

RhuMAb-E25 Placebo All
overall overall patients

(N � 268) (N � 257) (N � 525)

Sex, n (%)
Male 104 (38.8) 111 (43.2) 215 (41)
Female 164 (61.2) 146 (56.8) 310 (59)

Race, n (%)
Caucasian 238 (88.8) 229 (89.1) 467 (89.0)
Black 21 (7.8) 16 (6.2) 37 (7.0)
Other 9 (3.4) 12 (4.7) 21 (4.0)

Age group, n (%)
12–17 years 20 (7.5) 21 (8.2) 41 (7.8)
18–64 years 241 (89.9) 229 (89.1) 470 (89.5)
� 65 years 7 (2.6) 7 (2.7) 14 (2.7)

Mean age, year 39.3 39.0 39.2
(range) (12–73) (12–74) (12–74)

Mean duration of asthma, years 20.56 22.65 21.58
(range) (1–61) (2–60) (1–61)

Smoking status
Never smoked 204 (76.1) 181 (70.4) 385 (73.3)
Ex-smoker 64 (23.9) 76 (29.6) 140 (26.7)

Mean BDP dose, µg/day 569.51 567.74 568.64
(range) (420–1008) (336–840) (336–1008)

Mean serum total IgE, IU/mL 172.49 186.34 179.27
(range) (20–860) (21–702) (20–860)

Mean FEV1, % predicted 68.19 67.67 67.94
(range) (30–112) (32–111) (30–112)

Mean qualifying FEV1 reversibility, (%) 26.89 25.88 26.40
Severity of asthma, n (%)a

Moderate 210 (78.4) 204 (79.4) 414 (78.9)
Severe 58 (21.6) 53 (20.6) 111 (21.1)

a Patients with FEV1 percent of predicted at visit 3 less than 65% with average total symptom score
during the 14 days prior to visit 3 greater than 4 are severe; otherwise, they are moderate.

toms, rescue medication use, and lung spirometric functions revealed a progres-
sive improvement. The Xolair group had consistently lower mean asthma symp-
tom scores, used lower number of puffs of rescue albuterol medication, and had
slightly higher PEFR and FEV1 than the placebo group; these treatment differ-
ences were generally statistically significant.

After 16 weeks of treatment, Xolair-treated patients were able to tolerate
a significantly greater reduction in inhaled corticosteroid (ICS) dose than placebo
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patients. The median percent reduction in the BDP dose was 75% in the anti-
IgE group compared to 50% in the placebo group (p � 0.001). It was possible
to withdraw BDP completely (100% dose reduction) in 39.5% of Xolair patients
versus 19.1% of placebo patients. This reduction of BDP dose on Xolair was
achieved without precipitating asthma exacerbations or an increase in rescue
medication (both lessened on Xolair while decreasing coticosteroids). During the
12-week steroid-reduction phase, despite reduction in the BDP dose, Xolair was
significantly superior to placebo in reducing the frequency of protocol-defined
AEEs (mean 0.39 vs. 0.66 per patient; p � 0.003) and number of patients experi-
encing the AEEs (21% vs. 32%, p � 0.004). Significant reduction in potentially
serious AEEs and corticosteroid requirement are important clinical benefits of
this anti-IgE treatment.

Lung function assessments in the U.S. study revealed a small, statistically
significant difference favoring Xolair. At the end of the stabilization phase, Xolair
patients had a higher least-squares mean FEV1 (2504 vs. 2381 mL) and morning
PEFR (342 vs. 330L/min) than the placebo group. Considering the long duration
(Table 1; mean duration 22 years) of the moderate to severe asthma and back-
ground maintenance therapy with moderately high doses of ICS while on study
and frequent bronchodilator rescue, these increases in FEV1 and PEFR, although
small, are considered important evidence of the broad activity of Xolair anti-
IgE.

The overall effectiveness of Xolair treatment was clearly reflected in mea-
sures of the asthma-related quality of life. Patient’s self-assessment of asthma-
related quality of life, using the validated asthma-related quality-of-life question-
naire (AQLQ) (16), showed a clinically significant change from baseline of 0.5
units improvement in both treatment groups for all domains at the end of both
treatment stabilization and steroid-reduction periods. Importantly, a significantly
greater improvement over placebo was seen in Xolair-treated patients for each
of the individual domains (activities, emotions, symptoms, environmental expo-
sure) and overall scores (p � 0.02).

The results of the safety analyses in this 7-month double-blind study
showed that Xolair was well tolerated. There were no drug-related serious adverse
events or other significant drug-related adverse events. The majority of adverse
events were mild to moderate and considered not related to the study drug. Fre-
quency of adverse events, whether or not drug related, was similar in the active
and the placebo groups. The untoward reactions reported frequently in both treat-
ment groups represent commonly occurring medical conditions observed in this
adolescent and adult population; upper respiratory tract infection, viral infection,
and headache were the most frequently reported in both treatment groups. Urticar-
ial reactions occurred less frequently in the Xolair group than the placebo group
(1.5% vs. 3.1%). These urticaria were typically mild to moderate in severity and
were not considered to be drug related in any of the patients. The onset time of
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these urticarial reactions is not consistent with an immediate Type I hypersensi-
tivity reaction. In all cases the urticaria resolved spontaneously or with antihista-
mine treatment and did not recur with continued Xolair treatment. There was no
evidence of clinically significant abnormalities in the laboratory tests (chemistry,
hematology, urinalysis) following Xolair treatment.

A second phase III, 7-month randomized, double-blind, parallel group, pla-
cebo-controlled multicenter trial conducted internationally confirmed the safety
and efficacy of Xolair anti-IgE treatment in moderate-severe adult asthmatics.
The 28-week double-blind treatment period was, once again, divided into a 16-
week stabilization period during which Xolair or placebo were added to symp-
tomatic patients requiring stable doses of BDP (500–1200 µg/day) followed by
a 12-week steroid reduction phase (Fig. 1). Five hundred and forty-six patients
were randomized (1:1 placebo:active) and were dosed according to serum IgE/
body weight strata as in the U.S. trial (Fig. 2). Primary and secondary efficacy
measures for this anti-IgE were unchanged. The study demographics and baseline
clinical characteristics of the enrolled study subjects (Table 2) reveal a higher
mean value for daily use of inhaled corticosteroids in this international study.
To ensure a moderate to severe asthma population, all patients in this study were
required to be symptomatic asthmatics and have an FEV1 of no greater than 80%
of predicted despite use of at least moderate doses of ICS (minimum beclometha-
sone 500 µg/day).

There were two primary endpoints: to assess the number of asthma exacer-
bations per patient during the stabilization and the steroid reduction periods of
the study. As there is no widely accepted uniform guideline definition of asthma
exacerbation, this study defined two types of AEEs. The investigator’s clinical
judgment of need for additional treatment, over and above the maintenance BDP
dose and, as needed, β2-agonist rescue medication, defined an exacerbation re-
ferred to as the ‘‘investigator’s assessed AEEs.’’ To strengthen its clinical rele-
vance, only those AEEs that required a corticosteroid burst (doubling of baseline
maintenance BDP dose or oral/injected steroid) were included in the efficacy
analyses (‘‘protocol-defined AEE’’). To ensure uniform evaluation of exacerba-
tions across centers, patients were required to be evaluated by the study physician
upon meeting any of the protocol-defined symptomatic criteria indicating a possi-
ble exacerbation. The physician was then directed to treat the patients according
to published National Heart, Lung, and Blood Institute (NHLBI) guidance (17).

On average, Xolair resulted in 58% fewer asthma exacerbations per patient
during the stabilization period for the intent-to-treat population (p � 0.001) than
in the placebo group. Additionally, a significant reduction in exacerbation rates
was duplicated in the second phase (52% fewer on average; p � 0.001) during
the steroid-reduction period despite a greater reduction of inhaled corticosteroid
use in the Xolair group. The observed reduction in these potentially serious exac-
erbations is considered a major clinical benefit of this new therapy. Indeed, there
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Table 2 International Asthma Clinical Trial: Summary of Demographic, Background,
and Baseline Characteristics by Treatment (all randomized patients)

All
rhuMAb-E25 Placebo patients

(N � 274) (N � 272) (N � 546)

Sex, n (%)
Male 141 (51.5) 127 (46.7) 268 (49.1)
Female 133 (48.5) 145 (53.3) 278 (50.9)

Race, n (%)
Caucasian 256 (93.4) 242 (89.0) 498 (91.2)
Black 11 (4.0) 11 (4.0) 22 (4.0)
Oriental 2 (0.7) 6 (2.2) 8 (1.5)
Other 5 (1.8) 13 (4.8) 18 (3.3)

Age, n (%)
12–17 years 18 (6.6) 17 (6.3) 35 (6.4)
18–64 years 237 (86.5) 246 (90.4) 483 (88.5)
�65 years 19 (6.9) 9 (3.3) 28 (5.1)

Age (yr), mean (range) 40.0 (12–76) 39.0 (12–72) 39.5 (12–76)
Duration of asthma (yr)a mean (range) 20.3 (2–68) 19.1 (1–63) 19.7 (1–68)
Smoking status, n (%)

Nonsmoker 213 (77.7) 207 (76.1) 420 (76.9)
Ex-smoker 61 (22.3) 65 (23.9) 126 (23.1)

BDP dose (µg/day)
Mean 769.0 772.1 770.5
Range 500–1600 200–2000 200–2000

Serum total IgE (IU/mL)
Mean 223.1 205.6 214.4
Range 21–785 22–814 21–814

% predicted FEV1

Mean 69.8 69.9 69.8
Range 30–112 22–109 22–112

Qualifying FEV1 reversibility (%)b

Mean 26.4 25.8 26.1
Range 10–86 11–103 10–103

Severity of asthma, n (%)c

Moderate 214 (78.1) 213 (78.3) 427 (78.2)
Severe 60 (21.9) 59 (21.7) 119 (21.8)

Past year hospital or doctor visits for asthma:
Overnight hospital admission, n (%) patients 11 (4.1) 20 (7.5) 31 (5.8)
Emergency room visits, n, mean (range) 0.23 (0–12) 0.17 (0–6) 0.20 (0–12)
Doctor’s office visits, n, mean (range) 1.18 (0–15) 1.21 (0–24) 1.20 (0–24)
Missed work or school days, n, mean (range) 4.34 (0–190) 2.82 (0–60) 3.60 (0–190)

History of:a

Atopic dermatitis, n (%) patients 24 (8.8) 28 (10.3) 52 (9.5)
Seasonal allergic rhinitis, n (%) 183 (66.8) 177 (65.1) 360 (65.9)
Perennial allergic rhinitis, n (%) 213 (77.7) 209 (76.8) 422 (77.3)
Aeroallergens sensitivity, n (%) 232 (84.7) 221 (81.3) 453 (83.1)
Foods sensitivity, n (%) 62 (22.6) 58 (21.3) 120 (22.0)
Animals sensitivity, n (%) 225 (82.1) 227 (83.5) 452 (82.9)
Dust mite sensitivity, n (%) 247 (90.1) 246 (90.4) 493 (90.5)

a Missing asthma and allergen history CRF for one patient: 21/2236 on placebo q2weeks.
b Missing qualifying FEV1 reversibility for one patient: 33/2934 on placebo q2weeks.
c Moderate: % predicted FEV1 at visit 3 (baseline) �65%; severe: % predicted FEV1 � 65% and a
mean total symptom score of �4 for the 14 day-period preceding visit 3.
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were six patients (2.2%) in the placebo group versus none in the Xolair group
who experienced asthma exacerbations judged as serious adverse events.

Results of the secondary efficacy variables (number of patients experienc-
ing at least one asthma exacerbation, percent reduction in the dose of BDP, pro-
portion of patients with reduction in BDP, number of puffs of rescue medication
taken daily, and global evaluations of treatment effectiveness) were consistent
with the Xolair superiority seen in the primary endpoint. Furthermore, consis-
tency was also seen in the exploratory variables including PEFR, spirometry, and
mean asthma symptom scores, with statistically significant differences shown in
favor of anti-IgE for most variables.

Of particular note was the clinically meaningful improvement in:

Nocturnal asthma symptoms (median score falling from 1.14 to 0.36 after
16 weeks of Xolair treatment, where a score of 1 represents a daily awak-
ening due to asthma symptoms, compared to a change from 1.29 to 0.83
on placebo)

The reduction of inhaled corticosteroids (the median BDP dose decrease
was 83% on Xolair versus 50% in placebo plus standard therapy patients)

Rescue β2-agonist use (a decrease of 2 puffs/day after 16 weeks of treat-
ment compared to 0.6 puffs reduction achieved on placebo plus standard
therapy)

Importantly, the benefit of reduced asthma exacerbations seen in the Xolair
group during the stabilization period continued during the steroid-reduction phase
despite a significantly greater reduction of inhaled corticosteroid and less frequent
use of rescue medication. The evidence of superior symptom control and respira-
tory function, which also continued throughout the steroid-reduction period, fur-
ther enhances the confidence in these anti-IgE efficacy results.

The observed safety profile of Xolair was excellent, and the subcutaneous
treatment was well tolerated in this large population of moderate to severe adult
and adolescent asthmatics during 28 weeks of exposure. There were no drug-
related serious adverse events in the core study period (16 weeks). The number
of patients who had at least one adverse event, whether or not study drug related,
was similar in both treatment arms (Xolair 80.7% vs. 78.3% placebo), viral infec-
tion, headache, and sinusitis being the most frequently reported events in both
groups. There was no significant difference between the number of Xolair- and
placebo-treated patients experiencing at least one adverse event suspected as drug
related (6.2% vs. 3.7%, respectively; p � 0.183). Urticaria occurred in one (0.4%)
Xolair patient versus four (1.5%) placebo-treated patients. Local injection site
symptoms were associated with 11.8% of Xolair injections compared to 7.7% of
placebo administrations. No patients discontinued treatment due to adverse events
in the Xolair group compared to five (1.8%) on placebo. There were no cases of
anaphylaxis or serum sickness during the treatment period. One case of protein-
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uria occurred in a patient receiving anti-IgE. From follow-up information, this
was not considered drug related, but instead was attributed to mild hypertension.
A renal biopsy gave no indication of immune complex disease.

This study demonstrates that treatment with anti-IgE reduces the risk of
potentially serious asthma exacerbations and improves asthma control in patients
with moderate to severe allergic asthma. It adds further weight to the accumulated
evidence for the key pathogenetic role IgE plays in patients with asthma.

III. Study of Xolair Anti-IgE in Severe Asthma

This study was conducted in 15 extra-U.S. cities, which made possible ac-
crual of adolescents and adults with severe asthma requiring daily treatment with
high-dose inhaled corticosteroids (�1000 mg/d fluticasone) often concomitantly
treated with oral corticosteroids. Patients 12–75 years old were enrolled if treated
with oral corticosteroids for �5 years only if reversibility to salbutamol was
demonstrable; 341 patients were randomized (Xolair 176/placebo 165) and dosed
subcutaneously with the anti-IgE as in previous late stage clinical trials (Fig. 2).
The primary efficacy variable was the percentage reduction in ICS dose at the
end of a 32-week treatment phase compared to baseline. Key secondary efficacy
measures included change from baseline in mean daily dose of oral steroid and
the number of patients experiencing at least one AEE. The background character-
istics by steroid use (inhaled/oral) and treatment randomization (Xolair/placebo)
are presented in Table 3. There were no marked differences in demographics
between the inhaled and oral groups or between study treatments. A paucity of
younger patients in the oral corticosteroid subpopulation may reflect prudent
avoidance of systemic glucocorticoids in younger asthmatics (18,19). Note that
58–67% of subjects were female, which is expected in a study of severe asthma-
tics requiring high doses of corticosteroids (20,21). It may be that the preponder-
ance of asthmatics treated with ICS and randomized to receive Xolair (Table 3,
column 1) had more severe disease as indicated by lower baseline FEV1, a higher
incidence of hospitalization, and more prevalent history of atopic dermatitis
comorbidity.

A. Reduction in Corticosteroids

For all randomized patients in the inhaled steroid subpopulation, percent reduc-
tions in fluticasone dose at the end of double-blind treatment (week 32) are sum-
marized in Table 4. For the inhaled randomized patients subpopulation, there
was a highly significant reduction in inhaled steroid dose at the end of the treat-
ment phase in E25 patients compared to placebo (p � 0.003). Additionally, the
median percent reduction was greater for E25 patients compared to placebo pa-
tients in both the Q2 week and Q4 week dosing subgroups. The distribution of
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Figure 3 Percent reduction in steroid dose at the end of the treatment phase (visit 15/
week 32) compared to baseline (visit 3/week 0) (all randomized patients—inhaled). FLU,
fluticasone.

reduction (Fig. 3) revealed that 41.2% of Xolair-treated patients achieved a
�75% reduction in CS (placebo 25.8%). The absolute reduction in fluticasone
dose was also significantly greater for Xolair patients compared to placebo pa-
tients. For the oral CS randomized patient subpopulation, there were no between-
treatment differences in percent reduction prednisolone dose.

B. Reduction in Exacerbations

A protocol-defined AEE was defined as a worsening of asthma (decreased a.m.
PEFR, worsening symptom scores unresponsive to increased rescue med use)
requiring treatment with new or increased doses of systemic oral corticosteroids.
There was an increase in the number of placebo patients experiencing one or
more AEE in the corticosteroid reduction phase compared to the stabilization
phase. This increase was more marked in placebo patients (0.25 episodes/patient
to 0.45) compared to Xolair-treated patients (0.23–0.27 AEE/patient, respec-
tively) (Table 5).

C. Other Efficacy Measures of Anti-IgE Treatment
in Severe Asthmatics

In the inhaled steroid subpopulation, secondary efficacy results were also in favor
of Xolair, showing statistical significance versus placebo in lowering absolute
steroid dose at the end of the treatment phase and improvements in rescue medica-
tion use, asthma symptoms, and lung function. Statistical significance was dem-
onstrated in these parameters at a number of time points. Most of the secondary



248 Fick and Metzger

Table 5 Number of Asthma Exacerbation
Episodes per Patient During the Double-Blind
Stabilization and Double-Blind Steroid Reduction
Phase (all randomized patients)

E25 Placebo

Stabilization phase
Number of AEE

0 (n) 149 141
1 (n) 17 16
2 (n) 8 3
3 (n) 1 3
4 (n) 1 2

N 176 165
Median [range] AEE 0 [0–4] 0 [0–6]
Mean number AEE 0.23 0.25

Reduction phase
Number of AEE

0 (n) 130 117
1 (n) 26 29
2 (n) 5 8
3 (n) 3 2
4 (n) 0 3

N 164 159
Median [range] AEE 0 [0–3] 0 [0–9]
Mean AEE 0.27 0.45

objectives of the study were adequately addressed in the prospective analysis,
but in some efficacy parameters unplanned analyses were employed for further
investigation of the underlying data. Nighttime awakenings, use of rescue medi-
cation, and asthma symptom scores all suggest that baseline disease was more
severe in patients randomized to Xolair. CS taper in the placebo group was ac-
companied by a worsening of symptoms and an increase in rescue medication
during the steroid reduction phase (questioning the true benefit of steroid reduc-
tion in this group); there was no such penalty for steroid reduction in the Xolair
group. With Xolair there was an improvement in asthma symptoms and a reduc-
tion in rescue medication use while achieving meaningful CS reduction.

Clinically meaningful improvements in quality-of-life (QOL) domains
were seen in more Xolair-treated patients compared to placebo patients at the
end of the stabilization and reduction phases. The improvement in activities, emo-
tions, symptoms, and overall domains at the end of the reduction phase was seen
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Figure 4 Clinically detectable (�0.5) improvement in QOL scores at the end of the
steroid-reduction phase (all randomized patients). Significance: *p � 0.05, **p � 0.01.

in significantly more Xolair patients (Fig. 4). In the oral subpopulation during
the stabilization phase, asthma-related QOL was generally better in Xolair-treated
patients, especially for the symptom domain. In the reduction phase oral-treated
group, change in symptom score improved overall in the anti-IgE group and
worsened in the placebo group. Emotional and overall domain scores improved
more markedly in Xolair patients than in placebo patients.

D. Safety

The observed safety profile of Xolair continued to be excellent, and treatment
was well tolerated in this population of severe asthmatics during 32 weeks of
exposure. There were no drug-related serious adverse reactions in the double-
blind period. The number of patients who had at least one adverse event, whether
or not study drug related, was similar in both treatment arms, viral infection,
headache, and rhinitis being the most frequently reported events in both groups.
There was no meaningful difference between the number of Xolair- and placebo-
treated patients experiencing at least one adverse event suspected as drug related.
Clinically notable abnormalities in laboratory parameters were reported in few
patients, were distributed equally across treatment groups, and did not give rise
to any clinical concern.

The only area in the safety data where Xolair appeared to be inferior was
in local symptoms associated with the study medication injections. Local symp-
toms were associated with 17.4% of Xolair injections compared to 10.2% of
placebo administrations. Most of the local symptoms were mild and transient.
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Specific reactions like rash, hives, urticaria, pruritus, or allergic reactions were
reported infrequently and, if anything, were more prevalent in the placebo group.

IV. Conclusions

The immunoglobulin isotype identified by Ishizaka and Johansson in 1967 has
now progressed far in its journey of scientific discovery from the bench in poly-
acrylamide gels to the bedside, as demonstrated in successful multicenter trials
of Xolair anti-IgE. The progression has been incremental and well reasoned, start-
ing with immunochemistry, to short-term cell culture studies of effector cells and
stimulated mediator release bolstered by a very different science: population-
based studies associating serum IgE with asthma symptoms and airways reac-
tivity. The dual conceptual breakthroughs of identification of the Fcε3 domain
binding high-affinity receptor as a target for a therapeutic MAb (22) followed
by humanization of the MAb (10) have made possible direct study of the specific
role of IgE in the asthmatic airway. Specific binding of IgE by Xolair has been
shown to safely improve early asthmatic response, dramatically reverse late asth-
matic response, and offer important clinical improvement to adolescent and adults
with moderate to the severest stages of asthma.

As with all scientific inquiry, the systematic process of answering a ques-
tion often raises more intriguing questions. What is the contribution of serum
IgE to the childhood risk of developing asthma (23,24)? Is IgE essential to the
atopic march (25,26) from food allergies to atopic dermatitis eventuating in
asthma? And now we can pose even grander questions: Would early Xolair inter-
vention in at-risk children abrogate wheezy-asthma disease? Or in those asthma-
tics with established disease, is it possible that chronic Xolair anti-IgE treatment
will modify the course of their lung disease? These trials have not yet been de-
signed, but given their importance it is inevitable that in the not too distant future
they will be undertaken. For the moment, it is exhilarating just phrasing these
questions, knowing that a safe reagent exists with which to probe the unknown.
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I. Introduction

Asthma is a complex multifactorial disease in which allergic sensitization plays
an essential role. Sensitivity to indoor allergens is associated with prevalence,
severity, and exacerbations of asthma, while exposure to outdoor allergens initi-
ates exacerbations (1,2). A trait for an elevated level of serum IgE is coinherited
with bronchial hyperresponsiveness. Thus, there is a second link between IgE
and airway inflammation that appears to be independent of specific allergic sus-
ceptibility (3).

Serum IgE levels correlate with the severity of clinical manifestations of
asthma (4,5). During childhood total serum IgE appears to track with age. Infants
less than one year old with high serum IgE continue to have elevated levels at
6 and 11 (6) (Fig. 1). These children are predisposed to persistent wheezing and
early sensitization to aeroallergens. Others, with wheezing only during the first
year of life and not later, have serum IgE concentrations similar to those of non-
wheezing children.

Wheezy infants who will have asthma are difficult to distinguish from oth-
ers whose symptoms will be transient. A vast majority of all cases of asthma
have their onset in the first years of life (7), but no more than a minority of
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Figure 1 Mean IgE and 95% confidence intervals for model 1 with repeated-measures
analyses (see text for details) for boys and girls. Children were considered early sensitized
when they had at least one positive skin prick test response at age 6 years and late sensi-
tized when they had at least one negative skin prick test response followed by a positive
skin prick test response at age 11 years. Nonsensitized children had negative skin prick
test responses at both ages (reference population). (From Ref. 6.)
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infants who wheeze have or will proceed to develop this disease (8,9). Despite
early similarities in lung function, children who had a wheezing lower respiratory
tract illness in the first 3 years and whose wheezing episodes persisted up to the
age of 6 had inferior lung function at that age in comparison to others whose
wheezing started after age 3 (10). The children with early onset of asthma symp-
toms had greater deterioration in lung function and more persistence of symptoms
into adulthood (7,11).

One feature of asthma that appears to be particularly important is the thick-
ening of the basement membrane of the airway epithelium and the deposition of
collagen and other matrix products in the airway wall. It has been suggested that
these changes constitute the basis for remodeling of the airway, a process that may
predispose to airway hyperresponsiveness and to the development of chronic,
persistent asthma symptoms. Thus, therapeutic strategies for wheezy infants must
address the possibility that for those who will go on to develop asthma, a pro-
longed delay in anti-inflammatory treatment leads to permanent loss in pulmonary
function.

II. Etiology and Epidemiology of Pediatric Asthma

The susceptibility to allergic disease is determined by a combination of genetics
and environment acting through a complex network of cytokines (Fig. 2). It is
sustained by an imbalance between two populations of T-helper lymphocytes
referred to as Th1 and Th2 cells, with the equilibrium shifted toward Th2. In-
terleukin-4 (IL-4) is pivotal in Th2 cell development (12) and, together with IL-
13, leads to increased IgE production. Both cytokines can upregulate adhesion
molecule expression and mucus production in the airways. IL-5 is thought to be

Figure 2 Theoretical development of TC2/Th2-like responses. In an immature APC
system antigen presentation without IL-12 promotes the development of Th2-like and
TC2-like effector cells. (From Ref. 64.)



256 Milgrom and Johnson

essential for eosinophilopoiesis and eosinophil survival. Atopic disorders caused
by Th2-like immune responses directed against otherwise harmless antigens are
on the rise in affluent societies. In the developing world common infections limit
the prevalence of allergic disorders by inducing a Th1 immunological environ-
ment rich in interferon gamma (IFN-γ). Exposure to microorganisms in infancy
suppresses allergen-specific Th2 cytokines and the emergence of atopy. However,
when infections occur after the Th2 response is already established, IL-4 converts
the normally dominant Th1 response into a mixed Th1/Th2 process, resulting in
an exacerbation of the atopic disorder. Thus the increase in prevalence and sever-
ity of atopic disorders in prosperous societies may be caused in part by the de-
crease in infectious diseases in early childhood (13).

Th2 cells infiltrate the airway wall as a result of attraction to inflammatory
sites by adhesion molecules and chemokines. Production of Th2 cytokines is not
restricted to T cells. Both basophils and mast cells produce IL-4, suggesting that
these cells may bear upon the synthesis of IgE (2). IgE production by B cells
requires not only the presence of IL-4 or IL-13, but also a physical interaction
between T and B cells involving surface and adhesion molecules. IgE, bound
to low-affinity receptors (FcεRII [CD23]) on activated B cells and antigen-
presenting cells such as monocytes and Langerhans cells, appears to enhance
their antigen-capturing activity and the production of still more IgE (14,15).

The prevalence of atopy and asthma has been on the rise in affluent coun-
tries (16) (Table 1). Interestingly, both conditions remain uncommon in the less
developed areas, especially in rural regions (17). Comparisons drawn between
children raised in cities and those growing up in traditional surroundings in the
third world have shown a marked increase in the incidence of asthma among
urban dwellers. The risk of developing allergic disease appears to be related to
socioeconomic factors and family structure (18). In societies as dissimilar as the
United Kingdom and Ghana, the less affluent groups are at lower risk for atopic
disease (19,20). Inverse relationships have been reported between atopy and the
number of siblings (21) and between atopy and early entry into communal day-
care (22).

Extensive information about wheezy children has been accumulated by the
Tucson Children’s Respiratory Study. This long-term, longitudinal, prospective
inquiry into the risk factors for acute lower respiratory tract illnesses in early
childhood and for chronic obstructive airways disease in later life was based on
the surveillance of 1246 newborns enrolled between May 1980 and January 1984,
representing 78% of eligible infants (23). When the children turned 6 they were
classified into groups according to the presence or absence of wheezing before
or after they reached 3 years of age (10). Four hundred and twenty-five children
(51.5%) never wheezed, 19.9% had transient early wheezing, 15% had wheezing
of late onset, and 13.7% had persistent wheezing. Thus, the great majority of the
cohort was not wheezing by 6 years of age. Those who continued to have recur-
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Table 1 Estimated Average Ratesa of Office Visits for Asthma as the First-Listed
Diagnosis, by Race, Sex, and Age Group—United States, National Ambulatory
Medical Care Survey, 1975–1995b

1975 1980–1981 1985 1989 1990–1992 1993–1995

White 22.2 26.2 29.3 26.2 34.6 39.6
Black 19.7c 22.4c 26.8 29.9 39.5 43.8
Other d d d d 17.3 34.1
Male 21.1 25.8 27.3 21.0 31.2 33.9
Female 21.5 23.7 28.3 32.7 36.7 43.6
Age group (yr)

0–4 25.3c 30.4c 30.7 32.7c 48.2 50.3
5–14 22.5 45.6 42.6 27.0 49.3 51.5
15–34 14.1 13.9 14.6 19.0 23.9 22.8
35–64 25.4 20.7 28.8 31.7 29.5 41.7
�65 25.3 25.8 33.0 30.9 37.0 44.0

Total 211.4 25.0 27.9 27.0 34.1 39.0

a Per 1000 population.
b All relative standard errors are �30% (i.e., relative confidence interval � 59%) unless otherwise
indicated.
c Relative standard error of the estimate is 30–50%; the estimate is unreliable.
d Relative standard error of the estimate exceeds 50%.

rent symptoms had had more episodes early in their lives than those whose symp-
toms ceased by the age of 3; moreover, they experienced episodes of wheezing
even in the absence of viral infection. The children with persistent wheezing were
more likely to have had a history of atopy and to have been the offspring of
mothers with asthma. Maternal smoking was associated with both persistent and
transient wheezing. More recently, specific allergen reactivity and elevated IgE
have been found to be associated with persistent wheezing (24).

Alterations in acute immune response to viral infection may be detected
at the time of the first wheezing episode in subjects who will go on to have
persistent wheezing symptoms (10,25,26). Viral respiratory infections early in
life appear unlikely to give rise to persistent asthma, although they may trigger
acute wheezing illnesses (24,26). However, the presence of eosinophil activation
in the peripheral blood at the time of bronchiolitis in infants is linked to an in-
creased risk of wheezing at age 7 (26). Eosinophilia may identify a predisposition
toward Th2 dominance that provokes airway obstruction at the time of viral infec-
tion in infancy and during allergen exposure in later life.

Those children who are more likely to have asthma appear to show evidence
of an altered immunological process, i.e., they become sensitized to allergens
and other antigens early in life. The association among environmental allergens,
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IgE-mediated hypersensitivity, and asthma is supported by the following evi-
dence:

The initial onset of wheezing is related to the density of house dust mite
allergen, der p 1, exposure in infancy (27).

The onset of asthma has been related to the sensitization to only a handful
of allergens: dust mite, animal dander, cockroach, and the mold Al-
ternaria (28).

Sensitization, with production of IgE antibodies, is a strong risk factor for
acute asthma, especially when these sensitized individuals are exposed
to high concentrations of allergen in their homes (4,29–31).

Asthma severity and airway hyperresponsiveness correlate with the degree
of sensitivity to indoor allergens (27,32,33).

Sixty to 80% of adults and children with asthma have one or more positive
immediate wheal-and-flare skin test responses to environmental allergens
(32,34–36).

Inhaled extracts of aeroallergens can induce asthma in sensitized subjects
(37,38).

Asthma symptoms and measures of lung function improve in sensitized
patients when they avoid aeroallergens (39–42).

III. Role of IgE in the Pathogenesis of Asthma

There appears to be a strong causal relationship between allergy and the origins
of asthma (12). In children this disease is strongly linked to the development of
specific IgE. Nearly 90% of affected children have positive skin tests, with the
indoor allergens house dust mite, Alternaria, cockroach, and cat most closely
linked with the disease (1,28). There is a strong correlation between the number
of positive skin tests in children and the severity of asthma (43). Greater exposure
to house dust mite protein during infancy has been shown to lead to an earlier
onset of wheezing (44). Finally, total IgE and atopy manifested by positive skin
tests are the main determinants of bronchial hyperesponsiveness in young adults
(45).

The IgE-mediated reactions of a sensitized asthmatic following the expo-
sure to an allergen have been designated as early (EPR) and late phase responses
(LPR) (46). EPR is manifested by a fall in forced expiratory volume in 1 second
(FEV1) within one hour of allergen exposure (46,47). EPR is initiated when IgE
molecules bound to high-affinity receptors (FcεRI) on the surface of mast cells
and basophils are cross-linked by allergen. This results in cellular degranulation
and the release of preformed inflammatory mediators. Mast cell degranulation in
vivo is often followed by LPR. IgE antibodies are capable of passive transfer of
both acute and LPR sensitivity to allergen challenge (48). In asthmatics, LPR
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appears as a second episode of airflow obstruction 4–8 hours after antigen expo-
sure. The intensity of the airway obstruction that develops during the LPR is
more prolonged, and usually more severe, than that observed during the EPR.

Chronic airway symptoms may result from persistent LPR to repeated aller-
gen exposure (48). LPR shares determinant factors with EPR. IgE-mediated mast
cell activation gives rise to both reactions (48). Patients who display an isolated
LPR to bronchial challenge have a positive immediate skin test response to the
inciting allergen. Both EPR and LPR can be blocked by premedication with the
same agents (49,50).

It is important to note that IgE-mediated mast cell activation contributes
to chronic tissue eosinophilia and airway remodeling (51). Tryptase, a major
product released into the airway during mast cell activation, stimulates the synthe-
sis of type I collagen by human lung fibroblasts (52). Both histamine and tryptase
have direct effects on fibroblast proliferation and on collagen synthesis (53). Mast
cells also have been associated with fibrosis in interstitial lung disease (54). They
are abundant in fibrotic tissue, and recent studies suggest that they are an ample
source of basic fibroblast growth factor (54).

IV. Therapy with Anti-IgE

Neutralization of IgE is a compelling objective because of its central role in
atopic disease (54). It became a realistic clinical goal when monoclonal antibodies
directed against IgE were found to suppress allergic reactions in animal studies
(55). rhuMAb-E25 (omalizumab), a humanized murine monoclonal antibody di-
rected to the FcεRI-binding domain of human IgE, was selected for trials in
patients with allergic disease. rhuMAb-E25 binds to free IgE but not to IgA, IgG,
or IgE that is attached to mast cells or basophils. It prevents the binding of IgE
to FcεRI and thus averts mast cell degranulation that follows cross-linking of
IgE by allergens (55). rhuMAb-E25 reduces free plasma IgE in dose-dependent
fashion and causes a marked downregulation of FcεRI on basophils (56).

In early clinical trials, treatment with omalizumab reduced free serum IgE
levels by more than 90%, markedly suppressed eosinophilia in the induced spu-
tum and limited both EPR and LPR (57,58). A recent phase III study of patients
aged 11–50 years with moderate or severe allergic asthma requiring oral and/or
inhaled corticosteroids demonstrated the clinical effectiveness of rhuMab-E25
(59). In this study, patients received recommended asthma therapy and one of
three experimental regimens: high-dose omalizumab (5.8 µg/kg of body weight
per ng of IgE per mL), low-dose omalizumab (2.5 µg/kg of body weight per ng
of IgE per mL), or placebo for 20 weeks. During the first 12 weeks patients
received a dose of corticosteroids that optimally controlled their symptoms and
spirometry results. During the next 8 weeks the corticosteroids were tapered
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as long as symptoms were suppressed and spirometry remained stable. Mean
asthma symptom scores and β-agonist use were significantly lower for high-dose
omalizumab than placebo at both 12 and 20 weeks, as were the proportions of
patients having a �50% reduction in symptom scores (50% vs. 24%; p � 0.001
at 12 weeks and 51% vs. 34%; p � 0.03 at 20 weeks). Importantly, more patients
in the omalizumab groups were able to reduce or discontinue their use of oral/
inhaled corticosteroids than in the placebo group. Omalizumab was well toler-
ated, with no significant differences in the rate of adverse events between active
treatment and placebo.

These findings were extended in a large group of children aged from 6 to
12 years with allergic asthma. In a randomized double-blind placebo-controlled
study, the effects of the same humanized monoclonal antibody were evaluated
over 28 weeks. Two patients were randomized to omalizumab for every one to
placebo. These patients were well controlled on inhaled beclomethasone dipropi-
onate and continued on this therapy throughout the first 16 weeks of evaluation.
During the subsequent 12 weeks steroid was withdrawn in a standardized way
to assess the potential steroid sparing effect of the drug. The patients who received
the monoclonal antibody achieved a greater reduction compared to the control
group. All of the actively treated patients were able to reduce their steroid dose
by at least 50% compared to 71% of the placebo treated patients (p � 0.001). In
addition there was a significant reduction in the number of asthma exacerbations
requiring systemic steroid or a doubling dose of inhaled steroid (placebo 39%
vs. omalizumab 18%; p � 0.001). Albuterol use for rescue was reduced in the
actively treated patients relative to baseline. In addition, the incidence of adverse
events was similar between the two treatment groups. These data suggest that
IgE does indeed play an important role in the pathophysiology of asthma and
that agents that specifically block its interaction with the FCεRI receptor may be
a useful adjunct in the management of the disease (59a).

There are patients for whom currently available medical regimens are inef-
fective. Persistently uncontrolled asthma is associated with reduced glucocorti-
coid receptor binding on the inflammatory cells (60); anti-IgE may offer addi-
tional hope for these patients. Frequent exacerbations of asthma have been
documented in patients who do not adhere to their treatment regimen (61). Indeed,
studies show that only one half of the medication prescribed for asthma is ever
used (62,63). For other patients, imperfect effort and technique limit the benefit
of inhaled medication. Thus, the introduction of an effective therapy administered
parenterally at 4-week intervals offers a fresh approach to improve the care of
many patients.

Most patients with asthma have specific IgE antibodies to aeroallergens
that play a central role in the pathogenesis of their disease. Anti-IgE therapy has
been shown to reduce free IgE in circulation, suppress both early- and late-phase
asthmatic reactions, improve symptoms, stabilize lung function, and decrease the
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need for corticosteroids. Treatment with the anti-IgE antibody omalizumab is
well tolerated. It epitomizes a novel approach to the management of chronic
asthma that is both imaginative and achievable.
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Over a decade of research and clinical efforts in the immunopathogenesis of
asthma (1,2) have substantiated the critical role of airway inflammation and iden-
tified key mediators and mechanisms. Because information on the pathological
features of asthma was first obtained from postmortem examination of severe
asthmatics, airway inflammation was believed to be a feature of advanced, termi-
nal disease (3). Those airways showed infiltration by granulocytes (neutrophils,
eosinophils), increased numbers of lymphocytes, activated mast cells, collagen
deposition beneath the basement membrane, and occlusion of the bronchial lumen
by mucus produced from hyperplastic goblet cells. The finding of hypertrophied
bronchial smooth muscle supported the widely held belief that asthma was pri-
marily a disease of airway smooth muscle.

The design of a flexible fiberoptic bronchoscope (4) and its application to
lung biopsy and, later, lavage (5) made possible the examination of the airways
of patients with less severe forms of disease. Studies in the 1980s demonstrated
that airway inflammation was a ubiquitous feature (6). These inflammatory
changes were observed throughout the central and peripheral (small) airways
(7,8). Consequently, asthma is now considered largely an inflammatory disease.
International diagnostic and management guidelines (9,10) acknowledge that
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Table 1 Omalizumab Anti-inflammatory Activities

Decrease in Ref.

IgE, serum 18
Human lung and basophil mediator release 16,21
Mast cell and basophil high-affinity receptor 23
Neutrophils, sputum, and whole blood 40
Monkey and human skin wheal-and-flare reaction 15,47
Methacholine hyperreactivity 26
Nasal inflammatory cells 49
Bronchial hyperreactivity

Specific (allergen early/late phases) 26
Eosinophils, whole blood 35
Eosinophils, sputum 27
Exhaled nitric oxide 46

asthma results from complex interactions among inflammatory cells, mediators,
and resident airway tissues.

An esential effector molecule in this allergic airways inflammation is im-
munoglobulin-E (IgE). Following the knowledge of the role IgE plays in all Type
I hypersensitivity diseases (11), biomedical scientists labored for three decades
to block IgE interaction with immune effector cells expressing IgE receptors (12).
With the engineering of a humanized recombinant monoclonal antibody (MAb)
(13) binding IgE at an epitope identical to the high-affinity receptor (14), those
interested in the immunopathogenesis of asthma now have a safe and effective
probe with which to delineate the contribution of IgE to various features of asth-
matic clinical disease (see Chaps. 11 and 12). In the sections that follow the anti-
inflammatory activities of an anti-IgE (Xolair, omalizumab) will be reviewed
(Table 1).

I. Anti-inflammatory Effects of Omalizumab
in Preclinical Studies

Prerequisite safety (15,16) experiments confirmed the epitope mapping studies,
which demonstrated that both omalizumab and the α chain of FcεRI bound the
same FcεIII domain epitope. Peripheral blood basophils were obtained from
healthy donors, sensitized by the addition of human serum containing ragweed-
specific IgE, and histamine release was measured following the addition of rag-
weed antigen. The addition of omalizumab to sensitized cells failed to induce
histamine release, indicating that omalizumab is unable to cross-link cell-bound
IgE and trigger mediator release. The inability of omalizumab to bind to basophils
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was confirmed by the finding that the cells showed no positive immunofluores-
cence staining for omalizumab (15,17).

A. Inhibition of Histamine Release and Contractile Response
of Human Lung Tissue

Segments of lung parenchyma obtained from patients undergoing lung surgery
were passively sensitized with serum from a ragweed-allergic subject in the pres-
ence of an equimolar concentration of omalizumab. Challenge with ragweed anti-
gen induced histamine release and a contractile response, assessed as percent of
the maximum contraction induced by KCl. Omalizumab administered at the time
of passive sensitization completely blocked both histamine release and tissue
contraction on antigen challenge (Fig. 1) (16). In another experiment when the
passively sensitized human lung tissue was challenged with omalizumab, there
was no detectable histamine release or tissue contraction, confirming that omali-
zumab does not bind to human IgE that is already bound to its high-affinity
receptor on lung cells.

B. Reduction in Skin Responsiveness in Sensitized
Cynomolgus Monkeys

The ability of omalizumab to affect IgE responses in vivo was measured in cyno-
molgus monkeys (15) where the affinity of omalizumab for cynomolgus monkey

Figure 1 Human lung strips were passively sensitized with human ragweed serum in
the presence or absence (saline) of omalizumab in equimolar concentrations to IgE. Omali-
zumab blocked histamine release (left graph) and tissue contraction (right graph) in re-
sponse to ragweed challenge.
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IgE (3 � 10�10 units) is nearly equivalent to that for human IgE (1.7 � 10�10

units). Injection of omalizumab into the skin failed to elicit the wheal and flare
reaction typical of mast cell degranulation, nor did it induce hive formation in
monkey skin presensitized with human ragweed-specific IgE. Identical results
were obtained when omalizumab was administered systemically. Doses as high
as 50 mg/kg did not cause a systemic anaphylactic reaction confirming the safety
of an anti-IgE binding free IgE at the same heavy chain site as FcεRI.

Two weeks after a single systemic dose of omalizumab, given at a concen-
tration in excess of serum IgE levels, five out of six monkeys had a reduction
in the skin response to ragweed allergen, as demonstrated by an increase in the
dose of ragweed required to elicit hive formation. After a second dose of omalizu-
mab given 4 weeks later, all six monkeys evidenced reduced skin responsiveness.
The reduced responsiveness persisted at week 10, 4 weeks after the second dose
of omalizumab. These results occurred in parallel with a reduction in serum free
IgE levels.

II. Anti-inflammatory Effects of Omalizumab in Studies
of Human Physiology and Clinical Trials

A. Pharmacodynamic Effect on Serum Free IgE

Serum free levels of IgE fall to the therapeutic target range of 2–50 ng/mL
(�10% of baseline values) within minutes of intravenous administration of omal-
izumab and within 24 hours of subcutaneous administration (Fig. 2). During ad-

Figure 2 Pharmacodynamic profile from phase I studies showing serum concentrations
of omalizumab, total IgE, and free IgE. The arrows indicate dosing events.
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ministration there is a four- to sixfold increase in serum levels of total IgE, since
the measurement includes IgE that is complexed to omalizumab.

The low serum levels of free IgE are maintained with repeated administra-
tion. It has been shown that an adequate suppression of free IgE levels is neces-
sary in order for a clinical effect to become evident. This was demonstrated in
an early dose-ranging study in patients with seasonal allergic rhinitis (SAR) (18)
demonstrating that those patients whose serum level of free IgE had fallen to the
lowest levels achieved lower symptom scores. The study showed that the decrease
in free IgE depended on the dose of omalizumab adjusted for the patient’s base-
line IgE (MAb ligand), so that for any starting concentration of free IgE, higher
doses of omalizumab produced a greater decrease in serum free IgE. The neces-
sity for suppression of serum free IgE to very low levels, which can be achieved
through a dosing schedule that provides omalizumab in excess (10- or 15-fold)
of free serum IgE concentrations and according to an individual patient’s baseline
level of IgE, was an important advance in pharmacodynamic knowledge with
this agent.

B. Effect on IgE Synthesis

An interaction between omalizumab and membrane-bound IgE on B cells can
be theorized, since B-cell IgE is anchored to the cell membrane via a peptide
extension, leaving the Ig FcεIII site accessible to the anti-IgE molecule. The
possibility that anti-IgE antibody treatment would have an effect on IgE synthesis
had been suspected for many years since Bozelka et al., in 1982, showed in mice
that IgE isotype synthesis by B cells could be inhibited in the long term using
polyclonal anti-IgE (19). These findings were confirmed by Haak-Frendscho et
al. (20), who observed in adult, ovalbumin-sensitized mice that treatment with
a monoclonal anti-IgE antibody inhibited antigen-specific IgE synthesis. Spleno-
cytes from mice were unable to synthesize IgE in vitro. This work was extended
by Shields et al. (15), who examined the effect of omalizumab on antigen-specific
IgE synthesis by human B cells. Using peripheral blood mononuclear cells
(PBMCs) obtained from allergic subjects, they showed that stimulation of IgE
synthesis by the addition of cat antigen was suppressed to baseline levels in the
presence of omalizumab.

These results in short-term cell culture systems do not appear to translate
into an effect on IgE synthesis in humans in vivo. As shown in Figure 2, total
serum levels of IgE (comprising IgE-omalizumab complexes) increase and then
plateau at steady-state omalizumab. If there was a reduction in newly synthesized
IgE, the levels of total serum IgE would be expected to subside over time. This
is not the case. In addition, serum levels of free IgE tend to increase with waning
omalizumab concentrations towards the end of each interval (2–4 weeks) be-
tween doses of omalizumab. This finding indicates continued IgE synthesis. In
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a phase I study (Genentech Protocol Q0673g), subjects with perennial allergic
rhinitis were treated with omalizumab using two high doses, 0.015 or 0.030 mg/
kg per IU/mL of IgE, every 2 weeks for 26 weeks. At week 28 the dose of
omalizumab was reduced to 0.0050 or 0.0015 mg/kg/IU/mL, testing the hypothe-
sis that suprapharmacological doses would suppress IgE synthesis permitting
maintenance of low serum free IgE levels by a significantly lower dose of anti-
IgE. However, serum free IgE levels rose slowly on this low-dose protocol (syn-
thesis was not suppressed) and by 8 weeks had reached 16% of values at enroll-
ment; at study termination (12 weeks after the last dose of omalizumab) serum
free IgE was 62% of enrollment values. The extent of ‘‘front-end loading’’ with
high doses of omalizumab during the first part of the study (26 weeks) did not
affect the degree of suppression of free IgE, suggesting a lack of in vivo effect
on ongoing IgE synthesis in atopic subjects. These observations from multiple
studies allow one to conclude that inhibition of IgE synthesis is not occurring in
humans treated with anti-IgE.

C. Effect on Expression of High- and Low-Affinity Receptors

A fundamental advance in understanding of how omalizumab exerts its clinical
effect was obtained by MacGlashan and colleagues (21), who demonstrated that
as omalizumab decreased serum IgE, cell-bound IgE fell, basophil high-affinity
receptor (FcεRI) expression decreased, and consequently allergen responsiveness
of these cells was reduced. They examined the expression of IgE and FcεRI on
human basophils taken from 12 allergic subjects who had received intravenous
omalizumab for 3 months. In this study serum free IgE levels were reduced to
1% of pretreatment values during omalizumab treatment. Basophil surface recep-
tor IgE densities were significantly reduced from a pretreatment average of
240,000 molecules of IgE per cell to approximately 2200 per cell, a greater than
99% decrease (p � 0.0022—a change mirroring precisely the fall in serum IgE.
Total FcεRI density, measured using sensitized cells, decreased similarly by ap-
proximately 97%, from an average of 240,000 pretreatment to 8600 receptors
per cell after treatment (p � 0.0022). Combining these results, it can be seen
that 3 months of treatment with omalizumab results in approximately threefold
more unoccupied than occupied receptors.

Basophils were also assessed for their ability to release the pro-inflamma-
tory mediator histamine in response to various stimuli. Histamine release in re-
sponse to stimulation with dust mite antigen decreased by 90% (p � 0.002), in
comparison with an essentially unchanged response in controls. In contrast, the
response to FMLP, which acts through a distinct receptor on basophils, was un-
changed and following in vitro treatment with a nontherapeutic anti-IgE that
cross-links surface IgE histamine release was decreased 40%.
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Studies in both mice (22) and human (23) mast cells parallel the findings
discussed above for human peripheral blood basophils. High-affinity receptors
(FcεRI) on the surface of mast cells are regulated by ambient concentrations of
IgE. IgE is known to modulate the expression of FcεRII on B cells, where IgE
appears to stabilize the cell-surface expression of FcεRII by preventing its proteo-
lytic cleavage (24).

D. Effect on Early- and Late-Phase Asthmatic Responses

Deposition of allergen by inhalation or bronchoscopy in allergic asthmatics in-
duces an immediate or early-phase asthmatic response (EAR) within minutes,
involving acute bronchoconstriction that is attributable largely to histamine re-
leased by mast cells (2,25). In 50–60% of subjects this is followed 2 hours later
by a second, prolonged phase of bronchoconstriction known as the late-phase
asthmatic response (LAR), attributable to the influx and activation of inflamma-
tory cells, notably the eosinophil and the T lymphocyte. Since these events may
model the acute and chronic inflammatory disease processes of asthma, the effect
of pharmacological treatment upon the allergen-induced EAR and especially the
highly cellular LAR is of interest.

Boulet et al. (26), in a study of 19 patients with mild allergic asthma, re-
ported that omalizumab significantly reduced the allergen-induced EAR, assessed
as an increase in the provocative concentration of allergen required to produce
a 15% fall in FEV1 (PC15). Significant increases of 2.3, 2.2, and 2.7 doubling
concentrations of allergen were observed as early as day 27 of treatment and also
at later times (55 and 77 days of treatment, respectively) (compared with �0.3,
0.1, and �0.8 with placebo; p � 0.002). There was a trend towards greater in-
creases in doubling concentrations in subjects with the greatest reduction in serum
free IgE with optimal EAR effects at serum free IgE � 24 ng/mL.

In a separate study in 19 subjects with mild allergic asthma, omalizumab was
found to blunt the LAR as well as EAR following inhalation of allergen (27). The
protocol allowed up to one greater doubling dose of allergen to be given for the
second challenge after 9 weeks of treatment. The maximal percentage fall in FEV1

during the EAR reduced 42% with omalizumab (p � 0.02) despite 7/9 subjects
receiving more Ag; importantly the LAR fall in FEV1 was reduced 65% (p � 0.02).
The improvement in LAR following omalizumab treatment in this study (27) could
be viewed as predicting future efficacy of this anti-IgE in significantly reducing
asthmatic exacerbations, for studies over the past 20 years have suggested that the
occurrence of late responses following allergen challenge are relevant to the clinical
expression and severity of allergic asthma (28). For example, the development of
LAR has been associated with more severe clinical asthma as determined by fre-
quency of asthma attacks in the preceding year (29).



272 Fick

E. Effect on Nonspecific Bronchial Hyperresponsiveness

Bronchial hyperresponsiveness (BHR) to nonspecific stimuli is a cardinal feature
of asthma and has been shown to relate to the severity of disease (30). BHR is
generally regarded as a consequence of the chronic airways inflammation of
asthma. Airway sensitization, mediated by IgE, appears to be closely related to
nonspecific BHR, perhaps through an indirect effect of pro-inflammatory cyto-
kines and mediators (31,32).

Boulet et al.’s study of the effect of omalizumab on the allergen-induced
early-phase response also included an assessment of the effect on associated non-
specific BHR measured by methacholine challenge (26). Mean methacholine PC20

values increased from 0.73 to 1.34 mg/mL after 11 weeks of treatment, a change
of 0.9 doubling concentrations (p � 0.05 compared with a decrease [increased
sensitivity] in the placebo group). Methacholine PC20 was also measured in the
study by Fahy’s group (27). The values 24 hours after allergen challenge were
reduced significantly during treatment (from 0.13 to 0.45 mg/mL, p � 0.02 com-
pared with the increased sensitivity in the placebo group from 0.49 to 0.29
mg/mL).

F. Effects on Eosinophils

Eosinophils are a highly recognizable cell in the inflammatory process of asthma
(33). Eosinophilopoiesis begins in the bone marrow, is regulated by IL-3, IL-5,
and GM-CSF, and IL-5 induces terminal differentiation of immature eosinophils.
They are mobilized from bone marrow under the influence of IL-5 and eotaxin
and are selectively recruited to the airways via upregulated expression of appro-
priate adhesion molecules (e.g., ICAM1, VCAM1) on vascular endothelial cells.
Eosinophils are primed and activated in the airways tissue by cytokines (such as
IL-5) and chemokines (such as eotaxin, MIP-1a, MCP1, and RANTES). Mast
cell–derived cytokines may be involved in the stimulation of eotaxin production
by epithelial and endothelial cells. Once activated, eosinophils release granule
proteins (MBP, peroxidase, eosinophil-derived neurotoxin) that are highly cyto-
toxic, especially for epithelial cells, as well as the release of mediators and cyto-
kines that further exacerbate the inflammatory process. Rajakulasingam et al. (34)
reported that 80–90% of cells recruited 24 hours after allergen challenge were
eosinophils, and these cells formed the majority (85–95%) of FcεRI� cells (in
contrast to the findings in stable asthma, where eosinophils do not constitutively
express the receptor). These results support a major role for IgE-dependent mech-
anisms in the increased asthma symptoms and disease flares induced by allergen
exposure.

In the study by Fahy et al. (27), the percentage of eosinophils in induced
sputum was measured before and after allergen challenge during treatment with
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Figure 3 Median percentage of eosinophils in induced sputum before and 24 hours after
allergen challenge at baseline and at the end of 9 weeks of treatment with placebo (n �
7) or omalizumab (n � 8) in subjects with mild allergic asthma. *p � 0.05 vs. pretreatment
values; not significantly different from the corresponding changes in the placebo group.

omalizumab. The percentage of eosinophils after allergen challenge was reduced
11-fold, a significant change from baseline values (Fig. 3).

Blood eosinophil percentages were assessed in the same bronchial allergen
challenge study. The changes mirrored those seen in induced sputum. Blood eo-
sinophil percentages decreased significantly with omalizumab treatment (from
4.6 	 0.8% to 2.4 	 0.3%; p � 0.008), but this decrease was not statistically
different from the change in the placebo group (4.4 	 0.7% to 3.9 	 0.7%).

The results from a subset of patients evaluated in a phase III clinical study
in adults with moderate-to-severe asthma provided further evidence of a positive
trend to a biological effect (Table 2) (35). In 513 patients evaluated, the circulat-
ing eosinophil counts were reduced in patients treated with omalizumab, and
fewer patients had abnormally elevated eosinophil counts. These positive trends
were also evident during the second phase of the study at a time when patients
had reduced their dose of inhaled corticosteroid (ICS) under cover of omalizumab
treatment (overall results showed a median percent reduction in ICS dose of
75% vs. 50% on placebo, and 40% of omalizumab-treated patients vs. 19% of
placebo patients withdrew from glucocorticoid treatment completely, both p �
0.001) (36).
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Table 2 Effect of Omalizumab on Blood Eosinophilia in Patients with Moderate-to-
Severe Allergic Asthma

End of End of steroid
Treatment Baseline add-on phasea -reduction phase

Absolute eosinophil counts (�107/L)b

Omalizumab 31 (26) �6.0 (�3.0) �2.0 (�3.0)
Placebo 33 (29) �1.0 (0.0) �2.0 (�1.0)

Patients with abnormally elevated eosinophil countsc

Omalizumab 14.5% 5.7% 9.7%
Placebo 13.9% 12.6% 18.3%

a Omalizumab was added to existing inhaled corticosteroid (ICS) treatment, followed by a phase in
which the ICS dose was tapered.
b Mean (median) value at baseline and changes during the study.
c Percentage of patients with counts �50 � 107/L.

G. Effect on Neutrophils

Several reports have suggested that neutrophils are prominent in the airways of
patients with acute severe asthma. They may also be involved in the pathogenesis
of severe persistent asthma, which could help explain the corticosteroid insensi-
tivity that can occur in such patients (37). Neutrophil recruitment and activation
appear to be influenced by IL-8 (38), possibly arising from epithelial cells or as
an autocrine loop. Neutrophils are important sources of cytokines and proteolytic
enzymes such as myeloperoxidase (MPO), with implications for direct asthmatic
tissue injury and airway remodeling.

A subset of patients with moderate-to-severe allergic asthma from a phase
IIb study of omalizumab (39) were assessed for the effect of anti-IgE treatment
on neutrophil markers in induced sputum (40). Omalizumab was added to existing
treatment with inhaled or oral corticosteroids, and induced sputum samples were
collected before and after 12 weeks of treatment. Fourteen patients received high
or low doses of omalizumab; 11 received placebo. Treatment with omalizumab
was associated with a decrease in the proportion of neutrophils from 41% at
baseline to 32% at 12 weeks; in the placebo group neutrophils increased by 4.4%.
MPO concentrations were unchanged in the placebo group and decreased from
2.6 µg/mL at baseline to 1.1 µg/mL after omalizumab treatment. While the
changes were not statistically significant in this small group of patients, the results
suggest that omalizumab treatment might be associated with a reduction in num-
bers and markers of neutrophilic inflammation. If confirmed, this would be an
interesting distinction for omalizumab from the mode of action of corticosteroids,
which prolong neutrophil survival by inhibiting apoptosis.
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H. Effect on Exhaled NO in Children

Exhaled nitric oxide (eNO) has been considered as a marker of airway inflamma-
tion in asthma (41,42). Levels of eNO are elevated in steroid-naive asthmatic
subjects compared with normal subjects and decrease with corticosteroid treat-
ment (43). A study in children found that eNO was elevated in atopic asthmatics
compared with nonatopics, correlated with serum IgE, and children with non-
atopic asthma had levels similar to those of nonasthmatics (44). Extending these
findings, Simpson (45) reported that eNO was elevated in patients with atopic
asthma who were exposed to their relevant allergen compared with sensitized
patients who were not exposed.

Exhaled NO levels were studied in a subset of patients from a phase III
clinical study of omalizumab (Protocol 010) in children 6–12 years of age with
mild-moderate allergic asthma. All patients were receiving ICS treatment and
were asymptomatic on study entry. Omalizumab or placebo was added to existing
therapy in the first 16-week phase of the study. This was followed by a 12-week
phase in which the dose of ICS was gradually reduced. After this 7-month double-
blind treatment period, active treatment was continued for an additional 5 months
in an open-label fashion available to patients in both groups. The eNO subset at
two participating centers comprised 18 patients receiving omalizumab and 11
receiving placebo.

The sample size was small and the variability high. Nevertheless, statistical
differences between active and placebo groups were observed at several time-
points during the steroid-reduction phase (46), supporting the notion that omali-
zumab prevents an increase in airway inflammation at a time when ICS treatment
is reduced or withdrawn completely (Fig. 4). It is interesting to note the significant
decline in eNO levels in patients who were switched from placebo to omalizumab
for the follow-up (Table 3). These preliminary findings strongly support an anti-
inflammatory activity of omalizumab in allergic asthma.

I. Effect on Human Skin Responsiveness to Allergen Challenge

The effect of omalizumab on skin responsiveness to allergen challenge has been
reported in several studies. This is of interest as an indicator of systemic anti-
inflammatory activity.

In a phase I open-label study reported by Togias et al. (47), omalizumab
was administered intravenously to 47 subjects with perennial allergic rhinitis at
doses of 0.015 and 0.03 mg/kg per IU/mL of IgE given every 2 weeks. These
doses were continued for 26 weeks. Patients were then rerandomized to receive
one of two lower doses (0.0015 or 0.005 mg/kg/IU/mL), which were continued
from week 27 to 54 weeks. The skin prick test response to dust mite antigen
(Dermatophagoides farinae or Dermatophagoides pteronyssinus) was assessed
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Figure 4 Xolair reduces exhaled nitric oxide, a marker of airway inflammation. Exhaled
NO levels studied in 6- to 12-year-old asthmatics were controlled on inhaled CS and rescue
β-agonist use. During a 12-week protocol-defined withdrawal of CS, eNO levels increased
in those children receiving placebo. Omalizumab-treated patients were protected against
increased eNO while achieving significantly greater withdrawal of CS.

at screening, twice during the initial dose phase (at weeks 14 and 26) and at
various times during the reduced dosage period.

Wheal area was significantly suppressed at both testing points during the
initial high-dose phase, with an average decrease in wheal area of 73% and 72%
at weeks 14 and 26. The changes were similar and significantly decreased from

Table 3 Levels of eNO (MEAN 	 SD, ppb)

Omalizumab Placebo

Baseline 38.6 	 25.6 52.7 	 52.0
16 weeks (end of add-on phase) 33.9 	 19.0 52.5 	 27.8
28 weeks (end of steroid-reduc- 29.1 	 20.5a 71.1 	 50.5

tion phase)
52 weeks (end of open-label fol- 18.0 	 21.8b 30.2 	 21.9c (patients switched

low-up) to active treatment)

a p � 0.05 vs. corresponding value in placebo group.
b p � 0.05 vs. baseline value.
c p � 0.05 vs. value at end of steroid-reduction phase.
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baseline at both initial doses. The lower doses given in the second dosage phase
(after 26 weeks) were ineffective in suppressing dermatological inflammation as
wheal areas returned to baseline values following increased serum IgE.

Similar results were observed in a subgroup of 12 patients from the same
study, separately reported (21). After a 3-month treatment period, skin prick tests
to dust mite antigen required approximately 100-fold more antigen for a wheal-
and-flare reaction equal to that measured before treatment (p � 0.0007).

III. Anti-inflammatory Effects in the Upper Airway

It is likely that IgE contributes to the allergic inflammation apparent in the nose
and conjunctiva of patients suffering with rhinoconjunctivitis. B cells in the nasal
mucosa of patients with hay fever express IgE and allergen-induced heavy-chain
switching to IgE occurs locally (48). Anti-IgE (E25) was administered at two
dose levels in an open label safety study to 20 subjects with perennial allergic
rhinitis (PAR) and a positive skin prick test to dust mites (49). Nasal lavage fluids
were obtained before and 4 days after provocative nasal antigen challenge with
dust mite allergen performed at baseline screening period and days 84 and 168
of E25 treatment. Serum level of free IgE were suppressed to �15 ng/mL during
the study in both treatment groups. Nasal allergen challenge symptom scores
decreased substantially (Table 4). Symptom decreases were largest in the sneez-
ing and rhinorrhea domains. E25 treatment through day 84 and 168 blocked post-
challenge rise in IgE plaque-forming cells (decreased by �50% and mite-specific
IgE decreased by �25%). This was the first demonstration that PAR treated with
anti-IgE caused a marked reduction in nasal reactivity to allergen and a reduction
in both IgE-producing B lymphocytes and mite-specific IgE levels.

Phase III studies in allergic asthma provide the most clinically relevant
results since omalizumab was administered subcutaneously at current doses to
large numbers of patients with moderate-severe asthma. These more recent stud-

Table 4 Symptom Scores in PAR Patients Treated with Omalizumab Following
Nasal Challenge

Day 84, Day 168,
Part I group n Baseline p-value p-value

0.015 mg/kg/IU/mL 10 5.40 	 1.07 1.80 	 1.32, 2.10 � 2.74,
p � 0.002 p � 0.008

0.030 mg/kg/IU/mL 10 5.00 	 1.15 2.00 	 2.11, 1.67 	 1.00,
p � 0.006 p � 0.004

Displayed values are mean 	 SD. p-values are from Wilcoxon single rank test.
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ies confirm that omalizumab can partially or totally substitute for inhaled cortico-
steroids in the long term (1 year) without deterioration of asthma control, provid-
ing a useful, relevant, albeit indirect marker of anti-inflammatory activity.

In all three of the pivotal phase III studies, omalizumab was significantly
superior to placebo with respect to the percentage reduction in inhaled corticoste-
roid dose attained and the proportion of patients who achieved steroid reduction
or withdrawal.

IV. Conclusion

It has been established that IgE plays a pivotal role in the cascade of biochemical
events leading to allergic inflammation (Fig. 5). IgE antibodies are central media-
tors of the inflammatory reactions responsible for induction and maintenance of
allergic symptoms. The potential for IgE to mediate inflammation in the airway
is supported by studies demonstrating allergen-specific IgE synthesis in the lung
(50,51) and human airway cells express high- or low-affinity receptors for IgE
(52,53). When cell-bound IgE on lung cells is cross-linked by an antigen, the cell
degranulates releasing mediators (histamine, leukotrines, and PAF-4) (11,54,55).

Figure 5 Xolair (omalizumab) mechanism of action in the allergic inflammatory cas-
cade.
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These inflammatory mediators are responsible for the swelling, erythema, and
smooth muscle contraction characteristic of allergic inflammation. Indeed, as de-
tailed in this chapter, a therapy designed to bind IgE and decrease free IgE levels
ameliorates airways inflammation (e.g., eosinophils, neutrophilia), decreases
markers of airway inflammation (e.g., eNO), and physiological consequences of
inflammation (PC20 meth, bronchoprovocation LAR). Allergic clinical disease of
the upper and lower airways would be predicted to be significantly improved by
anti-IgE therapy (Xolair, omalizumab).
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I. Introduction

Topical administration of inhaled therapeutics is the current standard for the ther-
apeutic management of asthma. Pressurized metered dose inhalers (pMDIs) or
dry powder inhalers (DPIs) containing either steroids to combat inflammation or
bronchodilators for rescue airway dilation are routinely used by the majority of
asthma patients. The rationale for a topical course of treatment is obvious: to
maximize the dose of the therapeutic agent to the target tissue site, the asthmatic
lung, and to minimize systemic side effects. Other routes of administration, i.e.,
oral administration, are used for agents with low systemic toxicity (e.g., leuko-
triene antagonists) or where topical therapy does not adequately achieve desired
therapeutic outcome (e.g., steroids). For proteins, oral therapy is not possible due
to degradation of the therapeutic agent in the gastrointestinal tract.

During the development of anti-IgE (E25) as a therapeutic for the treatment
of allergic asthma, we wondered if increasing the concentration of E25 by topical
delivery to the lung surface would have a therapeutic benefit. However, unlike
steroids and bronchodilators, the target for E25 (IgE) is known to be present not
only in the lung tissue but also throughout the systemic circulation. This chapter
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will describe the rationale for delivering E25 locally to the lung and the chal-
lenges in understanding the role of lung versus systemic IgE in allergic asthma.

A. Rationale for Topical E25 Therapy

For decades it has been known that patients with allergic asthma have elevated
IgE levels in both their serum as well as in the epithelial lining fluid (ELF) of
their lungs (1–3). Earlier chapters in this text review the evidence for the role
of local and serum IgE in asthma, so this evidence will not be reviewed here.
Since IgE is present in both the ELF and serum of patients with asthma, it seemed
reasonable that the target for E25 was located both systemically and topically.
Yet the relative role of local, compared to systemic, IgE in the asthmatic response
was unknown.

The allergic response is precipitated when IgE bound to the high-affinity
receptor on mast cells and basophils is cross-linked by a specific allergen, re-
sulting in the release of mediators such as histamine and leukotrienes. The re-
sponse culminates in bronchoconstriction, inflammation, and increased vascular
permeability. The cells involved in the allergic response are recruited and then
localized in lung tissue of asthmatics. Laitinen and colleagues (4) sampled the
airway epithelium by bronchcoscopy from normal and asthmatic patients. Asth-
matic airways had a 6- to 75-fold increase in the number of lymphocytes, mast
cells, and eosinophils per mm2 airway compared to normals. Additionally, IgE-
bearing basophils are present in the ELF of the human airways during the late-
phase response to antigen challenge (5). Furthermore, the allergens that are re-
sponsible for the allergic response are presented to the airway by inhalation.
These data suggest that all of the components necessary to elicit the asthmatic
response are localized in the airway and that airway IgE may be the most impor-
tant pool.

It is also known that cells in the lung produce antibodies, particularly IgE
antibodies in asthma (6,7). Yamaguchi and colleagues (7) found that IgE was
present in higher concentrations in the bronchoalveolar lavage (BAL) fluid from
asthmatics compared to control patients. These data support the suggestion that
local IgE production may be the most relevant pool responsible for the asthmatic
response. Crimi and colleagues (8) measured specific IgE levels in bronchial
lavages and serum of human subjects. Their data suggested that airway IgE levels
were not always correlated with serum IgE levels. Deushl (9) also suggested that
serum IgE levels do not always reflect the immunological status of an organ.

One final piece of evidence to support topical delivery of E25 is from Bice
and Muggenburg (10). These scientists gave keyhole limpet hemocyanin (KLH)
antigen to the left cardiac lobe (LCL) and sheep red blood cell (SRBC) antigen
to the right cardiac lobe (RCL) of dogs. Three weeks later the LCL and RCL
were again challenged with the same antigen. After the first antigen challenge,
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B lymphocytes recovered by BAL produced equivalent quantities of antibodies
to either antigen regardless of the lung lobe measured. These data suggest that
after a primary antigen exposure, antibody-producing cells are recruited into the
lung from the blood. Following the second antigen challenge, B lymphocytes
lavaged from the LCL produced an order of magnitude greater quantity of anti-
bodies of KLH than SRBC. Conversely, B lymphocytes lavaged from the RCL
produced an order of magnitude greater quantity of SRBC antibodies than KLH
antibodies. These data suggest that memory B lymphocytes are localized in the
lung interstitium at the site of a prior antigen challenge. Local antibody produc-
tion is primarily from these local B memory cells and to a lesser extent from B
lymphocytes recruited from the blood.

If we assume that the lung may be the primary source of IgE in BAL and
interstitium and that the cells that respond to IgE are localized in the lung then
the lung would be the primary site to neutralize IgE. Topical delivery of E25
to the lung was the best strategy to bind and thereby neutralize the IgE present
in the ELF of the lung. To sufficiently neutralize IgE in the interstitial space with
topical E25, the antibody would likely need to be transported across epithelium
and bind to IgE present in the interstitium. We performed both in vitro experi-
ments using monolayers of epithelial cells and in vivo experiments using both
rodents and nonhuman primates to evaluate epithelial cell permeability to E25.

II. Permeability of Lung Epithelium to E25

To neutralize the interstitial pool of IgE, the pulmonary epithelium would need
to be permeable to E25. Since E25 is a humanized antibody of the IgG1 subclass,
it should translocate across epithelial barriers similar to other IgG antibodies.
Although the mechanisms of immunoglobulin (Ig) transepithelial transport across
lung epithelium are not clear, it is known that Igs are located in the ELF of the
lung and Ig levels have been measured and characterized in BAL samples from
normal and diseased human lungs (3,11,12). The two primary immunoglobulins
in the ELF from normal humans are IgG1 and IgA. These represent 10–15 and
5%, respectively, of the total protein recovered from the BAL of a normal human
lung (11). IgE is not normally detected in the ELF of the human lung; however,
disease changes the immunoglobulin composition, often shifting the profile to-
ward increased IgE in atopic asthmatics (3). Immunoglobulins found in the ELF
are most likely produced in lung tissue. Hance and colleagues (6) showed that
minimal immunoglobulins were produced de novo by B lymphocytes recovered
from BAL of human subjects, but cells recovered from lung tissue were capable
of producing immunoglobulins. These authors suggest that lung tissue is the
source for the immunoglobulins in the ELF. However, in dogs B lymphocytes
recovered by BAL were capable of producing antibodies in vitro (10). If indeed
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most Igs are produced in the lung interstitium in humans, then these immunoglob-
ulins must transport across the epithelium to reach the luminal surface. The epi-
thelium presents a formidable barrier for large macromolecular transport. Full-
length immunoglobulins are at a minimum 150 kDa and are not predicted, based
on their size, to traverse through tight junctions. Patton and colleagues (13) sug-
gest that the highest transepithelial transport occurs for macromolecules of ap-
proximately 18–33 kDa.

Although there are two known immunoglobulin transporters, the poly Ig
receptor for secretory IgA (14) and the FcRn receptor for IgG (15,16), they most
likely do not play a major role in E25 transport across lung epithelium as evi-
denced by the data described below.

A. In Vitro Studies: Airway and Alveolar Cell Culture Models

We used in vitro models of lung epithelial cell lines or primary cells to determine
E25 permeability. Two different cell types were used to mimic the airway and
alveolar epithelium of the lung to study transport. Calu-3, a human cell line de-
rived from an airway carcinoma, when grown at an air/liquid interface, differenti-
ate to form a secretory airway epithelium (17). Rat primary epithelial cells iso-
lated as described by Cheek et al. (18) form a tight barrier similar in structure
and function to the alveolar surface. Both cell types when grown to confluence
form tight junctions and differentiate and polarize so that the apical or air surface
has different characteristics than the basolateral or ‘‘blood’’ side. The typical
transepithelial resistance observed was 350 or �1000 ohms-cm2 for Calu-3 cells
or primary rat alveolar cells, respectively. Once an acceptable resistance was
achieved, E25 (2 mg/mL) was placed in either the apical or the basolateral cham-
ber. Cell monolayers were incubated at 37°C for up to 3 hours and ELISA mea-
sured the amount of E25 that translocated the epithelial layer and appeared in
the receiver well. The apparent permeability (Papp) of the epithelium for E25
was calculated as:

Papp(cm/sec) � (dM/dt) ∗ [1/A ∗ C]

where M is total mass of transported protein (mg), t is time (s), A is surface area
(1.13 cm2), and C is concentration in the donor compartment (mg/cm3).

E25 had similar permeability in both cell types and 10-fold higher perme-
ability in the basolateral to apical direction than in the apical to basolateral direc-
tion (see Table 1). In either direction, permeability across airway or alveolar
epithelium to the antibody (E25) was low. Similar transport rates were obtained
by Kim and Crandall (19) for an IgG antibody in rat alveolar epithelial cells,
although directional preferences for transport were the opposite of those observed
in Table 1.
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Table 1 Permeability of Lung Epithelial Cells to E25

Papp, apical Papp, basolateral
to basolateral to apical

Calu-3 5.4 	 4.5 51 	 14
Rat alveolar 4.9 	 2.5 67 	 16

Papp � Apparent permeability mean 	 SD (�10�8 cm s�1).
Cells were grown to confluence on Transwell filters. Calu-3 cells are an
airway epithelial cell line; rat alveolar cells are a primary culture of alveolar
epithelium. Experiments were run in triplicate.

B. In Vivo Studies: Rodents and Nonhuman Primates

In vivo experiments in rodents and monkeys also showed that E25 transport across
the epithelial surface was low. Initial experiments were performed in rodents. Rats
were given E25 by either aerosol administration (35 µg deposited in the lung) or
intravenous injection (1 mg/kg; 250 µg). For the aerosol exposure, rats were
placed in a nose-only inhalation chamber (Jaeger) and exposed to E25 for 30
minutes. E25 aerosols were generated using a Pari IS-2 nebulizer at an operating
pressure of 22 psi. Lung dose was estimated from inhalation studies using radiola-
beled aerosols of comparable particle size and normalizing for the amount of E25
or radiolabeled surrogate that exited the nebulizer during a 30-minute aerosol
exposure. One hour after E25 administration, animals were euthanized, their lungs
were cleared of blood by perfusion, and the lung linings washed extensively by
BAL to remove ELF and blood. Following lavage and perfusion, the lung tissue
was minced. E25 levels in BAL fluid, serum, and lung tissue homogenate were
measured by ELISA. Figure 1 shows that 0.01% of the E25 administered by the
IV route was detected in the BAL of the rat. After aerosol administration there
was substantial lung tissue levels of E25, but none was detected in serum.

In addition to rat experiments, experiments in the mouse were also con-
ducted to determine the kinetics of transport into the lung following IV adminis-
tration. Mice were given a single IV injection of 1 mg/kg (20 µg) of E25, and
then BAL was performed at various times postadministration. Separate mice were
used for different time points. As in the rat studies, BAL levels of E25 in the
mice were approximately 10,000 times lower than serum levels following bolus
IV administration (Fig. 2).

Repeated daily E25 aerosol administration was studied in both the rat (116
µg/kg deposited/day) and the cynomolgus monkey (67 µg/kg deposited). Expo-
sures were by nose-only inhalation for the rat and head-only inhalation for the
monkey studies. E25 aerosols were generated in both studies using a Pari-IS2
nebulizer. It required multiple days (approximately 5) of aerosol exposure in both
species before E25 was detected in the serum (Figs. 3 and 4). These animal
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Figure 1 Distribution of E25 in bronchoalveolar lavage (BAL) fluid, lung tissue, and
serum 1 hour following a single aerosol (top; 35 µg deposited) or IV (bottom; 250 µg)
administration in the rat. (From Ref. 20.)
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Figure 2 E25 levels in the serum and bronchoalveolar lavage (BAL) fluid of the mouse
following a single IV administration (1 mg/kg; 20 µg). (From Ref. 20.)

Figure 3 E25 levels in the serum following a daily aerosol administration in the rat.
Rats were exposed to an E25 aerosol generated by a Pari-IS-2 nebulizer for 30 min/day
for 7 days in a nose-only inhalation chamber. 116 µg/kg of E25 deposited in the lungs
of the rats per day. (From Ref. 20.)
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Figure 4 E25 levels in the serum of the monkey following aerosol administration using
a Pari-IS-2 nebulizer daily for 7 days. Approximately 67 µg/kg of E25 deposited in the
lungs per day. (From Ref. 20.)

studies confirmed that E25, a 150 kDa IgG antibody, does transport across the
lung epithelium. Transport was low and similar in all species, suggesting a non-
specific inefficient transport mechanism.

III. Dose Estimation and Safety of Aerosolized E25

In vitro and in vivo studies suggested that aerosolizing E25 would deliver the
therapeutic primarily to the ELF with low and limited delivery to the serum.
The quantity delivered to lung interstitium could not be determined. To evaluate
the potential efficacy of topical delivery to the lung surface and to estimate dose,
a suitable animal model would be advantageous. However, no suitable animal
model was available. Rodent models of asthma could not be used to evaluate
efficacy since E25 does not bind to rodent IgE. Also, although E25 does bind to
monkey IgE, at the time of these studies there was no well-characterized monkey
model of asthma. We decided that the fastest way to evaluate the efficacy of
aerosolized E25 was to use a human bronchoprovocation model of asthma since
systemic delivery of E25 was found to be efficacious in this model (21,22).

To evaluate aerosolized E25 in humans, an estimated dose and the safety
of inhaled E25 needed to be determined. Cynomolgus monkeys were used for
these estimates.
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Pharmacokinetics of Aerosolized E25 in ELF

The dose of inhaled E25 was estimated from phamacokinetic studies in cynomol-
gus monkeys. Monkeys were exposed to a single dose of aerosolized E25 for 20
minutes by head-only inhalation using a Pari-IS2 nebulizer. Total volume inhaled
during the aerosol exposure was measured and the concentration of E25 in the
inhaled air was determined by filter sampling. Aerosol droplet size was also mea-
sured by cascade impaction. The estimated deposited dose in the lungs from these
determinations was 117 µg. To evaluate the kinetics of E25 deposited on the lung
surface, samples of the ELF were taken by BAL and the total E25 concentration
measured by ELISA. Samples of BAL were taken at 0, 1, 2, 4, 8, 12, and 24
hours postinhalation. Only two BAL samples were taken from a single animal.
Two animals were used for each time point. Urea concentrations in BAL fluid
were used for dilution corrections to estimate ELF (23).

Cynomolgus monkeys have elevated IgE levels in both their serum and
BAL fluid. Since the levels are comparable to those found in human subjects
with allergic asthma, we measured the ratio of E25 to IgE attained in the BAL
fluid. A single lung dose of 117 µg (Fig. 5) was sufficient to maintain a greater
than 10:1 ratio of E25 to IgE in the ELF of these animals for 24 hours. Previous
studies showed that a 10:1 ratio of E25 to IgE was necessary for efficacy. This
data suggested that once-daily dosing of E25 would be sufficient to neutralize
IgE in lung lining fluid.

Figure 5 Ratio of E25 to IgE concentrations in BAL from monkeys following a single
aerosol inhalation of E25. Estimated dose deposited from air sampling was 117 µg.
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B. Safety of Aerosolized E25

Cynomolgus monkeys were used to evaluate the safety of inhaled E25. Two
studies, 7- and 60-day exposure, were performed to evaluate the safety of this
novel therapeutic prior to administration to humans. General safety and tissue
responses along with potential antigenicity to inhaled E25 were evaluated. Devel-
opment of antibodies directed against E25 would be expected in these safety
studies due to the differing homology between the humanized monoclonal anti-
body (E25) and monkey IgG (24).

A pilot 7-day toxicity study with aerosolized E25 was conducted in cyno-
molgus monkeys to evaluate lung pathology following daily head-only inhalation
exposure to E25 (400 µg/day) or E25 vehicle. Total E25 concentrations in BAL
were approximately 250-fold greater than IgE concentrations, and serum levels
were comparable to those in Figure 4. There were no test material–related effects
on clinical observations, body weights, or body temperature throughout the study.
There was a minor change in lung cytology as measured by BAL with a slight
increase in neutrophils in the treatment groups compared with vehicle control
animals. There were no major differences in gross or microscopic lesions found
in the larynx, trachea, or lungs of the animals exposed to E25 compared to control
animals exposed to E25 vehicle. The minor inflammation seen in the lungs was
most likely due to the BAL procedure. Based on the results of this study, aerosol-
ized E25 at deposited doses up to 400 µg had no effect on lung pathology or
any other parameters measured.

Subsequently, a 60-day repeated dose inhalation toxicity study of aerosol-
ized E25 was conducted in cynomolgus monkeys. The study consisted of four
dose groups (4/sex/group), plus two monkeys/sex in the control and high-dose
groups, which were allowed to recover for 30 days following the 60-day expo-
sure. Cynomolgus monkeys were exposed to E25 aerosols generated by a Pari
LC Jet Plus nebulizer. The initial solution concentrations were 0.5, 5, or 20
mg/mL E25 to achieve a targeted bronchopulmonary deposition of 10, 100, or
400 µg. Representative filter samples of air concentration in the breathing zone
of the monkey were obtained to assure the delivery of the desired dose to the
lungs. The generation and exposure system performed as designed, with animals
receiving within 10% of the targeted doses, and the mass median aerodynamic
diameter of the aerosol in all groups was between 1.8 and 2.2 µm.

Exposure to aerosol E25 for 60 consecutive days was well tolerated, and
there were no treatment-related effects on clinical observations, physical exami-
nations, food consumption, body weights, ophthalmic examinations, clinical pa-
thology, clinical chemistry, urinalysis, BAL cytology, heart rate, blood pressure,
or ECG.

The main focus of this safety study was to assess the safety of local delivery
to the lung. There was an antibody response to E25 (discussed below); thus most
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organs and tissues were carefully checked for the presence of lymphoid cell infil-
trations and aggregates. Other studies have shown an increase in mononuclear
cell infiltrates in the lung and airway tissues, and large localized perivascular
lymphoid follicles appearing in lung tissue after multiple aerosol antigen chal-
lenge (25,26). Therefore, the intent was to identify changes in lymphoid cell
populations, if any.

Despite such coding of lymphoid cell infiltrations in various organs, no
distinctive or consistent response to E25 was found. Pharyngeal, nasal, and ton-
silar lymphoid tissues all had relatively normal lymphoid cell populations, regard-
less of whether the animal was exposed to E25 or vehicle. Half of the monkeys,
including controls, had evidence of germinal center activity within one or more
peribronchial lymphoid aggregates, which were coded as minimal. However, two
or more sites of activity were identified for one control, one low-dose, and four
high-dose animals. It is unclear whether this tendency to have slightly more ger-
minal center activity in the highest exposure level reflects a true response to E25.
Since the nature of the response was similar in control as well as exposed mon-
keys, the significance of this response is likely to be negligible.

A more unique observation was a minimal eosinophil cell infiltration asso-
ciated with the bronchial mucosa in one mid-dose animal and three high-dose
animals. No such infiltrates were found in the vehicle control monkeys. No muco-
sal tissue alterations were observed coincident with the eosinophil infiltrates.
Three different monkeys from the low- and mid-dose groups had slightly higher
eosinophil percentages in the BAL samples taken just prior to necropsy. This
minimal effect in a few monkeys may reflect a mild response to the inhalation
of a foreign particulate or an immunological response to E25. Most animals also
had microscopic evidence of peracute trauma and inflammation due to the BAL
procedure conducted just prior to necropsy. The erosive lesions of the larynx,
trachea, and/or bronchi occurred in controls and exposed alike that had undergone
the BAL procedure.

Antibodies to E25

Serum samples were evaluated for the presence of antibodies to E25 by two
ELISA assays, one for anti-Fab antibody and another for anti-Fc detection. Cyno-
molgus monkey serum samples were equally diluted. Assay sensitivity was log10

100 or 2.0 titer units. Assay interference due to E25-IgE complexes and high
E25 concentrations prevented evaluation of all BAL samples and serum samples
with IgE concentrations greater than 15 µg/mL.

By day 61, most treated animals that could be assayed developed serum
antibody titers (30/31 had anti-Fab titers and 11/31 had anti-Fc titers) to aerosol-
ized E25. Anti-Fab titers ranged from 2.1 to 5.7; anti-Fc ranged from 2.2 to 3.3.
Some animals in the control group were also positive for serum antibodies to
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E25 (4/11 anti-Fab and anti-Fc). Titers in these control animals ranged from 2.9
to 4.5 for anti-Fab and from 2.2 to 3.2 for anti-Fc. The anti-Fab antibodies ap-
peared to be specific for E25 because addition of E25 to the serum samples sig-
nificantly reduced the titers. Two other control animals tested false positive for
serum antibodies (anti-Fab) prior to study start. Antibody titers have been seen
in previous studies with subcutaneous and intravenous administration of E25.
Since high levels of IgE (�15 µg/mL) in addition to E25 in the serum can cause
a false positive in the antibody assay, many of the samples from previous
subcutaneous/intravenous studies could not be assayed and total antibody inci-
dence could not be established.

Others have shown that animals exposed to aerosol antigens generate a
greater antibody response than animals exposed to the same intravenous dose
(27). However, although a high incidence and magnitude of antibody titers
against E25 were seen in this study, there were no apparent pathologies in the
lung or kidneys associated with formation of immune complexes (anti-E25-E25-
IgE complexes). In addition, there was no evidence of hypersensitivity responses
in any of these animals, and no real evidence of increased cellular influx or in-
creased activation of lymphoid cells in the lung as described previously.

IV. Human Clinical Studies

Studies in animal models predict that topical therapy with E25 would be suffi-
cient to neutralize the pool of IgE in the ELF. Due to the low permeability of
the epithelium for E25, topical delivery would not be sufficient to neutralize the
serum IgE pool. Human clinical trials were designed to test whether neutraliz-
ing the lung pool of IgE by aerosol delivery of E25 would be efficacious in a
bronchoprovacation model of human asthma (28). A randomized, double-blind
study in 33 subjects with mild allergic asthma (age range 20–46 years; FEV1

� 70% predicted) was performed. Three groups were treated once daily with
either placebo (n � 11), low dose (1 mg in the nebulizer; n � 12) or high dose
(10 mg; n � 10) of aerosolized E25 daily by jet nebulization. Nebulization of
E25 was accomplished using a PARI IS-2 jet nebulizer powered by a PARI
master compressor. The estimated lung dose of aerosolized E25 was 0.15 or 1.5
mg/day, respectively, for the low- and high-dose groups. Airway responses to
aerosolized allergen were determined at baseline and after either 2 or 8 weeks
of treatment and at 4 weeks following the completion of treatment (washout).
Nonspecific airway responses to methacholine were also measured at these time
points.

Aerosolized E25 was safe and well tolerated in the subjects; no significant
changes in AM peak flow, in FEV1, or in methacholine responses were observed
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in either the low- or high-dose groups. Yet, despite daily inhalation of E25, the
early (EAR) or late phase response (LAR) to an inhaled allergen in these patients
was not affected (28). Treatment with the low dose of anti-IgE did have a signifi-
cant within group attenuation in the EAR, but this change was not significantly
greater than placebo. The high-dose group did not show a significant within-group
effect. Both doses of E25 were no more effective than placebo in attenuating the
early or late phase response to allergen.

Bronchoscopy was performed and bronchoalveolar lavage samples of epi-
thelial lining fluid (ELF) taken in 10 of the subjects. Lung E25 levels in BAL
fluid were high enough (�10-fold) to neutralize the topical IgE pool, but as antici-
pated serum E25 levels (Fig. 6) were not sufficient to neutralize serum IgE levels
(mean 0.63 µg/mL). After daily aerosol delivery using a Pari-IS-2 nebulizer con-
taining 10 mg of E25 with a Pari Master compressor, serum levels were measur-
able by day 14 (the first time point in the study) and continued to rise throughout
the course of therapy in most patients (Fig. 6) (28). One patient developed a
neutralizing serum titer to E25 in the aerosol study. Neutralizing antibodies have
not been detected in any of the patients treated systemically (either IV or SC
administration) with E25. These data suggest that the rhuMAb E25 antibody may
have increased immunogenicity in asthmatic subjects by the aerosol route of ad-
ministration. More data would need to be collected to confirm these findings.

Because intravenous therapy was successful in EAR and LAR improve-
ment in a similar study design (21,22), these results suggest that it is important

Figure 6 E25 levels in the serum of allergic asthmatics after daily aerosol administration
using a Pari-IS-2 nebulizer containing 10 mg of E25 and a Pari Master compressor (1.5
mg E25 deposited in the lung/day). Each line represents a single patient. (From Ref. 24.)
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to neutralize the serum IgE pool in order to ameleorate the symptoms of asthma
in allergic patients. Another possible interpretation is that aerosolized E25 is more
immunogenic than systemic therapy (28).

V. Summary and Conclusions

Unlike other therapeutic regimens for the treatment of asthma, E25 therapy is
not effective by topical administration. The data in rodents and nonhuman pri-
mates support that aerosolized therapy will neutralize IgE in ELF, but because
the lung epithelium has low permeability to antibodies, topical therapy using
feasible inhaled doses of E25 cannot neutralize IgE in the serum. These data
suggest that both the serum and lung IgE pools are important contributors to the
allergic asthmatic response.
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I. Introduction

Allergic rhinitis, an inflammatory disorder, results from the interaction between
aeroallergens and allergen-specific immunoglobulin E (IgE) bound to mast cells
and basophils in the mucosal tissues of the upper airways of sensitized individu-
als. Symptoms include sneezing, rhinorrhea, nasal congestion, and pruritus of the
nose, eyes, ears, and throat. These symptoms may occur with seasonal periodicity
when they are triggered by tree, grass, or weed pollens or outdoor mold spores,
but they may also be more continuous when caused by perennial allergens such
as house dust mites, animal danders, occupational allergens, cockroach, and in-
door mold spores. The pathogenesis of seasonal allergic rhinitis and perennial
allergic rhinitis appears to be similar, and therapeutic principles for one can be
applied to the other.

In the Western Hemisphere, allergic rhinitis affects 15–25% of the popula-
tion (1,2), and it appears that the prevalence of allergic sensitization has been
increasing over the last few decades (3,4). Most patients develop allergic rhinitis
prior to adulthood, but a significant proportion develop it as adults. Pollution,
viral infections, gender, genetic predisposition, geography, and socioeconomic
status contribute to the onset and severity of symptoms.

299



300 Casale and Rohane

A mere nuisance to some, allergic rhinitis can be temporarily debilitating
or incapacitating to others and may contribute to the development of otitis media
(5), sinusitis (6), and asthma exacerbations (3). Quality of life is adversely af-
fected in rhinitic patients (7,8). Furthermore, the direct expenditures for the treat-
ment of allergic rhinoconjunctivitis can be measured in the billions of dollars
(3,9–11).

Today a vast number of medications are available or under study for the
treatment of allergic rhinitis. This chapter will focus on the pathophysiology of
allergic rhinitis and the pharmacological rationale behind current and emerging
therapies.

II. Pathophysiology

A. Overview

Allergic rhinitis is a type I hypersensitivity disease, and its pathogenesis occurs
in three stages: (1) sensitization, (2) reexposure or provocation resulting in the
acute (early phase) allergic reaction, and (3) the late phase reaction and chronic
inflammation. The pathogenesis of allergic rhinitis involves many different cell
types, inflammatory mediators, cytokines, chemokines, and adhesion molecules.

Sensitization begins with the generation of allergen-specific IgE. Airborne
allergens settle on the nasal mucosa, where antigenic fragments are processed
by Langerhans cells (12) and are presented as oligopeptides to T-helper (Th) cells.
Allergen-specific B cells switch to IgE antibody production under the influence of
interleukin-4 (IL-4) and IL-13 produced by Th2 and other cells (13). The sensiti-
zation process is completed when allergen-specific IgE antibodies bind via high-
affinity Fcε receptors (FcεRI) to the surface of mast cells and basophils residing
in the mucosal tissues of the upper respiratory tract.

Sensitization is a silent event, but reexposure or provocation is anything but
silent. Upon reexposure, the allergen binds to cell surface–bound IgE, resulting in
cross-linking of the IgE:FcεRI complexes, which activates mast cells and baso-
phils. Activation results in (1) degranulation with release of preformed mediators
including histamine, various proteases (e.g., tryptase) and cytokines, and (2) syn-
thesis and release of newly generated lipid-derived mediators and cytokines. The
released mediators affect nerve endings, blood vessels, and submucosal glands.
An immediate (early phase) response, primarily mediated by histamine and neural
reflexes, is then followed by a more prolonged inflammatory (late phase) response
involving many inflammatory cells and their mediators (Fig. 1).

B. Early- and Late-Phase Allergic Responses

The early phase response in allergic rhinitis is characterized by sneezing, nasal
itching, nasal congestion, and rhinorrhea. Sneezing and pruritus are initiated pri-
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Figure 1 Pathogenesis of allergic rhinitis: Inhaled allergen is processed by antigen-
presenting cells (APC), which interact with Th2 lymphocytes causing the release of key
cytokines. These released cytokines stimulate B cells to produce and release IgE, which
binds to mast cells and basophils in the nasal mucosa. Allergen cross-linking of two IgE
molecules on the surface of mast cells/basophils results in the release of mediators and
cytokines. Cytokines released from Th2 lymphocytes as well as mediators and cytokines
released from mast cells and basophils are important in the growth, differentiation, activa-
tion, and chemoattraction of eosinophils into the nasal mucosa. Mediators and cytokines
released from mast cells, basophils, and eosinophils cause vasodilation, edema, and mucus
secretion and contribute to a chronic inflammatory state. In addition, mediators and cytok-
ines help in the release of neural transmitters and neuropeptides, which contribute to the
principal symptoms and inflammatory state of allergic rhinitis.

marily by histamine acting on H1 receptors on sensory nerve endings (14). The
effects of histamine on the mucosal vasculature include vasodilation and plasma
exudation, which contribute to nasal congestion and rhinorrhea. However, as
noted below, neither congestion nor rhinorrhea is mediated primarily by hista-
mine.

Experiments have shown that nasal challenge with ragweed pollen results
in increased levels of not only histamine, but also leukotriene C4 (LTC4), LTD4,



302 Casale and Rohane

Figure 2 Mediator-induced symptoms of allergic rhinitis. This diagram shows the
symptoms induced by the principal mediators released from key inflammatory cells in
allergic rhinitis. (Adapted from Ref. 89.)

LTE4, prostaglandin D2 (PGD2), kinins, kininogenase, and tosyl-l-arginine-
methyl ester esterase in nasal secretions (15,16). Several mediators contribute to
the symptoms of allergic rhinitis, as summarized in Figure 2.

The late phase begins 4–6 hours after allergen exposure and is character-
ized by nasal congestion, anosmia, mucus secretion, and nasal hyperresponsive-
ness. Except for PGD2, the same mediators released during the early phase are
recovered during the late phase. This suggests that basophils are important during
the late phase because PGD2 is produced by mast cells but not basophils (17).
Indeed, nasal biopsies from allergic rhinitics during symptomatic periods show
increased mast cells and basophils (18). Nasal congestion in allergic rhinitis is
produced by several mediators including histamine, kinins (through the brady-
kinin B2 receptor), leukotrienes, platelet-activating factor (PAF), and PGD2 (Fig.
2) (19).

The late phase is also characterized by the transendothelial migration and
activation of several inflammatory cells. Cell counts in nasal secretions during
late phase responses show increases in eosinophils (20), basophils (21), CD4 T
cells, and neutrophils (22). These cells are known to release a wide array of pro-
inflammatory substances. Epithelial and endothelial cells are also involved in the
inflammatory process by virtue of their production of key mediators and cytok-
ines. The phenomenon of nasal ‘‘priming’’ depends on the accumulation of in-
flammatory cells and mediators in the nasal mucosa (23). Nasal priming is defined
as the need for less antigen to elicit the same degree of symptoms during the
peak antigen season versus that required out of the antigen season.
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C. Inflammatory Cell Recruitment

Eosinophil accumulation in the nasal mucosa is an important event in the patho-
genesis of allergic rhinitis. Once activated, eosinophils release a variety of media-
tors, which can contribute to the symptoms of allergic rhinitis. Indeed, the release
of LTC4 by eosinophils leads to both rhinorrhea and nasal obstruction (17,19,20).

The migration of inflammatory cells into the nasal mucosa is mediated
through the chemotactic effects of various inflammatory mediators (e.g., eicosa-
noids, PAF) and cytokines/chemokines (e.g., IL-8, IL-5, RANTES, eotaxin) re-
leased by mast cells, epithelial cells, and lymphocytes. Recruitment of leukocytes
into the nasal mucosa, however, cannot occur without the proper expression of
adhesion molecules on vascular endothelium, epithelium, and leukocytes in re-
sponse to mediator and cytokine signals. Upregulation of adhesion molecules is
very important in allergic inflammation (24,25). In fact, intercellular adhesion
molecule-1 (ICAM-1) can be viewed as another hallmark of allergic inflammation
(26). ICAM-1 expression on epithelial cells is upregulated during the allergen
season (27) and is important in granulocyte recruitment.

Endothelial expression of vascular cell adhesion molecule-1 (VCAM-1) is
induced by IL-4 (28). Perennial allergic rhinitis leads to increased expression of
ICAM-1 and VCAM-1 in nasal mucosa (29). VCAM-1 upregulation and expres-
sion on the endothelium following allergen challenge may contribute to a more
selective recruitment of eosinophils into the nasal mucosa because VLA-4, the
ligand for VCAM-1, is expressed on eosinophils but not neutrophils (30). VLA-
4 is also present on lymphocytes and is an important factor in controlling lympho-
cyte migration into the airways. Thus, the vasculature of the nasal mucosa is a
key element in the control of inflammatory cell chemotactic responses through
the expression of important adhesion molecules and the generation of mediators
and cytokines.

D. Vasculature

Other critical roles for the vasculature of the nose include heating and humidify-
ing inspired air (31), controlling the expansion (congestion) and shrinkage (de-
congestion) of the nasal mucosa (32), and regulating edema. Subepithelial and
glandular capillaries are fenestrated, thus permitting the exudation of plasma into
the submucosa, which in turn supplies the glands with the necessary fluid to
produce copious amounts of secretions. Extravasation of plasma occurs during
allergic inflammation when gaps are created between endothelial cells by the
actions of histamine, bradykinin, PGD2, LTC4, LTD4, and PAF (19,33).

E. Neurogenic Contribution

Sympathetic and parasympathetic efferent nerves innervate the capacitance ves-
sels and regulate vascular tone. Both play an important role in the control of
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blood flow to the nasal mucosa, thereby affecting nasal congestion and plasma
exudation (34). Parasympathetic efferents innervate serous and seromucinous
glands and, therefore, are critical in the control of nasal secretions. However,
sympathetic activity, vasoactive intestinal peptide (VIP), and nitric oxide (NO)
can also modulate the activity of submucosal glands (35).

Parasympathetic activity results in vasodilation and increased blood flow
to the nose, while sympathetic nerves cause vasoconstriction and decreased blood
flow. However, the classical view, which assigned ‘‘opposing’’ actions to the
sympathetic and parasympathetic systems on their target tissues, has given way
to the current view of complex interactions between classical neurotransmitters
(acetylcholine and norepinephrine), neuropeptides, target cells, and soluble medi-
ators released by the target cells. The actions of parasympathetic fibers are medi-
ated by acetylcholine, VIP, and NO. Norepinephrine and neuropeptide Y (NPY)
are released from sympathetic efferents. NPY is a potent vasoconstrictor of nasal
capacitance vessels (36), and it increases the expression of adhesion molecules
(37).

Our understanding of allergic inflammation was enhanced following the
discovery of the mechanisms of ‘‘neurogenic inflammation’’ (35,38). Neurogenic
inflammation refers to the neurally mediated reflex stimulation of submucosal
gland secretions, plasma transudation, inflammatory cell infiltration, and alter-
ations in epithelial permeability. These events result from activation of sensory
fibers, antidromic spread of nerve impulses along sensory axons to other sensory
terminals, and release of neuropeptides including substance P, neurokinin A, cal-
citonin gene–related peptide (CGRP), and gastrin-releasing peptide (GRP) from
those terminals. The neuropeptides may directly cause rhinorrhea and nasal con-
gestion and mediate various inflammatory events. Neurogenic influences are
thought to play an important role during the late phase of the allergic reaction
(14), but the exact mechanisms are still unclear. Exogenous substance P adminis-
tered intranasally increases vascular permeability, nasal congestion, and chemo-
taxis of neutrophils and eosinophils in patients with allergic rhinitis (39). Sub-
stance P levels increase after antigen challenge, and there is evidence that
substance P itself stimulates cytokine expression. CGRP causes proliferation of
fibroblasts and epithelium (40). VIP is colocalized in cholinergic and sensory
nerve endings. VIP-containing terminals are associated with vasculature, submu-
cosal glands, and the epithelium of the nasal mucosa, all of which possess VIP
receptors. Thus, VIP may also play a role in neurogenic inflammation (38).

Parasympathetic reflexes may also regulate mediator release and lympho-
cyte activity (41). Furthermore, contralateral histamine release and basophil infil-
tration occur following ipsilateral nasal challenge with allergen (30), an event
mediated by neural reflexes.

The role of neuropeptides and sensory and autonomic nerves in allergic
rhinitis has been recently reviewed in detail (38,42). It is clear that neurogenic
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pathways play an important role in the acute and chronic symptoms of allergic
rhinitis as well as the hyperresponsiveness of the upper airways associated with
this disorder.

F. Summary

A summary of pathogenic mechanisms of allergic rhinitis is schematically illus-
trated in Figure 1. Allergic rhinitis is initiated when allergen cross-links IgE:
FcεRI complexes on mast cells (and basophils), causing degranulation and release
of multiple mediators. The early phase response is characterized by pruritus,
sneezing, rhinorrhea, and nasal congestion resulting from the interaction of these
mediators with blood vessels, submucosal glands, and nerve endings. Parasympa-
thetic and other neural reflexes contribute to vasodilation and mucus secretion.
Neurogenic inflammation amplifies these processes, and pro-inflammatory medi-
ators including cytokines and chemokines recruit inflammatory cells into the na-
sal mucosa. The late phase is heralded by the upregulation and expression of
leukocyte adhesion molecules in the vasculature. Under the influence of cytok-
ines, chemokines, and other chemoattractants, various leukocytes infiltrate the
nasal mucosa where they are activated, releasing more pro-inflammatory media-
tors. A state of chronic inflammation is established and symptoms of nasal con-
gestion, mucus secretion, anosmia, and nasal hyperresponsiveness predominate
at this stage.

III. Diagnosis

A. Symptoms

The diagnosis of allergic rhinitis begins with a careful documentation of the pa-
tient’s symptoms, their seasonal pattern, and a detailed medical and environmen-
tal history. Classic symptoms of allergic rhinitis include paroxysms of sneezing,
nasal and palatal pruritus, nasal congestion, and rhinorrhea with or without ocular
symptoms (lacrimation, itching, conjunctival swelling). Other common symp-
toms include postnasal drainage, facial pressure, headaches, nocturnal cough, and
snoring.

Malaise and fatigue may be present, sometimes to a debilitating degree.
For some patients, fatigue, sedation, difficulty concentrating, and headaches over-
shadow the nasal symptomatology. Psychosocial problems related to allergic rhi-
nitis include depression, anxiety, irritability, reduced productivity, as well as im-
paired learning, decision making, and psychomotor speed (43,44). Daytime
fatigue can be traced back to sleep disturbance caused by nasal congestion in
some patients with perennial allergic rhinitis (45). The severity of rhinitis symp-
toms may be heightened by other nasal pathology including polyps, septal devia-
tion, sinusitis, and adenoidal hypertrophy.
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B. Physical Findings

Physical findings suggestive of allergic rhinitis include mouth breathing (which
can lead to malocclusion), boggy and pale nasal mucosa, clear to mucoid nasal
secretions, ‘‘cobblestoning’’ (lymphoid hyperplasia) and postnasal drainage
along the posterior oropharynx, and conjunctival swelling and injection. Posterior
rhinoscopy may be helpful in visualizing structures of the upper airways and
differentiating allergic from nonallergic rhinitides (46).

In addition, allergic rhinitics may have a nasal crease across the lower third
of the nose (secondary to upward rubbing), allergic shiners (dark circles under
the eyes) caused by venous stasis because of constant nasal congestion, Dennie-
Morgan lines (extra skin folds on the lower eyelids secondary to conjunctival
edema), and certain facial deformities associated with chronic allergic rhinitis
such as narrow facies, elevated upper lip, highly arched palate, and retracted
lower jaw (47). However, none of these findings are specific for allergic rhinitis.

C. Testing

A nasal smear rich in eosinophils suggests the diagnosis of allergic rhinitis, but
it may be only 60% sensitive (48), and it is not specific because eosinophilia is
also found in patients with nasal polyps and nonallergic rhinitis with eosinophilia
syndrome (NARES) (49). Frequently, however, nasal smears may be used to
help differentiate between these forms of rhinitis and infectious rhinitis in which
neutrophils predominate.

Total and especially allergen-specific IgE levels are often increased in aller-
gic rhinitis. Skin testing to demonstrate allergen-specific IgE antibodies is the
diagnostic test of choice. Alternatively, specific IgE can be measured in the serum
using radioallergosorbent testing (RAST) or enzyme-linked immunosorbent
assay (ELISA). However, skin testing is more sensitive than these in vitro meth-
ods because 25–40% of patients with positive skin tests will have negative RAST
to the same allergens (50,51). The converse (a positive in vitro test with a negative
skin test) is rare. Thus, except for special clinical situations where skin testing
is not possible or the results cannot be interpreted, skin tests are preferable to in
vitro tests. Guidelines for the proper application of allergy testing have been
published (51).

D. Differential Diagnosis

In the differential diagnosis of allergic rhinitis, one should include the following
rhinitides: vasomotor rhinitis, nonallergic rhinitis with eosinophilia syndrome
(NARES) (49), atrophic rhinitis (52), occupational rhinitis, medication-induced
rhinitis (especially rhinitis medicamentosa due to the overuse of topical sympa-
thomimetics), hormonal rhinitis (pregnancy and hypothyroidism), infectious rhi-
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Figure 3 Diagnostic algorithm for the evaluation of rhinitis. *Positive correlation with
symptoms. Eos � Eosinophils; NARES � nonallergic rhinitis with eosinophilia; VMR
� vasomotor rhinitis.

nosinusitis, and gustatory and food-related rhinitis. Structural and mechanical
conditions that mimic rhinitis include deviated nasal septum, hypertrophic turbi-
nates, adenoidal hypertrophy, foreign bodies, and tumors. Inflammatory and im-
munological diseases such as Wegener’s granulomatosis and sarcoid may also
cause symptoms of rhinitis. Nasal polyposis predisposes to sinusitis and is associ-
ated with asthma, cystic fibrosis (especially in children), and aspirin intolerance.
A diagnostic algorithm for some of the more common causes of rhinitis is shown
in Figure 3.

IV. Management

A. General Principles

The management of allergic rhinitis includes a stepwise progression through four
general therapeutic modalities: (1) avoidance or environmental control; (2) phar-
macological therapy; (3) allergen vaccine immunotherapy; and (4) novel immu-
nomodulators such as anti-IgE monoclonal antibodies (e.g., rhuMAb-E25). In
formulating a management plan for an individual patient, one must also consider
the effects of the disease and the prescribed therapy on frequently occurring com-
orbid conditions. Left untreated or undertreated, allergic rhinitis has been associ-
ated with worsening or the development of other diseases, including otitis media,
sinusitis, impairment of smell and taste, and asthma. Indeed, asthma is two to
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three times more prevalent in patients with allergic rhinitis, and most adult and
pediatric patients with asthma have rhinitis (53). In recently published practice
parameters for allergic rhinitis, the panel concluded that the appropriate manage-
ment of rhinitis may be an important component in effective management of
coexisting or complicating respiratory conditions, such as sinusitis, otitis media,
and asthma. Furthermore, it was felt that failure to reduce inflammation in the
upper airway might lead to suboptimal results in asthma treatment (54).

B. Economic Impact and Quality-of-Life Issues

It is also important to consider the economic impact of allergic rhinitis and coex-
isting medical problems on health care expenditures (55). When allergic rhino-
conjunctivitis was classified as the primary condition, direct expenditures in the
United States in 1996 dollars was $1.9 billion. However, when allergic rhinitis
was considered a secondary condition coexisting with other airway conditions
(e.g., otitis media, sinusitis, asthma, and respiratory tract infections), the cost was
$4.0 billion, giving an estimate of $5.9 billion for the overall direct medical
expenditures attributable to allergic rhinoconjunctivitis. Children 12 years and
younger accounted for $2.3 billion (38%) of these costs. Thus, allergic rhinitis
is an expensive disease process because of its direct effects and its contribution
to other airway disorders (55).

The health care expenditures cited above do not take into account the addi-
tional billions of dollars lost due to the indirect costs of allergic rhinitis. Because
the peak prevalence of allergic rhinitis occurs during career- and family-building
years, impairments due to this disease significantly impact the work force. Using
data from the National (United States) Medical Expenditure Survey conducted
in 1987, Malone and colleagues estimated that allergic rhinitis resulted in approx-
imately 811,000 missed workdays, 824,000 missed school days, and 4,230,000
reduced activity days (10). It is likely that the number of workdays lost is much
higher due to the effects of childhood absenteeism on the ability of caregivers
to report to work.

Impairment of work and school performance has been documented as a
result of both the disease and its treatment (7,8,56–58). Allergic rhinitis can lead
to sleep-disordered breathing due to nasal congestion, which ultimately con-
tributes to this impairment in work and school performance (59,60). Allergic
rhinitis–induced impairment in learning ability in children can be counteracted
partially by treatment with nonsedating antihistamines, but is aggravated by treat-
ment with sedating antihistamines (57). In adults, driving performance has been
shown to be impaired and work-related injuries increased in allergic rhinitics
taking sedating antihistamines (61,62). These data suggest that sedating antihista-
mines should be used with caution in adults and children who already have de-
creased quality of life and significant performance impairments.
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C. Environmental Control

Avoidance of allergen-triggering factors, through environmental control mea-
sures, is the first line of defense recommended for the management of allergic
rhinitis. Environmental control measures may not completely alleviate allergy
symptoms, but often symptoms improve and there may be reduced need for phar-
macological intervention (63,64).

It is difficult to reduce exposures to pollen and other outdoor allergens.
However, pollen-avoidance measures, e.g., staying indoors with windows/doors
shut when high pollen counts prevail, are recommended. Mite-avoidance mea-
sures include removal of house dust, reduction of indoor humidity, application
of allergen-impermeable mattress and pillow covers, and use of chemical agents
(e.g., acaricides). Families with a history of atopy should carefully weigh the
decision to bring a furred or feathered pet into the household. If pet allergy is a
preexisting problem in the household, if at all possible, the pet should be removed
from the indoor environment, and, if not possible, at least kept out of the bedroom.
Bathing the pet regularly may also be beneficial (63).

D. Pharmacological Intervention

Antihistamines

Antihistamines were discovered in 1937 and have been used in the treatment of
allergic rhinitis for over 50 years. Antihistamines compete with histamine for
binding to H1 receptors on blood vessels and smooth muscle. Best results are
obtained when antihistamines are given regularly (if needed, on a chronic basis)
or prophylactically (prior to allergen exposure) so that the H1 receptor sites are
effectively blocked before histamine release (65).

Antihistamines are divided into three categories: first-, second-, and third-
generation antihistamines. They are first-line therapy for the treatment of allergic
rhinitis (54).

Oral antihistamines effectively reduce nasal and nonnasal symptoms of al-
lergic rhinitis. Nasal symptoms include itching, sneezing, rhinorrhea, and nasal
congestion. Nonnasal symptoms most commonly include eye complaints (e.g.,
eye redness, tearing, and itching), itchy palate, or itchy ears (54).

Antihistamines are less effective for the treatment of nasal congestion than
for other nasal symptoms. Decongestants or topical nasal steroids are typically
added to antihistamine therapy to provide symptomatic relief of nasal congestion.

Although oral second-generation antihistamines have a better safety profile
than oral first-generation antihistamines, most evaluations show similar efficacy
profiles between first- and second-generation antihistamines (54).

Oral antihistamines are readily absorbed and reach peak concentrations
within 2–3 hours of dosing. Metabolism of all first-generation and many second-
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generation antihistamines is through the hepatic cytochrome P450 system (54).
Clearance rates vary between 2 hours and 10 days. Peak suppression of histamine-
or antigen-induced wheal-and-flare reactions occurs 5–7 hours after oral dosing
and may persist up to 24–36 hours (longer for hydroxyzine, cetirizine) (65). A
stemizole is unique because it binds H1 receptors with great affinity in comparison
to other H1 blockers and skin test suppression may last up to 6 weeks (54,65).

Intranasal antihistamines are available for treatment of allergic rhinitis
symptoms and are appropriate for first-line treatment of allergic rhinitis. Several
studies have shown efficacy comparable to oral antihistamines. Onset of action
occurs within 3 hours of dosing. Topical administration may impact nasal conges-
tion to a greater degree than oral antihistamines (54).

Two pediatric syrups containing second-generation antihistamines are
available for treating children with allergic rhinitis: loratadine (�6 yr) and cetiri-
zine (�2 yr) (66).

The adverse effect profile of first-generation antihistamines limits use.
First-generation antihistamines are lipophilic and penetrate the blood-brain bar-
rier, where they interact with central nervous system H1 receptors as well as
produce antiserotonin effects. Consequently, first-generation antihistamines are
associated with a number of central nervous system (CNS) adverse effects includ-
ing sedation, slowed reaction time, learning impairment, dystonia, confusion, diz-
ziness, and performance impairment. Because performance impairment may not
be perceived, first-generation antihistamines should not be used while flying air-
craft or operating heavy machinery (67). Adverse effects are more likely to occur
in geriatric adults and patients with liver disease (65).

Second-generation antihistamines do not significantly penetrate the blood-
brain barrier and are associated with fewer adverse effects. Because of the im-
proved safety profile, second-generation antihistamines should usually be consid-
ered before first-generation antihistamines for the treatment of allergic rhinitis.
Of note, though, cetirizine has occasionally been associated with sedation, and
terfenadine (withdrawn from U.S. market 2/98) and astemizole have been linked
to fatal and near-fatal episodes of cardiac arrhythmias known as torsades de
pointes. Concomitant use of macrolide antibiotics (e.g., erythromycin), oral anti-
fungal agents (itraconazole, ketoconazole), and ciprofloxacin and intake of large
quantities of grapefruit juice or the presence of liver disease increases the risk
for cardiac arrhythmia (54).

Loratadine, a second-generation antihistamine, is well tolerated, nonsedat-
ing, and has not been associated with cardiac arrhythmias.

Third-generation antihistamines include metabolites of second-generation
antihistamines (e.g., fexofenadine) and topical antihistamines (68).

Fexofenadine is the active metabolite of terfenadine. Its adverse effect pro-
file is improved compared to the parent compound terfenadine, i.e., fexofenadine
has not been associated with QT interval prolongation or cardiac arrhythmias
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(e.g., torsades de pointe) (68). Azelastine nasal spray is generally well tolerated
but has been associated with bitter taste and sedation in some patients (20 and
11% of patients, respectively) (54).

Older adults are at most risk for adverse effects associated with first-genera-
tion antihistamines (68). Because second- and third-generation antihistamines
have fewer sedative and anticholinergic adverse effects than first-generation anti-
histamines, they are generally recommended for the treatment of allergic rhinitis
in older patients (66).

Decongestants

There are two categories of decongestants: topical and oral. Decongestants reduce
nasal congestion and edema by vasoconstriction of nasal capacitance vessels
through stimulation of α1-adrenoreceptors. They do not improve symptoms of
itchy and runny nose or sneezing (54,64). Topical decongestants are either cate-
cholamine derivatives (e.g., phenylephrine) or imidazoline derivatives (e.g., oxy-
metazoline or xylometazoline). Oral decongestants are α1-adrenergic agonists
(e.g., pseudoephedrine, phenylephrine, and phenyl propanolamine).

Topical and oral decongestants are useful to treat the symptoms of nasal
congestion associated with allergic rhinitis. Many combination antihistamine/
decongestant preparations are available for the convenience of the patient since
decongestants and antihistamines are frequently prescribed together. Combina-
tion agents provide greater relief of symptoms but are associated with a higher
incidence of adverse effects (70,71).

Topical decongestants do not commonly cause systemic sympathomimetic
effects but may lead to rebound congestion (rhinitis medicamentosa) after 5–7
days of therapy.

Oral decongestants are not strongly associated with rhinitis medicamentosa
but are associated with systemic adverse effects, e.g., blood pressure elevation,
palpitations, tremor, appetite loss, and insomnia. Oral decongestants should be
used with caution in patients with cardiac disease (arrhythmias, high blood pres-
sure, coronary heart disease), hyperthyroidism, glaucoma, diabetes, and urinary
dysfunction. Pseudoephedrine is less likely to elevate blood pressure than phenyl
propanolamine (64).

Corticosteroids

Corticosteroids are very effective for the treatment of allergic rhinitis. Efficacy
is related to anti-inflammatory activities including the following: decreased nasal
eosinophil, basophil, and goblet cells, decreased mucosal mast cells, inhibition
of leukocyte influx into the nasal cavity, inhibition of lymphocyte migration and
cytokine release, and inhibition of late-phase allergic response (72,73).
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Oral steroids effectively treat allergic rhinitis, but efficacy is based on sys-
temic absorption, and because of the adverse effect profile, regular use of oral
steroids is not justified. A brief treatment course may be warranted to control
severe nasal obstruction. When oral steroids are necessary (e.g., cases of severe
rhinitis associated with polyposis), short bursts (5–7 days) of short-acting oral
steroid (prednisone or methylprednisolone) at doses up to 40 mg/day prednisone
in adults may be prescribed. Depot steroid injections are not usually recom-
mended for the following reasons: risk of prolonged adrenal suppression and loss
of flexible dosing. Parenteral corticosteroids are not recommended either because
of the greater potential for long-term adverse effects. Intraturbinate injections
should not be administered because of the link to cavernous vein thrombosis and
blindness (54).

Intranasal steroids were developed to avoid adverse effects associated with
systemic steroids. Nasal steroids are effective for nasal allergic rhinitis symptoms
(sneezing, itching, runny nose, and nasal congestion) (54). In clinical trials, nasal
steroids are more effective for control of nasal symptoms than nasal cromolyn
sodium or oral antihistamines. However, intranasal steroids do not significantly
improve the nonnasal symptoms of allergic rhinitis. Patients frequently take both
intranasal steroids and oral antihistamines to control symptoms of seasonal aller-
gic rhinitis. Because onset of action generally occurs a few days after dosing,
intranasal steroids are best prescribed prophylactically and used on a regular basis
rather than ‘‘as needed’’ (65).

The most common adverse effects of intranasal steroids are local irritation
(e.g., a burning or stinging sensation) and nasal bleeding. Proper use has not been
associated with mucosal atrophy. Long-term use has rarely been associated with
nasal septal perforation. Nasal septal perforation may be the result of trauma
from the spray velocity combined with vasoconstrictor activity of the steroid.
Patients should be instructed to direct the spray away from the nasal septum, and
physicians should periodically examine the septum for mucosal erosions, which
may precede nasal septal perforation (54).

Intranasal steroids work locally, and systemic side effects are not associated
with use in adults when used at recommended doses (65). In children, concerns
about growth velocity prompted the U.S. Food and Drug Administration to issue
a warning about the safety in children. It is recommended that intranasal steroid
use in children be at the lowest effective dose, height measurements be followed
regularly, and need for therapy frequently reevaluated (74).

Intranasal Cromolyn Sodium

Intranasal cromolyn sodium is thought to inhibit mast cell degranulation and
prevent the allergic reaction leading to the manifestations of allergic rhinitis (54).
Clinical studies show pretreatment with intranasal cromolyn sodium 4–7 days
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before the seasonal aeroallergen challenge improves seasonal rhinitis symptoms,
although less effectively than intranasal steroids. Thus, highly symptomatic pa-
tients may require add-on therapies (e.g., antihistamines, decongestants) for
symptom control. Use should be continued regularly through the allergy season,
but patient compliance may be a problem due to frequent dosing requirements
(1–2 sprays every 4 hours).

In situations of limited, anticipated allergen exposure (e.g., animal dander),
intranasal cromolyn may provide symptom relief when used shortly before expo-
sure. Intranasal cromolyn sodium is notably safe. Adverse effects are localized
to the nasal mucosa and minor. They include sneezing, nasal stinging, burning,
irritation, and nose bleeds (�1%). Because of its safety profile, intranasal cromo-
lyn sodium is frequently used in children and pregnant women (54).

Intranasal Anticholinergics

Intranasal anticholinergics effectively reduce rhinorrhea. Ipratropium bromide,
oxitropium bromide, tiotpropium bromide, and glycopyrrolate are quaternary
structured ammonium muscarinic receptor antagonists, which are poorly ab-
sorbed into the systemic circulation. They reduce nasal secretions by influence
on submucosal glands innervated by parasympathetic nerves (74). Intranasal anti-
cholinergics are ineffective for control of allergic rhinitis symptoms other than
rhinorrhea (74).

With the aqueous formulation, the most frequently reported adverse events
are mild, intermittent nosebleeds and nasal dryness. The chlorofluorocarbon-
based MDI formulation is associated with high incidence of nasal adverse effects
that have limited clinical use of this formulation (54).

Allergen Immunotherapy

Allergen immunotherapy is the intermittent administration of gradually increas-
ing quantities of specific allergen by subcutaneous (SQ) injection to an allergic
patient. After the buildup phase, intermittent SQ injections effectively reduce
rhinitis symptoms upon reexposure to the specific allergen.

Allergen immunotherapy was first used to treat allergic rhinitis by Noon
and Freeman in 1911 (75). Allergen immunotherapy has since been used to treat
allergic diseases caused by inhalant allergens. Clinical studies have shown sig-
nificant treatment benefit for allergic rhinitis induced by grass, tree, and ragweed
pollens, molds, house dust mite, and cat (75,76).

Allergen immunotherapy works in part through effects on T cells. There
is good evidence that a shift in cytokine profile from Th2 to Th1 occurs in re-
sponse to allergen immunotherapy. Decreases in IL-4 and increases in IFN-γ were
shown in bee venom–sensitive patients undergoing rush immunotherapy. Similar
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changes in cytokine profile were shown in T-cell lines derived from grass- and
mite-sensitive patients after immunotherapy (75).

Allergen immunotherapy is indicated for patients who meet the following
criteria: (1) IgE-mediated moderate-severe allergic rhinitis; (2) sensitivity corre-
lates with availability of a potent allergenic extract; (3) exposure to an aeroaller-
gen that is significant and unavoidable; (4) symptoms not controlled by pharma-
cological intervention; (5) pharmacotherapy produces intolerable adverse effects.
Immunotherapy is usually not recommended for preschool children and older
adults. Immunotherapy is usually not indicated for patients with severe cardiovas-
cular or pulmonary disease and patients using β blockers. Initiation during preg-
nancy should be avoided, although maintenance therapy is acceptable.

Immunotherapy should be prescribed by physicians trained in allergology.
Clinically relevant vaccines must be used because clinical response is specific
to the allergen administered in the vaccine. The quality and quantity of allergen
vaccine are critical for a successful treatment outcome. The optimal maintenance
dose is in the range of 5–20 µg of major allergen per injection for most allergens.

After 1 year of treatment, if the patient has not responded positively, treat-
ment should be stopped. For patients with treatment effect, the optimal duration
of treatment is generally within the range of 3–5 years (75).

Of interest are recent reports suggesting that allergen immunotherapy may
modify the natural course of the disease. In a recent case-controlled study in
which children between the ages of 3 and 6 years were followed for 3 years from
baseline, all children who did not receive immunotherapy had new sensitizations,
whereas only 50% of the children who received immunotherapy developed new
sensitizations (77). The Preventive Asthma Study, conducted in Scandinavia and
Germany, also suggests that the development of asthma is less likely to occur in
children with allergic rhinitis who are treated with immunotherapy. After 5 years,
58% of control subjects had asthma, compared with 23% of those who received
immunotherapy (78). These studies suggest that earlier intervention with immu-
notherapy in children might be warranted to both decrease sensitization and re-
duce the development of asthma. Further data are clearly needed to confirm these
intriguing results.

The major adverse effect associated with immunotherapy is systemic ana-
phylaxis. Immunotherapy should only be administered by professionals who can
provide emergency treatment and have ready access to resuscitation equipment
and medication (antihistamines, epinephrine, steroids). Patients should wait in
the clinic at least 20–30 minutes because most serious systemic anaphylactic
reactions typically occur within this time frame.

Risk factors for systemic anaphylaxis include (1) errors in dose, (2) unstable
asthma in asthmatic patients, (3) highly sensitive patients, (4) use of β blockers,
(5) injections from new vials, (6) build-up therapy phase, (7) patients with sea-
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Figure 4 Allergic rhinitis stepwise treatment approach.

sonal exacerbations. Patients who have a systemic anaphylactic reaction should
have their allergen immunotherapy regimen reevaluated.

Local reactions may occur at the injection site. These include wheals, de-
layed swelling, and SQ nodules (associated with aluminum-adsorbed vaccines).
Local reactions are painful, and allergen immunotherapy dosage adjustments may
be necessary (75).

Stepwise Treatment Approach

Given the wide range of pharmacotherapeutic options available for the treatment
of allergic rhinitis, the International Rhinitis Management Working Group devel-
oped a stepwise treatment algorithm for prescribing physicians to refer to when
developing treatment plans for their patients (63). A simplified stepwise treatment
approach for allergic rhinitis is shown in Figure 4.

E. Future Pharmacotherapy

Anti-IgE Approaches

The efficacy of anti-IgE MAb for the treatment of seasonal allergic rhinitis has
been tested in several phase II/III clinical studies. Given the fundamental role
of IgE in the pathogenesis of seasonal allergic rhinitis (SAR), decreasing total
serum IgE in atopic patients was expected to decrease antigen-specific IgE, re-
duce IgE-mediated symptoms, and improve control of this disease (79).

In adults with mountain cedar SAR, intravenous treatment with a chimeric
anti-IgE MAb (CGP 51901) reduced symptoms of SAR during the course of the
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Figure 5 Average daily nasal symptom severity scores for each treatment group (over
entire ragweed pollen season). *, p � 0.002 versus placebo. (From Ref. 81.)

mountain cedar pollen season. This effect was achieved in patients with IgE levels
85% lower than baseline measurements (80).

The recombinant, humanized anti-IgE MAb (rhuMAb-E25) is in late-stage
clinical development for patients with allergic rhinitis. This anti-IgE MAb was
been tested in two different models of seasonal pollinosis: ragweed in the central
United States and birch in several Scandinavian countries.

rhuMAb-E25 was studied in a large, multicenter, dose-ranging trial to de-
termine the efficacy and safety of three SQ doses of rhuMAb-E25 (50, 150, or
300 mg) for symptom prevention in adolescents and adults with a history of
ragweed seasonal allergic rhinitis. Overall results showed that rhuMAb-E25 treat-
ment safely produced dose-dependent improvements in symptoms of SAR, re-
duced rescue concomitant medication use, and improved rhinitis-specific quality
of life (81,82). The 300 mg dose was identified as optimal to study in future
clinical trials.

In this dose-ranging study, 536 patients with allergy to ragweed pollen
were randomized to receive rhuMAb-E25 or placebo SQ over the 12-week pollen
season. Mean daily nasal severity scores in the rhuMAb-E25 300 mg group were
superior to placebo over the entire pollen season (0.75 and 0.98 rhuMAb-E25
300mg vs. placebo, respectively; p � 0.002) (Fig. 5). Average daily total ocular
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Figure 6 Average daily ocular severity scores for each treatment group (over entire
ragweed pollen season). (From Ref. 81.)

severity scores were significantly lower in the 300, 150-, and 50 mg groups vs.
placebo (0.41, 0.45, and 0.49 vs. 0.67, respectively; p � 0.001, 0.002, and 0.011)
(Fig. 6). Regression analysis showed a significant linear dose-response relation-
ship for average daily nasal severity scores (slope for dose �0.001; p � 0.001).
The proportion of days with rescue antihistamine tablets was significantly lower
in the 300 and 150 mg groups vs. placebo (0.12 and 0.13 days vs. 0.21 days,
respectively; p � 0.005 and 0.012). There was a similar incidence of adverse
experiences between rhuMAb-E25 and placebo. Headache, upper respiratory in-
fection, and viral infection were the most frequently reported adverse effects in
the rhuMAb-E25 groups. Headache, sinusitis, upper respiratory infection, and
viral infection were the most frequently reported adverse effects in the placebo
group. Trial drug–related urticaria were reported in two rhuMAb-E25 recipients.
There were no trial drug-related serious adverse effects in the rhuMAb-E25 treat-
ment group, and no antibodies to rhuMAb-E25 were detected.

The effect of treatment with rhuMAb-E25 was most recently studied in
birch pollen–induced SAR. In this phase III study, results showed that rhuMAb-
E25 was safe and effective for the prevention of birch-induced SAR symptoms,
with less concomitant medication use and improved quality of life (83,84).
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Figure 7 Change from baseline: average daily nasal symptom severity score over entire
post-randomization period (which encompassed birch pollen season). (From Ref. 83.)

Two hundred and fifty-one adults were randomized to receive rhuMAb-
E25 300 mg or placebo. The average daily nasal symptom severity score in the
rhuMAb-E25 group did not change from baseline during the 8-week double-blind
treatment period, which encompassed the entire birch pollen season (0.71 and
0.70 baseline and overall on treatment, respectively). In the placebo group, mea-
surements increased from 0.78 at baseline to 0.98 overall on treatment. The be-
tween-treatment difference was �0.23 in favor of rhuMAb-E25 (p � 0.001) (Fig.
7). The average number of rescue antihistamine tablets taken per day was lower
in the rhuMAb-E25 group vs. placebo (difference � �0.79 tablets/day;
p � 0.001). The proportion of days that rescue medication use was taken was
almost doubled in the placebo group compared to the rhuMAb-E25 group, 49%
vs. 28%, respectively (�0.21 difference; p � 0.001). rhuMAb-E25 was well
tolerated. There were no anaphylactic/anaphylactoid reactions or other serious
drug-related adverse effects. There were no clinically important laboratory find-
ings and no antibodies to rhuMAb-E25 detected.
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The results of this clinical study using rhuMAb-E25 to prevent symptoms
of birch allergic rhinitis mirrored the result of the preceding study in ragweed-
induced SAR. Together, these studies demonstrate and confirm the therapeutic
benefit of anti-IgE in SAR. Furthermore, since anti-IgE therapy is not allergen-
specific, this therapeutic approach likely will benefit allergic patients with multi-
ple sensitivities.

Others

There is evidence that oral antileukotrienes agents provide benefit for the treat-
ment of allergic rhinitis. Further study is needed before treatment recommenda-
tions can be provided (85,86). Rupatadine is a novel orally active dual antagonist
of histamine and PAF. This agent is under investigation for the treatment of
seasonal and perennial allergic rhinitis (87).

Ramatroban is a thromboxane-prostanoid receptor antagonist. Late-stage
clinical studies in patients with allergic rhinitis showed symptom improvement.
This compound is in the process of registration in Japan (88).

V. Overall Conclusions

Allergic rhinitis is a common condition. The disease is often trivialized despite
high direct expenditures for treatment and high indirect expenditures in terms of
missed work days, school days, and reduced activity days. Allergic rhinitis may
significantly impact quality of life leading to decreased social and physical func-
tioning (7,8,56–60).

There is a wide range of therapeutic options for the treatment of allergic
rhinitis. These therapies, although helpful, may only modestly improve symptoms
in patients, especially those at the moderate-to-severe end of the disease severity
spectrum.

Over the last 30 years, significant scientific advances have elucidated the
biochemical processes that result in acute and chronic allergic inflammatory rhini-
tis. The basic laboratory work on IgE has translated into the clinical application
of anti-IgE MAb as a therapeutic agent for allergic rhinitis. Similar progress
has been made with respect to antileukotrienes, PAF inhibitors, a thromboxane-
prostanoid receptor antagonist, and inhibitors of important cytokines such as IL4
and IL-5. These advances are expected in the near future to reduce the consider-
able morbidity that allergic rhinitis patients presently withstand in daily life.
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I. Introduction

This chapter will review our current knowledge about the pathogenesis of allergic
skin disorders, in particular atopic dermatitis (AD) and urticaria. Anti-IgE therapy
has not been systematically studied in these skin diseases. Therefore we will
discuss the role of IgE in their pathogenesis and provide a scientific rationale for
use of anti-IgE treatment in these diseases. Recent studies indicate that the IgE
molecule has a multifunctional role in these diseases, acting as both a target and
a key player in the elicitation of allergen-induced immediate hypersensitivity
reactions and cell-mediated responses.

II. Atopic Dermatitis

A. Clinical Presentation

AD is a chronic inflammatory skin disorder commonly associated with allergic
rhinitis and asthma (1). The diagnosis of AD is based on clinical criteria first
described by Hanifin and Rajka (2). The major features include pruritus, typical
morphology and distribution of the skin lesions, and a chronic relapsing course.
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In infants, AD primarily involves the face, scalp, and extensor surfaces of the
extremities, whereas in older children the predominant location of skin lesions
are the flexural folds of the extremities. The course of AD may be acute with
intense pruritus and papulation. Chronic skin lesions are associated predomi-
nantly with thickened skin, lichenification, and fibrotic papules. Dry skin is com-
monly seen in all patients with AD and contributes to the characteristic pruritus
that plagues patients with this disease.

AD should be distinguished from seborrheic dermatitis, where pruritus is
absent or mild. Allergic contact dermatitis, which can become generalized, is
morphologically difficult to distinguish from AD. Some immunodeficiencies may
be associated with eczema, like Wiskott-Aldrich syndrome, severe combined im-
munodeficiency, or hyper IgE syndrome. Most of the time, AD begins early in
life. In half of children with AD, the disease was present before one year of age,
and in two thirds before the age of 7 years. The majority of children may outgrow
AD by adolescence, but in some patients the disease relapses in adulthood. The
actual prognosis of AD is a matter of active investigation. Recent studies suggest
that AD may persist in up to 91% of patients, although it frequently becomes
less severe (3). The prevalence of this disease has increased considerably in the
last few decades affecting over 16% of children in certain countries (4,5). How-
ever, there is considerable worldwide variation in the prevalence of AD, both
within and between countries inhabited by similar ethnic groups, suggesting that
environmental factors are critical in determining disease expression (5).

B. Immunopathogenesis of AD

Although the pathogenesis of AD is poorly understood, the concept that AD has
an immunological basis is supported by the observation that patients with primary
T-cell immunodeficiency disorders frequently have elevated serum IgE levels and
eczematoid skin lesions indistinguishable from AD (6). In patients with Wiskott-
Aldrich syndrome, successful bone marrow transplantation is associated with cor-
rection of the immunological defect and clearing of their eczema (7). Further-
more, nonatopic recipients receiving bone marrow transplants from atopic donors
can develop atopic symptoms following successful engraftment (8). These data
suggest that AD is mediated by a bone marrow–derived cell.

Peripheral Blood Studies

Most patients with AD have elevated serum IgE levels and increased numbers
of circulating eosinophils (1). These laboratory findings are thought to result
from the increased expression of T helper type 2 (Th2)-type cytokines, i.e., IL-4,
IL-5, and IL-13 with a concomitant decrease in interferon-gamma (IFN-γ) ex-
pression. IL-4 and IL-13 are known to act as IgE isotype-specific switch factors
and induce the expression of VCAM-1, an adhesion molecule involved in the
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migration of mononuclear cells and eosinophils into sites of tissue inflammation
(9). IL-4 also causes marked inhibition of IFN-γ production and downregulates
the differentiation of T helper type 1 (Th1) cells. IL-5 promotes the differentia-
tion, vascular endothelial adhesion, and survival of eosinophils. In contrast, IFN-
γ inhibits IgE synthesis as well as the proliferation of Th2 lymphocytes.

In this regard, peripheral blood lymphocytes from AD patients have been
reported to secrete increased amounts of IL-4 and express abnormally high levels
of IL-4 receptor as well as increased IL-13 (10,11). PBMC from AD patients
have also been found to have a decreased capacity to produce IFN-γ (12,13). A
significant inverse correlation between IFN-γ generation and IgE serum concen-
trations in AD has been reported (12). There have also been a number of studies
demonstrating an increased frequency of allergen-specific T cells producing in-
creased IL-4, IL-5, and IL-13 but little IFN-γ in the peripheral blood of patients
with AD (14). Peripheral T cells expressing the skin homing receptor cutaneous
lymphoid antigen (CLA) have also been reported to express increased levels of
Th2 cytokines (11,15) (Table 1).

Immunohistology of Atopic Dermatitis

The histological features of AD depend on the acuity of the skin lesion (16,17).
Unaffected or clinically normal skin of AD patients demonstrates mild hyperkera-
tosis, epidermal hyperplasia, and a sparse perivascular T-cell infiltrate. Acute
lesions are characterized by marked intercellular edema (spongiosis) of the epi-
dermis. A sparse epidermal infiltrate consisting primarily of T lymphocytes is
frequently observed. In the dermis, there is a marked perivenular inflammatory
cell infiltrate consisting predominantly of memory T lymphocytes bearing the
CLA skin homing receptor, CD3, CD4, and CD45 RO (suggesting previous en-
counter with antigen) with occasional monocyte-macrophages (17,18). Eosino-
phils, basophils, and neutrophils are rarely present in the acute lesion. Mast cells,
in various stages of degranulation, are present in normal numbers.

Table 1 Immunological Abnormalities in AD

Increased IgE synthesis
Increased expression of CD23
Increased levels of IL-4 receptor on lymphocytes
Increased production of increased IL-4, IL-5, and IL-13, but little IFN-γ, by allergen-

specific T cells
Increased production of Th2 cytokines by peripheral T cells expressing CLA
Increased eosinophil cationic protein levels in the serum
Increased basophil histamine release in vitro
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In chronic lichenified lesions, the epidermis is hyperplastic with elongation
of the rete ridges, prominent hyperkeratosis, and minimal spongiosis. There is
an increased number of IgE-bearing Langerhans cells in the epidermis, and mac-
rophages dominate the dermal mononuclear cell infiltrate. The number of mast
cells are increased in number but are fully granulated. Increased numbers of eo-
sinophils are observed in chronic AD skin lesions. In support of a functional role
of eosinophils in chronic AD lesions, Leiferman et al. have found that eosinophil-
derived extracellular major basic protein (MBP) can be detected by immunofluo-
rescence in a fibrillar pattern associated with the distribution of elastic fibers
throughout the upper dermis (19). Extracellular MBP deposition was much more
extensive in the involved areas than the unaffected areas of skin. Although the
role of eosinophils in the pathogenesis of AD is not completely understood, it is
thought to contribute to tissue injury in AD through the production of reactive
oxygen intermediates and release of cytotoxic granules. Eosinophil cationic pro-
tein is elevated in AD sera and correlates with disease severity, providing further
evidence for the involvement of eosinophils in AD (20).

Cytokine Expression in AD Skin

Recent studies indicate that both Th2- and Th1-type cytokines contribute to the
pathogenesis of skin inflammation in AD with the relative contribution of each
cytokine type critically dependent on the duration of the skin lesion. In studies by
Hamid et al. (21,22) in situ hybridization was used to investigate the expression of
IL-4, IL-5, and IFN-γ mRNA in skin biopsies from clinically normal (unaffected),
acute (erythematous AD lesions of �3 days duration), and chronic (�2 weeks
duration) skin lesions of patients with AD. As compared with normal skin, unaf-
fected skin of patients with AD had a significant increase in number of cells
expressing IL-4 and IL-13, but not IL-5 or IFN-γ mRNA. Acute and chronic skin
lesions, when compared to normal skin or unaffected skin of AD patients, had
significantly greater numbers of cells that were positive for IL-4, IL-5, and
IL-13 mRNA. However, acute AD or unaffected AD skin did not contain signifi-
cant numbers of IFN-γ mRNA–expressing cells.

As compared with acute AD, chronic AD skin lesions had significantly
fewer IL-4 and IL-13 mRNA–expressing cells, but increased numbers of IL-5
and IFN-γ mRNA–expressing cells. Thus, acute skin inflammation in AD is as-
sociated with a predominance of IL-4 and IL-13 expression, whereas mainte-
nance of chronic inflammation is associated with increased IL-5 and IFN-γ
expression accompanied by the infiltration of eosinophils and macrophages.

There is also overexpression of IL-16 in acute skin lesions, as well as
IL-12 and granulocyte macrophage colony-stimulating factor (GM-CSF) over-
expression in chronic AD lesions (22–24). IL-16 may promote the infiltration of
CD4� T cells into acute lesions, and GM-CSF is likely to enhance cell survival
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of eosinophils and macrophages in chronic skin lesions. The increased expression
of IL-12 in chronic AD skin lesions is of interest in that cytokine plays a key role
in Th1 cell development and its expression in eosinophils and/or macrophages is
thought to initiate the switch to Th1 cell development in chronic AD skin lesions
(25). The C-C chemokines RANTES, monocyte chemotactic protein-3, and eo-
taxin have also been found to be increased in AD skin lesions and likely contrib-
ute to the chemotaxis of eosinophils into the skin (26).

The functional significance of these cytokine changes in acute vs. chronic
AD skin lesions is supported by in vivo studies of cytokine receptor mRNA
expression (27). These studies have demonstrated that acute AD is associated
with a high expression of IL-4 receptor, whereas IL-5 receptor and GM-CSF
receptor mRNA are predominantly increased in chronic AD. These findings sup-
port the biphasic role of IL-4, IL-5, and GM-CSF in the pathogenesis of AD skin
inflammation.

This biphasic pattern of T-cell activation has also been well demonstrated
in studies on skin biopsies of atopy patch-test reaction sites (25). At early time
points, e.g., 24 hours after allergen application, increased expression of IL-4
mRNA and protein is observed, after which IL-4 expression declines to baseline
levels. In contrast, IFN-γ mRNA expression is not detected in 24-hour patch-
test lesions but is strongly overexpressed at the 48–72 hour time points. This is
consistent with studies demonstrating allergen-specific Th2 cell clones derived
from early time points of evolving atopy patch test reactions, whereas the major-
ity of allergen-specific T-cell clones derived from later patch-test sites (�48
hours) exhibit a Th1- or Th0-type cytokine profile. Interestingly the increased
expression of IFN-γ mRNA in atopy patch test lesions is preceded by a peak of
IL-12 expression implicating IL-12 in the development of the Th1-type response.
This increased IL-12 expression coincides with the infiltration of macrophages
and eosinophils, both cell types known to express IL-12. These observations led
to the proposal that initiation of AD is driven by allergen-induced activation of
Th2-type cells, whereas the chronic inflammatory response is dominated by a
Th1-type response driven by the subsequent infiltration of IL-12–expressing eo-
sinophils and macrophages, which accompanies the initial Th2 response. Of note,
IFN-γ has been found to potentiate the activity and survival of eosinophils (28).
Thus Th1 cytokines may promote Th2-type inflammation in AD.

C. Role of IgE in AD

Several observations suggest that IgE plays an important role in AD (29,30): the
majority of the patients with AD have a family history of atopy, more than 80%
of them have increased serum IgE (Table 2), and it has been demonstrated that
allergens can exacerbate the skin lesions. Approximately 85% of AD patients
have positive immediate skin tests or RAST for specific IgE to a variety of food
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Table 2 Evidence for IgE Involvement in AD

Positive family history for atopy in the majority of patients
Increased serum IgE in 80% of the patients
Respiratory allergies develop later in life in a majority of children with AD
Positive immediate skin tests or serum-specific IgE for allergens
Immediate exacerbation of skin inflammation by exposure to allergenic food in 30–

60% of AD children
Immediate exacerbation of skin inflammation by exposure to inhalants in older children
Presence of IgE against staphylococcal toxins in AD patients
Evidence of basophil degranulation by toxins in patients with antitoxin IgE
IgE-bearing Langerhans cells enhances allergen presentation in AD
Presence of IgE to autoallergens in the serum of patients with AD

and inhalant allergens (31,32). A majority of children with AD during the first
years of life are at risk to develop symptoms of respiratory allergy, like asthma
or allergic rhinitis, later in life. Therefore, AD is an interesting model to investi-
gate the potential use of anti-IgE for early intervention in allergic diseases be-
cause it is one of the first manifestations of atopy. Indeed, early exposure to
allergens has been shown to correlate well with the risk of acquiring clinical
symptoms of allergy (33). Thus, the first year of life is critical for subsequent
sensitization to allergens, as demonstrated by studies on early exposure to house
dust mites and subsequent development of asthma. In early childhood, the pres-
ence of food allergen–specific IgE is common in both atopic and normal infants,
peaking prior to one year of age and declining to undetectable levels by the age
of 2 or 3 years. However, only a small percentage of these individuals will have
a persistent IgE response to food allergens (34).

Immediate Hypersensitivity Reactions

A number of studies have demonstrated the role of food allergens in the exacerba-
tion of AD (reviewed in Refs. 35 and 36). Thirty to 60% of AD children have
acute exacerbations of skin symptoms by foods and, in appropriately diagnosed
food-sensitive patients, allergen-elimination diet can significantly improve the
skin lesions. The role of food hypersensitivities in AD exacerbations has been
documented by double-blind placebo-controlled food challenges, where skin re-
actions develop within 2 hours of challenge and in some patients 6–8 hours later.
Of note, plasma histamine levels rise in children following positive oral food
challenges but not after placebo challenges (37). Sampson et al. (38) also reported
higher rates of spontaneous histamine release from basophils in patients with AD
and food hypersensitivity compared with controls. The increased spontaneous
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basophil histamine release was dependent on continued ingestion of offending
food allergens. Mononuclear cells from patients with food allergy produced an
IgE-dependent histamine-releasing factor in vitro that induced histamine release
from basophils of other food-sensitive patients, but not from normal controls.
Importantly, repeated ingestion of foods to which a patient is sensitized appears
to contribute to the development of AD skin lesions.

There is also increasing evidence that inhalant allergens can contribute to
the exacerbations of AD, particularly in older children and adults. In children
over the age of 3 years, IgE sensitization to aeroallergens has a prevalence of over
90% (39). Involvement of aeroallergens in the exacerbation of AD is supported
experimentally by the observation that patch testing with house dust mite allergen
extract results in an eczematous rash (40). Positive patch tests in AD patients
have been found for other allergens, like weeds, animal dander, and molds (41).
Dust mite control has been found to significantly reduce the skin severity of AD
(42).

Microbial products from Staphylococcus aureus or fungi may also be an
important immunological trigger in chronic AD. Superficial fungal infections ap-
pear to occur more frequently in atopic individuals. Recently there has been con-
siderable interest in Malassezia furfur (also known as Pityrosporum ovale or P.
orbiculare) as a pathogen in AD. IgE antibodies against M. furfur is commonly
found in AD patients and most frequently in patients with head and neck derma-
titis (43). Positive allergen patch test reactions to this yeast have been demon-
strated (44). The potential importance of M. furfur as well as other dermatophyte
infections is further supported by the reduction of AD skin severity in patients
following treatment with antifungal agents such as ketoconazole (45,46).

There has been a considerable amount of interest in the relationship be-
tween AD and staphylococcal colonization, which is observed in more than 90%
of patients with AD (47,48). The importance of S. aureus in AD is supported by
the observation that not only patients with impetiginized AD, but also AD patients
without superinfection show clinical response to combined treatment with anti-
staphylococcal antibiotics and topical corticosteroids (49). Recent studies suggest
that one strategy by which S. aureus exacerbates or maintains skin inflammation
in AD is by secreting a group of toxins known to act as superantigens, which
stimulate marked activation of T cells and macrophages (50–52). Several lines
of investigation support a role for superantigens in AD. First, over half of AD
patients have S. aureus cultured from their skin that secrete superantigens such
as enterotoxins A, B, and toxic shock syndrome toxin-1 (TSST-1). Second, most
AD patients make specific IgE antibodies directed against the staphylococcal
toxins found on their skin (50). Basophils from patients with antitoxin IgE release
histamine on exposure to the relevant toxin, but not in response to toxins to which
they had no specific IgE. Third, a correlation has been found between the presence
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of IgE antisuperantigens and severity of AD (52). Utilizing a humanized murine
model of skin inflammation, S. aureus toxin plus allergen was shown to have an
additive effect in inducing cutaneous inflammation (53).

Cell-Mediated Reactions

The histological features of AD are most consistent with a T-cell–mediated re-
sponse. IgE appears to induce or enhance allergic T-cell responses via two mecha-
nisms. First, 3–4 hours after the immediate hypersensitivity reaction begins to
subside, there is an onset of an IgE-dependent late-phase response (LPR) charac-
terized initially by expression of leukocyte adhesion molecules on postcapillary
venular endothelium, followed by the infiltration of eosinophils, neutrophils, and
mononuclear cells into the inflamed area. Granulocytes reach their maximum cell
accumulation at 6–8 hours, and by 24–48 hours after onset of the reaction, the
cellular infiltrate consists predominantly of mononuclear cells. The cellular infil-
trate in allergen-induced LPRs express increased mRNA for IL-3, IL-4, IL-5,
and GM-CSF but not IFN-γ (54). These results suggest that the T cells infiltrating
into the allergen-induced LPR, similar to allergen-specific T cells grown from
AD skin lesions, are Th2-like cells.

Second, Langerhans cells and macrophages infiltrating into the AD skin
lesion bear IgE antibody on the cell surface (55,56). Binding of IgE to Langerhans
cells occurs primarily via high-affinity IgE receptors (57). Macrophages can ex-
press low-affinity IgE receptors (CD23) in response to IL-4 or GM-CSF (58).
Allergens have been demonstrated to activate IgE-bearing macrophages in an
IgE-dependent manner with the formation of leukotrienes, PAF, IL-1, and TNF
(59). Furthermore, IgE-bearing Langerhans cells in AD skin appear to play an
important role in cutaneous allergen presentation to Th2 cells. In this regard, IgE-
bearing Langerhans cells from AD skin lesions, but not Langerhans cells that
lack surface IgE, are capable of presenting house dust mite allergen to T cells
(60). These results suggest that cell-bound IgE on Langerhans cells facilitates
binding of allergens to Langerhans cells prior to their processing and antigen
presentation.

Autoallergens

IgE autoantibodies against human proteins have been demonstrated by Valenta
et al. (61) in a high percentage of severe AD patients, suggesting a role for IgE
autoreactivity in the pathogenesis of chronic AD. An increase in the serum level
of IgE autoantibodies against the human protein ara (atopy-related IgE autoanti-
gen) NAC (nascent polypeptide-associated complex) was shown to correlate with
the severity of AD (62). Using the serum IgE from AD patients, a cDNA coding
for an IgE autoantigen, Hom s 1, has recently been isolated and characterized
(63). Hom s 1 was found to be strongly expressed in human skin. In patients
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with these IgE autoantibodies, autoallergens could contribute to chronic AD by
causing continuous activation of skin mast cells and arming FcεR1� Langerhans
cells for presentation of epidermal proteins to Th2 T cells in the skin. Since
these are endogenous antigens that cannot be removed from the patient, the only
recourse for therapy would be tolerization to the autoallergen or elimination of
the patient’s IgE.

Naturally Occurring Anti-IgE

Patients with AD also contain circulating autoantibodies to IgE, which can acti-
vate inflammatory cells bearing IgE (64). The functionality of these anti-IgE has
been assessed by the ability of serum containing these autoantibodies to release
histamine from basophils and mast cells (65). It was shown that anti-IgE from
AD patients are 30 times more potent than rabbit anti-IgE for histamine release.
In serum from AD patients as compared to those from normal controls, the IgG
anti-IgE activity measured by the percentage of binding activity is significantly
higher. Thus, the activation of IgE-bearing Langerhans cells, basophils, and mac-
rophages by autoantibodies to IgE could contribute to the skin inflammation asso-
ciated with AD.

Superantigenic Effects

Staphylococcal superantigens stimulate a polyclonal expansion of T lymphocytes
expressing a specific population of T-cell receptor (TCR) variable chain V β
genes and induce the release of high levels of cytokines from T cells and macro-
phages (reviewed in Ref. 66). Superantigens could exacerbate AD by several
mechanisms. They could penetrate inflamed skin and engage HLA-DR on epider-
mal macrophages or Langerhans cells to stimulate the production of proinflam-
matory cytokines. They could also stimulate a high proportion of T cells express-
ing the CLA skin homing receptor to proliferate and secrete proinflammatory
cytokines (67). Recently, we demonstrated that staphylococcal toxins at low con-
centrations are able to stimulate the in vitro production of allergen-specific IgE
by B cells from AD patients (68). In addition, TSST-1 induced on B cells the
expression of B7.2, a molecule recently demonstrated to enhance Th2 responses
and to be involved in IgE regulation of B cells from AD patients (69). Thus, by
acting on several arms of the immune response, superantigens can significantly
augment allergic responses.

D. Anti-IgE in the Management of AD

Antigen-IgE complexes after binding with CD23 and possibly FcεRI have been
shown to amplify the T-cell response to allergen by facilitating antigen presenta-
tion to antigen-specific T cells. This was illustrated in mice, where injection of
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anti-IgE antibodies inhibited T-cell production of IL-4 and airway eosinophilia
(70). In these experiments, the response was not mast cell dependent, but seemed
to act directly through CD23 by interrupting the positive feedback loop of Th2
response and IgE. It has been suggested that nonanaphylactogenic anti-IgE anti-
bodies may be useful in the therapy of allergic diseases. In humans with respira-
tory allergy, anti-IgE antibody administered by intravenous infusion was shown
to be well tolerated and did not induce serum sickness or immune complex dis-
ease (71). A significant decrease in serum IgE was demonstrated in pollen-allergic
patients with elevated IgE levels. Marked downregulation of FcεRI was also
achieved after treatment with anti-IgE antibodies (72). Histamine release by baso-
phils challenged by anti-IgE antibodies was marginally decreased after treatment,
whereas histamine release after challenge with house dust mite allergen was re-
duced by 90%. In asthmatic patients, 12 weeks of therapy with anti-IgE antibodies
resulted in improvement in both symptoms and pulmonary function tests. The
treatment reduced IgE levels, FcεRI expression on basophils, and skin test reac-
tivity to allergens. After discontinuation of treatment, FcεRI expression was re-
stored and serum IgE increased again. In mice sensitized with ovalbumin, intrave-
nous administration of anti-IgE inhibited antigen-induced skin reactions, even in
mice where sensitivity was transferred passively by specific IgE injection (70).
Since IgE plays a major role in the pathogenesis of AD by enhancing allergen
presentation and allergen-induced skin inflammation, removal of IgE by use of
anti-IgE antibody therapy may be worth pursuing.

III. Urticaria and Angioedema

A. Clinical Presentation

Urticaria is characterized by pruritic, erythematous circumscribed, raised areas
of edema that are evanescent and involve the superficial portion of the dermis.
When the edematous process extends into the deep dermis and subcutaneous
tissue, it is known as angioedema (73). Urticaria may involve any part of the
body, whereas angioedema is preferentially located on the face, the extremities, or
the genitalia. Urticaria and angioedema may occur together or separately. Acute
urticaria is self-limiting and frequently caused by an IgE-dependent allergic reac-
tion to a food or a drug. Individuals with a positive family history of allergic
diseases have an increased risk for developing IgE-mediated urticarial lesions.
A comprehensive history and physical examination complemented by allergy skin
prick testing for the suspected allergen(s) will help to find the etiology of acute
urticaria.

Avoidance measures and oral double-blinded, placebo-controlled food
challenges may be necessary to confirm the role of an allergen. Other substances
may induce urticaria by non–IgE-mediated mechanisms, like additives, aspirin or
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nonsteroidal anti-inflammatory drugs, angiotensin-converting enzyme inhibitors,
narcotics, and oral contraceptives. Infectious illnesses or psychological stress may
also be implicated in the exacerbations of acute urticaria (74).

Urticaria is categorized as chronic if it occurs daily or almost daily for at
least 6 weeks. It should not be confused with recurrent urticaria, which is due
to repeated encountered allergens inducing a new flare on each occasion (74). In
patients with chronic urticaria, a precise etiology is often not found despite te-
dious and laborious search for infections, neoplasia, food additive intolerance,
or psychological disturbances. The term chronic idiopathic urticaria (CIU) is
used for patients after exclusion of known causes of urticaria. In clinical practice,
CIU generally represents more than 75% of patients seen, physical urticaria 15%,
and other defined urticarias about 5% (74). In contrast to acute urticaria, the
incidence of atopic manifestations, such as atopic dermatitis, allergic rhinitis, or
asthma, is not increased in CIU, and their serum IgE levels are often within the
normal limits. Usually the white blood count is normal and inflammatory markers
are not increased. In its severe form, CIU may be extremely disabling and difficult
to treat.

B. Pathogenesis

Acute Urticaria

This form of urticaria is usually due to an IgE-mediated reaction causing the
release of biologically active factors from basophils and mast cells (Table 3).
The initial response, occurring within minutes, is erythema caused by dilation of
small blood vessels in the dermis. The wheal accompanying the erythema is due
to increased capillary permeability causing transudation of fluid. Histamine is
the major mediator involved in urticaria. Indeed, intradermal injection of hista-
mine, as positive control for allergen skin prick tests, produces a wheal-and-flare
response with pruritus similar to the urticarial lesions. Histamine is produced
mainly by mast cells but also by basophils (73).

Cutaneous mast cells and their mediators play a central role in the pathogen-
esis of urticaria. In the skin, mast cells are predominantly of the type containing

Table 3 Evidence for IgE Involvement in a Subset of Urticaria

Higher prevalence of acute urticaria in atopic patients
Presence of allergen-specific IgE in patients with acute urticaria
Correlation between allergen exposure and flares of acute urticaria
Urticaria induced by cross-linking of FcεR1
Induction of wheal-and-flare reaction similar to acute urticaria by intradermal injection

of an allergen
Presence of anti-IgE in a small subset of chronic idiopathic urticaria
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chymase and tryptase and are located close to blood vessels and sensory nerves
(74,75). When activated, mast cells release secretory granules containing differ-
ent mediators, in particular histamine. Mast cells also secrete prostaglandin D2

and leukotriene C4, which are vasoactive molecules and can cause urticaria-
like reactions when injected in the skin (76). Cytokines, such as IL-4, IL-8, and
TNF-α, are produced by mast cells contributing to neutrophil and eosinophil
infiltration and lymphocyte activation (77–79). Mast cell activation and degranu-
lation may be triggered by many immunological factors, such as allergens, anti-
IgE, and anti-IgE-receptor autoantibodies or anaphylatoxins, and nonimmunolog-
ical factors, like neuropeptides, hormones, medications, or physical stimuli. The
localization of mast cells close to sensory nerves facilitates the effect of neuropep-
tides (vasoactive intestinal peptide, somatostatin, substance P) on mast degranula-
tion (75).

Cutaneous mast cells stimulated by antigen binding to specific surface-
bound IgE antibodies will result in a wheal-and-flare reaction and occasionally
a late phase reaction, which peaks at 6–8 hours and resolves within 24–48 hours
(80). In the late-phase reaction, there is not only vasodilation, but also develop-
ment of a perivascular infiltrate consisting of neutrophils, eosinophils, and mono-
cytes. The predominance of neutrophils may be observed in the first 24 hours and
is replaced by a CD4� T-cell reaction at 48 hours (81). The prominent role of
IgE in acute urticaria is suggested by the presence of IgE to the allergen (food,
drug, venom) involved in the serum of the patient and by the fact that transfer
of IgE antibodies to a normal recipient followed by an antigen challenge will result
in an urticarial reaction. Finally, in a sensitized individual, intradermal injection of
an allergen will induce a wheal-and-flare reaction similar to urticaria (73).

Chronic Idiopathic Urticaria

Histological lesions of CIU are different from those of physical urticaria. In cold
urticaria or dermographism, there is increased vascular permeability occurring
within 2 hours but no late phase component, nor is there a cellular infiltrate. In
CIU, the typical lesions consist of a perivascular mononuclear infiltrate but is
not a necrotizing vasculitis. In some patients, a skin biopsy may reveal vasculitis
with fibrinoid necrosis and a predominant neutrophilic infiltrate. These histologi-
cal differences are not visible clinically, since vasculitic urticarial lesions can be
clinically indistinguishable from those seen in the nonvasculitic urticaria (74).
Immune complexes may play a role in the pathogenesis of chronic urticaria, since
circulating immune complexes are found in 33% of the patients with vasculitis
(82–84). The deposition of immune complexes can also be seen in skin biopsies,
mainly in those with neutrophilic infiltrate. In skin biopsies of patients with CIU
compared with normal controls, there is a 10-fold increase in mast cells and a
fourfold increase in mononuclear cells. A predominance of helper T cells has
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been demonstrated in the mononuclear cell infiltrate (85). Only a few patients
have an eosinophilic infiltrate, but up to 40% show deposition of eosinophil major
basic protein (86).

In the wheals of CIU, histamine concentrations are increased but the num-
ber of mast cells is not increased (85). This observation could be explained by
an infiltration of basophils, which could play a role in the release of histamine
during late phase reactions and be responsible for the maintenance of wheals in
CIU. Basophils are similar to mast cells but do not produce prostaglandin D2

and proteases. Unlike mast cells, basophils mature in the bone marrow and their
activation is dependent on the presence of IL-3. Mast cells and basophils express
FcεRI, the cross-linking of which induces degranulation (74).

Based on these observations, a mechanism involving cross-linking of the
FcεRI has been postulated in CIU. Several studies have shown that intradermal
injection of autologous serum induces an urticarial reaction locally, suggesting
that histamine-releasing factors are present in the blood of patients with CIU (87).
An autoimmune origin for CIU has been suspected because of the association of
this disease with thyroid autoimmunity (88,89). Elevated titers of thyroid micro-
somal antibodies have been described in 12% of patients with urticaria, and about
one half of these patients had a goiter or thyroid dysfunction. These antibodies
are detected in only about 5% of control subjects. The association of thyroid
autoantibodies in patients with chronic urticaria has been confirmed by multiple
studies, but the mechanism for this association remains poorly understood (89).
It has been suggested that these autoantibodies are not pathogenic but only mark-
ers for autoimmunity. A more direct link to autoimmunity was demonstrated
when an association of anti-IgE and/or anti-IgE receptor autoantibodies was
found in CIU.

Autoantibodies and Chronic Urticaria

In classical allergic reactions, FcεRI� cells such as mast cells are triggered by
cross-linking between the Fab portions of IgE and allergens. These cells may
also be stimulated by three other mechanisms without involving antigens: anti-
IgE antibodies (directed against the Fcε portion of IgE), antibodies against FcεRI,
and anti-IgG acting on IgG-IgE complexes bound to FcεRI. Anti-IgE and anti-
FcεRI autoantibodies have been found in chronic urticaria patients. A role for
these antibodies in the pathogenesis of chronic urticaria has been postulated be-
cause of their ability to induce histamine release from mast cells and basophils
located in the dermis of these patients. In one study, the presence of anti-IgE
antibodies was assessed in the serum of patients with cold urticaria, urticarial
vasculitis, and chronic urticaria and compared to normal controls (90). Anti-IgE
antibodies were found in about the half of the patients in the three groups of
urticaria, but not in the control group. The functional relevance of these antibodies
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was confirmed by the induction of basophil degranulation in vitro and a wheal-
and-flare reaction after in vivo intradermal injection with the positive sera. One
serum containing IgG anti-IgE from a patient with cold urticaria gave a positive
transfer test, suggesting a pathogenic role for these antibodies (91).

Antibodies directed against FcεRI were recently described in chronic urti-
caria. In 32% of 37 patients with chronic urticaria, autoantibodies directed to
FcεRI were found. The specificity of these antibodies to FcεRI was confirmed
by their immunoprecipitation with FcεRIα from FcεRIαγ-transfected cells. These
autoantibodies were not found in the serum from AD patients or healthy controls.
In contrast, IgG anti-IgE were detected in the majority of the serum of chronic
urticaria and AD patients and in some sera from healthy controls (91). Both types
of antibodies proved to be functional by histamine release activity, but not in all
patients (92). The autoantibodies against FcεRI in CIU occur mainly in the IgG1
and IgG3 subclasses (93).

In order to distinguish between functional autoantibodies against FcεRI
and against IgE, histamine release assays have been used. In these experiments,
basophils are obtained either from a healthy donor treated with lactic acid to
remove cell-bound IgE or untreated basophils from a second donor who is atopic.
In this assay, if the serum induces histamine release only from basophils of the
first donor, it indicates the presence exclusively of anti-FcεRI autoantibodies.
Stimulation of basophils of the second donor indicates the presence of anti-FcεRI
or anti-IgE autoantibodies or both, and substantially more release from donor’s
two basophils demonstrates the predominant presence of anti-IgE autoantibodies
(94). The incidence of anti-FcεRI autoantibodies was studied in 163 patients with
CIU. Ninety-eight of these patients (60%) showed signs of mast cell degranula-
tion after intradermal injection of autologous serum (95). Histamine release from
basophils in vitro was found in 31% of the patients: 47 patients in the skin-test
positive group and 3 in the skin-test negative group. In contrast, none of the sera
of healthy donors induced histamine release from basophils. The sera releasing
histamine from basophils also induced histamine from mast cells in incubated
skin slices. The histamine release was IgG-mediated, and preincubation with re-
combinant α-chain from FcεRI inhibited histamine release from basophils and
mast cells, supporting the concept that anti-FcεRI autoantibodies are relevant to
the pathogenesis of chronic urticaria in about one fourth of the patients (95).

Another report found that 60% of the patients with chronic urticaria had
functional antibodies directed to FcεRI and 10% anti-IgE autoantibodies. In these
studies, the presence of anti-FcεRI and anti-IgE autoantibodies was correlated
with the clinical features of 107 CIU patients (96). Patients with autoantibodies
demonstrated significantly higher wheal scores, a higher number of involved
sites, and association with higher itch scores. Associated systemic symptoms
were significantly higher in patients with autoantibodies. Patients with autoanti-
bodies seem to have more severe urticaria associated with low serum IgE and
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decreased basophil releasability and number. The type of cell infiltrate in skin
urticarial lesions was also studied in patients with autoantibodies and compared
to patients without autoantibodies (97). The only difference found was eosinophil
activation, which occurred later and was more persistent in patients without auto-
antibodies. These data suggest that despite different triggers, mediator release
from mast cells is similar in urticaria patients with or without autoantibodies.
Overall these studies demonstrate that in a subset of patients chronic urticaria is
an autoimmune disease, where autoantibodies directed against IgE or FcεRI play
a role in the pathogenesis of the disease.

C. Anti-IgE and Therapy of Urticaria

In patients with IgE-dependent urticaria who cannot avoid allergens that trigger
their symptoms, anti-IgE therapy may represent one approach to reduce allergen-
induced mast cell degranulation. For CIU, removal of anti-IgE autoantibodies
from the circulation may also be a therapeutic approach for those patients whose
disease is triggered by anti-IgE autoantibodies. This approach, however, would
probably not work in most patients with CIU who have antibodies to the high-
affinity IgE receptor. In such patients, reduction of serum IgG by plasma ex-
change in skin test–positive CIU patients can improve their clinical state (98).
The use of soluble recombinant-FcεRIα may be a promising therapeutic approach
of CIU to neutralize anti-FcεRI autoantibodies. However, information about the
immunogenicity of systemic use of soluble recombinant-FcεRIα is still lacking.
A more effective form of treatment, however, may be tolerization of the B- and
T-cell clones reactive to FcεRIα.

IV. Other Autoimmune Diseases with Skin Involvement

The potential pathogenic role of mast cells in several systemic autoimmune dis-
eases has triggered a search for anti-IgE and anti-FcεRI autoantibodies detection
in the serum of these patients (99). In this regard, IgM and IgG anti-IgE autoanti-
bodies have been detected in the serum of patients with systemic lupus erythema-
tosus and systemic sclerosis (100). The exact biological relevance of these auto-
antibodies is not known. In systemic lupus erythematosus, organ damage is
secondary to the deposition of immune complexes within the small blood vessels.
These complexes may contain IgE/IgG anti-IgE immune complexes. Further-
more, patients with active disease appear basopenic. This may reflect previous
degranulation of basophils (101). In systemic sclerosis, it has been recently sus-
pected that mast cells and their metabolites may play a role in the pathogenesis.
However, sera of patients with anti-IgE autoantibodies were not able to degranu-
late basophils in vitro (99). Anti-FcεRI autoantibodies have also been detected
in systemic lupus erythematosus (20%), dermatomyositis (36%), pemphigus vul-
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garis (39%), and bullous pemphigoid (13%) (93). In contrast to CIU, these
autoantibodies do not release histamine from basophils and belong to different
subclasses, IgG2 and IgG4. These observations underscore the fact that auto-
antibodies against IgE are heterogeneous immunochemically and functionally,
explaining the different histamine-releasing activities of these antibodies. Dif-
ferent affinities for IgE, epitope specificity, and subclass composition may be an
explanation for these heterogeneous reactions, but further investigations are
needed to understand the role of these autoantibodies in the pathogenesis of auto-
immune skin diseases.

V. Conclusions

IgE has a multifunctional role in the pathogenesis of allergic and autoimmune
skin diseases. In both AD and acute urticaria, IgE plays a key role in the patho-
genesis as illustrated by clinical and experimental data. Based on avoidance
measures and provocation tests, it has been shown that IgE-mediated immune
responses to allergens promote skin inflammation in both diseases. In AD, aller-
gen-induced skin inflammation is mediated by IgE, the synthesis of which is
enhanced by a Th2 cytokine environment. Furthermore, IgE binding to FcεRI on
the surface of Langerhans cells has been shown to facilitate allergen presentation,
which augments allergic skin inflammation. In acute urticaria and angioedema,
allergens bind to IgE on the FcεRI of mast cells and basophils, thus inducing
mediator release and subsequently an inflammatory response. However, in a ma-
jority of patients with CIU and anti-FcεRI, autoantibodies were suggested to be
involved in the pathogenesis of skin inflammation. Based on the clinical and
laboratory evidence that IgE plays a central role in the pathogenesis of AD and
acute urticaria, the IgE molecule is likely to be a good target for treatment of
these diseases. The use of anti-IgE treatment has not yet been studied in allergic
skin diseases, but it may be worth pursuing.
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I. Introduction

Allergy, including food allergy, is inflammatory processes in which preformed
and newly synthesized mediators from mast cells and basophils, are released
following crosslinking of specific IgE on their surface membranes that contribute
to the symptoms and clinical condition. Allergic reactions to foods can range in
severity from an itchy tongue in some individuals to life-threatening swelling
of the throat, asthma, and anaphylaxis in others. Consequently, food allergy, as
compared to adverse food reactions, represents a complex and heterogeneous
immune deviation from the normal protective immune response in which the
production of systemic antigen/allergen specific IgE plays an important role in
the pathogenesis of food allergy. Much of the difficulty in discussing adverse
food reactions and food allergy has been the nomenclature used in the literature.
To resolve these issues, the American Academy of Allergy and Immunology
issued guidelines to standardize the literature (Table 1) (1).

It is perfectly clear that food allergies, like other allergies, are inherited.
However, other factors that are just as important in determining whether or not
individuals will have food allergies include the time of life when first exposed
to the food allergen, the amount of the food allergen exposed to at the time of

351
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Table 1 Definition of Terms

Adverse food reaction: a general term applied to clinically abnormal responses to an in-
gested food or food additive

Food allergy: (hypersensitivity) an immunological reaction resulting from ingestion of
food or food additive

Food anaphylaxis: IgE-mediated classic allergic, systemic hypersensitivity
Food intolerancea: an abnormal physiological response to a food or food additive

Idiosyncratic: an anaphylactoid reaction that represents abnormal responses that dif-
fer from physiological or pharmacological effects; non–immune-mediated; e.g., re-
sponse to radio contrast media

Metabolic: a metabolic effect of the host (intestinal insufficiency); e.g., carbohydrate
(lactose) intolerance

Pharmacological: drug-like effect; e.g., caffeine in coffee and tyramine in cheeses
Food toxicity: a direct effect on the host without involvement of immune mecha-

nisms
Toxins: either present in foods or released by microorganisms or parasites contami-

nating the food (bacterial � botulism; ‘‘red tide’’ � dinoflagellates eaten by mus-
sels, clams, oysters; algal � ciguarta)

a Although the immune system is not responsible for the symptoms of food intolerance, the symptoms
of food intolerance can resemble those of food allergy and must be differentiated accordingly.

sensitization, whether or not the gastrointestinal epithelial barrier can be pene-
trated by the food allergen, and the status of the immune system at the time of
early exposure or subsequent exposure to the food allergen.

Sensitization can occur in utero as the developing fetus (as early as week
20) is nourished by the mother, and small, but immunologically intact incom-
pletely digested food proteins can be transferred to the fetus in early embryonic
life. Later in gestation, sensitization can take place via the amniotic fluid that the
fetus swallows. If the fetus is genetically programmed to develop IgE at this
time, sensitization and food allergy can result. Obviously, what the mother eats
during pregnancy is important and can contribute to the future food allergic state
of the developing fetus.

Sensitizations after birth can occur by either food allergens in the mother’s
breast milk or by foods that become part of the infant’s diet. Newborns have an
immature gastrointestinal epithelium that does not fully mature until the end of
the first year of life; however, the immune system is fully capable of recognizing
and processing the allergen to react vigorously when the allergen is encountered
again. The response is the typical immediate hypersensitivity reaction.

The true prevalence of adverse food reactions is unknown. In the United
States, there is a public perception of 20–30% that one member of a household
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family has a food allergy (2). A consensus of the medical literature suggests that
approximately 6–8% of young children and only 1% of adults have some type
of food allergy (3).

Although extensive in vitro allergenic cross-reactivity in the legume family
has been documented in some adults, a clinical study of 57 patients with legume
sensitivity and in vitro cross-allergenicity with peanuts, soybeans, peas, and lima
beans revealed that IgE cross-reactivity did not necessarily indicate clinical reac-
tivity in young children (4). Examples of animal groups include birds (chicken,
duck), crustaceans (crab, lobster), and red meats (beef, veal); plant groups include
cereal (wheat, corn), legumes (peanut, lentil), fruits (apple, pear), and tree nuts
(walnut, pecan). The cross-reactivity not only exists among these and other food
groups, but also extends to nonfood allergens such as pollens, latex, and dust
mites. A difference in clinical sensitivity and clinical reactivity among these food
sources has achieved a much better understanding in recent years. Although it
is an IgE immunological mechanism and a Th2 response is considered to be
dominant in gastrointestinal food allergy, the basic mechanisms of food allergy
are still not fully understood.

II. Characterization of Food Allergens

Foods are composed of proteins, carbohydrates, lipids, and food additives. The
majority of food allergens usually represent the major fraction of the total protein
content of the food source. Food allergens have been characterized as glycosyl-
ated proteins with acidic isoelectric points, with pI ranging from 4 to 6 and rela-
tively small molecular weights, ranging from 10 to 60 kDa (5). Classification of
food allergens is often based on solubility: water-soluble (albumins) and saline
soluble (globulins) allergens. Although classified as such, comparisons of pri-
mary amino acid sequences of food allergens have not revealed common se-
quence motifs.

Food extracts to date have not been standardized by allergen content or
biological activity. Allergens have been identified by both common name (e.g.,
milk allergens, β-lactoglobulin) and by genus-species-Arabic numeral (e.g., pea-
nut allergens, Arachis hypogaea, Ara h 1). The generally accepted terminology
designating either major or minor allergens depends on whether greater or less
than 50% of the patients tested have corresponding allergen-specific IgE’s (6).
Isoallergens have been identified within food sources as proteins with similar
molecular weight size, identical biological function, and �50% amino acid se-
quence identity.

Although there are no known unique biochemical or immunochemical char-
acteristics of food allergens, they are generally stable to heat treatment, acids,
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and proteases. Food allergens cross the intestinal mucosal barriers and represent
immunogenic properties with a minimum of two IgE-binding sites. Many food
sources are resistant to digestion, and treatment of crude extracts or food allergens
with acid/protease concentrations simulating stomach conditions typically has
little effect on the specific binding of allergen-specific IgE. There are exceptions
to this rigid stability, such as the allergens identified in fresh fruits and some
vegetables, which are extremely labile.

A protein that acts as an allergen is not recognized by the immune system
as a discrete molecule. However, IgE specifically recognizes relatively small por-
tions of the molecule (epitopes of 8–12 amino acids). Epitopes on protein mole-
cules may be localized sequentially in the primary structure or arranged together
due to secondary or tertiary structure linear and conformational epitopes, respec-
tively. No common amino acid motif has been identified as an epitope. Carbohy-
drate structures on proteins may influence the allergenicity of the food. Some
carbohydrate IgE antibodies have been identified in patient serum. IgE antibodies
are able to recognize unrelated glycoproteins to specific allergens if the glycopro-
tein contains N-linked β1 → 2 xylose and α1 → 3 fucose residues common and
unique to plant glycoproteins. It has been suggested that the involvement of these
xylose- and fucose-containing complex glycans in allergenic responses is under-
estimated. These glycans can provide a structural basis that may explain the cross-
reactivities often observed between pollen, vegetable food, and insect allergen
(7). Carbohydrates may also influence the secondary and tertiary structure of
proteins and may therefore strongly determine conformational B-cell epitopes.

Exposure/sensitization levels are unknown; however, individuals with pre-
existing IgE-mediated food allergies can respond to minute levels of the of-
fending allergen in a food source. Microgram to milligram quantities of peanuts
can elicit adverse reactions in controlled food challenges in selected individuals.
The specific immunochemical and physicochemical properties that account for
the unique allergenicity in predisposed individuals are still poorly understood.

III. Pathophysiology of IgE-Mediated Food Allergy

The pathogenesis of food allergy involves three main areas: the food allergen,
the gastrointestinal barrier, and the individual’s genetic predisposition to the de-
velopment of an allergic response. Many elements of the gastrointestinal (GI)
tract physiology play important roles in the ultimate allergenicity of food proteins.
These include the pH, digestive enzymes, peristalsis, transient time, resident bac-
teria and bacterial fermentation, and the intestinal barrier function, permeability,
and absorption. It is generally accepted that the immaturity of the local immunity
in the gastrointestinal tract or a breakdown of oral tolerance is involved in sensiti-
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zation in infancy. However, little is known about its development in adults where
impaired gastrointestinal immunity is unlikely. In the gastrointestinal tract uptake
of food antigens is routed through specialized epithelial membranous (M) cells
overlying the Peyer’s patches, enterocytes and through intercellular gaps prior
to processing and presentation to gut-associated lymphoid tissue. Under normal
circumstances, food antigen exposure via the GI tract results in local IgA re-
sponses and preferential suppression of systemic IgM, IgG, and IgE antibody
production as well as cell-mediated immune responses to food antigen. This phys-
iological phenomenon is known as oral tolerance. In the genetically susceptible
host, the lack of oral tolerance induction results in the development of food hyper-
sensitivity responses (8,9). The appearance of adverse reactions in adults may
result from sensitization by alternative routes, such as the respiratory tract, by
which aeroallergens sharing homologous epitopes with some food allergens can
induce the synthesis of specific IgE antibodies able to cross-react with different
allergen sources evoking a clinical response.

Immediate hypersensitivity to foods, like other allergies, includes the inter-
action of food-specific IgE with Fc
 receptors on basophils and mast cells and
the subsequent release of mediators. Increased levels of plasma histamine have
been associated with the development of urticaria, laryngeal edema, wheezing,
vomiting, diarrhea, and hypotension following blinded food challenges. The in-
teraction between surface-bound IgE on mast cells and basophils with food aller-
gens has been evidenced by immediate wheal and erythema responses in the skin,
by demonstration of mast cell degranulation in gastrointestinal biopsies, or by
elevated histamine levels (10). Interestingly, both a failure to identify serum tryp-
tase (11) and elevated levels of serum tryptase (12), a marker of mast cell degran-
ulation, have been detected in some patients with near-fatal or fatal food-induced
anaphylaxis. However, basophils from food-sensitive children were found to have
high rates of spontaneous histamine release and to release histamine after chal-
lenge with specific food antigen (13). Although increased spontaneous histamine
release has been associated with increased secretion of a histamine-releasing fac-
tor (HRF), suggestions to measure HRF in patients with food allergy have not
been supported (13).

The duality of Th1 and Th2 T-helper cells that exists in murine animals
probably also exists in humans (14). It has been postulated that IL-4 enhancement
promotes the development of IgE-mediated hypersensitivity disorders such as
food allergy, while the combination of defective INF-γ with enhanced IL-4 pro-
duction promotes inflammatory atopic disorders such as atopic dermatitis and
asthma. IgE immunoregulation suggests that the magnitude of the IgE response
to persistent allergens depend upon this balance between T-helper cells and their
cytokine production. However, environmental and other as yet unidentified fac-
tors also contribute to the allergic state of the predisposed individual.
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IV. Major Foods/Allergens Involved
with IgE-Mediated Disease

Peanuts, tree nuts, fish, and shellfish account for the majority of food hypersensi-
tivity reactions in adults. Milk, eggs, and peanuts cause �80% of food hypersen-
sitivity reactions in children. Worldwide, there are differences in which foods
cause hypersensitivity reactions in both children and adults that are primarily
attributed to the diet of the existing population (15). Levels of 6 kU of allergen-
specific IgE/L for egg, 32 kU of allergen-specific IgE/L for milk, 15 kU of aller-
gen-specific IgE/L for peanut, and 20 kU allergen-specific IgE/L for fish were
determined to be predictive of clinical reactivity with greater than 95% certainty
(16). Predictive levels of allergen-specific IgE for soy and wheat could not be
determined due to extensive cross-reactivity with homologous proteins from
other food sources.

With the increased awareness of cross-reactivity of allergens from botanical
and animal sources identified by in vitro techniques, including skin prick test,
RAST/ELISA, and IgE-immunoblot analysis, the definition of major allergens
has increased dramatically in the last few years. It may be time for investigators
to be more critical in establishing the identity of major allergens. A definition
of major allergens might be better based on the proteins causing a reaction in
80% of subjects with high levels of specific IgE antibodies and clinical symptoms
demonstrated by challenge tests with validated methods.

A. Cow’s Milk

Hippocrates (469–370 b.c.) was the first person to report that cow’s milk could
cause upset stomach and hives. He recognized that only certain men reacted ad-
versely to cheese and suggested that these men produced an unusual body sub-
stance (‘‘humour’’) that caused them to react: ‘‘Cheese does not harm all men
alike; some can eat their fill of it without the slightest hurt, nay, those it agrees
with are wonderfully strengthened thereby. Others come off badly. So the constit-
uents of these men differ, and the difference lies in the constituent of the body
which is hostile to cheese, and is roused and stirred to action under its influence.
Those in whom a humour of such kind is present in greater quantity and with
greater control over the body naturally suffer more severely. But if cheese were
bad for the human constitution without exception it would hurt all.’’

The prevalence of cow’s milk allergy in infants and children worldwide is
estimated to be 2.0–2.5% (17). Appearance of allergic symptoms related to cow’s
milk allergy often begins early in childhood but is generally lost in the first 3–
5 years of life (18,19). Cow’s milk consists of different proteins, caseins and
whey proteins, representing 80% and 20% of total protein, respectively (20).
Caseins were originally defined as phosphoproteins that precipitated from raw
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skim milk at a pH of 4.6 at 20°C; whey proteins were those proteins that remained
in solution. Most patients who are allergic to cow’s milk proteins have IgE anti-
bodies to one or more of these classified proteins. The nomenclature of milk
proteins utilizes the Greek letter with or without a subscript preceding the class
name; the genetic variation is indicated by an uppercase Arabic letter with or
without a numerical superscript following the class name.

Foods containing small quantities of milk, ranging from 0.04 to 1.1%, have
been shown to produce allergy (21). Sensitivity to milk protein constituents has
been reported for β-lactoglobulin, 82%; caseins, 43%; α-lactoglobulin, 41%; and
serum albumin, 18% (22). (Table 2). Bovine β-lactoglobulin allergenicity has
been considered to be allergenic because of its absence in human milk. Casein
corresponds to an association of four different proteins (αS1-, β-, αS2-, and κ-
casein), combined with the genetic variants, represent a wide number of potential
allergenic epitopes. αS1-caseins (�32 kDa) and β-lactoglobulin (�27 kDa) ap-
pear to be the major allergens (23). Spuergin et al., using 118 peptides, 10 residues
offset by 1 residue, identified IgE- and IgG-binding epitopes of α-S1-casein to
essentially the same regions (amino acids 19–30, 93–98, 141–150) distinguished
by a high content of nonpolar and aromatic amino acids (24). Nakajima-Adachi
et al., using 13 peptides, 20 residues offset by 5 residues, in combination with
digestion fragments, identified a 20-amino-acid peptide designated P13 at the
carboxyl terminus (25). These two studies reported slightly different results.
However, different structural analysis of the protein, different formulas used to
determine the level of IgE binding, and different allergic patient populations (Ger-
many vs. Japan) might account for the differences identified, respectively. Using
T-cell lines from two individuals in their study, Nakajima-Adachi et al. were able
to identify different amino acid motif (25). The motifs represented were (-E-(X)7-
L-) and (-E-(X)6-K-), which is similar to a cross-reacting T-cell epitope on a
number of inhalant allergens (-E-(X)5-K-). The relatedness of these and other
similar epitopes requires further investigation before any significance can be at-
tributed to this motif.

Additional whey proteins, including β-lactoglobulin and bovine serum al-
bumins, are also allergenic. Bovine serum albumin (67 kDa) comprises approxi-
mately 1% of total milk protein and is quite heterogeneous in nature, with several
different isoforms.

B. Eggs

Chicken (Gallus domesticus) eggs have been used as a nutrient source throughout
human history. Egg is an inherent ingredient in human and animal food and is
most difficult to exclude from the diet. Several studies have documented the
major allergens in eggs (26–28). Egg white (albumin) is more allergenic than egg
yolk. Egg yolk, which can be separated into two fractions by ultracentrifugation,
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Table 2 Common Food Allergens

Molecular
Food weight (daltons) Comments

Milk
Caseins 19,000–24,000

Alpha 23,600–25,200
Beta 24,000
Kappa 19,000
Gamma 18,300

Whey
β-Lactoglobulin 18,300
α-Lactalbumin 14,100

Bovine serum albumin 67,000
Peanut

Ara h 1 63,500 7S (Vicilin) seed storage protein, reduced form
Ara h 2 17,000 Conglutin, seed storage protein, reduced form
Ara h 3 60,000 Glycinin seed storage protein, reduced form
Peanut agglutinin 120,000 Minor allergen

Soybean
SBTI 20,500 Seed protein
Gly m 1 7,500 Seed hull aeroallergen
Gly m 2 7,000 Seed hull aeroallergen
Gly m Bd30K 34,000 Protein storage vacuole protein

Chicken egg
Egg white proteins

Ovalbumin Gal d 1 44,500
Ovomucoid Gal d 2 28,000
Ovotransferrin Gal d 3 76,000
Lysozyme Gal d 4 16,200

Egg yolk proteins
Lipovitellin 400,000
Livitin 45,000–150,000

Shrimp
Tropomyosin 34,000–36,000 Heat-stable allergens

Met e 1 36,000 Greasyback shrimp
Pen a 1 34,000 Brown shrimp
Pen I 1 36,000 Indian shrimp

Mustard
Sin a 1 14,200 2S Albumin superfamily, yellow mustard
Bra j 1 14,600 2S Albumin superfamily, Oriental mustard

Rice
Ory s 1 14,800 Cereal trypsin/α-amylase family

Apple
Mal d 1 17,500 Bet v 1 pathogenesis-related protein family

Barley
Hor v 1 14,500 Cereal trypsin/α-amylase family

Brazil nut
Ber e 1 12,000 2S Albumin superfamily

Celery
Api g 1 16,300 Bet v 1 pathogenesis-related protein family

Codfish
Gad c 1 12,000 Parvalbumin, allergen M
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contains a granular fraction consisting of lipovitellin, phosvitin, and low-density
lipoproteins and a supernatant fraction that contains primarily lipid.

Five major components, ovalbumin (OA), ovomucoid (OM), ovotransferrin
(Otr), ovomucin (Omc), and lysozyme (Lyz), account for 80% of the total egg
protein content. The major allergen (Gal d 1) is an ovomucoid acidic (pI 4) glyco-
protein representing �10% of total egg protein, with a molecular weight of 28
kDa (28). Ovomucoid has been shown to have significant homology to pancreatic
trypsin inhibitor. The intact protein is arranged into the three domains secured
by interdomain disulfide bridges. In vitro binding studies performed with IgE
and IgG epitopes show the allergen to be stable to extensive heating, proteolytic
digestion, deglycosylation, and chemical denaturation (29).

Ovalbumin (Gal d 2) is a monomeric phosphoglycoprotein representing
�50% of total egg white protein, with three primary variants, A1, A2, A3, having
an apparent molecular weight of 40–45 kDa and an acidic isoelectric point. At
least seven IgE-binding regions have been identified for Ova, with the epitopes
clustering at the amino and carboxyl ends of the allergen (30). In a study by
Bernhisel-Broadbent et al. (28), ovomucoid was found to be more important than
purified ovalbumin by skin prick test and RAST in a group of 18 children with
egg allergy. Although previous studies had shown ovalbumin to be the major
allergen, these studies demonstrated ovomucoid contamination in the ovalbumin
preparation.

Other egg proteins that have allergenic activity include ovotransferrin (Gal
d 3 or conalbumin), an acidic 77 kDa protein that has antimicrobial activity and
iron-binding properties. Lysozyme (Gal d 4) has a low molecular weight of 14.3
kDa and has been considered both a major and minor allergen depending upon the
study reporting data. Apovitellin, ovomucin, and phosvitin have been identified as
minor egg allergens. The carbohydrate portion of the glycoproteins in eggs does
not appear to have a primary role in specific IgE binding. Both B- and T-cell
epitopes have been mapped for ovalbumin and ovomucoid.

C. Peanuts

In the United States several varieties of peanuts are grown, including the Virginia,
Spanish, and runner, all belonging to the family Leguminosae. Peanut proteins
are classified into albumins (water-soluble) and globulins (saline-soluble). Globu-
lins are further divided into two major fractions, arachnin and conarachnin, often
referred to as legumins and vicilins, respectively. Arachnins exist as macromole-
cules of 600 kDa and readily dissociate into 340–360 kDa dimeric structure and
monomers of 170–180 kDa. Ultracentrifugation has been used to divide conar-
achnin into 2S and 8.4S fractions.

The major allergenic proteins have been identified, cloned, and expressed
recombinantly and the IgE-binding and T-cell epitopes mapped. Ara h 1 is a
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glycoprotein member of the vicilin family of seed storage proteins or a conarach-
nin with a molecular weight of 63.5 kDa and an isoelectric point of 4.5 (31).
Ara h 2 is a 17.5 kDa conglutin seed storage protein with an isoelectric point of
5.2 (32). Ara h 3, a minor allergen based upon frequency of IgE binding in the
peanut-sensitive population, is a 60 kDa glycinin seed storage protein (33). All
three allergens contain multiple IgE-binding linear epitopes identified by synthe-
sizing overlapping peptides representing the entire allergen (33–35). The epitopes
of Ara h 1 and 2 have been modified by systematically substituting the amino
acids at each position to identify the specific amino acids that would prevent or
drastically reduce IgE binding (34–36).

Hourihane et al. (37) studied 14 peanut-allergic subjects in a DBPCFC with
10 µg to 50 mg peanut protein in which eight of the subjects had some kind of
reaction. As little as 100 µg of peanut protein evoked symptoms in some peanut-
allergic patients with one subject having a systemic reaction to only 5 mg of
peanut protein. Two other patients had mild objective reactions to 2 and 50 mg,
while five others reported mild subjective reactions to doses between 5 and 50
mg.

D. Soybeans

Soybeans represent one of the most important nutrient sources of the legume
family. It is one of the four food allergens (in addition to milk, egg, and peanut)
accounting for nearly 90% of hypersensitivity reactions in food-allergic patients
with atopic dermatitis. Soybean dust also produces important aeroallergens, caus-
ing incidents of asthma in occupational settings—soybean mill workers, harbor,
workers animal feed workers, and bakers. Allergenic sources of processed foods
include tofu, miso, soybean sauce, lecithin and oil, infant formulas, and transgenic
soybeans.

Soybeans, like peanuts, are legumes that have multiple allergens (38). Le-
gumes (peanuts and soybeans) and tree nuts are seeds whose storage proteins
represent more than 10% of total protein. Seed storage of dicotyledon plants
contains two major protein classes, globulins and albumins, which are distin-
guished on the basis of solubility. Globulins, which are soluble in high-salt buff-
ers, have sedimentation coefficients of 7S and 12S. They are typically character-
ized by high levels of arginine, glutamine, and asparagine, which provide a source
of nitrogen for developing seedlings and do not usually show enzymatic activity
(39). For this reason they are the most likely seed allergen candidates to develop
mutations in amino acid sequences that fail to bind IgE using recombinant gene
technology for the development of hypoallergenic plants.

The albumins are a more diverse group of proteins, usually soluble in water
with sedimentation coefficients of approximately 2S, and are rich in cysteine,
glutamine, and arginine. This group of proteins have seed-storage function as
well as biological activity (proteases, trypsin, and α-amylase activity) and are less
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likely candidates for gene manipulation for hypoallergenic plant development.
Distinctive among this group are a number of 2S seed-storage proteins from dif-
ferent plants that have a limited but distinct sequence homology and have been
grouped into a 2S superfamily of related sulfur-rich seed proteins. The position
of cysteine residues relative to each other appears to be completely conserved,
suggesting that tertiary structure constraints imposed by disulfide bridges domi-
nate sequence conservation. Allergens represented in this group include the 2S
proteins of the castor bean, rapeseed, mustard seed, Brazil nut, and pea seed, all
having the same structural organization and consisting of two subunits of differ-
ent sizes linked by disulfide bridges.

Aeroallergens Gly m 1 and 2 and the Kunitz-trypsin inhibitor are limited
primarily to the soybean hull. Soybean seed proteins, Gly m Bd 30K, β-conglyci-
nin, and more recently profilin, are the predominant ingestive allergens.

E. Wheat

Wheat is one of the foods most commonly responsible for allergic reactions in
children and adults. Hypersensitivity reactions to ingested wheat protein sources
typically occur within an hour and include cutaneous, gastrointestinal, and/or
respiratory symptoms. These reactions are clinically distinct from other adverse
reactions to wheat protein, including baker’s asthma, an inhalant IgE-mediated
reaction to wheat and other cereal grain flours; celiac disease, a non–IgE-medi-
ated enteropathy caused by wheat gliadin; and wheat-dependent exercise-induced
anaphylaxis.

Proteins from wheat as well as other cereal grains are also classified into
two fractions: salt-soluble (albumin and globulin) and salt-insoluble (glutenin
and gliadin) (40). Some discrepancy exists in identifying the source of major
wheat allergens being either the salt-insoluble or the salt-soluble fraction. This
can be explained in part by the anomalous relative mobilities in SDS/PAGE under
different reaction conditions (reducing/nonreducing gels) and the reactivities of
these fractionated proteins with sera from patients to wheat proteins, which indi-
cates that the type and number of epitopes of allergens are variable among pa-
tients. However, Watanabe et al. (41) found that most wheat-allergic patients
were sensitive to a low molecular weight glutenin subunit containing a number
of pentapeptide repeat motifs, Gln-Gln-Gln-Pro-Pro, which was identified to be
the IgE-binding epitope (42). Immunoblot analysis and N-terminal sequencing
of a 15 kDa wheat protein indicated that wheat α-amylase inhibitor also repre-
sented a sensitizing allergen following ingestion as well as inhalation (43)

F. Shellfish/Fish

Allergies to fish are a common problem in fish-processing and fish-consuming
communities. Fish allergens can act as both inhalant and food allergens. For ex-
ample, codfish allergy is extremely common in Scandinavian countries. Gad c 1
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(formerly allergen M) of cod fish belongs to a large group of vertebrate muscle
calcium-binding proteins, the parvalbumins. This acidic, pI 4.75 allergen is com-
posed of 113 amino acids with a molecular weight of 12,328 (44) with an IgE-
reactive epitope that resists cooking, digestion, and denaturation. A high amino
acid sequence homology between Gad c 1 and corresponding parvalbumin of
other fish species accounts for much of the allergenic cross-reactivity identified
in different fish species. Five IgE-binding sites have been identified in this aller-
gen. The carbohydrate moiety does not appear to be important allergenically.

The tropomyosins (�36 kDa) are a homologous set of allergens identified
in brown shrimp (Pen a 1), greasyback shrimp (Met e 1), spiny lobster (Pan s
1), and the American lobster (Hom a 1). Tropomyosins are also present in verte-
brate food sources, e.g., bony fish, beef, pork, and chicken, yet these foods are
rarely allergenic. Reese et al. identified 4 peptides (13–21 amino acids in length)
located at the carboxyl end of Pen a 1 (45). The peptides aligned with both con-
served and nonconserved regions of tropomyosin but were not identical to verte-
brate homologs, suggesting that unique amino acid sequences may be responsible
for the differences in allergenicity.

G. Tree Nuts

Tree nuts, including the Brazil nut, walnut, almond, hazelnut, and cashew, can
be responsible for severe food-induced allergic reactions. Like peanut-sensitive
individuals, tree nut–sensitive individuals rarely become tolerant and face the
accidental ingestion from the ubiquitous nature of foods containing tree nuts.
Only recently has the allergen characterization of tree nuts been investigated.
Clinically, patients who are allergic and have anaphylaxis to one tree nut are
often allergic to several others. This has been hypothesized to be due to epitope
homology between the seed-storage proteins; however, no sequence motifs have
been identified.

Two major allergens, a 70 kDa heat-labile protein and a 45–50 kDa heat-
stable protein, have been identified in almonds. Several different proteins, includ-
ing Ber e 1, a 12 kDa high methionine 2S protein consisting of two subunits, a
9 kDa and a 3 kDa protein (46) and a 12S globulin protein (47), show strong
IgE-binding capacity in Brazil nut extracts. Walnuts rank third in per capita con-
sumption of tree nuts in the United States and have been associated with systemic
IgE-mediated reactions. A cDNA clone containing an insert of 663 bp has been
identified and appears to be the major walnut food allergen (48). An IgE-binding
inhibition study suggested that the walnut 2S protein precursor undergoes post-
translational modification into large and small subunits similar to the castor bean,
cottonseed, mustard seed, and the Brazil nut seed storage protein allergens, mak-
ing it a member of the 2S superfamily of seed storage proteins.

Data from a study to determine the allergenicity of gourmet nut oils indicate
a wide variability in IgE binding from pooled serum to various brands and types
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of nut oil extracts (49). Conclusions of the study indicated that several brands
of minimally processed nut and peanut oils could contain enough antigen/allergen
to pose a threat to hypersensitive individuals. High temperature under vacuum
generally correlated with both protein content and in vitro IgE binding.

V. Diagnosis of Food Allergy

The wide range of immunological and physiological mechanisms that are respon-
sible for the clinical symptoms of adverse reactions to foods make it difficult to
rely on any single test to identify the specific component responsible for the
reaction. Atopic dermatitis is typically the first manifestation of a child prone
(genetic predisposition) to develop atopic reactions, with 5% of all AD individu-
als developing in the first year of life and 80% by 5 years of age. Approximately
80% of children with AD develop asthma or allergenic rhinitis, with many losing
their AD with the onset of respiratory allergy. In the pathogenic role of food
allergy in presenting symptoms, IgE-mediated food-induced respiratory symp-
toms are uncommon. However, they can be observed in young children with AD
and in a small subset of patients with asthma.

A. Clinical Syndromes

Food allergies commonly begin in the first 2 years of life, occurring in about 8%
of infants, with only 1–2% persisting or occurring in adulthood. Most adverse
reactions to foods that occur in adults are not due to allergy but are intolerance
reactions. The clinical syndromes of food allergy can therefore be categorized
as systemic/intestinal anaphylaxis, oral allergy syndrome, and exercise-induced
food anaphylaxis.

Systemic/Intestinal Anaphylaxis

This syndrome is characterized by laryngeal edema (swelling of the throat) that
leads to smooth muscle constriction of the smooth muscles in the airways and
failure to breathe accompanied by a loss in blood pressure and ultimate uncon-
sciousness. Gastrointestinal symptoms include nausea, vomiting, and diarrhea.
Respiratory symptoms include sneezing, nasal congestion, rhinorrhea (runny
nose), conjunctivitis, (itchy, watery, red eyes), and asthma (wheezing). Fatal
food-related anaphylaxis appears to be more common in individuals with underly-
ing asthma (11).

Oral Allergy Syndrome

Epidemiological studies report a prevalence of oral allergy syndrome, (OAS)
ranging from 23 to 47% in populations of patients suffering from pollenosis
(50,51). Symptoms consist of itching, tingling, or swelling of the tongue, mouth,
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or throat occurring while or immediately after eating a food. This reaction usually
occurs in some but not all pollen-allergic individuals who eat certain fruits and
vegetables. For instance, individuals with ragweed pollen allergy may react to
bananas and melons. Those with birch pollen allergy may not be able to tolerate
apples, carrots, celery, hazelnut, kiwi, pear, or potato. Grass pollen–allergic indi-
viduals may have problems eating celery or peaches. The relationship of the
pollen to the food indicates that they have similar chemical structures or appear
in a food source (e.g., pollen-contaminated honey) recognized by the person’s
immune system.

Exercise-Induced Allergy

Although the pathogenesis of exercise-induced allergy (EIA) is poorly under-
stood, biopsy studies have demonstrated mast cell degranulation after exercise.
Patient’s with EIA who have specific foods as coprecipitating factors invariably
have positive skin test reactions to these foods, thus specific IgE mast cell sensiti-
zation is indicated. A potential dysfunction in the autonomic nervous system has
also been hypothesized. Differential diagnosis includes cholinergic urticaria.

Two subsets of food-dependent EIA exist: nonspecific and food-specific,
where the anaphylactic episode is triggered following a meal or specific food,
respectively. The majority of reports described involve trained athletes; however,
it is unclear whether the magnitude and frequency of exercise are independent
risk factors. Intervals between eating the food source and symptomatic exercise
range from minutes to hours.

Food-Dependent, Exercise-Induced Anaphylaxis

This can be a serious life-threatening relationship until identified by the individ-
ual. Eating certain foods and then exercising within 4 hours results in hives,
wheezing, and even shock. Exercising alone or eating the food and not exercising
does not cause the syndrome. Foods frequently implicated are celery, carrots,
apples, shrimp, oysters, and chicken. A similar reaction occurs in some individu-
als who are allergic to nonsteroidal anti-inflammatory drugs such as aspirin and
ibuprofen.

Atopic Dermatitis

Atopic dermatitis (AD) is a chronic disorder that begins in children characterized
by extreme pruritis, a chronically relapsing course, and an association with
asthma and allergic rhinitis. Approximately one-third of children who have atopic
dermatitis has a food allergic reaction. In food challenges, skin symptoms that
are provoked include a pruritic, erythematous, morbiliform rash that develops in
sites with a predilection for atopic dermatitis. Urticarial lesions are not uncom-
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mon. On challenge, many patients may present with gastrointestinal and respira-
tory symptoms as well. In children with AD and food allergy, the clinical correla-
tion with asthma appears to be high. James et al. (52) reported that 17% of
children with AD experienced wheezing during a positive food challenge.

B. Diagnostic Tests

The diagnosis of food allergy requires a careful search for the possible causes.
Confirmation of the cause with supporting tests includes specific tests for aller-
gen-specific IgE (i.e., prick skin tests, radioallergosorbent tests) and, in some
cases, oral food challenges. The initial evaluation should begin with a thorough
history and physical examination considering a broad differential diagnosis, in-
cluding metabolic disorders, anatomical abnormalities, malignancy, pancreatic
insufficiency, nonimmunological adverse reactions to foods, and other disorders
that could lead to similar symptoms. Important elements of a good history include
(1) identifying the suspected food, (2) identifying the quantity of ingested food,
(3) determining the length of time between ingestion and the development of
symptoms, (4) an accurate description of the symptoms, (5) any previous occur-
rences, (6) involvement with other factors (e.g., exercise or cold), and (7) time
from any previous reactions.

Skin Testing

As in standard methods for determining allergy, the in vivo prick puncture skin
test with food extracts can be used as a screening test to identify or, more impor-
tantly, to exclude the responsible foods. The patient must be off antihistamines
for at least 72 hours. A bifurcated needle or lancet is used to puncture the skin
through a drop of a commercially glycerinated extract of food, an appropriate
positive control (histamine) and negative control (saline-glycerin). A local wheal-
and-flare response indicates the presence of a food-specific IgE. A wheal diameter
of �3 mm indicates a positive response. Unfortunately, the positive predictive
value is on the order of only 50%. Thus, a positive skin test cannot be considered
proof of a clinically relevant hypersensitivity. The negative predictive value is
very high (on the order of �90%) and virtually rules out IgE-mediated food
allergy. Intradermal skin tests are contraindicated because they give an unaccept-
ably high false-positive rate as well as increased risk to the individual (53,54).

Skin testing should be considered an excellent means of excluding IgE-
mediated food allergen, but it is only suggestive of clinical food allergy. Excep-
tions can include the following: (1) IgE-mediated sensitivity to several fruits and
vegetables is frequently undetected with commercial extract preparations as they
represent very labile proteins; (2) children less than 1 year of age may have IgE-
mediated food allergy without a positive skin test; (3) children younger than 2
frequently have smaller wheals caused by lack of skin reactivity; and (4) a posi-
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tive skin prick test may be registered for food ingested in isolation, which pro-
vokes a serious anaphylactic reaction and may not be considered diagnostic.

RAST

As with skin testing, RAST testing to specific foods is very reliable in ruling out
an IgE-mediated reaction, but a positive result has a low predictive value. In vitro
tests for IgE are generally less sensitive than skin tests; however, using highly
sensitive assays (CAP system FEIA) for food-specific IgE antibody correlates
with clinical reactivity to certain foods (milk, egg, peanuts, fish) (16). In these
studies, levels of �15 kU/mL of specific IgE to peanut have a greater than 95%
predictive accuracy of predicting a positive food challenge. At present, a 95%
positive predictive value of allergen-specific IgE in kU/L of CAP-RAST results
are limited to the following major food allergens: milk (32 kU IgE/L), egg (6
kU IgE/L), peanut (15 kU IgE/L), and fish (20 kU IgE/L) (16). Because of exten-
sive in vitro cross-reactivity, a 50% best positive predictive value for soy was
determined to be 65 kU IgE/L and wheat at a 75% predictive certainty with 100
kU IgE/L. Measurements of IgG4 antibody, provocation-neutralization, cytotox-
icity, applied kinesiology, and other unproven methods are not useful (55).

Oral Food Challenge

The gold standard for diagnosing food allergy is the double-blind, placebo-con-
trolled food challenge (54,56,57). Patients are required to avoid the suspected
food for at least two weeks, antihistamine therapy is discontinued according to
the elimination half-life of the specific medication, and doses of asthma medica-
tions are reduced as much as possible. After intravenous access is obtained,
graded doses of either challenge food or a placebo food are administered hidden
either in another food (orange juice) or in opaque capsules. Doses begin at 125
mg and double every 15–60 minutes. If 10 g of the challenge material is tolerated,
the test must be confirmed by an open challenge. Medical supervision and imme-
diate access to emergency medications, including epinephrine, antihistamines,
steroids, and inhaled β-agonists, and equipment for cardiopulmonary resuscita-
tion are necessary. During the challenge, the patient is assessed for changes in
skin, gastrointestinal tract, and respiratory symptoms. Challenges are terminated
when a reaction becomes apparent with emergency medications provided as
needed. Patients are observed for delayed reactions. Negative challenges are al-
ways confirmed with an open feeding of a larger, meal-sized portion of the sus-
pected food. Oral challenges are not performed in patients with a clear history
of reactivity or a confirmed severe reaction.

Double-blind, placebo-controlled food challenge (DBPCFC) data for food
allergies in the United States indicate that only seven foods account for nearly
95% of the reactions (58). The foods reported that cause adverse reactions in
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children include egg (25%), peanuts (24%), milk (23%), tree nuts (10%), soy
(6%), fish (3%), and wheat (2.5%) (59).

VI. Cross-Sensitivity Between Foods

Allergenic reactions to food are usually very specific. Although patients fre-
quently have positive skin prick tests and RAST to several members of a botani-
cal family or animal species, indicating immunological cross-reactivity, the fre-
quency of patients experiencing intrabotanical or intraspecies symptoms is quite
variable. For example, extensive immunological cross-reactivity has been dem-
onstrated with SPT, RAST, and immunoblot analysis in most patients with a
legume sensitivity. Although this wide in vitro cross-reactivity between mem-
bers of the Leguminosae family has been observed, on verifying clinical reactiv-
ity to each member by DBPCFC, only 5% of the patients reacted to more than
one of the legumes despite a positive RAST for almost all legumes (28). Exam-
ples of clinical cross-reactivity include peanuts with other legumes, 3–5%; ce-
real grains with other grains, �20%; cow’s milk to goat’s milk 90% or to beef
10%; beef to lamb 40%. Similarly, cross-reactivity among fish-sensitive individ-
uals is quite limited. However, in RAST-inhibition experiments with sera from
children allergic to fish, including cod, bass, dentex, eel, sole, and tuna, were
shown to have cross-reacting allergens (60). Consequently, the practice of
avoiding all foods within a botanical family when one member is suspected of
provoking an allergic symptom appears to be unwarranted and puts the patient
at risk for malnutrition.

Cross-reactivity between certain foods and pollens and between food and
latex products has been well documented. The birch protein, Bet v 1; plant pro-
filin, Bet v 2; and mugwort pollen allergen, Art v 1, have all been implicated as
major cross-reactive allergens in pollens, fruits, and vegetables (61–63). In the
northeastern United States, cross-reactivity between birch pollen and a variety
of fruits and vegetables, including apples, carrots, and potatoes, is common. The
most frequent complaints include apples, cherries, peaches, and pears in individu-
als with spring pollenosis. Ragweed, grass, and minor weeds have also been
associated with food sensitivities. Food allergy caused by crustacea and mollusks
has been described in patients with house dust mite allergy (64–66). Tropomyo-
sin, the highly conserved muscle protein, has been identified as cross-reactive in
house dust mite and shrimp as well as several other invertebrates (64,65). Crespo
et al. (67) demonstrated a cross-reactivity of IgE-binding components between
boiled Atlantic shrimp and German cockroach in sera from 89 patients.

Cross-reactivity is also common between latex and a variety of foods,
mostly fruits. Presentation may include cutaneous, urticaria, eczema, and derma-
titis; airborne—rhinitis, conjunctivitis, and asthma; and mucosal leading to ana-



368 Helm and Burks

phylaxis. Pediatric groups at high risk for IgE-mediated latex allergy includes
children with spina bifida and those with recurrent urinary tract contact with latex.

While all of these antigens have a contributory role in allergic asthma, the
clinical significance of such cross-reactivity remains to be determined. IgE di-
rected to cross-reactive carbohydrate determinants (CCD) with no clinical sig-
nificance in subjects with multiple positive RAST value (68) might also explain
some cross-reactivity findings. IgE antibodies are able to recognize unrelated
glycoproteins to specific allergens if the glycoprotein contains N-linked β1 → 2
xylose and α1 → 3 fucose residues common and unique to plant glycoproteins.
The involvement of these xylose- and fucose-containing complex glycans in aller-
genic responses has been said to be underestimated. These glycans can provide
a structural basis that may explain the cross-reactivities often observed between
pollen, vegetable, and insect allergen (69). Thus, in vitro immunological findings
need to be correlated with the clinical reactions to foods in each patient before
prescribing an elimination diet free of all related or unrelated food allergens shar-
ing IgE reactivity. The search for molecular support for clinical findings of cross-
reactivity has not yet produced any definitive evidence.

VII. Prevention

Systematically, allergy prevention can be directed into at least three potential
strategies: (1) primary prevention that inhibits IgE and other immunological sen-
sitization, (2) secondary prevention that abrogates disease expression subsequent
to immunological sensitization, and (3) tertiary prevention that suppresses symp-
toms after and despite disease expression (70).

Despite the sophistication of our current understanding of immune re-
sponses, it is still uncertain which changes induced by conventional immunother-
apy are responsible for symptomatic improvement. This is even more evident in
food allergy than in inhalant allergy. Potential routes of food exposure that lead
to specific food IgE antibody include (1) the placenta, prenatally, (2) breast milk
during lactation, (3) formula feeding, (4) solid food feedings, and (5) accidentally
or covertly through food allergens in airborne droplets, floor dusts, and by care-
takers. As a result, elimination diet regimens have been the mainstay therapy to
prevent allergenic food exposure to prevent sensitization, often with mixed or
conflicting results.

As in other allergic diseases, both patient factors and external factors con-
tribute to fatal food-induced anaphylaxis (71). Patient factors include failure to
inquire about ingredients in foods prepared by others, failure to appreciate the
dose-response nature of food allergens, and denial or minimalization of symp-
toms based on previous nonfatal reactions. Patients may fail to carry or use in-
jectable epinephrine or may mistakenly rely on oral antihistamine therapy for
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control of symptoms. In adolescents or young adults, drug or alcohol use may
impair judgment and enhance absorption of food. External factors include a lack
of awareness of the life-threatening nature of food allergy by restaurant or lunch-
room personnel and inadequate labeling of packaged foods. Most importantly,
lack of emergency resuscitation equipment and the inappropriate use of emer-
gency medication by medical personnel or paramedical personnel may be contrib-
uting factors.

Careful repeated reading of food labels is critical. Consumers must learn
to recognize the various names indicating the presence of a food to which they
are sensitive. Products may list casein, caseinate, or whey rather than milk as the
ingredient. Vague labeling such as ‘‘natural flavoring’’ or ‘‘hydrolyzed protein’’
should be interpreted carefully. Recent studies have found large amounts of milk
protein in ‘‘nondairy’’ products, including canned tuna that listed only tuna, wa-
ter, and salt as the labeled ingredients (72). Greater prudence with ingredient
labeling of foods that may contribute to potential food sensitivities will require
a commitment by industry to inform the consumer of the presence of ingredients
that can cause adverse reactions in susceptible individuals. Susceptible individu-
als must become aware of and understand the terminology associated with label-
ing and avoid potentially life-threatening reactions.

Breast-feeding and delayed introduction of highly allergenic foods are com-
mon approaches for attempting to prevent food allergies in infants considered at
high risk. However, it is unclear whether breast-feeding alone can prevent the
development of food allergies. The authors of a retrospective study in Arizona
suggested that breast-feeding might have reduced the likelihood of infants devel-
oping viral infections, a potential cause of bronchospasm, rather than actually
preventing allergic sensitization (73). A multipronged approach to prevent food
hypersensitivity in offspring of high-risk families included placing women in the
last trimester on rigorous elimination diets, breast-feeding for at least 6 months,
withholding foods highly allergenic from the infant for 6–18 months, and avoid-
ance of mites, mold, cigarette smoke, and animals in the environment (74). The
results were discouraging, with virtually no difference seen in the prevalence of
food allergy, atopic dermatitis, rhinitis, and asthma. In a similar study in England,
pregnant mothers rigorously avoided dairy products, eggs, fish, and nuts and prac-
ticed respiratory environmental controls to prevent sensitization in utero. Infants
from breast-feeding mothers in this study demonstrated at age 2 a significant
reduction in the incidence of allergy and atopic eczema (75). Overall, the results
of these studies suggest that environmental control of allergen sensitization,
breast-feeding with rigorous elimination diets of known food allergic–sensitizing
foods, and elimination of highly allergenic foods from the child’s diet for 6–18
months may be beneficial.

Strict avoidance remains the primary therapy for children and adults with
food allergies. A variety of excellent resources are available for parents and
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health-care professionals in their efforts to control food allergies. The Food Al-
lergy Network is a particularly useful resource (Food Allergy Network, 4744
Holly Avenue, Fairfax, VA 22030-5647; telephone (703) 691-3179, Fax (703)
691-2713).

VIII. Control

Although the point of control is prevention of sensitization in the first place,
control mechanisms for the allergic individual are still the best alternative. By
controlling the immune system, individuals can control their allergies to foods.
The following highlights, adapted from RH Schwartz’s Allergy & Asthma Roch-
ester Resource Center web page, identity the significant areas in the management/
control of food allergy (http://www.aarrc.com; http://www.foodallergy.org).

1. Don’t eat the food to which you are allergic! This is the principal of
management and is termed ‘‘avoidance.’’ Food-allergic individuals
need to carefully read all labels of commercially prepared foods and
be aware of the ingredients in which food allergens may be hidden.
Examples include the presence of whey (milk proteins) in breads and
the use of peanut butter in Chinese egg rolls and chili. It is up to the
individual or parent to alert school personnel, doctors, nurses, and dieti-
cians of the incriminating food so that avoidance can be a part of the
daily routine.

2. Immediate treatment. Immediately administer an injection of epineph-
rine (adrenalin) if symptoms are initially severe or are mild and get
worse quickly. Injections last only half an hour, so it is important to
get to emergency shock treatment facilities as soon as possible for fol-
low-up treatment and monitoring. Food-allergic individuals, and the
personnel surrounding them, need to familiarize themselves with the
use of EpiPens. The most convenient epinephrine devices at home or
at school are the autoinjectors: EpiPen or Epi-EZ-Pen (0.3 mg of epi-
nephrine 1:1000) and for the child under age, EpiPen Jr., or Epi-EZ-
Pen Jr. (0.15 mg of epinephrine 1:2000). Remember: an EpiPen at
home or in the medicine cabinet is not going to help if you have a
reaction at a restaurant, friend’s home, dormitory, or at school.

3. Eat something else! Hypoallergenic formulas are available for infant
milk formulas that are prepared from soybeans or rice. In this particular
instance, it is the individual’s responsibility to be aware of potential
hidden sources of the allergen. Food product awareness is essential,
as the presence of cow’s milk protein can include ‘‘casein,’’ ‘‘whey,’’
‘‘lactalbumin,’’ ‘‘caramel color,’’ and ‘‘nougat.’’ Other indications of
hidden allergens include egg substitutes that contain chicken egg pro-
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teins. Similarly, contaminants may pose a problem: spatulas used to
serve cookies with both peanut butter and peanut-free cookies have
been shown to cause reactions. Contamination can occur when com-
mon equipment is used in the manufacture of candies.

4. Don’t test for tolerance! Although it is common to outgrow many of
the food allergies, it is extremely dangerous to self-administer small
amounts of the incriminating food to determine if the allergy no longer
exists. Consult an allergist specialist who can assess the level of allergy
with skin and/or blood tests and ultimately a food challenge under
controlled circumstances before consideration of ‘‘immunological tol-
erance’’ has been attained.

IX. Treatment

Strict elimination of the responsible food allergen and/or source is the only
proven therapy currently available for prevention of food hypersensitivity reac-
tions. A properly managed elimination diet, excluding only foods proven to evoke
an allergic response, can lead to resolution of food allergy and avoid potential
malnutrition and other undesirable outcomes. However, elimination diets for
foods such as milk, egg, wheat, soy, and peanut can be very difficult to adhere
to without accidental ingestion of the allergen in hidden sources. In addition,
with important foods like milk, there is the risk of negative effects on the nutri-
tional status of the allergic individual. For example, calcium intake below the
recommended daily allowance was found in a population of 58 patients diagnosed
with cow’s milk allergy (76).

Conventional immunotherapy involves the injection of increasing doses of
allergen extract until maintenance level is achieved. In this form of therapy, high
doses of allergen are suggested to encourage a shift in antigen-presenting cells
from B cells to macrophages and monocytes with a concomitant shift from the
Th2-type response to a Th1-type response (77). Unfortunately, conventional im-
munotherapy has not proven beneficial for food allergy. In studies using conven-
tional rush and maintenance immunotherapy for peanut-sensitive individuals,
maintenance immunotherapy with aqueous peanut extracts was accompanied by a
high rate of systemic reactions (78,79). Although the authors were able to clearly
demonstrate that injections of peanut extract significantly increased the tolerance
of anaphylactically sensitive subjects to ingested protein, half of the subjects
could not be maintained because of repeated systemic reactions to the injections.
The authors concluded that the high rate of systemic reactions made this form
of treatment with the available peanut extracts unacceptable.

With current research, it may be possible to determine common motifs
involved in IgE regulation and induction that will prove to be beneficial in food
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therapy regimens. Areas of investigation include plasmid naked DNA vaccines,
altered T- and/or B-cell epitopes, and oral antigen vaccines to divert the GALT
from a Th2 to Th1 response. Other potential therapies include competitive inhibi-
tion of allergen presentation by developing antibodies to TCR v regions and solu-
ble peptide inhibition.

An appropriate animal model with similar comparative aspects of form and
function relative to the human allergic response to elucidate the pathogenesis and
mechanisms of food allergy is a current area of intense investigation. Ermel et
al. (80) and Fick (81) have established an inbred colony of high immunoglobulin
E–producing dogs that when immunized subcutaneously with food antigen ex-
tracts in alum developed clinical manifestations of food allergy after oral chal-
lenge with food antigen. Skin tests were consistently positive, and mucosal
changes involving swelling and erythema of the gastric mucosa suggest that this
model may be useful as an animal model for food allergy. The Brown Norway
rat has been used for ovalbumin antigen-dose response production of an antigen-
specific IgE–induced antibody response through the oral route (82). To promote
IgE production, the adjuvant carrageenan was administered once a week by an
intraperitoneal route. Knippels et al. (83) also used the brown rat model to study
oral sensitization to food proteins. Upon oral challenge with OVA of both orally
and parenterally sensitized animals with or without adjuvant, gut permeability
was shown to be increased, and local effects were observed in all animals,
whereas systemic effects were observed at a low frequency. Both IgG and IgE
responses as well as specific T-cell–mediated hypersensitivity (DTH) to oval-
bumin could be demonstrated via the enteral route without the use of adjuvants.

Oral allergen-gene immunization to modulate peanut antigen–induced mu-
rine anaphylaxis has been used to generate immunological protection in a murine
model (84). Oral administration of DNA nanoparticles, a complex of plasmid
DNA and chitosan, resulted in transduced gene expression of the allergen in the
intestinal epithelium and produced secretory IgA and serum IgG2a. This study
suggests a prophylactic measure for treating food allergy; however, it requires
the identification of individuals at risk and does not support or address the treat-
ment of ongoing IgE-mediated responses. A plasmid cDNA-based gene construct,
pAra h 2, suggested that pDNA immunization in mice was strain specific showing
significant increases in IgG2a but not IgG1 or IgE (85). In other studies, Li et
al. (86) investigated a murine model of IgE-mediated cow’s milk hypersensitivity
by intragastric sensitization plus cholera toxin with significant cow’s milk specific
IgE antibody levels that may be useful for exploring new therapeutic approaches
to cow’s milk allergy. Miyajima et al. (87) suggested that in relation to the patho-
physiological changes associated with active anaphylaxis in the mouse, the mor-
tality associated with this response could be mediated largely by IgA sub 1 anti-
bodies and Fc gamma RIII. A murine model was used to show an important
correlation between Th2 cytokine, IgE production, and histamine release by intra-
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peritoneal administration of ovalbumin on dried aluminum hydroxide but failed
to reflect the gastrointestinal clinical situation in patients with food allergy (88).
Transient immune responses have been shown with soybean allergens in the pig;
however, it remains to be determined if IgE is the responsible antibody (89)

There is growing evidence emerging for nerve involvement in mast cell
degranulation and induction of digestive disturbances by antigen challenge. For
example, mast cell degranulation was induced by a Pavlonian reflex in egg albu-
min–sensitized rats (90), and the neurotoxin tetradotoxin was reported to inhibit
the increase in intestinal permeability induced by egg albumin challenge in sensi-
tized rats (91). Recently, Gay et al. showed that in guinea pigs sensitized to cow’s
milk treated with neurokinin receptor antagonist, both IgE and IgG serum titers
were lower (92). These interesting animal studies may open new areas of investi-
gation into the clinical manifestations in the gastrointestinal system and food-
allergic reactions.

Although these animal models are available to study food allergy and aller-
genicity of food proteins, no fully validated enteral animal models mimicking
the human allergic response are yet available to determine allergic mechanisms
in food allergy. It remains to be demonstrated in an animal model that an ability
to shift dangerous allergic responses to a more tolerant response is possible.

X. Genetically Engineered Crop Plants

Several biotechnological techniques can be applied to reduce or eliminate the
allergenicity of proteins identified as food allergens. These techniques include
chemical and physical treatments and several biotechnological methods, such as
enzymatic and microbiological modification of the proteins including recombi-
nant DNA technology. Useful approaches for the preparation of hypoallergenic
food include introducing structural changes that enhance digestibility. It has been
demonstrated that treatment with thioredoxin reduces allergenicity of wheat pro-
teins and lactoglobulin (93,94). These methods are often labor intensive and cost
prohibitive.

Food biotechnology is a precise method for enhancing the beneficial traits
of plants, animals, and microorganisms. This technology has the potential to assist
the agri-food industry in achieving key objectives including improvements in
nutritional characteristics, improved taste, elimination of undesirable traits, exten-
sion of shelf life, decreased use of additives, reduced processing costs, reduced
energy consumption, and lessening of environmental impact from food pro-
cessing (95).

Successfully genetically engineered crop plants that have traits including
insect resistance, modified starch, herbicide tolerance, modified oils, disease re-
sistance, male sterility, and delayed ripening have been introduced into the mar-
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ketplace. Most traits introduced into crops result in the expression of one or a
few modified proteins. In some cases, genes are introduced that turn off other
genes and no new protein is introduced. The increased allergenic potential of
foods developed from genetically modified organisms targets three levels (96):
(1) the plant from which the gene comes, (2) the protein induced by this gene, by
comparing it to known allergenic food proteins and others, and (3) modification of
the composition of the host plant, which may eventually affect the allergenicity
of these plant’s proteins. To deal with the input of genetically modified plant
crops into the marketplace, the International Food Biotechnology Council in con-
junction with the Allergy and Immunology Institute of the International Life Sci-
ences developed a decision-tree approach for the assessment of allergenicity of
genetically modified food (97). The strategy focuses on the source of the gene,
the sequence homology of the newly introduced protein to known allergens, the
immunochemical reactivity of the newly introduced protein with IgE from blood
serum of sensitive individuals, and the physicochemical properties of the newly
introduced protein. Prior to introduction into the market, solid phase immunoas-
say, skin prick tests, and finally a DBPCFC test to determine the level of allergen-
icity will be used to assess gene products from known allergenic genetic material.
If the gene source is derived from a nonallergenic source, sequence similarity
and stability to digestion/processing will be taken into account prior to consulta-
tion with regulatory agencies prior to release to the market. For further informa-
tion, the reader is referred to several review articles regarding the assessment of
allergenicity of genetically modified foods (98–100).

An example of improving the nutritional quality by transgenic methods of
a food crop is found in the legume family. The nutritional quality of legumes,
for both humans and animals, is compromised by a deficiency of methionine
within the protein fractions of the seeds. Attempts to manipulate the balance of
essential amino acids such as methionine in legume plants by traditional plant
breeding methods have failed due to decreased yield or quality. The introduction
of genes encoding sulfur-rich proteins (2S albumins) from other plants through
recombinant DNA techniques proved to be a more promising strategy for improv-
ing the nutritional quality of sulfur-deficient seeds without adversely affecting
agronomic performances. The 2S albumin from the Brazil nut is one of the richest
sulfur protein sources described in nature (�30%). Its high stability with no
known biological activity in the plant made it a logical choice for gene expression
in soybean, tobacco, oilseed rape, beans, and other legumes to improve the nutri-
tional quality of these seeds. Nordlee et al. (46), recognizing that the Brazil nut
was allergenic to sensitive individuals, applied the in vitro steps of the decision-
tree assessment to determine the potential allergenicity of the modified plant crop.
Using immunoassay, IgE immunoblot analysis, and skin prick tests, they were
able to identify the 2S methionine-rich protein as the major allergen of Brazil
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nut, Ber e 1. Consequently, the transgenic soybean product was withdrawn from
consideration as a nutrient source.

An antisense RNA strategy has been applied to repress the allergen expres-
sion in maturing rice seeds (101). Using immunoblot and ELISA analysis of
seeds by monoclonal antibody to the 16 kDa allergen showed that the allergen
content from several transgenic rice plants was markedly lower than that of seeds
from the parental wild-type rice. However, it is still uncertain whether this hypo-
allergenic rice seed is tolerable for patients sensitive to rice.

With the advent of recombinant DNA technology, plant breeders now have
extended the range of biological material from which genes can be accessed and
gained insight into genome organization and gene structure and the nature and
function of the proteins that genes encode. The technology affords unique oppor-
tunities to identify the individual components of foods that may cause allergies
and to remove them from the food, or change them, so that the food can be
consumed safely. The assessment tree for allergenicity will provide the safety
measures necessary to provide the consumer with a safe product that will not
introduce allergenic food sources to the market.

XI. Epidemiology/Case Studies

In a cohort of more than 1000 children followed from birth to age 18, the strongest
predictor for childhood airway hyperresponsiveness and symptoms of asthma was
family history, especially of maternal asthma and atopy (102). In longitudinal
studies, allergies to cow’s milk and egg usually resolve early in life; 85% of
children with cow’s milk allergy in the first 2 years of life are tolerant of milk
by age 3 (17), and up to 80% of infants with egg allergy are tolerant of egg by
age 5 (103,104). Follow-up studies of a population-based group of Danish chil-
dren with cow’s milk allergy suggests that resolution of the allergy is unusual if it
has not occurred by age 5 (105). The mechanism of resolution remains unknown.

In a questionnaire survey of 122 patients with acute allergic reactions to
peanut and tree nuts, Sicherer et al. (106) reported that allergic reactions to pea-
nuts occur early in life. Peanut- and tree nut–allergic reactions coexist in one
third of peanut-allergic patients and frequently occur on the first known exposure,
often requiring emergency medical treatment. In a related nationwide study, a
cross-sectional random digit dial survey of 4,374 participating households repre-
senting 12,032 individuals, a corrected prevalence among the general U.S. popu-
lation for allergen reactions to peanuts and tree nuts was 1.1% (95% CI 1.0–
1.4%) (107). In a report by Foucard and Yman (108), the results of a 3-year
study in which physicians were asked to report fatal and life-threatening reactions
caused by foods, peanut, soy, and tree nuts seemed to have caused 45 of 61
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reactions reported. Four youngsters who died from soy anaphylaxis with asthma
were severely allergic to peanuts but had no previously known allergy to soy.
Interestingly, a rather symptom-free period for 30–90 minutes between early mild
symptoms and severe rapidly deteriorating asthma was associated with coprecipi-
tating factors such as cold beverages, exercise, viral respiratory infections, and
fear once the symptoms started to appear in these patients. The estimated amount
of soy intake in the fatal cases was 1–10 g and was often obscured in hidden
form such as in hamburger, sausage, meatballs, kebobs, and bread. This study
further highlighted the need for continued study of the pathogenesis of soy-related
fatalities and improved labeling of foods containing soy or other hidden known
allergens.

Zeiger et al. (109) determined the prevalence of soy allergy in IgE-associ-
ated cow’s milk allergy to be 14% in a cohort of 93 children aged 3–41 months.
The authors concluded that soy allergy occurs only in a small minority of young
children with IgE-associated CMA and that soy formula may provide a safe and
growth-promoting alternative for the majority of these children.

In a more far-reaching area, a number of case reports suggest that transfer of
allergen-specific IgE-mediated hypersensitivities can take place by bone marrow
transplantation (110–113). More recently, the transfer of allergen-specific donor
lymphocytes was believed to be the most likely mechanism for the transfer of
allergy to peanuts to a patient receiving a combined transplantation of liver and
kidney. Passive transfer of IgE was regarded to be unlikely; however, donor-
bound IgE to recipients’ mast cells and basophils could not be ruled out (114).

XII. Summary

Adverse food reactions may be secondary to food allergy or food intolerance.
The food-allergic reaction results from an IgE-mediated abnormal immunological
response, while food intolerance is the result of nonimmunological mechanisms.
Major foods involved in children with food hypersensitivities include milk, egg,
peanut, and soybeans; those in adults are principally peanuts, tree nuts, fish, and
shellfish. In the diagnosis of food allergy, a positive skin test to a food extract
indicates the possibility that the individual has symptomatic reactivity to that
specific food. However, the overall positive predictive value is less than 50%.
The double-blind, placebo-controlled food challenge remains the gold standard
for identifying food hypersensitivity. Strict elimination of the responsible food
allergen remains the only proven therapy to prevent fatal and near-fatal reactions
in individuals at risk. Finally, although clinical investigations have characterized
food hypersensitivity reactions, an understanding of the basic immunopathologi-
cal mechanisms remains incomplete.
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I. Introduction

Aspergillus is an ubiquitous, thermotolerant saprophyte with worldwide distribu-
tion. This dimorphic fungus derives its name from its resemblance to a brush used
for sprinkling holy water (1). It is commonly found in moist soil and decomposing
environment. The exposure to Aspergillus spores or conidia is universal and is
acquired primarily via the respiratory tract (2).

This review provides a broad overview of the many facets of diseases due to
Aspergillus infection and focuses on the role of IgE in allergic bronchopulmonary
aspergillosis (ABPA). IgE is involved in the immunopathogenesis of ABPA and
is useful in the diagnosis and monitoring of the course of the disease. The future
development of diagnostic modalities and innovative therapies targeted at altering
IgE response may modulate the course of the disease. The words of Machiavelli
summarize the magnitude of this disease: ‘‘In the beginning of the malady it is
easy to cure but difficult to detect, but in the course of time, it becomes easy to
detect but difficult to cure.’’

The protean manifestations of aspergillosis are attributed to colonization,
allergy, or tissue invasion by Aspergillus. Approximately 350 species of aspergil-
lus have been described, but only a few cause human disease. Aspergillus fumiga-
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tus (Af) is most common. A. niger, A. flavus, and A. glaucis cause human di-
sease less frequently, and the other species rarely. A variety of toxins, aflatoxins,
clavicin, ochratoxins, and others are produced in vitro by Aspergillus species. In
vivo production of toxins by Aspergillus species has not been demonstrated (2–
4).

Aspergillus spores or conidia are 2.5–3.0 µm in diameter and are likely to
reach the small airways and alveoli upon inhalation. Once inhaled, the conidia
germinate to grow in the hyphal form. The hyphae measure 7–10 µm in size and
divide and branch at 45° angle form. Aspergillus fumigatus spores are capable
of hyphal growth at body temperature (5).

The immune status is the most important determinant of infection. Alveolar
macrophages present the first line of host defense to the conidia. The conidia
convert to the tissue-invasive hyphal form. Polymorphonuclear cells clear the
hyphal forms of Aspergillus via an oxidative antifungal mechanism (6). The spec-
trum of disease in pulmonary aspergillosis is the result of the altered balance
between the host defense and fungal growth (3,4,7–10). Impairment of the host
defense favors fungal growth.

II. Protean Manifestations of Aspergillosis

The protean manifestations of pulmonary aspergillosis (4) consist of:

1. Saprophytic aspergillosis, consisting of fungal growth without tissue
invasion. Examples include airway colonization as in asthma, cystic
fibrosis, and COPD; mycetoma; or an invasion of necrotic tissue, usu-
ally the infarcted lung.

2. Allergic aspergillosis, a noninfectious inflammatory response to the
fungus. Examples include extrinsic allergic alveolitis, eosinophilic
pneumonia, and ABPA.

3. Invasive aspergillosis, where there is invasion of viable pulmonary tis-
sue by the fungus. Examples include patients with neoplasia, especially
those with acute leukemia; organ transplant; uncontrolled diabetes mel-
litus; and corticosteroid therapy.

III. Allergic Bronchopulmonary Aspergillosis

ABPA is an immunologically mediated disease and is a result of hypersensitivity
to the antigen of the fungus Aspergillus, especially A. fumigatus. Other species
of Aspergillus (A. flavus, A. niddus, A. niger, A. ocharceus, A. oryzae, A. terreus)
cause the disease infrequently (2,11–14). Other fungi, such as Candida (15),
Curvuleria (16–18), Fusarium (19), Pseudoallescheria (20), Helminthosporium
(21), Penicillium (22), Stemphilium (23), Torulopsis (24), Bipolaris (18), and
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Dreschlera (25), can cause similar disease. Therefore, the terms allergic broncho-
pulmonary mycoses (ABPM), allergic bronchopulmonary fungosis (ABPF), al-
lergic bronchopulmonary candidiasis (ABPC), and allergic bronchopulmonary
helminthosporosis (ABPH) have been used to describe illnesses similar to ABPA
(26,27).

ABPA was first described in 1936 in a young boy with a family history of
atopy, who had atopic eczema followed by asthma, eosinophilia, and proximal
bronchiectasis (28). Five years later, similar patients with a positive family his-
tory were recognized (29). However, it was not until 1952 (30), when the of-
fending organism, A. fumigatus, responsible for ABPA was recognized in En-
gland. The first case of ABPA in the United States was identified in 1968 (31).
Since then, many reports of ABPA have appeared in the literature (5,27,32–34).

ABPA occurs in 1–2% of patients with asthma (10,27) and in up to 10%
(7–35%) of patients with cystic fibrosis (10,27,35). It is characterized by intermit-
tent or continuous colonization of the bronchi by the fungus in conjunction with
the unique immunological reaction and pathophysiogical findings. The conidia
and hyphae have receptors for anti-Af IgE (26,36).

ABPA is an indolent disease with a protracted course, and its effects range
from asthma to severe bronchiectasis and fibrosis. It is conjectured that most
ABPA begins during childhood, often with asymptomatic pulmonary involve-
ment and exacerbation that make an early diagnosis difficult. The result is that
patients often progress to the late fibrotic stage (27,33,37). Acute episodes are
not particularly characteristic and may be indistinguishable from an exacerbation
of asthma (5,27). Most patients are 20–40 years old at the time of diagnosis.
They are usually atopic. Asthma is present in a majority of patients (34) and may
precede the development of ABPA. There may be other manifestations of allergic
diseases, including rhinitis, urticaria, eczema, conjunctivitis, food allergy, and
anaphylaxis (5).

The disease usually manifests with fever, constitutional symptoms, wheez-
ing, productive cough with mucus plugs or flecks, and increasing dyspnea. Pleu-
ritic chest pain and hemoptysis are common (9). Spontaneous pneumothorax
(38,39), pleural effusion(s) (40), pulmonary (41) or cerebral (42) aspergilloma,
and allergic angitis (43) are uncommon. The examination may reveal adventitious
sounds, rhonchi with prolonged expiration, or rales in those with pulmonary infil-
trates. Clubbing and cyanosis are late manifestations of the disease.

IV. IgE and Immunopathogenesis

The immunopathogenesis of ABPA is still incompletely understood. The clinical
manifestations of disease may result from complex interactions between the host
and the fungal organism and the host’s genetically determined immune response.

Several host factors, including the humoral response with specific IgE-
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mediated type I and specific IgG-mediated type III hypersensitivity reactions, IgE
elaborated to different antigenic proteins (in particular 18 kDa Asp f1 protein),
surfactant proteins, cellular immunity and the cytokine response, and HLA-DR
subtypes, are believed to be essential in the pathogenesis of disease.

Various host factors play an important role. In the normal host, the mucus-
epithelial barrier, mucociliary clearance, and phagocytosis by alveolar macro-
phages limit antigenic exposure to inhaled fungal spores and antigens. However,
in atopic individuals as well as in patients with cystic fibrosis, pathogenesis in-
volves the inhalation, trapping, and subsequent germination of Aspergillus spores
in the viscid secretions of the airways. This exposure to fungal antigens triggers
the formation of IgE antibodies and the inflammatory cascade (Fig. 1). Mast cell
degranulation and eosinophilic infiltration occur with fungal antigen reexposure
(44,45). Previous studies (44,46–48) have suggested that fungal proteases may
play a role in this inflammatory response.

Specific IgE-mediated type I and IgG-mediated type III hypersensitivity
reactions are postulated to play a fundamental role in immunopathogenesis. IgA-
Af may have a contributory role in the pathogenesis of ABPA (49). Patients with
ABPA have a significantly elevated level of serum IgE compared with normals
and those with uncomplicated asthma. In patients with ABPA, the unstimulated
peripheral blood mononuclear cells elaborate greater levels of IgE than those in
normal individuals or in patients with uncomplicated asthma (50). Further-
more, anti-Candida albicans IgE and IgG subclasses may participate in the patho-
physiology of ABPA by exacerbating pulmonary opacities (IgE) and inducing
eosinophil-mediated inflammatory reaction (IgG1, IgG3) (51).

IgE is also elaborated to different antigenic proteins contained in Aspergil-
lus extracts. A number of immunologically important antigens and allergens of
A. fumigatus have been characterized (10,52–57). The dominant protein, 18 kDa
Asp f1 protein, a potent ribotoxin, is believed to play a major role in the immu-
nohistopathology of ABPA (58,59). It is toxic to surrounding tissue and incites
elaboration of IgE production and further inflammatory activity (58). Asp f2 is
also a major allergen associated with ABPA, especially in patients who have
characteristic central bronchiectasis (54–56). Evaluation of the IgE-binding epi-
topes of Asp f2, a major allergen, has revealed that either the N- or C-terminal
region of the protein is essential for the correct folding and conformation for IgE
antibody binding and may contribute to understanding the immunoregulation and
immunodiagnosis (60).

Figure 1 In ABPA, fungal antigens trigger the formation of IgE antibodies and the
inflammatory cascade. (a) Healthy individual; (b) individual with ABPA. (Adapted from
Ref. 44.)



(a)

(b)
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The host’s surfactant proteins may determine the importance of IgE in
pathogenesis (61). Surfactant proteins A (SP-A) and D (SP-D) are capable of
completely blocking the binding of allergen-specific IgE to Aspergillus antigens
within the physiological range of concentrations. It is suggested that the ability
of SP-A and SP-D to bind certain antigens is mediated through the interaction
of their carbohydrate recognition domains with carbohydrate residues on the As-
pergillus antigens (61). SP-A and SP-D bound to Aspergillus antigen significantly
reduce the antigen-induced histamine release from sensitized basophils. The
SP-A and SP-D proteins may be a protective mechanism against the inhaled anti-
gen in the normal host by blocking IgE binding and thereby reducing histamine
release. The mechanisms of up- and downregulation of surfactant protein levels
in ABPA may provide additional insight into the pathogenesis of disease (61).

Cell-mediated immunity and cytokine production play a role in the elabora-
tion of IgE and the pathogenesis of ABPA. Bronchoalveolar lavage (BAL) fluid
from ABPA patients have revealed significantly increased levels of interleukin-
4 (IL-4) and IL-5, with low but significantly elevated IL-2 and interferon-γ (IFN-
γ) (62). CD4� lymphocytes are divided into two subtypes, Th1 and Th2, ac-
cording to the pattern of cytokine secretion. Th1 secrete IFN-γ and tumor necrosis
factor-β (TNFβ), activate macrophages, regulate cell-mediated immunity reac-
tions and cytotoxic lymphocytes, and provide help for IgG2a production. Th2
cells secrete IL-4 and IL-5, provide help for IgE elaboration, and enhance eosino-
phil production, survival, and activity. The majority of T-cell clones from ABPA
patients follow a typical Th2 profile (45). Chauhan et al. (63), in a study of T-
cell clones specific for the Asp f1 antigens, found that most were IL-4–producing
CD4� Th2 cells. Cytokines elaborated by a particular subset generally inhibit
the proliferation of the other subset (63). This increased antigen-specific Th-2
response was also noted in the subset of ABPA patients with CF (64).

Blocking studies using monoclonal antibodies specific for class I HLA-D
region gene products showed that the majority of T cells responded to antigen
only in association with specific HLA-DR subtypes (HLA-DR2 or HLA-DR5)
(65). A larger study suggested that six identified HLA-DR subtypes are central
to the pathophysiology of ABPA (65). This observation may explain the variabil-
ity in the development of ABPA in atopic patients with asthma and cystic fibrosis.

Murali et al. (50), however, did not find a clear Th2 pattern. Their investiga-
tion found that stimulation of peripheral blood mononuclear cells from ABPA
patients with two Asperquillus antigens, 35 kDa antigen and heat-shock protein
HSP 1, increased the production of two Th1 cytokines, IFN-γ and IL-2, and the
production of the Th2 cytokine IL-5. IgE production also decreased, probably
related to the increase in IFN-γ. Murali et al. (50) found that 35 kDa and HSP
1 antigens from Af stimulates the downregulation of IgE production in vitro and
is capable of causing eosinophilia in ABPA due to an increase in IL-5.

Regarding the Th1/Th2 paradigm, Schuyler (66) states that this decrease in
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IgE is discordant with the actual increase in IgE observed in ABPA patients. Criti-
cisms are that peripheral blood mononuclear cells may not accurately reflect the
profile of pulmonary monocytes and the ABPA patients were being treated with
corticosteroids, which may cause a shift of both airway and peripheral blood T cells
to a Th1 profile (45,67). In addition, the Aspergillus antigen chosen may not be
responsible for in vivo increase in specific IgE, in vitro culture may not be representa-
tive of events leading to clinical ABPA, and limitations of experimental protocols
are derived from current concepts of the rapidly evolving field of immunology (66).

The IL-10 response is another host factor that may contribute to the patho-
genesis of ABPA (45). The bronchial epithelial cells produce IL-10, which in
vitro inhibits alveolar macrophage and dendritic cell cytokine production (68,69).
Pleomorphisms in the human IL-10 gene have been demonstrated (70). In the
laboratory, IL-10 gene knockout mice have a 50–60% mortality rate in response
to repeated A. fumigatus inhalation compared with the wild-type rate of less than
15% (71). In response to antigen, the IL-10 knockout mice showed increased
airway inflammation and levels of IL-5 and IF-γ (45,71). IL-10 can suppress the
inflammatory response. However, the degree of suppression depends on the ge-
netic background and the route of sensitization (45,71).

Mutations in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene have been described in ABPA patients without clinical evidence
of cystic fibrosis. Gene mutations may play an etiologic role in a subset of the
patients with ABPA (72).

V. Pathology

The histological features have not been extensively investigated, as the diagnosis
is established on the basis of clinical, radiographic, and laboratory findings (73).
Bronchocentric granulomatosis (BCG), eosinophilic pneumonia, and mucoid im-
paction of bronchi (MIB) have been described in cases of ABPA (73). Bosken
et al. (74) studied the histological features in lung biopsy or resection specimens
of patients with ABPA. The bronchi and bronchioles were most frequently in-
volved. BCG, mucoid impaction, and exudative bronchiolitis were present. The
exudative bronchiolitis is characterized by filling of bronchiolar lumens with ne-
crotic neutrophils, eosinophils, and cellular debris within a mucinous or protein-
aceous background and occurs distal to areas of BCG (73,74). A chronic cellular
inflammatory infiltrate with numerous plasma cells and eosinophils surround the
bronchioles, tissue eosinophilia in all cases, and focal eosinophilic pneumonia
in over two thirds of cases were noted (73,74). Fungal hyphae were found in
three fourths of cases and were located within the centers of BCG and intralumi-
nal mucin in MIB. However, no evidence of direct fungal invasion into viable
tissue or blood vessels was present. The presence of BCG or MIB or both with
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tissue eosinophilia is highly suggestive of ABPA or a related fungal hypersensi-
tivity reaction. These findings can be considered diagnostic if fungal hyphae are
also present (73).

VI. Diagnosis

A. Diagnostic Criteria

Early diagnosis and treatment is essential to prevent irreversible pulmonary dam-
age. Clinical, radiographic, and laboratory findings help establish the diagnosis
of ABPA. The diagnosis can be made with reasonable certainty if six of the eight
primary criteria are present (10,73,75,76). These criteria are episodic asthma,
immediate skin reactivity to Af antigen, peripheral eosinophilia, transient or fixed
pulmonary infiltrates, central bronchiectasis, elevated serum IgE (�1000 ng/mL),
presence of precipitating antibodies to A. fumigatus (IgG and IgM), and elevated
serum specific IgE and IgG antibodies to A. fumigatus. The acronym ARTEPICS
has been coined by Zhaoming and Lockey (27) for the diagnostic criteria of
ABPA: asthma, radiographic pulmonary infiltrates, test of Af positive in skin,
eosinophilia, precipitating antibodies to A. fumigatus, elevated IgE in serum, cen-
tral bronchiectasis, serum-specific IgE Af and IgG Af elevated.

The major criteria may not all be met. Schonheyder et al. (77) have sug-
gested the concept of ‘‘silent’’ ABPA, where ongoing damage to the respiratory
mucosa occurs in response to exposure to Aspergillus conidia but the diagnostic
criteria are not met.

Secondary criteria (10,27), such as A. fumigatus in sputum by repeated
cultures or microscopic examination, expectoration of brown mucus plugs or
flecks containing eosinophils and Charcot-Leyden crystals, and late skin reactiv-
ity to Aspergillus antigen, are less frequently seen and less important.

B. Serology, Antigens, and Laboratory Diagnosis

It is essential to differentiate ABPA from allergy in patients with asthma or cystic
fibrosis. ABPA is a very difficult syndrome to diagnose. Levels of total IgE and
specific IgE for aspergillus (IgE-Af) are increased (9,26,78–81). The clinical and
laboratory features may be rarely present in the absence of increased IgE. Al-
though elevated Aspergillus-specific IgE levels are the hallmark of ABPA, the
disease has been described in a child with CF and reduced IgE levels and also
in an adult with common variable hypogammaglobulinemia (82,83). Serum pre-
cipitating antibodies or precipitins (IgG) are positive in �90% of patients with
consistent clinical and radiographic findings, but the diagnosis should not be ex-
cluded if the precipitating antibody to aspergillus (IgG-Af) is absent despite com-
patible clinical and radiographic findings (9,84).

An index of IgE is useful to distinguish the patient with ABPA from asthma
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and a positive skin test to Aspergillus (85,86). The radioimmunoassay is used to
determine the indices whereby sera from ABPA and asthma patients are serially
diluted, and the levels of each antibody are compared.

A major problem in the diagnosis of ABPA is the lack of standardized
fungal extracts (57). There are several qualitative and quantitative differences in
the antigenic extracts prepared in various laboratories and the conditions of cul-
tures (87). The incubation period, the conditions under which the cultures are
held, and the composition of the culture medium are critical reasons for the pro-
duction of different antigenic patterns (10). The form of the fungus from which
the antigenic mixture is extracted, the method of extraction, and the subcellular
source of antigens also affect antigenic composition. Furthermore, the antigens
expressed in vivo during colonization of host tissues are different from those
expressed in vitro.

Several investigators (54–58,88–92) are pursuing the use of standardized,
recombinant antigens and PCR-DNA, which may improve the ability to diagnose
ABPA. Peptides at 46–65 and 106–125 on the Asp f1 protein elicit dominant
reactions, and specific antibodies to these sites may be a marker for patients with
ABPA (58,93). Use of gp66, formerly antigen 7, improved specific IgE detection
for the diagnosis of ABPA (88). Crameri et al. (89) found that the dissection of the
IgE-mediated immune response to single recombinant A. fumigatus in asthmatic
patients allows the discrimination between ABPA and Af sensitization with high
specificity and sensitivity. Nonsecreted manganese superoxide dismutase recom-
binant Aspergillus (rAsp f6) and the rAsp f4 allergen are exclusively recognized
by IgE of ABPA patients (89). Hemmann et al. (90) demonstrated differential
IgE responses to allergens in the Af-sensitive CF patients with or without ABPA
and controls. Intracellular manganese superoxide dismutase (rAsp f6) and rAsp
f4 are recognized exclusively by IgE from sera of CF patients with ABPA. Asp
f4 and Asp f6 represented specific markers for ABPA and allow a sensitive and
fully specific diagnosis of the disease process (90).

In addition, Hemmann et al. (91) studied the recombinant Asp f3 (rAsp f3)
based serological determinations in ELISA and ImmunoCAP and compared to
skin test response in Af-sensitive subjects. Recombinant Asp f3 represents a ma-
jor allergen of Af. It is recognized by 84% of asthmatic individuals sensitized
to fungus and elicits specific type I skin reactions. The analysis of rAsp f3-specific
immunoglobulins showed significantly higher serum levels of IgG, IgG1, IgG4,
and IgE antibodies in ABPA patients, compared with Af-sensitized asthmatics
and healthy controls. The skin test outcome correlated with the presence of rAsp
f3-specific IgE and suggested that serological data with recombinant allergens
may be used to diagnose sensitization (91).

The 37 kDa protein with complete N-terminal homology to Asp f2 is a
major allergen of Af that significantly reacts with IgE antibody in patients with
ABPA but not in Aspergillus-sensitive subjects with asthma or in normal controls
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(54,56,60). Asp f2, a major allergen of Af, exhibited IgE antibody binding with
sera from patients with ABPA, suggesting its potential role in the diagnosis of
the disease (56,60).

PCR Aspergillus DNA in serum has been used for the detection of A. fumi-
gatus antigen in sera for the diagnosis of pulmonary aspergillosis and appears
to have the highest sensitivity (92).

C. Skin Test Reactivity

An immediate skin test reactivity to Af antigen (IgE dependent) is essential to
make the diagnosis. A late reaction (Arthus reaction) is positive only in some
patients (9). Dual reaction (immediate and late) occurs in up to 33% of cases (34).

D. Eosinophils

Peripheral blood eosinophilia is often seen with absolute counts over 500 cells ⋅
mm�3 and usually over 1000 cells ⋅ mm�3 in the range of 1000–1500 cells ⋅ mm�3.
ABPA has been identified in patients without elevated eosinophil counts (9).
Peripheral eosinophil counts of greater than 30–40% makes the diagnosis of
ABPA unlikely (9,32).

E. Chest Roentgenograph and Computed Tomography

A wide variety of roentgenographic changes has been reported in patients with
ABPA (3,27,94,95) Nonspecific radiographic changes include normal chest x-
ray, hyperinflation, various patterns of migratory opacities, consolidation, atelec-
tasis, and nodules. Pleural thickening and pseudo-hilar and hilar (96) adenopathy
may occur. Parallel lines with ring shadows, ‘‘gloved finger,’’ ‘‘toothpaste’’
shadows, and band and tramline shadows indicate bronchial involvement. Spe-
cific changes include central or proximal bronchiectasis without obliteration of
distal bronchi and are characteristic of the disease. These changes are more
marked in the upper lobes than in the lower lobes. Pulmonary fibrotic changes
and resultant shrinkage occurs exclusively in upper lung zones and is seen in the
advanced stages of the lung disease (Fig. 2).

The severity of radiological changes correlate with the immunological
findings. Patients without central bronchiectasis have lower concentrations of
total serum IgE, serum anti-Af-IgE, anti-Af-IgA, and anti-Af-IgG in comparison
to those with ABPA and central bronchiectasis (97). Kiely et al. (94) devised a
six-stage radiographic scoring system (score 0–5) based on the severity and dura-
tion of the radiographic changes seen: 0: normal; 1: transient hyperinflation; 2:
transient minor changes; 3: transient major changes; 4: permanent (�6 months
duration) minor changes; and 5: permanent major changes. A positive correlation
was observed between the severity of chest radiographic findings and the periph-



(a)

(b)

Figure 2 Serial chest radiographs of a patient with ABPA showing the waxing and
waning (a,b), recurrence (c), and resolution (d,e) of opacities. The CT of the same patient
reveals bronchiectasis (f ).
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(c)

(d)

Figure 2 Continued
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eral eosinophil count and Af index. However, total serum IgE did not correlate
with chest radiographic staging in their study (94).

Computed tomography (CT) is helpful for demonstrating bronchiectasis
and monitoring the stage of the disease (Fig. 2f). Characteristic CT appearances
are those of central bronchiectasis, mucus plugging, appearing as branching struc-
tures, more common in the upper lobes. The mucus plugs may have high attenua-
tion on CT. Occasionally air-fluid levels, aspergilloma in chronic ABPA, periph-
eral mass lesions mimicking eosinophilic pneumonia, and pleural thickening may
be seen (98–102).

F. Pulmonary Function

Pulmonary function test (PFT) abnormalities include varying degrees of partial
or completely reversible airflow limitation. An irreversible restrictive or mixed
restrictive and obstructive pattern occurs in the late stages of the disease (27).

G. Bronchoscopy

Elevated levels of IgE-Af are found in BAL fluid reflecting the role of the lung
as a specific immunological organ (9). Flexible fiberoptic bronchoscopy with
bronchial washing and bronchial biopsy is reportedly useful in patients suspected
of ABPA, where radiographic and immunological findings are not characteristic
of the disease mucus plug(s) containing eosinophils intermixed with Charcot-
Leyden crystals, scattered fungal hyphae, and allergic mucin, i.e., abundant eosin-
ophils arranged in parallel layers on biopsy specimen are diagnostic of ABPA
(10,103,104).

VII. Clinical Stages

Based on the clinical, radiographic, and laboratory (peripheral eosinophils and
immunological) findings, ABPA is divided into five stages (9,26,33) to aid in
therapeutic and prognostic response to treatment (Table 1). These stages do not
represent the phases of the disease, nor is there a relentless progression of the
disease from stage I to stage V. Stage I, acute ABPA, fulfills the diagnostic crite-
ria with chest roentenographic opacities usually in the middle or upper lobes,
peripheral eosinopilia, markedly elevated total serum IgE, and sputum with Af
and eosinophils. Stage II, remission, occurs with a decrease in opacities and IgE.
In stage III, exacerbation, the previous criteria of stage I reappears. In stage IV
ABPA, corticosteroid-dependent asthma, the patient is unable to be tapered off
of steroid therapy. The total IgE may remain elevated. After prolonged therapy
with prednisone for asthma and control of ABPA, the IgE and IgG antibody
indices against A. fumigatus may remain elevated or may be below the levels
that are of diagnostic. Stage V, the fibrotic state, is characterized by irreversible
lung disease (33,80,105).
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VIII. Treatment

The mainstay of therapy for ABPA is oral corticosteroids. The objectives and
endpoint of therapy are to suppress the inflammatory and immunological response
in order to preserve lung function and prevent disease progression (26,45,106).
Corticosteroids appear to decrease IgE levels and peripheral eosinophilia, clear
pulmonary opacities, and decrease bronchospasm (44,45,106).

Serum IgE levels help to identify flares, although total serum IgE will not
return to normal. Levels should be correlated with the clinical course. Steroids
should not be used to treat an elevated serum IgE level if the patient appears to
be clinically doing well (26,45,105–107). Immunoblot analysis can be used to
monitor disease activity and response to treatment. Only in the acute stage of
ABPA were IgA antibodies against Af antigens demonstrated, which may be
more informative than specific IgG (108).

Exacerbations of underlying asthma may occur. The difficulty is in differ-
entiating episodes of underlying asthma from that of flares of ABPA. In this
scenario, an episode of exacerbation of asthma without a flare of ABPA will not
have associated radiographic pulmonary opacities and marked increases in IgE,
whereas a flare of ABPA may be associated with pulmonary opacities and marked
increases in serum IgE. A flare of ABPA may occur with tapering of corticoste-
roid therapy.

The suggested management plan (26,45,106) is:

1. Prednisone 0.5 mg/kg a day, single dose therapy, over 2 weeks.
2. Prednisone 0.5 mg/kg QOD given for 3 months, then tapered and dis-

continued during the next 3 months.
3. After the initial clearing, a chest radiograph is obtained every 4 months

over the next 2 years, then every 6 months for 2 years, then annually.
4. IgE levels are the best indicator of disease activity. IgE level should

be checked monthly and should decrease in 1–2 months and plateau
after 6 months. A two- to threefold rise in total IgE suggests recrudes-
cence. An increase in IgE level is often followed by an ABPA flare.
If 2 years elapse without recurrence, then total serum IgE should be
measured every month.

5. A chest radiograph should be obtained. If an opacity is present, the
patient should be treated with corticosteroids.

6. PFT should be obtained annually.

ABPA may flare after a prolonged remission. Steroid-dependent asthma symp-
toms may occur. Untreated ABPA may lead to end-stage pulmonary fibrosis and
bronchiectasis.

Itraconazole, an orally active triazole antifungal agent with activity against
Aspergillus, is effective in treating Aspergillus infection. It may be an adjunct
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to corticosteroid therapy in difficult-to-control patients or patients requiring high
doses of steroids. Denning et al. (109), in a small series of ABPA patients treated
with itraconazole, noted improvement in PFT, a decrease in eosinophil count and
IgE, and suggested a possible steroid sparing effect. A retrospective review of a
larger series of patients with ABPA in CF revealed that itraconazole treatment
is safe and associated with fewer acute episodes of ABPA despite reduction in
oral steroid dose (110).

Lung transplantation may be necessary in patients with ABPA. Recurrence
of ABPA has been reported in a patient with CF in the posttransplant lung (111).
The future development of novel therapeutic approaches targeted at altering IgE
response may modulate the course of the disease. Investigation into the identifi-
cation of the IgE-downregulating epitopes in Af antigens may potentially be of
therapeutic significance (50). Cell-mediated immunity and cytokine production
may have important implications for therapy. Th1 associated cytokines such as
IF-γ may be an effective treatment in ABPA (63). The clinical efficacy of endoge-
nous protease inhibitors for prophylaxis and treatment remains to be elucidated
(112). The role of anti-IgE monoclonal antibody therapy (113–116) in patients
with ABPA remains to be determined.

IX. Conclusions

ABPA affects asthma and cystic fibrosis patients. It is probably a genetically
determined inflammatory and immune-mediated host response to chronic coloni-
zation of the airways with Aspergillus. IgE has a fundamental role in the immuno-
pathogenesis of ABPA and as a marker of disease. ABPA consists of a spectrum
of mild to severe manifestations ranging from asthma to fibrosis and bronchiecta-
sis. Patients will have recurrent wheezing, mucus production, pulmonary opaci-
ties, and elevated IgE and may progress to the development of central bronchiec-
tasis and end-stage fibrotic lung disease. The disease may be difficult to diagnose,
is readily responsive to therapy in the early stages, but in the course of time and
in the later stages, it is difficult to cure. Future investigations will facilitate the
early diagnosis and develop innovative therapies, which may prevent progression
to the later stages of disease.
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I. Introduction

This report will detail current knowledge of the role of IgE in mediating im-
munity to helminth parasites. Because IgE responses to helminth infections
differ based on chronicity of infection, the life cycle of the parasite, and the
parasite’s location within the host, it is difficult to apply data from one par-
asite to those of another, particularly in theorizing about the potential effects of
anti-IgE therapy. The report will focus, in particular, on schistosomiasis
and strongyloidiasis, for which most observational and experimental data have
been accumulated to support a protective role for IgE. The latter infection is
of particular relevance because of its unusual capacity to replicate within the
human host, so-called auto-infection. Although most of the discussion will
rely on data from human studies, much of this information is incomplete, and,
where appropriate, observations from experimental animal models will be in-
cluded.
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II. Natural History of the Immune Response to Human
Helminth Infections

Helminth infections have complex life cycles that involve several developmental
stages within the human host. The immune response to helminth parasites in-
volves multiple effector pathways directed against different parasite stages that
generally occur simultaneously within the same host. A useful paradigm with
which to understand the immune response to helminth infections, and the changes
that these responses undergo over time, is to divide helminth infections into acute
and chronic.

A. Acute

Helminth infections may follow a short period of exposure or infrequent expo-
sure. Acute infections may affect the following groups: (1) primary infections in
experimental volunteers (1,2) or temporary travelers or expatriates in endemic
areas with low-level and infrequent exposure (3); (2) young children living in
endemic areas (4,5); (3) populations that have migrated to an endemic area from
a nonendemic area (4,6); (4) nonmigrant populations that have become exposed
en masse to transmission due to ecological changes (7,8); and (5) inhabitants of
areas where parasite transmission is seasonal (9). The classic examples of acute
helminth infections are reported in expatriates with relatively short exposure his-
tories and who frequently develop clinically apparent allergic reactions (e.g., urti-
carial rashes) (10). Acute infections are associated with parasite-specific immu-
nity, which is characterized by a mixed Th1/Th2 cytokine phenotype (11–13),
marked eosinophilia, and elevated levels of parasite-specific IgE (3).

B. Chronic

To maintain parasite populations, most helminth parasites must maintain a state
of persistent infectiousness within the human host. As host morbidity is closely
related to parasite burden, most natural helminth infections of humans are likely
to have co-evolved, with their hosts, mechanisms to maintain active infections
but control parasite numbers. Primarily, there is the need to control the allergic
reactions that are so typical of early/acute infections. Allergic phenomena are
rare in individuals with long-standing chronic infections (14), and the immune
response differs from the acute phenotype by a more polarized Th2 response
(13,15,16) and the secretion of significant amounts of immunosuppressive cyto-
kines such as IL-10 and TGF-β (16–18). Levels of total IgE are significantly
higher in chronic infections with proportionately less parasite-specific IgE (3).
High levels of polyclonal and parasite-specific IgG4 are also typical (19,20).
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III. Role of IgE in Human Helminth Infections

Because of the marked differences in the immune responses observed during
acute and chronic helminth infections, the potential protective role of IgE during
the two stages of infection will be addressed separately.

A. Acute

The vast majority of individuals exposed to low infective doses of helminth para-
sites remain asymptomatic, although parasitological evidence of parasite patency
may be evident (e.g., presence of eggs of Schistosoma spp. or geohelminth para-
sites). Generally, clinically apparent infections follow relatively high infective
doses (21), although the presence of detectable IgE at the time of presentation
is not invariable.

Experimental human inoculations with low doses of hookworm (e.g., 50
infective larvae) have been shown to result in marked eosinophilia but only small
increases in total and parasite-specific IgE (2). In another human experiment, IgE
levels increased only after subsequent infections, becoming detectable only after
the third or fourth infection (1). Observations in acute schistosomiasis noted that
the magnitude of IgG and IgE responses was related closely to the intensity of
infection (21).

Many allergic syndromes have been reported in individuals in the acute
stages of helminth infection. Typical examples are:

1. Wheezing or urticaria during the early migratory phase of infections
with Ascaris spp., hookworm spp., Strongyloides stercoralis, and
Schistosoma spp. (14).

2. Angioedematous Calabar swellings in Loa loa infections (22).
3. Tropical pulmonary eosinophilia in Wuchereria bancrofti infection

(23).
4. Larva currens in S. stercoralis infection (24).

The underlying signs and symptoms associated with these syndromes suggest
immediate hypersensitivity (e.g., wheeze, urticaria) and are often accompanied
by marked eosinophilia.

Because many of these ‘‘allergic’’ reactions are directed against invasive
larvae and are accompanied by marked local tissue eosinophilia, such reactions
may serve to kill or immobilize larvae. In such reactions, crosslinking of mast
cell–bound IgE by parasite antigens may be important in local eosinophil recruit-
ment. Additionally, coating of parasites by antibodies including IgE may be im-
portant in antibody-dependent cellular cytotoxicity (ADCC) by eosinophils (25).
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B. Chronic

In many endemic areas, first infection with schistosomes occurs at a young age
(approximately 4 years) (4). Because of early exposure and infection, older chil-
dren and adults can be considered to have chronic infections; however, it should
be remembered that although younger children may have hyperreactive immune
responses to schistosome antigens (26), these undergo profound changes through
later childhood and adulthood (27,28). Numerous observational field studies of
human schistosomiasis have indicated a protective role for IgE.

Investigation of the factors associated with resistance to reinfection after
praziquantel treatment of Schistosoma mansoni– and S. haematobium–infected
populations has demonstrated correlations between parasite-specific IgE levels
and resistance in a number of different studies (29–33). The mechanism by which
IgE has been proposed to act is ADCC reactions in which IgE-coated parasites are
attacked by effector cells including eosinophils, macrophages, and platelets (34).

The use of infection-reinfection studies to infer a protective role for
parasite-specific IgE has a number of problems. First, a number of similar anti-
gen preparations derived from different parasite stages were used to measure
parasite-specific IgE in most studies, and there has been no consistency in the an-
tigens associated with protection (29–33). Some studies have attributed protection
to IgE directed against adult worm antigens (29,31,33), egg antigens (29), and/
or schistosomula (30,33). In one study, anti-adult IgE was protective in one study
population but not another, and negative associations between resistance to rein-
fection were observed for other IgE-specific parasite antigens (31). While IgE
has been identified in some studies as the primary protective antibody, in other
studies it has been identified as one of several immunoglobulin isotypes that
correlate with resistance to reinfection including IgA (35) and IgG1 (4,36). There
is evidence also that praziquantel treatment itself may alter the posttreatment
immune response (37–39). Praziquantel-induced killing of adult schistosomes is
an immune-dependent phenomenon (40), and detection of raised levels of IgE
directed against adult worms in resistant individuals may merely reflect the en-
hanced Th2 responses (41) associated with this treatment.

A principal tenet of the IgE-protection hypothesis in schistosomiasis is that
immunity is slowly acquired (26,28), is dependent on the period of exposure (e.g.,
age-dependent in endemic areas), and may only be partial (42). These factors have
been proposed to explain the characteristic age-intensity curves in which peak
infection levels occur in late childhood. The decline in intensity in early adult
hood that cannot be explained sufficiently by changes in exposure is taken as ev-
idence of age-acquired immunity (26,28). Recent immunological studies of com-
munities with recently acquired exposure, however, demonstrate age-intensity
profiles similar to those seen in endemic areas (8,28,43). Such observations argue
for the importance of other age-dependent resistance mechanisms, including
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changing physiology (e.g., hormonal changes at puberty) or age-dependent barri-
ers to infection (e.g., thicker skin) (27,43,44). The balance of evidence suggests
that protective mechanisms are more complicated than previously thought, and
although there probably is a role for Th2 immunity in host protection, such protec-
tive responses are likely to be multifactorial, heterogeneous between individuals,
and not dependent on any single effector pathway such as IgE.

A consistent observation from the infection-reinfection studies of human
schistosomiasis is that levels of parasite-specific IgE and IgG4, which are both high
at the time of maximal infection intensity, become dissociated with increasing age.
It has been suggested that IgG4 antibodies block IgE-mediated inflammation and
that the decline in IgG4 levels with age leads to an unmasking of IgE-mediated
immunity (26,29,45). Other antibody isotypes, apart from IgG4, including IgM
and IgG2, have also been implicated as blocking antibodies (26,32,46). Levels of
specific IgM and IgG2 have similar epidemiological correlations with IgE and are
capable of blocking IgG1- and IgE-mediated killing of schistosomula in ADCC
reactions in vitro (4,26). The presence of these blocking antibodies has been associ-
atedwithsusceptibility to reinfectionwithschistosomiasis followingchemotherapy
(26,47). Such blocking antibodies may prevent IgE-mediated larval killing by bind-
ing to reaginic epitopes on parasite antigens and prevent either binding of free IgE
to the same epitopes or antigen crosslinking of mast cell–bound IgE.

Chronic infections with tissue-invasive helminth infections are associated
with very high levels of serum IgE that may reach greater than one hundred times
the normal range (14). The proportion of IgE that is parasite specific diminishes
in chronic infections and constitutes less than 10% of total IgE (48). In addition,
the IgE of helminth-infected subjects recognizes a very wide range of parasite
antigens (49). Excess production of large quantities of nonspecific IgE may have
consequences with regard to parasite-directed inflammatory responses. Nonspe-
cific IgE may saturate FcεRI receptors on basophils and mast cells and prevent
antigen triggering of mast cell degranulation (14). Likewise, saturation of FcεR11
with nonspecific IgE on antigen-presenting cells may prevent optimal IgE-depen-
dent antigen focusing and presentation to T cells (50).

Human infection with S. stercoralis is a classic example of a chronic hel-
minthiasis. Unlike other helminth infections that require repeated exposure to
maintain parasite numbers in the human host, infection with S. stercoralis can be
maintained for many years after an initial exposure through internal autoinfection.
Rhabditiform larvae that develop from eggs in the submucosa of the small intes-
tine have the capacity to develop rapidly into filariform infective larvae that can
reinvade the host through the mucosa of the large intestine and maintain the in-
fection indefinitely. Most individuals with strongyloidiasis remain asymptomatic
and are able to control their parasite burdens effectively—it may be impossible
to detect parasite larvae by stool examination in Strongyloides-seropositive indi-
viduals. However, a few individuals may develop hyperinfection that can lead to
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larval invasion of all body tissues and results occasionally in death. Strongyloides
hyperinfection is often accompanied by some degree of immunosuppression
that has been associated with hypogammaglobulinemia (51,52), hematological
malignancies, long-term steroid therapy, or infections with the human T-lympho-
tropic virus I (HTLV-I).

Potential host-protective mechanisms identified from experimental ani-
mal models of Strongyloides infection include IL-5–dependent (53–55), IgM
antibody–dependent (56), and mast cell–mediated (57) mechanisms. Studies of
subjects with various clinical and parasitological forms of chronic infection do
not support a role for specific IgE in host protection (58–60), although a recent
study (60) demonstrated differential patterns of IgA- and IgE-specific antigen rec-
ognition between individuals with parasite-positive and parasite-negative stools.

The most interesting data supporting a role for IgE in host protection
against S. stercoralis infection derive from populations in which concurrent infec-
tions with HTLV-I are relatively frequent, particularly in the Caribbean and the
southern islands of Japan. These studies have demonstrated an epidemiological
relationship between S. stercoralis infection and concurrent HTLV-I infection
(61–63). Carriers of HTLV-I infection do not have an increased risk of acquiring
S. stercoralis infection (e.g., seropositive for S. stercoralis) but do have an in-
creased risk of a parasitologically detectable infection, implying that such co-
infected individuals are less capable of controlling parasite numbers (61). A num-
ber of studies have demonstrated decreased levels of total IgE in co-infected
individuals (61,63–65). A recent study investigating co-infection of HTLV-I with
S. stercoralis was able to demonstrate high spontaneous rates of IFN-γ secretion
in such co-infected subjects compared with those with either infection alone or
neither infection (65). The same study demonstrated reduced levels of specific
IgE and a negative correlation between spontaneous IFN-γ secretion and total
IgE levels (65). The authors proposed that the secretion of high background levels
of IFN-γ by HTLV-I carriers was suppressing IL-4 secretion and IgE synthesis,
leading to a specific immune defect that might lead to hyperinfection.

There are, however, a number of problems with the epidemiological and
immunological data from these co-infection studies that cast doubt on the puta-
tively protective role of IgE in strongyloidiasis. Many of the studies include older
individuals with HTLV-I infection who are likely to have more advanced disease
(65,66). Furthermore, HTLV-I infection is associated with multiple immune ab-
normalities affecting both humoral and cellular immune responses (67) including
spontaneous secretion of multiple cytokines including IFN-γ (68).

Adult T-cell leukemia (ATL), the most common sequela of HTLV-I infec-
tion, occurs in up to 4% of infected individuals and is preceded by a long latent
period of many years (69). ATL may take many forms and is preceded by a
preleukemic phase that may or may not progress to more advanced disease (70).
HTLV-I infection in older individuals is, therefore, more likely to be accompa-
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nied by an unbalanced immune response that may lead to increased susceptibility
to different infections (62) including patent S. stercoralis infection (66) and, occa-
sionally, Strongyloides hyperinfection. The relative deficiency in IgE levels ob-
served in some studies in HTLV-I carriers co-infected with S. stercoralis is most
likely an artifact of global IL-4 suppression and probably a more profound state
of immunodeficiency. For example, in one study co-infections were associated
not only with significant suppression of specific IgE but also with levels of spe-
cific IgG1 and IgA (71).

Coinfected individuals are less likely to respond to anthelmintic therapy
with parasitological cure (72,73). Anthelmintic treatments such as albendazole,
which are widely used in many regions, cure up to 95% of S. stercoralis infections
after a single treatment course (74,75) and 100% after two or more courses (76).
Studies of the interaction between HTLV-I and S. stercoralis conducted in
co-endemic areas are more likely to identify, therefore, S. stercoralis infection
among those individuals less responsive to anthelmintic treatment (e.g., HTLV-
I–associated immunosuppression), leading to a biased assessment of the role of
IgE (and other immune markers) in protective immunity against S. stercoralis.

There is little evidence for a role of IgE in host protection against chronic
infections with other geohelminth parasites such as Trichuris trichiura (77) and
Ascaris lumbricoides (78,79). Of interest, the Trichuris dysentery syndrome, ob-
served occasionally in children with heavy infections, demonstrated marked mu-
cosal mastocytosis and infiltration by IgE-staining cells but with little impact on
intestinal parasite burden (80). There is some epidemiological evidence that IgE
may be protective in human hookworm infections (81,82), but, as with schistoso-
miasis, there are significant problems in the interpretation of these correlational
field data.

IV. Does IgE Have a Protective Role Against
Helminth Infections?

The balance of evidence indicates that parasite-specific IgE may contribute to
immediate hypersensitivity phenomena and parasite-directed inflammatory reac-
tions (ADCC) in human helminth infections. IgE-induced mast cell degranulation
may play a significant role in the allergic phenomena associated with early or
acute infections in recruitment of effector cells to the tissue sites of helminth
parasites, although the effectiveness of these mechanisms in parasite killing is
not clear. The intense inflammation that results is the principal cause of the tissue
pathology and clinical disease associated with these infections. In the absence
of IgE, it is probable that other immunoglobulin isotypes can participate in ADCC
reactions with similar efficiencies. Observations from primary infections with
helminths in humans indicate that IgE is unlikely to have a critical role in host
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protection against helminth parasites. In the case of chronic helminth infections
such as schistosomiasis, IgE may function in conjunction with other Th2 effector
mechanisms to control parasite burdens and prevent superinfection. The massive
increases in nonspecific IgE secretion in chronic infections may actually inhibit
potentially protective or host-damaging IgE-mediated immune reactions. The
identification of IgE as a marker of protective immunity in schistosomiasis and
strongyloidiasis is most likely a reflection of an underlying Th2 bias capable of
inducing multiple protective immune effector arms.

A protective role for IgE against helminth parasites is supported by some
animal studies of rats infected with filarial parasites (83), T. spiralis (84), or S.
mansoni (85). In contrast, however, are the findings that mice incapable of mak-
ing IgE (using anti-IL-4 monoclonal antibodies, IL-4/IL-13 knockouts, or IL-4R
knockouts) can respond to vaccination against S. mansoni, suggesting that IgE
alone is not mediating protection to schistosome infection (86). Similarly, in mice
with a targeted deletion of the IgE gene, although primary infection with S. man-
soni was associated with higher worm burdens, resistance to challenge infection
was no different than in mice with the normal IgE gene (87). Consistent with
these findings are the results in IgE-suppressed mice in which resistance to S.
japonicum was no different than that in control mice with normal IgE levels (88).

Intestinal helminths have been used as the prototypical parasite infections
to demonstrate the importance of IgE in mediating protection. Indeed, it has been
demonstrated that passive transfer of IgE antibodies can mediate the rapid expul-
sion phenomenon in rats infected with T. spiralis (89) and that diminished levels
of IgE are associated with dissemination of Strongyloides stercoralis (61,90) in
the context of HTLV-I coinfection. With the elucidation of the cytokine control of
the IgE response (e.g., IL-4 and IL-13), however, and the fact the these cytokine
responses exist in the context of a broader (Th2 or Type 2) response, the IgE
response itself may be merely an indicator of a more general response, whose
many different components effect the protective response (reviewed in Refs. 91–
94).

V. Animal Models of Impact of Anti-IgE
on Helminth Infections

The impact of anti-IgE antibodies on parasite burdens has been examined in ani-
mal models of infections with S. mansoni, the lung fluke Paragonimus wetermani,
and Strongyloides ratti. Despite undetectable levels of IgE posttreatment, treat-
ment with anti-IgE resulted in reduced parasite burdens in mice infected with P.
westermani (95) and decreased worm burden and a decrease in the number of
eggs produced per worm in mice infected with S. mansoni (96). Experimental
infections with S. ratti were not affected by anti-IgE treatment (97). Potential
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explanations for the protective effect of anti-IgE in these models include (1) sup-
pression of nonspecific IgE levels, leading to more parasite-specific and focused
CD23-dependent T-cell signaling (95), and (2) IgE-dependent cellular cytotoxic-
ity to parasitic worms mediated by enhanced binding of parasite-specific IgE to
FcεRII/CD23 on macrophages and eosinophils.

VI. Potential Risks in Travelers to Endemic Areas

Most travelers to helminth-endemic regions have brief and short exposures to
helminth transmission. Generally, such infections remain asymptomatic and un-
detected unless routine screening is performed and infection is suggested by ei-
ther unexplained eosinophilia or detection of parasite larvae or eggs in the stool.
Current evidence indicates that primary infections of this sort are self-limiting
and, when not treated, will disappear as the adult worms die. More unusual situa-
tions arise when the primary exposure is prolonged or intense, resulting in larger
infectious innocula. Infections in such individuals are more likely to be detected
because of the development of typical symptoms or signs. Severe pathology,
typically associated with large parasite burdens acquired over many years of con-
tinuous exposure, is seen very rarely.

The risks associated with anti-IgE–directed treatment for allergic disease
in individuals with light infections are likely to be minimal. Assuming a protec-
tive role for IgE, possible effects of anti-IgE therapy in individuals exposed to
infection under these circumstances might include (1) larger adult worm popula-
tions (more surviving larvae)—not supported by experimental models (95), (2)
prevention of allergic reactions to invasive larvae—a likely positive outcome
given the effects of anti-IgE on allergic inflammation, and (3) a perhaps increased
rate of asymptomatic infection—this might result from the survival of very small
infectious innocula to adulthood and more silent infections due to the antialler-
gic effects of IgE-based therapies. There is little evidence to justify concerns
over an increased risk of Strongyloides hyperinfection (see Sec. III. B); however,
added caution is warranted in individuals taking concurrent oral steroid therapy
for allergic disease or who have other immunodeficiencies that, independently,
are risk factors for Strongyloides hyperinfection.

VII. Potential Risks in Individuals with Undiagnosed
Helminth Infections

Anti-IgE may be administered unwittingly to individuals with undiagnosed hel-
minth infections. Under these circumstances, helminth parasite burdens are likely
to be light, and therefore administration of anti-IgE should have no adverse ef-
fects. An attempt to diagnose and treat cryptic helminth infections should, how-
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ever, be attempted in all individuals with a history of significant exposure in any
nonindustrialized country. Individuals with histories of potential exposure should
be screened for blood eosinophilia and stool parasites. The risks of Strongyloides
hyperinfection have been discussed in Sec. VI. Administration of anti-IgE in
helminth-endemic regions to subjects with chronic helminth infections and con-
tinued exposure to transmission carries a theoretical risk of superinfection that
may lead to significant clinical disease due to large increases in parasite burdens.
Findings from experimental animal models do not support such an outcome (95–
97). In any case, such individuals and many others with lighter infections are
likely to have total IgE levels in excess of 1000 IU/mL and are not, therefore,
candidates for anti-IgE therapy at currently recommended dosage regimens.

VIII. Conclusions

Although IgE is regarded as an important immune effector mechanism against
human helminth parasites, evidence to support such a role is not strong. IgE may
have a role in controlling parasite numbers in chronic helminth infections such
as schistosomiasis, but redundancy in the immune response would suggest that
such a role is likely to be duplicated by other immunoglobulin molecules. The
typical features of helminth infections, such as raised IgE, eosinophilia, and mas-
tocytosis, reflect a heightened state of Th2 activation and polarization. In this
chapter, the potential protective role of IgE in schistosomiasis and strongyloidi-
asis has been discussed. The overall balance of evidence does not support a pri-
mary role for this immunoglobulin in host protection in either of these infections.
The potential risks with respect to enhanced helminth parasite survival in travel-
ers to endemic areas that might be receiving anti-IgE therapy are likely to be
very low. Likewise, there are almost no probable risks of treatment in individuals
harboring nonreplicative cryptic helminth infections. In the case of Strongyloides
stercoralis infections, the risks of anti-IgE therapy are also likely to be low, but
added caution is warranted in individuals with underlying immunodeficiencies
or who are taking oral steroids.
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The Rise of Antibodies as Therapeutics
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I. Introduction

Twenty-five years after their advent, monoclonal antibodies (MAbs) have
emerged as an important and rapidly expanding new drug class for the treatment
of severe human diseases (1–3). Ten antibodies have been approved in the United
States for diverse clinical indications: cancer, transplant rejection, Crohn’s dis-
ease, respiratory syncytial virus (RSV) prophylaxis, and as an anti-thrombotic
(Table 1). An additional 70 or so antibody therapeutics are in clinical trials in
the United States including at least 46 that have progressed to phase I/II or farther
(Table 2). This chapter focuses on recent developments with antibody therapeu-
tics from a biotechnology perspective.

II. Antibody Structure and Function

A. IgG Architecture

By far the most important class of antibody therapeutics is immunoglobulin G
(IgG) and derived fragments, with only a very few IgM and IgA molecules cur-
rently in clinical development. IgGs are tetrameric molecules (�150 kDa) Y-

427



428 Quan and Carter

T
ab

le
1

A
nt

ib
od

ie
s

A
pp

ro
ve

d
fo

r
T

he
ra

pe
ut

ic
U

se
in

th
e

U
ni

te
d

St
at

es

Pr
od

uc
t,

A
nt

ib
od

y
W

or
ld

w
id

e
20

00
an

tib
od

y
na

m
e

T
ec

hn
ol

og
y

fo
rm

at
A

nt
ig

en
In

di
ca

tio
n

C
om

pa
ny

sa
le

sa
($

M
3 )

O
rt

ho
cl

on
e

O
K

T
3,

M
ur

in
e

Ig
G

2a
C

D
3

Pr
ev

en
tio

n
of

ac
ut

e
ki

dn
ey

,
O

rt
ho

B
io

te
ch

m
ur

om
on

ab
-C

D
3

he
ar

t,
an

d
liv

er
tr

an
sp

la
nt

re
je

ct
io

n
R

eo
Pr

o,
ab

ci
xi

m
ab

C
hi

m
er

ic
Fa

b
gp

II
b
II

I a
Pr

ev
en

tio
n

of
pl

at
el

et
-m

ed
ia

te
d

C
en

to
co

r
41

8
cl

ot
s

in
co

ro
na

ry
an

gi
op

la
st

y
R

itu
xa

n,
ri

tu
xi

m
ab

C
hi

m
er

ic
Ig

G
1

C
D

20
N

on
-H

od
gk

in
’s

ly
m

ph
om

a
ID

E
C

,
G

en
en

te
ch

42
4

Si
m

ul
ec

t,
C

hi
m

er
ic

Ig
G

1
C

D
25

b
Pr

ev
en

tio
n

of
ac

ut
e

ki
dn

ey
N

ov
ar

tis
ba

si
lix

im
ab

tr
an

sp
la

nt
re

je
ct

io
n

R
em

ic
ad

e,
C

hi
m

er
ic

Ig
G

1
T

N
Fα

C
ro

hn
’s

di
se

as
e

C
en

to
co

r
57

in
fli

xi
m

ab
Z

en
ap

ax
,

H
um

an
iz

ed
Ig

G
1

C
D

25
b

Pr
ev

en
tio

n
of

ac
ut

e
ki

dn
ey

H
of

fm
an

-L
a

R
oc

he
da

cl
iz

um
ab

tr
an

sp
la

nt
re

je
ct

io
n

Sy
na

gi
s,

H
um

an
iz

ed
Ig

G
1

R
SV

F
gl

yc
o-

Pr
op

hy
la

xi
s

of
R

SV
in

hi
gh

-
M

ed
Im

m
un

e
42

7
pa

liv
iz

um
ab

pr
ot

ei
n

ri
sk

pe
di

at
ri

c
pa

tie
nt

s
H

er
ce

pt
in

,
H

um
an

iz
ed

Ig
G

1
H

E
R

2
/n

eu
M

et
as

ta
tic

br
ea

st
ca

nc
er

G
en

en
te

ch
27

6
tr

as
tu

zu
m

ab
an

tig
en

ov
er

ex
pr

es
si

ng
H

E
R

2
/n

eu
M

yl
ot

ar
g,

H
um

an
iz

ed
,

Ig
G

4
C

D
33

C
D

33
-p

os
iti

ve
ac

ut
e

m
ye

lo
id

W
ye

th
L

ab
or

at
or

ie
s

ge
m

tu
zu

m
ab

ca
le

ch
ea

m
ic

in
le

uk
em

ia
oz

og
am

ic
in

co
nj

ug
at

e
C

am
pa

th
,

H
um

an
iz

ed
Ig

G
1

C
D

52
B

-c
el

l
ch

ro
ni

c
ly

m
ph

oc
yt

ic
M

ill
en

ni
um

&
IL

E
X

(a
pp

ro
ve

d
5/

01
)

al
em

tu
zu

m
ab

le
uk

em
ia

Pa
rt

ne
rs

,
di

st
ri

b-
ut

ed
by

B
er

le
x

L
ab

or
at

or
ie

s

a
Sa

le
s

da
ta

w
er

e
ob

ta
in

ed
fr

om
co

m
pa

ny
w

eb
si

te
s

or
by

se
ar

ch
in

g
fo

r
‘‘

dr
ug

na
m

e
20

00
sa

le
s’

’
w

ith
se

ar
ch

en
gi

ne
w

w
w

.g
oo

gl
e.

co
m

.
b

C
D

25
is

th
e

T
ac

su
bu

ni
t

of
th

e
in

te
rl

eu
ki

n
2

re
ce

pt
or

.
So

ur
ce

:
R

ef
s.

1,
3,

17
9,

18
0,

an
d

co
m

pa
ny

w
eb

si
te

s.



Antibodies as Therapeutics 429
T

ab
le

2
A

nt
ib

od
y-

D
er

iv
ed

T
he

ra
pe

ut
ic

A
ge

nt
s

in
A

dv
an

ce
d

C
lin

ic
al

T
ri

al
s

in
th

e
U

ni
te

d
St

at
es

a

C
or

e
A

nt
ib

od
y

E
nh

an
ce

m
en

t
D

ev
el

op
m

en
t

A
nt

ib
od

y
na

m
e

te
ch

no
lo

gy
fo

rm
at

te
ch

no
lo

gy
T

ar
ge

t
Pr

op
os

ed
us

e
st

ag
e

Sp
on

so
r

A
B

X
-I

L
8

H
um

an
Ig

G
2

IL
-8

Ps
or

ia
si

s,
ch

ro
ni

c
ob

-
Ph

as
e

II
,

A
bg

en
ix

st
ru

ct
iv

e
pu

lm
on

ar
y

Ph
as

e
II

a
di

se
as

e
H

uM
ax

-C
D

4
H

um
an

Ig
G

1
C

D
4

R
he

um
at

oi
d

ar
th

ri
tis

,
Ph

as
e

II
G

en
m

ab
A

/S
ps

or
ia

si
s

A
B

X
-E

G
F

H
um

an
Ig

G
2

E
G

FR
R

en
al

ca
nc

er
Ph

as
e

II
Im

m
un

ex
,

A
bg

en
ix

X
ol

ai
r,

om
al

iz
um

ab
H

um
an

iz
ed

Ig
G

1
Ig

E
A

lle
rg

ic
rh

in
iti

s,
al

le
rg

ic
B

L
A

fil
ed

G
en

en
te

ch
,

N
ov

ar
tis

,
T

a-
as

th
m

a
w

ith
FD

A
no

x
B

io
sy

st
em

s
Z

am
yl

,
SM

A
R

T
H

um
an

iz
ed

Ig
G

1
C

D
33

A
cu

te
m

ye
lo

id
le

uk
em

ia
Ph

as
e

II
I

Pr
ot

ei
n

D
es

ig
n

L
ab

s
M

19
5

X
an

el
im

,
ef

al
i-

H
um

an
iz

ed
Ig

G
1

C
D

11
a

Ps
or

ia
si

s
Ph

as
e

II
I

G
en

en
te

ch
,

X
O

M
A

zu
m

ab
A

va
st

in
,

be
va

ci
zu

-
H

um
an

iz
ed

Ig
G

1
V

E
G

F
M

et
as

ta
tic

no
n–

sm
al

l-
Ph

as
e

II
I

G
en

en
te

ch
m

ab
rh

uM
A

b-
ce

ll
lu

ng
,

co
lo

re
ct

al
V

E
G

F
L

ym
ph

oC
id

e,
H

um
an

iz
ed

Ig
G

C
D

22
N

on
-H

od
gk

in
’s

Ph
as

e
II

I
Im

m
un

om
ed

ic
s

ep
ra

tu
zu

m
ab

ly
m

ph
om

a
R

em
ito

ge
n,

H
um

an
iz

ed
Ig

G
1

H
L

A
-D

R
N

on
-H

od
gk

in
s

Ph
as

e
II

Pr
ot

ei
n

D
es

ig
n

L
ab

s
SM

A
R

T
1D

10
ly

m
ph

om
a

H
um

ic
ad

e,
C

D
P5

71
H

um
an

iz
ed

Ig
G

4
T

N
Fα

C
ro

hn
’s

di
se

as
e

Ph
as

e
II

b
C

el
lte

ch
M

D
X

-3
3

(H
22

)
H

um
an

iz
ed

Ig
G

1
C

D
64

(F
cγ

R
I)

Id
io

pa
th

ic
th

ro
m

bo
cy

to
-

Ph
as

e
II

A
ve

nt
is

B
eh

ri
ng

,
pe

ni
a

pu
rp

ur
a

M
ed

ar
ex

SC
H

55
70

H
um

an
iz

ed
Ig

G
IL

-5
A

st
hm

a
Ph

as
e

II
Sc

he
ri

ng
Pl

ou
gh

,
C

el
lte

ch
C

E
A

-C
id

e,
H

um
an

iz
ed

Ig
G

90
Y

C
E

A
C

ol
or

ec
ta

l
ca

nc
er

Ph
as

e
I/

II
Im

m
un

om
ed

ic
s

la
be

tu
zu

m
ab

A
nt

eg
re

n
na

ta
li-

H
um

an
iz

ed
Ig

G
V

L
A

-4
(α

4β
1

M
ul

tip
le

sc
le

ro
si

s,
Ph

as
e

II
I

E
la

n,
B

io
ge

n
zu

m
ab

in
te

gr
in

)
C

ro
hn

’s
di

se
as

e
an

d
α

4β
7

in
te

gr
in



430 Quan and Carter

T
ab

le
2

C
on

tin
ue

d

C
or

e
A

nt
ib

od
y

E
nh

an
ce

m
en

t
D

ev
el

op
m

en
t

A
nt

ib
od

y
na

m
e

te
ch

no
lo

gy
fo

rm
at

te
ch

no
lo

gy
T

ar
ge

t
Pr

op
os

ed
us

e
st

ag
e

Sp
on

so
r

M
E

D
I-

50
7,

si
pl

i-
H

um
an

iz
ed

Ig
G

1
C

D
2

Ps
or

ia
si

s,
gr

af
t-

ve
rs

us
-

Ph
as

e
II

M
ed

Im
m

un
e

zu
m

ab
ho

st
di

se
as

e
H

uM
ax

-I
L

15
H

um
an

Ig
G

1
IL

-1
5

R
he

um
at

oi
d

ar
th

ri
tis

Ph
as

e
I/

II
G

en
m

ab
A

/S
,

Im
m

un
ex

A
da

lim
um

ab
,

D
2E

7
H

um
an

?
T

N
Fα

R
he

um
at

oi
d

ar
th

ri
tis

Ph
as

e
II

A
bb

ot
t

L
ab

or
at

or
ie

s
L

D
P-

02
H

um
an

iz
ed

Ig
G

α
4β

7
in

te
gr

in
C

ro
hn

’s
di

se
as

e
Ph

as
e

II
M

ill
en

ni
um

U
lc

er
at

iv
e

co
lit

is
Ph

as
e

I/
II

O
rt

ho
cl

on
e

O
K

T
4A

H
um

an
iz

ed
Ig

G
C

D
4

C
D

4-
m

ed
ia

te
d

au
to

im
-

Ph
as

e
II

O
rt

ho
B

io
te

ch
m

un
e

di
se

as
es

,
tr

an
s-

pl
an

t
re

je
ct

io
n

Y
M

-3
37

H
um

an
iz

ed
Ig

G
G

p
II

bI
II

a
C

ar
di

ov
as

cu
la

r
di

so
rd

er
s

Ph
as

e
II

Y
am

an
ou

ch
i,

Pr
ot

ei
n

D
es

ig
n

L
ab

s
A

nt
i-

IL
-4

H
um

an
iz

ed
Ig

G
1

IL
-4

A
st

hm
a

Ph
as

e
I/

II
Pr

ot
ei

n
D

es
ig

n
L

ab
s

h5
G

1.
1

H
um

an
iz

ed
Ig

G
C

5
M

em
br

an
ou

s
ne

ph
ri

tis
,

Ph
as

e
II

A
le

xi
on

rh
eu

m
at

oi
d

ar
th

ri
tis

ID
E

C
-1

31
H

um
an

iz
ed

Ig
G

C
D

40
lig

an
d

Im
m

un
e

th
ro

m
bo

cy
to

pe
-

Ph
as

e
II

ID
E

C
,

E
is

ai
ni

c
pu

rp
ur

a
H

u-
90

1
H

um
an

iz
ed

Ig
G

Ig
E

Pe
an

ut
-i

nd
uc

ed
an

ap
hy

-
Ph

as
e

I/
II

T
an

ox
la

xi
s

SM
A

R
T

an
ti-

H
um

an
iz

ed
Ig

G
1

IF
N

-γ
C

ro
hn

’s
di

se
as

e
Ph

as
e

I/
II

Pr
ot

ei
n

D
es

ig
n

L
ab

s
ga

m
m

a
in

te
rf

er
on

N
uv

io
n,

SM
A

R
T

H
um

an
iz

ed
Ig

G
2

C
D

3
Ps

or
ia

si
s

Ph
as

e
II

Pr
ot

ei
n

D
es

ig
n

L
ab

s
an

ti-
C

D
3

SM
A

R
T

an
ti-

L
-s

e-
H

um
an

iz
ed

Ig
G

4
L

-s
el

ec
tin

T
ra

um
a

Ph
as

e
II

Pr
ot

ei
n

D
es

ig
n

L
ab

s,
li-

le
ct

in
ce

ns
ed

in
E

ur
op

e
to

Sc
il

B
io

m
ed

ic
al

s
G

m
bH

M
D

X
-4

47
H

um
an

iz
ed

�
F(

ab
′) 2

B
is

pe
ci

fic
E

G
FR

�
H

ea
d,

ne
ck

,
br

ai
n,

Ph
as

e
II

Im
m

un
o-

D
es

ig
ne

d
hu

m
an

iz
ed

C
D

64
br

ea
st

,
an

d
bl

ad
de

r
M

ol
ec

ul
es

,
M

er
ck

ca
nc

er
s

K
G

aA



Antibodies as Therapeutics 431
Pr

im
at

iz
ed

-I
D

E
C

-
Pr

im
at

iz
ed

b
Ig

G
1

C
D

4
R

he
um

at
oi

d
ar

th
ri

tis
Ph

as
e

II
ID

E
C

15
1,

cl
en

ol
ix

-
im

ab
ID

E
C

-1
14

Pr
im

at
iz

ed
b

?
C

D
80

Ps
or

ia
si

s
Ph

as
e

II
ID

E
C

IM
C

-C
22

5,
C

hi
m

er
ic

Ig
G

E
G

FR
C

ol
or

ec
ta

l
ca

nc
er

B
L

A
fil

in
g

in
-

Im
C

lo
ne

Sy
st

em
s,

B
ri

s-
ce

nt
ux

im
ab

pr
og

re
ss

to
l-

M
ye

rs
Sq

ui
bb

C
o.

C
ot

ar
a,

13
1I

-
C

hi
m

er
ic

Ig
G

1
13

1 I
D

N
A

,
hi

s-
R

ec
ur

re
nt

gl
io

bl
as

to
m

a
Ph

as
e

II
I

Pe
re

gr
in

e
Ph

ar
m

ac
eu

ti-
ch

T
N

T
-1

/B
to

ne
s

m
ul

tif
or

m
e

ca
ls

O
va

R
ex

,
B

43
.1

3
M

ur
in

e
Ig

G
1

A
nt

ib
od

y
m

od
ifi

-
C

A
12

5
O

va
ri

an
ad

en
oc

ar
ci

no
m

a
Pl

an
to

fil
e

A
lta

R
ex

ca
tio

n
by

ph
ot

o-
B

L
A

by
en

d
ac

tiv
at

io
n

of
20

01
B

re
va

R
ex

M
ur

in
e

?
A

nt
ib

od
y

m
od

ifi
-

PE
M

M
ul

tip
le

m
ye

lo
m

a
Ph

as
e

I/
II

A
lta

R
ex

ca
tio

n
by

ph
ot

o-
ac

tiv
at

io
n

B
ex

xa
r,

13
1I

to
si

tu
-

M
ur

in
e

Ig
G

2a
13

1 I
C

D
20

N
on

-H
od

gk
in

’s
B

L
A

fil
ed

C
or

ix
a

m
om

ab
ly

m
ph

om
a

w
ith

FD
A

Z
ev

al
in

,
ID

E
C

-
M

ur
in

e
Ig

G
1

90
Y

C
D

20
N

on
-H

od
gk

in
’s

B
L

A
fil

ed
ID

E
C

Y
2B

8,
90

Y
ib

ri
-

ly
m

ph
om

a
w

ith
FD

A
tu

m
om

ab
tiu

x-
et

an
B

E
C

2
M

ur
in

e
Ig

G
A

nt
i-

id
io

ty
pe

Sm
al

l-
ce

ll
lu

ng
ca

nc
er

,
Ph

as
e

II
I

Im
C

lo
ne

Sy
st

em
s,

G
D

3
m

im
ic

m
al

ig
na

nt
m

el
an

om
a

Ph
as

e
II

M
er

ck
K

G
aA

T
he

ra
gy

n,
M

ur
in

e
Ig

G
1

90
Y

PE
M

O
va

ri
an

ca
nc

er
,

ga
st

ri
c

Ph
as

e
II

I
A

nt
is

om
a

pe
m

tu
m

om
ab

ca
rc

in
om

a
Ph

as
e

II
Pa

no
re

x,
M

ur
in

e
Ig

G
2a

E
pC

am
C

ol
or

ec
ta

l
ca

nc
er

Ph
as

e
II

I
G

la
xo

Sm
ith

K
lin

e,
C

en
to

-
ed

re
co

lo
m

ab
co

r,
Se

ga
rd

,
af

el
im

om
ab

M
ur

in
e

F(
ab

′) 2
T

N
F-

α
Se

pt
ic

sh
oc

k
Ph

as
e

II
I

A
bb

ot
t

L
ab

or
at

or
ie

s
E

nl
im

om
ab

,B
IR

R
-1

M
ur

in
e

Ig
G

2a
IC

A
M

-1
St

ro
ke

Ph
as

e
II

/I
II

B
oe

hr
in

ge
r

In
ge

lh
ei

m
A

B
X

-C
B

L
M

ur
in

e
Ig

G
A

ct
iv

at
ed

B
G

ra
ft

-v
er

su
s-

ho
st

di
se

as
e

Ph
as

e
II

I
A

bg
en

ix
an

d
T

ce
lls

,
m

on
oc

yt
es

T
ri

G
em

M
ur

in
e

Ig
G

G
D

2
m

im
ic

M
al

ig
na

nt
m

el
an

om
a

Ph
as

e
II

T
ita

n



432 Quan and Carter
T

ab
le

2
C

on
tin

ue
d

C
or

e
A

nt
ib

od
y

E
nh

an
ce

m
en

t
D

ev
el

op
m

en
t

A
nt

ib
od

y
na

m
e

te
ch

no
lo

gy
fo

rm
at

te
ch

no
lo

gy
T

ar
ge

t
Pr

op
os

ed
us

e
st

ag
e

Sp
on

so
r

C
ea

V
ac

M
ur

in
e

Ig
G

In
co

m
bi

na
tio

n
C

E
A

m
im

ic
C

ol
or

ec
ta

l
ca

nc
er

Ph
as

e
II

I
T

ita
n

w
ith

T
ri

A
b

fo
r

N
on

–s
m

al
l-

ce
ll

lu
ng

ca
n-

Ph
as

e
II

N
SC

L
(b

iv
al

en
t

ce
r

(b
iv

al
en

t
th

er
ap

y
th

er
ap

y)
w

ith
T

ri
A

b)
T

ri
A

b
M

ur
in

e
Ig

G
In

co
m

bi
na

tio
n

H
M

FG
m

im
ic

N
on

–s
m

al
l-

ce
ll

lu
ng

ca
n-

Ph
as

e
II

T
ita

n
w

ith
C

ea
V

ac
ce

r
(b

iv
al

en
t

th
er

ap
y

Ph
as

e
II

fo
r

N
SC

L
(b

i-
w

ith
C

ea
V

ac
)

va
le

nt
th

er
ap

y)
B

re
as

t
ca

nc
er

M
D

X
-2

10
M

ur
in

e
�

F(
ab

′) 2
B

is
pe

ci
fic

H
E

R
2/

ne
u

�
H

E
R

-p
os

iti
ve

ov
ar

ia
n

Ph
as

e
II

I
M

ed
ar

ex
,

Im
m

un
o-

D
e-

H
um

an
iz

ed
C

D
64

ca
nc

er
si

gn
ed

M
ol

ec
ul

es
(F

cγ
R

I)
M

D
X

-2
20

M
ur

in
e

�
F(

ab
′) 2

B
is

pe
ci

fic
T

A
G

-7
2

�
L

un
g,

co
lo

n,
pr

os
ta

te
,

Ph
as

e
I/

II
Im

m
un

o-
D

es
ig

ne
d

H
um

an
iz

ed
C

D
64

ov
ar

ia
n,

en
do

m
et

ri
al

,
M

ol
ec

ul
es

pa
nc

re
at

ic
,g

as
tr

ic
ca

n-
ce

rs
M

D
X

-4
4

H
um

an
iz

ed
Ig

G
Im

m
un

ot
ox

in
C

D
64

Ps
or

ia
si

s
Ph

as
e

I/
II

M
ed

ar
ex

M
D

X
-1

01
H

um
an

Ig
G

1
C

D
15

2
Pr

os
ta

te
ca

nc
er

,
m

el
a-

Ph
as

e
I/

II
M

ed
ar

ex
(C

T
L

A
-4

)
no

m
a

a
C

lin
ic

al
tr

ia
ls

w
ith

an
tib

od
ie

s
th

at
ar

e
al

re
ad

y
ap

pr
ov

ed
as

dr
ug

s
in

th
e

U
ni

te
d

St
at

es
(T

ab
le

1)
ar

e
no

t
in

cl
ud

ed
.

b
T

hi
s

pr
im

at
iz

ed
an

tib
od

y
co

nt
ai

ns
va

ri
ab

le
do

m
ai

ns
fr

om
cy

no
m

ol
gu

s
m

ac
aq

ue
(9

2%
ho

m
ol

og
y

w
ith

hu
m

an
co

ns
en

su
s

se
qu

en
ce

va
ri

ab
le

do
m

ai
ns

)
an

d
hu

m
an

Ig
G

1
co

ns
ta

nt
do

m
ai

ns
(1

84
,1

85
).

B
L

A
,B

io
lo

gi
cs

L
ic

en
se

A
pp

lic
at

io
n;

T
N

Fα
,t

um
or

ne
cr

os
is

fa
ct

or
al

ph
a;

C
E

A
,c

ar
ci

no
em

br
yo

ni
c

an
tig

en
;

V
L

A
-4

,v
er

y
la

te
an

tig
en

4;
IF

N
-γ

,i
nt

er
fe

ro
n

ga
m

m
a;

FD
A

,F
ed

er
al

D
ru

g
A

dm
in

is
tr

at
io

n;
E

G
FR

,e
pi

de
rm

al
gr

ow
th

fa
ct

or
re

ce
pt

or
;

C
A

12
5,

ca
nc

er
an

tig
en

12
5;

H
M

FG
,

hu
m

an
m

ilk
fa

t
gl

ob
ul

e;
IC

A
M

-1
,

in
te

rc
el

lu
la

r
ad

he
si

on
m

ol
ec

ul
e

1;
IL

,i
nt

er
le

uk
in

;P
E

M
,p

ol
ym

or
ph

ic
ep

ith
el

ia
lm

uc
in

;
E

pC
am

,e
pi

th
el

ia
la

dh
es

io
n

m
ol

ec
ul

e;
C

D
15

2,
C

T
L

A
-4

,c
yt

ot
ox

ic
T

ly
m

ph
oc

yt
e

an
tig

en
4;

V
E

G
F,

va
sc

ul
ar

en
do

th
el

ia
l

gr
ow

th
fa

ct
or

.
So

ur
ce

:
R

ef
s.

1,
3,

17
9–

18
5,

co
m

pa
ny

w
eb

si
te

s,
w

w
w

.B
io

Sp
ac

e.
co

m
,

an
d

pe
rs

on
al

co
m

m
un

ic
at

io
ns

fr
om

N
ils

lo
nb

er
g

(M
ed

ar
ex

In
c.

)
an

d
H

ar
ol

d
K

ee
r

(T
ita

n
Ph

ar
m

ac
eu

tic
al

s)
.



(a)

(b)

Figure 1 Immunoglobulin architecture. (a) Schematic representation of an IgG. A single
disulfide bond links the constant domains of heavy and light chains (diagonal line),
whereas the heavy chains are interconnected by one or more disulfide bonds in the hinge
region located between CH1 and CH2 domains (horizontal lines). A disulfide bond present
within each domain is omitted for clarity. (b) X-ray crystallographic structure of the Her-
ceptin (huMAb4D5-8) (77) Fv fragment comprising VL and VH domains (178). The
antigen-binding CDR residues are represented as tubes, whereas the remainder of the vari-
able domains (FR residues) are shown as thin lines.
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shaped molecules that contain two antigen-binding sites. IgGs are comprised of
two identical heavy chains plus two identical light chains (Fig. 1a). IgG heavy
chains contain a variable domain, VH, plus three constant domains, CH1, CH2,
and CH3, whereas light chains encompass a variable domain, VL, plus a single
constant domain, CL. Antigen binding is mediated primarily by six loops known
as complementarity-determining regions (CDRs), three of which are contributed
by each of the VH and VL domains (Fig. 1b). The remainder of the variable do-
mains, known as framework regions (FRs), serves mainly as a scaffold to support
the CDRs. In some cases, one or a few FR residues may directly contact bound
antigen (4).

B. Fc-Mediated Functions of IgG

Human IgGs are represented by four highly homologous heavy-chain isotypes:
IgG1, IgG2, IgG3, and IgG4 and two light-chain isotypes, κ and λ. The heavy-
chain isotypes differ in their constant domains as well as in their flexible hinge
region between CH1 and CH2 domains. Two human IgG isotypes, namely IgG1

and IgG3, have the potential to support cytotoxic secondary immune functions:
complement-dependent cytotoxicity (CDC) and antibody-dependent cellular cy-
totoxicity (ADCC) by virtue of their Fc regions (CH2 and CH3 domains) (5,6).
Once a suitable IgG has bound to a target cell, it may potentially mediate CDC
or ADCC. Initiation of CDC involves binding of the IgG Fc region to the comple-
ment component, C1q, which in turn triggers complement activation. This culmi-
nates in the assembly of a lytic complex that disrupts the cell membrane of the
target cell. ADCC begins with the interaction of an IgG Fc region with one of
several types of Fcγ receptors on immune effector cells such as neutrophils and
macrophage. This interaction unleashes the killing machinery of the effector cell
upon the hapless target cell. In addition to its role in ADCC and CDC, the Fc
region is also important in maintaining the long plasma persistence of IgG, appar-
ently by virtue of its interaction with the receptor, FcRn (7–9).

III. Problems That Have Beset Antibody Therapeutics

Numerous difficulties hampering the development of antibody therapeutics have
long been recognized and extensively reviewed (6,10). These problems with MAb
drugs are related to the choice of antibody, antigen, and target tissue but also
include pharmaceutical and clinical issues. The most important problems are reca-
pitulated here, as understanding and addressing them has been key to the recent
rise of antibodies as therapeutics.
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A. Antibody-Related Issues

Arguably the single most significant problem that has stymied the therapeutic
use of MAb has been the human antimouse antibody (HAMA) response elicited
by these foreign proteins. A HAMA response occurs in a high proportion of
patients, particularly following repeat MAb administration (11–14). The HAMA
response may compromise MAb efficacy by direct neutralization, acceleration
of clearance, prevention of multiple dosing, and by causing serum sickness. Nev-
ertheless, HAMA responses may occasionally be beneficial, as suggested by the
correlation between anti-idiotypic (anti-CDR and anti-anti-CDR) responses and
favorable clinical outcome (15–18). The HAMA problem has been greatly dimin-
ished by the use of chimeric, humanized, and human antibodies (Sec. IV) as well
as by antibody fragments (Sec. V).

Many murine MAbs, depending upon their heavy chain isotype, are very
inefficient in their ability to support ADCC and CDC. Effector functions are
readily recruited into murine MAb by chimerization or humanization (Sec. IV).
Indeed, 7 of 10 approved MAb drugs utilize human IgG1 constant domains and
are thus potentially capable of mediating ADCC and CDC (Table 1).

B. Antigen-Related Issues

Cell surface antigens are seldom completely restricted to the target tissue. Conse-
quently, antibody therapeutics may bind to antigen-positive normal tissue in addi-
tion to the target. This can sometimes compromise efficacy and cause toxicity.
For example, an antiadenocarcinoma MAb that cross-reacts with cells lining the
gastrointestinal tract has been associated with a high incidence of diarrhea, nau-
sea, vomiting, abdominal pain, and even bowel mucosal damage (19). Toxicity
to antigen-expressing normal tissue may be exacerbated when MAbs are armed
to enhance their potency (Sec. VII. A). For example, immunotoxins that cross-
react with neural tissue have been associated with specific pain syndromes
(20,21). Judicious selection of the target antigen is a crucial aspect of the develop-
ment of antibody therapeutics that is beyond the scope of this review.

In the case of cell surface antigens, secretion or shedding into the circula-
tion may abrogate their therapeutic benefit by either accelerating MAb clearance
or by acting as sink for the MAb (22). This issue should be taken into account
in the selection of a target antigen.

C. Problems in Tumor Targeting

A major difficulty with tumor immunotherapy is the meager quantity of MAb
that localizes to a tumor—typically �0.01% of the injected dose per gram of
tumor—combined with the often heterogeneous distribution of MAb within the
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tumor (6,10). Inefficient and heterogeneous accumulation of MAb within tumors
reflects multiple physiological barriers (23,24) as well as antigen-related issues
(6,10). The chaotic vasculature and lack of lymphatic drainage from solid tumors
may lead to elevated interstitial pressure that subsequently limits extravasation
and intratumoral diffusion of MAbs (25,26). This problem is heightened by the
large size of IgGs and can impede their penetration into solid or bulky tumors
(27–29). Variations in tumor vascularity may limit diffusion of therapeutic anti-
bodies to well-perfused areas of tumor (30).

Antigen-related problems include the downregulation of antigen expression
after MAb binding, antigen mutation, heterogeneous expression, and the internal-
ization of the antigen-antibody complex (6,10,31,32). The relationship between
antigen-binding affinity and the ability of an antibody to penetrate a tumor is a
complex one that is influenced by antigen density. High density of target antigen
and/or high antigen-binding affinity can sometimes lead to MAbs being trapped
by perivascular tumor cells, thereby hindering MAb penetration into the tumor
(24,33). Conversely, increasing the antigen-binding affinity of a MAb (34) or
scFv (35) has also been reported to enhance tumor retention, as has upregulation
of antigen expression (36).

Several promising strategies have been explored to address the problem of
inefficient MAb accrual in bulky tumors. First, as exemplified by Panorex (Sec.
IV.A), MAb may be used to target more accessible minimal residual disease and
micrometastases instead of bulky disease. Second, antibody fragments (Sec. V)
are better able to penetrate solid tumors than the much larger IgG, albeit at the
expense of greatly reduced plasma permanence time and total accrual in the tu-
mor. Third, targeting the highly accessible tumor vasculature is an attractive alter-
native to the comparatively inaccessible tumor (24,37,38).

Damage to the vasculature may cause widespread tumor cell death as each
capillary nourishes many tumor cells. Moreover, the vascular endothelial cells
unlike the tumor cells are not transformed and thus seem less likely to become
resistant to MAb therapy through mutation. The concept of targeting the vascula-
ture supplying the tumor, rather than the tumor itself, has been convincingly
demonstrated in tumor xenograft studies in mice (37,38). A bispecific antibody
was used to target tissue factor to an artificial marker of angiogenesis to induce
intravascular vascular thrombosis within the tumor, resulting in complete tumor
regression in 38% of mice (38). Recently Neri and colleagues extended this ap-
proach by targeting tissue factor to the ED-B domain of fibronectin, a natural
marker of angiogenesis present in many solid tumors and undetectable in most
normal vessels and tissues. Up to 30% of the mice treated had their tumors eradi-
cated with no obvious side effects (39), encouraging further preclinical develop-
ment of this strategy.

Residual tumor cells can proliferate following therapeutic MAb treatment
and those lacking the target antigen, or even just the antibody-binding epitope,
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will be resistant to further MAb treatment (40–42). This mechanism for tumor
resistance to MAb therapy has encouraged the development of antibody enhance-
ment technologies such as radioimmunotherapy (RIT) and targeted prodrug ther-
apy, which permit the killing of antigen negative bystander cells (Secs. VII.A
and VII.C).

D. Pharmaceutically Related Issues

Antibodies, like other protein pharmaceuticals, are not orally bioavailable be-
cause of protein degradation in the gastrointestinal tract and the low penetrability
of the gastrointestinal epithelium. Thus, antibody therapeutics are limited to par-
enteral routes of administration. Antibody therapeutics are typically formulated
to yield shelf lives comparable to those of traditional pharmaceuticals. However,
antibodies, unlike traditional pharmaceuticals, are susceptible to multiple mecha-
nisms of degradation including loss of their three-dimensional structure through
denaturation (43,44). Denaturation results in loss of activity and can occur during
storage under excessively high or low temperatures, freezing and thawing of solu-
tions, or excessive agitation of the solution either during reconstitution or han-
dling (44,45). Thus, antibodies require special care with their storage, preparation,
and handling (Table 3) and require close adherence to manufacturers’ prescribing
information. Failure to do so may have deleterious effects upon the stability and
bioactivity of antibody therapeutics.

E. Clinical Issues

An infusion-associated symptom complex can occur with the infusion of MAbs
that bind to circulating cells, especially B or T lymphocytes, granulocytes, or
leukemia cells (19). The typical symptom complex includes fever, chills, diapho-
resis, nausea, dyspnea, and hypotension. Studies with radiolabeled cells have

Table 3 General Handling and Stability Issues for Antibody Therapeutics

Limited to parenteral administration
Incompatible with preservatives, precludes multidose vials, limits aliquot dosing and ex-

tended infusion periods
Require reconstitution and/or dilution prior to administration
Limited aqueous solubility precludes excessive dilution
Freezing the reconstituted solutions is deleterious
Vigorous agitation or shaking may lead to denaturation
Can be adsorbed onto materials used in intravenous tubing, filters, bags, and syringes
Limited stability at room temperature
Should not be mixed with other intravenous solutions
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shown that once an antibody binds to circulating cells, they are rapidly removed
by macrophages in the lungs, liver, and spleen. Dyspnea and hypotension may
result when large numbers of cells are removed via the lungs. Many symptoms
that are related to the removal of circulating target cells are likely secondary to
the release of cytokines such as interleukins and interferons. Initial infusions of
OKT3 and Rituxan have been associated with acute clinical syndromes termed
cytokine release (45) and tumor lysis syndromes, respectively (46).

Precipitate toxicity can result from the rapid infusion of MAbs that elicit
cellular activation and cytokine release. Prolonged continuous infusion may be
necessary for therapeutic MAbs in order to maintain downregulation of receptors
or blocking of receptors (19). MAb administration to patients with circulating
antigen results in immune complex formation that can lead to serum sickness
and end-organ damage (14). Serum sickness reflects a vasculitic process initiated
upon deposition of circulating immune complexes in blood vessel walls (47).
Complement activation and IgE-mediated histamine release are among the factors
that produce characteristics of serum sickness such as fever, arthralgia, palpable
purpura, urticaria, and lymphadenopathy (48). The onset of serum sickness may
correlate with the development of a HAMA response (14) and can occur within
hours of MAb administration in sensitized individuals.

MAb therapy may also cause acute hypersensitivity reactions that are pri-
marily mediated by IgE. Anaphylactic reactions following administration of pro-
teins can occur. Medications for the treatment of severe hypersensitivity should
be available for immediate use. Additionally, antibodies of the IgG or IgM class
may develop, resulting in delayed hypersensitivity reactions or neutralization of
the effects of the therapeutic MAbs (49). Autoimmunity may also develop during
the course of MAb therapy. For example, Remicade therapy has been associated
with anti-DNA antibodies and lupus-like symptoms (Centocor, Inc., Remicade
prescribing information, 2000). Other safety-related clinical aspects of MAb ther-
apy include consideration of secondary exposure of a fetus or nursing child. Anti-
bodies can be excreted in breast milk, and IgG molecules, which make up the
majority of the therapeutic MAbs, are known to cross the placental barrier.

IV. Core Antibody Technologies

A few core antibody technologies, reviewed in Ref. 50, have been crucially im-
portant to the development of all marketed antibody therapeutics (Fig. 2) as well
as to virtually all antibody therapeutics in clinical development. These core anti-
body technologies are reviewed in this section: hybridoma, chimerization, hu-
manization, and human antibodies through phage libraries or transgenic mice.
Approximately 11 years elapsed between the advent of hybridoma, chimerization,
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Figure 2 Comparison of the timelines for the emergence of core antibody technologies
versus the regulatory approval of antibody therapeutics using these technologies. Murine
and human sequences are represented by open and filled symbols, respectively.

and humanization and the approval of the first antibody drugs using each of these
technologies. This technology cycle time reflects the time-consuming, complex,
and expensive drug-development process. Similar cycle times are anticipated for
the emerging technologies for creating human antibodies.

A. Murine Monoclonal Antibodies

MAbs came into being in 1975 with the ‘‘Nobelogenic’’ invention of hybridoma
technology by Köhler and Milstein (51). Unfortunately, the high therapeutic ex-
pectations of murine MAbs have been stymied by their lack of efficacy in most
clinical trials. A major contributory factor to the poor clinical performance of
many murine MAbs has been the HAMA response they induce (Sec. III. A).
Nevertheless, one murine MAb has been approved as a drug in the United States,
namely the immunosuppressive anti-CD3 antibody, OKT3, for the acute treat-
ment of organ rejection following transplantation (Table 1). The murine MAb,
17-1A, binds to epithelial cell adhesion molecule (EpCam) (52) and is in phase
III clinical trials in the United States for the treatment of Dukes’ C colorectal
cancer (Table 2). MAb 17-1A has already been approved, as Panorex, in Germany
for the adjuvant therapy of colorectal cancer (53,54). Treatment with Panorex
decreased the overall mortality rate by 32% and the recurrence rate by 23% (54).
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Panorex was more efficacious in the treatment of minimal residual disease and
micrometastases (53,54) than in bulky metastatic disease (55). This finding is
widely anticipated as a paradigm that will be broadly applicable to other antitu-
mor antibodies.

B. Chimeric Antibodies

A partial solution to the MAb immunogenicity problem came in 1984 with the
advent of antibody chimerization (56,57). Chimeric antibodies are created by
coupling the antigen-binding variable domains of a murine MAb to human con-
stant domains (Fig. 2). The isotype of the human heavy chains may be chosen (see
Sec. II) so that chimeric antibodies can be optionally conferred with cytotoxic
secondary immune functions (58). Chimeric antibodies are still �30% rodent in
sequence and in some cases elicit a human antichimeric antibody (HACA) re-
sponse that is typically less frequent, slower to develop, and lower in titer than the
HAMA response observed with the corresponding murine parent MAb (59,60). In
the case of the chimeric anti-CD20 antibody, Rituxan, only very infrequent and
minor HACA responses have been observed (61,62) Rituxan was the first anti-
body to be approved in the United States for cancer treatment following response
rates of 48% in non-Hodgkin’s lymphoma (61,62). For some murine MAbs (59),
but not others (60), chimerization substantially increases the plasma persistence
in patients.

Four chimeric antibodies including Rituxan have been approved as drugs
in the United States, starting in 1994 with ReoPro, a Fab fragment that binds to
the integrin, IIbIIIa (Table 1). ReoPro is one of the most commercially successful
antibody therapeutics to date with worldwide sales of $418 M in 2000 (Table
1). ReoPro provides a clinical proof of concept that inhibition of platelet-mediated
blood clotting can reduce the ischemic complications of coronary angioplasty
and atherectomy, albeit at the cost of an increased risk of bleeding (63) ReoPro
acts as an antagonist in blocking the interaction between the platelet glycoprotein
IIbIIIa and ligands containing the RGD motif. A small molecule drug can readily
mimic such a mechanism of action and has the potential advantage over ReoPro
in being cheaper to manufacture and, in some cases, orally bioavailable. Indeed,
two injectable IIbIIIa antagonists have already been approved as drugs, namely
the heptapeptide Integrilin and Aggrastat, a protein from the venom of the saw-
scaled viper. Additionally, three orally bioavailable IIbIIIa antagonists progressed
as far as phase III clinical trials. However, small molecule IIbIIIa antagonists have
not matched the desirable long plasma persistence of ReoPro, and it remains to
be seen if any of them will prove to be effective competitors. Nevertheless, the
twin incentives of reduced cost and oral bioavailability will likely drive the devel-
opment of small molecules as competitive or second-generation products for
other antibody therapeutics that function as antagonists.
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C. Humanized Antibodies

The next major advance in therapeutic antibody technologies was the invention
of ‘‘humanization’’ in the late 1980s—an outstanding feat of protein engineering
(64–66). The simplest form of humanization involves transplanting the antigen-
binding CDR loops, from a rodent MAb into a human IgG (Fig. 2). In most cases
one or more additional FR residues are required to confer high antigen-binding
affinity. Subsequently, several alternative humanization strategies have been de-
veloped, (reviewed in Ref. 50). Humanized antibodies contain as few as 5% ro-
dent residues and are anticipated to be much less immunogenic than their rodent
parent antibodies and somewhat less immunogenic than corresponding chimeric
antibodies. Broadly speaking, humanized antibodies have lived up to expectation
in the clinic in that upon repeat administration they have elicited either no detect-
able (67–70) or minor human antihuman antibody (HAMA) responses including
anti-idiotype antibodies (71–73).

Five humanized antibodies have been approved as drugs in the United
States beginning in 1997 with the anti-CD25 antibody, Zenapax, for the preven-
tion of acute kidney rejection (74) (Table 1). The humanized anti-RSV antibody
Synagis has been approved for the prophylactic treatment of high-risk pediatric
patients (75) (Table 1). Synagis is one of the most commercially successful an-
tibody therapeutics, with sales of $427 M in 2000 (Table 1). The humanized
anti-CD33 antibody calicheamicin conjugate Mylotarg has been approved for the
treatment of acute myeloblastic leukemia. Mylotarg has the distinction of being
the first armed antibody to be approved for human therapy (see Sec. VII.A). The
humanized antibody anti-CD52 Campath has proved efficacious in the treatment
of B-cell chronic lymphocytic leukemia and was approved for this indication in
2001. Campath was the first therapeutically relevant antibody to be humanized
(65) and the first to reach the clinic in 1988 (76). The protracted clinical develop-
ment of Campath reflects, at least in part, its lackluster performance in some early
clinical trials including toxicity problems, not to mention changes in ownership of
this antibody.

The humanized anti-HER2 antibody huMAb4D5-8 (77), now marketed as
Herceptin, was approved for the treatment of metastatic breast cancer in patients
whose tumors overexpress the HER2/neu antigen. The antitumor response rates
in a phase III trial were 50% for Herceptin in combination with chemotherapy
as compared to 32% for chemotherapy alone (78). Herceptin has also been a
significant commercial success with sales of $ 276 M in 2000 (Table 1). Both
Herceptin (67,69,78) and also Rituxan (61,62) are generally well tolerated by
cancer patients and have given rise to toxicities that are commonly much less
severe than those from conventional chemotherapy. Numerous additional human-
ized antibodies are currently in clinical trials in the United States, including more
than 20 that have reached at least phase I/II trials (1,3) (Table 2).
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D. Human Antibodies Through Phage Display Libraries

The 1990s have witnessed the emergence of vast antibody phage libraries for the
very rapid identification of human antibodies (reviewed in Ref. 50). A prevalent
version of this technology involves cloning of large repertoires of VH and VL

genes from naı̈ve human donors and their display as single-chain (sc) Fv or Fab
fragments (see Sec. IV and Fig. 4 for fragment description) on the surface of
filamentous phage (Fig. 3). Application of antibody phage libraries entails the
identification of antigen-specific phage by in vitro binding selection—‘‘biopan-
ning’’—with the target antigen. The first antibody phage library (�107 clones)
demonstrated the concept that moderate affinity (Kd � 100–500 nM) human anti-
bodies could be obtained to target antigens (79). The subsequent construction of
much larger phage libraries (�109 clones) has allowed the rapid and routine iso-
lation of high-affinity human antibodies (Kd � 0.2–70 nM) to a wide array of
antigens (80–85).

For some therapeutic applications it may be necessary to increase the
antigen-binding affinity of phage-derived antibodies or tailor their specificity.
The phage format is particularly well suited to these tasks as it allows mutagenesis
of antigen-binding residues and rapid selection for altered binding properties. For
example, affinity maturation from the nanomolar to the picomolar range has been
demonstrated for anti-gp120 (86) and anti-p185HER2 antibody fragments (87). An-
tibody fragments identified using phage libraries are readily recast as IgG or a
multitude of alternative formats (Sec. V) in preparation for clinical investigation.

Figure 3 Antibody phage library and transgenic mouse technologies for preparing hu-
man antibodies.
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At least four human IgGs derived from phage libraries are currently in clinical
trials in Europe including antibodies that target tumor necrosis factor α (TNF-
α, phase III for rheumatoid arthritis) and transforming growth factor β2 (TGF-
β2, phase II for treatment of scarring following glaucoma surgery), interleukin
12 (IL-12, phase II for autoimmune diseases), and TGF-β1 (phase I for fibrosis
and scarring) (2) (www.cambridgeantibody.com).

Antibody library technology continues to evolve with improvements in the
quality of libraries, more robust expression of identified antibody fragments in
Escherichia coli and easier recasting into other antibody formats. Ribosome dis-
play is an emerging in vitro selection technology that has broad applicability in-
cluding to antibody (82,88). Ribosome display may eventually supersede phage
display in light of its potential advantages: faster, larger libraries, and more ready
evolution of identified antibodies (89).

E. Human Antibodies from Transgenic Mice

High-affinity human antibodies have also been obtained from transgenic mice
containing human antibody genes and disrupted endogenous immunoglobulin
loci (Fig. 3). Immunization leads to the production of human antibodies that can
then be recovered using standard hybridoma technology (50,90). The multimega-
base size of the human immunoglobulin loci combined with the complex seg-
mented gene structure were formidable obstacles that were surmounted in the
development of transgenic mice making human antibodies. Mice containing only
a limited selection of human immunoglobulin genes are still capable of yielding
high-affinity antibodies that are antigen specific (91). Mice containing a larger,
although still incomplete, set of human variable genes closely recapitulate IgG
production seen in humans, including gene rearrangement, diverse gene usage,
and somatic hypermutation. These mice have yielded high-affinity human IgG2

antibodies to multiple antigens, including human proteins (92).
Ongoing improvements to this technology include the development of mice

generating human IgG1 antibodies to provide support for secondary immune func-
tions. In addition, expanding the variable gene repertoire is anticipated to facili-
tate the generation of even larger panels of high-affinity antibodies against diverse
antigens. For example, the gene repertoire has been expanded by inclusion of
the entire immunoglobulin heavy chain and κ light chain loci (93) and alterna-
tively by the addition of genes for λ light chains (94).

At least three human antibodies derived from transgenic mice are in clinical
trials as of mid-2001, including antibodies that target interleukin 8 (IL-8, phase
IIa for rheumatoid arthritis and phase IIb for psoriasis), CD4 (phase II for rheuma-
toid arthritis), and epidermal growth factor receptor (EGFR, phase I for EGF-
dependent cancers). The anti-EGFR antibody was found to eradicate very large
established tumors in some preclinical xenograft models (95).
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F. Choice of Core Antibody Technology

Humanized and human antibodies are the currently preferred core technologies
for developing antibody therapeutics. Humanization may be the favored strategy
when a well-characterized murine MAb is available. In contrast, for a newly
identified antigen where no MAbs are available, direct production of human anti-
bodies using mice or phage are preferred. Many more human antibodies from
phage and mice are anticipated to enter clinical trials as these technologies be-
come more widely available, e.g., through corporate partnerships. The choice
between these preferred core antibody technologies will likely depend upon their
availability and local expertise as well as commercial considerations such as pat-
ents and royalty payments.

V. Formats for Antibody Therapeutics

In addition to the naturally occurring IgG format, numerous alternative recombi-
nant antibody fragments have been constructed by capitalizing upon the modular
architecture of IgG (96) (Fig. 4). Reformatting makes it feasible to customize an
antibody so that properties such as pharmacokinetics and the ability to support
cytotoxic secondary immune functions are matched to the target indication. In
addition, the format of an antibody therapeutic will impact the choice of suitable
production organisms (Sec. VI). In this section the expanding range of antibody
formats is explored together with factors that impact the choice of format in
developing antibody therapeutics.

A. Alternative Antibody Formats

The earliest reformatting of antibodies involved limited proteolysis of MAb to
yield either monovalent Fab fragments or bivalent F(ab′)2 fragments depending
upon the protease used and the isotype of the MAb (97). Currently, Fab and
F(ab′)2 fragments are more conveniently derived by recombinant expression in
E. coli (98).

The most widely used antibody fragment format is the scFv. The scFv
comprises the antigen-binding VL and VH domains of an IgG connected with a
short linker (15–20 residues) to prevent domain dissociation (99,100). The scFv
has been the predominant building block for the design of more complex frag-
ments. For example, bivalent and also bispecific fragments have been constructed
by joining scFv by means of an additional linker [(scFv)2 (101,102)], directed
chemical coupling [(scFv′)2 (103)] or a protein dimerization motif [minibody
(104); miniantibody (105,106)]. Alternative multimerization motifs have been
used to create miniantibodies that are tetravalent (107) or bispecific and bivalent
for each binding specificity (108).
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Figure 4 Alternative formats for recombinant antibody fragments. Formats that have
been tested clinically are highlighted (*). A linker connecting the carboxy terminus of VL

to the amino terminus of VH is indicated as a bold line for all scFv-related formats. The
alternative topology of connecting the carboxy terminus of VH to the amino terminus of
VL has also been used successfully in most cases but is omitted for simplicity. DsFv,
disulfide-stabilized Fv fragment.
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Diabodies are small bivalent or bispecific fragments resulting from the di-
merization of scFv fragments (109). Diabody formation relies upon the use of
short linkers (5–10 residues) to allow interchain pairing of variable domains
while preventing intrachain pairing (109) (Fig. 4). Diabodies are one of the most
promising routes to bispecific antibodies fragments in that they can, in one case
at least, be secreted at very high titer from E. coli (110) (Sec. VI B). The clinical
potential of diabodies has been enhanced by conferring to them the ability to
support ADCC and CDC and by increasing their terminal half-life in vivo approx-
imately sixfold to 10 hours. This was accomplished with a bispecific diabody in
which one arm binds to plasma IgG (111). An alternative strategy to enable a
bispecific diabody to support CDC is by targeting one specificity to the comple-
ment component, C1q (112).

One marketed antibody therapeutic, ReoPro, is in Fab rather than IgG for-
mat (Table 1). In addition, one F(ab′)2 fragment derived by limited proteolysis
of murine MAb is currently in phase III therapy trials (Table 2) (1,3). Thus far,
recombinant scFv (113) and F(ab′)2 (114) fragments have been tested in the clinic
and more recently PEGylated versions of Fab′ and F(ab′)2 fragments (see below).

B. Choice of Antibody Format

One of the attractions of antibodies as therapeutics is that several of their proper-
ties are broadly predictable and readily varied. This makes it feasible to customize
the format of an antibody to match the target clinical indication. This involves
a series of decisions that are guided ideally by direct comparison of alternative
formats in preclinical experiments as well as by preclinical and clinical ex-
perience with other antibodies. Key decisions include the following: (1) target
pharmacokinetic properties, (2) desirability of secondary immune functions,
(3) desired valency, (4) desired affinity for the target antigen, and (5) pharmaco-
economics (Table 4). Several examples utilizing different antibody formats are
provided below to illustrate this complex decision-making process.

Herceptin is a humanized IgG1 with high binding affinity for the HER2/
neu antigen (Kd � 0.1 nM) (77). The IgG format was chosen for the intended
chronic treatment of metastatic breast cancer, since a long half-life in patients
was predicted to favor antitumor activity. A mean terminal half-life of 9–11 days
was observed in two phase II trials with Herceptin, although this was reduced
to 2–4 days in Herceptin patients with elevated levels (�0.5 µg/mL) of shed
antigen (67,69). The IgG1 isotype was selected as the ability to support ADCC
was found to be a potent antitumor mechanism in preclinical experiments in vitro
(77,115). Subsequently it has been shown that functional Fc receptors are critical
to the potent antitumor activity of Herceptin (and also Rituxan) in tumor xeno-
graft studies in vivo (116). A bivalent rather than monovalent format was used
since the former favors cytostatic activity in vitro (117). The impacts of affinity
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Table 4 Factors Affecting Choice of Antibody Format

1. Pharmacokinetics
Plasma persistence: IgG �� F(ab′)2 � Fab � scFv
Antigen influence: may decrease or increase plasma persistence

2. ADCC and CDC
When desired: IgG1, IgG3

When not desired: IgG2, IgG4, antibody fragments
3. Valency

Monovalent: Fab, scFv
Bivalent: IgG, F(ab′)2, diabodya

4. Affinity
Readily accessible range: 10 pM–100 nM
Optimal: unknown

5. Pharmacoeconomicsb

Production costs: mammalian cell culture � E. coli � transgenic plants/animals

a See Figure 4 for additional options.
b Note that the relative cost of goods of antibody production in different host organisms is very
significantly impacted by the scale of production (Sec. VI).

on tumor localization and antitumor activity are unknown, so the highest affinity
humanized variant was chosen (77).

A humanized anti-CD 18 F(ab′)2 fragment was designed to block neutro-
phil-mediated interactions in acute indications and progressed to phase II clinical
trials for hemorrhagic shock (114). A fragment was chosen over an IgG as a
short half-life was desired to allow for more ready reversal of drug treatment. The
F(ab′)2 format was adopted as this was the smallest fragment that demonstrated
comparable efficacy to IgG in preclinical animal experiments. E. coli was selected
as a production organism as this was significantly cheaper than the alternative
of mammalian cell culture (Secs. VI. A and B).

The scFv fragment, MFE-23, binds to carcinoembryonic antigen (CEA)
and has been used to image tumors in patients as soon as 1–4 hours following
treatment (113). The scFv format was chosen because such small fragments (�27
kDa) penetrate tumors more readily than do larger fragments and IgG in xenograft
models (118). In addition, the small size of scFv fragments results in rapid clear-
ance from plasma and consequently high tumor: nontumor ratios within a few
hours of administration, as shown in tumor xenograft studies (119–121). A disad-
vantage of the rapid clearance of scFv fragments is that the total accumulation
in the tumor is much less than for corresponding IgG and F(ab′)2 fragments (118).
Thus scFv fragments are well suited to radioimmunoimaging, but much less so
for RIT where efficient accrual in the tumor is paramount (6,122).
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IV. Production of Antibody Drugs

Reducing the high cost of producing antibody therapeutics is an important prob-
lem that must be addressed so that the benefits of these drugs may be extended
to more of humanity. Numerous host systems have been explored for the large-
scale production of antibodies (123,124), including several with near-term com-
mercial potential that are discussed here.

A. Mammalian Cell Culture

All marketed antibody drugs are produced in hybridoma, Chinese hamster ovary,
or NSO cells at titers of up to �2 g/L. The primary drawback of these mammalian
cell culture methods is that they can be a major bottleneck in the development
of antibody drugs in light of the worldwide shortage of mammalian production
capacity (125). A secondary consideration is the high cost of antibodies produced
by mammalian cell culture, estimated as $300–1000/g on a 100 kg/yr scale (124).
This may compromise the commercial viability of antibodies for the treatment
of chronic indications requiring multigram total doses.

B. E. coli

Secretion from E. coli is the most widely utilized method for the production of
recombinant antibody fragments in the research laboratory. In contrast, limited
proteolysis of IgG has been the most prevalent source of antibody fragments for
clinical trials for imaging and therapy (Table 2) (1,3). Expression in E. coli will
likely supersede mammalian production of antibody fragments for future clinical
trials as it is much cheaper and may result in faster development timelines. More-
over, it has been possible to apply the well-established biotechnology paradigm
of enhancing production titers in E. coli by culturing to high cell density in a
fermentor. Indeed, gram per liter titers have been achieved for several antibody
fragments including Fab′ (126), bispecific diabody (110), and miniantibody (127).

These successes notwithstanding, a significant limitation of antibody frag-
ment expression in E. coli is the variability in titer between different antibodies.
Titers are highly dependent upon antibody primary sequence and culturing condi-
tions and usually to a lesser extent upon the expression vector and E. coli host
strain (98). Nevertheless, several methods to enhance expression titers of anti-
body fragments have been developed (96). Although functional IgG molecules
have been secreted from E. coli (P. Carter, unpublished data), the low titers (�10
mg/L) and inability of E. coli to perform glycosylation diminishes the commer-
cial potential of this finding.

Unfortunately, the rapid clearance of Fab and even F(ab′)2 fragments ren-
ders them unsuitable for many chronic clinical indications that require mainte-
nance of serum antibody concentrations over extended periods of time. A major
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breakthrough in this area has been the dramatic prolongation of in vivo half-lives
of Fab′ (128) and F(ab′)2 (A. Chapman, personal communication) fragments by
their site-specific modification with polyethylene glycol (PEG). Indeed, the phar-
macokinetic properties of an IgG in cynomolgus monkeys was virtually recapitu-
lated by a judiciously PEGylated Fab′ fragment (128). This technology seems
likely to significantly extend the clinical potential of antibody fragments such as
those expressed in E. coli.

The first reported clinical trial using an E. coli–derived antibody fragment
was a radioimmunoimaging study using a scFv fragment derived from a combina-
torial library (113). An E. coli–derived F(ab′)2 has also been evaluated in clinical
trials (114), whereas clinical evaluation of PEGylated Fab′ and F(ab′)2 fragments
is just beginning (A. Chapman, personal communication).

C. Transgenic Animals

The production of protein pharmaceuticals in the milk of transgenic animals is
a promising technology that has yet to gain widespread acceptance and use. IgG
molecules have been produced in the milk of transgenic goats at titers of up to
14 g/L (129). Goats are an attractive production method for producing ‘‘very
large’’ but not ‘‘small’’ quantities of antibodies—costs estimated as $40/g at
a 1000 kg/y scale but rising to $300/g on a 10 kg/y scale. One protein from
transgenic animals, antithrombin III, is already undergoing clinical evaluation.
A significant downside to the production of protein pharmaceuticals in transgenic
animals is that animal breeding is likely to add several years to the development
timeline as compared to traditional mammalian cell culture technology. This
timeline penalty can be offset by undertaking phase I and II trials with antibodies
from one source, such as CHO or hybridoma, and then switching to antibodies
produced in transgenic animals for phase III studies and commercialization. Such
a strategy may be attractive where there is an anticipated need for very large
quantities of antibody, e.g., large potential patient populations, or for chronic
indications. A bridging clinical study to demonstrate equivalence of the antibod-
ies from the different sources will likely be required. Recent advances in whole
animal cloning (130), including the production of a human protein (131), also
have the potential to partially offset this timeline penalty.

D. Transgenic Plants

Immunoglobulins have also been prepared in transgenic plants such as tobacco
and corn (reviewed in Ref. 132). Indeed the first such ‘‘plantibody’’ to enter
clinical trials was a secretory IgA molecule produced in transgenic tobacco di-
rected to an antigen from Streptococcus mutans for the treatment of dental caries
(133). The glycosylation of an antibody expressed in a plant will be substantially
different from that resulting from production in mammalian cell culture. The
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Figure 5 Technologies for enhancing the efficacy of antibody therapeutics.

impact of such glycosylation differences upon pharmacokinetics, secondary im-
mune functions, and immunogenicity remains to be determined. This potential
problem can be circumvented by the genetic removal of glycosylation site, al-
though such aglycosylated antibodies are unlikely to support secondary immune
functions. Indeed, such a genetically aglycosylated IgG produced in transgenic
corn has already been tested in clinical trials and found to have similar pharmaco-
kinetics to its parent antibody (J. Reno, personal communication). The generation
and propagation of transgenic plants will likely result in longer development
timelines than traditional mammalian cell culture production of antibodies.

VII. Technologies for Enhancing Antibody Therapeutics

The five marketed anticancer antibodies, Panorex, Rituxan, Herceptin, Mylotarg,
and Compath, demonstrate the tremendous progress that has been made in recent
years in using antibodies to treat cancer, while underscoring the need to increase
the response rates and durations. Many technologies are being developed to en-
hance the potency of antibody therapeutics, primarily for oncology indications,
including direct arming (1,3,134,135), bispecific antibodies (136), pretargeting
(137–140), and immunoliposomes (141). Thirteen of 46 antibody therapeutics
in advanced clinical trials in the United State utilize some enhancement technol-
ogy (Table 2).

A. Direct Antibody Arming

Antibodies and their fragments have been armed in numerous ways, including
with radionuclides (6,122,142,143), protein and small molecule toxins (6,144),
as well as with biological response modifiers such as cytokines (145) (Fig. 5A).
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Arming antibodies commonly enhances their antitumor activity in xenograft mod-
els in vivo. Only limited toxicity is usually encountered since the antibody binds
the human antigen in the xenograft but commonly does not cross-react with the
corresponding murine antigen. In contrast, clinical testing of armed antibodies has
often resulted in unacceptably high toxicity due to cross-reactivity with antigen-
expressing normal tissue (6,20,21). Thus, the judicious choice of a target antigen
that is absent or present at only low levels on normal tissue is likely key to the
success of antibody arming strategies. Certainly the antigens most successfully
targeted with armed antibodies to date, CD20 and CD33 (see below), are very
restrictive in their tissue distribution.

Conventional Radioimmunotherapy

Radioconjugates have been the most extensively studied method for arming anti-
bodies (6,122). Indeed, at least five such radioconjugates have advanced to at
least phase I/II trials (Table 2). A widely perceived advantage of radioconju-
gates over naked antibodies is their ability to kill bystander tumor cells, including
antigen-negative cells. This is important since heterogeneous antigen expression
within the tumor serves as a mechanism for drug resistance as residual tumor
cells lacking the tumor antigen can proliferate following antibody therapy (40–
42) (Sec. III.C). Bystander cell killing by radioconjugates is possible since the
β-particles emitted by commonly used radioisotopes (131I, 90Y, 186Rh, and 188Rh)
are effective over many cell diameters—nearly 4 mm in the case of 90Y (143).
However, the ability of MAb radioconjugates to kill cells at a distance is a double-
edged sword since it also contributes to toxicity. α-Emitters such as 212Bi and
211At are an attractive alternative to β-emitters, since α-particles are highly cyto-
toxic but only over a very short range (�100 µm) (142,143). Unfortunately, the
clinical utility of these α-emitting radionuclides is currently curtailed by their
scarcity, which reflects in part their short half-lives. Many commonly used β-
emitters (131I, 186Rh, and 188Rh but not 90Y) also emit γ-rays, which can conve-
niently be used for imaging and quantification of radionuclide uptake (146,147).

At least six radioconjugates of antibodies and antibody fragments have al-
ready been approved as clinical diagnostic agents in the United State (1). On
the therapeutic front, arming anti-CD20 antibodies by radioconjugation has been
convincingly shown to benefit non-Hodgkin’s lymphoma patients (148–151).
Moreover, two anti-CD20 radioconjugates, Bexxar (131I) and Levalin (90Y), have
successfully completed phase III clinical trials and are anticipated to be the first
radioimmunoconjugates to be approved for therapy (Table 2).

Immunotoxins

For the last two decades, immunotoxins have been constructed primarily by
chemical coupling or genetic fusion of plant and bacterial toxins such as ricin A
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chain and Pseudomonas exotoxin, respectively, to antibodies or antibody frag-
ments (6,144). Clinical evaluation of such immunotoxins has been plagued by
problems of toxicity, particularly vascular leak syndrome, and by immunogenic-
ity that often precludes multiple dosing. These issues notwithstanding, antitumor
responses have sometimes been seen (152).

This immunogenicity problem with conventional protein toxins might po-
tentially be overcome by the recruitment of human proteins such as ribonucleases
to serve as toxins. The human ribonuclease angiogenin has been fused to anti-
transferrin receptor antibody fragments and shown to be selectively cytotoxic in
vitro to antigen positive cells (153). The cytotoxic activity of two other human
ribonucleases has been increased �5000-fold in vitro by site-specific chemical
coupling to a ligand or antibody. This enhanced cytotoxicity reflects specific tar-
geting as well as steric blockade of the interaction with a widely expressed ribo-
nuclease inhibitor (154).

Conventional cytotoxic chemotherapeutics have been widely coupled to
antibodies but have proved largely ineffective in patients (6). Major contributory
factors are the low molar toxicity of these drugs and the small proportion of
injected MAb that localizes to the tumor (10). This problem of low molar toxicity
of antibody-drug conjugates has been overcome by constructing conjugates with
exceedingly toxic small molecules such as calicheamicin (155,156) and maytansi-
noids (157), which are 100- to 1000-fold more potent than conventional chemo-
therapeutics. A humanized anti-CD33 antibody conjugated to calicheamicin has
given a remission rate of 38% in acute myeloblastic leukemia with acceptable
toxicities (156) (Table 1), which led to approval of this armed antibody.

Immunocytokines

Immunocytokines are recombinant antibody-cytokine fusion proteins that result
in high local concentrations of cytokines within a tumor, thereby stimulating
cellular immune responses (145). Immunocytokines containing IL-2 have proved
to be highly effective in eliminating established metastases in syngeneic murine
tumor models apparently by the expansion of immune effector cells (145). Such
encouraging preclinical findings will likely lead to clinical evaluation of the im-
munocytokine concept.

B. Bispecific Antibodies

As their name suggests, bispecific antibodies bind to two different epitopes, usu-
ally on different antigens (Fig. 5B). Most current applications of bispecific anti-
bodies target tumor cells with cytotoxic machinery including immune effector
cells, radionuclides, drugs, and toxins. However, bispecific antibodies are also
being used to target viral and bacterial pathogens as well as to deliver thrombo-
lytic agents to blood clots (136).
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For many years clinical development of bispecific antibodies has been lim-
ited by the difficulty of producing these complex molecules in sufficient quantity
and quality for clinical trials. The solution to these production difficulties now
exists with the advent of efficient methods for preparing bispecific antibody frag-
ments including diabodies and miniantibodies (Fig. 4) (reviewed in Ref. 96) and
bispecific human IgG (Fig. 5B) (158). Small-scale clinical trials with bispecific
antibodies have met with only very modest success (136). It remains to be seen
if recent progress in understanding the antitumor effects of bispecific antibodies
combined with improved technologies for preparing these molecules can be trans-
lated into effective treatments.

C. Pretargeting Technologies

Pretargeting technologies involve targeting of an antibody to a tumor, clearance
of excess circulating antibody, and delivery of the cytotoxic agent to be selec-
tively activated or captured at the tumor site (Fig. 5C). The commonly used cyto-
toxic agents are prodrugs and radionuclides. Pretargeting radionuclides and pro-
drugs hold the promise of greatly reduced systemic toxicity as compared to
conventional RIT and cytotoxic chemotherapy, respectively.

Enzyme-Activated Prodrugs

Antibody-dependent enzyme-mediated prodrug therapy (ADEPT) is a two- or
sometimes three-step approach in which an antibody-enzyme fusion protein or
conjugate is infused and allowed to localize to the tumor target (reviewed in Refs.
6,137,138,140). An inactive prodrug is administered once the fusion protein has
been cleared from the circulation. The prodrug is activated enzymatically within
the tumor by the localized fusion protein. A major advantage of ADEPT over
naked antibodies is amplification of the cytotoxic effect, including activity against
neighboring tumor cells. This bystander effect is anticipated to diminish the risk
of tumor cells escaping therapy by loss of target antigen expression. In addition,
the cytotoxic effects of the drug beyond the tumor target should be diminished,
thereby reducing toxicity as compared to systemic administration of cytotoxic
chemotherapy.

ADEPT has proven to be a very effective antitumor strategy in murine
xenograft models but is exceedingly difficult to translate into the clinic (6,
137,138,140). A major obstacle to ADEPT is the immunogenicity of both the
bacterial enzymes that are commonly used for prodrug activation and the rodent
MAb used in early clinical trials (159). Human enzymes in conjunction with
humanized or human MAb should help overcome this immunogenicity problem.
Encouragingly, ADEPT using a humanized antibody-human β-glucuronidase fu-
sion protein was efficacious in mice (160). However, many potential problems
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remain for ADEPT since the use of human enzymes poses risks of unwanted
activation of prodrug by endogenous enzymes and interference from endogenous
substrates or inhibitors. Human carboxypeptidase A1 has been cleverly engi-
neered so that it will activate a prodrug that is not a substrate for the wild-type
enzyme (161), but unfortunately it was not effective in vivo (162). Much addi-
tional progress is needed if ADEPT is to become an important treatment option
for cancer patients.

Pretargeted Radioimmunotherapy

Several two-step and three-step schemes have been developed for pretargeted
RIT, most of which utilize the very high-affinity interaction between streptavidin
and biotin (reviewed in Refs. 139,163). Schemes using bispecific antibodies and
antibody-DNA conjugates have also been used. In one version of pretargeted RIT,
an antibody-streptavidin conjugate or fusion protein is first allowed to localize to
a tumor target (Fig. 5C). Remaining circulating conjugate is then removed by
the addition of clearing agent. Finally, a radionuclide such as 90Y is delivered
using a biotinylated chelator. The chelator is either captured by the antibody-
streptavidin in the tumor or cleared rapidly because of its small size. A major
advantage of pretargeted over conventional RIT is that much higher tumor:non-
tumor ratios can be achieved, thereby reducing whole body exposure to radio-
activity with its attendant toxicities. Successful preclinical studies have led
to small-scale clinical trials with three-step pretargeted RIT (164,165). The im-
munogenicity of streptavidin is a major obstacle to pretargeted RIT, which will
likely preclude multiple cycles of treatment, unless it can be overcome, e.g., by
PEGylation (166). Another limitation of pretargeted RIT is the large amounts of
radionuclide that must be administered, since only a very small fraction is cap-
tured at the tumor target site.

D. Immunoliposomes

Liposomes are lipid bilayers that have self-assembled into small (diameter � 100
nm) colloidal particles, thereby encapsulating some of the surrounding medium.
The therapeutic potential of liposomes for the delivery of drugs, toxins, and DNA
has long been appreciated but has proved difficult to translate into clinical prac-
tice. Renewed interest in liposomes has followed the advent of sterically stabi-
lized (‘‘stealth’’) liposomes that are long-lived in vivo and by improved methods
for loading and retaining drugs (167). Such ‘‘stealth’’ liposomes have been selec-
tively targeted to tumor cells in vitro using engineered antibody fragments (168–
170). Encouragingly, anti-HER2/neu immunoliposomes loaded with doxorubicin
show greater antitumor activity than free drug or drug loaded in nontargeted
liposomes in several tumor xenograft models (141,170). Moreover, the systemic
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toxicity of the immunoliposome-targeted doxorubicin was much less than that
of free doxorubicin. Despite such progress with immunoliposomes, several under-
lying difficulties remain, including their complexity and inefficient extravasation
due to their large size (141).

VIII. Trends with Antibody Therapeutics

Antibodies are an important new class of drugs whose impact will doubtless
increase as some additional antibodies in advanced clinical trials (Table 2) prog-
ress through to regulatory approval. Historically, a high proportion of antibodies
in the clinic has been targeted to cancer and has met with very modest success.
The tide is finally turning with the approvals of four antibody therapeutics for
oncological indications in the United States (Table 1) and a fifth, Panorex, in
Europe.

Despite these successes, great need exists for enhancing the efficacy of
antibodies, particularly for tumor immunotherapy. This need has fueled the devel-
opment of new technologies to enhance antibody potency (Sec. VII) (Fig. 5).
The concept of antibody arming is finally coming of age with the approval of
the anti-CD33-calicheamicin conjugate, Mylotarg (Table 1), and with two anti-
CD20 radioconjugates, Bexxar and Zevalin, in late stages of regulatory review
(Table 2). The greatest challenge to antibody arming is the identification of new
antigens that are located on the target but few, or ideally no, normal tissues in
order to minimize toxicity. Ideally, this effort will capitalize upon the rapid identi-
fication of new human proteins from the human genome project.

An exceedingly important trend is the successful use of antibodies as thera-
peutics for indications outside of oncology. Indeed, 6 of the 10 antibodies ap-
proved in the United States are for diverse nononcological indications and are
based upon extensive knowledge of disease etiology. Future approvals are ex-
pected to increase the usage of antibodies in existing therapeutic areas and
broaden the scope of antibodies to new areas. For example, the humanized anti-
IgE antibody E25 (171), now known as Xolair, has proved efficacious in phase
III trials in seasonal allergic rhinitis (172) and also in phase II (173) and phase
III trials (174–177) for allergic asthma. Xolair has been submitted for regulatory
approval on the basis of these promising clinical data.
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