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Foreword

Tumor Microenvironment under the Magnifying Glass: 
A New Challenge to Cancer Immunologists

The theory of immunological surveillance against cancer has been introduced half 
a century ago by McFarlane Burnet and Lewis Thomas. Despite extensive research 
to validate and generalize this concept, approaches to intervene in cancer by immuno-
logical means has led to more disappointments than successes, more doubts than 
convictions. Is this concept still valid? If the question addresses the possibility that 
cancer cells induce protective immunity suffi cient to enact tumor rejection, the 
answer is no. But what about manipulating innate and adaptive, cellular and solu-
ble immune components to fi ght tumor progression and metastasis? A pessimist’s 
answer would allude to the ample evidence demonstrating that most malignant 
cells are non-immunogenic and do not become “non-self” targets. The optimist will 
highlight cases of melanoma and non-Hodgkin’s lymphoma that can be managed 
by active and passive immunotherapy. Realistically, however, one has to admit 
that approaches to induce specifi c immunity to cancerous cells may be useful in 
the treatment of tumors with a well-defi ned etiological factor (viral or carcinogen), 
leaving most carcinomas and sarcomas outside the scope of potential targets for 
adaptive immune attack. Nevertheless, when it comes to innate immune responses 
and factors, the prospects of harnessing infl ammatory and growth restricting 
cytokines, NK cell death receptors and ligands has not been exploited in full. We 
may be surprised, after all, by research endeavors focusing on these immune 
components in the future.

In recent years, the study of cancer immunology has been benefited by the 
emerging concept of the tumor microenvironment.

It is not in heaven …neither it is beyond the sea. …It is very nigh unto thee that you mayest 
do it. (Deuteronomy 30:11)

The message is clear and straight forward. To discern immune responses pertinent 
to tumor regression (or progression), one should look nigh to the tumor. Studying 
of systemic immunity in cancer patients or experimental animals is not always 
relevant to the antitumor effects operating at the tumor site. Both innate and adaptive
immune responses taking place within the tumor and its immediate vicinity are 
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unique and their study should yield novel insights into the role that immunity may 
play in protecting the host against an emerging or expanding tumor.

In the present issue we undertook the challenge to review and discuss recent stud-
ies focusing on the uniqueness of loco-regional anti-(or pro) cancer immunity, mani-
fested at the tumor microenvironment. In Chapter 1, Whiteside reviews evidence 
suggesting that components necessary for mounting an antitumor immune response 
are present in cancer patients. Yet, such responses fail to arrest tumor growth due to 
a loco-regional immune dysfunction within and around the tumor. Multiple mecha-
nisms are involved in creating an immunosuppressive microenvironment at the 
tumor site, which call for the development of therapies aimed to avoid tumor induced 
suppression and sustain the function of immune effector cells.

Mechanisms leading to immunosuppression at the tumor microenvironment are 
discussed in Chapter 2 by Ferrone. It appears that immunosuppressive cytokines 
such as IL10 and TGF-β are abundantly produced by tumor, stromal and immune 
cells at the microenvironment. In addition to their inhibitory effect, such cytokines 
act directly on cancerous cells by impairing their antigen presenting capacity. 
Another inhibitory activity is mediated by soluble HLA molecules generated at the 
tumor microenvironment that induce apoptosis of infiltrating CTL and NK cells 
with residual cytotoxic activity.

In Chapter 3, Schirrmacher describes and discusses malignant diseases in which 
tumor growth occurs despite the existence of functional tumor specific memory T 
cells in the bone marrow. This apparent paradoxical situation reflects the disparity 
between peripheral and loco-regional immune responses during the progression of 
cancer. The unique loco-regional characteristics of host tumor relationship require 
novel intervention modalities which counteract immune and metabolic deregulation
in the tumor microenvironment.

Modern technologies enabling gene expression profiling can be applied in the 
study of cancer microenvironmental immunity. This approach is discussed by 
Gajewski in Chapter 4 using melanoma microenvironment as a model. An oligonu-
cleotide array platform preformed on melanoma biopsies and cell lines identified 
numerous genes that are upregulated in tumor versus stromal cells. Many such gene 
transcripts are involved in regulating T and B cell immunity and in crating 
immunosuppressive microenvironment. Such throughput analysis may help in 
discerning new targets for manipulating the tumor microenvironment in favor of 
immunoreactivity.

How can tumors manipulate their microenvironment to escape immune regulation
and attack? Multiple mechanisms exist, one of which involves tumor-associated 
antigens (TAA). Such antigens, as discussed by Engelmann and Finn in Chapter 5, 
play a Dr. Jekyll and Mr. Hyde game. While in experimental systems and some 
clinical circumstances they can be targeted by immune surveillance, at the tumor 
microenvironment they promote tumorigenesis by acting as adhesion or signaling 
molecules. The Mr. Hyde type of action becomes even more deleterious when TAA 
are expressed on cancer stem cells, by virtue of their capacity to prevent apoptosis, 
increase proliferation and induce chemotaxis of immune cells.
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Under most circumstances, cancer cells shape their microenvironment in their 
favor. However, at the same time they are affected by microenvironmental factors 
that confer upon them heightened status of immunoresistant phenotype. This out-
come is discussed by Bonavida in Chapter 6. While immuno-competent cytotoxic 
lymphocytes infiltrate the growing tumor, they fail to kill tumor cells, since the 
latter develops a high degree of apoptotic resistance. Both extrinsic and intrinsic 
mechanisms generated inside and outside the tumor contribute to the gradual 
acquisition of a resistant phenotype and their identification is required in order to 
re-sensitize the cells for cytotoxicity.

The cancer microenvironment may be envisaged as a site of chronic inflammation.
This view is presented by Selleri et al. in Chapter 7. Evidence has been generated 
in recent years to indicate that the evolution and progression of certain cancers is 
promoted by a chronic inflammatory response to viral or bacterial infection. Hence, 
cellular and soluble components of inflammation at the tumor microenvironment 
are likely to create a niche favoring tumor growth. Immune modulation and 
suppression is one outcome of chronic inflammation, manifested in situ, at close 
proximity to the growing tumor.

The most important effector cells which are directly engaged in tumor cell 
destruction are Cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells. In 
Chapter 8, Lotem et al. discuss the events taking place during CTL activation, 
migration, target recognition, immune synapse formation and killing. While all 
these steps occur and advance during viral infection or graft rejection, they fail to 
operate within the tumor microenvironment. This deficiency may be restored using 
gene transfer technologies by which CTLs are equipped with high affinity T cell 
receptors (TCR) or TCR replacing molecules, such as chimeric monoclonal anti-
bodies. These manipulations, together with ex vivo expansion and selection of 
highly reactive CTLs should boost the destructive capacity of the cells, beyond the 
limiting threshold of the immunosuppressive tumor microenvironment.

Whereas CTLs are a cellular component of the specific/adaptive immune system,
NK cells belong to the innate arm of the immune response. As reviewed by Gazit 
et al. in Chapter 9, the potency of tumor cell killing by NK cells has been demon-
strated in various experimental systems. Yet, tumor rejection by NK cell killing is 
not evident due to microenvironmental factors that inhibit NK activity. Since NK 
cells are equipped with an array of inhibitory receptors (NKIRs) that interact with 
MHC and non-MHC ligands, their killing activity at the tumor microenvironment 
may be inhibited by direct or indirect engagement of such receptors. In addition the 
immunosuppressive microenvironment of the tumor disarms NK cells by inducing 
multiple phenotypic changes which should be studied in detail before modalities 
for harnessing of NK cells to fight cancer are developed.

Conceptually and traditionally, the tumor microenvironment is envisaged as a 
consequence of malignant transformation in that a growing tumor creates a shield 
that protects its cells from destruction by immune and non-immune mechanisms. 
Klein et al. in Chapter 10 provide a different look at the tumor microenvironment. 
In certain hemopoietic cancers it may play a causative role and promote malignant 

Foreword vii



transformation. This is the case in Hodgkin’s and nasal NK/T lymphomas which 
emerge following infection by EBV. The transforming capacity of this virus is 
usually offset by robust immunity in the host, leading to persistent latent infection. 
However, when a certain pattern of viral protein expression ensues, a complex 
interactive microenvironment comes to exist with unique composition of cellular 
and soluble components. Such microenvironmental factors promote, rather than 
inhibit, cellular transformation and tumor progression, and are responsible for the 
formation of the Hodgkin’s lymphoma Granuloma.

This publication is first in a series of Springer Science books dealing with 
various aspects of the tumor microenvironment. To the best of my knowledge it is 
a first compilation of chapters discussing the interrelationship between the immune 
response, the tumor and its microenvironment. Evidently, a focus on the tumor 
microenvironment provides new and exciting insight into the complex interaction 
between innate and adaptive, cellular and humoral immune responses and cancer 
cells. It is a young and evolving concept doing its first steps on a long path of 
scientific inquiry. The ultimate goal is to design local and systemic immune strategies
that will affect the tumor and its environment in a therapeutic manner. Hopefully, 
the ongoing investment in studying cancer microenvironment will ripe to yield 
practical dividends in the near future.

Eitan Yefenof
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Chapter 1
Immune Effector Cells in the Tumor 
Microenvironment

Their Role in Regulation of Tumor Progression

Theresa L. Whiteside

Abstract Immune effector cells have the ability to eliminate malignant cells and 
thus regulate tumor progression. However, immune cells in the tumor microenvi-
ronment are dysfunctional, generally fail to control tumor growth and may even 
promote its progression. Molecular mechanisms responsible for tumor-induced local 
and systemic immune suppression are currently under intense scrutiny. It appears 
that tumors can deregulate recruitment, effector functions and survival of immune 
cells, interfering with all stages of antitumor response. Suppressive mechanisms tar-
geting key signaling pathways in immune cells have been identified. Strategies for 
reversal of tumor-mediated immunsuppression are being developed. Understanding 
of multiple and varied mechanisms used by tumors to escape immune surveillance 
is crucial for the future design of more effective antitumor therapies.

Keywords Antitumor immunity, immune suppression, mechanisms of suppression, 
tumor escape, tumor microenvironment

1.1 Introduction

Evidence supports the concept that the host immune system interacts with the 
developing tumor and, in some cases, may be responsible for the arrest of tumor 
growth and tumor regression. The presence of antibodies (Abs) to tumor-associated 
antigens (TAA) and of specific (i.e. tetramer+) as well as nonspecific effector cells 
in the peripheral  circulation and at the tumor site of cancer patients has been often 
reported. This implies that immune cells and Abs are potentially capable of mediat-
ing tumor rejection in these patients. In vitro, isolated effector cells, including T 
cells, natural killer (NK) cells, Antibody-armed NK cells or macrophages, have 
each been shown to mediate the death of tumor targets in short-term assays by mecha-
nisms such as osmotic lysis (cytotoxicity) or apoptosis and/or antibody-dependent

E. Yefenof (ed.), Innate and Adaptive Immunity in the Tumor Microenvironment. 1
© Springer 2008
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 cellular cytotoxicity (ADCC). In vivo, however, tumors seem to have evolved mul-
tiple means to evade these immune effector cells, a paradigm known as “immuno-
logic escape.” Tumors can engineer such immune escape via a wide range of 
mechanisms, and the ability to interfere with numbers of antitumor immune cells 
and/or to subvert their function is considered to be a principal reason underlying the 
failure of the host to ultimately control tumor progression.

Immunotherapies, including antitumor vaccines, are designed to activate and 
mobilize the host adaptive immune response directed at the tumor. However, 
despite the current availability of immunogenic TAA and peptides [133], vaccination-
based clinical trials using these antigens in patients with advanced malignancies 
have failed to demonstrate a conclusive relationship between clinical responses and 
the presence or frequency of antitumor effector cells [63, 137]. In many cases, 
immune responses to vaccines have been weak or undetectable [62, 96]. In other 
cases, the frequency of peptide- or TAA-specific CD8+ effector cells (cytolytic 
T lymphocytes or CTL) increases following vaccine administration, without any 
measurable impact on the patient’s clinical course [e.g. 117, 125]. This lack of con-
vincing and reproducible associations of immunologic with objective clinical 
responses to immunotherapies in cancer patients has been both unexpected and 
disconcerting, and it has cast doubts regarding the utility of biologic therapies in 
cancer. These findings do not fit with the evidence accumulated from a wide range 
of animal tumor models, where tumor-specific T cells have been shown to play an 
active role in eliminating tumor/metastasis and inducing antitumor memory 
responses [99, 213]. Although human PBMC isolated from patients with cancer 
contain tumor-specific CD8+ and CD4+ T cell precursors that are capable of killing 
tumor cell targets after appropriate in vitro activation [187, 191, 197, 198], attempts 
at the expansion and sustaining of antitumor functions of these effector cells in the 
clinical setting remain a major challenge.

Current evidence suggest that the components necessary for mounting the anti-
tumor immune response are present in cancer patients, including TAA, antigen 
presenting cells (APC), immune T cell subsets and cytokines. Nevertheless, antitu-
mor immune responses generally fail to arrest tumor growth. Protective antitumor 
responses are not promoted and sustained in tumor-bearing hosts. Efforts to discern 
what happens to immune cells in the tumor microenvironment that prevents the 
development of clinically relevant TAA-specific immune responses are of central 
importance. Two possibilities have been considered: (a) tumor-specific immune 
responses are generated both in situ and systemically, but they are inadequate, inap-
propriate or otherwise skewed toward tolerance; and (b) tumor-specific immune 
responses are effectively generated and are not biased, but the tumor cleverly 
avoids immune recognition. The mechanisms underlying the capability of human 
tumors to cause an imbalance of the host immune system and to successfully avoid 
recognition by immune cells are being identified. The role of tumor microenviron-
ment in development and progression of cancer in man has been recognized, and 
interactions between immune cells and other cellular or molecular components of 
the tumor milieu are known to significantly influence the disease outcome. Design 
of novel therapies to restore or balance antitumor immune responses in situ and 
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systemically, thereby achieving therapeutic benefits, remains a major incentive of 
tumor immunology today.

1.2  Evidence for Loco-regional Immune Dysfunction 
in Cancer

The commonly observed presence of leukocytes in human tumors has led to specu-
lations that these cells contribute to the control of tumor growth. Despite many 
attempts to correlate the degree or type of cellular infiltrates with prognosis or 
patient survival, no consensus exists [reviewed in ref. 198], and the significance of 
leukocyte infiltrates in tumors remains equivocal. However, it seems reasonable to 
predict that it is not the presence per se, but the functional potential of the infiltrat-
ing cells confronting the tumor that determines their utility in host defense. Most 
tumor-infiltrating lymphocytes (TIL) are activated T cells containing variable 
 proportions of CD8+ and CD4+ T cell subsets, which are almost exclusively 
CD45RO+ memory T cells [reviewed in 187, 191]. In comparison to autologous 
peripheral blood lymphocytes or those isolated from tissues distant from the tumor, 
TIL-T cells have been consistently found to be poorly responsive or unresponsive 
to traditional T-cell activating stimuli [197, 198]. Table 1.1 summarizes evidence 
accumulated to date for functional deficiencies observed in fresh TIL isolated from 
a wide variety of human tumors. In aggregate, these data indicate that activated 
T-cells derived from tumor sites or tumor-involved human lymph nodes are func-
tionally compromised and do not behave like normal activated T cells.

Nevertheless, TIL freshly isolated from certain tumors, especially melanoma 
and renal cell carcinoma (RCC), are “responsive” to immunologic intervention in
vitro [24]. This suggests that even in the face of tumor-induced immune deviation, 
these lymphocytes can be salvaged and may be of clinical benefit to the patient, if 
an appropriate treatment is administered. Functional impairments have also been 

Table 1.1 Immune deviation in T cells present in the tumor microenvironment

1. Activation of proteolytic enzymes in tumor-infiltrating leukocytes: rapid degradation of cel-
lular proteins [129].

2. Signaling defects in TIL and PBL-T:

(a) NFκB abnormalities [82, 172]
(b) ζ chain defects: either low expression or absence [43, 72, 98, 104, 132, 211]
(c) Ca+ + flux alterations [130]

3. Cytokine expression: absent/decreased Th1-type cytokines [86, 128, 160].
4. Inhibition of lymphocyte proliferation, cytotoxic activity or cytokine production [29, 130, 

170, 197].
5. Inhibition of leukocyte migration [121].
6. Induction of T-cell apoptosis [56, 129, 130, 190].
7. Expansion of immunosuppressive macrophages [8, 94, 95].
8. Accumulation of regulatory CD4+ CD25high T cells [6, 31, 84, 142, 146, 158].
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noted for alternate effector cells that accumulate within tumor sites. Several recent 
reports indicate that tumor-associated DC (TADCs) are functionally defective, 
especially in their antigen-presenting capacity [46]. Tumor-associated macrophages 
(TAMs) also exhibit functional defects relative to their counterparts obtained from 
tumor-uninvolved inflammatory sites in the same patient [94, 95].

1.2.1  Biologic Significance of Loco-regional Immune 
Suppression

Functional defects in TIL appear to be biologically significant. For example, we 
have documented the presence of signaling defects in T cells isolated from tumor 
biopsies of 138 patients with oral carcinoma [132]. We evaluated the expression of 
the CD3ζ chain in TIL, using semiquantitative analysis of immunostained sections 
of paraffin-embedded tumors [132]. TIL were scored as negative/weakly stained (0 
or 1) or as positive (2) for ζ expression. The results showed that 32% of tumors had 
absent or low expression of ζ in TIL, and that this alteration was significantly asso-
ciated with an advanced stage (T3 or T4) as well as nodal involvement [132]. In 
oral carcinoma patients with advanced disease, normal expression of ζ in TIL was 
predictive of a significantly better 5-year survival (Fig. 1.1) and was independent 
of other established prognostic parameters [132]. This report of a direct association 
between reduced ζ expression in TIL-T cells, disease progression and overall 
patient survival suggested that functional abnormalities observed in TIL have 
important biologic consequences. It has been also reported that decreased expres-
sion of ζ occurs in patient peripheral blood mononuclear cells (PBMC) [72, 131]. 
These observations suggest that in patients with cancer, ζ may be a marker of 
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immune competence, and individuals who have normal ζ expression are most likely 
to respond favorably to biotherapy [195].

1.3 Evidence for Systemic Immune Deviation in Cancer

In patients with cancer, alterations also occur in systemic antitumor immunity [56, 
131, 190, 192]. In a tumor-bearing host, dissemination of antigens released from the 
growing (shed or secreted antigens) or dying (apoptotic/necrotic debris) tumor cells 
assures their access to APC and allows for the cross-priming of immune effector 
cells in lymphoid tissues draining the site of the tumor. It is likely that the composi-
tion, number and the state of activation/differentiation of the immune infiltrate at the 
local site will vary over time, depending on the evolving (constitutive or therapy 
induced) systemic immune response of the host to TAA and the ability of these cells 
to be recruited into and survive/function within the tumor microenvironment. 
Circulating T cells obtained from patients with cancer are either biased in their 
cytokine profile or otherwise functionally compromised [17, 131, 171]. Furthermore, 
dysfunctions in circulating lymphocytes was linked to the extent of dysfunction seen 
in paired TIL [131] and to the disease stage and/or activity [24, 131]. Thus, patients 
with advanced stage carcinomas had more lymphocyte dysfunction (low ζ expres-
sion, low proliferative index, greater NFκB dysfunction) than patients with early 
or inactive disease [24, 131]. The presence of such systemic alterations may explain, 
in part, why vaccines and other immunotherapies yield objective clinical responses in 
only a small minority (at best 20%) of patients with cancer.

1.4  Mechanisms Responsible for Dysfunction 
of Immune Cells in Cancer Patients

To date, many different mechanisms that are responsible for immune dysfunction 
have been identified. Some are directly mediated by factors produced by tumors, 
while others result from alterations of normal tissue homeostasis occurring in the 
presence of cancer. Until recently, little was known about molecular alterations in 
tumor cells in situ as they progressed from the pre-malignant to metastatic phenotype.
Genetic instability, now recognized as a principal characteristic of all tumors, may 
result in changes in their epitope profile. Molecular changes, already detectable 
during early stages of tumorigenesis, become more pronounced as the tumor 
progresses. The net result of these changes is increased resistance of tumor cells 
to immune surveillance. Remarkably, tumors appear to be able to interfere with 
immune cell development, differentiation, function and even their elimination. 
Thus, all stages of antitumor immune response are subject to adverse intervention 
in the tumor microenvironment as indicated in Table 1.2 and discussed below.
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1.4.1 Interference with the Induction of TAA-specific Responses

Tumors are known to interfere with the early stages of the immune response by 
targeting cellular and molecular mechanisms responsible for its initiation and 
subsequent progression.

Table 1.2 Mechanisms responsible for tumor immune escapea

Interference with distinct stages of 
TAA-specific immune responses Mechanisms References

 I. Induction of antitumor immune  1. Molecular signaling in the
responses tumor micro-environment 

  a. Paucity of co-stimulatory  [75, 176]
signals due to decreased 
expression of co-stimulatory 
molecules on tumor or 
APC surface

  b. Death receptor/ligand  [112, 113]
signaling and “tumor 
counterattack”

  c. NFκB signaling [83, 122]

  2. Dysfunction of DC and  [1, 65]
inadequate cross-presentation 
of TAA to T cells

  3. DC apoptosis in the tumor [38, 123]

II. Compromised function/survival  1. Suppression of T-cell [31, 183, 206]
of effector T lymphocytes responses by Treg

  2. Suppression by myeloid  [23, 144]
suppressor cells (MSC) 

  3. Apoptosis of effector  [56, 190]
T cells in the tumor and in
the periphery

  4. MV (exosomes secreted  [2, 12, 70]
by human tumors) 

III. Loss of tumor cell recognition  1. Changes in surface [25, 109]
by immune cells expression of HLA molecules

  2. Down-regulation of surface  [92, 135]
TAA displayed by tumor 
cells: antigen loss variants

  3. Alterations in APM  [42, 184]
component expression in 
tumor cells or APC

  4. Suppression of NK activity  [77, 126]
in the tumor 
microenvironment

IV. Resistance to tumor cells to  1. Lack of susceptibility to [87, 92, 203]
immune intervention immune effector cells

  2. Immunoselection of  [30, 92]
resistant variants

 3. Tumor stem cells [60]
a The mechanisms listed are selected from among others known to illustrate the diversity of tumor 
escape strategies. See text for details.
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1.4.1.1 Molecular Signaling in the Tumor Microenvironment

Cells initiating immune responses that are driven by activating and co-stimulatory 
signals communicate with one another. However, normal signal transmission is 
disrupted or diverted in the tumor presence. Both murine and human tumors are 
known to interfere with different molecular pathways which mediate cellular 
cross talk [104, 129]. In addition to tumor cells, the tumor microenvironment 
contains stromal fibroblasts, infiltrating hematopoietic cells and blood vessel 
elements [193]. These normal cells were viewed as a scaffold necessary for 
tumor cell expansion (the stroma) or a manifestation of host antitumor activity 
(infiltrating leukocytes). Only recently molecular interactions between these 
cells and the tumor came to be recognized as regulatory elements of cell growth 
vs. cell death. Among them, the death receptor/ligand and NFkB activation path-
ways also play a key role in immune cell differentiation and functions [201]. 
However, the signaling immune cells encounter in the tumor milieu is distinct 
from that in normal tissues, and it does not favor the induction of TA-specific 
responses.

(a) Paucity and diversion of co-stimulatory signals

Immunohistology studies show that human tumors lack or down-regulate 
co-stimulatory molecules [75]. Although tumor cells are not “professional” APC, 
insufficient expression of molecules such as B7.1or B7.2 may result in tolerance, 
because the second signal necessary for T-cell activation is lacking [176]. If DC 
conditioned by the tumor have reduced levels of co-stimulatory molecules, their 
ability to fully activate T cells is diminished. Thus, tumors are inefficient in sup-
porting T-cell differentiation and proliferation. In effect, DC in the tumor are 
locked in an immature state. Further, malignant cells express molecules such as 
programmed death ligands 1 and 2 (PD-L1 and PD-L2), which can interact with 
corresponding death receptors (PD-1 or PD-2) present on activated T cells and 
induce their apoptosis [118]. Also, PD-L1 and PD-L2 facilitate preferential 
development of CD25+CD152 (CTLA-4+) T suppressor cells and promote func-
tional anergy [118]. Signaling processed via PD-L1 (B7-H1) has been shown to 
promote tumor progression in both murine and human SCID models [61], and its 
expression on tumors has been correlated with poor prognosis in humans [167]. 
CTLA-4, a homologue of CD28, is constitutively expressed on activated T cells 
and Treg. In the presence of DC cross-presenting TA and rich in B7.1 and B7.2 
in the tumor microenvironment, activated T cells up-regulate CTLA-4. Because 
CTLA-4 molecule functions as a key negative regulator of CD28-dependent 
T-cell responses, such CTLA-4 upregulation on activated T cells results in the 
inhibition of Th1-type immunity and polarization to Th-2-type responses [164]. 
Evidence from animal models of tumor growth indicates that negative CTLA-4 
signaling is in a large part responsible for functional paralysis of T cells in the 
tumor microenvironment [115].
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(b) Death receptor/ligand signaling

Death ligands and their receptors, especially the Fas/FasL or TRAILR/TRAIL, 
are expressed on tumor cells and on activated immune cells [49, 200, reviewed in 
201]. Immune cells expressing membrane-associated FasL and/or TRAIL are 
thus “armed” to eliminate death receptor-positive tumor cells and mediate 
immune surveillance [51, 100]. Death ligands, especially TRAIL, expressed on 
NK cells infiltrating tissues such as liver, contribute to protection from metastasis 
[51, 71, 101]. On the other hand, death ligands expressed on tissue cells maintain 
the immune privilege of the anterior chamber of the eye or testis, protecting them 
from immune interference [97, 162]. Death ligands present on the surface of 
tumor cells are used as means of achieving immune privilege. Best known as the 
“Fas-counterattack hypothesis,” this concept is based on the demonstration that 
FasL+ colon cancer cells could induce Fas-mediated apoptosis of activated 
T cells in vitro [112, 113]. Expression of FasL in human tumors in situ has been 
confirmed by many studies [201, 209] and linked to Fas/FasL-mediated apoptosis of 
tumor-infiltrating lymphocytes (TIL) as well as to a poor prognosis for breast, 
ovarian, colon and liver cancers [9, 13, 28, 48, 89, 157]. While FasL+ tumor cells 
can counterattack immune cells, they have evolved tactics for protection from 
apoptosis by blocking signals delivered via Fas via intracellular inhibitors of 
apoptosis (IAPs) [203]. The overall results favor the tumor and interfere with 
antitumor immunity.

Surprisingly, FasL+ tumors are not protected from rejection in vivo. When 
implanted in experimental animals, FasL+ tumor cells are rapidly rejected due to 
a massive infiltration of the graft by granulocytes [103]. This suggests that FasL 
is a pro-inflammatory molecule, which promotes inflammatory cell infiltration 
into tissues [88, 93]. FasL has the ability to induce inflammatory gene expression in 
tissue-resident immune cells, especially macrophages, which leads to the release of 
TNF-α and IL-8, cytokines with potent pro-inflammatory activities [4, 22, 40, 181]. 
Pro-inflammatory cytokines, acting as autocrine or paracrine mediators, up- regulate 
death receptor (Fas, TRAILR) expression and death ligand (FasL, TRAIL)  secretion 
from tumor/tissue cells, shifting signaling from the pro-apoptotic to pro-inflammatory 
mode. Death ligands can play diametrically opposing roles in tumor growth. On the 
one hand, their expression on the tumor confers immune privilege and promotes 
metastasis. However, they can also induce potent inflammatory responses leading 
to tumor eradication. The tumor takes advantage of this dual functionality of death 
ligands by consistently shifting the balance toward pro-tumorigenic effects. In the 
tumor microenvironment, immune cells are at a disadvantage, having been corrupted
to produce factors favoring tumor growth.

(c) NFkB signaling

The developing tumor is a site of chronic inflammation [15]. It has been sug-
gested that progression to malignancy is regulated at the level of NFkB signaling 



1 Immune Effector Cells in the Tumor Microenvironment 9

and pro-inflammatory cytokines [83, 122]. NFκB, a ubiquitous transcription 
factor, may be the link between cancer and inflammation [122]. NFκB, is regulated 
differently in normal vs. malignant tissues [83, 122]. In the former, NFκB
regulates expression of various cytokines and the process of inflammation. In 
the latter, NFκB stimulates proliferation of tumor cells and inhibits their apop-
tosis [122]. In most normal cells, NFkB complexes are present in the cytoplasm 
but remain inactive due to their interaction with inhibitor of NFkB (IkB). 
Upon cell activation, IkB kinases phosphorylate IkB, which is degraded and 
frees NFkB to translocate to the nucleus, where it regulates gene transcription. 
During inflammation, activation of NFkB is initiated by, e.g. binding of TNF-
α to its receptor (TNFR1) expressed on inflammatory cells, and it induces reg-
ulated expression of cytokine genes, which control cell migration, proliferation and 
death. In chronic inflammation, the microenvironment favors overproduction 
of pro-inflammatory cytokines by infiltrating as well as local tissue cells. 
Such deregulated cytokine secretion is driven by the NFκB activation in 
tumor cells.

Many neoplastic cells show constitutive NFκB activation, which contributes 
to abnormal proliferation, resistance to apoptosis and disease progression [83, 
120]. NFκB activation is already present in pre-malignant tissue cells, leading 
to establishment of the pro-inflammatory environment [120, 199]. As the tumor 
develops, tumor cells which depend on cytokines and growth factors for sur-
vival, either produce and secrete them (autocrine regulation) or reprogram leu-
kocytes found in the tumor microenvironment to produce them (paracrine 
regulation). Responding to this cytokine storm, tumor and stromal cells produce 
a panoply of soluble factors with biologic effects ranging from enhancement of 
cell proliferation, matrix remodeling, vessel growth, inhibition of apoptosis or 
cellular differentiation to sustained release of pro-inflammatory mediators [15]. 
NFκB is also implicated in the promotion of metastasis by regulating cell adhesion 
and migration [83]. This microenvironment is assiduously maintained by the 
tumor, promotes tumor growth and invasiveness but is suppressive to immune cells 
and, in concert with tumor progression, assumes the features of chronic 
inflammation.

Tumors have the ability to usurp normal biologic process of inflammation to 
promote tumor progression. The prominent role of TNF-α in this process has 
been emphasized [102]. The NFκB pathway can either promote survival of 
malignant cells by inhibiting apoptosis or sustain the production of cytokines 
necessary for tumor growth and tissue restructuring, thus mediating opposite 
biologic effects. Signals available in the milieu, including FasL and/or TRAIL, 
undoubtedly contribute to this molecular diversion, promoting tumor escape. The 
tumor, manipulating molecular circuits to its advantage, “never heals,” and the 
overall anti-apoptotic character of the milieu promotes tumor progression. 
Whether NFκB is a friend or foe of cancer cells is currently a central question of 
tumor biology [119]. It is becoming clear, however, that not only NFκB but other 
signaling molecules have dual functions, and the tumor can capitalize on this 
biologic redundancy.
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1.4.1.2 Dysfunction in TAA Cross-presentation by Dendritic Cells

The key role of DC in cross-presentation of TAA to T cells is well known [14, 156]. 
Dysfunction of DC cross-presenting TAA to T cells could lead to an inadequate or 
biased antitumor immune response. DC not only process and present TAA to T 
cells but are important sources of IL-1, IL-12, IL-15, IL-18, IL-23 and Interferons, 
among other cytokines and chemokines. They are also rich in co-stimulatory mole-
cules necessary as second signals or in growth factors for T-cell differentiation, 
proliferation and memory development [46, 186]. Therefore, if DC are depleted or 
unable to perform normally, the induction of TAA-specific immunity is likely to be 
impaired. Indeed, inhibition of DC in the presence of tumors has been reported [1, 65].
Defective maturation of DC in the tumor microenvironment may be mediated by 
tumor-derived vascular endothelial growth factor (VEGF) [44]. Others report that 
tumor-derived exosomes interfere ex vivo with differentiation of human DC from 
peripheral blood monocytes [149]. Tumor-derived gangliosides interfere with 
expression of inducible proteasomal components of antigen processing machinery 
(APM) in DC [149, 168]. Expression of APM components in DC is likely to deter-
mine the functional potential of this cellular mechanism necessary for presentation 
of cell surface-bound HLA-peptide-β2 microglobulin complexes to cognate T cells. 
Downregulation of APM component expression in DC co-incubated with apoptotic 
tumor cells (HNC, melanoma) has been observed, and it may contribute to poor 
induction of antitumor immune responses in cancer patients [189].

1.4.1.3 Apoptosis of DC in the Tumor Milieu

It has been recently shown that elimination of DC or DC precursors in the tumor 
microenvironment is an important element of tumor-induced immune suppression and 
may, in part, contribute to a deficient antitumor immune response in cancer patients 
[37, 150, 151]. The molecular pathways that may be involved include: (1) downregula-
tion in DC of the anti-apoptotic Bcl-2 family proteins [38, 124]; (2) accumulation of 
ceramides which could interfere with PI3K-mediated survival signals [38, 123]; (3) 
production by the tumor of NO, which suppresses expression of cellular inhibitors of 
apoptosis proteins (cIAPs) [38] or cFLIP. Analysis of gene and protein expression in 
DC and DC precursors in the tumor microenvironment has demonstrated that 
 expression of several intracellular signaling molecules is reproducibly altered in DC 
co-incubated with tumor cells, including IRF2, IL-2Rγ, Mcl-1, and small Rho GTPases 
among others. It appears that both intrinsic and extrinsic apoptotic pathways are 
involved in tumor-induced apoptosis of DC, as determined by an increased resistance 
to apoptosis of DC genetically modified to overexpress XIAP, caspase-8, Bcl-xL or 
FLIP [123]. Finally, it has been shown that DC genetically engineered to overexpress 
Bcl-xL-induced strong antitumor immune responses and inhibited tumor growth in 
murine tumor models in vivo [123]. Taken together, these data suggest that protection 
of endogenous DC in cancer patients should significantly augment the generation of 
host antitumor immune responses and consequently inhibit tumor growth.
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1.4.2  Interference with Functions/Survival of Effector 
T Lymphocytes

In addition to defective APC functions described in cancer patients, which interfere 
with the induction of antitumor responses, other functional aberrations result in 
effector T cell paralysis or their untimely elimination [56, 190, 195]. In this respect, 
the presence of death ligands and receptors, including the Fas/FasL system, in 
human lymphocytes has been of special interest, because of their role in immune 
homeostasis. Activated T cells are especially sensitive to receptor-mediated apop-
tosis through increased sensitivity to FasL [177, 194], leading to the elimination of 
CD95/Fas+ activated T cells, a process known as activation-induced cell death 
(AICD). This mechanism is used for downregulation of the immune response, 
when it is no longer necessary, to control unlimited lymphocyte expansion and to 
maintain homeostasis. TAA-specific T cells may be especially sensitive to apopto-
sis because most TAA are self-antigens, which are subject to control by peripheral 
tolerance [59]. Thus, suppressed tumor-specific immunity may reflect tolerance to 
self [59]. The underlying mechanisms are still poorly defined and difficult to study 
in vivo; however, several pathways used by tumors to counteract immune surveil-
lance have been described, including the role played by regulatory T cells (Treg) 
and myeloid suppressor cells (MSC).

1.4.2.1 Suppression of T-cell Responses by Treg

Treg are currently considered to be responsible for maintaining peripheral tolerance 
[141, 148, 165, 166, 179, 207], including transplantation tolerance and the preven-
tion of autoimmune diseases [141, 148]. Treg have a beneficial role in preventing 
autoimmunity but are the most potent opponents of antitumor immune cells in can-
cer and play an important role in suppressing TA-specific immunity [141, 147]. 
Studies indicate that CD4+CD25bright FoxP3+T cells are present in blood or lymph 
nodes of subjects with cancer and accumulate at tumor sites [31, 146, 147, 206]. To 
date, at least three types of CD4+ Treg have been described in humans: (i) naturally 
occurring CD4+CD25brightFoxp3+T cells (nTreg), which arise in the thymus and can 
suppress responses of both CD4+CD25− and CD8+CD25− T cells in a contact-
dependent, cytokine-independent, Ag-nonspecific manner [81, 110, 183]; (ii) 
CD4+CD25negative Foxp3low cells known as Type-1 regulatory (Tr1) T cells, which 
arise in the periphery upon encountering Ag in a tolerogenic environment via an 
IL-10-dependent process [79, 80]; and (iii) Th3 suppressor cells [39], which are 
dependent on IL-4 for functional differentiation. The nTreg are a heterogenous 
population endowed with regulatory functions and differentially expressing CTLA-4, 
glucocorticoid-induced tumor necrosis factor receptor (GITR) and CD62L [35, 159].
Tr1 cells can be generated in vitro by activating naïve CD4+T cells by CD2 co-
stimulation, IL-10 or IL-4 plus IL-10 [50, 64, 182]. The Tr1 cells appear to be 
modulated by IL-10 and TGF-beta and may play a prominent role in cancer. Tr1 
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cells are induced in the tumor microenvironment, and tumor-derived factors such 
as, e.g. PGE

2
, have been shown to promote this process [18]. We have recently 

established an in vitro model simulating the tumor microenvironment, in which 
COX-2+ , PGE

2
-producing carcinoma co-cultured with CD4+CD25− T cells, autol-

ogous DC and low doses of IL-2, IL-15 and IL-10 induces CD4+CD25−CD122+C
D132+Foxp3+IL-10+TGFβ+Tr1 cells [19]. Apart from CD4+ cells, CD8+ regula-
tory T cells have been recently reported. CD8+ CD28− T cells can be generated in
vitro after stimulation of human PBMC with either allogeneic or xenogeneic APC. 
CD8+ CD28− T cells induce Ag-specific tolerance by increasing the expression of 
inhibitory receptor ILT3 and ILT4 on APC rather than by IL-10 production [26]. 
Today, the nature of human Treg is only partially defined. The phenotype, func-
tions (Ag specificity, stability, trafficking or survival), lineage, differentiation and 
the relationship between the various Treg subsets are under investigation. No single 
specific marker is sufficient for distinguishing Treg subpopulations. Given the 
expansion of these populations in the circulation and tumor tissues of cancer 
patients [6, 84, 142, 158, 205], it is important to perform Treg phenotypic and 
functional evaluations to better define their role in the regulation of tumor-specific 
responses. From a practical point of view, it is important to distinguish Treg from 
activated CD4+CD25+ T cells which mediate helper functions and are sensitive to 
AICD. In contrast, Treg appear to be resistant to apoptosis [159]. Recent reports 
suggest that human Treg preferentially expand and survive in the presence of 
Rapamycin [16, 159], providing a novel approach to the large-scale culture of these 
cells for possible therapeutic use.

1.4.2.2 Suppression of T-cell Responses by Myeloid Suppressor Cells

Most tumors secrete TGF-β or induce TGF-β secretion from immature myeloid 
cells (MSC) that tend to accumulate in the tumor microenvironment [145, 152]. 
Young et al. first reported accumulations of CD34+ cell-derived myeloid cells with 
immunosuppressive ability the peripheral blood of HNC patients [116]. These cells 
correspond to CD11b+ /Gr-1+ myeloid progenitor cells in mice [144]. In tumor-
bearing mice, MSC accumulate in the spleen and peripheral circulation, reaching 
very high proportions and exerting potent immunosuppression, thus favoring tumor 
growth. MSC also control the availability of essential amino acids such as L-
arginine and produce high levels of reactive oxygen species (ROS). MSC present 
in tumors constitutively express iNOS and arginase1, an enzyme involved in 
metabolism of L-arginine, which also synergizes with iNOS to increase superoxide 
and NO production, blunting lymphocyte responses [33]. MSC with the phenotype 
CD34+CD33+CD13+ and CD15− and suppressive functions were found to be 
increased in the peripheral blood of patients with various cancers [11]. Further, 
maturation defects in DC of patients with cancer have been described [10, 57] and 
are attributable, in part, to vascular endothelial growth factor (VEGF) production 
by human tumors [44, 45]. GM-CSF, which is also a frequently secreted product of 
tumor cells, recruits MSC and induces dose-dependent in vivo immune suppression 
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and tumor promotion [144]. At the same time, GM-CSF is widely used as immune 
adjuvant in antitumor vaccines [36]. This dual role of GM-CSF (stimulatory and 
suppressive) suggests that GM-CSF and MSC are involved in maintaining immune 
homeostasis under normal physiologic conditions but in the tumor presence are 
subverted to promote its escape.

1.4.2.3 Apoptosis of T cells in Patients with Cancer

It has been observed that when lymphocytes are co-incubated with autologous 
tumor cells, DNA fragmentation occurs in a proportion of activated T lymphocytes, 
presumably by the mechanism similar or identical to AICD. When TUNEL assays, 
which detect DNA fragmentation, were performed using human tumor biopsies and 
tumor-involved LN [130], it was not tumor cells, but TIL and DC that were TUNEL 
positive (Fig. 1.2). Control normal tissues or tumor-uninvolved tissues obtained 
from patients with cancer contained infrequent or no apoptotic lymphocytes [130]. 
This unexpected finding was subsequently confirmed, using tumor tissues isolated 
from a variety of patients with cancer [52, 66, 111, 129]. Further, TUNEL staining 
showed that CD8+ rather than CD4+ T cells were primarily undergoing apoptosis 
at the tumor site, suggesting that the fate of these two T-cell subsets in situ may 
differ due to their divergent sensitivity to apoptosis.

Apoptosis of immune cells is not limited to the tumor site. Apoptosis of circulat-
ing CD8+ T cells in subjects with cancer has been described in melanoma, breast, 
ovarian, and head and neck cancers [74, 139, 140, 190]. Studies involving TUNEL 
staining of TIL and Annexin V (ANX) binding to circulating T cells suggest that 
CD8+ rather than CD4+ T cells selectively undergo apoptosis at the tumor site and 
in the peripheral circulation of cancer patients [74, 190]. The proportion of 

TIL

TUMOR

A. B. 

Fig. 1.2 Apoptosis of lymphocytes (A) or TADC (B) in the tumor microenvironment: TUNEL assay 
in sections of human oral CA (A) and caspase activity in prostate carcinoma in situ (B). TU = tumor; 
L = lymphocytes. The arrow points to a caspase+ (red) DC (blue = CD83+). (The photograph shown 
in B was generously contributed by Dr. Michael Shurin, University of Pittsburgh.)
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CD8+Fas+ T cells that bind ANX is significantly increased in the patients’ circulation
relative to age-matched normal controls [56, 190]. Thus, the fate of CD8+ and 
CD4+ T-cell subsets may differ due to their divergent sensitivity to apoptosis [69]. 
Also, the effector subpopulations of CD8+ T cells (e.g. CD8+ CD45RO+ CD27−

and CD8+ CD28−) appear to be preferentially targeted for apoptosis in cancer 
patients [169]. The CD8+ CCR7+ subset of effector cells, which is resistant to 
apoptosis, is replaced by apoptosis sensitive CD8+ CCR7− lymphocytes in patients 
with cancer [68 and Fig. 1.3]. Absolute numbers of circulating T-cell subsets are 
low in these patients [73]. Examination of the proliferative history of T-cells sub-
sets using the T-cell receptor excision circle (TREC) PCR-based analysis confirms 
aberrant lymphocyte homeostasis characterized by a rapid turnover of T cells in 
cancer patients [73, 212]. Circulating Vβ-restricted CD8+ T cells are especially 
sensitive to apoptosis [7] and so are tetramer+ CD8+ T cells [5]. Tumor epitope-
specific T cells (tetramer+) appear to preferentially bind ANX and are targeted for 
apoptosis [5]. Taken together, these findings suggest that a loss of effector T cell 
function through targeted apoptosis might compromise antitumor functions of the 
host immune system and contribute to tumor progression [73].

Recent studies of apoptosis in immune cells suggest that in T lymphocytes, sen-
sitivity to Fas-mediated death is a regulated phenomenon, in which both IL-2 and 
antigenic stimulation play a crucial regulatory role [78, 177]. In AICD, which is an 
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Fig. 1.3 Flow cytometry for expression of CCR7 on circulating CD8+ T cells in normal donors 
and patients with head and neck cancer (HNC). On the left, the boxplots show that the frequency 
of CCR7+ CD8+ T cells in HNC patients is significantly lower than that in normal donors. On the 
right, the data from a representative patient and normal donor indicate that in the patient CCR7+ 
CD8+ T cells are replaced by CCR7–CD8+ cells, which are sensitive to apoptosis. (Reproduced 
from Kim et al., 2005. With permission.)
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essential part of any normal immune response, IL-2 is a potentiating cytokine. At 
appropriate concentrations and in the presence of a relevant antigen, it enhances the 
Fas/FasL pathway in activated T cells leading to expression of CD95 [128, 160, 
177]. AICD is induced by repeated or chronic antigenic stimulation, and neither co-
stimulatory molecules nor the Bcl-2 family members can rescue T cells from AICD. 
Furthermore, Th1 cells appear to be more sensitive to AICD than Th2 cells [78]. T 
cells in the tumor, LN or peripheral circulation of patients with cancer experience 
chronic or repeated antigenic stimulation with TAA, express CD95 on the cell sur-
face [129, 130] and might be particularly sensitive to AICD. However, expression 
of IL-2 in the tumor has been shown to be low or absent both at the message and 
protein levels [86, 128]. TIL in situ do not appear to produce IL-2 or express IL-2R 
[86, 128]. Translation of IL-2 mRNA is defective in TIL isolated from human breast 
carcinomas [86]. Therefore, if IL-2 is required for the assembly or function of the 
Fas death complex in T lymphocytes, then AICD may not be the only mechanism 
responsible for the demise of these cells in the tumor microenvironment.

1.4.2.4  Microvesicles (MV) Released by Tumors as Intercellular Harbingers 
of T-cell Apoptosis

Sera and body fluids of patients with melanoma, ovarian carcinoma or HNC con-
tain membranous 50–100 nm microvesicles (MV) presumably originating from the 
tumor, which contain biologically active 42 kDa FasL and MHC class I molecules 
and mediate apoptosis of Fas+ lymphocytes at sites distant from the tumor [2, 12, 
70, 163]. Upon isolation, these MV induce TCRζ degradation and DNA fragmenta-
tion in activated T cells [reviewed in 196]. MV are prominent in tumor cell super-
natants, but activated normal cells also produce MV [196]. However, tumor-derived 
MV have a molecular profile that that distinguishes them from MV produced by 
normal cells such as DC [196, 204]. While DC-derived MV do not express FasL, 
are rich in co-stimulatory and HLA class II molecules can promote T-cell prolifera-
tion and have been used for immunization in mice and man [27, 161], tumor-
derived MV are immunosuppressive. They express TAA, death ligands and HLA 
class I molecules but not co-stimulatory epitopes, and they promote apoptosis of 
activated CD8+ antitumor effector T cells [196]. MV can also interfere with mono-
cyte differentiation to DC, diverting it from a stimulatory to suppressive pathway 
[173]. As a result, monocytes fail to up-regulate HLA class II molecules, produce 
TGF-β and acquire the ability to suppress lymphocyte proliferation [173]. In effect, 
tumor-derived MV can turn monocytes into CD14-negativeHLA-DRlow TGF-β+
MSC [173]. The characteristic molecular profile of tumor-derived MV in cancer 
patients’ sera could have a prognostic value. For example, patients with advanced 
HNC, i.e. those with tumor-involved lymph nodes or systemic metastases, 
had significantly higher levels of biologically active FasL+ MV as well as T-cell 
 targeted apoptosis than patients with early stage disease [70]. In aggregate, these data 
suggest that MV represent another mechanism used by tumors to subvert differen-
tiation and antitumor activities of immune cells.
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1.4.3 A loss of Tumor Recognition by Immune Cells

As discussed, TAA-specific T lymphocytes are often detectable in the peripheral 
circulation and at the tumor site in subjects with cancer [55] and elevated antibody 
titers to TA may also be present [138]. Thus, neither the repertoire deletion nor tol-
erance to self hypotheses can adequately explain the absence of clinically meaning-
ful antitumor immune responses in these subjects. A possible explanation is 
provided by observations that tumors can effectively “hide” from immune attack by 
cells or antibodies. Mechanisms responsible for this type of tumor escape involve 
downregulation of cell surface molecules that serve as recognition beacons for 
immune cells. In addition, tumors have also devised strategies to evade immune 
cells mediating innate immunity.

1.4.3.1 Changes in Expression of HLA Molecules

Tumor progression is associated with changes in HLA class I antigen expression 
[25, 109], which may range from a total loss or downregulation of all HLA class 
I allospecificities expressed by one cell to a selective loss or downregulation of a 
single HLA class I allospecificity and from a loss or downregulation of the gene 
products of HLA-A, -B or -C loci to a loss of only one haplotype [25, 67]. These 
changes have been described to occur in most human solid tumors but at a distinct 
frequency ranging between 16% to 80% for the various types of tumors analyzed in
situ [109], using mAb recognizing monomorphic HLA determinants. However, 
technical differences in IHC methods among laboratories and the heterogeneity in 
the HLA molecule expression levels in different tumors of the same histologic type, 
suggest that interpretation of HLA class I abnormalities and their frequency in 
tumors should be conservative, as discussed elsewhere [109]. Studies performed 
with tumor cell lines have identified a number of distinct molecular mechanisms 
underlying the abnormal HLA class I antigen phenotypes of malignant cells [42, 
184]. These mechanisms may be differentially present or absent in various types of 
tumors. They include defects in β

2
-microglobulin (β

2
m) and/or HLA class I heavy 

chain synthesis, epigenetic alterations involving the HLA class I heavy chain loci, 
dysfunction of regulatory mechanisms that control HLA class I antigen expression 
or abnormalities in expression levels of one or more of the APM components 
[reviewed in 184]. These abnormalities do not represent artifacts of in vitro cell culture,
since several of them have also been identified in surgically removed tumors. Most 
investigators have been able to confirm their existence and their emerging prognostic 
and clinical significance [184]. HLA abnormalities are associated with an unfavora-
ble disease course and decreased survival in several malignancies, and they appear 
to have an increased frequency in malignant lesions of unresponsive patients treated 
with T-cell-based immunotherapy [174]. This latter finding implies that the  malignant 
cells which escape immune recognition and expand following adoptive T-cell-based 
immunotherapy, can do so because they harbor HLA class I defects [67].
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1.4.3.2 Defects of APM in Tumor Cells

For immune effector cells to be able to eliminate the tumor, there has to be a rec-
ognition signal generated that enables cellular engagement followed by the lytic 
machinery activation in effector cells. The epitopes on the tumor cell surface that 
are necessary for recognition by effector T lymphocytes are presented as a trimo-
lecular complex (peptide-β2 microglobulin-HLA class I). This complex is a final 
result of the APM activity in the cytoplasm [42]. In tumors, defects often exist in 
either HLA molecule or APM component expression or both, so that these two 
molecular pathways required for recognition and elimination of malignant cells are 
altered and dysfunctional. Evidence from ex vivo models of tumor effector T-cell 
interactions indicate that even when class I HLA molecules and cognate tumor 
epitopes are expressed on the cell surface, tumor cells such as, e.g. squamous cell 
carcinomas of the head and neck (SCCHN), may be resistant to lysis [42]. This has 
been linked to defects in APM components in target cells, resulting in a lack of 
recognition of the tumor cell by effector T cells [42]. Because of defective or 
altered antigen processing, the tri-molecular complexes on the tumor cell surface 
are not presented, insufficient or incorrectly displayed. This is most likely a result 
of defective peptide transport and/or loading on β2 m-asociated HLA-class I heavy 
chains. In such situations, recognition by immune cells even when they are present 
is bound to fail, and the tumor cell escapes. In some tumors, surface expression of 
HLA molecules may be normal, effector cells able to destroy the tumor are present, 
but one or more APM components may be dysfunctional, assuring tumor escape. If 
an existing abnormality in APM component expression is repaired either by trans-
fection of an aberrant component or by exposure of tumor cells to IFN-γ, the sensi-
tivity of tumor targets to CTL is restored [41, 42, 87]. Abnormalities in APM components
are rarely structural [185] and more often quantitative (functional), including early 
proteosomal as well as late APM components and may be related to genetic insta-
bility evident in most tumor cells. These defects can now be identified and quanti-
fied, because antibodies for APM component expression are available for in situ
studies [189]. Importantly, reduced or absent APM component and/or HLA molecule 
expression in tumor cells has been correlated to poor prognosis and shortened 
survival in patients with several types of cancer [42, 114]. Thus it appears that 
abnormalities in APM components identified in vitro have clinical significance.

1.4.3.3 Loss or Decrease in Expression of TAA

Decreases and/or losses in surface antigens that could be targets for immune cells 
are a well-known escape strategy used by many tumors [reviewed in 184]. Tumor 
cells evade the host by being poor targets for effector T cells (CTL). Genetic altera-
tions or environmental factors that regulate tumor growth underlie the variety of 
mechanisms potentially responsible for the lack or alteration of a protein expression 
that would otherwise lead to immune recognition. The loss of TAA has been 
mainly described in melanoma, where expression of differentiation antigens such 
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as gp100, MART-1, TRP-1 and tyrosinase has been found to be decreased or absent 
in metastatic lesions [e.g. 67], implying that a loss of these epitopes in tumor may 
be a poor prognostic sign. In SCID mice, expansion of MART-1-loss variant of 
human melanoma was causally lined to the presence of adoptively transferred 
MART-1-specific CD8+ T cells [135]. In other solid tumor types, MUC-1 expres-
sion was found to be down-regulated in progressive mammary tumors positive for 
c-Neu in a mouse model [3]. TAA mutations which result in a loss of epitopes 
 recognized by CTL may also occur in tumors. Although a mutated TAA may still 
be expressed, the mutation site can abolish the generation of immunogenic epitopes 
that are recognized by cognate CTL, as illustrated by the mutation in the p53 pro-
tein, which inhibits proteasome-mediated generation of the HLA-A*0202-restricted,
immunogenic p53

264–272
 peptide [58]. Because these defects in immunogenic 

epitope expression are largely due to genetic instability of tumor cells, they can 
occur at the mRNA level, affect protein expression or use posttranslational mecha-
nisms such as biochemical alterations in protein glycosylation, activation of metal-
loproteinases (MMP) and other tissue restructuring enzymes or accelerated 
ubiquitination leading to a rapid degradation and loss of TAA.

1.4.3.4 Suppression of NK-cell Activity

Natural killer (NK) cells play an important role in immune surveillance against 
tumors [53, 127, 185]. NK cells are large granular lymphocytes which are capable of 
killing a broad range of malignant targets by at least two distinct mechanisms (the 
perforin/granzyme and death ligand pathways) but spare normal cells. NK cells 
express a variety of activating and inhibitory receptors responsible for regulation 
of this selective activity targeted at abnormal cells. In accordance with a “missing 
self” hypothesis, NK cells preferentially kill targets which down-regulate, lose or 
alter MHC class I or related molecules [85]. Ligands, such as MICA, MICB and/
or ULBP1–3, that are expressed on cells with altered or mutated HLA molecules 
are recognized by activating receptors (e.g. NKG2D) and natural cytotoxicity 
receptors (NKp30, NKp44 and NKp46) [76]. Inhibitory receptors (KIR, ILT2/
LIR1 and CD94/NKG2A) down-regulate NK-cell cytolytic activity, preventing 
lysis of  normal HLA class I expressing cells [76]. To engage a target, NK cells do 
not require prior sensitization. They constitutively express IL2Rβγ and rapidly 
respond to IL-2, IL-15 and also to IFN-α and IFN-γ. When activated, NK cells 
produce an array of cytokines, including IFN-γ and TNF-α which also contribute 
to tumor cell death [155]. To effectively mediate innate immunity, NK cells inter-
act with DC, by serving as a source of cytokines and contributing apoptotic tumor 
cells for the up-take and processing by DC [32]. In cancer, the absolute number of 
NK cells may be reduced and their activity on per cell basis is often impaired 
[185]. Downregulation of NK-cell function in subjects with advancing disease 
suggests that tumors can interfere with NK-cell activity. Recent data suggest that 
TGF-β1 production by the tumor, with elevated levels of this cytokine found in 
sera of subjects with cancer, results in downregulation of NKG2D expression on 
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NK cells and, consequently, low NK activity, which obviously favors tumor 
growth [77]. This molecular  mechanism of tumor escape from NK cells is but one 
example of many known today, including downregulation of NK-cell activity 
through interference with receptor–ligand interactions, lowering MICA or MICB 
expression on tumor cells, inhibition of NK–DC interactions in the tumor micro-
environment or elimination of activated NK cells via death ligands expressed on 
tumor cells [126].

1.4.4 Resistance of Tumor Cells to Immune Intervention

In the presence of existing or developing antitumor immune responses, tumors 
develop resistance to immune mechanisms that otherwise bring about their destruction. 
As discussed above, many pathways and molecular mechanisms may lead to such 
immune resistance. However, one of the most interesting aspects of tumor escape is 
the ability of tumors to utilize the host immune system for promoting their own 
 progression. Referred to as an immune selection hypothesis, this phenomenon allows 
for emergence of tumor cells and clones of cells that survive an immune attack and 
prosper because of it. In an analogous way, tumor stem cells appear to be a back-up 
mechanism called into play when the tumor is being eliminated and repopulate the 
microenvironment with new tumor cells resistant to further immune intervention.

1.4.4.1 Lack of Susceptibility to Immune Effector Cells

Immune effector cells which recognize tumor targets can eliminate them using the 
perforin/granzyme pathway, apoptosis or cytokine-mediated mechanisms [20, 97, 
180]. There are at least two distinct pathways (intrinsic and extrinsic) by which 
apoptosis proceeds [120]. In the former, cellular stress, DNA damage or drugs act 
on the mitochondria, inducing the release of pro-apoptotic factors such as cyto-
chrome c or SMAC/DIABLO. The extrinsic pathway is activated by ligation of 
death receptors on the cell surface. Subsequent intracytoplasmic events lead to 
cell death. Although the preferential use of various death-inducing pathways by 
effector cells mediating immune surveillance has been debated, it is clear that many 
tumors develop resistance to apoptosis, necrosis or cytokine-mediated death signals 
[87]. Multiple mechanisms responsible for tumor resistance to apoptosis have been 
uncovered, including overexpression of FLIP, release of soluble FasL and/or soluble 
Fas, a loss of expression or function of Fas or TRAIL, the presence of decoy death 
receptors, expression of surviving as well as the large IAP family of natural apop-
tosis inhibitors [92, 203, reviewed in 120]. Likewise, tumors are adept at escaping 
the granule exocytosis pathway mediated by CTL or NK cells via mechanisms 
involving expression of granzyme B inhibitors (serine proteases) or perforin 
inhibitors (cathepsin B, cystein protease). Human leukemia blasts are known to be 
particularly resistant to NK cell-mediated cytotoxicity [180].
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1.4.4.2 Immunoselection of Resistant Tumor Cells

The process of tumor cell immune destruction mediated by the host is seldom effi-
cient, given the many mechanisms of tumor escape. Further, as tumor cells sensi-
tive to killing by the granule-mediated, death ligand-mediated, cytokine-dependent 
or antibody-dependent pathways are eliminated, those that survive gain advantage 
[20, 108, 175, 180]. In a way, the host facilitates tumor progression by utilizing 
killer mechanisms for “making room” and selecting the fittest. Immunoselection of 
resistant tumor cells is best illustrated by experiments performed in mice bearing 
chemically induced tumors. Methylcholantrene, a carcinogen implicated in cancer 
development in man, also induces murine tumors with a high incidence of genetic 
alterations and sensitivity to wild-type (wt)-sequence p53-specific CTL [33]. DNA- 
and DC-based vaccines targeting wt p53peptides were given to tumor-bearing mice 
in the protection or therapy setting [30]. The efficacy of these vaccines was found 
to be severely compromised by vaccine-induced tumor escape: a high incidence of 
epitope-loss tumors was striking in the vaccinated mice. Tumor escape was attrib-
utable to downregulation of HLA class I molecules on tumor cells and to an 
increased frequency of mutations within or flanking the p53 epitope-coding gene 
[30]. These results are consistent with the immunoselection hypothesis and suggest 
that similar phenomena might occur in subjects with cancer receiving tumor 
peptide-based vaccines. When we examined the frequency of tetramer+ T cells 
specific for the wt p53 

264–272
 peptide in the circulation of HLA-A2+ subjects with 

SCCHN, an inverse correlation was observed between the frequency of these 
T cells and the mutational site/level of p53 expressed in the tumor, which could be 
explained by in vivo immunoselection and outgrowth of more aggressive tumors 
with mutated p53 [55]. A pre-existing immune response to the tumor was responsible 
for elimination of tumor cells susceptible to CTL early on in tumor progression, 
leaving behind memory T cells plus the tumor resistant to these effector cells. 
While other explanations are also possible, the phenomenon of immunoselection 
fits with these unexpected and provocative results.

1.4.4.3 Tumor Stem Cells

Recent data suggest that cancers arise from rare self-renewing stem cells that are 
biologically distinct from the more differentiated tumor cells within the tumor [21]. 
A fraction of tumor cells (about 1%) might have the ability to regrow the tumor 
when placed in a suitable environment. Cells with stem-like properties of self 
renewal, commitment and ability to differentiate into tumor cells can be sorted from 
human solid tumors based on the expression of certain surface markers and the 
absence of others [153, 202]. Further, stem cells are more resistant to drugs and irra-
diation than differentiated tumor cells and presumably are responsible for metastasis 
[60]. It is not know whether tumor stem cells are also resistant to immune effector 
cells. However, if tumor stem cells exist, then therapies of cancer, which are 
 currently aimed at decreasing the tumor mass, are unlikely to work. The development
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of novel therapeutics targeting tumor stem cells will be necessary to overcome this 
biologic hurdle and effectively prevent tumor escape.

1.4.5 Tumor-derived Suppressive Factors

Early experiments, dating back more than 30 years, provided evidence that tumor-
associated factors can alter normal functions of immune cells. In these experiments, 
supernatants of various tumor cells were found to suppress the proliferation and/or 
cytotoxicity of normal human PBMC in vitro [reviewed in 188]. These observations 
demonstrated that immunosuppressive factors were produced by human tumors but 
not by normal tissue cells. Over the years, the number of tumor-associated factors 
with immunosuppressive activity has grown and their role in tumor escape con-
firmed [reviewed in 194].

Various categories of inhibitory factors have been identified, including cytokines, 
enzymes, retroviral-like peptides, over-produced normal metabolites, INOS. This 
list is not comprehensive, as other factors have been described in the literature but 
remain incompletely characterized. In some cases, tumor-derived inhibitory factors 
have been purified, and a few are available as synthetic proteins/peptides, e.g. the 
retroviral-related p15E-derived peptides [29, 54]. Tumors vary in their ability to 
produce inhibitory molecules and not all of the identified and described factors are 
made by all human tumors. Strongly immunosuppressive tumors may simultane-
ously produce several different factors. Often, sera of cancer patients contain 
 soluble or vesicle-associated molecules [163, 196] which interfere with immune 
cell differentiation or induce apoptosis in activated T cells. The immunosuppressive 
effects of small molecules such as PGE

2
, histamine or H

2
O

2
 have been recognized 

long ago [170]. Enzymes, including IDO and arginases, which suppress T-cell 
responses [107, 136] and inhibitory cytokines (IL-10, TGF-β or GM-CSF) are all 
known to be present in the tumor microenvironment [105, 208]. Viral-related 
 products also  mediate suppressive effects [29, 90]. Finally, tumor-associated mole-
cules such as gangliosides have been shown to induce immune suppression [34, 149].
The hypoxic microenvironment, which exists in the presence of a tumor, also 
 contributes to immune dysfunction in situ, as HIF-1-α and other factors released by 
stromal cells exert inhibitory effects on lymphocytes [91, 143, 154, 210].

1.5 Conclusions

In this review, evidence is presented for the existence in the tumor microenviron-
ment of multiple mechanisms that interfere with surveillance functions of immune 
cells. These mechanisms are all biased in favor of the tumor. Given the importance 
of immune intervention for the control of tumor growth and progression, it is clear 
that unless these mechanisms are recognized, identified and eliminated, anti-cancer 
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 therapies are unlikely to succeed. The multifaceted nature of tumor-associated 
 immunosuppressive activities represents a considerable challenge to basic and 
clinical investigators. Nevertheless, examples of successful attempts at the elimina-
tion of immune suppression with drugs or biologic therapies are being reported and 
some are associated with clinical responses. Immunotherapy of cancer with 
cytokines, ex vivo activated immune cells, vaccines and, more recently, genetically 
modified vaccines, has been under study for almost 30 years. Partial or complete 
responses, which have lasted for several years in some patients with advanced dis-
ease have been documented (10–30%, depending on the type of cancer as well as 
the center in which therapy has been given). In addition, disease stabilization and 
upregulation of non-specific as well as specific immune responses have been 
observed in a substantial but variable proportion of cancer patients [reviewed in 47, 
106, 134]. These results are encouraging, because they indicate that immune 
 therapies with biologic agents have the potential to ameliorate disease progression 
[134]. Taking advantage of this potential, it should be possible in the near future to 
deliver biologic therapies in the adjuvant setting to patients with early disease with 
the objectives of avoiding tumor-induced suppression and of sustaining survival 
and functions of immune effector and helper cells. In a recent review, Vieweg and 
colleagues discuss therapeutic strategies that are currently emerging for the reversal 
of tumor-mediated immunosuppression [178]. Although these strategies only 
 concern abrogation of immune suppression by Treg and MSC elimination prior to 
antitumor vaccinations, they serve as a working model for enhancing therapeutic 
effects of antitumor immunity. Combinations of therapies targeting the tumor and 
elimination tumor-induced immunosuppression are needed to restore immune com-
petence and to generate potent and sustained memory T-cell responses in cancer 
patients. Recent insights into mechanisms of immune suppression in the tumor 
microenvironment provide new opportunities for future design of more effective 
therapies for patients with cancer.
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Chapter 2
Histocompatibility Antigens, Tumor 
Microenvironment and Escape Mechanisms 
Utilized by Tumor Cells

Soldano Ferrone and Theresa L. Whiteside

Abstract The disappointing clinical responses to T cell-based immunotherapy 
have stimulated interest in the characterization of the escape mechanisms ultilized 
by tumor cells to avoid immune recognition and destruction. In this paper we review 
changes in the expression of antigen processing machinery components, classical 
and non-classical HLA class I antigens and NK cell activating ligands by cytokines 
present in the microenvironment. In addition the potential effects on immune cells 
of classical and non-classical HLA class I antigens and NK cell activating ligands 
released in the tumor microenvironment are described. The implications of these 
findings for the design of immunotherapeutic strategies for the treatment of malig-
nant diseases are discussed.

Keywords Antigen processing machinery, classical HLA class I antigens, 
cytokines, immunoescape, immunotherapy, NK-cell activating ligands, non-classi-
cal HLA class I antigens

2.1 Introduction

In recent years several developments have converged to stimulate the enthusiastic 
application of immunotherapy for the treatment of malignant diseases, with special 
emphasis on T cell-based immunotherapy. They include (i) the successful application 
of T cell-based immunotherapy to control tumor growth in animal model systems, (ii) 
the availability of well-defined clinically relevant tumor antigens to be used as immu-
nogens, (iii) the development of effective immunization strategies, and (iv) the limited, 
if any, efficacy of most of the conventional therapies to control tumor growth. As a 
result a large number of patients have been enrolled in clinical trials at many centers. 
Contrary to the expectations, however, the results have been rather disappointing. The 
percentage of clinical responses has generally been rather low. Furthermore in most,
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if not all the clinical trials no correlation has been found between tumor antigen-
specific immune responses and clinical responses. In fact, the lack of clinical response 
in patients who had developed a tumor antigen-specific immune response following 
active specific immunotherapy has been the rule, rather than the exception. Along the 
same line in some patients metastases have recurred or disease has progressed in spite 
of the induction or persistence of a tumor antigen-specific immune response. There is 
general agreement among tumor immunologists that these disappointing clinical 
results are caused, at least in part, by the escape mechanisms tumor cells utilize to 
avoid recognition and destruction by the host’s immune system. The multiple escape 
mechanisms which have been identified and characterized can be grouped as fol-
lows: (i) defects in the induction of a tumor antigen-specific immune response, (ii) 
defects in infiltration of malignant lesions by immune cells, (iii) suppression of 
immune effector cells, (iv) defective recognition of tumor cells and (v) tumor cell 
resistance to cell death [34].

We [4] have focused our studies on the characterization of abnormalities in the 
expression and function of HLA antigens by tumor cells, of the molecular mecha-
nisms underlying these abnormalities and on the assessment of their clinical signifi-
cance. We have found that defects in the expression of HLA antigens are frequently 
associated with malignant transformation of cells, are caused by multiple distinct 
molecular abnormalities, and in some cases, are associated with the clinical course of 
the disease. However one question which, to the best of our knowledge, has not been 
addressed is related to the potential changes, which may occur in the expression and 
function of HLA antigens in malignant lesions because of cytokines present in the 
tumor microenvironment and the potential effects of classical and non-classical HLA 
class I antigens and NK-cell activating ligands released by tumor cells on immune 
cells present in this tumor microenvironment. Therefore, in the present paper we will 
discuss these two topics, since they may contribute to our understanding of the poten-
tial mechanisms underlying a frequent clinical scenario, i.e. the lack of control of 
tumor growth and disease progression in the face of appropriate HLA class I antigen 
and tumor antigen expression by malignant cells and the presence of functional tumor 
antigen-specific CTL in tumor bearing hosts [9]. For our discussion we will utilize 
the available information about (i) cytokines present in the tumor microenvironment 
and their ability to modulate the expression and function of HLA class I antigens and 
NK-cell activating ligands as well as (ii) the effects of these molecules on immune 
cells. This discussion is preceded by a short summary of the information related to 
the expression of classical and non-classical HLA class I antigens and of NK-cell 
activating ligands in malignant lesions and their functional and clinical relevance.

2.2  Classical and Non-Classical HLA Class I Antigens 
and NK-Cell Activating Ligands in Malignant Lesions

In man, like in other species, major histocompatibility class I antigens, which include 
the classical and non-classical HLA class I antigens, and NK-cell activating ligands 
play a crucial role in the interactions of malignant cells with the host’s immune system. 
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This observation has stimulated interest in the characterization of the expression of 
these molecules by malignant cells. The expression of classical HLA class I antigens 
by tumor cells has been most extensively investigated, since the potential role of clas-
sical HLA class I antigens in the pathogenesis and clinical course of malignant dis-
ease has been identified much earlier than that of non-classical HLA class I antigens 
or NK-cell activating ligands. Furthermore, reagents to characterize classical HLA 
class I antigen expression by malignant cells have become available many years 
before those required to characterize the expression of the other two types of mole-
cules. Convincing evidence derived from the analysis of cell lines in long term culture 
and from immunohistochemical staining of surgically removed malignant lesions 
with monoclonal antibodies recognizing framework, locus specific and polymorphic 
determinants of classical HLA class I antigens indicates that their expression is fre-
quently defective in malignant cells. The defects range from a total loss or downregu-
lation of all HLA class I molecules encoded in one cell to the selective loss or 
downregulation of one HLA class I allele, and from the selective loss or downregula-
tion of the gene products of one locus to a loss or downregulation of one HLA class 
I haplotype [23]. Selective or total HLA class I antigen loss is generally caused by 
mutations in genes encoding molecules crucial for HLA class I antigen expression. It 
cannot be corrected by cytokines. On the other hand, selective or total HLA class I 
antigen downregulation is usually caused by functional defects of the antigen process-
ing machinery (APM) which can be corrected by cytokines. The APM plays a crucial 
role in the generation of peptides from proteins, in their loading on β2microglobulin 
(β2 m) associated HLA class I heavy chains and transport of this trimolecular com-
plex to the cell membrane, as discussed below.

Abnormalities in HLA class I antigen expression appear to have clinical significance, 
since they not only increase in their frequency with progression from preneoplastic 
lesions to metastases, but they also display a statistically significant association with 
disease free interval and with patients’ survival in at least some malignant diseases [4, 
23, 34]. It has been suggested that these associations reflect the detrimental effects of 
classical HLA class I antigen abnormalities on the interactions of tumor cells with 
HLA class I antigen restricted, tumor antigen-specific cytotoxic T lymphocytes 
(CTL) and with NK cells.

More recently, the non-classical HLA class I antigens, HLA-G, have been 
unexpectedly reported to be expressed both on cell lines and in surgically removed 
malignant lesions [48]. Although results in the literature conflict, there is a general 
agreement that malignant transformation of cells may be associated with the appear-
ance of HLA-G. The frequency of this phenomenon markedly varies among different 
tumor types, as it ranges from a maximum of about 40% in cutaneous lymphoma, 
clear cell renal carcinoma and ovarian carcinoma to a lack of detection in uveal 
melanoma and laryngeal carcinoma. It is also noteworthy that the frequency of HLA-
G expression is lower in cell lines than in surgically removed malignant lesions. 
Although one cannot exclude that this difference is due to technical reasons, such as 
differences in the sensitivity of the assays used or mis-scoring of HLA-G-bearing 
macrophages as tumor cells, we favour the possibility that this difference reflects 
biological variability. Specifically, we believe that malignant cells cultured in vitro
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may lose HLA-G expression because of methylation of its promoter, as we have 
observed in the uveal melanoma cell line OCM1-A (Fig. 2.1).

Although the serum level of soluble HLA-G is associated with survival in 
glioblastoma [59] and with disease stage and tumor load in melanoma [56], to the 
best of our knowledge, there is no convincing evidence that HLA-G expression in 
malignant lesions is associated with the clinical course of the disease. However, it 
is generally assumed that HLA-G expression in malignant lesions is likely to have 
a negative impact on the clinical course of the disease, since HLA-G antigens may 
provide tumor cells with escape mechanisms from immune recognition and 
destruction. As recently reviewed [41], these mechanisms include (i) inhibition of 

Fig. 2.1 Kinetics of HLA-G mRNA and protein induction in OCM-1A uveal melanoma cells by 
5’ azacytidine OCM-1A uveal melanoma cells were incubated for up to 5 days at 37 °C with 5’ 
azacytidine. Every 24 h an aliquot of cells was harvested and tested for expression of HLA-G at 
the mRNA and protein level
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cytotoxic activity of CTL and NK cells, (ii) inhibition of CD4+ T cell proliferation 
and cytokine release, (iii) inhibition of cell cycle progression in human alloreactive 
T cells, (iv) generation of a new type of regulatory T cells, either CD4+ or CD8+,
through transfer of membrane HLA-G from antigen presenting cells to activated T 
cells (“trogocytosis”), and (v) induction of a “Th2” cytokine profile at the tumor 
site through stimulation of IL-3, IL-4 and IL-10 secretion.

The stress-inducible MHC class I chain-related surface glycoproteins MICA and 
MICB and the UL16-binding proteins ULBP1, ULBP2, ULBP3 and ULBP4 are 
ligands of the C-type lectin-like receptor NKG2D. The latter potently activates NK 
cells, even overcoming inhibitory signals by MHC class I molecules. MICA, and 
most likely MICB, have a restricted distribution in normal tissues, as their expres-
sion is induced by inflammatory stress only in gastric and small and large intestinal 
epithelium [19]. Information about the expression of these molecules by malignant 
cells is derived from the analysis of only a limited number of surgically removed 
malignant lesions. Nevertheless, the results of these studies, which have been cor-
roborated by those derived from the analysis of cell lines in long term culture of 
different embryological origin [39], indicate that MICA and MICB have a much 
broader distribution in malignant tumors, as they are expressed by many types of 
epithelial tumors and by tumors of neuroectodermal origin [20, 46]. This expres-
sion pattern reflects the induction of these molecules by the DNA damage pathway 
in response to genotoxic insults, which represents a critical step during the malig-
nant transformation of cells [14]. The expression of ULBP has been analyzed only 
on cell lines in long term culture [39], except for a limited number of glioblastoma, 
neuroblastoma and leukemic samples [11, 46, 51]. These molecules are in general 
expressed with a lower frequency than MIC molecules. Furthermore, the expression 
of ULBP and MIC molecules is not coordinated with that of classical and non-clas-
sical HLA class I antigens by malignant cells.

The lack of correlation between the clinical significance of membrane bound MICA 
and MICB and that of their soluble counterparts in serum parallels that mentioned 
above for HLA-G. Specifically, although the level of soluble MICA and /or MICB in 
serum is correlated with cancer stage and metastasis [24, 25] and has a prognostic sig-
nificance in patients with prostate carcinoma or multiple myeloma [47, 60], there is no 
evidence that MICA expression in malignant lesions has clinical significance, except for 
an association between the MICA loss and disease progression in melanoma [4]. 
Nevertheless, it is expected that MIC and ULBP induction in tumors has a beneficial 
effect on the course of the disease, since these molecules are considered to be a type of 
“induced-self ” tumor antigens that serve as targets for host immune surveillance. This 
possibility is supported by the role Rae-1, the mouse homolog of MIC, plays in 
NKG2D-bearing γδ T cells’ control of skin cancer in mice [18].

2.3 Antigen Presentation by HLA Class I Antigens

Recognition of tumor cells, like that of other types of targets, by CTL is mediated by a 
complex resulting from the loading of HLA class I molecules with antigenic peptides. 
This complex is generated by the HLA class I APM through four steps: (i) protein 
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cleavage into peptide, (ii) transport of the resultant peptides into the endoplasmic reticu-
lum (ER), (iii) assembly of the peptides with HLA class I heavy chains and β2 m and 
(iv) transport of the HLA class I antigen-peptide complexes to the cell membrane (Fig. 
2.2). Each of these steps can be modulated by cytokines. We have recently described 
these steps in detail and we refer the interested reader to our paper also as a source of 
references [2]. Here, we will briefly present the most important information.

Peptide ligands for association with HLA class I molecules are generated from 
proteins by proteasomes which are comprised of a barrel shaped 20 S core particle 
with caps on the ends to regulate the entry of substrate proteins. The 20 S core 
proteasome consists of four heptameric rings stacked atop of one another, with the 
inner two rings containing the three proteolytic subunits MB1, delta and zeta which 
are responsible for chymotryptic, tryptic and post-glutamyl cleavage. Proteasome 
composition is modulated by IFN-γ which induces the replacement of MB1, delta 
and zeta subunits with Low Molecular Mass Polypeptides (LMP) 7, LMP2 and 
LMP10, respectively, and also induces expression of the proteasome activator subu-
nits, PA28α and PA28α. The latter replace the constitutive 19 S caps. This change 
of subunits results in the formation of an “immunoproteasome” which generates a 
different spectrum of peptides than the constitutive proteasome. As a result, the epitopes
expressed by the peptides generated by proteasomes and immunoproteasomes from 
a given tumor antigen may be different.

Fig. 2.2 Schematic representation of the steps which lead to the synthesis and expression of HLA 
class I antigen-peptide complexes
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After degradation by proteasomes or immunoproteasomes into relatively large 
peptides (12–20 amino acids in length), the N-terminus of most peptides is further 
trimmed by aminopeptidases. Peptides of the appropriate size are transported into 
the ER lumen by an IFN-γ inducible member of the ATP-Binding Cassette (ABC)-
family of transporters termed the Transporter Associated with Antigen Processing 
(TAP) which is composed of the two subunits TAP1 and TAP2. In the absence of 
TAP, HLA class I antigens are not loaded with peptides. As a result, they are poorly 
exported from the ER and have a low surface expression. This appears to be 
the rule for all of the allospecificities that have been tested with the exception of 
HLA-A2. The latter alloantigen can bind peptides derived from signal sequences 
whose presence in the ER is independent of TAP function. Therefore, TAP defi-
cient cells exhibit a limited supply and repertoire of peptides that can be presented 
to CD8+ T cells. On the other hand, when TAP is downregulated rather than lost, 
the level of HLA class I antigen expression may not be affected as dramatically, but 
the repertoire of presented peptides may still be reduced leading to ineffective 
recognition of target cells by CTLs. This is clearly shown by the resistance to CTL 
killing of head and neck squamous cell carcinoma (SCCHN) cell lines in spite of 
HLA class I antigen expression. The lack of recognition of SCCHN cells by CTL 
is associated with downregulation of some APM components, such as LMP2, 
TAP1, TAP2 and tapasin in tumor cells. Furthermore, recognition of SCCHN cells 
by CTL can be restored by transfecting tumor cells with TAP1 cDNA [33].

After transport into the ER by TAP, peptides may be further trimmed by the 
heterodimeric ER aminopeptidase ERAP1/ ERAP2 before they bind to HLA class 
I antigens. The loading of peptides onto HLA class I antigens is facilitated by the 
chaperones calreticulin, ERp57 and tapasin which are members of the peptide-loading 
complex. The lack of their expression causes a reduction in the repertoire of peptides 
and/or HLA class I antigen expression at the cell surface, leading to impaired CTL 
recognition. Once assembled with peptides, HLA class I molecules dissociate from 
TAP and travel to the cell membrane and present peptides to CTL.

2.4  Modulation of APM Components by Cytokines in the 
Tumor Microenvironment

The tumor microenvironment is shaped by interactions of tumor cells, stroma and 
infiltrating immune cells. It contains many types of cytokines produced by malig-
nant and normal cells. The susceptibility of some APM components, including 
HLA class I heavy chains and β2 m, HLA-G and MICA to modulation by cytokines 
and epigenetic mechanisms raises the question of how their expression by tumor 
cells may change in the tumor microenvironment and how these changes affect the 
interactions of tumor cells with immune cells. Neither question has been addressed 
with experimental investigations in animal models or in a clinical setting. Therefore, 
we will address them utilizing information derived from other systems.
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2.4.1 IL-10

IL-10 is known to be present in the tumor microenvironment (Fig. 2.3), because it 
may be secreted by tumor cells and by tumor-infiltrating mononuclear cells. IL-10 
expression in melanoma in situ and lymphoma cells has been well established 
[1, 5, 17]; it is likely that other tumors also produce IL-10. Tumor-infiltrating 
leukocytes are also a rich source of IL-10. Specifically, plasmacytoid DC, which 
accumulate in tumor draining lymph nodes produce IL-10 as do myeloid suppres-
sor cells, which accumulate in the tumor microenvironment. The presence of IL-10 
in the tumor milieu is associated with the recruitment and expansion of regulatory 
T cells (Treg). We and others have shown that Treg in situ and after isolation from 
the tumor are able to secrete IL-10 [52, 53]. This feature correlates with strong sup-
pressor function of Treg in human TIL [52]. Neutralization of IL-10 production by 
CD4+CD25+Foxp3+ T cells with IL-10-specific antibodies inhibits their suppres-
sor function, indicating that Treg-derived IL-10 is a key factor in immune-mediated 
suppression at the tumor site [52, 53].

Evidence for down-regulatory effects of IL-10 on APM component expression in 
tumor cells comes from in vitro experiments with mouse lymphoma and mastocytoma 

A B C

A B C

Fig. 2.3 Multicolor immunofluorescence for expression of IL-10 and IL-10R in a representative 
surgically removed SCCHN lesion. Cryostat sections of the tumor tissue were stained with IL-10-
(top panels) and IL-10R-(bottom panels) specific labeled antibodies. Tumor cells are cytokeratin+

(left top and bottom panels); IL-10-(top middle panel) and IL-10R-(bottom middle panel) are 
expressed in the tumor; the overlay shows cytokeratin+ tumor cells stained with IL-10-(right top 
panel) or with IL-10R-(right bottom panel) specific labeled antibodies. Tumor cell nuclei are 
stained with DAPI (right top and bottom panels). X400. Courtesy of Dr. M. Szczepanski
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cell lines. Transfection of these cells with a mouse IL-10 cDNA reduced the expression 
level of TAP1 and TAP2 by 30–60% and 25–35%, respectively, and of MHC 
class I antigens by up to 90% [49]. The causal role of IL-10 in these changes is sug-
gested by the correlation of the degree of HLA class I antigen downregulation with 
levels of IL-10 secreted by the cells as well as by HLA class I antigen upregulation 
induced by transfection of cells with IL-10 anti-sense RNA. However, the drastic HLA 
class I antigen downregulation at the cell surface in spite of the limited reduction in 
TAP subunit expression in these cells likely reflects an additional effect of IL-10 on 
HLA class I heavy chain, β2 m, or tapasin transcription, because in other experiments, 
even very low levels of TAP have been shown to support high HLA class I antigen 
expression [13].

In agreement with the results obtained with the mouse cell lines tested, a dose-
dependent downregulation of TAP1, TAP2 and HLA class I antigens was found in 
a human melanoma cell line incubated with the synthetic peptide homologous to 
the C-terminus of human IL-10 [30]. On the other hand, treatment of primary 
human B lymphocytes with human IL-10 led to TAP1 downregulation, but caused 
no detectable change in TAP2 expression [63]. These divergent results may reflect 
differences in the regulation of TAP2 in normal and malignant cells. Furthermore 
IL-10, which downregulates multiple genes, did not cause detectable changes in 
LMP7 expression in human B cells. Whether IL-10 modulates the level of other 
APM components and whether the findings in malignant cells and primary B lym-
phocytes are paralleled by similar results in dendritic cells residing in the tumor 
microenvironment remains to be determined.

The changes in the TAP1 levels induced by IL-10 have functional implications, 
since the ATP-dependent transport of peptides to the ER is reduced. As a result, 
immature HLA class I molecules accumulate in the ER and are poorly expressed 
on the cell membrane. Furthermore, TAP downregulation induced by IL-10 in 
human and mouse cell lines is associated with their reduced recognition by MHC 
class I antigen restricted, tumor antigen-specific CTL. At the same time, these cells 
show increased susceptibility to NK cell-mediated lysis [30, 36, 40, 49]. Although 
the latter finding may be explained by the downregulation of classical HLA class 
I antigens which inhibit NK cell-mediated cytotoxicity, one might speculate that 
induction or upregulation of NK-cell activating ligands by IL-10 could also con-
tribute to enhanced NK cell-mediated killing. The latter possibility as well as the 
effect on HLA-G expression should be explored, since IL-10 has been shown to 
modulate the expression of several immunologically relevant molecules.

2.4.2 Transforming Growth Factor-b (TGF-b)

Like IL-10, TGF-β is a cytokine that: (a) accumulates in the tumor microenviron-
ment; (b) inhibits T cell activation, proliferation and differentiation; and (c) nega-
tively regulates HLA class I antigen expression [31]. TGF-β is produced by 
tumor cells, normal stromal cells and infiltrating mononuclear cells in the tumor 
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microenvironment. Like IL-10, it is secreted by Treg in situ and is, in part, responsible
for Treg-mediated immune suppression in situ [52, 53]. Tumors express receptors 
for TGF-β. Negative regulation of HLA class I expression by TGF-β is suggested 
by the enhanced MHC class I antigen expression in TGF-&bdotbeta; null mice 
[15] and in tumor cells transfected with TGF-&bdotbeta; anti-sense RNA [55]. 
Whether the effects of TGF-β on HLA class I antigen expression in vitro are mediated,
in part, through downregulation of APM components is not known. This possibility 
should be investigated given the reduced antigen presentation of dendritic cells 
incubated with TGF-β [16]. Whatever the mechanism, TGF-β upregulation in the 
tumor microenvironment is likely to have a negative impact on HLA class I antigen 
expression on tumor cells and most likely on the recognition of tumor cells by 
CTLs. This effect in conjunction with the tumor growth-enhancing activity of 
TGF-β may promote tumor progression.

TGF-b. has also been shown to downregulate NK-cell activating ligands on 
tumor cells. The effects are selective, since TGF-β downregulates MICA, ULBP2 
and ULBP4 expression, but have no detectable effects on MICB, ULBP1 and 
ULBP3 expression [8]. Interference with the synthesis of TGF-b.  by small interfer-
ing RNA. technology has been found to upregulate MICA expression on glioma 
cells. The changes induced by TGF-β appear to have functional significance. MICA 
downregulation in conjunction with reduced expression of its receptor NKG2D, 
which is also induced by TGF-β. on CD8+ T cells and NK cells, is associated with 
inhibition of NK cell-mediated lysis of target cells and T cell costimulation. Lysis 
was restored following TGF-β gene silencing [12].

2.4.3 Interferon-g (IFN-g )

IFN-γ is another cytokine which is known to modulate classical and non-classical 
HLA class I antigens and to be produced in the course of an immune response, as 
it is secreted by activated T cells. However, T cells in the tumor microenvironment, 
are unlikely to produce much IFN-γ because Th1-type responses are suppressed. 
Paucity of Th1-type cytokines (IL-2, IFN-γ) in tumors has been observed [45]. In
vitro experiments indicate that IFN-γ can induce, or at least enhance, the expression 
of immunoproteasome subunits, TAP subunits, tapasin, HLA class I heavy chain 
and β2 m. The presence of IFN-γ in the tumor microenvironment is expected to 
enhance tumor antigen-derived peptide presentation by HLA class I molecules to 
CTLs, provided that the IFN-γ signaling pathway is not mutated, as has been shown 
in some tumor cell lines [7, 22]. In addition, upregulation of immunoproteasomes 
may have differential effects on the presentation of distinct antigens and on the 
recognition of tumor cells by CTL. For example, the presentation of tyrosinase-
related protein 2 (TRP2)

360–368
 epitope is enhanced upon cleavage of TRP2 by 

immunoproteasomes, while the expression of Melanoma Antigen Recognized by T 
cells

26–35
 epitope, like that of the LCMV epitope, is lost upon cleavage by immuno-

proteasomes [3, 37, 54]. These differences may have marked effects on the interactions
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of tumor cells with CTL. Likewise, the downregulation of immunoproteasome 
subunits may alter the recognition of some tumor-derived epitopes by CTLs in a 
negative or positive manner.

2.5  Potential Effects of Released Classical and Non-Classical 
HLA Class I Antigens and NK-Cell Activating Ligands 
in the Tumor Microenvironment

Classical and non-classical HLA class I antigens as well as NK-cell activating lig-
ands are expressed not only on cell membranes, but also in plasma [4, 41–43]. 
Classical HLA class I antigens are expressed as soluble molecules or bound to 
membranous nanoparticles or microvesicles [28] (Fig. 2.4). Whether HLA-G and 
NK-cell activating ligands are also bound to microvesicles is not known. Distinct 
mechanisms underlie their release from cells. They include secretion, proteolytic 
cleavage and metalloprotease-mediated cleavage of membrane bound molecules 
and alternative splicing. As a result different isoforms of classical and non-classical 
HLA class I antigens are present in plasma [41–43]. In view of the frequent loss of 
β2 m by malignant cells, it is noteworthy that both classical and non-classical HLA 
class I antigens have been detected in plasma not only as HLA class I heavy chain-
β2 m-peptide complexes, but also as β2 m-free heavy chains. The latter maintain 
most, if not all the functional activities of β2 m-associated HLA class I heavy 
chains [41–43].

The functional role of soluble classical and non-classical HLA class I antigens 
as well as NK-cell activating ligands is not known. It is likely that they play a role 
in immunological phenomena, since they are immunologically active, as indicated 
by their reactivity with antibodies and/or with T cell receptors as well as by their 
immunogenicity in autologous, allogeneic and xenogeneic combinations [2, 27]. 
Furthermore, as already mentioned, the serum levels of classical and non-classical 
HLA class I antigens and of NK-cell activating ligands change in some pathological 
conditions; in some diseases these changes are associated with the clinical 
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course of the disease [2, 4, 24, 25, 41]. However, to the best of our knowledge, in 
no case a cause–effect relationship between these two phenomena has been 
described.

Convincing evidence indicates that classical HLA class I antigens can induce 
apoptosis of activated CD8 T cells in vitro utilizing Fas–Fas ligand interactions [44, 
63]. A similar result has been obtained for the non-classical HLA class I antigens 
HLA-G by Fournel et al. [10] and by us [6], although this finding has not been 
confirmed by Hunt [26] who has used recombinant HLA-G in her experiments. 
There is conflicting information about the mechanisms underlying the induction of 
apoptosis of activated T cells. The series of reactions leading to apoptosis of acti-
vated T cells is triggered by the interaction of HLA class I antigens with T cell 
receptors (TCR), according to Zavazava and Kronke [62], but with CD8 according 
to our own data [6, 44]. Furthermore there are conflicting data about the potency of 
classical and non-classical HLA class I antigens in inducing apoptosis of activated 
T cells. According to Fournel et al. [10] non-classical HLA class I antigens are 
more potent than classical HLA class I antigens, while the reverse is true according 
to our own data [6]. At any rate HLA class I antigens released from tumor cells in 
their microenvironment provide a mechanism for the presence of apoptotic T cells 
in the tumor microenvironment [58].

NK-cell activating ligands are also released from tumor cells by the activity of 
metalloproteases [21, 50, 57]. This causes not only downregulation of their expres-
sion on tumor cell membrane, but also promotes a reversible downregulation of 
NKG2D on NK and CD8 T cells because of its internalization [21, 50]. These changes 
have a negative impact on the immunosurveillance mediated by cytotoxic cells. 
Specifically the reduced expression of NK-cell activating ligands decreases the 
immunogenicity of tumor cells which is influenced by the density of NK-cell 
activating ligands on cell membrane. Furthermore the reduced surface NKGD2 
expression impairs the cytotoxic activity of tumor antigen-specific CTL and of NK 
cells [21]. The causal role played by soluble NK-cell activating ligands in these 
phenomena is indicated by the results recently published by Dranoff and his collabo-
rators [27]. The development of MICA-specific antibodies in patients treated with 
anti-CTLA-4 monoclonal antibodies or immunized with autologous melanoma cells 
engineered to secrete granulocyte-macrophage colony-stimulating factor was 
associated with a decrease in the levels of soluble MICA in serum and an increase 
in the expression of NKG2D on NK cells and CD8+ T cells and their cytotoxicity.

2.6 Conclusions

The data we have discussed suggest that changes which are likely to take place in the 
tumor microenvironment may have a negative impact on the recognition of tumor 
cells by host’s immune system and on the ability of cytotoxic cells to control tumor 
growth. Accumulation in the microenvironment of cytokines, such as IL-10 and 
TGF-β, which are produced by tumor cells an/or stromal cells as well as infiltrating 
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leukocytes, may downregulate the expression and/or function of some APM 
components. As a result the generation of HLA class I antigen-tumor antigen-
derived peptide complexes may be defective and tumor cells may not be recognized 
by HLA class I antigen-restricted, tumor antigen-specific CTL in spite of HLA 
class I antigen expression. These phenotypic changes of tumor cells in the tumor 
microenvironment provide a potential mechanism for the lack of correlation 
between in vitro susceptibility of tumor cells to lysis mediated by HLA class I 
antigen-restricted, tumor antigen-specific CTL and control of tumor growth in vivo.
Because of the lack of exposure to cytokines which are present in the tumor micro-
environment, tumor cells cultured in vitro restore the expression and/or function 
of the downregulated and/or dysfunctional APM component(s) and reacquire their 
ability to synthesize and express HLA class I antigen-tumor antigen derived peptide 
complexes on their membranes. Furthermore some cytokines, such as TGF-β, may 
downregulate the expression of NK-cell activating ligands on tumor cells, thus 
reducing their immunogenicity and their recognition by NKGD2 bearing cytotoxic 
cells. Lastly, some cytokines may synergize with other changes in the microen-
vironment to induce expression of HLA-G by tumor cells. These non-classical 
HLA class I antigens may interfere with the interactions of tumor cells with 
cytotoxic cells.

The potential changes which may be induced in tumor cells by the microenvi-
ronment have implications for the design of approaches to characterize their 
phenotype and of immunotherapeutic strategies for the treatment of malignant 
diseases. Specifically, analysis of the antigenic profile of tumor cells should rely on 
probes specific for the HLA class I antigen-tumor antigen derived peptide complex 
being targeted, since analysis of HLA class I antigen expression may generate 
misleading information. Furthermore we should reevaluate the emphasis on the 
development of T cell-based immunotherapeutic strategies which target stromal 
cells in the microenvironment to counteract the multiple immunoescape mechanisms
utilized by tumor cells caused by their genetic instability [29, 32, 38, 61]. The 
results we have reviewed are compatible with the possibility that the cytokines 
present in the tumor microenvironment may affect not only tumor cells, but also 
normal stromal and dendritic cells present in the microenvironment. If so, targeting 
stromal cells may suffer from limitations similar to those that have been experi-
enced with T cell-based immunotherapy targeting tumor cells. Therefore, strategies 
to counteract the negative effects of cytokines in the microenvironment may have 
to rely on intralesional injection of IFN-γ to restore APM function, and/or on the 
use of monoclonal antibodies or anti-sense constructs directed towards cytokines, 
such as IL-10 and/or TGF-β, which modulate the expression of HLA antigens, 
APM components and NK-cell activating ligands.

The data we have reviewed indicate that classical and non-classical HLA class 
I antigens as well as NK-cell activating ligands released by tumor cells in the 
microenvironment may interfere with the function of cytotoxic cells utilizing mul-
tiple mechanisms. As a result, cytotoxic cells are not likely to be able to control 
tumor growth in spite of the expression of HLA class I antigen-tumor antigen 
derived peptide complexes and/or of NK-cell activating ligands by tumor cells. 
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In this case, however, the data published by Dranoff and his collaborators [27] and 
corroborated by Marten et al.’s [35] recent results, suggest that administration or 
induction of antibodies recognizing the molecules involved, if not responsible for 
tumor progression may represent an effective therapeutic approach.

In conclusion, the changes which may take place in tumor cells in the microenviron-
ment as well as the potential effects of histocompatibility antigens released by tumor 
cells on immune cells provide mechanisms for the lack of clinical responses in spite of 
a tumor antigen-specific immune response. In addition, the information we have dis-
cussed emphasizes the need to characterize tumor cells within the microenvironment in 
order to optimize immunotherapeutic strategies for the treatment of malignant disease.

Acknowledgements This study has been supported by PHS grants RO1CA67108, RO1CA110249 
and PO1CA109688 awarded by the National Cancer Institute, DHHS.

References

 1. Asadullah, K., Sterry, W., Volk, H.D. Interleukin-10 therapy – review of a new approach.
Pharmacol. Rev. 2003; 55:241–269.

 2. Bangia, N., Ferrone, S. Antigen presentation machinery (APM) modulation and soluble HLA 
molecules in the tumor microenvironment: Do they provide tumor cells with escape mecha-
nisms from recognition by cytotoxic T lymphocytes? Immunol. Invest. 2006; 35:485–503.

 3. Basler, M., Youhnovski, N., Van Den, B. M., Przybylski, M., Groettrup, M. Immunoproteasomes
down-regulate presentation of a subdominant T cell epitope from lymphocytic choriomeningi-
tis virus. J. Immunol. 2004; 173:3925–3934.

 4. Chang, C. C., Campoli, M., Ferrone, S. Classical and nonclassical HLA class Iantigen and 
NK cell-activating ligand changes in malignant cells: current challenges and future direc-
tions. Adv. Cancer Res. 2005: 93189–93234.

 5. Conrad, C. T., Ernst, N. R., Dummer, W,, Bröcker, E. B., Becker, J. C. Differential expression 
of transforming growth factor beta 1 and interleukin 10 in progressing and regressing areas 
of primary melanoma. J. Exp. Clin. Cancer Res. 1999; 18:225–232.

 6. Contini, P., Ghio, M., Poggi, A., Filaci, G., Indiveri, F., Ferrone, S., Puppo, F. Soluble HLA-
A,-B,-C and -G molecules induce apoptosis in T and NK CD8+ cells and inhibit cytotoxic T 
cell activity through CD8 ligation. Eur. J. Immunol. 2003; 33:125–134.

 7. Dovhey, S. E., Ghosh, N. S., Wright, K. L. Loss of interferon-gamma inducibility of TAP1 and 
LMP2 in a renal cell carcinoma cell line. Cancer Res. 2002; 60:5789–5796.

 8. Eisele, G., Wischhusen, J., Mittelbronn, M., Meyermann, R., Waldhauer, I., Steinle, A., 
Weller, M., Friese, M. A. TGF-beta and metalloproteinases differentially suppress NKG2D 
ligand surface expression on malignant glioma cells. Brain. 2006; 129:2416–2425.

 9. Ferris, R., Whiteside, T. L., Ferrone, S. Immune escape associated with functional defects in 
antigen processing machinery in head and neck cancer. Clin. Cancer Res. 2006; 
12:3890–3895.

10. Fournel, S., Aguerre-Girr, M., Huc, X., Lenfant, F., Alam, A., Toubert, A., Bensussan, A., Le 
Bouteiller, P. Cutting edge: soluble HLA-G1 triggers CD95/CD95 ligand-mediated apoptosis 
in activated CD8+ cells by interacting with CD8. J. Immunol. 164:6100–6104.

11. Friese, M. A., Platten, M., Lutz, S. Z., Naumann, U., Aulwurm, S., Bischof, F., Bühring, H. 
J., Dichgans, J., Rammensee, H. G., Steinle, A., Weller, M. MICA/NKG2D-mediated immu-
nogene therapy of experimental gliomas. Cancer Res. 2003; 63:8996–9006.



2 Histocompatibility Antigens, Tumor Microenvironment and Escape Mechanisms 49

12. Friese, M. A., Wischhusen, J., Wick, W., Weiler, M., Eisele, G., Steinle, A., Weller, M. RNA
interference targeting transforming growth factor-beta enhances NKG2D-mediated antigli-
oma immune response, inhibits glioma cell migration and invasiveness, and abrogates tumori-
genicity in vivo. Cancer Res. 2004; 64:7596–7603.

13. Garbi, N., Tanaka, S., van den, B. M., Momburg, F., Hammerling, G. J. Accessory molecules 
in the assembly of major histocompatibility complex class I/peptide complexes: how essential 
are they for CD8(+) T-cell immune responses? Immunol. Rev. 2005; 20:777–788.

14. Gasser, S., Orsulic, S., Brown, E. J., Raulet, D. H. The DNA damage pathway regulates innate 
immune system ligands of the NKG2D receptor. Nature 2005; 25(436):1186–1190.

15. Geiser, A. G., Letterio, J. J., Kulkarni, A. B., Karlsson, S., Roberts, A. B., Sporn, M. B. 
Transforming growth factor beta 1 (TGF-beta 1) controls expression of major histocompatibility 
genes in the postnatal mouse: aberrant histocompatibility antigen expression in the pathogenesis 
of the TGF-beta 1 null mouse phenotype. Proc. Natl. Acad. Sci. USA 1993; 90:9944–9948.

16. Geissmann, F., Revy, P., Regnault, A., Lepelletier, Y., Dy, M., Brousse, N., Amigorena, S., 
Hermine, O., Durandy, A. TGF-beta 1 prevents the noncognate maturation of human den-
dritic Langerhans cells. J. Immunol. 1999; 162:4567–4575.

17. Gerlini, G., Tun-Kyi, A., Dudli, C., Burg, G., Pimpinelli, N., Nestle, F. O. Metastatic
melanoma secreted IL-10 down-regulates CD1 molecules on dendritic cells in metastatic 
tumor lesions. Am. J. Pathol. 2004; 165:1853–1863.

18. Girardi, M., Oppenheim, D. E., Steele, C. R., Lewis, J. M., Glusac, E., Filler, R., Hobby, P., 
Sutton, B., Tigelaar, R. E., Hayday, A. C. Regulation of cutaneous malignancy by gammadelta 
T cells. Science 2001; 294:605–609.

19. Groh, V., Bahram, S., Bauer, S., Herman, A., Beauchamp, M., Spies, T. Cell stress-regulated 
human major histocompatibility complex class I gene expressed in gastrointestinal epithelium.
Proc Natl. Acad. Sci. USA 1996; 93:12445–12450.

20. Groh, V., Rhinehart, R., Secrist, H., Bauer, S., Grabstein, K. H., Spies, T. Broad tumor-associated
expression and recognition by tumor-derived gamma delta T cells of MICA and MICB. Proc. 
Natl. Acad. Sci. USA 1999; 96:6879–6884.

21. Groh, V., Wu, J., Yee, C., Spies, T. Tumour-derived soluble MIC ligands impair expression 
of NKG2D and T-cell activation. Nature 2002; 419:734–738.

22. Hayashi, T., Kobayashi, Y., Kohsaka, S., Sano, K. The mutation in the ATP binding region of 
JAK1, identified in human uterine leiomyosarcomas, results in defective interferon-gamma 
inducibility of TAP1 and LMP2. Oncogene 2006; 25(29):4016–4026.

23. Hicklin, D. J., Marincola, F. M., Ferrone, S. HLA class I antigen downregulation in human 
cancers: T-cell immunotherapy revives an old story. Mol. Med. Today 1999; 5:178–186.

24. Holdenrieder, S., Stieber, P., Peterfi, A., Nagel, D., Steinle, A., Salih, H. R. Soluble MICA in 
malignant diseases. Int. J. Cancer 2006; 118:684–687.

25. Holdenrieder, S., Stieber, P., Peterfi, A., Nagel, D., Steinle, A., Salih, H. R. Soluble MICB in 
malignant diseases: analysis of diagnostic significance and correlation with soluble MICA.
Cancer Immunol. Immunother. 2006; 55:1584–1589.

26. Hunt, J. S. Stranger in a strange land. Immunol. Rev. 2006; 213:36–47.
27. Jinushi, M., Hodi, F. S., Dranoff, G. Therapy-induced antibodies to MHC class I chain-related 

protein A antagonize immune suppression and stimulate antitumor cytotoxicity. Proc Natl 
Acad Sci USA 2006; 103:9190–9195.

28. Kim, J.-W., Wieckowski, E., Taylor, D. D., Reichert, T. E., Watkins, S., Whiteside, T. L. 
FasL+ membraneous vesicles isolated from sera of patients with oral cancer induce apoptosis 
of activated T lymphocytes. Clin. Cancer Res. 2005; 11:1010–1020.

29. Ko, E., Wei, L., Peng, L., Wang, X., Ferrone, S. Anti-tumor effects of anti-angiogenic immu-
nity elicited in mice by dendritic-endothelial cell hybrids and 4–1BB-specific mAb. Cancer 
Res. in press 2007.

30. Kurte, M., Lopez, M., Aguirre, A., Escobar, A., Aguillon, J. C., Charo, J., Larsen, C. 
G.,Kiessling, R., Salazar-Onfray, F. A synthetic peptide homologous to functional domain of 
human IL-10 down-regulates expression of MHC class I and Transporter associated with 
Antigen Processing 1/2 in human melanoma cells. J. Immunol. 2004; 73:1731–1737.



50 S. Ferrone, T.L. Whiteside

31. Li, M. O., Wan, Y. Y., Sanjabi, S., Robertson, A. K., Flavell, R. A. Transforming growth 
factor-beta regulation of immune responses. Annu. Rev. Immunol. 2006; 24:99–146.

32. Li, Y., Wang, M. N., Li, H., King, K. D., Bassi, R., Sun, H., Santiago, A., Hooper, A. T., 
Bohlen, P., Hicklin, D. J. Active immunization against the vascular endothelial growth 
factor receptor flk1 inhibits tumor angiogenesis and metastasis. J. Exp. Med. 2002; 
195:1575–1584.

33. Lopez-Albaitero, A., Nayak, J. V., Ogino, T., Machandia, A., Gooding, W., DeLeo, A. B., 
Ferrone, S., Ferris, R. L. Role of antigen-processing machinery in the in vitro resistance of 
squamous cell carcinoma of the head and neck cells to recognition by CTL. J. Immunol. 2006; 
176:3402–3409.

34. Marincola, F. M., Jaffee, E. M., Hicklin, D. J., Ferrone, S. Escape of human solid tumors from 
T- cell recognition: molecular mechanisms and functional significance. Adv. Immunol. 2000; 
74:181–273.

35. Märten, A., von Lilienfeld-Toal, M., Büchler, M. W., Schmidt, J. Soluble MIC is elevated in 
the serum of patients with pancreatic carcinoma diminishing gammadelta T cell cytotoxicity.
Int. J. Cancer 2006; 119:2359–2365.

36. Matsuda, M., Salazar, F., Petersson, M., Masucci, G., Hansson, J., Pisa, P., Zhang, Q. J., 
Masucci, M. G., Kiessling, R. Interleukin 10 pretreatment protects target cells from tumor- 
and allo-specific cytotoxic T cells and downregulates HLA class I expression. J. Exp. Med. 
1994; 180:2371–2376.

37. Morel, S., Levy, F., Burlet-Schiltz, O., Brasseur, F., Probst-Kepper, M., Peitrequin, A. L., 
Monsarrat, B., Van Velthoven, R., Cerottini, J. C., Boon, T., Gairin, J. E., Van den Eynde, B. 
J. Processing of some antigens by the standard proteasome but not by the immunoproteasome 
results in poor presentation by dendritic cells. Immunity 2000; 12:107–117.

38. Niethammer, A. G., Xiang, R., Becker, J. C., Wodrich, H., Pertl, U., Karsten, G., Eliceiri., B. 
P., Reisfeld, R. A. A DNA vaccine against VEGF receptor 2 prevents effective angiogenesis 
and inhibits tumor growth. Nat. Med. 2002; 8:1369–1375.

39. Pende, D., Rivera, P., Marcenaro, S., Chang, C. C., Biassoni, R., Conte, R., Kubin, M., 
Cosman, D., Ferrone, S., Moretta, L., Moretta, A. Major histocompatibility complex class I-
related chain A and UL16-binding protein expression on tumor cell lines of different histo-
types: analysis of tumor susceptibility to NKG2D-dependent natural killer cell cytotoxicity.
Cancer Res. 2002; 62:6178–6186.

40. Petersson, M., Charo, J., Salazar-Onfray, F., Noffz, G., Mohaupt, M., Qin, Z., Klein, G., 
Blankenstein, T., Kiessling, R. Constitutive IL-10 production accounts for the high NK sensi-
tivity, low MHC class I expression, and poor transporter associated with antigen processing 
(TAP)-1/2 function in the prototype NK target YAC-1. J. Immunol. 1998; 161:2099–2105.

41. Pistoia, V., Morandi, F., Wang, X., Ferrone, S. Soluble HLA-G: are they clinically relevant?
Semin. Cancer Biol. 2007.

42. Puppo, F., Indiveri, F., Scudeletti, M., Ferrone, S. Soluble HLA antigens: new roles and uses.
Immunol. Today 1997; 18:154–155.

43. Puppo, F., Scudeletti, M., Indiveri, F., Ferrone, S. Serum HLA class I antigens: markers and 
modulators of an immune response? Immunol. Today 1995; 16:124–127.

44. Puppo, F., Contini, P., Ghio, M., Brenci, S., Scudeletti, M., Filaci, G., Ferrone, S., Indiveri, F. 
Soluble human MHC class I molecules induce soluble Fas ligand secretion and trigger apop-
tosis in activated CD8(+) Fas (CD95)(+) T lymphocytes. Int. Immunol. 2000; 12:195–203.

45. Rabinowich, H., Suminami, Y., Reichert, T. E., Crowley-Nowick, P., Bell, M., Edwards, R., 
Whiteside, T. L. Expression of cytokine genes or proteins and signaling molecules in lym-
phocytes associated with human ovarian carcinoma. Intl. J. Cancer 1996; 68:276–284.

46. Raffaghello, L., Prigione, I., Airoldi, I., Camoriano, M., Levreri, I., Gambini, C., Pende, D., 
Steinle, A., Ferrone, S., Pistoia, V. Downregulation and/or release of NKG2D ligands as 
immune evasion strategy of human neuroblastoma. Neoplasia 2004; 6:558–568.

47. Rebmann, V., Schütt, P., Brandhorst, D., Opalka, B., Moritz, T., Nowrousian, M. R., Grosse-
Wilde, H. Soluble MICA as an independent prognostic factor for the overall survival and 
progression-free survival of multiple myeloma patients. Clin. Immunol. 2007; 123:114–120.



2 Histocompatibility Antigens, Tumor Microenvironment and Escape Mechanisms 51

48. Rouas-Freiss, N., Moreau, P., Ferrone, S. and Carosella, E. D. HLA-G proteins in cancer: do 
they provide tumor cells with an escape mechanism? Cancer Res. 2005; 66:10139–10144.

49. Salazar-Onfray, F., Charo, J., Petersson, M., Freland, S., Noffz, G., Qin, Z., Blankenstein, T., 
Ljunggren, H. G., Kiessling, R. Down-regulation of the expression and function of the trans-
porter associated with antigen processing in murine tumor cell lines expressing IL-10. J. 
Immunol. 1997; 159:3195–3202.

50. Salih, H. R., Antropius, H., Gieseke, F., Lutz, S. Z., Kanz, L., Rammensee, H. G., Steinle, A. 
Functional expression and release of ligands for the activating immunoreceptor NKG2D in 
leukemia. Blood 2003; 102:1389–1396.

51. Salih, H. R., Rammensee, H. G., Steinle, A. Cutting edge: down-regulation of MICA on human 
tumors by proteolytic shedding. J. Immunol. 2002; 169:4098–4102.

52. Strauss, L., Bergmann, C., Szczepanski, M., Gooding, W., Johnson. J. T., Whiteside, T. L. A
unique subset of CD4+CD25highFoxp3+ T cells secreting IL-10 and TGF-b

1
 mediates suppres-

sion in the tumor microenvironment. Clin. Cancer Res. 2007.
53. Strauss, L., Whiteside, T. L., Knights, A., Bergmann, C., Knuth, A., Zippelius, A. Selective

survival of naturally occurring human CD4+CD25+Foxp3+ regulatory T cells cultured with 
rapamycin. J. Immunol. 2007; 178:320–329.

54. Sun, Y., Sijts, A. J., Song, M., Janek, K., Nussbaum, A. K., Kral, S., Schirle, M., Stevanovic, S., 
Paschen, A., Schild, H., Kloetzel, P. M., Schadendorf, D. Expression of the proteasome activator
PA28 rescues the presentation of a cytotoxic T lymphocyte epitope on melanoma cells. Cancer 
Res. 2002; 62:2875–2882.

55. Tzai, T. S., Shiau, A. L., Liu, L. L., Wu, C. L. Immunization with TGF-beta antisense 
oligonucleotide-modified autologous tumor vaccine enhances the antitumor immunity of 
MBT-2 tumor-bearing mice through upregulation of MHC class I and Fas expressions.
Anticancer Res. 2000; 20:1557–1562.

56. Ugurel, S., Rebmann, V., Ferrone, S., Tilgen, W., Grosse-Wilde, H., Reinhold, U. Soluble
human leukocyte antigen-G serum level is elevated in melanoma patients and is further 
increased by interferon-alpha immunotherapy. Cancer 2001; 92:369–376.

57. Waldhauer I, Steinle A. Proteolytic release of soluble UL16-binding protein 2 from tumor 
cells. Cancer Res. 2006; 66:2520–2526.

58. Whiteside, T. L. Apoptosis of immune cells in the tumor microenvironment and peripheral cir-
culation of patients with cancer: implications for immunotherapy. Vaccine 2002; 20 Suppl. 4:
A46–A51.

59. Wiendl, H., Mitsdoerffer, M., Hofmeister, V., Wischhusen, J., Bornemann, A., Meyermann, R., 
Weiss, E. H., Melms, A., Weller, M. A functional role of HLA-G expression in human gliomas: 
an alternative strategy of immune escape. J. Immunol. 2002; 168:4772–4780.

60. Wu, J. D., Higgins, L. M., Steinle, A., Cosman, D., Haugk, K., Plymate, S. R. Prevalent
expression of the immunostimulatory MHC class I chain-related molecule is counteracted by 
shedding in prostate cancer. J. Clin. Invest. 2004; 114:560–568.

61. Yu, P., Rowley, D. A., Fu, Y. X., Schreiber H. The role of stroma in immune recognition and 
destruction of well-established solid tumors. Curr. Opin. Immunol. 2006; 18:226–231.

62. Zavazava, N., Kronke, M. Soluble HLA class I molecules induce apoptosis in alloreactive 
cytotoxic T lymphocytes. Nat. Med. 1996; 2:1005–1010.

63. Zeidler, R., Eissner, G., Meissner, P., Uebel, S., Tampe, R., Lazis, S., Hammerschmidt, W. 
Downregulation of TAP1 in B lymphocytes by cellular and Epstein-Bar rvirus-encoded 
interleukin-10. Blood 1997; 90:2390–2397.



Chapter 3
Local Tumor Growth and Spontaneous 
Systemic T Cell Responses in Cancer Patients: 
A Paradox and Puzzle

Philipp Beckhove and Volker Schirrmacher

Abstract We describe and discuss the paradox situation that in many cancer 
patients functional antitumor memory T cells can be detected in their bone marrow 
which coexist with a growing tumor in the periphery. This phenomenon, known as 
“concomitant immunity” suggests that the tumor and its microenvironment prevent 
systemic antitumor immunity to become effective. Strategies of intervention at the 
tumor microenvironment are being discussed.

Keywords Memory T cells, bone marrow, tumor dormancy, intervention, danger 
signals, tumor infiltration

3.1 Introduction

Until the early 1990s, it remained largely unclear how the immune system could 
recognize antigens on autologous cells and specific tumor cell recognition by T cells 
was doubted by many researchers. In 1991, the first description of antigens specifi-
cally expressed on melanoma cells formed the basis for a new era of molecularly 
defined tumor immunology [1]. In the following years, numerous antigens, either 
overexpressed or specifically expressed on tumor cells, have been characterized 
and respective HLA-restricted epitopes that are capable of triggering CD8 and CD4 
T cell responses have been identified [2]. With the introduction of dendritic cell 
culture and demonstration of their T cell stimulatory capacity by Steinmann et al., 
therapeutic approaches have been developed during the last years that aim at induc-
ing tumor-antigen (TAA) specific T cell responses for the treatment of tumor 
patients [3]. These approaches are based on the assumption that the immune system 
of tumor patients is mainly unresponsive for antigens on autologous tumors.
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The induction of protective T cell responses depends on fully activated antigen 
presenting cells, e.g. dendritic cells (DCs). During infectious diseases DCs 
are activated in inflamed tissues by so called “danger signals”. Danger signals are 
provided by conserved molecular signatures of pathogens such as double stranded 
RNA molecules or hypomethylated DNA motifs and recognized by respective toll 
like receptors on cells of the innate immune system, including DCs, which 
enables them to recognize the presence and general class of the infectious 
pathogen [4].

Tumor tissue, as autologous “self” is widely assumed to lack danger signals. 
This assumption was substantiated by findings that significant proportions of natural 
TAA-specific CD8 T cells as isolated by the HLA-tetramer technology from the 
peripheral blood of the patients were non-functional [5].

3.2  Spontaneous T Cell Immunity and the Tumor 
Microenvironment

3.2.1 Spontaneous Systemic T Cell Responses in Cancer Patients

During the last few years, numerous studies have emerged that clearly demonstrate 
the spontaneous induction of functional, TAA-specific T cell responses in many 
tumor patients. We observed in the bone marrow of mice bearing disseminated 
lymphoma cells TAA-reactive CD8 T cells that conferred protection against 
(i) expansion of tumor cells in situ as well as (ii) against the formation of distant 
metastases [6, 7]. Based on this observation, we analyzed the possibility that the 
presence of tumor antigen in the bone marrow might also trigger the generation of 
functional, tumor-specific T cells in tumor patients. We therefore evaluated by 
HLA-tetramer analyses as well as by short term IFN-γ Elispot assays the presence 
of such cells in the peripheral blood and bone marrow of breast cancer patients [8]. 
We detected high frequencies of tumor-specific CD8 T cells in the blood and bone 
marrow of most patients. However, only BM-resident T cells exerted functional 
capacities such as IFN-γ secretion or cytotoxic activity. Altogether, T cells reactive 
against the entirety of TAAs in autologous tumor cells (as presented by autologous 
tumor cell lysate-pulsed dendritic cells) could be detected in app. 40% of primary 
operated breast cancer patients. These T cells existed in frequencies of 1:200 to 
1:10,000 of total T cells and included cytotoxic CD8+ T cells as well as CD4+ T 
helper cells. Similar frequencies of tumor-reactive T cells were detected in patients 
with different tumors. Using the IFN-γ Elispot assay, we investigated reactivity of 
T cells from bone marrow and peripheral blood to melanoma lysate-pulsed 
autologous DCs in melanoma patients [9]. We detected tumor-reactive T cells 
in altogether 25% of the patients. In the bone marrow, melanoma-reactive T cells were 
present in 18% while in peripheral blood such cells were present in only 10% of 
the patients.
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Pancreatic cancer is characterized by aggressive growth and treatment 
resistance. A dominance of TH2 cytokines in patients’ sera, as reported previously, 
suggests systemic tumor-induced immunosuppression, potentially inhibiting the 
induction of tumor-reactive T cells. Despite these potentially powerful immunosup-
pressive factors we detected high numbers of tumor-reactive T cells in 100% of 
bone marrow samples and in 50% of the blood samples of pancreatic cancer 
patients [10]. These comprised CD8 and CD4 T cells which secreted the TH1 
cytokine IFN-γ rather than TH2 cytokines and exerted cytotoxic capacity upon 
stimulation with tumor antigens [10, 11]. Freshly isolated T cells from cancer 
patients recognized autologous tumor cells and the pancreatic cancer-associated 
tumor antigen MUC1. Thus, tumor antigen-specific T cell responses occur regu-
larly during pancreatic cancer disease and lead to enrichment of tumor cell-reactive 
memory T cells in the bone marrow.

Besides carcinomas, hematological malignancies can also be recognized by the 
immune system and lead to the induction of spontaneous T cell responses. We ana-
lyzed bone marrow and peripheral blood of HLA-A2-positive multiple myeloma 
(MM) patients for the presence and functional activity of CD8 T cells specific for 
the MUC1-derived peptide LLLLTVLTV [12]. 40% of the patients with MM con-
tained elevated frequencies of MUC1-specific CD8 T cells in freshly isolated sam-
ples from peripheral blood (PB) or bone marrow (BM) compared with corresponding 
samples from healthy donors. Similar to our findings from breast carcinoma, pan-
creatic carcinoma and malignant melanoma, BM-residing T cells possessed a 
higher functional capacity upon specific reactivation than PB-derived T cells with 
regard to IFN-γ secretion, perforin production, and cytotoxicity.

It can therefore be concluded that virtually all tumor types induce spontaneous 
and functional T cell responses. These result in the accumulation of tumor-reactive 
T cells especially in lymphoid organs such as the BM.

Detailed phenotypic analyses revealed that the majority (approximately 70%) of 
tumor-specific BM T cells belonged to the population of memory T cells, including 
app. 40% of central- and 60% of effector memory T cells [13]. The presence of 
effector memory T cells is particularly interesting, since this subset is generated by 
appropriate reactivation of long-lived bone marrow-resident central memory T 
cells that subsequently differentiate into the rather short-lived latter subset and are 
capable of mediating protective effector functions. Thus, the dominance of effector 
memory T cells in the bone marrow of cancer patients suggests that presentation of 
tumor antigens to T cells is a rather frequent event in the BM parenchyme.

In order to characterize the memory T cell repertoire of tumor patients in more 
detail, we analyzed the bone marrow of primary operated breast cancer patients and 
healthy female donors for the presence and frequencies of spontaneously induced 
effector/memory T lymphocytes with peptide-HLA-A2-restricted reactivity against 
10 different breast TAAs and a variety of normal breast tissue-associated antigens by 
short-term IFN-γ Elispot analysis [14]. 67% of these patients recognized TAAs with 
a mean frequency of 1:7,000. TAA reactive T cells recognized simultaneously an 
average of half of the tested TAAs. The T-cell repertoire was highly polyvalent and 
exhibited pronounced interindividual differences in the pattern of TAAs recognized 
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by each patient. Strong differences of reactivity were noticed between TAAs, ranging 
from 100% recognition of prostate-specific antigen (pp. 141–149) to only 25% 
recognition of MUC1 (pp. 12–20) or Her-2/neu (pp. 369–377). In comparison with 
TAAs, reactivity to normal breast tissue-associated antigens was lower with respect 
(i) to the proportions of responding patients (30%) and (ii) to the frequency of T cells 
recognizing the normal tissue antigens (only 1:12,000 T cells). Interestingly, healthy 
individuals also contained TAA-reactive T cells but this repertoire was more 
restricted and the frequencies were in the same range as T cells reacting to normal 
breast tissue-associated antigens. Thus, the natural repertoire of tumor-reactive 
memory T cells in the BM of cancer patients is polyvalent and highly individual and 
compared to healthy individuals clearly shifted towards tumor recognition. Taken 
together, the bone marrow appears as a lymphatic organ particularly involved in the 
induction and/or maintenance of natural T cell immunity against tumor antigens.

3.2.2 The Bone Marrow as a Source of Tumor-reactive T Cells

The bone marrow was known for a long time as a primary lymphoid organ, but its 
potential to serve as a secondary immune organ has been detected only a few years 
ago. Figure 3.1 shows a scheme of T cell priming in the bone marrow parenchyma 
against blood-borne antigens. The bone marrow stroma expresses constitutively 
multiple adhesion molecules (ICAM-1, VCAM-1, MadCAM-1, P-selectin) that are 
relevant for the homing and infiltration of BM by blood derived T lymphocytes, 
and also the co-stimulatory molecule CD80, that is relevant for T cell activation 
[15]. We and others found out that naïve and also memory T cells selectively 
migrated to BM. T cell homing to BM involved the integrins LFA-1 alpha and 
alpha4 which interact with the above constitutively expressed cell adhesion mole-
cules (CAMs [15]). We could demonstrate that naive, antigen-specific T cells home 
to bone marrow, where they can be primed in follicle-like structures in BM paren-
chyma involving clusters of DCs and CD8 and CD4 T cells and differentiate into 
memory T cells [8, 15]. These structures form on the basis of specialized microdo-
mains of bone marrow endothelium expressing respective adhesion molecules that 
attract T cells as well as antigen-pulsed dendritic cells and allow their selective 
entry and subsequent cognate interactions [16].

Bone marrow resident CD11c+ DCs are highly efficient in taking up exogenous 
blood-borne antigen and processing it via major histocompatibility complex 
(MHC) class I and class II pathways. T-cell activation correlates with DC-T cell 
clustering in bone marrow stroma. Primary CD4+ and CD8+ T-cell responses 
generated in BM occur in the absence of secondary lymphoid organs. The 
responses are not tolerogenic and result in generation of cytotoxic T cells, protec-
tive antitumor immunity and immunological memory. Together, these findings 
suggest that DC-T cell interactions in BM play an important role in immune 
responses to blood borne antigen and in the establishment of systemic immunity 
and long-term memory.
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We further evaluated the requirements for the maintenance of tumor-reactive 
memory T cells in the ESb lymphoma mouse model [17]. The transfer of CD8 
T cells reactive to a model tumor antigen (LacZ/ß-Gal) prevented the outgrowth of 
Gal-expressing syngeneic tumor cells (ESbL-Gal) in athymic nu/nu mice and 
resulted in long term persistence of high numbers of transferred CD8+ memory 
T cells in the BM. In contrast, in the absence of the model tumor antigen, no such 
memory generation and – persistence was detectable. Long-term immune memory 
and tumor protection could be maintained over four successive transfers between 
tumor-inoculated recipients, which involved periodic antigenic restimulation in
vivo prior to reisolating the cells for adoptive transfer. These findings suggest that 
TAA from residual dormant tumor cells are implicated in maintaining high 
 frequencies of long-term surviving Gal-specific memory CD8(+) T cells. Using a 
cell line (ESbL-Gal-BM) that was established from dormant tumor cells isolated 
from the bone marrow, it could be demonstrated that the tumor cells had up-regulated
the expression of MHC class I molecules and down-regulated the expression of 
several adhesion molecules during the in vivo passage. Our results suggest (i) that 
the BM microenvironment has special features that are of importance for the main-
tenance of tumor dormancy and immunological T-cell memory, and (ii) that a low 
level of persisting TAA favors the maintenance of TAA-specific memory T cells 
over irrelevant memory T cells [17].

Dormant tumor cells in the BM or significant amounts of soluble TAAs in the 
serum seem to be also required for the induction and maintenance of tumor-reactive 
T cells in tumor patients, since, according to a recent observation, melanoma- reactive 
T cell could be detected almost exclusively in the BM of late stage (stage IV) 

Fig. 3.1 Induction of T cell responses against blood borne or local tumor antigens in the bone 
 marrow. BM; bone marrow, DC; dendritic cell, APC; antigen presenting cell
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melanoma patients – a patient group that is characterized by the frequent occurrence 
of disseminated melanoma cells and high tumor load [9]. Similarly, a recent study on 
myeloma patients demonstrated that the presence of antigen in the BM microenviron-
ment was important for the maintenance of tumor-specific cytotoxic T cells [18].

Many tumors, such as breast cancer and pancreatic carcinomas are characterized 
by the establishment of small frequencies of live, but slowly dividing disseminated
tumor cells in the BM. These bone marrow-resident tumor cells seem to be particu-
larly treatment resistant, since their proliferative activity is low and may therefore 
provide a basis for recurrent disease that is especially observed in breast cancer 
many years after primary surgery. Indeed, the presence of disseminated tumor cells 
in the BM has been established as an independent prognostic parameter in breast 
cancer [19]. This implies a period of controlled tumor dormancy which is charac-
terized by a net balance between slow proliferative expansion and elimination of 
tumor cells. Such control of disseminated tumor cells as well as of minimal residual 
disease might be mediated by functional tumor-reactive CD4 and CD8 memory T 
cells. Indeed, in a lymphoma mouse model of long term bone marrow tumor 
 dormancy, persistence of dormant tumor in the bone marrow correlated with the 
duration of antitumor immunity [7]. Depletion of CD8 T cells in this model was 
immediately associated with outgrowth of distant tumor metastases and subsequent 
death of animals. These experiments show that BM and lymph nodes are privileged 
sites where potentially lethal tumor cells are controlled in a dormant state by the 
immune system. Metastasis may be a consequence of the breakdown of this 
immune control [6, 7, 20].

In order to evaluate the therapeutic potential of the natural repertoire of tumor 
specific T cells in the bone marrow of tumor patients, we transferred these cells after 
appropriate ex vivo reactivation with TAA – pulsed autologous DCs into NOD/Scid 
mice xenotransplanted with small pieces of breast- or pancreatic carcinomas or 
 normal skin transplants from the same patients. Separated BM-derived CD45RA(-) 
memory but not CD45RA(+) naive T cells infiltrated autologous tumor but not skin 
tissues after the transfer [8, 13]. These tumor-infiltrating cells had a central or effector 
memory phenotype and produced perforin. Many of them expressed the P-selectin 
glycoprotein ligand 1 and were found around P-selectin(+) tumor endothelium. 
Tumor infiltration included cluster formation in tumor tissue by memory T cells with 
cotransferred DCs [21]. A single transfer of restimulated BM memory T cells was 
associated with the induction of tumor cell apoptosis and significant tumor reduction. 
T cells from peripheral blood showed much lower antitumor reactivity. Thus, reacti-
vated memory T cells selectively home to human tumors and reject them on the basis 
of specific recognition of TAAs antigens on tumor cells and on tumor-resident DCs, 
suggesting that in case of their reactivation in situ the tumor-specific T cell repertoire 
in the BM might have a protective capacity.

Up to now, clinical studies that correlate the presence of tumor antigen-reactive T 
cells in the bone marrow of cancer patients with the course and duration of their 
tumor disease have not been published. A case report demonstrated that pre- existing 
immunity to tyrosine-related protein (TRP)-2 and NY-ESO-1 melanoma antigen in 
PBMC of a melanoma patient was associated with a dramatic clinical and immunological 



3 Local Tumor Growth and Spontaneous Systemic T Cell Responses 59

response to vaccination with respective TAAs [22]. An attempt to correlate tumor-
reactive T cells in the blood of colorectal carcinoma patients with their clinical 
outcome did not show any significant influence of specific T cell immunity in the 
peripheral blood [23]. Another study revealed a potential duality of CTL-activity in 
bone metastases [24]. While tumor-specific CTLs could be recruited to bone metas-
tases, they exerted osteoclastic bone resorption by release of IL-7 and IL-8. Such 
bone degradation resulted in the release of TGFß1 from the bone matrix which 
 suppressed T cell function and respective T cell mediated tumor cell lysis while 
 maintaining T cell driven bone resorption. Thus, the well established role of bisphos-
phonates, the state of the art treatment in metastatic bone  disease for improving the 
overall patient survival, may be mediated by their inhibition of local TGFß-release.

3.2.3  Systemic T Cell Immunity and T Cell Entry 
into Tumor Tissue

The potential of naturally induced tumor-specific effector and memory T cells to 
influence progression of established tumors depends on their capacity to infiltrate 
tumor tissues and to mediate tumor cell rejection in situ. The difficulty of this has 
been convincingly demonstrated in a mouse model of spontaneous insulinoma [25]. 
In this model, high numbers of strongly activated CTL carrying transgenic TCR with 
high affinity to a model foreign tumor antigen did not accumulate in the growing 
insulinomas and did not mediate tumor rejection. Only after activation of the tumor 
endothelium through inflammatory stimuli, these T cells infiltrated efficiently into the 
tumors and mediated tumor rejection. Interestingly, gene expression analyses revealed 
that strong overexpression of the transcription factor RGS5 by tumor endothelium 
associated pericytes might be a key regulator of the observed inhibition of T cell entry 
in this model [26] – a first hint that tumor endothelium not only resembles that of 
normal, non-inflamed tissues but that the tumor microenvironment influences the 
vasculature to prevent effector T cell transmigration. Another molecule, Galectin -1 
is expressed by endothelial cells in tumor tissue under hypoxic conditions and medi-
ates suppression of T cell tumor infiltration in HNSCC patients [27].

Despite these observations, numerous studies have demonstrated that tumor 
specific T cells can be isolated from the tumor tissues of various cancers. Among 
123 tumor-infiltrating T cell (TIL) cultures from melanoma biopsies, 57% recog-
nized HLA-A2 restricted epitopes of the highly immunogenic melanoma-associ-
ated antigens MART-1 and gp100, while much less cultures reacted to antigens 
presented in the context of other HLA-alleles [28]. T cell responses were frequently
dominated by a single HLA allele and besides Melan-A, no dominant antigens 
could be  characterized among a broad variety of TAAs that were simultaneously 
tested [29]. Multiple HLA-A2-restricted melanoma differentiation antigens were 
recognized by TILs from melanoma patients [30]. Interestingly, the frequencies 
of Mart 1-reactive HLA-A2-restricted CD8 TIL as detectable by HLA-tetramer 
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analysis in approximately half of the freshly excised melanomas were between 
1:50 and 1:200, which is similar to the frequencies of such cells in the peripheral 
blood [31].

Although tumor-reactive T cells may not be selectively enriched in tumor 
 tissues, (which might as well be due to a rapid loss in situ of such cells after their 
encounter of cognate antigen), it may be that cognate recognition of TAAs induces 
their activation and subsequent effector function. In a mouse model, antigen 
specific CD4 and CD8 T cells eliminated not only antigen-expressing tumor cells 
by direct tumor cell lysis, but also antigen loss variants indirectly through destruction
of the tumor supportive stromal environment. This stroma destruction was mediated
by recognition of TAAs crosspresented by non malignant, bone marrow-derived 
stroma cells [32].

By CDR3-region analysis, PB T cell clones capable of lysing autologous ovarian 
carcinoma cells were detected in ovarian carcinomas [33]. In a study on colorectal
carcinomas, we did not detect differences in absolute numbers of CD8 T cells 
between carcinoma tissue and corresponding colonic mucosa of the same patients 
[34]. However, TIL showed increased levels of activation as measured by CD69 
expression as well as increased proportions of cells with cytotoxic degranulation in
situ as measured by membrane expression of CD107a. Proportions of such TIL 
recognized ex vivo the colon carcinoma associated antigen MUC1 and responded 
with IFN-γ secretion. Interestingly, the presence of functional CD4 and CD8 mem-
ory T cells with specificity for MUC1 in the bone marrow or peripheral blood of 
the patients was associated with increased numbers of activated or cytotoxically 
active CD8 TIL in colorectal carcinomas. This suggests that systemic tumor-specific
immunity is a prerequisite for the presence and functional activity of tumor 
specific intratumoral T cells. These findings may explain in part the meanwhile 
well established prognostic significance of increased numbers of activated CD8 
memory T cells infiltrating colorectal carcinomas [35, 36].

A recent study demonstrated in patients with multiple myeloma, demonstrated that
activated bone marrow infiltrating T lymphocytes effectively targeted autologous 
human plasma cells and their clonogenic precursors as shown by profound inhibi-
tion in a clonogenic assay, suggesting their potential therapeutic role in situ [19]. In 
follicular lymphoma (FL), low numbers of CD8 TIL are a significant negative prog-
nostic factor of overall survival [37]. Two different types of FL could be identified 
with regard to their composition of stroma cell infiltrates: FL1 type lymphomas 
contained a reactive microenvironment consisting mainly of CD8 and CD4 T cells 
and macrophages and were significantly associated with favorable prognosis. FL2 
type lymphomas contained mainly CD57+ NK cells and were associated with a 
high incidence of adverse clinicobiological manifestations such as “B” symptoms. 
In breast canrcinomas increased T cell infiltration was correlated with lymph node 
negative tumor stage [38], while intraepithelial CD8 TIL and a high CD8+/regula-
tory T cell ratio are associated with a favorable prognosis in ovarian cancer [39]. 
TIL counts in testicular seminoma and large B cell lymphoma also possessed a 
favorable prognostic significance [40]. Interestingly, the presence and numbers of 
melanoma-specific TIL but not of circulating melanoma specific T cells predicted 
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survival in advanced stage melanoma patients [41]. Taken together, these data 
clearly point to a prognostic role of spontaneously induced tumor-reactive T cells 
in human tumors. The numbers of such cells in the tumor tissue might be gradually 
regulated through influences of the tumor microenvironment on the efficiency of T 
cell infiltration and accumulation within the tumor tissue. Besides that, the general 
capacity of a patient’s immune system to induce functional T cell responses and to 
accumulate such cells in lymphoid organs such as the BM appears to be a funda-
mental question, since such cells are only detectable in proportions of patients.

3.2.4  The Tumor Microenvironment and the Induction 
and Function of Tumor Specific T Cells

It has become apparent that development of cancer is not simply a result of genetic 
alterations within the tumor but is associated with complex changes in host stromal, 
endothelial and inflammatory cells [42] The development of an invasive cancer 
involves increasing release of intracellular (endogeneous) danger signals from 
necrotic cells which is associated with the formation of a disordered tumor micro-
environment. Such environment is characterized by promotion of angiogenesis and 
stromal proliferation and influences local immune responses.

It has become evident that cells dying by nonapoptotoc pathways (principally 
Necrosis) release substances that elicit host responses. Among these are the nuclear 
protein HMGB1, the S100 family of molecules, purinergic metabolites ATP, AMP 
adenosine and uric acid and heat shock proteins. Upon their release from the 
cytosol of necrotic cells they activate respective receptors on immune cells and 
result in significant immune responses [42]. S100 family members, secreted by 
macrophages at sites of inflammation are strongly enriched in a variety of tumors. 
They activate endothelial cells and phagocytes and serve as chemoattractants for 
tumor-infiltrating leukocytes. Purine metabolites, such as nucleosides and nucle-
otides interact respectively with specialized P1 and P2 receptors of many immune 
effector cells. At low concentrations, these molecules enhance recruitment, maturation
and emigration of antigen presenting cells via P1 receptors on immature DCs. 
However, on mature DCs, they are bound by P2 receptors. In this context, simulta-
neous binding of TLR9 by CpG diminishes the secretion of pro-inflammatory 
cytokines such as IL-12, IFN-alpha or IL-6 [42]. Uric acid augments the develop-
ment of antigen specific T cells and maturates DCs for enhanced APC function. 
Heat shock proteins have been found to drive immune function and immune reac-
tivity. These chaperones bind a broad variety of peptides, including those from 
TAAs, within the cytosol. Upon their release, they can be recognized by DCs, 
which leads to their efficient uptake, enhancement of presentation of antigenic 
peptides and DC maturation.

Lately, we have demonstrated surprisingly high frequencies of CTL in breast 
cancer patients recognizing HLA-restricted peptides from the matrix-degrading 
enzyme heparanase [43]. Increased expression and secretion of heparanase (Hpa) 
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by tumor cells promotes tumor invasion through extracellular matrices, tissue 
destruction, angiogenesis, and metastasis. Importantly, heparan-sulfates, the degra-
dation products of heparanase are released at sites of inflammation, wound healing 
and tissue repair and can act as an endogenous activator of antigen presenting cells 
[43]. In tumor patients, they may represent a major “danger signal” that induces 
inflammation and T cell activation at sites of tumor metastasis.

The interplay between endogenous and exogenous danger signals determines an 
immune response during a pathogenic situation. Apoptotic cells can efficiently 
inhibit responses of immune cells against exogenous danger signals such as LPS or 
CpG-induced secretion of the pro-inflammatory cytokines IL-12 or TNF-alpha by 
promoting the secretion of TGFß1 and IL-10. In contrast, the presence of endo-
genous danger signals released from necrotic cells in the vicinity of exogenous 
danger signals leads to more vigorous adaptive immune responses [42].

Although several studies report the implication of pro-inflammatory cytokines 
and chemokines as potentiators of carcinogenesis there is a growing body of 
 evidence demonstrating the power of immunological protection from tumor 
growth [44]. Production of biologically active molecules by tumor cells includes 
hormones, prostaglandins, bioamines, NO, lactic acid, neuropeptides, ganglio-
sides, cytokines, chemokines and growth factors [44]. By secretion of distinct pat-
terns of these molecules tumors may be able to regulate the recruitment and 
activation of antigen presenting cells and thereby modulate the strength and type 
of a systemic antitumor immune response.

Up to date, little is known about the role of DCs in the natural immunosurveil-
lance of cancer, although they are believed to play an essential role in the induction 
of tumor-specific T cell responses. Tumor-infiltrating DCs most likely play an 
important role in antitumor T cell immunity. First, increased numbers of tumor 
infiltrating DCs are associated with improved patient outcome with a variety of 
human tumors. For instance, in HNSCC, low numbers of tumor-infiltrating DC 
were a better predictor for poor prognosis than lymph node involvement [44]. 
Similarly, numbers of CD83+ DCs in liver metastases of colorectal carcinoma posi-
tively correlated with improved prognosis [44]. The loss of chemokine CXCL14 
expression in human head and neck tumors was associated with decreased DC 
recruitment and deficient induction of antitumor immune responses [44]. MIP3alpha 
and GM-CSF were shown to recruit immature DCs to tumor sites and to increase 
natural antitumor T cell responses in mouse models [44]. Another cytokine which 
is released in tumor tissues by TIL and also by activated macrophages is TNF-α.
TNF-alpha is required for the expression of C-C and CXC chemokines and subse-
quent recruitment of antigen presenting cells in a mouse model [45]. A prognostic 
relevance of intratumoral DCs can also be deduced from various observations of 
efficient tumor rejection after intratumoral DC injection [46]. The infiltration of 
tumors by DCs is of great importance in initiating the primary antitumor immune 
response and was confirmed as an independent prognostic parameter for survival in 
various cancer types.

One reason for the limited efficacy of the immune system to cope with tumors 
could be due to local suppression of DC, resulting in inhibition of antitumor T cell 
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responses. This assumption is corroborated by frequent observations of reduced stimu-
latory capacities of circulating DCs from cancer patients. These exhibited reduced 
levels of HLA-II, CD11c, CD83, CD86 and reduced T cell stimulation capacity.

IL-10 and TGFb1 are among the best characterized tumor-derived cytokines with 
immunosuppressive function. IL-10 is produced by many tumor cells and involved 
in regulating tumor cell proliferation, protection from immune recognition and 
immunosuppression [45]. IL-10 may inhibit CTL induction by downregulation of 
HLA class I and-II molecules and of ICAM-1 expression on DCs. The former may 
be due to an IL-10-mediated downregulation of TAP proteins. Moreover, IL-10 
activated macrophages posses increased capacity to engulf apoptotic tumor cells, 
an anti-inflammatory process that suppresses T cell responses against respective 
antigens [42]. Recently, it was shown that IL-10 regulates the induction of an 
indoleamine-2,3-dioxygenase (IDO)-secreting DC subset. Interestingly, in combi-
nation with IL-10, IFN-γ also increases IDO secretion. Thus, the presence of IL-10 
can turn a proinflammatory signal into an immunosuppressive one [42]. Furthermore, 
IL-10 has been shown to promote the induction of T regulatory cells which may be 
also involved in the inhibition of DC-function through the release of TGFß1. High 
concentrations of TGFß1 are also frequently found in cancer patients and are asso-
ciated with disease progression and poor responses to immunotherapy. TGFß plays 

Fig. 3.2 Regulation of antitumor immune responses in the tumor microenvironment. DC; dendritic
cell, LN; lymph node, HPA; heparanase, HSPG; heparane sulfate proteoglycan, TAM; tumor 
associated macrophage, Treg; regulatory T cell, HSPs; heat shock proteins, black arrows; migration 
into tumor tissue, grey, interrupted arrow; emigration from tumor tissue for T cell priming in 
lymphoid organs, black, interrupted arrows; release of substance, red arrows; activation of 
pro-inflammatory pathways, blue arrows; activation of inhibitory factors and pathways, blue lines; 
inhibition
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an important role in regulating the activity of T cells and DCs in the tumor environ-
ment. These aspects of the regulation of antitumor immune responses in the tumor 
microenvironment are illustrated in Fig. 3.2.

The tumor microenvironment regulates antitumor immunity not only at the level 
of induction of systemic T cell responses but also regulates the infiltration and func-
tion in situ of tumor specific effector T cells. Numerous studies have demonstrated 
that tumor-infiltrating T cells exert reduced functional activity after their re-isolation 
from tumor tissue. They fail to be activated by TCR+ anti-CD28 stimulation under 
conditions that fully activate peripheral blood T cells [46]. TIL from colorectal 
carcinoma and from melanoma are anergic, express low TCR, perforin and Fas-L [47] 
and are deficient in perforin-mediated cytolytic activity due to defective microtubule 
organizing center mobilization and lytic granule exocytosis [48]. This is due to a 
combination of regulatory mechanisms in the tumor microenvironment and the lack 
of essential proinflammatory cytokines. T cell anergy due to insufficient B7 costim-
ulation, extrinsic suppression by regulatory cell populations, inhibition by ligands 
such as programmed death ligand 1, metabolic deregulation by enzymes such as 
IDO, the action of soluble inhibitory factors such as TGFß1 and IL-10 and tumor 
derived macrophage migration inhibitory factor (MIF) have been implicated in the 
generation of this suppressive environment [49, 50].

It has become apparent that in proportions of tumor patients the tumor micro-
environment is not immunosuppressive and seems to support the induction of 
spontaneous T cell responses which apparently play, at least to some extend, a 
protective role. Tumor microenvironments thus seem to be heterogeneous. In addition 
to immunosuppressive factors, proinflammatory mechanisms may provide an 
immunological balance that is shifted in some patients in favor of type 1 T cell 
responses.

Such heterogeneity is seen also with tumor-associated macrophages (TAM).
Two phenotypes have been characterized so far, namely M1 and M2. While M1 
are characterized by secretion of cytotoxic substances such as NO and cytokines 
that support cell mediated cytotoxicity, the predominant population of TAM 
belongs to the M2 phenotype. These cells lack cytotoxic molecules, promote 
tumor cell proliferation and secrete T cell inhibitory cytokines, such as TGFß and 
IL-10 and by the latter inhibit type 1 T cell immunity through the induction of 
T regulatory cells [51]. TAMs play moreover a major role in regulating fibrob-
lasts with regard to their capacity to influence tumor cell growth through growth 
factor release [52].

Besides TAMs, tumor-infiltrating DCs may play an important role in maintain-
ing functional T cells within the tumor environment. Cognate interactions between 
antigen-pulsed DCs and tumor-reactive T cells can inhibit apoptosis of T cells. On 
BM DCs such cognate interactions cause upregulation in the expression of CD83, 
MHC class II, CD40 and CD86 molecules and secretion of IL-12 and IFN-alpha. 
Adoptive transfer of breast cancer-reactive memory T cells together with APCs into 
human breast cancer-bearing NOD/SCID mice led to the generation of intratumoral 
clusters between transferred DCs, CD4 and CD8 T cells. This was associated with 
regression of the tumor and prolonged survival of the animals. When such animals 
had been treated by transfer of reactivated BM T cells without BM-DCs no tumor 
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regression or prolonged survival was observed [21]. Thus, intratumoral, antigen-
laden DCs may support the survival and function of tumor-infiltrating T cells. 
T lymphocytes are defective in cystine uptake and thus require exogenous thiols 
for activation and function. Upon cognate contact with T cells, antigen-presenting 
DCs release cysteine into the extracellular space and thereby contribute to a local 
microenvironment that facilitates immune responses. Il-12 derived from intratu-
moral DCs may play an essential role for maintaining TIL function, since anergy 
and non-responsiveness of TIL could be reverted by culture in Il-12 [53, 54] and 
also by local IL-12 application. Such treatment induced spontaneous rejection of 
xenotransplanted human tumor pieces in NOD/Scid mice by co-transplanted intra-
tumoral T cells and provoked in congenic tumor mouse models the establishment 
of protective systemic antitumor immunity. Besides IL-12, IL-6 secreted by TIL 
may be involved in the generation of a proinflammatory tumor microenvironment 
by inhibition of tumor-derived TGFß1 and restoration of LAK activity in situ [55].

Taken together, tumors are regularly recognized by the immune system and 
endogenous danger signals released by necrotic tumor cells can promote the 
induction and accumulation of T cell responses in the bone marrow. The bone mar-
row parenchyma particularly mediates and supports protective T cell responses 
against blood borne TAAs and disseminated tumor cells. While type 1 T cell 
responses seem to occur in virtually all tumor entities, they are generally restricted 
to proportions of patients. A pronounced heterogeneity in the molecular composi-
tion of the tumor microenvironment may determine the net result of either presence 
or absence of type 1 T cell responses in individual patients. The tumor microenvi-
ronment obviously regulates antitumor immunity at several levels: (i) induction of 
systemic T cell responses, (ii) T cell infiltration and (iii) T cell function. The indi-
vidual level of pro- and anti-inflammatory factors in the tumor tissue may provide 
the key to the type of immune response occurring.

3.3 Intervention in Tumor Microenvironment

3.3.1 Counteracting Immune Deregulation

Recent data suggest that the proper trafficking of effector T cells into the tumor 
microenvironment may not always occur [56, 57]. Furthermore, T cells that effec-
tively home to tumor metastases are often found to be dysfunctional (“effector-
phase tolerance”), pointing towards immunosuppressive mechanisms in the tumor 
microenvironment [58]. Counteracting local immunosuppression might facilitate 
the effector phase of antitumor immune responses in concert with vaccination or 
adoptive T cell transfer.

The tumor microenvironment may be altered by modulating tumor cell biology 
through interference in signaling pathways. For example, STAT-3 inhibitors have 
been shown to augment the expression of chemokines and increase chemotaxis of 
immune effector cells [59].
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The inhibition of immunosuppressive factors (e.g. TGF-β) either by their direct 
neutralization [60] or by interfering with their transcription (e.g. STAT-3 blockade 
[61]) was shown in animal models to augment the effect of anti-cancer vaccination.

Intratumoral introduction of chemokines through the use of viruses or viral 
vectors could also serve the purpose of promoting effector cell recruitment. 
Newcastle Disease Virus (NDV) was shown to induce in tumor cells the expression 
of IP-10 and RANTES [61], chemokines which recruit NK cells, monocytes and 
T cells and it also provides a T cell costimulatory signal [62–64]. Introduction of 
NDV into the tumor or into a tumor vaccine [65] might thus be beneficial. 
Similarly, introduction of the TNF-superfamily member LIGHT at the tumor site 
caused a massive T cell infiltration and eradication of established tumors [66]. 
LIGHT has the dual properties of organizing secondary lymphoid-like structures 
(including chemokine induction) while simultaneously providing a T cell costimu-
latory signal [67]. Chemokines may also be of advantage in the tumor microenvi-
ronment to recruit antigen-presenting cells such as DCs [68]. In glioblastoma, DC 
vaccination was able to augment systemic and intra-cranial T cell responses and 
it was shown that the magnitude of T cell infiltration inversely correlated with the 
local concentration of TGF-β [69].

Overproduction of TGF-b by tumor cells has been shown to be sufficient to drive 
the generation of Tregs [70]. When tumor-reactive CD8 T cells from mice were 
isolated, expanded ex vivo and rendered insensitive to TGF-β by introduction of a 
dominant negative TGF-β type 2 receptor vector and transferred to tumor-bearing 
mice there was a massive infiltration of CD8 T cells associated with secretion of 
relevant cytokines, decreased tumor-proliferation, reduced angiogenesis and 
increased tumor apoptosis [71]. RNA interference (RNAi) techniques could be used 
as a means of intra-cellular gene “knock-down”. Its application for immunotherapy 
has already given interesting results [72].

Experiments in mouse tumor models have suggested an important role for 
CD4+CD25+ T regulatory cells (Tregs) [73] in limiting antitumor immune responses 
in vivo [74]. One strategy to counteract such limitation aims at the depletion of 
Tregs [74]. This was tested using an IL-2/diphteria toxin fusion protein called 
ONTAG which was developed for the treatment of CD25 T cell lymphomas [75, 76].
A second approach is the use of anti-CD25 monoclonal antibody coupled magnetic 
beads which can be used to deplete Tregs from T cell products to be utilized for 
adoptive transfer protocols. Another strategy may consist of interference with Treg 
regulatory function or with intra-tumoral migration of Tregs by inhibiting the 
engagement of chemokine receptors such as CCR4 [77].

TILs are often affected by the tumor micro-environment so that they are incapa-
ble of performing cytolytic effector function or even have become anergic. The 
 status of anergy may be irreversible or reversible [78, 79]. Strategies that aim at 
restoration of T cell function include the provision of costimulatory ligands such as 
CD80 and CD86 [80]. These may be induced upon introduction of LIGHT [66] or 
by the introduction of viral vectors like recombinant vaccinia virus rV-TRICOM 
which locally introduces not only CD80 but also the adhesion molecules ICAM-1 
and LFA-3 [81]. Such a vector, applied to metastatic melanoma patients induced 
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objective clinical responses in about 30% of patients [82]. Reversion of anergy can 
also be tried by co-application of anti-CD3 and anti-CD28 signals. These may be 
attached to a tumor vaccine via bispecific fusion molecules [83]. A tumor vaccine 
containing anti-CD3 and anti-CD28 bispecific antibodies triggered strong and 
 durable antitumor activity in human lymphocytes [84]. Similarly, super-peptides 
[85] or bivalent peptides [86] may be capable of delivering a strong signal 1 and 
additional stimuli via CD4-CD8 interaction.

Another important concept relates to the activation of antigen-presenting cells
(APCs) in the tumor microenvironment. This can be achieved by Toll-like receptor 
(TLR) stimulation. TLRs can be activated via molecularly defined ligands such 
as imiquimod or CpG [87]. They can also be activated via bacterial or viral agents 
which deliver double-stranded (ds) RNA or DNA [88, 89]. Such double-stranded 
foreign polynucleotides can be recognized by APCs either via cytosolic receptors 
such as PKR or via endosomal TLRs. Cytosolic RIG-1, in addition, mediates anti-
viral responses to single-stranded RNA bearing 5′-phosphates [90]. Bacterial and viral 
components such as superantigens may also be suitable to cause non-specific 
T cell activation in the tumor microenvironment.

Type I interferons play an important role in host defense and are integrated into 
both innate and adaptive immunity. This family of cytokines restricts viral spread 
and is positively linked to the activation and expansion of lymphocytes that are 
important for control of intracellular infections [91]. IFN-α can have an impor-
tant influence on DC activation. The central role of DCs in the initiation of 
immune responses requires that these cells are able to determine the degree of 
danger in their microenvironment. It was shown that IFN-α is required for maxi-
mal secretion of IL-12 and TNF-α by DCs [92]. The secretion and autocrine 
activity of type I IFN after TLR stimulation enables DCs to orchestrate a hierar-
chical maturation response with regard to changes in surface phenotype and 
secretion of cytokines. The activation of nuclear factor κB and p38 pathways in 
DC can occur either in an additive fashion when DCs are exposed to dual stimula-
tion or can be activated in discrete phases over time. The differential activation of 
these pathways provides a mechanism for DCs to integrate the activation of multiple 
stimuli and thus amplify responses. For CD8 T cells encountering MHC-peptide 
antigens in the context of viral infection, T cell receptor and costimulatory receptor 
signaling cooperates with type I IFNs to drive their clonal expansion and 
differentiation.

Intervention with the tumor micro-environment may also be targeted to tumor
stroma including tumor endothelia. It has been reported that complete tumor rejec-
tion by CD8 T cells in murine systems depends on MHC-matched stromal cells 
infiltrating the tumor [93]. T cell mediated killing of stromal cells alone was suc-
cessful at long-term control of tumor growth. It is likely that the mechanism of this 
effect depends on cross-presentation of tumor-derived antigens by stromal cell 
subpopulations. The threshold for stromal cell killing may be lower than that for 
tumor cell killing. Initiation of stromal cell destruction by T cells may trigger a 
sequence of events that leads to better tumor antigen-cross presentation and ulti-
mately better direct tumor cell recognition and lysis. Recently it was shown that 
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local irradiation or a chemotherapeutic drug can cause loading of tumor stroma 
with cancer antigen within 2 days. This was the optimal time for adoptive T cell 
transfer to cause eradication of established cancer [94].

Anti-angiogenic compounds such as anti-VEGF monoclonal antibody could 
theoretically stress tumor cells because of diminished perfusion and thus render T 
cell mediated tumor cell killing more effective [95]. Inhibition of other stromal 
support cells including fibroblasts may have a similar effect. PT-100 is an inhibitor 
of fibroblast activating protein produced by tumor cells [96] that has shown early 
evidence of clinical efficacy in cancer patients.

3.3.2 Counteracting Metabolic Deregulation

To counteract metabolic deregulation at tumor sites, several therapeutic approaches are 
being explored. It is likely that tumors subvert natural host metabolic mechanisms (such 
as IDO or arginase [97]) to create tolerance to itself. Therefore, inhibitors of IDO such 
as 1-methyltryptophan are being purified for study in cancer patients [98]. Inhibition of 
arginase in the tumor microenvironment produced by mature myeloid cells [99] may 
improve T cell receptor expression and antigen-specific T cell responses.

Overexpression by malignant cells of cyclooxigenase (COX) can lead to high 
intratumoral levels of prostaglandine-E2. This immunosuppressive prostanoid can 
block the generation of mature DC starting from intra-tumoral immature DC thus 
undermining an appropriate TAA presentation to T cells in secondary lymphoid 
organs. Moreover, COX overexpression might be responsible for malignant cell 
resistance to apoptotic stimuli and compromise the effectiveness of apoptosis based 
immune-attack systems. Inhibition of COX activity is thus expected to increase the 
efficacy of anti-cancer immunotherapy. Another way to counteract immunosuppres-
sive factors is by inhibiting nitric oxide synthase (NOS) [100] and the production of 
reactive oxygen-species (ROS) which may be produced by tumor-infiltrating macro-
phages [101]. To counteract the hypoxia [102] of the tumor-microenvironment of 
established tumors the method of oxygenization via ozone therapy [103] has been 
established.

3.3.3  Intervention by Physical Means: Radiation, Hyperthermia, 
Electrochemical Therapy

Ionizing radiation therapy (RT) is an important local modality for the treatment 
of cancer. RT is largely based on the ability to kill cancer cells by direct cytotoxic 
effects. A large body of evidence is accumulating on the ability of RT to modify 
the tumor microenvironment and generate inflammation. This might have far 
reaching consequences regarding the response of a patient to treatment, espe-
cially if radiation induced tumor cell kill were to translate into the generation of 
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effective antitumor immunity. Data from pre-clinical studies provide the proof of 
principle that different immunotherapeutic strategies can be combined with RT to 
enhance antitumor effects. An adenovector expressing TNF-α under the control 
of an irradiation-inducible promoter was developed. A recently published phase 
I study in patients with solid tumors demonstrated safety and a greater response in 
lesions treated with a viral vector and RT compared with RT alone [104]. Another 
clinical trial was designed to examine whether vaccination with Pox-virus encoding 
prostate specific antigen could be combined with standard external beam RT in 
patients with prostate cancer. The trial suggests that this combination can generate an 
antigen cascade with development of T cells directed against other TAAs then those 
present in the vaccine [105], a phenomenon recently proposed to play a crucial role 
in determining the therapeutic efficacy of immunotherapy [106, 107].

Hyperthermia application to the site of tumors is another physical means of altering 
the tumor microenvironment. An elevated local temperature of 39–44 °C can affect 
tumor cell survival [108] and it can make this environment more susceptible to infiltra-
tion by viruses, NK cells, DCs or T-lymphocytes. The attraction of oncolytic viruses 
in such pre-treated tumor after local or loco-regional virus inoculation may cause NK 
cell attraction and DC activation due to virus-derived danger signals, interferons, 
cytokines and chemokines. A rise in temperature as in fever was recently shown to 
trigger enhanced lymph node recruitment of lymphocytes by augmenting high 
endothelial vesicle expression of the homing molecules ICAM-1 and CCL21 [109].

Several authors have recently reported encouraging results from electro-chemical 
treatment (EChT) in malignant tumors [110]. The electric field in a tumor micro-
 environment causes a flux of interstitial water, electro-osmosis, from the anode toward 
the cathode, since the water-molecules act like a dipole. Consequently, the tissue 
 surrounding the anode dehydrates while edema is obtained around the cathode. Some 
results suggest that secondary cell destruction is caused by necrosis with cathodic 
EChT and apoptosis or necrosis with anodic EChT. In China, more than 15,000 
patients with various malignant tumors have been treated with this procedure over the 
last 15 years [111]. The application of electric pulses and currents to a tumor microen-
vironment can help to increase the effectiveness of uptake of cytotoxic drugs and also 
that of immune activating agents such as DNA plasmids, TLR activators, etc.

3.3.4  Intra-Tumoral Delivery of Viral Vectors 
or Slow-release Systems

Viral vectors have been very useful for intra-tumoral application of GM-CSF or 
CCL16 chemokine in combination with anti-IL-10 and CpG. Introduction of aden-
oviral vector expressing CD40 L into a murine bladder cancer caused the downreg-
ulation of IL-10 and TGF-α and a 200-fold upregulation of IL-12 combined with 
small tumor regression [112]. Direct intra-tumoral injection of viral vectors may 
only serve as proof of concept. For clinical application it seems appropriate to 
develop agents that can be delivered systemically to target tumor metastases. Such 
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agents could be recombinant viruses with substituted ligands that target tumor 
expressed receptors or it could be antibody constructs that selectively recognize 
tumor markers and which are complexed with specific chemokines.

Another concept of changing the tumor micro-environment is via introduc-
tion of slow release cytokine depots. This has been shown with IL-2 gels com-
posed of poly-N-acetylglucosamine-polymers. In malignant mesothelioma this 
caused the triggering of inflammation and of infiltrating CD8 T cells [113]. 
Tumor endothelia can be influenced via the secretion of interferon-γ and this has 
been shown to cause the largest number of gene expression changes in endothe-
lia [114].

3.3.5 Locoregional Interference Via Port Systems

The intervention within the tumor microenvironment by physical, chemical or 
biological means is relatively easy when the tumor is exposed at the outside of 
the body, for instance in the skin or subcutaneously. It is more difficult to reach 
within the body in the case of metastases. In such cases the application of ports, 
either intravenously or intra-arterially, may be appropriate for systemic or loco-
regional delivery of chemical or biological substances. This is exemplified in the 
case of brain tumors where a cytokine immuno-gene therapy has been applied 
by means of intra-cranial cannula through which tumor cells were inoculated 
which were modified with either the gene coding for IL-2, IL-4 or TGF-β 2 
antisense [115].

3.4 Future Directions

Prospective clinical studies should be carried out to determine if any of the candi-
date negative regulators can be targeted and is predictive of clinical outcome in 
response to immune based therapies. Gene expression profiling of metastatic 
tumors pre- and post-therapy may be an unbiased approach to identifying factors 
that might predict clinical response. One such study revealed multiple immuno-
logically relevant genes suggesting features of interferon responsiveness and cyto-
lytic potential [116]. With regard to apoptotic or necrotic cell death, a recent 
provocative hypothesis [42] suggests that most of the derangements that we asso-
ciate with progression of cancer and the associated immunologic consequences 
can be ascribed to the consequences of disordered tumor cell death rather than cell 
growth. Many of the soluble factors released from either apoptotic or necrotic cells 
are now identifiable in the serum. In the context of this hypothesis such markers 
might guide the way for future intervention in tumor the microenvironment.
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Chapter 4
Insights into Mechanisms of Immune Resistance 
in the Tumor Microenvironment through 
Molecular Profiling

Thomas F. Gajewski

Abstract Many patients with melanoma show spontaneous T cell responses against 
tumor antigens, and induction or amplification of these T cells responses can fre-
quently be achieved through vaccination or adoptive T cell transfer. However, tumor 
responses as measured by tumor shrinkage remain infrequent. These observations 
have argued for analysis of the tumor microenvironment in metastatic melanoma 
for potential mechanisms of resistance to immune effector function at the level of 
the target tumor site. This review discusses two categories of regulation at the level 
of the tumor microenvironment, chemokine-mediated migration of effector T cells 
and active immune suppression, that have been identified through gene expression 
profiling of human specimens. Melanoma cell-intrinsic apoptosis also is discussed. 
The identification of these mechanisms points toward new strategies of interven-
tion to consider for improving the clinical efficacy of T cell-based immunotherapy 
for cancer, and also suggest that molecular profiling of tumors might be used as a 
strategy for stratifying patients enrolled on immunotherapy clinical trials.

Keywords Melanoma, gene expression profiling, chemokines, T cells, immune 
suppression

4.1 Introduction

The large body of accumulated evidence indicating that many, if not most, cancers 
express antigens that can be recognized by T cells of the immune system has led to 
a critical question in the field of antitumor immunity. Namely, why are antigen-
expressing tumors not spontaneously eliminated through a T cell-mediated immune 
response? While there are numerous potential mechanisms that could explain this 
failure, much focus during the past decade has been on the presumption of immu-
nologic ignorance. If a growing tumor fails to prime a tumor antigen-specific T cell 
response de novo, then active immunization of patients, or adoptive therapy of 
tumor antigen-specific T cells, should bypass this putative block and achieve tumor 
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regression. However, these approaches have met with limited therapeutic success, 
and it has become clear that increasing the frequencies of functional antitumor 
T cells is not always sufficient to obtain a clinical response [1, 2]. In addition, 
spontaneous priming of an antitumor immune response has been observed in 
patients with melanoma and other cancers, as detected either at the T cell level 
using peptide/HLA tetramer staining or specific IFN-g production [1, 3, 4], or at the 
humoral level by measuring antibodies specific for human tumor cells [5, 6]. 
Collectively, these and other similar observations have suggested that resistance to 
an antitumor immune response may frequently occur downstream from immune 
recognition and initial lymphocyte priming, likely at the level of the tumor micro-
environment. Gaining a thorough understanding of the tumor microenvironment as 
it relates to the host immune response has thus become a significant priority. Gene 
expressing profiling of metastatic tumor sites in patients with melanoma has provided
a rich source of information that is beginning to be confirmed mechanistically in 
preclinical and clinical contexts. Additional detailed understanding of molecular 
features of the tumor cells themselves is providing another level of information that 
highlights alternative mechanisms of immune resistance. These analyses are now 
shedding light on new potential interventions designed to overcome these mediators 
of immune escape at the level of the tumor microenvironment, and also is suggesting 
features that could guide patient selection in the setting for eligibility of T cell-based 
immunotherapy clinical trials.

4.2 Melanoma Microenvironment Analysis Through Gene 
Expression Profiling

One strategy that has been pursued to gain a broad array of information regarding 
the melanoma tumor microenvironment and potential associations with clinical 
outcome to immunotherapies is gene expression profiling. Marincola and col-
leagues were the first to investigate whether patterns of transcripts in the melanoma 
tumor site might correlate with clinical response in patients. Using cDNA arrays 
applied to retrospective fine needle aspirate samples, they identified a set of tran-
scripts present in pretreatment lesions that appeared to be linked with a subsequent 
response to therapy. These included multiple immunologically relevant genes, 
including EBI3, TIA1, IRF2, and IFI27, suggesting features of interferon (IFN) 
responsiveness and cytolytic potential [7]. The expression of interferon-response 
genes suggests the possibility that innate immune signals mediated through host 
type I IFNs might contribute to generating a supportive tumor microenvironment 
for an adaptive immune response. This hypothesis is currently being explored in 
preclinical models and is consistent with prior mouse model experiments indicated 
the importance of host Stat1 signaling for the induction of antitumor CTL [8].

In our own laboratory we have utilized the Affymetrix oligonucleotide array plat-
form to analyze a series of melanoma biopsies and cell lines. We opted to study sam-
ples obtained by excisional or core biopsy (as opposed to fine needle aspiration) in an 
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attempt to reflect more accurately the totality of the microenvironment. The melanoma 
cell lines were included to obtain inferential information regarding the likely expres-
sion of genes in the melanoma tumor cells themselves versus the stromal compart-
ment. Non-supervised hierarchical clustering revealed two major groups, with a 
second major division within one group, generating three major clusters. Interestingly, 
the differences between these three groups were largely accounted for by differential 
expression of immunologically relevant transcripts. In particular, one cluster of sam-
ples expressed transcripts unique to T cells and B cells, a second cluster expressed 
some inflammatory genes but lacked a lymphocyte signature, and the third cluster 
was characterized by absence of these inflammatory transcripts (Harlin et al., manu-
script submitted). Thus, not all melanoma metastases are the same, and a major dis-
tinction seems to be the presence or absence of lymphocyte recruitment.

A second critical observation in this study was a transcriptional profile suggesting 
an immunosuppressive microenvironment in the tumors that do contain T cells. The 
tryptophan-catabolizing enzyme indoleamine-2,3-dioxygenase (IDO) was most fre-
quently found in the T cell-rich sample cluster. Interestingly, a second amino acid 
catabolizing gene, Arginase I, was found in a second group of tumors, indicating that 
these two factors are often expressed in a mutually exclusive set of tumors. We also 
saw expression of the inhibitory ligand, PD-L1/B7-H1, and the presence of FoxP3+

regulatory T cells (Tregs) in the T cell-containing tumors. These observations suggest 
that a rich network of immunosuppressive factors operates in concert to control the 
effector phase of the antitumor immune response in melanoma patients. Also note-
worthy is the relative absence of expression of the T cell costimulatory ligands B7-1 
and B7-2, suggesting the possibility of an anergy-promoting environment as well. 
These features of the metastatic melanoma microenvironment that are most relevant 
to the host immune response will be discussed in more detail below.

4.3 Regulation of Migration into Tumor Metastases

A striking difference between clustered melanoma metastases was the presence or 
absence of a lymphocyte gene expression signature. It is critical to perform con-
firmatory assays to determine whether this difference is truly reflected at the level 
of T cell involvement. In this case, differential presence of CD8+ T cells was con-
firmed by immunohistochemistry. In some instances, T cells were extremely abun-
dant and were uniformly distributed throughout the tumor mass. This result 
suggests that some tumors have the capability to recruit T cells and others do not. 
One might imagine that even if a patient developed circulating tumor antigen-specific
T cells as measured in the blood, if homing into tumor sites did not occur then 
tumor regression would be unlikely to follow. Another implication of this result is, 
assuming a subset of these T cells is antigen specific as we and others have 
observed in similar cases previously [9–11], then it seems likely that the tumor 
microenvironment has rendered the T cells dysfunctional.
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It was of interest to understand in more detail the possible mechanism for dif-
ferential migration of T cells into melanoma metastases. Correlating with the pres-
ence of T cells was expression of a broad array of chemokine genes (Fig. 4.1). 
These data were confirmed by real-time RT-PCR and for a subset of them by 
 protein array on tumor lysates. Based on the chemokine receptors upregulated on 
CD8+ effector T cells and known chemokine-receptor interactions, the list of can-
didate chemokines was narrowed to 6 (MIP-1a, MIP-1b, MCP-1, Mig, IP-10, and 
RANTES). Each of these chemokines was found to be sufficient for recruiting 
CD8+ effector T cells in a transwell system in vitro. Thus, it seems likely that a 
cooperative activity of these 6 chemokines helps to support recruitment of activated 
CD8+ T cells into tumor sites in vivo. Absence of these chemokines might therefore 
represent a barrier that precludes T cell recruitment and implies that inadequate T cell
migration may be defined as an immune evasion mechanism.

Previous studies of primary melanoma lesions support a chemokine correlation 
with T cell infiltrates. It is well known that primary cutaneous melanomas sometimes 
have a brisk T cell infiltrate yet in other cases show a complete absence of T cells. 
Immunohistochemical staining has shown an association of T cell infiltration with 
expression of the chemokines Mig/CXCL9 and IP-10/CXCL10 [12]. Interestingly, 
these factors appeared to be produced by monocyte/macrophage-like cells in the tumor 
microenvironment, suggesting that the phenotype of this stromal cell component might 
help dictate the nature of the inflammatory infiltrate in melanoma tumors.

Mouse models have been utilized to explore whether introduction of chemokines 
into the tumor microenvironment may improve T cell migration in vivo. Expression 
of CCL2/MCP-1, CCL3/MIP-1a, CCL5/RANTES, CCL21/SLC, and CXCL10/ IP-
10 by tumor cells have each been found to improve antitumor immunity in various 
mouse tumor models [13, 14]. An interesting alternative to consider is the TNF super-
family member LIGHT. In binding to the LTbR, LIGHT triggers expression of a 
broad range of chemokines from stromal cells, including CCL21 and CCL3, and 
drives generation of a secondary lymphoid-like structure [15]. In tumor models, 
expression of LIGHT has been shown to promote recruitment of both naïve and acti-
vated CD8+ T cells and support vigorous tumor rejection in vivo [16]. For clinical 
translation, use of a viral vector to transfer expression of LIGHT in tumor sites fol-
lowing direct injection might be considered. Preclinical experiments using an adeno-
viral vector encoding murine LIGHT have shown promising results, yielding not only 
increased T cell recruitment in the injected tumor but also control of micrometastatic 

• Group 1
– CCL2, CCL3, CCL4, CCL5, CCL19, CCL21 
– CXCL9, CXCL10, CXCL11, CXCL13 
– CXCL8, CXCL12

• Group 2
– CXCL14 
– CXCL8, CXCL12

• Group 3
– CXCL8, CXCL12

Fig. 4.1 Chemokines found differentially 
expressed in melanoma metastases that con-
tain or lack CD8+ T cells. This list was 
extracted from gene expression profiling 
data as being statistically different between 
the three tumor categories. Group 1 con-
tained T cell-specific transcripts indicating 
the presence of T cells in the tumor specimen.
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disease (Yu et al, J Immunol., In Press). Thus, use of LIGHT to modify the tumor 
microenvironment is attractive to consider for clinical translation.

4.4 Inhibitory Mechanisms in the Tumor Microenvironment

Migration of activated T cells into tumor sites may not always be sufficient, as infiltrat-
ing T cells must retain their effector functions at the tumor site in order to be efficacious. 
The finding that T cells in some cases are already present at tumor sites, and even 
penetrated well into the tumor mass, raises the key question of why the tumor cells are 
not then killed through expected cytotoxicity mechanisms. One possibility is that the 
T cells are rendered dysfunctional through regulatory signals delivered in situ
within the tumor microenvironment. Recent data from several groups including our 
own have demonstrated that T cells in tumor sites do have an activated surface pheno-
type, and include CD8+ T cell reactive against defined tumor antigen peptide/HLA 
tetramers [9–11]. However, in several cases these same T cells have been shown not to 
express granules containing granzyme B or perforin, indicating a deficiency in cyto-
lytic potential. In addition, cytokine production and proliferation upon analysis ex vivo also 
has been found to be defective. Similar results have been seen in murine tumor models 
and argue that T cell dysfunction at tumor sites may be a frequent occurrence [17, 18]. 
Of note, the expansion of so-called tumor-infiltrating lymphocytes (TIL) for adoptive 
transfer in vivo is based upon the existence of specific T cells that have localized to tumor 
sites [19]. These cells clearly can recover functionality following expansion in vitro,
arguing that the apparent dysfunction is reversible. This recovery includes cytokine 
producing capability but also acquisition of cytotoxic granules. We recently have 
observed that the re-acquisition of granzyme B-containing granules in antigen experi-
enced CD8+ T cells can be driven by CD28 costimulation and is dependent upon cell 
cycle progression [20]. Thus, supporting the proliferation of TILs may be central in 
helping them to regain critical effector functions.

In our gene expression profiling studies, the T cell-rich metastatic melanoma sub-
set was noted to have frequent expression of IDO. Confirmatory immunohistochem-
istry revealed expression of IDO protein in endothelial cells and also in infiltrating 
macrophage/dendritic-like cells. In concert with IDO, those tumors also contained 
PD-L1 expressed by the tumor cells themselves, as well as FoxP3 expressed by infil-
trating lymphocytes. Other groups have also observed abundant Tregs in melanoma 
metastases [21]. Lieping Chen’s laboratory has reported that 100% of melanomas 
examined express PD-L1 [22], supporting these results. Thus, multiple cell lineages 
appear to contribute to the immunosuppressive nature of the metastatic melanoma 
microenvironment. This observation also suggests that combined elimination of mul-
tiple negative regulatory mechanisms may be necessary to reveal optimal T cell effec-
tor function and gain maximal immune-mediated tumor control.

Preclinical models have been utilized to explore the mechanistic contribution of 
these potential barriers to tumor resistance, and at the same time to examine strate-
gies to overcome them in an attempt to improve tumor rejection. For inhibition of 
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IDO, the inhibitor 1-methyltryptophan has received the most attention. 
Administration of 1-methyltryptophan in vivo has been shown to improve immune-
mediated control of tumors transfected to express IDO [23]. Although IDO expres-
sion in melanoma tumors appears to be by stromal cells rather than by tumor cells, 
this strategy is expected to be effective in the physiologic scenario as well. For 
interfering with PD-L1/PD-1 interactions, several model experimental approaches 
have been taken. In our own laboratory, we have utilized PD-1-deficient mice to 
study tumor rejection. T cells obtained from transgenic mice expressing a TCR 
specific for a model antigen crossed onto the PD-1-deficient background were 
superior at tumor rejection in vivo [24]. This was associated with improved 
cytokine production and cytolysis directly at the effector phase. Neutralizing 
antibodies against PD-L1 also have been examined and have been found to improve 
T cell-mediated tumor control in mice [25].

T cell anergy is a third potential mechanism of immune escape to be explored in 
murine systems. Three general categories of approach have been evaluated to prevent 
or reverse anergy: manipulation of the T cells, alteration of the host environment, or 
modification of the tumor microenvironment. For influencing T cell biology directly, a 
better understanding of the molecular mechanisms of the anergic state has been required. 
Our group had previously shown that anergic T cells showed defective activation of the 
Ras/MAP kinase pathway in response to TCR/coreceptor ligation [26]. More recently, 
this defect has been correlated with upregulated expression of the lipid kinase DGK, 
which blunts RasGRP-mediated Ras activation in anergic T cells [27]. Thus, one attractive 
target to manipulate in an attempt to restore function of anergic cells is DGK. To extend 
this line of reasoning, inhibition of other negative regulatory signaling molecules in 
T cells also could be considered for potentiation of T cell function in the tumor context. 
Ongoing investigations are testing these notions in mouse tumor models in vivo.

As an approach to alter the host environment to counter T cell anergy, lymphopenia-
induced homeostatic proliferation has been explored. Previous work had shown that 
T cells rendered anergic in vitro could recover function after proliferation in response 
to IL-7 [28]. Creating a lymphopenic environment liberates endogenous IL-7 and 
IL-15, cytokines which support so-called homeostatic proliferation of transferred T 
cells. Indeed, we recently have observed that homeostatic proliferation in lympho-
penic recipients could restore and/or maintain CD8+ T cell function and promote 
tumor rejection [29]. These data are consistent with those of Turka and colleagues 
who found that induction of CD4+ T cell tolerance in vivo was prevented in the con-
text of homeostatic proliferation [30]. Direct activity of exogenous IL-15 also has 
been reported to recover function of in vivo tolerized CD8+ T cells [31].

As a strategy to manipulate the tumor microenvironment directly to prevent and /or 
reverse T cell anergy, perhaps the most straightforward approach is to introduce expres-
sion of B7 costimulatory ligands. Transfection of tumor cells to express B7-1 has been 
tested by multiple investigators and shown to support rejection of multiple different 
tumor cell types in mice [32, 33]. While the initial presumption was that this effect was 
mediated through more efficient induction of antitumor T cells, subsequent data sup-
ported the notion that B7-1 expression also acts at the effector phase of the antitumor 
T cell response [34], presumably to support maintenance of T cell function.
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Finally, interfering with the suppressive effect of FoxP3+ Tregs in tumor models also 
has been investigated. Depletion with anti-CD25 mAbs alone has been shown to slow 
growth of several tumors, including B16 melanoma [35, 36]. Ex vivo depletion of 
CD25+ T cells from T cell products prior to adoptive transfer in vivo also can be con-
sidered. Like the anergy story, additional manipulations of Tregs may become possible 
as the details mechanisms by which they suppress effector T cells are uncovered. For 
example, Rongfu Wang’s laboratory has reported that human CD4+ CD25+ Tregs 
express TLR8 and that their suppressive activity can be reversed upon exposure to a 
TLR8 ligand comprised of a poly-guanidine oligonucleotide [37]. All together, these 
preclinical experiments have helped to validate the inhibitory capability of IDO, PD-1, 
anergy, and Tregs on the antitumor immune response, and also point towards potential 
strategies to counter them for clinical translation.These putative mechanisms of tumor 
escape from immune attack are represented diagrammatically in Figure 4.2.

There are striking similarities between the negative regulatory mechanisms at play 
in the tumor microenvironment and those involved in limiting inflammation during 
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inhibition of T cell effector function.
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chronic infection. In both HIV and CMV models, chronically stimulated CD8+ T cells 
express PD-1 and are functionally limited by PD-1 ligation [38–40]. An abundance 
of FoxP3+ Tregs has been observed in HIV-infected lymph nodes [41], and HIV also 
can induce expression of IDO [42]. Thus, it is plausible that the involvement of these 
negative regulatory pathways in the tumor context may be immune-intrinsic and 
become recruited into action in many different situations of chronic antigen exposure. 
Another reference model for natural immune suppression preventing tissue rejection 
is the placenta microenvironment. Each of the above described mechanisms present 
in tumor sites has been found to contribute to maternal tolerance to the semi-allogeneic 
fetus [43–45]. These parallels support the notion that much of the immune escape in 
tumor sites is likely a consequence of normal immune regulatory mechanisms rather 
than by factors unique to malignant tumors per se.

4.5 Resistance at the Level of the Tumor Cells Themselves

Melanoma in general is quite resistant to killing by cytotoxic chemotherapy and con-
ventional doses of radiation. These clinical observations suggest that mechanisms of 
resistance to cell death are likely highly active in this tumor type. Several observa-
tions in our gene expression profiling experiment support this contention. Highly 
expressed in many melanoma tumors was the gene encoding anti-apoptotic protein 
survivin, which has been shown to be correlated with poor clinical outcome in other 
series [46]. Many melanoma tumors were found to overexpress the Notch transcrip-
tional target Hey1, arguing that Notch signaling is constitutive in those tumors. Notch 
signaling has been shown to support survival of melanoma tumor cells in vitro, with 
inhibition of Notch processing leading to melanoma cell apoptosis [47]. An addi-
tional factor found to be overexpressed was the serine protease inhibitor SerpinA3. 
Molecules in the Serpin family have been shown to mediate resistance of target cells 
to granule-mediated lysis by T cells [48]. Thus, elevated expression of survivin, active 
Notch, and serine protease inhibitors in fresh melanoma biopsies points towards spe-
cific anti-apoptotic factors to focus upon in future studies. These tumor cell-intrinsic 
survival mechanisms are depicted in Figure 4.3.

4.6 Relevance of Understanding the Melanoma 
Microenvironment to Immunotherapy Clinical Trials

There are two principal implications of the results uncovered by studies of the 
metastatic melanoma tumor microenvironment. First, it is plausible to perform 
pretreatment tumor biopsies to examine features of the tumor microenvironment 
that may correlate with clinical response to melanoma vaccines. Identifying a 
molecular signature linked to clinical outcome should ultimately be able to guide 
patient selection for such studies. We have performed such a prospective analysis 
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with 19 metastatic melanoma patients participating in a multipeptide melanoma 
vaccine trial. A small subset of transcriptional differences in the tumor biopsies was 
found to distinguish clinical responders from non-responders. Interestingly, among 
these was a set of chemokine genes more highly expressed in the responding 
patients (Gajewski et al., unpublished data). While this is a small sample size that 
will require confirmation, it is beginning to connect the biology of melanoma and 
the antitumor immune response with clinically relevant information.

The second implication of such gene expression profiling is to identify the rele-
vant barriers that can be overcome with new immunotherapeutic interventions. 
Ultimately, one can envision an individualized patient therapy in which a tumor is 
biopsied to determine major potential barriers to effective antitumor immunity 
(e.g. absence of chemokines, over overexpression of specific negative regulatory 
mechanisms) then instituting the appropriate therapy to overcome those barriers in 
concert with active immunization or adoptive T cell transfer. Some such combina-
tion strategies are already being explored clinically, albeit with less selected 
patients. Vieweg and colleagues were the first to report on the use of Ontak (an 
IL-2-diptheria toxin fusion protein) to decrease the numbers of CD4+ CD25+

FoxP3+ Tregs in patients in combination with a dendritic cell-based vaccine [49]. 
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The TIL adoptive transfer approach of Rosenberg and colleagues has been found to 
be most effective when combined with a chemotherapy conditioning regimen that 
supports homeostatic proliferation of the transferred cells [19], which preclinical 
data argues helps to maintain T cell function and prevent anergy induction [29]. 
Howard Kaufman has explored intratumoral injection of a vaccine virus vector 
encoding human B7-1 in patients with advanced melanoma, and observed clinical 
activity in a subset of patients [50]. A neutralizing anti-PD-1 mAb developed by 
Medarex is entering phase I clinical trials soon, and clinical-grade 1-methyltryp-
tophan also is being manufactured. Thus, it is conceivable that antagonizing PD-
L1/ PD-1 interactions and IDO activity in combination with vaccines or adoptive T 
cell transfer also may be possible in the near future. Individualizing such therapies 
should ultimately be possible by performing molecular analyses on pretreatment 
tumor biopsies to identify the most relevant tumor resistance mechanisms in indi-
vidual cases.
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Chapter 5
Tumor Antigens as Modulators of the Tumor 
Microenvironment

Katja Engelmann and Olivera J. Finn

Abstract The tumor microenvironment regulates tumor growth by providing cancer 
cells with extracellular matrix molecules and stromal cells, specific growth factors and 
cytokines, and a supply of nutrients through increased angiogenesis. In addition, it sup-
ports tumor growth by actively suppressing immune surveillance. Tumor-associated 
antigens (TAAs) play a pivotal role in the ability of the immune system to detect and 
possibly eradicate nascent tumors. Some TAAs, however, appear also to influence the 
tumor microenvironment through increased or aberrant cell signaling and modifications 
of cell-cell or cell-stroma interactions. Many TAAs are self-molecules that have become 
antigenic due to overexpression or aberrant expression on tumor cells compared to 
their normal counterparts, and therefore are able to elicit a host immune response. The 
recently proposed cancer stem cell theory of tumor development begs the question of 
whether some of these same TAAs are expressed on stem cells and what is their role in 
shaping their microenvironment. This chapter will focus on what it known about tumor 
antigens in the microenvironment of mature tumors. We will also discuss tumor antigens 
and other molecules expressed on stem cells since by influencing the microenvironment 
at the earliest stages of tumor development these molecules could be deciding factors in 
tumor growth and metastasis.

Keywords Cancer immunotheraphy, immune targeting, immune prevention, cancer
stemcells, MUC1

5.1 Introduction

Cancer is a result of multiple genetic mutations that present the immune system with 
numerous new antigens, either products of the mutated genes or normal proteins that 
are aberrantly expressed due to oncogenic mutations. There are many examples of 
molecules expressed in tumors that are also expressed in normal cells, however on 
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tumors they are found either at a much higher concentration, in the wrong location (in 
the cytoplasm instead of the nucleus, on the entire cell surface instead of polarized), or 
in a differentially processed form (e.g. tumor-specific glycosylation, phosphorylation, 
lipidation, etc.). These molecules are collectively known as tumor associated antigens 
(TAA). This distinguishes them from tumor specific antigens present on cancer cells but 
not detectable on the normal cell counterparts. They are products of DNA-mutations 
that cause altered protein structures and often influence their function. In the last two 
decades, research in the mechanisms of immune recognition of tumors centred in great 
part on the molecular characterization of tumor antigens and revealed that a large 
number of these molecules can be recognized by the immune system. However, while this 
work provided proof that tumors are highly antigenic, it also showed that in spite of 
often simultaneous expression of multiple antigens on tumors, the immune responses 
generated against them are weak and do not result in tumor rejection. In the case of 
TAA that closely resemble self-molecules, weak immune responses are considered to 
be due to self-tolerance. Indeed, experiments in animal models have shown that immu-
nization against tumor-associated antigens generates much stronger immune responses 
in wild type mice compared to mice transgenic for these antigens [1–4]. Nevertheless, 
even in transgenic mice that show evidence of tolerance against these antigens, it is 
possible to induce immunity strong enough to reject a tumor challenge. There is also 
accumulating evidence that in people, immune responses that are generated against 
self-tumor associated antigens may be protective against tumor occurrence [5–8]. 
Furthermore, the presence of immune responses against several of these antigens in 
cancer patients is positively correlated with better prognosis.

Many different techniques have been utilized to identify tumor antigens: transfection 
of recombinant tumor cDNA libraries and human leukocyte antigen (HLA) molecules 
into target cells [9, 10], isolation of peptides from the binding cleft of major histocom-
patibility complex (MHC) class I molecules expressed on tumor cells [11, 12], deduc-
tion of immunogenic peptide sequences from suspected tumor antigens (such as known 
oncogenes, tumor suppressor genes or other tumor-associated proteins using computer 
algorithms based on HLA-anchor motifs) [13, 14], and serological expression cloning 
of recombinant tumor cDNA expression libraries (SEREX) [15, 16]. They have led to 
the identification of a large number of molecules that are clearly recognized by the 
immune system and by that definition are targets of immune surveillance. The question 
that is of special interest to tumor immunologists is why the immune response against 
these molecules is not sufficient to prevent tumor outgrowth. It is clearly possible, 
although difficult to demonstrate, that in most individuals responses against tumor anti-
gens are protective, and some evidence for this is beginning to accumulate [5, 17]. 
Cancer may only win when it succeeds to escape immune surveillance and this can 
happen through the loss of specific antigens or gain of immunosuppressive properties.

In parallel to the work on tumor antigen discovery, work has been done on the 
reasons why tumor antigen-specific immunity fails to control disease. This has proven 
to be a very rich area for discovery. Numerous immunosuppressive mechanisms have 
been unveiled and described that are unique to a tumor microenvironment. Tumor 
microenvironment is an altered local environment in which the incipient neoplasia 
develops, progresses, and begins to metastasize. Fibroblasts, epithelial cells, adipocytes, 
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smooth muscle cells, inflammatory cells, as well as resident and recruited immune 
and vascular cells, constitute the stroma that communicates with tumor cells and 
co-evolves with them over time. In addition, extracellular matrix molecules 
 dynamically interact with tumor cells to provide nutrients and stimuli necessary for 
tumor proliferation, angiogenesis, invasion and insulation from the host’s 
 immunosurveillance. Interaction of cancer cells with their microenvironment is 
 mediated through many cell surface molecules, some of which have been also defined 
by the immune system as tumor antigens.

In this chapter we will focus on immunosuppressive mechanisms that are pro-
moted by the expression of some well-known tumor antigens that appear to play a 
dual role reminiscent of the Dr. Jekyll and Mr. Hyde story. Under certain circum-
stances they can activate effective immunity and serve as good targets for tumor 
rejection, thus behaving like the good Dr. Jekyll. Unexpectedly and only recently 
appreciated, these same molecules can contribute to the creation of an immuno-
suppressive microenvironment such that immune effector cells that recognize these 
same antigens, and potentially many other tumor antigens, are prevented from 
destroying the tumor. That is their bad Mr. Hyde behavior. The success of immu-
notherapy based on these antigens will depend on the ability to take advantage of 
their Dr. Jekyll side and prevent them from showing their Mr. Hyde side.

As a cardinal example of a Dr. Jekyll and Mr. Hyde antigen, we will present in 
detail the tumor antigen MUC1, which has been extensively studied as a tumor 
antigen on over 80% of all human solid tumors, as well as multiple myelomas and 
some B cell lymphomas. It was realized only recently that MUC1 could also be 
used by the tumor for survival and immune evasion, if it is not targeted efficiently 
by the immune system for tumor destruction. We will describe also recent realiza-
tion that MUC1 is expressed on cancer stem cells, where it can be a target for 
 therapy but also a facilitator of their development into mature tumor cells. While 
much less is known about such dual behavior of other molecules studied as tumor 
antigens, we will review evidence that at least some of them, such as CEA, tumor 
glycolipids and gp100, share this dual behavior with MUC1.

5.2 Mr. Hyde MUC1 Promotes Tumorigenesis

MUC1 is the first described and best known member of the mucin family that currently 
has 20 members [18]. This family is characterized by transmembrane-associated 
and secreted glycoproteins, which show a dense O-glycosylation linked to serine-, 
threonine- and proline-rich tandem repeat domain called VNTR (variable number of 
tandem repeats). The VNTR domain of MUC1 is comprised of 20–120 tandemly 
repeated 20 amino acid segments whose sequence includes 5 potential O-glycosylation 
sites per repeat [19]. In its normal expression, MUC1 is found at low amounts on the 
apical cell surface of most glandular epithelial cells [20, 21]. There, it performs a variety 
of biological functions, such as lubrication and hydration of epithelia and, protection 
against colonization by pathogens. It is also involved in cell-cell (via E-cadherin) and 
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 cell-matrix (via integrins) interactions as a part of both adhesion and anti-adhesion 
mechanisms. Adhesion effects are mediated by carbohydrate structures on the extracel-
lular repeat domain, whereas anti-adhesive effects can be mediated by the glycosylation-
stabilized rigid conformation of the several hundred-nanometer long mucin molecules [22].
Its highly conserved cytoplasmic domain can be phosphorylated at seven phospho-
rylation sites by, among other signaling proteins, glycogen synthase kinase 3β, c-src and 
protein kinase Cδ, and thus, regulate further cell signaling, such as through interaction 
with β-catenin [23–26]. MUC1 furthermore associates with members of the ErbB fam-
ily of receptor tyrosine kinases and FGFR3 [27].

During tumorigenesis, cells lose their polarity and MUC1 expression is found at very 
high levels on the entire cell surface [28, 29]. The extracellular tandem repeat region can 
act as a ligand for intercellular adhesion molecule (ICAM) 1, involved in metastatic 
intravasation [30, 31]. The O-glycosylated extended ectodomain can receive signals 
from selectin binding or conceivably trigger signaling events. Overexpression of MUC1 
regulates binding to Wnt effector β-catenin competitively for E-cadherin, modulates the 
localization of β-catenin to the cytoplasm and subverts E-cadherin-mediated cell 
 adhesion in epithelial cells, leading to destabilization of intercellular junctions, which 
benefits tumor cell migration [23]. MUC1 has been shown to bind to the signaling 
 mediators Grb2/SOS upon phosphorylation [32] and to mediate activation of numerous 
receptor tyrosine kinases. Activation of the ras signaling pathway phosphorylates Raf, 
MEK, and ERK1/2, with the latter translocating to the nucleus and inducing transcription 
of genes involved in mitogenesis, differentiation, apoptosis, and quiescence [33]. 
Expression of high levels of MUC1 has been shown to elicit EGF-dependent activation of 
ERK1/2 MAPK [34]. Moreover, MUC1 can mediate resistance to apoptosis in a survival 
response to oxidative stress [35] by suppression of H

2
O

2
-induced accumulation of reactive 

oxygen species (ROS) and in response to DNA damaging agents, suggesting its important 
contribution to the resistance of cancer cells to genotoxic agents [36].

5.3  Dr. Jekyll MUC1 is a Tumor Antigen Targeted 
by Immune Surveillance

In normal epithelia MUC1 expression is found in small amounts and restricted to the 
apical cell surface. However, in >80% of most premalignant lesions that are 
precursors to cancer and other adenocarcinomas [28, 37], MUC1 expression is 
highly up-regulated; for instance in breast cancer it is expressed up to 10-fold higher 
than in normal cells [38]. MUC1 expressed on tumor cells displays striking altera-
tions with respect to shortened glycan chains (Tn-antigen (GalNAc1-O-S/T) and 
Thomsen-Friedenreich (TF) or T antigen (Galβ1-3GalNAcα1-O-S/T) ), increased 
sialylation (mono- and di-sialylated TF-antigen, mono-sialyl Tn-antigen, sialyl-
core1), and a shift in the carbohydrate core-type [39–41]. As an example, normal 
lactating mammary gland expresses MUC1 with primarily long polylactosamine-type 
chains based on the elongation of the core2 structure (GlcNAcβ1–6[Galβ1-3]
GalNAcα1-O), and is dominated by neutral glycans with linear and branched backbone
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structures that can comprise up to 16 monosaccharide units [42, 43]. During malignant 
transformation the core2 forming β6-glucosaminyltransferase level is low or not 
expressed and leads to the accumulation of core1 structures [41] that now serve as sub-
strates of Gal-specific α3-sialyltransferase and GalNAc-specific β6-sialyltransferases. 
In addition, the increased presence of CMP-NeuAc:Galβ1–3GalNAcα3-sialyltrans-
ferase may compete with the core2 enzyme for substrate [44]. Thus, the length of 
O-linked glycans on tumor MUC1 is restricted by a high degree of sialic acid that 
dominates over neutral carbohydrates [19, 45]. This underglycosylation results in 
unmasking of previously cryptic protein core epitopes and short carbohydrate 
epitopes. This is important for the humoral and cellular immune response, because 
the peptide core is more accessible for peptide specific anti-MUC1 antibodies and 
for enzymatic processing into peptides for presentation to T cells, compared to 
MUC1 on normal epithelia.

The new epitopes on MUC1 are tumor-specific targets for both T and B-cells. The 
DTR sequence within the tandemly repeated icosapeptide sequence is characterized as 
the immunodominant epitope [46] recognized by tumor-specific anti-MUC1 antibodies. 
Because the VNTR domain of MUC1 contains 25–125 tandem repeats, the immuno-
dominant DTR epitope is presented many times by every MUC1 molecule. Although 
chemical analyses have shown that the threonines in the DTR-motif can be glyco-
sylated [47, 48], it appears to be a low affinity site for glycosyltranferases and thus it 
is usually presented in its non-glycosylated form as a knob-like structure [49]. This 
self-stabilizing and tandemly repeated structure [50] is assumed to favor immune rec-
ognition, especially for non-MHC restricted T cells [51]. Other studies revealed that 
the presence of a GalNAc moiety on the threonine in the DTR motif increases anti-
genicity [52, 53]. Vaccination studies in mice also showed that a 60mer MUC1 glyco-
peptide composed of three tandem repeats with GalNAc (Tn) or NeuAc-GalNAc 
(sialyl-Tn) moieties in each of the five glycosylation sites per repeat, elicited the 
strongest MUC1-specific antibody response compared to less glycosylated or unglyco-
sylated MUC1 peptides [54]. Interestingly, in up to 50% of the tandem repeats the 
DTR motif is replaced by an ESR motif, often in concert with a Pro to Ala replacement 
in position +10 relative to the DT or ES in the repeat (PDT/ESRPAPGSTAPP/
AAHGVTSA). These variant repeats often occur in clusters [55]. The amino acid 
changes revealed a higher conformational flexibility of ES/P peptides and reduced 
glycosylation density of ES/A sequence-variant repeats compared to DT/ P peptides. 
Moreover, sera of healthy controls, pregnant woman and patients with benign tumors 
contained IgGs preferentially directed to variant repeat clusters, whereas sera of cancer 
patients showed predominant specificity to the invariant DTR peptide [56].

The most unique aspect of the DTR motif is that due to its stable structure identi-
cally repeated multiple times, it is recognized by human T-lymphocytes as an 
unprocessed epitope on the native MUC1 protein expressed on the surface of tumor 
cells [57, 58]. This MHC-unrestricted recognition of native MUC1 epitopes 
induces calcium mobilization, phosphorylation of ZAP-70 and proliferation of T 
cells (CTL) [59]. MUC1 processing by DCs is influenced by O-glycosylation such 
that a high degree of complex O-glycosylation on MUC1 is unable to prime strong 
helper T cell responses when presented by dendritic cells in vitro [60]. This is due 
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to the high density of O-glycans that protect the molecule from proteolytic degradation.
In contrast, less complex O-linked glycans, like core-type structures, are not 
removed from MUC1 when processed by DCs and presented on MHC class II 
molecules [61]. Efficient processing of MUC1 glycopeptides is also a matter of 
site-specific glycosylation [62]. Elongated glycans proximate to the minor cleavage 
sites of the tandem repeats, AH ↓ GV and PG ↓ ST ( ↓ represents the cleavage site), 
can sterically impede the access of the protease (Cathepsin L) and glycosylation 
adjacent to the major cleavage site VT ↓ SA prevents cleavage completely [62].

Considering the undesirable Mr. Hyde tumor promoting characteristics of MUC1, 
it was gratifying to discover that in its tumor form this molecule is under immune sur-
veillance. Because immune responses against MUC1 can be found in cancer patients, 
an expectation can be made that if these responses were boosted, they may eliminate 
or control the growth of cancer cells that express MUC1. Work to date has shown that 
MUC1 is a promising target for immunotherapeutic strategies to treat cancer in 
humans [63–65]. Several phase I studies have been completed so far and demonstrated 
that MUC1 vaccines are safe and in a small number of cases also effective in control-
ling disease. In one study, a vaccine consisting of a non-glycosylated synthetic MUC1 
peptide corresponding to five 20-amino acid long repeats and SB-AS2 adjuvant, 
was tested for safety, toxicity, and ability to elicit or boost MUC1-specific immune 
responses in patients with resected or locally advanced pancreatic cancer without prior 
chemotherapy or radiotherapy [66]. Another clinical phase I study used the same 
MUC1 peptide and incomplete Freund’s adjuvant as a vaccine for patients with pan-
creatic or bile duct cancer. This study showed again safety of the vaccine [67]. In a yet 
another phase I trial, autologous mature dendritic cells pulsed with HLA-A2-binding 
MUC1 peptides were used in patients with metastatic renal cell carcinoma (RCC). 
This study showed that MUC1 peptide-pulsed dendritic cells could induce clinical and 
immunologic responses in some patients [68]. Moreover, the study revealed epitope 
spreading, whereby some patients developed T-cell responses to antigens not used for 
vaccinations, such as adipophilin, telomerase, or oncofetal antigen.

The MUC1 peptide from the tandem repeat region was the chosen antigen in all 
these vaccine formulations because this region differs the most between normal epi-
thelial cells and tumor cells and thus the immune response induced against this form 
would not be expected to target normal tissues. There is another form of MUC1 that 
is equally promising in its immunogenicity and safety and that is the MUC1 glycopep-
tide that bears tumor specific carbohydrates. This form induces strong helper T cell 
responses that are able to help generation of MUC1-specific antibodies, preferentially 
of IgG

1
 isotype and ADCC, and/or effective T cell mediated cytotoxicity [69].

5.4 Mr. Hyde MUC1 Manipulates Tumor Microenvironment

Tumor-associated forms of MUC1 have been shown to be chemotactic for circulat-
ing immature human myeloid DCs [70]. This is mediated by the peptide epitopes 
in the tandem repeat region of the underglycosylated MUC1. Moreover, glycopeptides
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from the same region provide a maturation/activation signal for the DCs that migrate 
to the tumor site. These DCs that have matured under the influence of MUC1 
produce IL-6 and TNF-α, cytokines that have been implicated in tumor metastasis 
and progression. They also fail to promote a type 1 response [70]. Hence, instead of 
promoting adaptive immunity for efficient immune surveillance, these DCs promote 
inflammation that mediates immunosuppression at the tumor site and later increased 
tumor invasion within the tumor microenvironment. A striking example of the 
“wrong” immune response that exists in this MUC1 modified tumor microenviron-
ment is induction by the DCs at the tumor site of T cells that secrete IL-13 [70], a 
cytokine involved in suppression of tumor specific CTL and direct promotion of 
growth of tumor cells that bear IL-13 receptor [71].

As mentioned above, MUC1 has been linked to several signaling pathways via 
its cytoplasmic domain that has multiple phosphorylation sites and binding motifs 
for multiple kinases. In addition, it was reported recently that MUC1 regulates p53 
transcription by binding to its regulatory domain [72]. P53 is a tumor suppressor 
gene whose function is often inactivated either through mutation or overexpression 
in a variety of cancers. Overexpression of MUC1 by tumor cells can lead to aber-
rant overexpression of p53. MUC1 expression also leads to decreased apoptosis of 
tumor cells under oxidative stress that occurs naturally during tumor expansion or 
in response to genotoxic agents [35]. This might be related to the ability of MUC1 
to modulate transcription of the nuclear factor kB (NF-kB) as well as to regulate 
the ERK1/2 pathway and AP-1 mediated transcription [73]. The involvement of 
MUC1 in these networks reveals its key role in regulating tumorigenesis.

The impact of MUC1 on shaping the tumor microenvironment is well illustrated 
by a study in which MUC1 expression on tumor cells was suppressed by RNA 
interference. The siRNA treated pancreatic cancer cell line with low level of MUC1 
expression showed a greatly reduced proliferative and metastatic capacity [74]. 
High levels of sialyl-Tn antigen, a carbohydrate structure decorating MUC1 on 
tumor cells, has been linked to increased tumor cell migration in vitro and decreased 
cell adhesion to the extracellular matrix molecules collagen type I, collagen type IV 
and fibronectin [75]. Moreover, MUC1 has been identified as a potential target in 
the colonization of metastasizing tumor cells by interacting with ICAM1 [31] or 
with E-selectin [76].

5.5 Other Dr. Jekyll and Mr. Hyde-Like Tumor Antigens

5.5.1 Dr. Jekyll CEA

The carcinoembryonic antigen (CEA), a heterogeneous cell surface and secreted 
glycoprotein (~50% glycosylation), member of the immunoglobulin supergene family, 
performs a function as an intercellular adhesion molecule. During malignant transfor-
mation its expression is largely upregulated, accompanied by changes in its glycosylation. 
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Because CEA is recognized as a self-antigen, individuals are immunologically tolerant 
to CEA. Although, immune responses to CEA have been observed in healthy and 
cancer bearing individuals, these are weak and have to be boosted to become protec-
tive against or to reject CEA positive tumors. Serum titers for CEA are used for diag-
nosis of a variety of tumors, especially of the colon, pancreas, breast and lung.

Using human CEA-transgenic mouse models immune tolerance has been suc-
cessfully overcome by certain vaccination strategies that generate CEA-specific, 
MHC-restricted CTLs, T cell proliferation, CD4+ T cell responses and anti-CEA 
antibody generation, which resulted in tumor rejection in these mice [77–81]. Very 
recently it was shown that genetically modified DCs that express CEA and Th1-type 
cytokines IL-12 and GM-CSF, can overcome peripheral immune tolerance to CEA 
and induce strong cellular antitumor activity in transgenic mice without creating 
autoimmunity [82, 83]. Similar results were achieved with a vaccine based on anti-Id 
antibody pulsed DCs, which induced both humoral and cellular (CTLs, helper and 
memory T cells) immune responses in the vaccinated CEA-transgenic mice and 
provided protective antitumor immunity. The anti-Id antibody was raised against anti-
CEA antibody and mimics a single protective epitope of human CEA. This might be 
of advantage in comparison to CEA protein or gene based vaccines, that contain 
multiple different CEA epitopes, some of which are protective but others could initi-
ate immunosuppressive or autoimmune responses [81]. In general, humoral responses 
against CEA have been seen in response to vaccination with recombinant CEA pro-
tein and CEA anti-idiotype antibodies, whereas T cell responses have been preferen-
tially generated by dendritic cells loaded with immunogenic epitopes of CEA [84].

In a recently performed clinical study, generation of CEA-specific T cell 
responses was seen in patients with advanced CEA-expressing tumors who received 
recombinant vaccinia and subsequently avipox vectors encoding CEA and costimu-
latory molecules (e.g. B7.1). Additional supplementation with GM-CSF and low-
dose IL-2 increased the number of CEA-specific T cell precursors. Some patients 
also developed anti-CEA antibodies [85]. In another vaccination study, several 
patients with advanced colorectal cancer developed responses to CEA after intra-
dermally and intravenously administered vaccination with CEA-loaded matured 
monocyte-derived DCs [86]. CEA-specific CD8+ T cells were detected in post-
treatment delayed type hypersensitivity biopsies and in one resected abdominal 
draining lymph node of one patient. These T cells produced large amounts of IFN-
gamma and IL-2, but no IL-4 or IL-10 in response to CEA-peptide loaded target 
cells. Majority of the patients showed preexisting immunity against CEA (indura-
tion of the vaccination site), although this immunity did not yield outgrowth of T 
cells from the injection site. A larger clinical study was performed with recom-
binant CEA and with or without low-dose GM-CSF given with each immunization [87].
All patients generated CEA-specific T cells and anti-CEA antibodies of IgG 
 isotype. The immune responses persisted for more than 2 years and correlated with 
increased survival. Of the patients that received only recombinant CEA vaccine and 
no GM-CSF, only about 70% developed humoral and cellular immune responses 
against CEA. In 2004 a clinical study was conducted on chemotherapy resistant 
colorectal cancer patients using synthetic CEA peptides that bind to either MHC 
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class I HLA-A 0201 or HLA-A2402 [88]. Peptide-pulsed dendritic cells were injected
into the inguinal lymph node. About 70% of the patients showed significant 
increase in IFN-gamma producing CEA-specific CTLs. However, most patients 
still progressed and only two showed disease stabilization for 12 weeks. Similarly 
challenging combination therapy, chemotherapy with concurrent immunotherapy, 
against CEA was performed in patients with metastatic colorectal cancer [89]. The 
target antigen was the immunodominant epitope CAP-1, HLA-A2-restricted 
nonamer peptide. Approximately 47% of the patients showed significant increases 
in CAP-1-specific CTLs. Multiple adjuvants (CpG, GM-CSF or DCs) were tested 
in this trial without any major differences observed between them. The overall 
clinical response in this study was 35%.

5.5.2 Mr. Hyde CEA

Like MUC1, CEA has also been shown to play an important role in cancer cell metas-
tasis as well as to be chemotactic for immature DCs [90]. Neo-expression and over-
expression of distinct carbohydrate epitopes on the tumor-associated CEA seems to 
be responsible for this effect. The degree of expression of fucosylated structures as 
well as the increased levels of Lewisx carbohydrate and the de novo expression of 
Lewisy has been associated with recognition by immature DC. Immature DCs express 
the specific intercellular adhesion molecule (ICAM)-3–grabbing nonintegrin (DC-
SIGN) [91], a C-type lectin that displays high affinity for nonsialylated Lewisx and 
Lewisy, carbohydrate moieties found abundantly expressed on the tumor forms of 
CEA. Mature DCs do not interact with tumor forms of CEA, whereas immature DCs 
do not bind to CEA on normal cells. Besides ICAM-2 on endothelial cells [92] and 
ICAM-3 on resting T cells [91], which represent additional ligands for DC-SIGN, the 
glycosylation-dependent interaction between immature DCs and the secreted tumor 
cell derived CEA is suggested to play a central role in tumor tolerance through sup-
pression of dendritic cell functions [90]. It has also been shown in colorectal cancer 
that binding of CEA to Kupffer cells in the liver can stimulate the secretion of 
cytokines, e.g. TNF-alpha and interleukin 1-beta [93] that stimulate endothelial cells 
to increase their expression of adhesion molecules such as E-selectin. The binding of 
E-selectin to sialyl-Lewis antigen, carbohydrate structure on CEA and MUC1 on 
tumor cells, promotes tumor cell extravasation and metastasis to the liver [94, 95].

5.5.3 Dr. Jekyll Tumor Glycolipids

Many glycolipids have been extensively studied as tumor-associated antigens and 
potential targets of anti-cancer therapies, primarily on melanomas. The GD3 ganglio-
side has a restricted distribution on normal brain cells, connective tissue, and a small 
population of T cells, and is considered to be only weakly immunogenic. In comparison, 
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GM2 is expressed in the brain and at secretory borders of all epithelial tissues and has 
been shown to be highly immunogenic. Fucosyl-GM1 (Fucα1–2Galβ1–3GalNAcα1–
4[NeuAcα2–3]-Galβ1–4Glcβ1–1Cer) is only sparsely expressed in the thymus, spleen, 
small intestine, and islet cells of the pancreas [96], and seems to be the most immunogenic 
of all three. The presence of serum antibodies against ganglioside GM2 is associated 
with prolonged disease-free survival in melanoma patients [97]. Similarly, induction of 
anti-GD3 immunity through vaccination with an anti-idiotypic monoclonal antibody 
that mimics GD3 correlated with prolonged survival of small cell lung cancer patients 
[97]. Also in small cell lung cancer patients, who were previously treated with chemo-
therapy and radiation therapy, Fucosyl-GM1 immunity was induced by vaccination 
with bovine Fucosyl-GM1 conjugated to the carrier protein keyhole limpet hemocyanin 
(KLH) and mixed with QS-21 as adjuvant. All patients showed humoral responses, IgM 
and IgG

1
 isotype, specific to Fucosyl-GM1 [97] that demonstrated complement binding 

activity and complement dependent cytotoxicity of tumor cells in vitro. A similar 
vaccination study was performed to target GM2 in previously untreated melanoma 
patients. Immune response was seen in form of GM2-specific IgM, IgG

1
 and IgG

3

antibodies [98, 99]. In a more recent study, synthetic fucosyl-GM1 injected with QS-21 
to patients with SCLC induced only Ig-specific antibodies that were unable to mediate 
antibody-dependent cellular cytotoxicity [100].

GM2, GD2 and GD3 have also been used as targets of passive immunotherapy. 
A murine IgG

3
 monoclonal antibody specific for GD2 was administered to patients 

with metastatic neuroblastoma or melanoma [101]. This antibody could activate 
human complement and mediate ADCC in vitro. Two patients (12%) showed com-
plete tumor regression and four patients had a partial or mixed antitumor response. 
A human IgM monoclonal antibody specific for GD2 has been administered intral-
esionally in patients with metastatic melanoma. Regression was seen in almost all 
patients, with evidence of tumor degeneration, fibrosis, free melanin, and some 
degree of lymphocyte or macrophage infiltration [102]. Administration of a GD3-
specific murine monoclonal IgG

3
 antibody produced lymphocyte and mast cell 

infiltration, mast cell degranulation, and complement deposition in the injected 
lesion. In 25% of the patients major tumor regression was observed [103].

5.5.4 Mr. Hyde Tumor Glycolipids

GD2 is aberrantly expressed in small cell lung cancer and is considered to be a key 
factor in cancer cell proliferation and invasion. Upregulated expression of GD3 in 
melanomas has been reported to enhance phosphorylation of two adaptor mole-
cules, p130Cas and paxillin, which regulate cell growth and cell adhesion [104]. 
Similarly, polysialic acid (polySA) is involved in cell-cell interactions and cell 
migration [105]. Based on its large size and negative charge of the carbohydrate 
side chain, polySA has an inhibitory effect on cell adhesion and thus promotes cell 
motility [106]. This has been confirmed in animal studies, where its expression 
correlated with tumor invasiveness, metastases, and increased growth rate [107].
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5.5.5 Dr. Jekyll gp100

Gp100 is a melanocyte differentiation antigen that is often used in anti-melanoma 
therapies as an antigen and a target. Several gp100 derived peptides are restricted by 
HLA-A2, -A3, and -A24 molecules and have been shown to be immunogenic in 
peptide-based vaccines. Vaccination with gp100 derived epitopes and IL-2 has 
induced tumor regression in patients with advanced disease [108]. A recently per-
formed immunization study in patients with metastatic disease compared vaccines 
based on HLA-A2-restricted peptides of MART-1

27–35
, gp100

209–217
, and tyrosi-

nase
368–376

 administered in combination with a low dose of GM-CSF. The results 
established that the HLA-A2 restricted peptide gp-100

209–217
 is more immunogenic 

than the other melanoma peptide antigens [109]. One patient of 25 showed an over-
all survival of 3-year post-completed vaccination without disease progression. In 
another study performed on patients with unresectable or metastatic melanoma, 
immunization with a slightly modified HLA-A2-restricted gp100 (G280-9V) pep-
tide loaded on autologous DCs, resulted in uniform immunogenicity. High-avidity 
CTLs, generated against the modified peptide, were capable of killing melanoma 
cells that co-expressed A*0201 and gp100 [110]. A study performed in a human-
mouse chimeric model showed that the modification of the naturally occurring 
gp100 sequence enhanced the immunogenicity of the peptide epitope. The modified 
gp100 peptide showed a much slower dissociation rate from the HLA-A2-peptide 
complex than the bound natural peptide [111]. As an extension of the modified pep-
tide strategy, PBMCs from vaccinated patients were expanded in vitro and used for 
adoptive therapy. While there was no clear clinical response, two patients developed 
autoimmunity against their melanocytes showing antigen-specific activity of the 
transferred cells [112]. Best results were derived from trials that recruited patients 
with early or minimal disease. A vaccination study in HLA-A2+ patients with com-
pletely resected non-metastatic melanoma, using a modified melanoma peptide, 
gp100

209–2M
 and adjuvant, demonstrated significant increases in the frequency of 

IFN-gamma producing CD8+ T cells in 33 of 35 patients and durable presence of 
gp100

209–2M
-specific memory CD8+ T cells with high proliferative potential [113].

Overall, vaccination with gp100 melanoma peptides can mount a significant 
antigen-specific CD8+ T-cell immune response, but translation into a clinical response 
appears to be compromised by the immunosuppressive environment of an advanced 
disease. As in the case of the tumor antigens discussed previously, gp100 in its Mr. 
Hyde role may be in part responsible for creating this immunosuppressed state.

5.5.6 Mr. Hyde gp100

Gp100 is a melanogenic enzyme that is expressed at low levels in normal melano-
cytes and displays aberrantly expression in melanoma cells. This tumor-associated 
gp100 exhibits chemotactic properties to immature DCs, monocytes and T cells 
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[114] and thus, contributes to the leucocyte infiltration in the tumor tissue. This 
function appears to be mediated through its interaction with the chemokine receptor 
2 (CCR2) that is expressed on these immune cells. However, recruiting of immune 
cells will not result in induction of effective tumor immunity, instead, the cellular 
infiltrate promotes tumor progression through the action of gp100. Furthermore, the 
efficiency of T cells in recognition and eradication of the melanoma antigen gp100 
depends on the number of gene copies expressed. The threshold level that is neces-
sary for T cell stimulation has been reported to be 500 mRNA copies per 108 copies 
of rRNA [115]. In addition, a soluble form of gp100, ME20-S, circulates in the 
serum and might be involved in tumor protection, mediated by antibody quenching 
and inhibition of humoral immune responses, e.g. complement mediated toxicities 
expressed at low levels in quiescent adult melanocytes but overexpressed by prolif-
erating neonatal melanocytes and during tumor growth. Release of the soluble form, 
ME20-S, could protect tumor cells from antibody mediated immunity.

5.6  Cancer Stem Cells and their Dr. Jekyll and 
Mr. Hyde Antigens

The cancer stem cell hypothesis of tumor development has recently been proposed 
for many types of cancer [116] and therefore has replaced the older stochastic model 
of cancer development. It provides a likely explanation for failed cancer treatments 
and recurrences that are now considered to be due to therapy resistant cancer stem 
cells. Furthermore, this model is supported by the observations that cancer may arise 
from embryonic cells, as observed in childhood tumors, or through activation of 
hormone-sensitive stem cells in the case of breast cancer [117, 118].

Normal adult epithelial stem cells are a minor population of mostly resting cells that 
are defined by their long life span and capacity to self-renew, which allows them to 
maintain the stem-cell compartment as well as to generate differentiated lineage-
restricted progeny with the ability to form mature cell types in specific tissues [119, 
120]. In general, the slow dividing stem cells are responsible for tissue renewal and 
repair of tissue damage. The integrity and cell divisions of stem cells is regulated within 
a local environment, called niche, where stem cells interact with niche cells and extra-
cellular matrix proteins according to external and internal stimuli. Stem cell divisions 
can be asymmetrical to simultaneously self-renew and generate a differentiated progeny 
or symmetrical resulting in two identical daughter stem cells, which will expand the 
stem cell pool, or two progeny, which will deplete the stem cell population [121].

Tissue committed stem cells or stem-like cells have been identified in both normal 
and cancerous human tissues such as mammary gland and breast cancer, skeletal 
muscle, lung, liver, epidermis and melanoma, forebrain and gliomas, testis, heart, 
kidney, limbal epithelium, gastrointestinal tract and prostate, as well as in several 
long-term tumor cell lines [122–135]. As an example, the existence of adult breast 
stem cells was experimentally shown by studies of X-chromosome inactivation, 
retroviral tagging, and transplantation studies [136–138]. During mammary gland 
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development, pregnancy, lactation and involution, tissue stem cells undergo a 
 differentiation process into functionally ductal-alveolar structures, whereupon the 
stem cell pool is reduced. The mammary gland in humans is composed of three 
lineages that generate the lobulo-alveolar structure: contractile myoepithelial cells 
forming the basal layer of ducts and alveoli, ductal epithelial cells lining the lumen 
of ducts, and alveolar epithelial cells initiating milk production [139]. More than 
90% of the adult mammary gland is composed of differentiated luminal and 
myoepithelial cells and only few cells occur with undifferentiated morphology, 
localized in the terminal end buds [133]. It is suggested that stem cells are partially 
located in the Terminal Ductal Lobulo-Alveolar Units (TDLUs) that are lined by a 
layer of luminal epithelial cells surrounded by a basal layer of myoepithelial cells. 
Interestingly, this area has been described as origin for more than 90% of all (luminal 
epithelial) breast cancers [140]. In 2003, the propagation of breast stem cells was 
achieved in vitro [141] and potential breast cancer stem cells were isolated and 
characterized from patients [142]. In 2005, candidate breast cancer stem cells were 
successfully propagated in vitro as well [143].

Stem cells have also been identified from acute myelogenous leukaemia (AML). 
They express similar cell surface molecules as normal hematopoietic stem cells and 
thus are thought to arise from normal stem cells [144]. In contrast, blast crisis 
chronic myelogenous leukemia (CML) seems to derive from a committed granulocyte-
macrophage progeny that may have undergone mutations and regained stem cell-like
features [144].

5.7 Candidate Cancer Stem Cell Markers

Cancer stem cells represent a very small percentage of highly malignant cells, prob-
ably less than 1% within the bulk of mature, differentiated tumor cells. Self-renewal 
and multipotency have been used as the “gold standard” assay to identify cancer 
stem cells. Overexpression of multi drug-resistance proteins in cancer stem cells 
and therefore their capability to efflux the fluorescent DNA-binding dyes Hoechst 
33342 or rhodamine 123 that can be monitored by flow cytometry, has been used 
as complementary approach to identify and enrich a candidate cancer stem cell 
population [145]. Proliferation assays with 5-Bromo-2-deoxy-uridine (BrdU) have 
also been used to detect the slowly dividing (cancer) stem cells that retain the label 
longer than the more rapidly cycling progeny and mature cells. Identification of 
surface markers is an important goal that will help their isolation and the study of 
their role in tumor development, cancer recurrence and tumor cell resistance to 
conventional cancer therapies. It is already clear that new therapies that can kill the 
mostly quiescent and drug-resistant tumor stem cells will need to be developed. One 
therapeutic approach that can be predicted to be successful is immunotherapy. As 
long as specific antigens are present on the cancer stem cell, the immune response 
can be directed against it and its efficiency should not depend on the proliferative 
state of the target cells.
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Tumor antigens have been studied to date exclusively on mature tumor cells. 
Their expression needs to be confirmed on cancer stem cells or new antigens need 
to be identified that are expressed on cancer stem cells. With the exception of 
MUC1, to date there is no information regarding the expression on cancer stem 
(like) cells of the many already known tumor antigens. The field has focused on 
identifying specific markers on these cells, some of which may very well in the 
future play a role of an antigen or a specific target. Several candidate (cancer) stem 
cell markers have been identified in hematologic and solid tumors. In several forms 
(M0, M1, M2, M4, M5) of human acute myeloid leukemias (AML) cancer stem 
cells were detected [146] based on their capacity to engraft in non-obese diabetic/
severe combined immunodeficiency (NOD-scid) mice, to reinitiate tumor develop-
ment in recipient animals throughout serial transplantation, and to reestablish tumor 
cell heterogeneity that suggested their self-renewal capacity and high potency. Only 
cells defined as CD34+ /CD38neg were able to induce AML in immunodeficient ani-
mals by serial transplantation, confirming self-renewal capacity [147]. Importantly, 
the CD34+ /CD38neg cells could differentiate into CD38+ /lineage+ cells and thus 
reproduce a population hierarchy seen in normal cell differentiation [148]. While the 
cancer stem cell population displays a similar cell surface marker profile CD34+ /
CD38neg/CD71−/HLA-DR− as the normal hematopoietic stem cells (HSC) [149], 
only AML stem cells are CD90−, CD117− and CD123+ , a surface pattern not 
described for normal HSC [146]. CD34+ /CD38neg stem cells were also successfully 
isolated from acute lymphoblastic leukaemia (ALL) patients carrying the BCR /ABL 
translocation and only these cells were able to engraft in the marrow of immunode-
ficient mice [146].

In brain tumors (glioblastomas and medullablastomas), cancer stem cells were 
characterized by the CD133+ /nestin+ phenotype [150]. Like in the case of AML 
stem cells, CD133 (Prominin) transmembrane glycoprotein and nestin, which 
belongs to the family of intermediary filaments, are also markers of normal neural 
[151] and normal prostate stem cells [152], as well as other non-stem cells in many 
tissues, like pancreas, kidney, liver, lung, heart and CD34 hematopoietic stem/pro-
genitor cells in adult and fetal bone marrow [152, 153].

Breast cancer stem cells have been defined by their capacity to efflux the DNA-
binding dye Hoechst 33342 by virtue of overexpression of ABCG2 drug resistance 
proteins. These Hoechst stain negative cells are a minor population in a tumor cell 
preparation and have thus been named “Side Population” or SP. The normal breast 
stem cell population is supposed to lack the epithelial membrane antigen (EMA) 
and CD10 (myoepithelial marker), but may be enriched in cells expressing cytok-
eratin 18, a luminal marker, and cytokeratin 14, a myoepithelial marker [154]. 
Normal breast stem cells can be estrogen receptor positive (ER) and cytokeratin 19 
positive, and might up-regulate other putative stem cell markers, e.g. the cell cycle 
regulator p21CIP / WAF1 and RNA-binding protein Musashi homolog 1 (Msi1), which 
is involved in asymmetric stem cell division [155]. Breast stem cells cultured as 
non-adherent mammospheres were shown to express CD49f (alpha 6 integrin), 
cytokeratin 5 and CD10, but only a few cells were positive for the epithelial specific
antigen (ESA) and cytokeratin 14 [141]. In 2003, candidate breast cancer stem cells 
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were reported to reside within a CD44+/CD24low/neg cell population, which was con-
firmed by in vivo tumor cell transplantation studies [131]. In 2005, in vitro propaga-
tion of CD44+/CD24low/neg/Oct-4+/connexin 43neg (Cx43) tumor-initiating breast 
cancer stem cells was reported [143]. However, a recently performed evaluation 
showed no correlation between the number of CD44+/CD24low/neg cells in primary 
breast cancer samples and breast tumor progression, tumor recurrence, and survival 
of these patients [156]. Thus definitive markers for breast cancer stem cells are still 
missing.

The situation is similar in prostate cancer. Stem cells account for approximately 
0.1% of the prostate tumor mass and display a CD44+/ α

2
β

1
hi/CD133+ phenotype. 

Only the CD133+ cells show capability for self-renewal and immortality in vitro.
Prostate cancer cells that do not express CD133, but are still CD44+ / α

2
β

1
hi are 

identified as transiently amplifying progeny. However, no correlation could be 
found between the number of CD44+ /α

2
β

1
hi/CD133+ cells and tumor grade [134]. 

In another study, the CD44+ cells were characterized as more tumorigenic, meta-
static and having higher mRNA levels of “stemness” genes [157]. CD44 glycopro-
tein is an adhesion molecule that is involved in cell signaling and occurs in multiple 
splice variants. Like the CD133 molecule, CD44 is also found on normal prostate 
stem cells as well as on mature tumor cells and normal tissues, thus its importance 
to cancer stem cell biology and function is still poorly understood.

5.8 The Stem Cell Niche as the Tumor Microenvironment

Normal adult tissue specific stem cells reside in a local microenvironment called 
“niche” [158]. Via adhesive molecules, cadherins and integrins, stem cells anchor 
in the basement membrane that separates niche cells from stem cells. Extracellular 
and intrinsic factors, e.g. cytokines, growth factors, neural inputs or physical stimuli, 
regulate self-renewal, cell division and daughter cell fate, proliferation, and 
migration of stem cells [159]. Secretion of certain growth factors, such as fibroblast 
growth factor (FGF), and mobilization of matrix molecules by niche cells stimu-
lates activity and growth of stem cells [121]. The niche cells also release growth 
inhibitory molecules, such as TGF-β, bone morphogenic proteins (BMPs) and cell 
cycle inhibitors to suppress stem cell differentiation [160], [161]. Vascular endothe-
lial cells may also provide external signals and growth factors. For normal tissue 
development the number of niches may vary in response to the developmental 
needs, e.g. the expansion of the stem cell pool or stromal cells after injury [162]. In 
addition, niches can modify their regulatory properties in response to stem cell 
activity [163]. Deregulation of the complex signaling pathways within the niche 
(cells) may lead to significant changes in stem cell number and stem cell fates, 
including remodeling the niche to favor malignant transformation. By the same 
token, malignant transformation of the stem cells can change completely their niche 
by affecting secretion of cytokines and growth factors through aberrant expression 
of cell surface molecules leading to uncontrolled cell signaling. Change in the 
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intensity and nature of infiltrating immune cells and release of inflammatory 
cytokines may contribute to further alteration of the niche and progression of the 
tumor to a more mature state [144].

5.9  Signaling Pathways that Control Cancer Stem 
Cell Function

Many important regulatory signaling pathways have been identified that contribute to 
stem cell survival and proliferation, malignant transformation as well as cell-cell and 
cell-matrix communication. For example, Wnt, a secreted highly hydrophobic signal-
ing molecule controls stem cell activity and daughter cell fate through regulation of 
β-catenin [164–166]. In the absence of Wnt signaling, phosphorylated β-catenin is 
degraded by a complex of adenomatous polyposis coli (APC), Axin and glycogen 
synthase kinase-3β proteins via the ubiquitin pathway. Abnormal activation of Wnt 
signaling and accumulation of nuclear β-catenin in cancer stem cells can lead to a 
continuous targeting of a large number of downstream genes, such as the proto-oncogene 
c-myc, which allows undefined expansion of stem cells through inhibition of p21cip−1/

WAF, a cell-cycle inhibitor [167], as well as their migration out of the niche and accu-
mulation of mutations that result in tumor progression [168, 169].

Another example is overexpression of membrane-associated ABC-transporters 
as regulators in stem and cancer stem cell survival. MDR1, the multidrug resistance 
P-glycoprotein (P-gp), also called ABCB1, was the first identified drug transporter 
that effluxes a wide range of diverse substrates [170]. Among the large family of 
ABC-transporters, the breast cancer resistance protein (BCRP or ABCG2) has been 
characterized as a novel stem cell-related transporter [171]. ABC transporters can 
also protect cells from apoptosis induced by a variety of factors, such as TNF-alpha 
or UV-irradiation, as well as modulate signal transduction pathways [170] that may 
have a key role in cancer stem cell survival. Bone morphogenetic proteins (BMPs) 
and Wnt signaling act synergistically in decisions about stem cell fate by restricting 
their activation, self-renewal and maintenance of their multipotency as shown dur-
ing neurogenesis on neural crest stem cells [172].

5.10  Cancer Stem Cell Antigens and the Tumor 
Microenvironment

As was discussed earlier for mature tumor cells, expression of certain tumor-associated
antigens on cancer stem cells can profoundly influence their microenvironment. 
Evidence is beginning to accumulate that some of the tumor antigens described on 
mature tumor cells are also present on cancer stem (like) cells. One of these antigens 
is MUC1. Because a lot is known about its immunoregulatory and oncogenic functions
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in mature tumor cells, we will present a hypothetical picture of its impact on the 
microenvironment of a cancer stem cell.

A tissue specific adult stem cell that has accumulated a significant number of 
oncogenic mutations over its long life might eventually turn malignant if it success-
fully passes through the many survival checkpoints. In comparison to normal stem 
cells that reside in their niche and depend on interactions with the surrounding 
stromal cells that regulate survival and stem cell divisions, a transformed stem cell 
becomes independent from the niche. During this process we suspect that the 
malignant stem cell will start expressing modified tumor forms of some self-antigens.
Overexpression of the tumor form of MUC1 could at that point serve to protect the 
cancer stem cell from apoptosis, increase its proliferation and perhaps signal dif-
ferentiation into tumor progenitor cells. At the same time, it will send a chemotactic 
signal to the cells of the innate immune system to survey the emerging tumor site, 
but also provide a supportive cytokine milieu for further growth of the nascent 
tumor. The host immune system eventually becomes aware of the changes in the 
cancer stem cell niche in part through the recognition of the modified self-antigens. 
In the very early stage of tumor growth, the local microenvironment is not yet 
tumor supportive and it is not immunogenic either. The immune system recognizes 
the tumor-induced changes in the self-molecules but this recognition is still below 
the threshold of full activation. During the time when a few cancer stem and pro-
genitor cells are tolerated by the immune system, they have the opportunity to 
shape their microenvironment to support their further growth. This includes promo-
tion of an immunosuppressive environment that will inhibit antitumor immunity 
once it is formed and arrives to the tumor site. Expression of MUC1, for example, 
can influence and manipulate cell signaling via phosphorylation of its C-terminal 
domain and thus stimulate gene transcription and influence uncontrolled cell pro-
liferation. Overexpression of phosphorylated MUC1 can compete with E-cadherin 
expressed by neighbouring cells, for binding to β-catenin and stimulating anchor-
age independent growth. The abundance of sialic acid moieties on tumor MUC1 
can mediate repulsion from a united cell structure and eventually help migration of 
the tumor cells. This is furthermore facilitated by the extended rigid structure of 
MUC1. MUC1 has been reported to compromise complement-dependent cytotoxicity
on mucin expressing tumor cells. When cells are coated with MUC1, complement 
is activated very far away from the cancer cell surface and thus, the membrane 
attack complex that forms pores in the cell membrane, can not be initiated or could 
not reach the cell membrane [173].

As stem cells convert to transient amplifying cells they become more and 
more independent from contact inhibitory growth and growth factors and turn more 
aggressive, eventually generating a heterogeneous mature tumor cell population 
that forms the tumor mass. Throughout this process, MUC1 expression is high and 
its glycosylation is low. This serves to attract immature DCs to the nascent tumor 
microenvironment. Immature DCs express various C-type lectin receptors that can 
bind and internalize MUC1. Immature DCs can also take up other tumor antigens 
through their active endocytosis. This would at first appear as a very beneficial 
process that could favor development of effective tumor immunosurveillance. 
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However, just the opposite may happen. In order to effectively present MUC1 and 
other tumor antigens to T cells, DCs need to fully mature into cells with high stimu-
latory capacity promoted by high levels of co-stimulatory molecules and cytokine 
production, preferably IL-12. This does not appear to happen after their interaction 
with tumor MUC1. Immature DCs attracted to the site on MUC1-expressing tumor 
cells mature into regulatory DCs that secrete high concentration of IL-10, but not 
IL-12, and express very low levels of co-stimulatory molecules [174, 175]. These 
DCs also produce proinflammatory cytokines IL-6 and TNF-alpha and promote 
generation of T cells that produce IL-13. IL-13 can have a dual function in the 
tumor microenvironment. On one hand it can suppress CTLs, and induces the gen-
eration of regulatory T cells, thus preventing effective immune surveillance of the 
tumor. On the other hand, it serves as a paracrine growth factor for tumor cells that 
express IL-13 receptor. Another important component of the tumor microenviron-
ment is represented by the stromal fibroblasts, which become activated and begin 
to secrete TGF-β and thus, further inhibit antitumor immunity. All of these events, 
in part driven by MUC1, are known to happen in the environment of a mature 
tumor. The likelihood is high that these processes also influence the cancer stem 
cell niche and are responsible for tumor development and/or recurrence.

5.11  Targeting Tumor Antigens to Change Tumor 
Microenvironment and Restore Immunosurveillance

Most of the events described above that happen in the tumor microenvironment are 
not observed if strong adaptive immunity exists against the aberrant forms of vari-
ous tumor antigens. In highlighting the good, Dr. Jekyll side of these antigens, we 
discussed evidence of low immunity against these antigens could prevent tumor 
outgrowth and lead to long-term protective antitumor memory responses. 
Vaccination directed against certain TAAs can induce strong immune response that 
may mediate clearance of existing cancer foci and moreover, might be protective 
against new malignant transformation starting from a cancer stem cell. The pres-
ence of strong adaptive immunity in the tumor microenvironment can restore the 
balance between the proinflammatory responses of innate immune cells, that can be 
immunosuppressive and tumor promoting, and antitumor effector cells such as 
activated macrophage, T cells, NK cells and their cytokines.

Strong antitumor effector responses can be induced through vaccination with 
specific antigens and should be expected to change the tumor microenvironment such 
that it no longer supports tumor growth. The problem has been, that vaccines have 
been administered in the therapeutic setting where the tumor microenvironment is 
already fully established, immunosuppressive and tumor growth supportive. Even 
when effective immunity is generated, the effector cells do not function well once they 
arrive at the tumor site. The potential solution to this problem is to try to alter the tumor 
microenvironment prior to the application of immunotherapy. This can be accomplished 
by delivery of certain cytokines and chemokines [176–178] as well as by depletion of 
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specific cell populations, such as Tregs [179]. Alternatively, induction of antitumor 
immune responses can be generated prophylactically in people at high risk for devel-
oping certain forms of cancer. These memory responses would get activated faster in 
response to early changes, such as new antigens on cancer stem cells and eliminate 
these cells before they have a chance to establish a tumor-promoting environment.

Abbreviations

ALL acute lymphoblastic leukaemia
AML acute myeloid leukemias
CEA carcinoembryonic antigen
CML chronic myelogenous leukemia
CTL cytotoxic T cells
DCs dendritic cell(s)
ERK1/2 extracellular signal-regulated kinase 1/2
FGFR3 fibroblast growth factor receptor 3
GM-CSF granulocyte macrophage colony stimulating factor
HLA human leukocyte antigen
HSC hematopoietic stem cells
ICAM intercellular adhesion molecule 1
IL interleucin
M-CSF macrophage colony stimulating factor
MHC major histocompatibility complex
MUC1 mucin1
NOD/scid non-obese diabetic/severe combined immunodeficiency
ROS reactive oxygen species
SEREX serological expression cloning
SP side Population
TAA tumor Associated Antigen(s)
TF Thomsen-Friedenreich antigen
TGF-ß transforming growth factor ß
Th1 T helper cells type I
Treg regulatory CD4+/CD25+/ FOXP3+ T cells
VEGF vascular endothelial growth factor
VNTR variable number of tandem repeats
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Chapter 6
Tumor Cell Resistance to Apoptosis 
by Infiltrating Cytotoxic Lymphocytes

Benjamin Bonavida

Abstract Cancer patients have been treated with conventional chemotherapy, 
radiation, and hormonal therapy with significant clinical responses. However, 
patients develop resistance and they no longer respond to the above therapies. 
Immunotherapy has been considered as an alternative approach to overcome 
resistance and several antibody-mediated new cell-mediated therapies have been 
introduced and yielded significant clinical responses. The development of cell 
mediated antitumor cytotoxic immunotherapy has also advanced significantly 
with the design of numerous strategies to generate a specific antitumor cytotoxic 
response. However, the clinical response with cytotoxic immunotherapy remains 
poor and several proposed mechanisms have been suggested for the poor response. 
One mechanism that received little attention is the development of tumor cell resist-
ance to cytotoxic stimuli, including both antibody-mediated and cell- mediated. 
The resistance, inherent or acquired, primarily results from the dysregulation 
of apoptotic pathways in the tumor cells and thus rendering them refractory to 
apoptotic stimuli including chemotherapy, radiation, and immunotherapy. The 
development of cross-resistance to apoptosis may play an important role in the 
poor clinical response observed in patients with a strong cytotoxic immune system. 
The molecular understanding of immune resistance identified many targets whose 
modifications by selective sensitizing agents reversed resistance. Such sensitiz-
ing agents included low concentrations of chemotherapeutic drugs, chemical and 
pharmacological inhibitors of survival pathways, anti-receptor antibodies, siRNA, 
cytokines, etc. Such sensitizing agents when used in combination with immuno-
therapy reversed immune resistance. In addition, the tumor microenvironment is 
regulated by infiltrating cells and the secretion of several factors that regulate tumor 
cell sensitivity to killing. Agents that can interfere with these factors should potenti-
ate the reversal of immune resistance.
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6.1 Introduction

From the early development of chemotherapeutic drugs and their application in the 
treatment of cancer significant advances have resulted on the underlying molecular 
mechanisms of their mode of cytotoxic action and the biology of cancer diseases. 
Although treatment with chemotherapeutic drugs resulted in significant clinical 
responses and overall survival, there remains the problem of the development and/
or acquisition of tumor resistance to chemotherapy [1]. The failure to eradicate 
resistant tumors to conventional therapeutics has led to the introduction of immu-
notherapy. In practice, tumor immunotherapy is an ideal therapeutic approach 
because it offers several advantages over chemotherapy including low organ toxic-
ity and high tumor selectivity. In immunotherapy, cytotoxic cells are derived from 
the host’s own immune system such as lymphokine-activated killer (LAK) cells 
and interleukin 2 (IL-2)-activated tumor infiltrating lymphocytes (TIL) [2]. Also, 
based on the principle that most tumors have the capacity to trigger an immune 
response, immunotherapy can be used for the selective and specific recognition of 
tumor targets by the generation of specific antitumor cytotoxic T-cell responses [3]. 
There is a prevalent dogma that immunotherapeutic strategies under investigation 
can conquer chemoresistant tumors and assume that immunotherapy attacks tumor 
cells by different mechanisms of action than those achieved by chemotherapeutic 
drugs and may not be subjected to the same mechanisms underlying drug resist-
ance. Despite the proposed advantages over chemotherapy, immunotherapy today 
fails to deliver a significant curative rate. Initially, immunotherapy or T-cell based 
immunotherapeutic approaches (e.g. LAK and TIL) have generated a great deal of 
excitement when they were shown to be effective in certain transplantable tumors 
in mice [4]. Subsequent studies with the LAK or TIL systems in clinical trials in 
patients with advanced diseases failed to demonstrate a significant clinical response 
rate [5]. Further, studies with cytokine gene transfer into tumor targets and pulsing 
CTLs with specific tumor peptides (that is tumor vaccines) still proved to be unsuc-
cessful in long term cures as well [6,7]. Clearly, T-cell based immunotherapy has 
its own limitations. The lack of significant positive response by immunotherapy 
against drug resistant tumor cells suggests that the mere manipulation of the 
immune system may be not sufficient to restore a positive antitumor killing. Other 
aspects such as tumor manipulation of neo-antigens, MHC-1, suppressive factors, 
etc. might be involved in the failure to respond to immunotherapy. However, one 
aspect that has not been seriously considered is the tumor cell sensitivity to killing 
by cytotoxic lymphocytes and the development of resistance to killing by the cyto-
toxic lymphocytes. It is unclear if drug resistant tumors are initially sensitive to 
killing mediated by cytotoxic lymphocytes. It is possible that the poor effectiveness 
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of immunotherapy is that, although immune cells could recognize chemoresistant 
tumors, chemoresistant tumors are also equally resistant to immune-mediated 
killing mechanisms. It follows that chemoresistant tumors are also equally resistant 
to immune-mediated killing mechanisms. Thus, the success of immunotherapy will 
ultimately be dictated by both the presence of antitumor CTLs and the sensitivity 
of tumor targets to the killing mediated by these cells. In addition, tumor chemore-
sistance may reflect an important part of the general tumor resistant mechanism to 
a common cytotoxic pathway mediated by various stimuli, namely apoptosis or 
programmed cell death, and such resistant scheme to a central cytotoxic pathway 
may also render the cells resistant to immune-mediated killing [8]. The definition 
of cross-resistance actually could go beyond the multi-drug resistance phenomena 
and encompasses other cytotoxic stimuli including the cytotoxic immune cells. 
Therefore, the ultimate goal for a successful antitumor therapy, be with chemother-
apy, radiation, or immunotherapy is to overcome cross-resistance for the ultimate 
induction of apoptosis. Many physiological and external stimuli can induce apop-
tosis in susceptible cells including both chemotherapeutic drugs and host activated 
immune cells. However, not all tumor cells are intrinsically sensitive to apoptosis 
and most malignant cells develop resistance to apoptosis by dysregulating the 
apoptotic pathways that are triggered by drugs and immune cells. With the premise 
that chemoresistant tumors develop general mechanisms of resistance to apoptosis-
mediated stimuli, our hypothesis and reported studies put forth are that for an effective
antitumor therapeutic strategy it is essential to utilize complimentary pro-apoptotic 
signals to overcome tumor resistance to immune-mediated apoptosis.

6.2  Apoptosis as a Cytotoxic Mechanism Induced 
by Cytotoxic Lymphocytes

Apoptosis or programmed cell death plays an important role in the induction 
of tumor cell death [9]. Dysregulation of this process may lead to pathological 
diseases such as cancer and autoimmune diseases [10]. The molecular machinery 
for executing apoptosis is inherently in place in most cells including tumor cells but 
it is only triggered with the proper stimulus. There are two major cytotoxic mecha-
nisms by which cytotoxic lymphocytes induce apoptosis, namely, the granule 
exocytosis pathway mediated by perforin and granzymes and the death receptor 
signaling pathways, which involve the TNF-related ligand family of proteins 
(FasL, TNFa, TRAIL) reviewed by [11]. The induction of the granule/exocytosis 
pathway requires direct lymphocytes to tumor cell contact and TCR/MHC engage-
ment and recognition in order to initiate the release of cytotoxic granules containing 
perforin, granzymes and other cytotoxic constituents. Granzymes trigger apoptosis 
by either activating a caspase-dependent central apoptotic pathway or cleaving 
directly some of the substrates that are also cleaved by caspases. Perforin, however, 
induces necrotic cell death by causing membrane damage. The TNF apoptosis-
inducing ligand members trigger death receptor-mediated apoptosis in tumor cells 
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upon cross-linking with their death receptors on the cell surface reviewed by [12]. 
These ligands can also induce apoptosis in the appropriate aggregated soluble 
forms. Although the granule exocytosis pathway was originally considered the 
primary killing mechanism against tumor cells, a number of studies suggest that 
death receptor-mediated apotosis is an important mechanism of tumor cell killing 
by cytotoxic lymphocytes [13, 14]. Two major apoptotic signaling pathways have 
been recognized. One is mediated from the death receptors (extrinsic or type 1) and 
the other originates from the activation of the mitochondrial release of cytochrome 
c and other molecules see review by [15]. Central to both apoptotic pathways is the 
activation of caspases required for the induction of the final apoptotic phenotype. 
The death receptor pathway can also divert its signal through the mitochondrial 
pathway in some cases [16].

6.3  Inhibition of Apoptosis as a Mechanism 
of Cross Resistance

Many cancer cells are initially sensitive to drug/radiation/hormonal-mediated apop-
tosis. However, resistant variants and relapses result in cancer cells that are also 
resistant to apoptosis-induced by internal cellular cues. Such tumors also become 
cross-resistant to chemotherapy and immunotherapy. Numerous reports have 
demonstrated that resistance to chemotherapeutic drugs and immunocytotoxics 
are related since they induce apoptosis using a similar caspase-dependent pathway 
[17, 18]. A hierarchical pattern of tumor resistance to various apoptotic stimuli was 
documented previously using various cell lines [19, 20].

6.4 Mechanisms of Resistance to Cytotoxic Immune Cells

6.4.1 Extrinsic

CTL-mediated specific immunotherapy against tumor cells could be expected to 
kill all tumor cells expressing the appropriate tumor-specific associated antigens 
that come in contact with CTL, as long as the antigen induces significant and long 
lasting immune responses. Most if not all of the tumor cells express MHC/peptide 
complexes at sufficient levels to be recognized by CTL and the majority of tumor 
cells are sensitive to CTL. Infiltrate of cytotoxic lymphocytes in the tumor micro-
environment is not indicative of an ongoing antitumor response and is not an indi-
cation of a favorable response. Tumor cells have developed several strategies to 
resist killing by cytotoxic immune lymphocytes. Resistance to preforin/granzyme-
mediated cytotoxicity/apoptosis by tumor cells has been reported in several studies. 
For instance, [21] have reported that human leukemic cells were resistant to 
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NK-mediated cytotoxicity due to the failure of perforin to bind on the cell surface 
membrane of the tumor cells. Tumor cells may also be deficient in the mannose-6 
phosphate receptor that binds and internalizes granzyme B and cell lines deficient 
in the receptor may be resistant to CTL-mediated DNA fragmentation [22].

6.4.2 Intrinsic

Tumor cells can acquire various intrinsic mechanisms to avoid killing by cytotoxic 
lymphocytes. For example, tumor cells may express serine protease inhibitors 
(Serpin/PI-9) that can irreversibly prevent granzyme-B-induced cell death as it has 
been determined both in vitro and in vivo [23, 24]. The expression level of death 
receptors establishes the initial stage of immune-mediated apoptosis. In the Fas 
system various resistance mechanisms that negatively regulate the initiation of 
death signal from the Fas receptor include overexpression of the receptor with 
mutations of the death domain region, loss of Fas expression and alternative 
splicing of the Fas receptor mRNA that generates a secreted soluble Fas [25–27]. 
Similarly, in the TRAIL receptor system, the overexpression of decoy receptors 
(DcR1 and DcR2), lacking the functional intracellular signaling domain or loss/
mutation of the agonist receptors (DR4 and DR5) contribute to resistance to 
TRAIL- induced apoptosis [12].

Tumor cells undergo morphological changes and alterations in the cytoskeleton, 
leading to resistance to cytotoxic mechanisms [28]. In a recent study, [29] reported 
on the analysis of a CTL-derived resistant tumor cell variants and identified two 
gene products, namely ephrin-A1 and scuderi, that were overexpressed in the vari-
ants and regulated resistance to CTL-induced cytotoxicity. However, the exact role 
of each is not yet clear.

The tumor suppressor p53 acts as a stress sensor transcription factor that protects 
cells from DNA damage, oncogene activation, radiation, and chemotherapeutic 
drugs. p53 activates the transcription of genes involved in cell cycle arrest, DNA 
repair and apoptosis [30]. The activation of wild-type p53 leads to cell growth 
arrest and apoptosis. Most tumor cells express a mutated p53 and some cancers are 
deficient in p53 and thus, the vital function of wild-type p53 is compromised. 
Inactivation of p53 was shown to contribute negatively to chemotherapy drug-
induced apoptosis [31]. The potential role of p53 in regulating cell-induced cyto-
toxicity is illustrated with resistance to Fas ligand [32].

Tumor cells develop several mechanisms to dysregulate the apoptotic pathways 
by modulating gene products involved, such as overexpression of anti-apoptotic 
gene products, underexpression of apoptotic gene products, mutations and dele-
tions of gene products, etc. Examples of such gene modifications will be discussed 
below in the section of sensitization of immune resistant tumors. Since the tumors 
acquire resistance to cytotoxic cell-mediated killing, intervention by sensitizing 
agents, whose actions are to alter the dysregulated apoptotic gene products, should 
lead to sensitivity of the tumor to killing by cytotoxic cells.
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6.5  Sensitization of Resistant Tumor Cells to Cytotoxic 
Lymphocytes/Factors-mediated Apoptosis

The modulation of the apoptotic pathways to reverse immune resistance presents a 
unique opportunity to improve the outcome of current anticancer treatment strategies.
Even though immunotherapy has not been successful in killing tumor cells, due to 
the profound tumor immuneresistance to apoptosis, immunosensitizing agents that 
modulate signaling molecules involved in the immune-mediated apoptosis may 
enhance tumor killing and improve the efficacy of immunotherapy. Sensitizing 
agents of various kinds have been reported to sensitize tumor cells to death-ligand 
apoptosis such as chemotherapeutic drugs, pharmacologic inhibitors of survival 
pathways, cytokines, nitric oxide donors, specific inhibitors (chemicals or siRNA) 
of anti-apoptotic gene products, anti-receptor antibodies, etc. The description of 
these various sensitizing agents and their mechanisms of actions are outside the 
scope of this review. However, representative sensitizing agents that have been used 
by us will be briefly described below.

6.5.1 Chemosensitizing Drugs as Immunosensitizing Agents

Even though most advanced malignant tumor cells are resistant to chemotherapeutic 
drugs and cytotoxic immune cells, in many instances, low levels of the same or 
different drugs could sensitize resistant tumor cells to immune-mediated apoptosis 
[33–36]. Sensitization by chemotherapeutic drugs has also been documented in 
cells that express the drug efflux pump, p-glycoprotein [37]. These observations 
suggest that the sensitizing property of chemotherapeutic drugs may be distinct 
from their direct apoptosis-inducing effect. Several proposed mechanisms of 
immunosensitization have been reported, including transcriptional upregulation of 
pro-apoptotic proteins and downregulation of anti-apoptotic proteins [38]. The 
protein expression activity of signaling molecules and regulatory proteins involved 
in both the receptor-mediated proteins and the mitochondrial pathways have been 
suggested to be modulated by the drugs (see schematic diagram in Fig. 6.1). Other 
possible mechanisms for immunosensitization, such as post translational modifica-
tion and protein translocation, have also been suggested [39]. Other molecular 
mechanisms of immunosensitization by chemotherapeutic drugs have also been 
examined and include the following: 1) Upregulation of death receptors. The 
expression level of death receptors establishes the initial stage for the control 
of immune-mediated apoptosis. Treatment of certain tumor cells with subtoxic 
concentrations of chemotherapeutic drugs (e.g. CDDP, ADR, VP16, 5FU, 
Camptothecin) upregulates the expression of death receptors (Fas, DR4, DR5) 
while other alternatively spliced variants for soluble receptors or decoy receptors 
remain unaltered [40–42]. The upregualtion of Fas and DR5 by chemotherapeutic 
drugs appears to be mediated by a p53-independent mechanism [43]. Recent studies 
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examined the molecular mechanism by which death receptors are dysregulated and 
the findings revealed that the death receptors are negatively transcribed by the tran-
scription factor Yin Yang 1 (YY1) and its inhibition by chemotherapeutic drugs or 
by YY1 siRNA sensitized the tumor cells to death ligand-induced apoptosis [36, 44].

6.5.1.1 Upregulation of FADD and Apaf-1 Adaptor Proteins

Following receptor trimerization, the recruitment of FADD protein to intracellular 
death domains of the death receptor to form DISC is required for initiation of cas-
pase activation. The inability to activate the initiator caspase-8 has been proven to 
be involved in resistance [45]. Upregulation of FADD in drug-mediated sensitiza-
tion has been reported in several tumor systems [46, 47]. Apaf-1 is the necessary 
link for mediating the mitochondrial apoptotic pathway [48]. Apaf-1 is upregulated 
by several chemotherapeutic drugs and sensitizes drugs to death ligands [37].

6.5.1.2 Downregulation of FLIP

FLIP (flice-inhibitory proteins) acts as a dominant negative for caspase-8 and 
inhibits the death receptor signaling by association with procaspase-8 in the DISC 

Immune Resistance 

Tumor Cell

Sensitizing Agent

Immune Sensitivity

Apoptotic Survival Pathways

Antibody
Cytotoxic Cells

Fig. 6.1 Tumor Cells Resistance to Killing by Immunotherapy. Schematic diagram illustrating 
that tumor cells fail to respond to the cytotoxic activity of either antibody or cytotoxic cells. 
Immune resistance to cytotoxic stimuli by the tumor cells results from multiple mechanisms 
including hyperactivation of cell survival/anti-apoptotic pathways as well as by dysregulation of 
gene products that regulate the apoptotic pathways. Intervention by sensitizing agents that can 
modulate these various anti-apoptotic mechanisms can reverse immune resistance to an immune 
sensitive phenotype
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and prevents the recruitment and activation of caspase-8. Chemotherapeutic drugs 
sensitize immunoresistant tumor cells by downregulation of FLIP [38, 49].

6.5.1.3 Upregulation of Procaspases

Conventional chemotherapeutic drugs (e.g. etoposide, cisplatin, doxorubiricin and 
mitomycin) could sensitize tumor cells by selective induction of procaspases-8, 3 
and 2 [46, 50]. The drug adriamycin increases the expression of caspase-9 in the 
drug resistant myeloma cells and sensitizes cells to TRAIL-induced apoptosis [37].

6.5.1.4 Regulation of Bcl-2 Family Proteins

The release of cytochrome c from the mitochondria into the cytoplasm is a crucial and 
decisive event in the induction of apoptosis [51]. Chemotherapeutic drugs induce the 
proapoptotic member, Bax via a p53-dependent transcription mechanism [52]. The 
upregulation of Bax and deregulation of Bcl-xL induced by chemotherapeutic drugs are 
associated with immunosensitization to death receptor-mediated apoptosis [33, 34].

IAP families of proteins (inhibitors of apoptosis) are a group of anti-apoptotic 
proteins that function by directly inhibiting certain caspases. The expression of 
IAP proteins inhibits the execution phase of death receptors-mediated apoptosis 
in the resistant tumor as they bind and inhibit the active forms of caspase-3 [53] 
and also bind to caspases-7 and 9 [54]. Several members of IAP proteins have 
been identified. Overexpressions of IAP proteins have been shown in a variety of 
chemoresistant tumors. Subtoxic levels of chemotherapeutic drugs have been 
shown to reduce the activity of IAP family proteins in several tumor cell systems 
[47, 55, 56].

The above examples have revealed that subtoxic concentrations of chemothera-
peutic drugs can elicit a variety of regulatory signals at multiple levels of the 
 apoptotic process. These differ from the direct apoptotic effects induced by drugs. 
Hence, certain chemotherapeutic drugs can sensitize resistant cancer cells to 
immune-mediated apoptosis by selectively downregulating anti-apoptotic proteins 
or upregulating pro-apoptotic proteins involved in the apoptotic pathways.

6.5.2 Nitric Oxide (NO) Donors as Immunosensitizing Agents

The discovery of NO donors as immunosensitizing agents was inadvertently found 
by examining the mechanism underlying the regulation of Fas expression by 
interferon-g and sensitization of Fas ligand resistant tumors to Fas ligand-induced 
apoptosis. Treatment with interferon-g induced the expression of NOSII and treat-
ment with NO donors mimicked interferon-g. Hence, we hypothesized that NO may 
inhibit a transcription repressor that regulates Fas transcription and resulting in 
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upregulation of Fas and sensitization to Fas ligand-induced apoptosis. We have 
found that YY1 negatively regulates Fas transcription and that NO inhibits YY1 
DNA-binding activity [44, 57, 58]. Further, we demonstrated that NO modified 
YY1 into an S-nitrosylated form that inhibited its DNA-binding activity [59]. 
Further studies identified a YY1-DNA binding activity in the silencer region of the 
Fas promoter [44]. Subsequent studies revealed that YY1 also regulates the tran-
scription of the TRAIL-receptor DR5 and inhibition of YY1 by NO or siRNA 
upregulates DR5 and sensitized the tumor cells to TRAIL-induced apoptosis [36]. 
The role of NO donors as sensitizing agents for immunotherapy of cancer is an 
attractive approach provided that NO levels are appropriate for sensitization. 
Further, NO administration can also affect angiogenesis. Further details on the role 
of NO and cancer have been recently reviewed [60].

6.5.3 Antibody-mediated Immunosensitization

Antibodies directed against cell surface receptors on tumor cells have been recently 
used in the treatment of several cancers and autoimmune diseases. In cancer, such 
studies have been suggested to mediate the in vivo activities via ADCC, CDC and 
sometimes apoptosis. However, the antibody-mediated cell triggering and conse-
quences on tumor cell viability and resistance have not been explored. We have initi-
ated studies with rituximab (chimeric anti-human CD20 monoclonal antbody) 
approved by the FDA for the treatment of B-NHL and more recently for rheumatoid 
arthritis. Our initial findings demonstrated that rituximab treatment of B-NHL cell 
lines sensitize the cells to apoptosis by various chemotherapeutic drugs. The molec-
ular mechanism of chemosensitization was examined and demonstrated rituximab-
mediated inhibition of several survival anti-apoptotic pathways leading to inhibition 
of the anti-apoptotic gene products Bcl-2/Bcl-xL. These studies have been recently 
reviewed [61]. We have also explored the role of rituximab in sensitizing tumor cells 
to TNF-a family members (e.g. Fas ligand and TRAIL) as potential novel therapeu-
tics to overcome resistance. Our findings revealed, for the first time, that rituximab 
sensitizes drugs/Fas ligand/TRAIL-resistant B-NHL cells to Fas ligand and TRAIL-
induced apoptosis. Immunosensitization was the result of rituximab-mediated inhi-
bition of NF-kB activity and inhibition of the transcription repressor YY1 as its 
inhibition by rituximab upregulated Fas and DR5 expression and sensitized cells to 
death-receptor apoptosis [57, 58, 60]. The above findings are mainly representative 
of other antibodies that may also mediate sensitization of resistant tumor cells.

6.5.4 Pharmacologic Inhibitors

Tumor cell resistance to cytotoxic immunotherapy results from multiple mecha-
nisms as described above, namely, the development of resistance to apoptosis-
inducing stimuli. The hyperactivation of survival pathways and overexpression of 
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anti-apoptotic gene products regulate, in large part, immunoresistance [62]. Hence, 
interference with these anti-apoptotic survival pathways by pharmacological inhibi-
tors targeting gene products in these pathways should inhibit synthesis and 
 transcription of anti-apoptotic gene products and, hence, could sensitize the cells to 
various apoptotic stimuli. Several studies have been performed with a large number 
of pharmacologic and proteasome inhibitors which resulted in the sensitization to 
death ligand-induced apoptosis. Representative findings will illustrate their appli-
cations as immunosensitizing agents. For instance, the NF-kB inhibitors Bay11-
7085 and DHMEQ have been shown to sensitize tumor cells to Fas ligand-induced 
apoptosis through inhibition of the transcription repressor YY1, that is under the 
regulation of NF-kB [57]. Likewise, inhibitors of the p38 MAPK pathways, such 
as PP2, SB203580, also resulted in the inhibition of NF-kB and YY1 and sensitized 
tumor cells to Fas ligand-induced apoptosis [58]. Similar findings achieved for Fas 
ligand were also obtained for sensitizing tumor cells to TRAIL-induced apoptosis 
through upregulation of DR5 [36]. In addition, proteasome inhibitors such as 
Bortezomib and NPI 0052 were also found to sensitize tumor cells to both Fas lig-
and and TRAIL-induced apoptosis [63–66]. A recent study has addressed the role 
of the tumor microenvironment in the regulation of tumor cells sensitivity to 
TRAIL. Resistance to TRAIL might have been due to hypoxia [known to induce 
the upregulation of the hypoxy-inducing factor- 1a(HIF- 1a)] and this inhibits 
TRAIL-induced apoptosis [67, 68].

6.6  Influence of the Tumor Microenvironment 
on the Development of Tumor Cell Resistance 
to Cytotoxic Therapy

Several potential mechanisms have been outlined above that regulate tumor cell 
resistance to cytotoxic immunotherapy. In addition, several approaches have been 
outlined above to reverse resistance. Also, in addition to tumor cell development of 
resistance outside the environment, the tumor microenvironment can influence and 
drive into the selection of tumor cell resistance to cytotoxic immunotherapy. 
Therefore, the tumor microenvironment might be considered, as well, in its ability 
to reverse the resistance and the selection of appropriate sensitizing agents that 
need to be used. Below, several factors have been reported to contribute to tumor 
cell immune resistance. Noteworthy, a recent study by [69] demonstrated that mes-
othelioma cell lines grown in vitro as monolayers were sensitive to TRAIL in com-
bination with cyclohexamide. However, patient’s mesothelionma grown as 
spheroids in vitro were resistant to the same treatment. These spheroids contained, 
in addition to tumor cells, malignant cells and tumor extracellular matrix. This 
exemplifies the influence of the microenvironment on the response to TRAIL. In a 
recent review by [70], they describe the role of several factors in the tumor micro-
environment that influence tumor cell immunosensitivity to TRAIL. Such factors 
include fibroblasts as source of growth factor, angiogenesis, and extravasation of 
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cytotoxic lymphocytes. Fibroblasts secrete many growth factors (e.g. IGF, MMPs, 
EGF, etc.) that play a role in cancer [71]. Stroma cells secrete osteoprotegerin 
(OPG), a soluble decoy receptor for TRAIL, and may block TRAIL activity [72]. 
Tumor fibroblasts co-cultured can degrade type-1 collagen via MMP secretion [73]. 
The tumor microenvironment is abundant of pro-inflammatory growth factors and 
cytokines such as IFN-g and IL-8. For example IL-8 can inhibit tumor cell sensitiv-
ity to TRAIL [74]. IL-8 reduces DR4 significantly and prevents caspase activation.
Matrix metalloproteinases constitute a multi-gene family of over 25 secreted and 
cell surface enzymes that are mainly produced by non-malignant stroma cells and 
are involved in tumor growth invasion and metastasis [75]. MMP inhibitors or RNA 
interference resulted in caspase activation and DNA fragmentation [76]. Tissue 
inhibitors of MMPs have been shown to sensitize tumor cells to TRAIL apoptosis 
[77]. These findings identify several targets for intervention.

6.7 Therapeutic Implications

It is important to consider not only the sensitivity of the tumor cells, but also the 
potential of factors inhered in the complex microenvironment that impacts the sen-
sitivity of the tumor as a whole. Combination therapies that target the tumor cells 
(sensitizing agents) as well as the microenvironment may be used. For instance, one 
may consider the use of MMPs inhibitors, and find ways for better delivery of the 
drug through vasodilation of the tumor vasculator by liposomal drug delivery and 
nanoparticles [78]. It has been reported that human leukemic cells from patients can 
develop resistance to perforin-mediated cytotoxicity due to impaired binding of per-
forin on the surface of tumor cells [21]. Otten et al. [79] have studied perforin and 
Fas ligand resistance in lymphoid and myeloid types of leukemia. Perforin resist-
ance was demonstrated in some leukemic cells from some patients with AML and 
more pronounced resistance in leukemic cells from patients with CML. In vitro,
leukemic cells were more susceptible to killing by perforin than by anti-Fas. The 
mechanism of resistance to anti-Fas was reported to involve lack of expression of 
Fas, secretion of soluble Fas to block Fas ligand and low Bax/Bcl-2 ratio [80–82].

6.8 Concluding Remarks

Immunotherapy in the treatment of cancer has made major strides during the last 
decade. For instance, antibody-mediated immunotherapy has been applied since 
1997 when the first FDA approved monoclonal antibody for cancer treatment, 
rituximab, was used to treat patients with B-NHL. Many other monoclonal antibod-
ies directed against cell surface tumor associated antigens were developed and 
many of those are currently being used for the treatment of several tumor types with 
significant success. In addition to antibody-mediated immunotherapy, several strat-
egies have been developed to generate antitumor cell-mediated cytotoxic cells with 
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great success. However, the clinical response in the presence of a significant 
 antitumor cytotoxic response still remains very poor. Several underlying mecha-
nisms have been proposed for the poor clinical response including tumor cell modi-
fication and secretion of suppressor factors as well as the tumor microenvironment 
that participates in preventing killer cells to either interact and/or kill corresponding 
tumor cells. An important mechanism that has come to the attention of investigators 
deal with tumor cell development of mechanisms to resist killing by both cytotoxic 
cells and antibody-mediated cytotoxicity. Such mechanisms of immune resistance 
may account for the poor correlation between the presence of antitumor cytotoxic 
antibody or effector cells and the poor clinical response. Tumor cell development 
of resistance to killing is an important mechanism for tumor escape from immune 
surveillance. Several representative mechanisms have been described in this review 
which illustrate how tumor cells can resist killing by cytotoxic immunotherapeutic 
approaches. A better understanding of the molecular, biochemical, and genetic 
mechanisms that regulate immune resistance should provide a better understanding 
as well as develop novel approaches for therapeutic interventions to reverse resist-
ance. Studies have demonstrated that interference with resistant factors in the tumor 
cells by a variety of sensitizing agents can reverse immune resistance. Such studies 
suggest that reversal of immune resistance may occur by combination treatment of 
immunosensitizing agents and immunotherapy. Thus, it may be possible in the 
presence of antitumor cytotoxic immunotherapy that the combination treatment in 
patients with sensitizing agents should alter the tumor resistant phenotype of the 
tumor cells and the patients can respond successfully to immunotherapy. In addi-
tion, the tumor microenvironment should not be neglected, as other factors in the 
microenvironment may still prevent cell killing due to blocking factors or factors 
that act on the cytotoxic lymphocytes. Here again one has to devise novel interven-
tion approaches to counteract these factors. Hence, we may face novel combina-
tions of therapeutic approaches that are complex and multi-targeted, namely 
sensitizing agents on the tumor cells, agents that potentiate the interaction of cyto-
toxic cells with tumor cells in the microenvironment and agents that potentiate and 
activate the cytotoxic cells.
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Abstract Since the discovery in cancer patients of tumor infiltrating and circulat-
ing lymphocytes that can recognize and kill autologous cancer cells, research have 
been perplexed by the paradoxical coexistence in the same organism of effector 
immune responses and their targets. This observation suggests that while the afferent 
arm of the immune response can properly exert its cognitive functions, the efferent arm
displays insufficient effector activity.

Two main categories of explanations may be hypothesized: either the immune 
system of cancer patients is systemically hampered by cancer-specific immune tol-
erance or a general status of immune suppression, or the cross talk between tumor 
and immune cells is modulated by adaptive changes of tumor cells that may escape 
recognition by masking or loosing the target antigens, by providing insufficient co-
stimulation for T cell activation or producing immune-modulatory factors.

In this chapter, we will present and discuss the present understanding of the relationship 
between immune and cancer cells in the context of the tumor microenvironment. Far from 
presenting a comprehensive explanation, our goal is to offer an update of the current status 
and foster interest in the pursue of studies directed at the ex vivo analysis of human samples 
that may spark the identification of novel hypotheses in the frame of human reality.

Keywords Tumor microenvironment, inflammation, immune rejection

7.1 Introduction

The modern view of immunology suggests that the immune system can recognize 
potential antigens independent of self non-self discrimination if they are presented 
in association with sufficient co-stimulatory signals as those that occur in special 
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pathophysiological conditions such as pathogen infection, autoimmune reactions 
and presence of allogeneic tissues [1]. Thus, it may be suggested that allograft 
rejection may not only reflect the presence of non-self antigens on the surface of 
heterologous cells but other conditions may contribute to immune-mediated rejec-
tion. Those conditions may be similar to those necessary for immune-mediated 
tissue-specific destruction in other circumstances in which self non-self discrimina-
tion is not pertinent such as acute flares of auto-immunity when self molecules are 
target of immune effector cells. Astride between the inevitable allo-recognition of 
transplanted organs in the absence of immune suppression and the occasional self-
recognition when autoimmunity occurs, is the variable response of immune cells to 
pathogen invasion. In this case, although pathogens represent non-self entities, the 
response to the immune system may vary broadly from rapid clearance of the 
offending organism during an acute infectious event to a chronic reaction that per-
petuates in some cases for the lifetime of the affected organism as in the case of 
chronic hepatitis C virus (HCV) infection [2].

The immune response to cancer sits in between the chronic course of unresolving 
infections and the persistence of mild autoimmune diseases. In particular, some cancer 
such as melanoma display a natural tendency to elicit recognition of autologous 
non-mutated tumor antigens [3] and prime systemic immune responses [4] that, 
however, are most often insufficient to eradicate the disease. Thus, like in the case of 
HCV infection, recognition of the antigen is not sufficient and a lingering chronic inflam-
matory status persists indefinitely wedding indefinitely the pathogen with its host. An 
overview of various types of immune pathologies, suggests that acute inflammation is 
necessary for destruction of the pathogenic process whether with beneficial (clearance 
of pathogen, rejection of cancer) or detrimental (allograft rejection, autoimmunity) 
results [5]. Thus, inflammatory processes are ultimately required to activate immune 
effector cells within the target tissue. We have recently proposed that, independently 
of the triggering events associated with different immune pathologies, such acute acti-
vation of immune effectors follows a common final pathway to which we referred to 
as the immunological constant of rejection [5]. If insufficient pro-inflammatory signals 
are produced by the pathogenic process, a lingering immune response persists that self 
perpetuates without eliminating the pathogenic stimulus. This is the most frequent 
occurrence in cancer. As we will discuss later, the literature has increasingly produced 
extensive information about immunological or broader biological reasons to explain 
the frequent incompetence of the immune response toward cancer. Here, we will dis-
cuss briefly such mechanism but in the end we will try consider those cases in which 
tumors are rejected in autologous settings in humans to try to understand how immune 
manipulation seems to overcome regulatory mechanisms physiologically present in all 
individuals or induced by the cancer-bearing status.

Before addressing the potentials of antitumor immune responses, it is worth 
addressing the conflicting perception of the role of the immune response (also 
referred to as inflammation) in cancer. In fact, the role played by the immune-system 
in modulating cancer growth and/or its rejection remains perplexing and a matter of 
active debate. Several investigators propose that immune responses that generate a 
chronic inflammatory status foster cancer growth [5–11]. For instance, chronic viral 
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and bacterial infections may contribute to more than 1 million cases of infection-
related malignancies per year [12, 13]. Two among many interesting examples of 
virally-induced carcinogenesis are Epstein-Barr virus (EBV) latent infections and 
chronic HCV. While the former may have direct oncogenic properties intrinsic to the 
complex biology of this DNA virus, HCV induced hepato-cellular carcinoma is most 
likely and predominantly induced by the continuous destruction and remodeling of 
liver tissue induced by chronic HCV infection [14, 15]. Latent EBV infection can 
induce two types of neoplastic processes: in immunosuppressed individuals, EBV 
induces lymphoproliferative disorders that are effectively eliminated by withdrawal 
of immune suppression [16]. In addition, complete regression of post-transplant 
lymphoproliferative disorders can be mediated by adoptive transfer of Human 
Leukocyte Antigen (HLA)-matched EBV-specific cytotoxic T cells (CTL) [17–19] 
and prophylactic administration of CTL can prevent their insurgence [20]. This 
observation suggests that in conditions, in which the latent EBV infection is not 
associated with a known chronic inflammatory process affecting a specific organ, 
viruses can promote oncogenesis directly but the neoplastic process is kept in check 
by a competent immune system through adaptive responses. It is presently unknown 
what biological characteristic of EBV-infected cells can sustain a competent immune 
response in non-immune suppressed hosts. This information is of extreme interest 
because lack of lymphoproliferative disease in immune competent hosts represents 
a most outstanding human model of anti-cancer immune surveillance.

In contrast, EBV-associated tumors such as Burkitt’s lymphoma, Hodgkin’s dis-
ease and nasopharyngeal cancer occur in immune competent individuals and display 
a restricted expression of EBV proteins [21] which may explain the reduced effec-
tiveness of adoptively transferred EBV specific CTL [21–23]. Thus, the same virus, 
acting as a potent oncogene, may induce various types of cancers whose insurgence 
is predicated upon the immune status of the host. In the latter case, however, it can 
be postulated that a combination of oncogenic properties of the virus and a chronic 
inflammatory process induced by the latent infection or other factors affecting the 
upper airways may be together responsible for the insurgence of the neoplasia. In 
particular, since there is no evidence that patients with nasopharyngeal carcinoma 
have dramatically perturbed immune function, it seems that in such cases, the 
virally-transformed cells may have acquired novel immune-regulatory properties 
that facilitate their escape from immune recognition as suggested by experimental 
animal models [24]. Alternatively, these EBV-associated cancers may lack the 
appropriate co-stimulatory properties displayed by EBV-infected B cells.

To the extreme, HCV-induced hepatocellular carcinoma is probably associated 
with the remodeling and inflammation that characterizes the progression of this 
cancer from a liver damaged by chronic inflammation and cirrhosis. In fact, a simi-
lar disease arises in livers damaged by other chronic conditions such as alcoholic 
hepatitis or in association with severe hemochromatosis [25]. Hepatocellular carci-
noma stands, therefore, as a salient example of a neoplastic process fostered by 
chronic inflammation independently of its primary cause. This information clearly 
suggests that chronic inflammatory processes and the immune cells that mediate 
them favor cancer growth.
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While it is clear that the lingering immune responses associated with chronic inflam-
mation foster the growth of several human cancers [5, 11], it is also apparent that in some 
favorable circumstances activation of the same immune responses can provoke cancer 
regression in humans providing evidence that tumors can be recognized and rejected by 
a properly activated immune system [5]. Treatment of metastatic melanoma is a proto-
type model of the potential immune responsiveness of human cancers [26–28]. One of 
the peculiarities of this cancer is that it is naturally immunogenic eliciting autologous 
immune responses against endogenous, non-mutated self-proteins [29, 30]. In this case, 
a particularly immunogenic micro-environment may be conducive to the induction of a 
cancer-specific autoimmune response directed against non-mutated self molecules. 
Possibly, other solid tumors that lack these immune properties are less likely to respond 
to immune manipulation [31]. Yet, in either case, in the absence of immune stimulation, 
tumors incrementally grow irrespectively of their potential immune responsiveness sug-
gesting that additional immune stimulation is necessary to complement the naturally 
occurring immune responses. It is also not clear whether adaptive immune responses (the 
immune responses that are acquired throughout life after exposure to a given antigen) of 
the kind frequently observed in the context of melanoma are causative in promoting can-
cer rejection in humans or represent an epiphenomenon resulting from the intrinsic 
immunogenicity of melanoma; renal cell cancer is not as efficient in inducing the kind 
of antigen-specific immune responses observable in melanoma; yet, this cancer is as 
likely to regress in response to systemic interleukin-2 administration [32, 33]. In addition, 
recent experimental evidence suggests that the innate immune response that includes 
effector mechanisms present in each individual impendent of previous antigen exposure 
may play a prominent role in cancer rejection [34].

A major contribution to the understanding of the complex relationship between 
melanoma (as a prototype immune responsive cancer model) and its host was the 
identification and characterization of tumor antigen-specific CD8+ and CD4+ T cells 
within melanoma metastases [35]. If these tumor antigen-specific immune cells are 
consistently produced by the host and they can reach the tumor site, why is the 
rejection of cancer such a rare event [36]? Obviously the simple presence of 
antigen-specific T cells in not sufficient to induce rejection as illustrated by experi-
mental models in which immune responses foster rather than hamper cancer growth 
[7, 13, 37] and evidence in humans that chronic infection of bacterial [38] or viral 
origin [39–42], or other pro-inflammatory stimuli promote cancer growth [43]. Two 
categories of reasons may explain why effector immune mechanisms cannot con-
trol tumor growth: a systemic insufficiency of the immune response (due to immune 
tolerance and immune suppression), or an insufficiency within the tumor that may 
be induced by unfavorable conditions within the tumor microenvironment and may 
include tumor escape mechanisms [44, 45] or simply lack of sufficient co-stimula-
tory properties of cancer tissues [46, 5, 31]. In this review, we will focus on the lat-
ter hypothesis referring the reader to other manuscripts discussing the role of 
systemic immune deficiencies in tumor bearing hosts [47, 48]. In particular, we will 
discuss the possible role that various components of the immune system may play 
within the tumor micro-environment and how their cross talk with cancer or other 
by-stander cells may modulate their function.



7 The Tumor Microenvironment as a Model for Tissue-Specific Rejection 143

7.1.1 Innate Immunity and Inflammation

Chronic inflammation fosters tumor growth [7, 10, 13]; many components typical of an 
inflammatory status are commonly observed at the tumor site including immune cells 
(leukocytes or macrophages) and soluble factors (cytokines and chemokines). It has 
long been known that the presence of tumor associated macrophages is correlated with 
poor prognosis. Several molecular pathways (i.e. CD68) associated with leukocytes and 
macrophage infiltration and activation have been described that provide some mecha-
nistic insight about this role of macrophages [49]. Tumor necrosis factor, interleukin-1 
and the chemokine CCL-2 (a macrophage attractant) also have been shown to favor 
tumor growth and metastasis. However, the simple observation of a cellular population 
within the tumor microenvironment without information about its functional status may 
be misleading. For instance, macrophages display a particular level of plasticity and 
heterogenicity [50–53] and according to the composition of the external environment 
can assume M1 or M2 phenotype. Classically activated M1 macrophages are induced 
by IFN-γ alone or in concert with microbial stimuli or cytokines. M1 macrophages have 
potent pro-inflammatory properties and can elicit recruitment and activation of effective 
adaptive immune responses within the tumor microenvironment [45]. A tumor micro-
environment enriched with IL-4 and IL-13 may induce an alternative form of 
macrophage referred to as M2 [51]. M2 macrophages promote chronic inflammation, 
tissue repair and angiogenesis and lack immune stimulatory properties. M2 macrophages 
can also be induced by the presence of immune complexes, IL-10, glucocorticoid or 
secosteroid hormones [52]. M2 macrophages are also able to induce a slow and persistent 
chronic inflammation [10] that promotes tumor proliferation and progression [54], 
stromal deposition and remodelling, stimulates angiogenesis [55, 56] lymphang-
iogenesis, and disorients or inhibits adaptive immunity [57]. At the tumor site 
macrophages tend to assume the M2 phenotype, where they promote tumor progression 
and remodelling [58] and can have immune-regulatory function [52]. However, their 
phenotype can be changed according to the surrounding immune environment and we 
have argued that the predominant mechanism of tumor rejection during systemic 
therapy with interleukin-2 or local immune stimulation with Toll-like receptor (TLR)-7 
agonists is a direct activation of M2 type of macrophages into fully potent antigen 
presenting cells capable of producing chemoattractant for T and B cells and sustaining 
their activation and proliferation at the tumor site [45, 59–61].

7.1.2 Dendritic Cells

Dendritic cells (DC) represent another face of macrophage physiology and possibly 
are the end product of their activation after antigen loading through the phagocytic 
properties of non activated M2 type cells. Physiologically, DCs are believed to play 
a central role as modulators of immune function. In their immature state, DC can 
present self antigens to T lymphocytes inducing tolerance; as they mature in the 
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presence of strong pro-inflammatory stimuli such as TLR stimulation [62] as it may 
occur during pathogen infection, they effectively present foreign antigens through 
human leukocyte antigen (HLA) class I and class II molecules to activate effector 
and helper T cell mechanisms. DCs are able to activate effector T, B, NK and NKT 
cells [63], but also T regulatory/suppressor (Treg) cells [64]. Occasionally, tumors 
are infiltrated by mature DCs that contrary to macrophages seem to participate in 
cancer rejection by activating adoptive immune responses. However, it has been 
reported that often mature DCs are segregated at the periphery of tumor masses, 
while the prevalent phenotype within the tumor environment consists of immature 
DC. This observation suggests that cancer cells can re-direct the differentiation of 
DCs in order to escape immune rejection. For example, by producing VEGF cancer 
cells interfere with DCs maturation [65]. Melanoma cells can secrete IL-10 and 
breast cancer IL-6, that in turn lead to tolerogenic DCs promoting monocyte differ-
entiation toward macrophages rather than DCs [66, 67]. Moreover, breast cancer 
cells can secrete MUC-1, a glycoprotein that provokes incorrect antigen processing 
and presentation [68]. It should be pointed out that although these mechanisms may 
be responsible for an indolent immune responses within the tumor microenviron-
ment that do not cause irreversible differentiation of antigen presenting cells that 
can be reactivated through immune manipulation such as the systemic administra-
tion of recombinant interleukin-2 [59, 60].

Recently a new DC subset was described in mice, called IKDC (4849, 4850). 
These engulf characteristics of NK cells, plasmacytoid DC (similar to both DC and 
B cells) and normal DC. Like NK cells, active IKDCs can kill cells lacking MHC 
molecules; like plasmacytoid DC they can secrete IFN-γ; and like conventional DC 
they can process and present antigens in order to activate T cells. IKDC has been 
proposed as important mediators of tumor surveillance: in a mouse model they are 
able to induce rejection of tumors poorly recognized by NK cells, by secreting high 
levels of IFN-γ and mediate TRAIL-dependent lysis of tumor cells [69]. The exist-
ence of the subpopulation of DC remains to be confirmed in humans. While it is 
likely that DCs may play various roles in the tumor microenvironment in natural 
conditions or in response to immunotherapy, controversy exists about their value as 
antigen presenting adjuvants during vaccine trials as discrepant outcomes have 
been reported [70–73]. However, such discussion is beyond the purposes of this 
review since it refers to a specific role played by DC’s in inducing systemic immune 
responses through the afferent loop of immune responses, while the focus of this 
article is the role of various immune cells and their cross talk within the target 
organ: the tumor microenvironment [31].

7.1.3 NK Cells

Natural killer (NK) cells are involved in the innate immune-response against 
tumors and virally-infected cells. NK cells kill target cells both through perforin/
granzyme secretion and through Fas ligand and TRAIL induced apoptosis. NK 
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cells also produce cytokines that modulate T cell function [74]. Tumor cells typi-
cally lose or downregulate HLA expression in order to escape T cell recognition 
[44]. This characteristic makes them susceptible to NK-mediate lysis. NK cells can 
recognize HLA class I molecules through the inhibitory Killer immunoglobulin-
like receptors (KIR): cells that express an abnormally low number of HLA class I 
molecules on their surface cannot activate the suppressor mechanisms modulated 
by the KIR and, consequently, NK cells can exert cytotoxic and other effector func-
tions against autologous cells (the “missing self’ hypothesis). NK cells activity is, 
however, modulated by other stimulatory receptors like some KIR missing the 
immune modulatory intracellular domain [75], 2B4 and NKG2D. Ligands identi-
fied for these receptors include CD48 for 2B4 [76], MHC class I chain related 
(MIC) molecules [77] and UL16-binding proteins (ULBP1, ULBP2, ULBP3 and 
ULBP4) [78, 79]. CD48 is a membrane-bound protein ubiquitously expressed on 
hematopoietic cells [80], whereas MIC and ULBP have a restricted tissue distribu-
tion and are preferentially induced by viral and bacterial infections as well as 
malignant transformation of cells [81]. Nevertheless, clinically the loss of HLA is 
normally associated with poor prognosis, indicating that NK cells are not able to 
substitute efficiently T cell response at the tumor site in natural conditions and in 
the absence of therapeutically-induced immune stimulation. This could be 
explained by the lack of co-stimulatory signals on tumor cell surface [82]. These 
findings in conjunction with those of the inhibitory ligand/receptor system support 
the notion that NK cell activity is regulated by a balance between inhibitory and 
activating signals and shifting of this balance is largely dependent on the ligand 
availability on target cells while the role of microenvironment stimuli has been less 
well characterized. Recently, we studied the early transcriptional events induced by 
the TLR-7 agonist imiquimod applied topically to basal cell carcinomas. This treat-
ment eliminates these cancerous lesions in about 90% of the times. Among the 
most significantly activated transcripts, we identified several genes associated with 
powerful activation of NK cell as well as CD8 T cell function [61]. These findings 
were corroborated by the documentation by immunohistochemistry of an increased 
number of CD56 and CD8 expressing cells in regressing lesions during treatment 
compared with the placebo control-treated lesions. Similar findings have recently 
been reported by Torres et al. [83] following the effects of topical treatment of 
actinic keratosis with imiquimod. Thus, although in natural conditions NK cells 
may not be sufficient in number or sufficiently activated to induce tumor regress, 
given appropriate activatory stimuli they appear to actively participate in tumor 
destruction.

7.1.4 T Cells

The identification of tumor infiltrating lymphocytes (TIL) that can be expanded 
from melanoma metastases in the presence of the T cell growth factor interleukin-2 
and that can recognize autologous and HLA-matched tumor cells but normal cells 
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strongly supports the notion that the immune system can naturally mount cellular 
adaptive immune responses against cancer [3]. This characterization, however, trig-
gers the paradoxical and yet un-explained observation of a balanced co-existence 
of tumor antigen-specific T cells with their target is a progressively growing tumor 
mass [45]. The identification and characterization of tumor-associated antigens, 
subsequently allowed a higher resolution to the study of the interactions between T 
cell and tumor cells adding an accurately-defined molecular dimension to the study 
of tumor host interactions [84]. In addition, when these antigens were used for 
active specific immunization a consistent enhancement of circulating tumor 
antigen-specific T cells cold be documented that could recognize specifically 
autologous and/or appropriately HLA matched tumor cells [85–88]. In addition, ex 
vivo comparisons of fine needle aspirates obtained from melanoma metastases 
before and after immunization strongly supported the notion that tumor-antigen 
specific T cells do localize at tumor site [89] and recognize tumor cells [90], yet 
localization and recognition are not sufficient for tumor regression.

The identification of TA recognized by CD8+ cytolytic T lymphocytes (CTL) 
enabled the development of TA-specific assays such as fluorescent tetrameric HLA/
epitope complexes (tHLA) to monitor TA-specific T cell in complex populations 
[91]. Ex vivo characterization of tHLA-binding circulating vaccine-induced CD8+ 
T cells portrayed a quiescent phenotype that can recognize HLA-matched tumor 
targets by producing interferon-γ but they cannot kill the same targets unless they 
were activated in vitro by exposure to antigen recall and exogenous interleukin-2 
[46]. This phenotype may explain why the dramatically enhanced number of tumor 
recognizing CD8+ T cells induced by immunization does not correspond to tumor 
regression suggesting that a second activatory stimulus should be applied to CD8+ 
T cells at the receiving within the tumor microenvironment which is naturally inert 
[31, 36].

Similarly to vaccine-induced tumor-specific CD8+ T cells, TIL isolated from 
biopsies and expanded in vitro in the presence of IL-2 maintain specificity and ability
to produce IFN-γ after TA stimulation and regain the ability to kill target tumor 
cells [45]. However, like immunization-induced T cells that reach the tumor site, it 
is possible that TIL do not exert sufficient effector function at the tumor site. 
Interestingly, Cesana et al. [92] observed that patients with metastatic melanoma or 
renal cell carcinoma are burdened by a higher number of T regulatory (suppressor, 
Treg) cells compared with normal non tumor-bearing individuals. Their number 
increases during treatment with interleukin-2 and remains elevated in patients with 
disease progression, while their levels return to those observed in non tumor-bearing
individuals within 4 weeks in patients experiences objective clinical response. 
The presence of Treg cells in the circulation might be paralleled by their enhanced 
presence at the tumor site which may result in a direct down-modulation of T cell 
effector functions. Experimental models suggest that Treg cells can infiltrate 
tumors [93, 94–97] where they are potent inhibitors of T cell function [98]. Treg 
cells could be recruited at the tumor site both by tumor-associated macrophages 
trough TGF-β release and by cancer cells expressing COX-2 [99]. Accumulation of 
tumor Treg cells predicts poor survival in individuals with ovarian carcinoma [94], 
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breast and pancreatic cancer [100]. Alternatively, Treg cells may indirectly affect 
the tumor microenvironment by altering the function of T cell at the systemic level. 
Interestingly, polymorphisms in genes involved in immune response [101] may 
mediate different responses to IL-2 in individual patients [101] and, in the case of 
Treg cells a polymorphism in the chemokine receptor-5 (CCR5) may be responsible 
for the different response to interleukin-2 therapy in cancer patients [92].

It has also been suggested that TIL undergo exhaustion because of the continu-
ous chronic stimulation (the relationship between CTL and cancer cells is near 
1:10) by cancer cells that occurs in an inappropriate co-stimulatory environment 
that does not foster their expansion in situ. Secretion by tumor or tumor-infiltrating 
normal cells of soluble factors such as VEGF, IL-10 of TGF-β could also hamper 
T cell activation and proliferation [102]. In a murine model of lymphocytic chori-
omeningitis virus (LCMV), Barber et al. [103] observed that PD-1 (programmed 
death 1; also known as Pdcd1) was selectively upregulated in exhausted T cells, and 
that in vivo administration of antibodies that blocked the interaction of this inhibi-
tory receptor with its ligand, PD-L1 (also known as B7-H1), restored T-cell 
responses. This could be very important if we consider the status of chronic inflam-
mation induced by tumors in human, and open an encouraging perspective in the 
study of ligands expressed on target cells that can regulate CTL activity and in the 
possible application in cancer immunotherapy.

The role of helper T (Th) cells has been recently re-evaluated in modulating 
cancer rejection. Two predominant Th cell subtypes exist, Th1 and Th2. Th1 cells, 
characterized by secretion of IFN-γ and TNF-α, are primarily responsible for acti-
vating and regulating the development and persistence of CD8+ T cells and sustain 
their effector function. In addition, Th1 cells activate antigen-presenting cells 
(APC) and promote the production of antibodies that can enhance the uptake of 
antigens shed from infected or tumor cells by APC. Th2 cells favor a predominantly 
humoral response and limit the extent of cellular effector mechanisms. Occasionally, 
Th1 cells can kill tumor cells by direct recognition of MHC class II expressing 
cancer cells and exerting cytotoxic functions through perforin/granzyme secretion 
[104]. Moreover, Th1 cells can induce apoptosis of cancer cells through Fas/Fas 
ligand interaction [105] or activating death signal through the TNF-related apopto-
sis-inducing ligand (TRAIL) [106].

The role played by T cells in controlling of cancer growth has been well docu-
mented in experimental models [107]. However, their relevance in human tumors 
has been only recently documented; Pages et al. [108] observed a correlation 
between the presence of memory T cells and longer disease-free and overall sur-
vival of patients with colorectal cancer. Indeed, some propose to add histopatho-
logical information about T cell and other immune infiltrates as a staging parameter 
in colon cancer [109–111,112].

Our experience derived from direct human observation in real-time of human 
cancers in natural conditions or under treatment with immune stimulatory agents 
[5, 59, 61, 113] that lack of tumor regression in most cases represent the normal 
physiological condition that prevents the onset of autoimmune disease in most normal 
individuals; in addition, studies performed in human are likely to overestimated the 
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significance of regulatory mechanisms within the tumor microenvironment. The 
study of tumors that are growing in patients represents a very peculiar time point in 
which the host and the cancer have stricken a balance that progressively favors tumor 
growth; other balances would simply not be seen because they would result in clear-
ance of tumor cells. It would be probably more appropriate to add a temporal dimen-
sion to the study of the tumor microenvironment particularly in conditions in which 
the balance between the host immune system its cancer may be altered by immune 
intervention [114]. In that case, a very dynamic reality appears that in many instances 
recapitulates the molecular events observable during other immune phenomena 
characterized by acute inflammation. Our studies strongly emphasize that tolerance 
of tumors by immune mechanisms can be reversed if appropriate stimulation is pro-
vided within the tumor microenvironment [31].

7.1.5 Tumor Cells

It should be recognized that tumor cells sit at the center of the immune biology of 
cancer and they are likely to be directly or indirectly involved in orchestrating the 
nature and characteristics of the environment in which they are growing. Tumor cells 
can cunningly produce molecules that improve their growth, survival and migration 
potential and at the same time may suppress unwanted immune-responses. As proposed 
by others [115], tumors can be characterized by seven hallmarks: self sufficiency in 
growth signals, insensitivity to anti-growth signals, evasion of apoptosis, limitless 
replicative potential, sustained angiogenesis and tissue invasion and metastasis, and 
avoidance of immune-surveillance. All these processes involve molecules that affect 
the immune response, like IL-4 and 10 (inducing Th-2 differentiation), IL-6 that 
suppresses inflammation, TGF-β that inhibits T cells proliferation and antigen pres-
entation and NK cytotoxicity and activate Treg cells. Obviously, things are not as 
simple as represented in fabricated experimental models. For instance, we have noted 
that IL-10 expression at the transcriptional and protein level is a positive predictor of 
immune responsiveness [116, 117]. This observation parallels pre-clinical experi-
mental models in which the systemic or local effects of IL-10 are against tumor 
growth [60]. We hypothesized that while IL-10 may hamper immune responsiveness 
in the steady state biology of naturally growing tumors, they may precondition APC 
[60] and or NK cells [117] to become powerful immune stimulators and effectors 
during immune therapy. Although tumor cells may alter immune responses by presenting 
a mechanical barrier composed of infiltrating stroma [118] that may preventing efficient 
T cell priming and expansion [119], they may also express factors like the tumor-
necrosis factor superfamily member LIGHT that can that induce massive naive T 
lymphocytes infiltration associated with upregulation of both chemokine production 
and expression of adhesion molecules [120]. Overall, the direct study of the human 
tumor microenvironment as a predictor of immune responsiveness has not been suffi-
ciently explored although tools are available for such studies [114]. We observed 
studying a limited number of melanoma metastases that those likely to respond to 
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immunotherapy consisting of the systemic administration of interleukin-2 display 
immunological signatures different from those unlikely to respond to therapy even 
before the treatment is administered [113]. In particular, metastases that respond to 
therapy are characterized by a chronic inflammatory state that does not appear to be 
sufficient to induce spontaneous tumor regression but facilitates the activation of an 
acute inflammatory state under systemic immune stimulation [45]. This notion is also 
supported by the finding that melanomas with better prognosis display transcriptional 
signatures suggesting of enhanced immunological activity [121]. Similarly, renal cell 
carcinomas likely to respond to immunotherapy with systemic interleukin-2 display 
before treatment high level of expression of carbonic anhydrase IX [122] at the 
transcriptional and protein level which is, in turn, associated with signatures of immune 
activation [123].

In summary, we believe that tumor cells are the major orchestrators of immune 
responsiveness. Melanoma and renal cell carcinomas, which are characterized by 
enhanced immune responsiveness, display a particular immune environment 
reflected by tissue-restricted signatures suggesting of enhanced immune activation 
[124]. The biology of these immune responsive tumors cannot induce spontaneous 
tumor regression in most cases; however, it fosters micro environmental conditions 
conducive to the acute inflammatory process necessary for the successful activation 
of immune effector mechanisms [5] if appropriate stimulation is provided and future 
clinical studies should investigate systemic and local strategies aimed at the activa-
tion of the efferent arm of the immune response within the target organ [31].
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Chapter 8
Functional Cytotoxicity of T Cells in the Tumor 
Microenvironment

Michal Lotem, Arthur Machlenkin, Shoshana Frankenburg, 
and Tamar Peretz

Abstract Cytotoxic T cells (CTLs) take a central part in tumor cell destruction. 
Initially, naïve CD8+ T cells are primed by antigen presenting cells in lymphoid tissue 
or, alternatively, by antigen processing tumor cells at the tumor microenvironment. The 
contact region of CTLs with antigen bearing cells, the immune synapse, consists of 
clusters of T cell receptors and adhesion molecules with reorientation of the cytoskel-
eton to direct secretion of cytotoxic molecules to a specific location. Membrane frag-
ments carrying surface peptide-MHC complexes are captured by tumor responsive 
CTLs. The incorporation of tumor membrane exposes CTLs to fratricide killing, or 
turns them to secondary APCs. Activated CTLs release cytotoxins including perforin 
and Granzyme B, which activate several pathways leading to apoptosis and target cell 
death. Membrane bound proteins of the tumor necrosis factor receptor family induce 
cell damage, and do not necessitate perforin activation. Interferon-g is an important 
cytokine secreted by activated CTLs essential for tumor regression through its paracrine 
effect on other immune cells and generation of inflammation.

With the advent of gene transfer to T lymphocytes, the major goal in the future will 
be to increase the tumor destructive properties of CTLs and amplify immune response.

Keywords Cytotoxic T Cells; trogocytosis; functional cytotoxicity

8.1 Introduction

The ultimate purpose of all immunotherapeutic strategies is tumor cell destruction.
The road to this goal involves the generation of immune effector cells that will carry 
out the task. CD8+ cytotoxic T cells (CTL) are the critical effector cells of adaptive 
immunity that actually destroy tumors. CTLs are equipped with specializing cellu-
lar mechanisms and molecules that cast cell damage. Models in mice and in humans 
show that tumors are susceptible to T cell killing and that T cells effectively destroy 
their targets [1, 2]. Following encounter with tumors or tumor  vaccines, large 
 numbers of tumor antigen-specific CTLs can clearly be generated [3]. But yet, 
expanded CTL clones only rarely mediate tumor regression [4, 5].
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Many mechanisms were explored that inhibit tumor rejection. Strategies 
employed by the tumor induce suppression through immunoinhibitory cytokines, 
impairment of antigen presentation [6, 7] and activation of negative costimulatory 
signals [8]. CTLA4 competes with CD28 on co-stimulatory ligands and block T cell 
activation [9]. Tolerizing effects can be generated by immature dendritic cells and 
alternative antigen presenting cells (APCs) such as tumor-associated macrophages 
[10, 11]. Regulatory effector cells including CD4+ CD25+ T cells and CD4+ natural 
killer T cells inhibit immune response [12, 13]. In addition to these active, negative 
regulatory mechanisms, improper localization of antitumor T cells and their death 
following activation lead to abrogation of antitumor immunity [14].

The larger volume of literature focuses on factors that hinder anti-cancer immunity 
while the potential efficacy of the immune response is deduced from non-tumoral 
models, many of them based on viral diseases, where success is easier to achieve. The 
current review will focus on mechanisms which mediate tumor destruction or hold 
the potential to exert this effect in the arena of the tumor microenvironment.

8.2  Early Events: Antigen Presentation, CTL Activation 
and Migration

Tumor cell components are digested by immature dendritic cells (DC) at the tumor site, 
followed by migration of DC to lymphoid tissues while processing the digested debris. 
Antigen presentation in conjunction with MHC class I and class II, and initial priming of 
T cells happens in the lymphoid tissue [15–17]. During their transfer from tumor to 
lymph nodes (LN), dendritic cells mature and express costimulatory molecules that sup-
port the transition of antigen-inexperienced naïve T cells into activated cells. Among 
these, ligation of CD28 by co-stimulatory molecules B7.1 and B7.2 is required for clonal 
expansion and proliferation of naïve T cells [18]. Once activated, other ligands, including 
CD40L and 4–1BB, are over-expressed, and pair with their counterparts on APC to sus-
tain the development of a CTL response [19]. In the absence of co stimulation, TCR 
binding to its peptide will fail to activate the cell and lead to a state of anergy [20].

Tumor cells create an unfavorable milieu for DC activation. Production of pros-
taglandinE2 by tumors induces over expression of indoleamine 2,3-dioxygenase 
(IDO) protein in DC and significant expression of cell-surface and soluble CD25 
protein [21]. As a consequence, T-cell proliferation and clonal expansion are sig-
nificantly inhibited [22]. Supplying the host with DC from an external source can 
initiate an antitumor response, but the tolerizing environment created by the tumor 
will still exert a suppressive effects on T cells [23].

Presentation of tumor antigen is not the mandate of antigen presenting cells only. 
Cancer cells can present antigens independently. Intact processing machinery and 
antigen presentation in the MHC class I context is often preserved [24]. There is no 
need for APC to cross-present digested tumor to evoke CD8+ T cell responses. 
Direct contact with the tumor suffices [25]. Loss of MHC expression by tumor cells 
occurs, and impacts the course of disease [26], but is not the rule. If the barrier 
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created by the tumor stroma is overcome, naïve T cells can directly be primed at the 
tumor site [27, 28]. Tumor stromal cells are capable of taking up tumor components 
and cross presenting them on MHC class II molecules, resulting in tumor destruction 
via damage to its stroma [29]. T cells themselves may acquire antigen presentation 
capacities through acquisition of peptide-MHC complexes (pMHC) from APCs and 
tumor, as will be described below. Intriguingly, such T-APCs can stimulate 
Ag-specific CD8+ central memory T cells, and elicit antitumor immunity [30].

Prior to recruitment into the tumor, naïve CTLs migrate from peripheral blood to lymph 
nodes, where they constantly scan APCs for surface peptides. Only one naïve T cell in 104

to 106 is likely to be specific for a particular antigen [31]. Upon encounter with APCs pre-
senting their cognate epitope, naïve CTL stop their scanning path for several days. This 
period is necessary for the lymphocytes to proliferate and transform to armed effectors.

Activated CTLs leave the lymphoid tissue and home to the tumor. The organ of 
antigen acquisition by APC influences the final destination of T cell trafficking. For 
example, through specific expression of ligands and chemokine receptors, T cells 
imprinted in peripheral lymph nodes migrate to the skin [32], and T cells encoun-
tering antigen presented by intestinal DC migrate to the intestine [33]. An inflam-
matory milieu may enhance T cell homing through vasodilation and upregulation 
of adhesion molecules and selectins [32, 34].

Once a contact is made, higher levels of CD2 and LFA-1 will enhance CTL 
capacity to firmly adhere to the tumor cell, and develop strong engagement – the 
immune synapse – that potentially result in tumor death.

8.3 The Immune Synapse

The term “immune synapse” (IS) was adopted from neuron physiology to represent 
a reciprocal attachment-activation-secretion system of intercellular communication 
occurring at specialized sites, between an immune effector cell and its target coun-
terpart [35, 36]. The concept of immune synapse and its original definition are 
based on APC-lymphocyte interactions. In the broader context, IS may be gener-
ated by any specialized cell:cell interaction. CD4 and CD8 T cells, NK cells and B 
cells create immune synapses with antigen presenting cells, tumor targets, and with 
each other [37–42].

DC:T cell interaction and the subsequent transition of naïve CD8+ T cells into 
effector CTLs are but two steps towards the final goal which is target cell damage. 
It is surprising that little data has been provided thus far on the course of CTLs in 
peripheral tissues and their physical interaction with tumor cells, considering that 
this is their primary function. Due to paucity of information, the description of the 
IS is derived from models established with CTL:APC interactions. However, it is 
likely that these interactions follow a similar pattern when they occur between 
CTLs and tumor target, as will be described below.

In essence, IS refers to the redistribution of TCRs, their pMHC and co-receptors, 
with a reorientation of the cytoskeleton that polarizes and focuses release of effector 
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molecules at the site of contact [37, 39, 40]. The immunological synapse serves 
 several functions: (1) it increases T cell sensitivity to small amounts of antigen 
 presented on the cell surface; (2) a stable attachment is created between the reacting 
cells; (3) effector molecules are directed and secreted to a specific site where their 
function is required; (4) the IS generates its own regulation and down-tuning.

Kupfer et al. [41] delineated the conformation of supramolecular activation clus-
ters (SMAC) between APC and B cells, and later with T cells, in which CD4, LFA-1, 
IL-4, talin, and protein kinase C participate [41, 43]. A central domain of TCR cluster 
was defined as cSMAC, and a peripheral adhesive ring, enriched for the integrin 
LFA-1, as pSMAC [40, 44]. In addition to the TCR, cSMAC contains accessory 
molecules such as CD2 and CD28. These molecular clustering sites bring together 
ligands and receptors, thus increasing the likelihood of T cell activation. Stable bind-
ing at the IS creates tight, close contact between the interacting cells and is contrib-
uted by chemokines expressed on APCs. Chemokines are a group of highly charged 
small molecules easily adsorbed onto the cell surface. The increased adhesiveness of 
chemokine-expressing APCs facilitates binding of T cell receptors to their ligands 
most dominantly ICAM-1 [45]. This may be a first antigen independent step, that 
leads to an increased probability of TCR-pMHC encounter, and to enhanced T cell 
responsiveness to APC-generated peptides [46, 47]. Tumor cells may employ a 
similar mechanism. It was demonstrate that CD8+ T cells are directly activated by 
tumor cells depending on ICAM-1/LFA-1 interaction, as a CD80/CD86-CD28 
independent costimulation [27]. Conversely, TCR triggering by pMHC results in 
denser display of LFA-1 and consequently stronger adhesion of T cell to APC [48]. 
As a result, both agonistic and “nule” peptides (peptides that bind to the MHC but do 
not activate TCR) binding to MHC lead to molecular clustering at the IS [49].

The reverse effect of chemokines, chemo-repulsion, was also shown, demonstrated 
in mice for CXCL12 expressed on tumor and its receptor CXCR4 on T cells [50].

The prime event that leads to the formation of IS is TCR recognition of its rele-
vant peptide [44]. Using direct visualization, Davis et al. [51] found that a single 
pMHC complex was sufficient to arrest a CTL near an APC, to stimulate minimal 
calcium flux, and to induce transient immunological synapse formation. Stable 
immunological synapse formation required engagement with ten pMHC complexes 
[52]. In fact, possessing this extreme receptiveness to minute peptide load makes T 
cells a sensory organ [51]. Recently, it was proposed that the ability of T cells to 
augment TCR sensitivity to a given antigenic peptide is regulated by micro RNA 
(miRNA)181a, a 22 nt RNA piece that can repress multiple phosphatases and lead 
to reduction of the T cell receptor signaling threshold [53].

8.4 Functional CTL Capture Membrane Fragments from Tumors

Armed T cells acquire membrane fragments from APCs with which they establish 
an IS. Initially, it was shown that T cells acquire pMHC from APCs [54]. This 
process occurs in an MHC-restricted antigen-specific manner and is an early and 
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rapid event taking place at the IS. Within minutes of T cell-APC interaction, pMHC 
are taken up and internalized through endocytosis [55]. This process, expressed at 
the cellular level by the incorporation of membrane fragments from target into 
effector cell outer cytoplasmic membrane, was demonstrated using fluorescently 
labeled pMHCs [55, 56]. Furthermore, non-specific tagging of APC membranes 
using biotinylation or fluorochrome dye was sufficient to label cognate T cells 
(Machlenkin et al., in press). TCR signaling by its antigen ligand was found to be 
the prime requirement for membrane capture [57]. Trogocytosis, a term coined by 
Joly and Hudrisier [58], describes transfer of membrane fragments from target to 
reactive immune cells. Based on this phenomenon, the TRAP (T cell recognition 
by antigen presenting cells) method was established and proved reliable to quantify 
antigen-specific CTL frequencies [59]. As TRAP implies, membrane capture was doc-
umented with APCs as the target cell from which T cells acquire membranes [57]. 
The role of tumor cells as a source of pMHC was not explored in this context, 
although it is clear that pMHC complexes can be obtained from tumor cells and 
presented unchanged on immune cells, a phenomenon named “cross dressing” and 
demonstrated with dendritic cells and tumors [60].

In a recent study we postulated that activated human T cells will generate an IS-
like interaction with tumor cells similarly to that described with dendritic cells [61] 
and that as a consequence membrane fragments will be acquired by T cells. Using 
fluorochrome-tagged melanoma cells or peptide-loaded T2 cells, we showed that 
antigen-specific CD8+ T cells incorporate membrane fragments from tumor cells 
and fuse them with their outer cytoplasmic membrane (Fig. 8.1). T cells that cap-
tured labeled membranes were detectable by flow cytometry and sorted by FACS 

A B 

Fig. 8.1 (A) Confocal microscopy of a membrane capturing MART1
27–35

-reactive T cells. Right: 
T cell showing patches of tumor membrane (red, DiI) fused with T cell membrane (green, CD8-
FITC); (B) T cell wrapped with target cell membrane suggesting adhesion and rolling of effector 
over target
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Fig. 8.2 Membrane capturing CD8+ T cells show increased cytotoxicity against peptide pulsed 
targets and autologous melanoma cells. Cytotoxic activity of membrane capturing (cap+) or non-
capturing (cap–) T cells against peptide-pulsed targets and melanoma cell lines. (A) gp100

154–162
-

reactive A2-restricted CD8+ T cells were co-incubated with DiI-labeled 624mel melanoma cells 
(A2+ /gp100+) and sorted by FACS into cap+ and cap– populations of CD8+ T cells. CTL assays 
were done with [35S]-labeled specific (gp100

154–162
)- or irrelevant (HIV-derived) peptide-pulsed T2 

cells as targets. (B) Melanoma patient derived CD8+ T cells were co-incubated with biotinylated 
autologous melanoma cells, followed by separation into cap+ and cap– fractions by streptavidin-
coated magnetic beads. CTL assays were done with [35S]-labeled autologous and HLA- mismatched
624mel melanomas, as specific and non-specific targets

or magnetic beads. Only a fraction of the T cells of a given clone were membrane 
capture capable. Cytotoxic ability was exclusively conferred to membrane captur-
ing CD8+ T cells, whereas non-capturing CD8+ lymphocytes possessed reduced 
killing capacity (Fig. 8.2 A, B). Ex vivo expansion of membrane capturing T cells 
did not eliminate their functional cytotoxicity, implying that capturing capacity is 
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an inherent trait of these cells. The therapeutic relevance of membrane capturing 
T cells was verified in a murine model of human melanoma. Tumor progression of 
melanoma transplanted into nude mice was significantly inhibited by membrane 
capturing T cells but not by non-capturing T cells of the same antigen specificity.

So far, the phenomenon of membrane capture was exploited as a new assay for 
antigen-specific T cell quantification and isolation. The use of tumor cells to 
identify antigen-specific functionally cytotoxic T cells is of paramount importance, 
because CTLs are selected not only by virtue of their antigen specificity, but by 
their capacity to damage tumor cells bearing naturally expressed antigens.

The biologic significance of membrane capture by tumor-reactive T cells is not 
clear. By acquiring pMHCs and other membrane-bound determinants from a target, 
T cells cross-dress themselves to become secondary APC (T-APC). The outcome can 
be manifold. T-APC may enhance antigen presentation and prolong T cell activation: 
membrane capturing CD4+ T cells, lacking co-stimulation, were as efficient as 
CD40 + B-APC for triggering epitope-specific CD8+ T cells [62]. Captured pMHC-
TCR complexes undergo recycling and repeatedly generate TCR signaling and 
 activation. Alternatively, Ag-presenting T cells expose themselves to fratricide kill-
ing by T cells of the same TCR specificity [54]. This process requires a functional 
perforin pathway [63], and could represent a form of activation-induced cell death.

Membrane capture by CTL from tumor cells suggests that an immune synapse 
of a kind occurs in the tumor microenvironment as part of the antitumor response. 
Live cell video microscopy of T cell:tumor interactions will be essential to illustrate 
the course of events that take place in the tumor microenvironment.

8.5 Killing Mechanisms of CTLs

The endpoint of target cell killing is traditionally measured by the release of radio-
isotope following disintegration of the cell membrane. However, the progression of 
events leading to target cell destruction by CTLs is complex, and only partly related 
to physical attack on integrity. A repertoire of effector molecules produced in the 
activated CD8 T cell is involved in this process:

8.5.1 Cytotoxins

Cytotoxins are a group of molecules contained within intracellular cytotoxic granules
that can damage any cell membrane close to their site of release [64]. Cytotoxins 
include specific proteases – granzymes, and the pore forming protein perforin [64, 
65]. Granzyme B is a 32 kDa serine protease that enters the target cell by endocyto-
sis, either by binding the mannose-6-phosphate receptor [66], or by constitutive 
fluid phase uptake. Once released inside the target cell from the endocytic vescicle, 
Granzyme B activates several pathways that altogether lead to apoptosis. Among 
the molecules involved is the pro-apoptotic Bid, a member of the Bcl-2 family that 
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triggers mitochondrial outer membrane permeabilization and release of cytochrome 
C. In turn, caspase 9 and then caspase 3 are then activated [67]. Damage to mito-
chondrial outer membrane is the critical point in the apoptosis pathway, since, fol-
lowing this event, cells are committed to die [68].

Perforin is the single most critical component of target cell killing. Although 
pore formation may directly cause cell death, it may also create ports of entry for 
other granule components that will synergistically induce apoptosis [69]. Sublytic 
perforin levels are necessary for Granzyme B to break the endosomal vesicle in 
which it is pinocytosed, be released into the target cell and exert its effect [70].

Granzymes A, C, K, and M are other proteolytic granule components that induce cell 
death independently of Granzyme B, but in synergy with perforin. Other components 
of the lytic granules, including Granzyme H and Granulysin, have been characterized, 
but the mechanisms by which they mediate cell death have not been elucidated.

8.5.2 Cytokines

There are two distinct secretory pathways of CTLs: one is directed into the synaptic 
gap; the other spills over into the surrounding microenvironment and sustains inflam-
mation [71]. The latter paracrine system is mediated by cytokines. They are a large 
group of molecules acting on diverse targets on the secreting cell and on other effector 
cells. Their function is mediated by intracellular signaling, usually through a pathway 
that includes molecules belonging to the Janus family of cytoplasmic tyrosine kinases 
and their targets, the signal transducing activators of transcription (STATs). The main 
cytokine secreted by activated CTLs is interferon-g (IFNg). The efficacy of CD8+ T 
cells to reject tumors in vivo correlated better with their ability to secrete IFN-g than 
with their in vitro cytotoxic activity [72]. IFN-g secretion was shown to be essential for 
tumor regression through its paracrine effect on other participating cells [29].

8.5.3 Membrane-associated Proteins

More recently, it was shown that cells from  perforin deficient mice could still reject 
tumors, and that in double knock out mice for IFN-g and peforin, control of tumor 
can be hampered by administration of anti-TNF antibody [73, 74]. These data 
imply that other mechanisms, that do not necessitate perforin activity, can be 
involved in CTL-induced cell damage. And indeed, Fas ligand that is present on the 
cytoplasmic membrane of activated CD8 T cells can bind to FAS on target cells and 
lead to apoptotic cell death. Fas (APO-1/CD95) is a member of the TNF-R family 
involved in mediating death signals [75]. It is a type I transmembrane receptor 
widely expressed in human tissues. Upon binding of FAS to its specific ligand in a 
trimeric configuration, a series of signals lead to formation of active death- inducing 
signaling complex (DISC). Caspase-8-mediated activation of Caspase-3, following 
activation mediated by caspase-8, kills cells through cleavage and  destruction of 
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multiple cellular target structures [76]. Fas ligand is another TNF-related transmembrane
molecule; under physiological conditions, its expression is confined to a limited 
spectrum of cell types, in particular to activated T cells [77]. Although the direction 
of signal transduction is usually from ligand to receptor, reverse signaling may 
occur between partner activated T cells, and modulate the immune  reaction. FasL-
mediated signaling was recently shown to act as CD28-independent T cells costim-
ulation that synergizes with TCR-specific stimulation to enhance IFN-g- production 
[78]. Following antigen contact and under the influence of IL-2, CTLs upregulate 
FasL, increasing target cell killing while resisting Fas-induced apoptosis.

8.6  Future Research Directions to Improve Functional 
Cytotoxicity of Tumor-specific CTLs

Until the near past, much effort was invested in generating ample amounts of 
tumor-specific T cells. The quantitative barrier was considered a major obstacle to 
achieve tumor regression. The feasibility of ex vivo T cell expansion allowed the 
clinical use of selective tumor-reactive T cells out of TILs and PBMCs [79]. The 
progress made in TCR gene transfer into T cells is now enabling the selection of 
high affinity TCRs in order to produce large numbers of antigen-specific T cells 
[80]. This technology will eventually bring to an end the dependency on preexisting 
effectors necessary to establish T cell lines for treatment. Clearly, a major goal of 
research over the next years will be to increase the tumor destructive properties of 
CTLs, making them better killers and less vulnerable to the consequences of activa-
tion. Gene transfer opens exciting possibilities for T cell manipulation beyond 
the TCR. This tool, and the emerging new monoclonal antibodies that act to 
restore T cell functions in cancer patients, may change the outlook for tumor 
immunotherapy.

Critical elements affecting tumor-T cell interaction are potential targets for 
intervention. Because lytic functions are dependent on TCR signaling [81], a pri-
mary goal would be to enhance TCR-pMHC interaction directly or through the 
establishment of a stable IS. So far, the strategy employed was to strengthen pep-
tide-MHC complex using improved antigenic epitopes with high affinity binding 
to MHC molecules. TCR signaling may be directly augmented, independent of the 
binding affinity to its antigenic peptide. For example, the use of miR 181a may 
augment TCR sensitivity to threshold levels of ligand, and enhance T cell cyto-
toxic activity [53]. Stabilizing the immune synapse could yield stronger TCR sig-
naling, for example by increasing LFA1 expression on CTL. Using a different 
strategy, one could endow T cells with improved resistance to apoptotic signals 
through transfer of anti-apoptotic genes, such as Bcl-2 [82]. Most encouraging, 
clinical trials recorded objective cancer regressions achieved by anti-CTLA-4, a 
blocking antibody that antagonizes suppressive signals and unleashes CTLs [83]. 
Once again the potency of cytotoxic T cells for the destruction of malignant 
tumors was shown.
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Chapter 9
Natural Killer Cells at the Tumors 
Microenvironment

Roi Gazit and Ofer Mandelboim

Abstract NK cells have the innate ability to recognize and eliminate transformed 
cells. However, tumors still form and progress in seemingly immune-competent 
individuals. The tumor microenvironment controls NK recruitment and maintenance 
in situ. Current understanding of NK basic biology explain in part their limitations, 
that might turn the anti-cancerous devotion into a tumor progression outcome. 
Recent progress in understanding of the evasion from NK recognition and counterattack 
against the killer cells are discussed, along with unresolved questions.

Keywords Natural Killer, Activating NK receptors, NK inhibition, NK suppres-
sion, tumor-ligands, tumor microenvironment.

9.1 Introduction

Natural killer cells were initially recognized as able to kill tumor cells without the 
need for a prior stimulation [1, 2]. Now, after more than three decades, the signifi-
cance of the antitumor activity of NK cells in vivo is still not completely understood. 
Accumulating data suggest that the tumor microenvironment may play a major role 
in the prevention and the modulation of NK cell activities. Therefore the identifica-
tion and understanding of tumor microenvironment components that affects NK 
activity in vivo will enable the development of new therapeutic approaches, aiming 
at increasing NK cytotoxicity against various tumors.

9.2 Basic Properties of Natural Killers

NK cells cytotoxicity is executed by the massive degranulation of perforin and 
granzymes, eliciting a fast apoptosis of the opponent target cell [3, 4]. Perforin pro-
teins polymerize to form permeable pores in the membrane of targeted cells. Through 
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these pores granzymes enter and activates a robust caspase-pathway of apoptosis 
which results in a rapid cell death [5]. Naïve NK cells contain granules that store per-
forin and granzymes, prior to stimulation, giving them the Large Granular 
Lymphocytes (LGL) appearance [3]. This is why NK cells are immediate potent kill-
ers. However, in most cases tumors are not efficiently killed by circulating unstimu-
lated NK cells, and the efficient cytotoxicity is evident only upon IL-2, IL-12, IL-15 
or IFNa stimulation [6, 5]. NK cells can also use other means of destruction such as 
the FasL, TNFa and TNF related apoptosis inducing ligand (TRAIL), that induce 
apoptosis of cancerous cells, albeit with a slower kinetics [3, 7]. These alternative kill-
ing pathways play a secondary role as evident from the poor NK cytotoxicity in 
perforin knockout mice [8], and in human perforin-deficiency cases [9].

Beside their efficient killing ability, NK cells also secret cytokines and chemok-
ines, notably IFNg [3, 5]. The secretion of growth factors influences immunity in 
general, and NK cells were demonstrated, for example, to play an essential role in 
the polarization of immune response towards the T

H
1type by providing the major 

source of IFNg in the lymph node [10]. In addition, NK cells by themselves may 
act as Antigen Presenting Cells (APCs) [11], and they demonstrate a complex direct 
interactions with professional APCs such as Dendritic cells (DCs) [12] and macro-
phages [13]. This APCs network might be useful for example on the transfer of 
MHC loaded with peptides from one cell type to another (NK, DCs or macro-
phages), for fine-tuning of the quality and magnitude of T cell response.

9.3 The Presence of NK Cells Inside Tumors

One of the major difficulties in the detection of NK cells in tumors is the lack of a 
single NK specific marker. The classical NK marker in human (CD56) is expressed 
also on NKT cells, and is absent in mice. To identify NK cells in the mouse the DX5 
or NK1.1 mAb are used and these two receptors are also not specific to NK cells only, 
or are expressed only in certain mouse strains [4]. The only NK specific marker 
known to date is the NKp46 in human, or NCR1 in mouse. Indeed, NK cells were 
recently identified in Renal-Cell-Carcinoma patients by using antibodies against the 
NKp46 receptor [14]. Developing additional antibodies to the human NKp46 and the 
mice NCR1 will facilitate easier detection of NK cells in the future. Several studies 
reported on the presence and functions of NK in tumors [15]. For example, intra-
tumor NK cells were found in squamous cell lung cancer, gastric and colorectal car-
cinomas [16–18] and these studies suggested that the presence of NK cells inside the 
tumor is an indicative for a good prognosis. NK cells derived from malignant biopsies 
of ductal invasive breast cancer had enhanced IFNg and IL-4 production [19]. In addi-
tion, NK cells were demonstrated to specifically infiltrate tumors metastasis tissue 
after IL-2 treatment [20]. However, in this case, the in situ detection of NK cells was 
performed by using CD56 only (which also detect NKT cells). In mouse model of 
B16 melanoma metastases in the lung, NK cells were identified with anti-asialo 
GM1, and increased NK numbers were demonstrated after IL-2 treatment [21].



9 Natural Killer Cells at the Tumors Microenvironment 173

While NK cells are considered to provide a first line of innate defense against 
any transformed cells, the question of whether they are present at the initial site of 
the pre-cancerous stages is still unknown. In addition, the emerging concept of 
epithelial-mesenchymal transition (EMT) [15] was not investigated with regard to 
NK surveillance. In this concept, while primary carcinoma cells might be less 
accessible behind the basement membrane, they also possess a less dangerous treat. 
Once cells go through the EMT and become invasive and consequently more dan-
gerous, they are also more exposed to NK cell attack [15]. It will be interesting to 
characterize whether NK cells will better-recognize such EMT-phenotype cancer 
cells, which represent a more dangerous stage of tumor progression. In addition, 
invasive edge of carcinomas and the outermost cells of tumors which are accessible 
to NK-recognition are preferentially at EMT condition [15]. Finally, tumor cells were
demonstrated to revert from this EMT phenotype after establishment of metastases 
due to their new stromal environment [15]. This phenotypic change enables further 
growth, and according to the above hypothesis might also decrease the in vivo sen-
sitivity to NK attack. Thus the tumor microenvironment influences the tumor cell 
phenotype and might also determine tumor susceptibility to NK cell killing.

9.4 Trafficking to the Tumor Site

NK trafficking, like other lymphocytes, is controlled by chemokine receptors and by 
chemokines gradients. We have demonstrated that the chemokine receptor repertoire is 
different between the CD56dimCD16+ (more cytotoxic) and CD56brightCD16− (more 
cytokine-secreting) subsets [22]. Once in the tumor microenvironment, increased pro-
liferation of the CD56brightCD16− compared with the CD56dimCD16+ subset might occur 
by interactions with both mDCs and pDCs [23, 24] . Indeed, while the CD56brightCD16−

population consists less than 10% of the NK in the blood, inside tumors infiltrates this 
subset was found to be the predominant NK population [25]. The complexity of exam-
ining NK cell phenotype inside tumors is further illustrated by the observations sug-
gested that there are at least 48 different phenotypic NK subsets in human blood [26]. 
Hence, it is most likely that detailed characterization of tumor infiltrating NK cells for 
the expression of additional markers will reveal novel NK subsets distribution.

In mice, NK are commonly found in many organs, including bone-marrow, 
spleen, thymus, lung, lymph nodes and liver [4, 27, 28]. NK cells were also found 
in the human skin [29]. However, NK cells are not equally distributed in all organs. 
Thus, when tumors develop, NK might be recruited to the tumor site from the blood 
stream by mechanisms such as induced fractalkine expression and its recognition by 
the CX3CR1 receptor which is found on most NK cells [30, 31]. Importantly, it was 
suggested that the major difficulty in adoptive transfer of NK cells in tumor patients 
is to bring the effector killer cells to the tumor site [20]. The tumor microenviron-
ment probably plays a major role in NK cell recruitment or preclusion.

After exiting the blood vessels, NK cells needs to pass through the extracellular 
matrix in order to directly contact their targets. Multiple matrix metalloproteinase 
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(MMPs) [20], urokinase plasminogen activator (uPA) and its receptor are expressed 
by NK cells [32], and can be augmented upon stimulation. Intriguingly, the journey 
through extra cellular matrix was suggested not to wear out NK cells but rather to 
further activate them for killing [33–35]. Such activation might be enhanced in vivo
due to the release of cytokines, including IL-2, from collagens by the proteases 
activity in the extracellular matrix [36]. Histological examinations revealed that 
most tumor infiltrating NK cells reside in the stromal area, and are not in direct con-
tact with the tumor cells [37]. This suggest for another protective mechanism, by 
which the extracellular matrix and stroma around the tumor absorb the infiltrating 
NK cells and reduce their trafficking toward the tumor cells [37]. The characteriza-
tion of NK cells behavior at the tumor territory would lead to better tumor targeting. 
A direct imaging of NK cell movements in vivo was recently demonstrated and NK 
cells showed to have a slower-speed in the lymph node (2.75 µm/min) compared to 
T cell (9.6 µm/min) [38]. It would be interesting to perform such an intravital imaging 
of NK cells in the tumor microenvironment.

9.5 Innate Recognition of Tumor Cells

In the “missing self ” hypothesis Karre and colleagues suggested that normal 
healthy self cells are protected from NK cell attack due to the recognition of a self-
antigen [39]. This hypothesis was confirmed by the discovery of the inhibitory NK 
receptors which recognize self class-I MHC molecules [40]. Thus, it was suggested 
that once tumor cells reduces the expression of the class-I MHC proteins to evade 
recognition by CTLs, they also become more susceptible to NK lysis [40, 39]. 
Today, we know that downregulation of MHC class I proteins per se is not enough 
to induce NK cytotoxicity and that activating receptors control NK cytotoxicity 
[41, 5]. In addition, other NK inhibitory receptors recognize non-MHC ligands (see 
below).

The major human activating NK receptors include the CD16, NKG2D, NKp30, 
NKp44, NKp46 and NKp80 [5]. Only few tumor ligands were identified for these 
receptors. CD16 is a low-affinity FcRgIII receptor that binds antibodies and 
unknown tumor ligands [42]. NKG2D recognize the stress-induced proteins 
ULBPs, MICA and MICB in human or Rae-1s, MULT and H60 in mice [43] 
 (further discussed below), and NKp80 was recently reported to recognize the mye-
loidic antigen AICL [44].

Activation of the CD16 elicits a strong cytotoxic response even on naïve NK cells 
[45]. Several research reports demonstrated the presence of antitumor antibodies in 
the blood of patients [15]. It is still unknown if these antibodies can provide enough 
stimulation for the CD16 (or other Fc-receptors). The Antibody Dependent Cellular 
Cytotoxicity (ADCC) activity, which is mediated by NK cells activation through 
CD16, can have a significant antitumor activity, and is already used clinically [46].

Only viral ligands were identified for the three NCRs: NKp30, NKp44 and 
NKp46 receptors [47–49]. The tumor-ligands for the NCRs are unknown; however, 
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it was demonstrated that these receptors specifically recognize various tumors [50–
53] and that HSPG are involved in tumor recognition [54]. In addition to the direct 
in vitro data regarding the killing of tumor cells by these receptors, analysis of NK 
cells derived from acute myeloid leukemia (AML) revealed lower expression of 
the NKp30 and NKp46 receptors, and therefore reduced activity [55]. Since the 
unknown tumor ligands for NKp30, NKp44 and NKp46 are expressed in many dif-
ferent tumors [50, 56], it is likely to assume that they are needed to support tumor 
growth, or could not be easily removed by the tumor cells.

Additional NK receptors are also important for tumor eradication. For example, 
the DNAX-1 accessory molecule-1 (DNAM-1) was demonstrated to have a major 
role in NK cytotoxicity and cytokines production [57]. The KIR2DS4 activating 
receptor was demonstrated to have a tumor-ligand other than MHC class-I [58], and 
this antigen is yet to be identified. Another example is in the case of defective sig-
naling of the 2B4 in XLP patients, causing inability of NK cells to eliminate EBV-
infected cells [59] (further discussed below). Thus, understanding the complex 
balance of inhibitory, activating and co-stimulatory signals [40, 5] that control NK 
activity is needed to elucidate the multiple mechanisms by which tumors avoid NK 
cell attack.

TLR9 is expressed on NK cells, and is activated by non-methylated DNA [12]. 
Tumors have abnormal DNA-methylation, overall manifesting a general genome-
wide hypomethylation, despite local hypermethylation islands. Necrotic and apop-
totic tumor cells secret such non-methylated CpGs oligonucleotides and these 
could affect NK killing. Recently, the possible activation of NK cells through 
TLR9 was shown in human leukemia as stimulation of NK activity was observed 
via CpG oligonucleotides [60].

9.6 Modulation of Tumor Recognition by NK Cells

NKG2D is involved in the prevention of tumor spread and tumor formation in mice 
[43]. Its human ligands, ULBPs, MICA and MICB proteins are expressed by several 
tumors. Numerous studies reported on the frequent expression of MICA and MICB, 
both on primary lesions and on metastases of melanomas, leukemic cells, gliomas and 
various carcinomas [61]. The ULBPs were also expressed by the same tumors, albeit at 
a low frequencies [61]. NKG2D-ligands are specifically induced by genotoxic stress, 
which contributes significantly also for tumor formation [62]. Recently, the BCR/ABL 
human oncogene was shown to induce MICA expression in leukemia cells [63]. With 
this regard it is important to mention that chronic contact with NKG2D-ligand express-
ing target cells might be unsafe to the NK cells as it can reduce the expression of 
NKG2D and other receptors and consequently reduce cytotoxicity [64].

Certain tumors develop mechanisms to overcome NKG2D-mediated killing by 
the downregulation of NKG2D ligands [61]. A naturally defective allele of MICA 
(MICA*010) was found in tumor cells and is not expressed to the cell surface [65]. 
In addition, many tumors produce soluble MICA and MICB proteins and such 
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 proteins were detected in the sera of cancer patients [61]. These soluble NKG2D 
ligands could either block NKG2D activity or modulate its expression [61, 15]. The 
mechanisms of soluble NKG2D ligands formation are only poorly understood [61]. 
Inhibition of metalloproteinase activity resulted in the MICA accumulation on 
tumor cells by preventing soluble MICA formation [66]. Soluble MICs could serve 
as a good diagnostic tool for disease progression in prostate carcinomas [67]. More 
recently, soluble MICA levels were reported to be significantly elevated in a big 
cohort of cancer patients and healthy individuals [68]. Soluble MICB protein was 
also found in many patients, but at surprisingly low-correlation with the soluble 
MICA [69]. This suggested that there are different mechanisms employed for the 
modulation of the MICA and MICB [69]. Other soluble NKG2D ligands such as 
ULBP2 were found in the supernatant of cultured tumor cells [70]. One mechanism 
of soluble ULBPs formation was discovered in gastric cancer cell lines, in which 
soluble ULBPs were generated by phosphatidylinositol-specific phospholipase C 
release of the GPI anchor [71]. As for MICA and –B, the soluble ULBPs were 
demonstrated to reduce the expression of the NKG2D receptor and consequently 
the cytotoxicity of NK cells [71].

The frequent modulation of NKG2D ligands in tumors probably reflects their 
significance in the antitumor activity. The chronic binding of the NKG2D ligands 
to their receptor and the cognate downregulation of NKG2D, resembles the anergy 
condition of T-cell after sub-optimal stimulation [72, 73]. Understanding the 
 precise molecular mechanism of NK repression might enable the development of 
new treatment aimed at increasing NK activity and killing of tumor cells.

Other activating receptors are also involved in tumor recognition [41]. AML 
patients demonstrate poor NK cytotoxicity, due to a severe reduced expression of 
NKp30, NKp46 and NKp44 [74]. The mechanisms accounting for the NCRs down-
regulation are unknown, but they are TGFb independent. Our in vitro experiments 
indicate that the expression of NKp30, NKp44 and NKp46 receptors is more stable 
on the surface of NK cells upon engagement, compared to NKG2D (Gross-Gonen 
T and Mandelboim O, manuscript in preparation). Thus, the NCRs might provide 
more rigid interactions with tumors. The critical role of the NCRs in tumor forma-
tion is demonstrated in mice lacking the NCR1 receptor. Upon 3MCA challenge 
the NCR1 knockout homozygous mice developed many more tumors [Gazit R and 
Mandelboim O, manuscript in preparation]. Thus, the NCRs play a key role in pre-
venting tumor formation.

Other proteins which can impair NK activity are also secreted in the tumor 
microenvironment. For example, soluble HLA-A, B and C as well as the non-
 classical HLA-G molecule are secreted from tumor cells [75]. These soluble class-I 
MHC molecules aggregates to engage receptors on NK and T cells, resulting in the 
induction of apoptosis [75]. The ICAM-1 protein was also reported to appear as a 
soluble form in melanoma patients [76]. Soluble ICAM-1 can interact with the 
LFA-1 integrin (CD11a/CD18 heterodimer) [77], preventing NK adhesion to the 
tumor cells. With this regard, our study of LFA-1 on NK cells revealed an essential 
role for this receptor in killing of tumor cells-lines and primary melanoma cells 
[Sa’ar M and Mandelboim O, manuscript in preparation].
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9.7 MHC Class-I Independent Inhibition of NK Cells

Inhibitory Killer Ig-like Receptors (KIR, in human), or the inhibitory Ly49 recep-
tors (in mice), the CD94/NKG2A and LIR1 receptors recognizes both classical as 
well as non-classical MHC molecules. Downregulation of MHC molecules is fre-
quently observed in tumors, presumably in order to avoid T cell recognition [40]. 
These pathways were intensively studied and reviewed before [78, 79]. However, 
in the recent years, additional inhibitory receptors and additional inhibitory path-
ways are discovered. The KLRG1 receptor contains ITIM motifs which transmit 
inhibitory signal upon binding to the cadherins-E, R or N [80]. This pathway is 
exploited by endothelial tumors to reduce NK cytotoxicity, and expression of these 
cadherins in the tumor area might inhibit all KLRG1+ NK cells [80]. Aberrant 
expression of NCAM on certain tumor cell-lines reduced recognition and lysis by 
NK cells, probably due to reduced expression of ICAM-1 on the NCAM-transfected
cells [81].

Characterization of NK cells from the lymph-nodes of melanoma patients 
revealed enhanced expression of the CD66a (CEACAM1) inhibitory receptor, and 
this inhibitory receptor reduced NK cytotoxicity [82]. A 10-year follow-up study 
established that CEACAM1 expression correlated with worse survival of melanoma 
patients [83]. We have also demonstrated that the tumor microenvironment is involved
in this inhibition of NK cytotoxicity. NK cells isolated from lymph nods infiltrated 
with CEACAM1-postive tumors express CEACAM1, whereas NK cells iso-
lated from lymph nods of CEACAM1-negative tumors did not express CEACAM1. 
The homophilic interaction between CEACAM1 of NK cells and tumor cells lead 
to inhibition NK cytotoxicity [82]. We also investigated the molecular interactions 
of CEACAM1 with other CEACAM family members, and revealed that in addition 
to its homophilic engagement, CEACAM1 also recognize the CEA protein, which 
is found on many tumors [84]. Such interactions between CEA and CEACAM1 
lead to inhibition of NK cytotoxicity [84]. Our ongoing studies revealed that CEA 
is transferred from target cell to the surface of cognate NK cells in a highly efficient 
manner, leading to further inhibition of NK cytotoxicity [Stern N and Mandelboim 
O, 85]. Finally, recent characterization of TILs derived from melanomas showed 
that all of them express CEACAM1, and that CEACAM1 inhibit both cytotoxicity 
and IFNg production of T cells [86].

9.8 Effector Functions and Tumor Development

The direct ability of NK cells and other immune effector cells to eliminate trans-
formed cells suggests that we are continually protected from tumor growth by our 
efficient immune system [15]. As mentioned above, NK cells are efficient in kill-
ing class-I MHC negative targets, whereas class-I positive tumor cells are more 
likely to be killed by CTLs [39]. Indeed, NK-depletion or genetically ablation of 
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NK-effectors mechanisms conferred the mice more susceptible to tumor development 
[7]. NK cells were mostly depleted by using the anti-NK1.1 or the anti-asialo-
GM1 antibodies, prior to challenge with tumor cells. These depletion experiments 
are limited due to the use of antibodies which are not specific to NK cells only [4]. 
In addition, such induced depletion is limited to a short time period. Currently 
there is no accurate model of NK cell deficiency except for one transgenic mice 
reported to lack NK cells only [87]. Using this mouse it was demonstrated that NK 
cells have an important role in IFNg secretion and in the resistance to tumor 
spread. It was recently revealed that NK deficiency in this transgenic strain is 
the result of specific change in the Atf 2 transcription factor [88]. Further support 
for the important role of NK cells in fighting tumor development came from 
knockout mice for perforin or for IFNg-receptor mice which showed high 
incidence of tumor formation upon carcinogenic challenge [8, 15]. Finally, 
reduced clearance of certain tumor cell-line was observed in knockout mice of the 
NCR1 receptor [27].

Specific deficiency of human NK which do not include severe defects in other 
immune components is very rare. Unfortunately, most of the NK-deficient patient 
are short lived and the longer-lived patients develop cancers with age [89]. Several 
studies demonstrated that NK cells are essential for fighting EBV-transformed 
tumors [90]. Patients with defects in the SH2D1A gene showed NK inability to kill 
EBV infected cells due to conversion of the 2B4 receptor from its activating form 
to the inhibitory one [59]. These patients could not control EBV infection. NK cells 
were also reported to kill activated Hepatic Stellate Cells (HSC) [91]. Thus, NK 
cells manifest antitumor activity already at the precursor liver-fibrosis stage, which 
is pre-cancerous. Another compelling evidence for the antitumor activity of NK 
cells comes from immunocompromised organ-transplanted patients and HIV-
infected individuals with elevated frequencies of various cancers [15]. HIV-infected 
individuals were demonstrated to have specific defects in NK functions [92, 93], 
and NK cells are known to play essential role in the resistance to at least some of 
the viruses that cause cancers among transplant patients (including EBV, HCV, etc.) 
[90]. Many tumors were demonstrated to have a global anti-NK effect in vivo,
causing impairment in the IL-15 production which affects NK maturation and 
cytokine production [94].

9.9 TNF Family Ligands

In addition to the classical killing mechanism, NK cells uses several other proteins 
to induce tumor apoptosis mediated by caspase activation [95]. NK cells were 
shown to express the TNF, lymphotoxin (LT)-a, LT-ß, FasL, CD27L, CD30L, 
OX40L, 4–1BBL, and TRAIL [95]. However, several examples show these mecha-
nisms are also used by the tumors to counterattack the immune cells. For example, 
FasL expression was significantly higher on NK cells of the TILs population 
derived from Hepatocellular carcinoma patients [96]. However, activated lym-
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phocytes in general, and NK cells in particular also express the Fas receptor itself. 
Thus, the FasL expression on tumors might leads to the induction of apoptosis in 
the activated NK and T cells [97]. While Fas is expressed in most tissues, and is 
induced by IFNg and TNFa, tumor cells are frequently found to be less sensitive to 
Fas-induced apoptosis. Reduced Fas expression was reported to result from p53 
mutation [98], or from AKT signaling in hypoxic tumors [99].

Triggering of the TNFa pathway results in apoptotosis and death of various 
tumor cells [94]. However, in contrast to its intended antitumor effect, sustained 
exposure to TNFa was demonstrated to cause progression of tumors in vivo,
through the activation of the NF-kB pathway [100]. Moreover, it was recently dem-
onstrated that in melanoma cells treated with BRAF-inhibitors the TNFa specifi-
cally prevent apoptosis through NF-kB activation [101] . These examples of TNFa
potential pro-tumor effect highlight the risk of this killing pathway.

9.10  The Influence of Physico-chemical Microenvironment 
on NK Cells

If we were to engineer a potent tumor-killer cell, we would design it to have an 
induced cytotoxicity at the peculiar tumor microenvironment conditions. Surprisingly 
however, NK cells demonstrate the opposite behavior and in contrast to the desired 
augmentation of cytotoxicity at tumor site, they are repressed by hypoxia, acidifica-
tion and low glucose levels which are considered as a hallmark of tumor microen-
vironment [20]. The local conditions in tumor are long recognized to be significantly 
hypoxic at less than half the pO

2
 of normal tissue, and down to anoxic [102]. Acidic 

pH is commonly referred to the tumor microenvironment, and lymphocytes cyto-
toxicity and proliferation abilities are suppressed by acidic environment [103]. 
Different measurements revealed that while lower pH is frequent, higher pH is 
also sometimes observed, and tumors might better be described to have less-stable 
pH ranging on wider spectrum than normal tissue, rather than only “acidic” [102].

Reactive oxygen metabolites in tumor microenvironment also suppress NK 
cytotoxicity, IL-2 responsiveness, and augment apoptosis [104]. Specific downreg-
ulation of the zeta chain was observed in infiltrating NK cells of colorectal carci-
noma [105]. NK cytotoxicity against the K562 target cells and against liver cancer 
cells was significantly reduced upon prolonged incubation at 1% oxygen, compared 
to 21% oxygen of ambient air and low oxygen also diminished the induction of 
cytotoxicity by IFNg [106]. It was recently demonstrated that human decidual NK 
cells promotes angiogenesis trough the secretion of PLGF and VEGF [107]. The 
pro-angiogenesis contribution of NK cells at early stages might aim to reduce the 
local danger of further transformation, while at later stages such activity might 
accidentally help to sustain tumor growth. In human clinical studies, the presence 
of infiltrating NK cells was reported to have a positive prognosis [16, 17], showing 
that the net effect of NK cells is antitumor, in spite of the suggested pro-tumor func-
tions of other immune cells [108].
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Tumors do not relay only on these environmental-conditions only and also 
secrete various factors that affect the function of local immune cells. For example, 
corticosteroids reduce the expression of NCRs [109]. Specific enzymatic oddities 
also impair NK activities, for example the expression of NKp46 and NKG2D was 
downregulated by the IDO product L-kynurenine [110]. The IL-10 and TGFb were 
more extensively studied and are therefore specifically discussed below.

Taken together, it seems as if NK cells are not well designed to exhibit their 
abilities at the harsh conditions of progressed tumors. This fact suggest that the 
antitumor effect of NK cells should be studied at early stages of tumor formation 
and that the antitumor effects of NK cells should better be examined at the tumor 
conditions.

9.11 IL-10

NK cells, under certain conditions, produce IL-10 [111]. IL-10, and TGFb,
enhances the expression of the nonclassical class-I MHC molecule HLA-G [112] 
which in turn leads to the inhibition of NK activity [113]. IL-10 itself also inhibit 
the production IFNg, TNFa by NK cells [114].Cancerous cells may secrete IL-10 
and gain autocrine stimulation to enhance their proliferation [115]. On the other 
hand, IL-10 can also stimulate NK activity [116]. The in vivo administration of IL-
10 increased the plasma levels of granzymes, indicating increased NK and CTL 
activity [117]. Enhancement of NK cytotoxicity against tumor cell-line in vitro was 
demonstrated to result from post-translational downregulation of class-I MHC pres-
entation by IL-10 [118]. Preclinical studies demonstrated that IL-10 has antitumor 
effect in vivo, which is suggested to be due to NK cells mainly [119–121].

9.12 TGF-β

Transforming Growth Factor b (TGFb) was demonstrated by many studies to play 
a major role in antitumor immunity [122]. NK cells lose IFNg secretion, cytotoxic-
ity and proliferation capabilities once exposed to TGFb [123–125]. These effects 
were demonstrated in vivo by a gain-of-function experiments in which overexpres-
sion of TGFb rendered a highly immunologic tumor to become resistant to immune 
rejection [126]. In addition, specific interruption of TGFb signaling in NK and DCs 
was recently reported to affect NK homeostasis, and also had a major impact in 
regulation of NK activities such as IFNg production [127].

The mechanisms by which TGFb affects NK cell function are being revealed 
lately. TGFb was shown to generally antagonize the activity of the pro-inflammatory
cytokines through SMAD2, 3 and 4, inhibiting both IFNg and T-bet expression 
in NK cells [128]. The expression of T-bet in NK cells is essential for their matura-
tion, for proper expression of perforin, granzymeB and Runx1, and for the induction 
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of enhanced IFNg production [129]. In addition, TGFb inhibit the expression of at 
least two major NK lysis receptors: NKp30 and NKG2D [130]. Beside the direct 
inhibitory effects of TGFb on NK activity, this cytokine also influence NK cells 
indirectly in the tumor microenvironment, for example, by inducing FoxP3 expres-
sion in regulatory T cells that thereafter suppress NK cell activity locally [122]. 
Thus, TGFb is a general inhibitor of NK functions and developing different strate-
gies to overcome TGFb inhibition are desired.

9.13 NK–DCs Interactions

The reciprocal interactions between NK cells and DCs gained much interest in 
recent years. It was demonstrated that DCs activate NK cells activity against tumors 
in vivo, and that DC–NK interaction increase both IFNg production and NK cytotoxicity
[131]. DCs also provide a direct stimulation for NK cells as they secret IL-12 which 
activates NK cell functions [132]. Additionally, IL-18 secretion by DCs was demon-
strated to induce NK cells migration from the tissue to the lymph node (LN), where 
NK can further influence the adaptive immune response [133].

Direct killing of immature myloid-derived DCs by NK cells in vitro was dem-
onstrated through the engagement of the NKp30 and DNAM-1 receptors [134–136]. 
Further studies reported that NK cells of AML patients, which express lower levels 
of NKp30are unable to eliminate immature DCs in vitro [55, 137]. As mentioned 
above, TGFb induced NKp30 and NKG2D downregulation and such downregula-
tion resulted in the inhibition of the killing of immature DCs [130]. The self killing 
of autologous DCs is in contrast to the “missing self” hyphothgesis which suggests 
that normal self cells are protected from NK cytotoxicity by the class-I MHC inhibi-
tory receptors. Indeed, clonal analysis showed that the killing of iDCs is mainly 
executed by NK cells which lack the expression of inhibitory receptors recognizing 
HLA-A, B and C proteins and only express the NKG2A/CD94 receptor for HLA-E 
[138]. DC Maturation results in upregulation of MHC molecules (including HLA-E), 
and that is why mature DC are resistant to NK lysis [138]. It is suggested that the 
elimination of iDCs which have low levels of MHC molecules is an editing process, 
which selects for the most potent antigen-presenting cells [139]. Finally, NK cells 
that were treated with IL-12 had higher cytotoxicity against immature DCs and bet-
ter induction of DCs maturation, while IL-4 exposed NK cells did not [140]. Thus 
suggesting that the cytokines milieu determines NK interactions with DCs.

Another outcome of NK–DCs interaction is the induced secretion of TNFa and 
other cytokines by NK cells which leads to DCs maturation [141]. Intriguingly, it was 
demonstrated in vivo that the DC-activation of NK cells is responsible for the Gleevec 
antitumor function in certain gastrointestinal stromal tumors [132]. Notably, a direct 
and specific DC-NK contacts were observed in lichenoid dermatitis biopsies from 
these patients (NK cells were recognized as CD57+ and verified as CD3−) [132].

Another impact of DCs interaction with NK is the induced proliferation of the 
cytokine-producer CD56brightCD16− subset, after co-culturing in vitro with LPS [142]. 
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The NK–DCs interactions are dependent on a prior NK activation, and were not 
 efficient if fresh unstimulated NK cells were used. In the case of tumor microenviron-
ment this is specifically relevant, as NK cells are expected to be found at activated 
state in the tumor site. Indeed, a recent study demonstrated that the NK-DCs cross-
talk not only enable primary tumor rejection, but also induced a long-term CTLs 
response without need for CD4+ helper function [143]. Such CD4+ independent CTLs 
activity might be enabled by NK potential to perform APC functions [11].

The Plasmacytoid DCs (pDCs) are known to mainly function in the course of 
virus infection. However, pDCs were also demonstrated to efficiently activate NK 
cytotoxicity against tumor cells, and pDCs stimulation of NK cells was augmented 
by IL-2 [24]. In conclusion, reciprocal signals transduced between NK and DCs at 
the tumor microenvironment determine the local activation of both cells types, and 
also shape the later adaptive response.

9.14 Suppression of NK by Immune-regulatory Cells

Regulatory T cells (Treg) inhibition of NK functions was demonstrated in vitro and 
in vivo using anti-CD25 mAb against Tregs. In this model, CD25-depletion was 
also demonstrated to enhance NK activity in vitro [144, 145], suggesting that Tregs 
potentially inhibit NK cells. In mice with FoxP3 defect NK proliferation is enhanced
[146], whereas adoptive Tregs transfer inhibit NK functions [147]. Similarly, 
human CD4+ CD25+ T cells were shown to impair NK cytotoxicity in vitro [148, 
149]. Moreover, investigation of human gastrointestinal stromal tumor patients 
whom did not respond well to Gleevec demonstrated a higher Tregs numbers that 
were correlated with lower NK activity [150]. In agreement with these results, 
melanoma patients demonstrated increased NK functions if Tregs levels were low 
[151]. Tregs inhibition of NK activity was observed in a lung carcinoma model, 
where CD25-depletion enhanced the NK1.1+ cytotoxicity and resistance to tumor 
metastasis [152]. The rejection of allogeneic Bone-marrow transplanted cells 
was enhanced upon CD4+ CD25+ depletion in the recipient mice [153], and trans-
planted CD4+ CD25+ cells could protect bone-marrow progenitors form NK elimi-
nation. Experiments with thrombospondin-1 (TSP-1) deficient mice revealed its 
essential role in the inhibition of NK cells by Tregs [154]. Myeloid suppressor cells 
(CD11b+ Gr-1+) were shown to expand during tumor growth, and to suppress NK 
functions in vivo, through cell-cell contact that affect Stat5 and inhibit perforin 
synthesis [155].

Indirect effects complicate the situation even further, for example the TGFb 
production by iDCs is required for the optimal proliferation of Tregs [146]. 
Therefore, the elimination of iDCs by activated NK cells [139], would affect the 
physiological balance between activation and suppression by either omitting or 
allowing the initial signals. A comprehensive understanding of immune cells activi-
ties at the tumor site will enable the understanding of the complex relationships 
between these multiple cells types.
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9.15 Killing of Metastatic Cancerous Cells by NK

In order to form metastases, tumor cells must leave the protective tumor micro-
environment and travel to distinct sites, being exposed to destruction by NK and 
other immune cells. However, unique shield is provided to the cancerous cells in 
the blood stream by the form of platelets that form micro thrombi around them [15]. 
Experimentally, anticoagulant drugs treatment in mice inhibited metastases in an 
NK-dependent mechanism, and increased acute tumor cells clearance in vivo [156], 
suggesting that platelets aggregation and fibrin coating provide tumor protection of 
NK cell destruction in the blood. Clinical evidences have also pointed to coagula-
tion role in tumor metastasis [157]. In vitro, fibrin coagulation around tumor cells, 
or around effector cells, reduced cytotoxicity by preventing cell-cell contact [158]. 
Thrombin was shown to contribute to platelet aggregation with tumor cells in vitro
and consequently to enhance metastasis in vivo [159]. Thus, metastases which are 
the main cause of death in cancer patients are quite efficiently protected from NK 
cells attack.

9.16 Concluding Remarks

In this review we describe how NK cells communicate with tumor cells, especially 
at the tumor microenvironment which turns to have a major role in the modulation 
of NK functions. There are yet several vital issues to address; solving these ques-
tions will reveal some of the fundamentals of NK biology. Among these are: (1) 
Identification of the tumor-ligands for NK activating receptors, and in particular for 
the NCRs, to understand the basic recognition of transformed cells. (2) Elucidating 
NK surveillance of early-transformed cells at different tissues, and its disturbance 
in progressed tumors. (3) The characterization of trafficking of functional NK-subsets
into the tumor site, and these subsets retention or further migration. (4) Development 
of intravital image techniques to observe NK functions inside tumors in order to 
understand the killers’ activities in the crime scene. (5) Delineate NK relationships 
with other immune-cells at the tumor area. (6) Gain mechanistic comprehension of 
the local and the systemic NK suppression by tumors.

New insights can lead to new treatments that will harness the robust NK activity 
against tumors. Based on understanding how tumor-microenvironment disarms NK 
cells, we will be able to aim sustained NK activity against the tumor spread.
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Chapter 10
Contribution of the Microenvironment to the 
Pathogenesis of EBV-Positive Hodgkin and 
Nasal NK/T-cell Lymphomas

Eva Klein, Miki Takahara*, and Lóránd Levente Kis

Abstract Depending on the differentiation and maturation of the EBV- carrying 
cell the virally encoded proteins can be expressed in various assortments. The 
expression of these proteins determines the fate of the EBV-harboring cell. 
Expression of the six nuclear and three membrane-associated EBV-encoded 
 proteins, designated Type III latency, induces cell proliferation. This occurs only 
in B lymphocytes. In spite of the transforming capacity of EBV, humans are virus 
carriers without the emergence of B-cell malignancy, because the immune system 
recognizes and eliminates the cells which express the growth-promoting proteins. 
However, immunosuppressed individuals have a high risk for EBV-induced B-cell 
malignancies.

In EBV-associated malignancies of other cell types, such as Hodgkin and NK/
T-cell lymphomas, the expression of virally proteins is restricted. EBV does not 
induce the autonomous proliferation of the cells. However, it induces  phenotypical 
changes that influence the fate of the cell. The virally encoded genes function in 
evasion of apoptosis, induction of cellular interactions, production and response 
to cytokines. Contribution of the microenvironment to the survival and prolifera-
tion of the EBV-carrying malignant cells is thus pivotal in these tumors.

Keywords Epstein-Barr virus, Hodgkin lymphoma, NK/T-cell lymphoma, micro-
environment, cytokine

10.1 Background

The evolution of the complex interaction between man and EBV originated with 
the primate ancestors. During the long history of the coexistence it evolved to be 
largely harmless, that is mainly determined by the variability of viral gene expression
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regulated by the differentiation of the host cell. Today, man and all Old, but not 
New World, primates harbor EBV-like viruses [1]. After the primary infection 
humans become virus carriers for lifetime and develop immunity against the virally 
encoded antigens. The maintenance of the virus in face of the immune response is 
secured by viral programs in which the immunogenic viral proteins are not 
expressed.

EBV shows a high degree of B-cell tropism. It binds to a B lymphocyte-
specific surface molecule, CD21 (receptor for the C3d fragment of comple-
ment). Binding of the viral envelop to the receptor induces cell activation. 
The infected cells can enter into the mitotic cycle and maintain proliferating 
capacity [1–3]. The EBV generated B-cell lines are referred to as lymphob-
lastoid cell lines (LCL). In these cells the viral genome is maintained in epi-
somal form and expresses nine proteins. The growth transformation is 
accompanied by phenotypic changes in the cells, including the expression of 
co-stimulatory cell surface molecules that are pivotal for their recognition by 
the immune system. Consequently, unless their immune response is compro-
mised, healthy individuals are saved from the emergence of EBV-induced 
malignancies.

The harmless maintenance of this transforming virus in humans is ensured on 
one hand by the modulation of the viral gene expression, allowing maintenance of 
the viral genome in B-cells without imposition of immunogenicity; on the other 
hand by the strong immunogenicity of the cells that express the growth promoting 
EBV-encoded proteins and are therefore eliminated [4].

Primary infection occurs usually in adolescents. In about half of the individu-
als it is followed by infectious mononucleosis (IM), a benign disease with highly 
variable severity and symptoms. The symptoms reflect the presence of activated 
 B-cells and the developing immune response.

Infection of B-cells in vitro has revealed the molecular details of the complexity 
of virus–host cell interaction and the immunological recognition of the latently 
infected B-cells. In contrast to B lymphocytes, infection of epithelial-, T-, and NK-
cells in vitro can be achieved only through manipulation of the virus or the host cell, 
such as using virus constructs with introduced selection markers and target cells 
with inserted viral receptors. However, the development of sensitive assays has led 
to the discovery of EBV-positive malignancies originating in T and NK lym-
phocytes, epithelial and mesenchymal cells indicating that these cell lineages are 
occasionally infected in vivo.

The EBV-harboring malignant B-cell lymphomas differ considerably from the 
non-B malignancies. The resident viral genome can induce proliferation autono-
mously only in the former, while additional factors, among them ones contributed 
by the microenvironment, contribute to the latter.

For the discussion of the role of EBV in the pathogenesis of the various lym-
phomas and of the contribution of the microenvironment it is necessary to con-
sider the various strategies of EBV gene expression and their impact on the 
target cell.
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10.2  Expression of EBV-encoded Proteins in Lymphocytes 
with Latent Infection

The EBV-encoded genes expressed in latent infection were characterized in the in
vitro generated lymphoblastoid cell lines, LCLs, and the pattern was designated as 
Type III or growth program [5, 6]. In these cells the EBV genomes reside as cova-
lently closed circles, episomes. Only rare cells in the LCLs produce virus. The 
expression of six virally encoded proteins localized in the nucleus, EBNAs, is 
regulated by one of the alternative viral promoters, W and C [1]. The spliced 
products of a giant message are translated to EBNA-1 to - 6 or EBNA -1, -2, -3a, 
-3b, -LP, -3c. In addition the virus encodes three cell membrane-associated pro-
teins (LMP-1, LMP-2a, and LMP-2b), and two non-translated small RNAs, 
EBERs. For the induction and maintenance of the transformed phenotype the 
EBV-encoded proteins interact with each other and with cellular transcription 
factors and co-activators. The expression of EBNA-2 and LMP-1 are essential and 
play a pivotal role with multiple functions in the establishment of the proliferating 
phenotype [7, 8].

LMP-1 induces conspicuous phenotypical changes, expression of several adhe-
sion and activation related molecules and by this it imposes strong immunogenicity 
of the Type III cell. Consequently such B lymphocytes survive and proliferate only 
in patients with impaired immune functions, such as transplant recipients who 
receive immunosuppressive treatments [9]. These patients have therefore a high 
risk for EBV-driven lymphoproliferations (post-transplant lymphoproliferative 
disorders, PTLD).

EBV was discovered in a B-cell lymphoma, Burkitt lymphoma, BL [10]. The 
transforming capacity of the virus for B lymphocytes to yield LCLs in vitro [2] was 
regarded as the in vitro correlate for the generation of this malignancy. However, it 
was soon shown that BL cells and LCLs differ [3] in that the former resemble rest-
ing cells, whereas the latter are similar to activated lymphoblasts, and the two cell 
populations are driven to proliferate by different, unrelated mechanisms. While the 
proliferation of the LCL is regulated by the EBV-encoded proteins, the prolifera-
tion of the BL cell is independent of EBV. In the BL cells constitutive activation of 
the myc gene, deregulated by the Ig/myc translocation (occurring also in EBV-
negative BLs,), is the driving force.

Among the EBV-encoded proteins that were discovered in the LCLs only one, 
the EBNA-1, is present in the BL cells [11]. This viral expression pattern is des-
ignated as Type I. This program has two important characteristics. It does not 
induce proliferation and it does not change the phenotype of the cells. Due to the 
absence of activation makers the cells are not “seen” by the EBV-specific immunity. 
This EBV program is exhibited by the virus genome carrier normal B-cells in the 
memory compartment [12, 13]. They secure the maintenance of EBV in humans 
firstly through the undisturbed presence of the viral genome carrying cell, and 
secondly by not endangering the life of the virus carrying individual.
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The common characteristic of EBV-carrying malignancies of the hemopoetic 
system, originating from cells other than the mature B lymphocyte, such as the 
Hodgkin-, T-, and NK-lymphomas, is the expression of EBNA-1 and LMP-1 [14, 
15]. Due to the lack of B lymphocyte-specific transcription factors, the C and W-
promoters are inactive and EBNA-2 (along with EBNA-3, -4, -5, -6) is not 
expressed in these malignancies. This viral program does not induce cell prolifera-
tion autonomously because this requires expression of EBNA-2. This restricted 
program was first seen in the epithelial cells of nasopharyngeal carcinoma (NPC) 
[16], and it was designated later as Type II EBV latency [5]. We denoted it as Type 
IIa in order to  distinguish it from a differently restricted program, Type IIb, that 
expresses the nuclear proteins, EBNAs but not LMP-1 [17]. The latter was first seen 
in B-CLL cells infected in vitro [18, 19].

On the basis of the behavior of cells the Type IIa and Type IIb restricted EBV 
gene expression represent a group in that they lack one or the other proteins pivotal 
for transformation: EBNA-2 in the former and LMP-1 in the latter [17]. They differ 
in the regulation of EBV gene expression and in the characteristics of the cells. Their 
common property is however, that cell survival and proliferation can lead to malig-
nancies with contribution of factors provided by the microenvironment.

The list of the known EBV expression patterns in lymphoid malignancies is 
given in Table 10.1. All of them can be found in the lymphoid tissue of IM 
patients.

10.3  The Changes of Viral Expression Concomitant 
with B-cell Maturation

In healthy carriers EBV resides in the memory B-cell compartment, in which the 
growth program of the virus is not expressed [12, 13]. The origin of these cells is 
not yet clarified. The in vitro B-cell transformation system has emphasized the 
establishment of type III pattern upon infection. This is partly due to the growth 
capacity of Type III cells that readily proliferate in the infected culture, overgrow-
ing thus other EBV-carrier cells. It was proposed that the infection event leads to 

Table 10.1 Variation of EBV gene expression in EBV-associated lymphoid malignancies

Latency designationa EBV-encoded proteinsb Malignancies

I  EBNA-1 Burkitt lymphoma
IIa  EBNA-1, LMP-1, LMP-2 Hodgkin lymphoma and nasal 

   NK/T-cell lymphoma
IIb  EBNA-1 to EBNA-6 PTLD
III EBNA-1 to EBNA-6 and  PTLD and lymphoma in AIDS
  LMP-1, LMP-2
acells with these latency types have been detected in lymphoid tissues of patients with IM
btwo non-coding RNAs, EBER1–2, are expressed in all EBV-carrying cells
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Type III protein expression and the various virus–cell phenotypes may represent 
successive changes with switches occurring concomitantly with maturation stages 
of the B lymphocyte [6]. However the viral expression in the latent infection of B 
lymphocytes can be determined directly by the differentiation of the target B-cell 
at the occasion of infection as well.

According to the model that employs changes in the expression program of the 
resident viral genome, naïve B-cells are infected with EBV and than they express 
the type III pattern [6]. In healthy individuals such cells are eliminated by the 
immune response. Escaping cells may enter and differentiate in the germinal centers 
(GC) of secondary follicles and switch to type I viral expression. We proposed that 
the expression of LMP-1 in the EBV-carrying GC B-cells is induced by cytokines 
[20, 21] and is not a consequence of cell differentiation, as proposed by Babcock et 
al. [22]. When these cells leave the GC, the EBV-encoded proteins are turned off. 
In the resting memory B-cells the viral genome is retained, but only the non-coding 
RNAs, EBERs, are detectable, unless the cells become stimulated and enter the 
mitotic cycle, when EBNA-1 is also expressed [23].

Indeed, cell phenotype-associated changes in the expression of the resident EBV 
genome have been shown in LCLs, in BL-derived lines and in somatic cell hybrids 
[11, 24]. Our results with B-CLL cells infected in vitro indicates however that the 
property of the target cells at the occasion of the infection can also determine the 
expression of the viral genes [19, 25].

10.4  EBV-carrying Hematopoetic Malignancies with Type IIa 
Restricted Viral Gene Expression

The EBV-carrying hematopoetic malignancies with Type IIa restricted viral gene 
expression, Hodgkin- and nasal NK/T-lymphomas express LMP-1 [14, 15, 26]. 
This molecule has a multitude of functions and interacts with viral and cellular 
genes. Accordingly its role is different in the two tumor types. Their shared char-
acteristics are that LMP-1 is instrumental in cooperation with the normal tissue 
environment. However, while the presence of EBV is not obligatory to the develop-
ment of the HL pathology, all nasal NK lymphomas carry EBV.

LMP-1 is an integral membrane protein composed of a short cytoplasmic 
N-terminal, six transmembrane domains and a cytoplasmic C-terminal tail. By self 
aggregating and engaging signalling intermediates of the TNF-receptors (so called 
TRAFs) it acts like a constitutively active receptor independently of ligand binding. 
Through the interaction of its C-terminal cytoplasmic tail with the signaling inter-
mediates TRAFs and TRADD, LMP-1 activates the NF-kappa B (both canonical 
and non-canonical), the p38/MAPK, the JNK, and the phosphatidylinositol 3 kinase 
(PI3-K) pathways that in turn results in the expression of multiple cellular genes. 
These are members of the anti-apoptotic family (A20, Bfl-1, Mcl-1, c-IAP2), 
cytokines (IL-6, IL-8, IL-10, IL-18), cell surface activation or adhesion molecules 
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(ICAM-1, SLAM, CD23, CD25, CD40, EGFR) and many others. In vitro overex-
pression studies have shown that LMP-1 has oncogenic effects in non-lymphoid 
cells. When expressed in rodent fibroblast cell lines, LMP-1 induced cellular 
transformation. Transgenic expression of LMP-1 in the B-cells of CD40-deficient 
mice has provided in vivo proof that LMP-1 mimics partially CD40 signals, 
since it could induce extrafollicular B-cell differentiation, but not germinal center 
formation.

The contribution of EBV in the development of HL is indicated by the elevated 
risk for EBV-positive cases in children with a history of IM [27]. However, the 
characteristic molecular mechanisms were shown to be shared by the virus positive 
and negative HL. Significance has been attributed to the activation of the NF-kappa 
B pathway that occurs in both, though induced by different mechanisms.

For the mechanism of HL development, disturbance of B-cell differentiation is 
proposed to be decisive [28]. According to their scheme, in the process of somatic 
hypermutation the faulty B-cells that arise in the germinal center are the progenitor 
of H-RS cells. While the correctly differentiated cells exit the GC, these “crippled” 
surface Ig-negative B lymphocytes are eliminated by apoptosis [28]. They may be 
rescued however by EBV infection for which the functions of LMP-1 and LMP-2a 
are held responsible.

10.4.1 Hodgkin lymphoma, HL

Depending on the geography and histological type the frequency of EBV-positive 
HLs vary. The classical HL tissue contains only a few (about 1–10%) Hodgkin-
Reed Sternberg (H-RS) cells [29]. Whether these H-RS cells carry or not the viral 
genome, the lymphoma tissues are made up by T-, B-cells, macrophages, eosi-
nophils, and plasma cells, thus they have an inflammatory character. The EBV gene 
expression pattern in the H-RS cells is regularly Type IIa with abundant LMP-1. 
While commonly the H-RS cells belong to the B-lymphoid lineage [30], they do 
not express all B-cell-specific genes, such as transcription factors and B-cell- associated
markers, like CD19, CD20 and immunoglobulins [31, 32]. Detailed analysis of 
the gene expression profile of the HL lines combined with immunohistochemical 
 analysis of tumor samples showed considerable deviations from the B-lymphocyte 
pattern, showing that the differentiation program of the H-RS cell is impaired. 
Since the regular EBV latent program in B lymphocytes is Type III or Type I, this 
reflects also that the cells deviate from normal B-cells. EBNA-2 expression 
requires B-cell-specific transcription factors such as Oct-2 and BSAP (PAX-5) [33, 
34]. In their absence the Wp and Cp promoters that regulate EBNA-1, -2, -3, -4, -5, 
-6 expression during type III latency is inactive.

HL has been studied in great detail and its literature is abundant. As mentioned 
above the characteristics of the HL tissues are similar in the EBV-negative and -
positive cases. Special properties that could be ascribed to the presence of the virus 
in the H-RS cells have not been discovered yet; however some studies concluded 
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that the prognosis of EBV-positive cases is more favorable for certain age groups 
and histologic subtypes.

LMP-1 may not only function in the rescue of the faulty differentiated B lym-
phocytes, but could contribute to the establishment of the granulomatous tissue as 
well. For the phenotype and survival of the H-RS cell activation of the nuclear fac-
tor (NF)-kappa B, that is the hallmark of these cells, is decisive [35]. In the EBV-
carrying cases LMP-1, in the EBV-negative cases mutations in the NF-kappa 
B inhibitors (IkB-alpha) [36], amplification of the REL gene (encodes an NF-kB 
family member) [37] or signals acting on surface receptors CD30 and CD40 [38, 
39], may activate NF-kappa B.

The HL granuloma is a complex interactive environment to which a multitude of 
cellular and soluble factors contribute. Secretion of the CCL17/ TARC and CCL22/
MDC chemokines by the H-RS cells can attract CCR4-expressing Th2 and regula-
tory T-cells [40, 41]. The H-RS cells may get survival signals from the infiltrating 
Th-2 cells, while the regulatory T-cells may protect them from the EBV-specific 
immune response [42, 43]. Furthermore the H-RS cells secrete immunosuppressive 
Cytokines, such as TGF-beta and IL-10. Though LMP-1 could impose immuno-
genicity on the cell, the same molecule released from cells has been shown to be 
immunosuppressive [44].

The difficulty to establish cell lines from EBV-carrying HL is in line with the 
complex structure of the lymphoma tissue. In spite of considerable effort, HL-
derived cell lines with type IIa EBV latency have not been established [45]. With 
one exception – the Type III L591 line, that however does not represent the in vivo
H-RS cell – the few available HL-derived cell lines are all EBV-negative [46]. This 
shows that the Type IIa EBV expression does not induce cell proliferation, unless 
additional cellular changes or signals from the microenvironment contribute.

The phenotype of the H-RS cells deviates thus from the mature B lymphocytes. Its 
particular phenotype and the lack of in vitro type IIa latency model motivated our 
studies for the cell–virus interaction. With the help of a recombinant EBV strain con-
taining the neomycin resistance gene, we established a virus-carrying subline of the 
EBV-negative KM-H2 line [47]. For maintenance of the virus, the cells had to be 
carried in the selective medium. Importantly, only the EBNA-1 protein was expressed 
in these cells, thus they were Type I. Similar results were reported by Baumforth and 
co-workers [48]. Thus, the in vitro-established EBV carrier state of the KM-H2 cells 
did not correspond to the in vivo expression of viral proteins in HRS cells. However, 
LMP-1 became induced when IL-4 and contact with CD40-ligand (CD40L) were 
provided to the cells, and this was not accompanied by EBNA-2 expression [47]. We 
showed thus for the first time that the EBV gene expression pattern can be influenced 
by cytokines and LMP-1 can be induced in HL-derived cells in the absence of EBNA-
2 expression [47]. This condition can prevail in vivo because in the lymphogranuloma
the H-RS are surrounded by activated CD4-positive T-cells that produce a variety of 
cytokines and express CD40L [38, 49].

Similarly to the experimentally created KMH2-EBV cells, EBNA-2 could not be 
induced in the EBV-carrying cell lines derived from body cavity lymphoma (pleural 
effusion lymphoma, PEL) [50] that have also lost several B-cell characteristics [51].
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On the basis of our results showing cytokine-induced expression of LMP-1 we 
modify the scheme proposed by Thorley-Lawson and discussed above. We intro-
duce the contribution of the microenvironment for the generation of Type IIa cells, 
in that we propose that LMP-1 expression is induced by extracellular signals in the 
GC, provided by cytokines and cell contacts. (Fig. 10.1). This is in line also with 
the observations that EBV-positive memory B-cells isolated from tonsils express 

Fig. 10.1 Development of the EBV-positive H-RS cell in the germinal center, emphasizing the 
development of Type IIa EBV latency under the influence of the microenvironment. EBV carrier 
normal B-cells in GC express the Type I viral pattern. When they leave the GC, the virally 
encoded proteins are turned off. During the process of somatic hypermutation occasional cells 
acquire non-functional mutations, they do not express sIg, and succumb to apoptosis. EBV can 
rescue these cells. Signals provided by T-cells through the CD40L and cytokines, particularly 
IL-4, IL-10 and IL-21, induce the expression of LMP-1. Interaction of these cells with the environ-
ment, cell–cell contacts and cytokines leads to their survival and entry to the cell cycle. 
Constitutive activation of NF-kB, induced by LMP-1 has a key role in the malignant property of 
the H-RS cell. The circles in the nucleus of the cells represent the viral episome. sIg denotes 
surface immunoglobulin
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LMP-1, while the ones in blood are LMP-1 negative [52]. Upon exit from the GC, 
the long-lived, resting memory B-cells do not express the viral proteins. The H-RS 
cells originate from “crippled “B-cells that are normally eliminated [28]. When the 
cells acquire EBV infection, their fate changes. LMP-1 (and LMP-2a) is induced 
and they escape apoptosis. Occasional cells enter in a mutual stimulatory interac-
tion with the normal cellular components of the lymph-node, persist, and can enter 
the mitotic cycle.

Elimination of the EBV-carrying type III latent B-cells is critical for the infected 
individual since these cells have a proliferative potential. LMP-1 and LMP-2a 
expression together with the co-stimulatory molecules and intact antigen-presenting 
machinery would be expected to elicit an immune response in HL as well. In the 
HL granuloma, however, the immune response seems to be locally inhibited [53] 
by immunosuppressive cytokines (IL10, TGF-beta) and by regulatory T cells 
[42, 43].

10.4.2 Extranodal, Nasal NK/T-cell Lymphoma

This rare and highly malignant lymphoma occurs mainly in Asia. The tumor cells 
are intermixed with inflammatory cells in a necrotic tissue with obvious vascular 
damage [54]. These lymphomas are regularly EBV-positive, with some variation in 
the expression of the virally encoded genes, the tissue contains both Type I and 
Type II cells, the latter with high variation in the level of LMP-1 [55, 56]. EBV-
negative and EBV-positive cell lines have been established, and, except for one, 
that is Type I, the EBV carrier ones maintained the Type II pattern. In contrast to 
the in vivo tumor the level of LMP-1 in the cell lines is homogeneous, though it 
differs in the various cell lines. Importantly, these tumor-derived lines with the NK 
phenotype require IL-2 for in vitro proliferation, thus in this respect they resemble 
normal NK cells. LMP-1 expression is coupled to cell proliferation, it is dependent 
on the supply of IL-2 [57]. We demonstrated that in absence of IL-2 cells treated 
with the cytokines IL-10 and IFN-gamma expressed LMP-1, but cell proliferation 
was not sustained [57]. Thus the LMP-1 protein in the NK tumor cells was not suf-
ficient for induction of proliferation. However it modified the growth potential of 
the cells indirectly because the requirements for IL-2 were changed in the cytokine-
treated cells. Concomitantly with the induction of LMP-1 the expression of CD25, 
the high affinity component of the IL-2 receptor, increased and this led to lower 
IL-2 concentration requirement for growth [57]. We concluded therefore that while 
the EBV-encoded proteins expressed in the NK-lymphoma do not induce prolifera-
tion, LMP-1 can contribute to the pathogenesis of the NK-lymphoma, by potentiat-
ing the response of the malignant NK-cells to growth-promoting cytokines.

The following sequence of events may thus contribute to the development of 
NK/T lymphomas. This malignancy is confined to the nasal area, a site where 
inflammation is frequent. In the inflammatory tissue B, T and NK lymphocytes are 
activated. For the part of B lymphocytes, the ones carrying the EBV genome may 
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be induced for virus production. Through direct contact, the otherwise rare event, 
NK-cells may be infected with the virus and the cells exhibit the Type IIa protein 
pattern (Fig. 10.2) Activated T-cells in the tissue produce IL-2, and IL-10. Activated 
NK-cells express IL-2 receptors and respond with proliferation. The sensitivity to 
the effect of IL-2 is potentiated by the influence of IL-10 that is also provided by 
the T lymphocytes, and by macrophages as well. In addition the tumor cells are 
induced to produce IL-10 exhibiting thus autocrine upregulation of LMP-1. By 
concomitantly up-regulating the expression of CD25 (IL-2R-alpha), IL-10 may 
have a key role in the proliferation of the malignant cells because it may be respon-
sible for efficient exploitation of the available amount of IL-2.

Fig. 10.2 Contributing factors to the development of nasal NK-lymphoma, emphasizing the role 
of EBV. In the inflammatory tissue NK-, B-, T-cells and macrophages are activated. Occasional 
EBV-carrying B-cells produce viral particles and infect NK-cells through direct contact. In these, 
the EBV-encoded protein expression is Type IIa. Activated NK-cells express the IL-2-receptor, 
consequently they can respond to the growth-promoting stimulus of IL-2 that is produced by 
T-cells. IL-10 and IL-15 is secreted by macrophages that elevate the level of LMP-1 that may 
directly increase CD25 expression. Consequently these cells can be stimulated for division by 
relatively lower level of IL-2. The assignment of cytokines to a particular cell type is not exclu-
sive, e.g. IL-10 can be produced by T-cells and by the tumor cells as well. The circles in the 
nucleus of the cells represent the viral episome
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Thus unlike B lymphocytes in which LMP-1 together with other EBV-encoded 
proteins (particularly EBNA-2) drives cell proliferation, the role of EBV in the 
NK/T lymphomas is confined to potentiate the sensitivity to growth promoting 
cytokines received from the components of the inflammatory tissue. Whether 
LMP-1 is directly involved in the expression of the IL-2R alpha (CD25), or its reg-
ulation of expression is concomitant, remains to be seen.

10.5 Conclusion

EBV contributes to tumorigenesis of the cells of the hemopoetic system (Table 10.2). 
Except for the nasal lymphomas these malignancies have alternative pathogenesis as 
well, because their association with EBV is not obligatory. In variable proportions, lym-
phoid proliferations with similar pathological and clinical features occur without the 
presence of EBV.

All the EBV-encoded proteins that act in concert for growth promotion are 
expressed only in B lymphocytes. Among these the LMP-1 molecule has a key role. 
In accordance with the multitude of LMP-1 functions, depending on the type of the 
infected cell it can act in various ways. The impact of LMP-1 on the cell phenotype 
encompasses the enhancement of interactions with the microenvironment both 
through direct cell-contacts and through soluble factors.

Though the cell type of origin differs, Hodgkin and NK/T-cell lymphomas have 
common characteristics, such as: (1) abundancy of normal cells, mainly those 
belonging to the immune system, (2) type II expression of the resident EBV 
genome, (3) important role of the EBV-encoded membrane-associated molecule 
LMP-1, and (4) mutual interactive signals with the cellular components of the 
inflammatory tissue that contribute to the survival and proliferation of the malig-
nant cells. While the role of LMP-1 differs in the two malignancies cytokines are 
involved in the generation and maintenance of both tumors. This implies the possi-
bility for inhibitory interventions with therapeutic potential by neutralization of 
growth promoting soluble factors and/or blockade of the relevant receptors.
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Table 10.2 The role of EBV in lymphomagenesis

 Key factors for in 
Malignancy vitro proliferation The role of EBV

Burkitt lymphoma Ig-myc translocation Anti-apoptosis?
Hodgkin lymphoma Constitutive NF-kappa Rescue of faulty GC B-cells from

B activity apoptosis
Nasal NK/T-cell  Exogeneous IL-2 IL-2R-alpha (CD25) upregulation

lymphoma
AIDS-lymphomas  EBV-encoded, growth  Induction of proliferation

and PTLD promoting genes
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