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Immune-Suppressive Mechanisms and Cancer:
Understanding the Implications, Paradoxes,
and Burning Questions

Arthur A. Hurwitz and Dmitry I. Gabrilovich

Since Paul Ehrlich’s 1909 prediction that the immune system is capable of
suppressing the growth of tumors, a large volume of evidence produced by the
work of many investigators has demonstrated the existence of a natural immune
protection against cancer. As a tumor develops, it acquires novel epitopes as a
result of mutations in self-proteins, frame shifts, or protein splicing identified in
some tumor cells. Many tumors acquire an anaplastic or de-differentiated histologic
phenotype, losing tissue differentiation antigens and acquiring expression of embry-
onic or “cancer-testis” antigens. In addition, changes in glycosylation or levels of
expression may also change the antigenic repertoire of tumor cells. Finally, virally
transformed cells may harbor strongly immunogenic viral antigens.

As a whole, these changes in antigenicity of tumor cells may permit the adaptive
immune system to recognize a tumor as “foreign”, despite the fact that tumors arise
from “normal” self-tissues, against which tolerance is maintained. All these data
justify the concept of immunosurveillance of tumors, which proposes that as muta-
tions that lead to transformation occur, the immune system can detect these changes
as “foreign” and eliminate the “invader”. Recently, this concept has evolved into the
concept of “immunoediting”, which postulates that as a tumor develops, the immune
system can shape the repertoire of a tumor’s inherent immunogenicity.

It is now clear that tumors can be recognized and eliminated by the host
immune system. However, this idea raises two main questions that have confronted
researchers and physicians for many years: why the immune system does not
always prevent tumor progression, and how to manipulate the immune system to
achieve tumor eradication. The last 20 years have brought a clear realization that
one of the major mechanisms of tumor escape that limits the clinical success of
cancer immunotherapy is the inadequate function of the host immune system in the
context of a developing tumor. During recent years, there has been an explosion of
information about the potential immunosuppressive strategies employed by tumor
cells.

A.A. Hurwitz
Laboratory of Molecular Immunoregulation, National Cancer Institute, Frederick, Maryland, USA
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2 A.A. Hurwitz, D.I. Gabrilovich

Intensive studies from many different groups have resulted in the discovery of
numerous cellular mechanisms of immune suppression in cancer. With the identi-
fication of T-cell priming pathways, it became clear that aberrant T-cell activation
can lead to non-responsiveness or anergy. T-cell receptor ligation in the absence of
costimulatory signals is generally recognized as a potent way to anergize T cells.
Thus, tumor cells that express MHC but lack costimulatory ligands, or immature
APCs that cross-present tumor antigens, may be capable of tolerizing tumor-reactive
T cells. Developing tumors can also induce production of a variety of suppres-
sive cells. They include regulatory T cells, B cells, myeloid-derived suppressive
cells, and different types of macrophages and dendritic cells. These cells suppress
T-cell responses via suppressive surface molecules like CTLA-4, PDL-1, PDL-2,
galectins, etc., production of inhibitory cytokines like IL-10, TGF-�, VEGF, etc.,
depletion of T cells of tryptophan and arginine, release of reactive oxygen species
and nitric oxide and many others (many of which are discussed in this monograph).

Like suppressor cells, tumors can also express factors that create a suppressive
environment. Tumors can express catabolic enzymes like indoleamine dioxygenase
or arginase. Tumors have also been demonstrated to express ligands to inhibitory
receptors on T cells and expression of these ligands has an inverse correlation to
survival, suggesting that tumors use these receptors to evade immune recognition.

Discovery of this multitude of different immune-suppressive factors helped to
develop new experimental and clinical methods to improve the immune response
in cancer and the effect of cancer vaccines. However, these discoveries also raise
several fundamental questions that need to be addressed in order to understand fully
the biology of antitumor immunity and effective approaches to its use in therapeutic
settings.

1. Specific vs. non-specific suppression in cancer. Most of the suppressive mech-
anisms that have been demonstrated in cancer and described in this monograph
do not require the presence of tumor-specific antigens for their negative effect on
T cells. The paradox is that despite the apparent presence of a large number of
potent immune-suppressive factors, neither tumor-bearing mice nor cancer patients
are profoundly immune compromised. Even at a relatively advanced stage of cancer,
the host immune system retains the ability to respond to stimulation with viral and
bacterial antigens or lectins. At the same time, tumor-specific immune response
is repressed. The question arises that if those multiple suppressive mechanisms
are truly operational, why is more profound immune deficiency not observed in
tumor-bearing hosts? This paradox is currently not resolved. Currently, it appears
that the understanding of the mechanisms of tumor escape requires identification of
the precise role of tumor-specific immune tolerance vis-à-vis non-specific immune
suppression. It is possible that the role of multiple immunosuppressive mecha-
nisms in cancer is exaggerated due to the nature of experimental models employed.
However, another explanation is much more likely. It relates to the phenomenon
of compartmentalization of immune suppression in cancer. There is certainly a
need for development of more experimental models that more closely reflect the
“real” situation present in cancer patients. Such models might allow more accurate
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characterization of multiple immunosuppressive mechanisms active at the same
time.

2. Spatial characteristics of immune suppression in cancer. Immune suppres-
sion in cancer is not a universal process. It has become increasingly clear that the
nature of immune suppression in peripheral lymphoid organs and inside the tumor
site is different. Available data may suggest that in peripheral lymphoid organs,
tumor-specific T-cell tolerance is more likely to be responsible for tumor escape
than non-specific immune suppression. T cells retain their ability to respond to
other stimuli. In contrast, tumor microenvironment creates a milieu that inhibits
any type of immune reactivity and this immune suppression is not antigen-specific.
Multiple studies demonstrated that tumor-infiltrating T lymphocytes are profoundly
suppressed. Their function could be recovered only if they are cultured ex vivo
in the presence of appropriate cytokines and effective stimulation. However, it is
still unclear whether T cells are rendered non-responsive inside a tumor or if they
migrate to the tumor site, having already been tolerized in peripheral lymphoid
organs. This question is especially important for the attempts to use adoptive transfer
of previously activated, antigen-specific T cells. Although adoptive immunotherapy
holds promise, the local immunosuppressive environment of the tumor may hamper
those attempts. It is very important to establish whether immune suppression at the
tumor site is indeed able to block the antitumor effect of adoptively transferred T
cells and to determine therapeutic approaches to tilt the balance toward effector
T cells. There are no clear answers to these questions. However, the overview of
current data presented in this monograph may help to develop them in the future.

3. Strategies to target negative regulatory pathways. The fact that tumors develop
and progress is a good indication that immune surveillance of cancer is not com-
pletely efficient. Successes of cancer vaccines at this time are not impressive. The
failure of antitumor immune responses is presumably the consequence of the envi-
ronment of a large network of tumor-associated immune-suppressive factors. This
makes targeting of this network very attractive for the goal of improvement of over-
all antitumor reactivity.

How best to target immune-suppressive regulatory pathways remains unclear.
Negative regulatory mechanisms discussed in detail in this monograph are also
essential in preventing excessive immune responses to foreign antigens and autoim-
mune abnormalities. It is logical that the elimination of these factors will result in
the activation of the immune system. The question is whether this activation alone
will be sufficient. The potential problem is that the removal of negative “brakes”
would result in an accumulation of T cells reactive to any available antigens. Most
of the viral and bacterial antigens are much stronger immunogens than the self-
antigen present in tumors. The proportion of tumor-specific T cells among this pool
of reactive T cells could be quite small. They can still be easily detected since inves-
tigators are specifically looking for these cells. However, whether they are sufficient
to prevent tumor progression is not apparent.

In addition, antitumor effects will most likely be associated with autoimmune
abnormalities. The more effective the antitumor response generated by a potent
therapy, the more severe the potential side effects that could be developed. Often,
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successful anti-melanoma responses are associated with autoimmune vitiligo, where
the immune system destroys melanocytes as well as melanoma cells. However, some
therapies give rise to more system autoimmune sequellae. It was reported that some
of those side effects could be alleviated by corticosteroids (Ribas et al., 2005). How-
ever, it is not clear how this may affect the clinical efficacy of the treatment. Current
clinical studies will undoubtedly help to address these questions. However, accu-
mulated data presented in this monograph strongly argue in favor of a direct combi-
nation of immunostimulatory therapy with targeting immune-suppressive pathways.
Partial removal of suppressive mechanisms in the presence of tumor-specific T cells
may dramatically enhance their antitumor effect. A number of clinical trials testing
this hypothesis have been initiated in recent years. The results of these trials will
undoubtedly help to shape future therapeutic strategies.

4. Combination of immunotherapy and other therapeutic modalities in cancer
as a future of cancer treatment. Another approach to cancer therapy has emerged
in recent years. It employs conventional chemotherapy in direct combination with
immunotherapy. This approach seems to be counterintuitive since it is well estab-
lished that potent cancer chemotherapy blunts the immune responses. However,
this perception was recently challenged by unexpected results from several clin-
ical trials demonstrating substantial clinical benefits when immunotherapy was
immediately followed by chemotherapy (Antonia et al., 2006; Arlen et al., 2006;
Gribben et al., 2005; Wheeler et al., 2004). These data, in combination with
the results of pre-clinical studies (Emens and Jaffee, 2005), suggest a synergistic
effect of immunotherapy and chemotherapy. One of the potential mechanisms of
this synergistic effect could be the elimination of immune-suppressive factors by
chemotherapy. Chemotherapy is known to be able to deplete regulatory T cells,
myeloid-derived suppressor cells, as well as tumor-associated macrophages. Even-
tually, CTL responses are also ablated by chemotherapy. However, apparently the
effect of chemotherapy on tumor microenvironment precedes the effect on CTL,
which may explain the clinical benefits of this approach. In addition, chemother-
apy may disrupt tumor stroma, which would improve CTL penetration into tumor
parenchyma. As discussed in this monograph, it is also possible that chemotherapy
can help load stromal cells with tumor-associated antigens and thus help to facilitate
antitumor immune responses. This field is at an early phase of development now and
more studies are needed to clarify the mechanisms of this phenomenon.

The data accumulated in recent years provide strong indication that target-
ing immune-suppressive mechanisms in combination with induction of antitumor
immune responses may profoundly enhance the effect of cancer immunotherapy.
We have become more sophisticated in our understanding of the mechanisms of
immune suppression in cancer and in developing new approaches to targeting those
mechanisms. This monograph presents the “state of the art” in our understanding
of the mechanisms of suppression of tumor immunity. By presenting a compre-
hensive understanding of how these suppressive mechanisms reduce the ability to
elicit potent tumor immunity, we hope to stimulate the study of more powerful and
presumably synergistic approaches to treating cancer.
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Mechanisms of Tumor-Associated
T-Cell Tolerance

Adam J. Adler

1 Introduction

The great challenge in the treatment of cancer has been to develop modalities that
destroy tumor cells without damaging healthy tissues. In fact, modalities such as
chemotherapeutics that are standardly used to treat a wide variety of cancers work
on the principle that tumor cells are slightly more sensitive to their cytotoxic effects
than are healthy cells, and thus treatment regimens are administered that may or
may not fully eradicate the cancer (depending upon the outgrowth of drug-resistant
tumor cells) but generally inflict significant side effects on the patient. In this regard,
there has been a long-standing interest in programming the adaptive immune sys-
tem to mediate anti-tumor immunity through the targeting of antigens expressed
specifically by tumors. This effort has been accelerated during recent years by
advances in the ability to prime robust cytotoxic T-lymphocyte responses. Neverthe-
less, results from recent clinical trials testing a variety of T cell-based immunothera-
peutic approaches have only demonstrated partial successes (Rosenberg et al., 2004;
Srivastava, 2006). This is likely to be at least partially due to the ability of tumors
to dampen cognate T-cell responses.

Ironically, the first evidence demonstrating that tumors can suppress cognate
T-cell responses came from the same studies establishing that tumors can elicit
T-cell responses. Thus, mice harboring established carcinogen-induced trans-
plantable tumors can reject a second transplant of the same tumor, and T cells
harvested from mice with established tumors can confer protection against tumor
growth when transferred into naive syngeneic mice that are simultaneously chal-
lenged with the same tumor. This phenomenon of concomitant immunity (reviewed
in Gorelik, 1983) thus indicated that while tumors can possess immunogenic
properties that allow them to prime cognate T-cell responses, they can simultane-
ously suppress the function of these effector T cells when they enter the tumor

A.J. Adler
Center for Immunotherapy of Cancer and Infectious Diseases and Department of Immunology,
University of Connecticut Health Center, Farmington, CT 06030-1601, USA
e-mail: aadler@up.uchc.edu
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microenvironment. Although initial murine studies suggested that concomitant
immunity was more likely to occur with high-dose carcinogen-induced tumors
compared to spontaneously arising tumors (Gorelik, 1983), the subsequent obser-
vation that T cells with tumor specificity commonly infiltrate certain human tumors
such as melanoma (Topalian et al., 1989) suggested that naturally arising tumors
can also elicit cognate T-cell responses while simultaneously inhibiting T-cell
effector functions in the tumor microenvironment. Understanding how the tumor
microenvironment is able to locally suppress the function of tumor-infiltrating
tumor-reactive effector T cells has been the subject of intense study and will be
reviewed in detail in several of the accompanying chapters.

The immunogenic properties of certain tumors may be related to their potential to
generate inflammation when they invade surrounding tissue or metastasize (Pardoll,
2003). Conversely, other tumors might not elicit inflammation either because they
are able to grow and spread without causing tissue damage (e.g., hematopoietic
tumors) or because they express activities that minimize inflammation when they
do cause tissue destruction (Wang et al., 2004). Overall, the potential of tumors to
grow while eliciting minimal inflammation would be consistent with the potential to
induce immunological tolerance (Pardoll, 2003). For the purpose of this discussion,
tolerance will be defined as an impaired ability of antigen-specific T cells to respond
to antigenic challenge at the systemic level, as opposed to the above-mentioned
immunosuppressive effects that impair T-cell effector function locally in the tumor
microenvironment. Evidence from numerous models indicates that T-cell tolerance
to tumor-associated antigens can occur, and that this tolerance can negatively impact
tumor immunity.

Ultimately, the development of effective T cell-based strategies to treat cancers
that have a propensity to induce T-cell tolerance will likely require a component to
prevent or reverse tolerance to tumor-associated antigens, which will be facilitated
through a detailed understanding of the cellular and molecular mechanisms that
regulate tolerance.

2 Tumors Can Tolerize Cognate T cells

Since many human and mouse tumor antigens are expressed on both tumors and the
normal tissues from which they derive (i.e., differentiation antigens, e.g., tyrosi-
nase (Wolfel et al., 1994), TRP2 (Wang et al., 1996) and Pmel-17/gp100 (Cox
et al., 1994)), it is likely that the pathways which tolerize the T-cell repertoire to
tissue-specific self-antigens in order to avoid autoimmunity also negatively impact
the ability of these same T-cell specificities to mediate tumor immunity. To model
the impact of pre-existing T-cell tolerance to differentiation antigens on tumor
vaccine efficacy, Hu et al. developed a transgenic mouse model in which the
Friend murine leukemia virus envelope protein (env) was expressed under the con-
trol of a lymphoid-specific promoter. Env-specific T cells were tolerant in these
animals as demonstrated by their failure to expand following vaccination with
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an env-expressing recombinant vaccinia virus, and this tolerance was associated
with a failure of the vaccine to protect against subsequent challenge with an env-
expressing transplantable erythroleukemia (Hu et al., 1993). While this result illus-
trates that pre-existing tolerance to tumor-associated differentiation antigens can
severely dampen tumor vaccine efficacy, tolerance is probably not always absolute.
For instance, when a transgenic tumor differentiation antigen is expressed on nor-
mal tissues in a more restricted fashion, naive CD8 cells expressing T-cell receptors
(TCRs) with low avidity for the tumor differentiation epitope escape tolerization
and can be primed through vaccination to mediate tumor immunity (Morgan et al.,
1998). The possibility that tumor differentiation antigen-specific T cells that can be
primed may tend to express low-avidity TCRs might represent one facet explain-
ing why tumor vaccines are sometimes only able to elicit partially effective tumor
immunity.

The finding that T-cell tolerance to tumor-associated differentiation antigens
exists and can negatively impact the efficacy of tumor vaccines targeting these anti-
gens is not particularly surprising given that tolerance induction through both central
and peripheral mechanisms will have presumably been operative long before the
initiation of tumorigenesis. It might therefore seem reasonable that tolerance would
be less apparent for tumor-specific antigens such as those deriving from oncogenic
viruses or mutated self-antigens given that they would in all probability not be
present in the thymus to facilitate negative selection of cognate developing T cells
and would not be accessible to the peripheral tolerance-inducing machinery prior to
tumorigenesis. Nevertheless, numerous studies have indicated that T-cell tolerance
can develop rapidly toward tumor-specific antigens. When Bogen and colleagues
transplanted a plasmacytoma into transgenic mice expressing a TCR specific for a
class II-restricted peptide that derives from the hypervariable region of the idiotypic
immunoglobulin expressed by that plasmacytoma, the idiotype-specific CD4 cells
underwent deletion (Bogen, 1996). Given that bolus injection of soluble foreign
antigens induces immunological tolerance (in contrast to particulate antigen or anti-
gen admixed with adjuvant that induces immunity) (Chiller et al., 1971; Dresser,
1962), the potent tolerogenic nature of the tumor-specific antigen (i.e., idiotypic
immunoglobulin) may have been related to its secretion into the blood stream at
very high levels, a situation that would probably not be the case for most other
tumor-specific antigens that are either expressed at lower levels or that remain cell-
associated. To assess whether T-cell tolerance can develop toward less abundant
non-secreted tumor-specific antigens, Levitsky and colleagues developed a model
in which naive TCR-transgenic CD4 cells specific for the model antigen influenza
hemagglutinin (HA) are adoptively transferred into mice bearing a transplantable
B-cell lymphoma that expresses a low level of HA. Over several weeks, these naive
HA-specific CD4 cells progressively lost the ability to both proliferate and secrete
cytokines in response to subsequent in vitro or in vivo antigenic challenge (Stavely-
O’Carroll et al., 1998).

Subsequent studies from various groups have confirmed that both CD4 and CD8
cell tolerance can develop toward antigens expressed on transplantable as well as
spontaneously arising tumors (Doan et al., 2000; Drake et al., 2005; Lyman et al.,



10 A.J. Adler

2004; Schell et al., 2000; Shrikant et al., 1999). Tolerance does not develop in all
tumor systems (Hanson et al., 2000; Nguyen et al., 2002; Ochsenbein et al., 2001;
Spiotto et al., 2002), underscoring the notion that different types of tumors vary in
their capacity to induce tolerance. As discussed in the introduction, those tumors
that elicit cognate effector (rather than tolerogenic) T-cell responses must elaborate
immunosuppressive mechanisms to inhibit the tumoricidal activity of the tumor-
reactive effector T cells that have infiltrated into the tumor microenvironment. Given
the dynamic nature of tumorigenesis (Lengauer et al., 1998), it might be possible
that the capacity of a given tumor to either prime or tolerize cognate T cells might
change during disease progression. Indirect support for this possibility stems from
the observation that melanoma patients can exhibit clonally expanded populations
of non-functional tumor-associated antigen-specific CD8 cells (Lee et al., 1999),
consistent with a scenario in which these tumor-reactive T cells are initially primed
to undergo expansion but subsequently inactivated.

3 Mechanisms of Peripheral Self-Antigen- and Tumor-Associated
Antigen-Induced T-Cell Tolerance

Since tolerization of tumor antigen-specific T cells can restrict the repertoire of T-
cell specificities that can be primed through vaccination, manipulations that can
either block the development of and/or restore the function of tolerant tumor-
reactive T cells could enhance tumor vaccine efficacy. In this regard, understanding
the cellular and molecular pathways that mediate tolerance will be critical.

For tumor-associated differentiation antigens that are also expressed on nor-
mal tissues, T-cell tolerance should be mediated through the central and periph-
eral pathways that normally operate to prevent autoimmunity. Thus, the majority of
self-reactive T cells undergo negative selection during development in the thymus,
where immature T cells expressing high-avidity TCRs that recognize MHC-self-
peptide complexes presented by thymic antigen-presenting cells (APCs) undergo
apoptosis (Kappler et al., 1987; Kisielow et al., 1988; Sebzda et al., 1994; Surh and
Sprent, 1994). Subsequently, mature T cells specific for parenchymal self-antigens
that are not presented in the thymus can be subjected to a variety of peripheral
tolerance mechanisms such as deletion (Jones et al., 1990), functional inactivation
(also referred to as anergy; Schwartz, 2003) or suppression by regulatory T cells
(Sakaguchi, 2000; Shevach, 2001).

It was initially thought that central tolerance functioned specifically to delete
developing T cells with reactivity to self-antigens that were either ubiquitously
expressed or that could gain access to the thymus via the circulation, while
peripheral mechanisms performed the task of inactivating mature T cells spe-
cific for tissue-restricted self-antigens. More recent evidence, however, suggests
a degree of overlap between central and peripheral tolerance. Expression of the
transcription factor AIRE in thymic medullary epithelial cells (mTECs) induces
low-level expression of a variety of tissue-restricted self-antigens that can mediate
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the deletion of developing cognate T cells (Anderson et al., 2002). Although AIRE
extends the range of thymic tolerance, several lines of evidence strongly implicate
that peripheral mechanisms are still essential for preventing autoimmunity. First, not
all tissue-restricted self-antigens appear to be expressed in mTECs, and those that
are expressed are generally present at low levels (Derbinski et al., 2005), suggesting
that there is likely to be a high level of leakiness in this process. In fact, a substantial
fraction of self-reactive T cells do escape thymic deletion (Bouneaud et al., 2000),
and it is well established in a variety of inbred mouse strains and other species that
self-reactive T cells in the periphery of normal individuals can be induced to mediate
autoimmunity following vaccination with cognate auto-antigen plus adjuvant (von
Budingen et al., 2001). The spontaneous development of autoimmunity in mice
that either exhibit defective DC apoptosis (Chen et al., 2006) or lack negative
regulators of peripheral T-cell responsiveness such as Foxp3, Cbl-b (Bachmaier
et al., 2000), TGF-� (Gorelik and Flavell, 2000) and CTLA-4 (Tivol et al., 1995)
provides additional evidence that peripheral tolerance is critical for preventing
autoimmunity.

Tissue-restricted self-antigens expressed in mTECs include certain tumor-
associated antigens (Bos et al., 2005), suggesting that central tolerance does
impact tumor immunity. Nevertheless, the understanding and ability to manipulate
peripheral tolerance will likely have a greater potential to increase the efficacy of T
cell-based therapies to treat cancer. Thus, thymic deletion will have mostly occurred
prior to clinical diagnosis and administration of therapy, and T-cell deletion cannot
be reversed. In contrast, peripheral tolerance can involve mechanisms such as
anergy/hypo-responsiveness that could potentially be reversed in the context of
vaccination, and strategies that prevent the tolerization of adoptively transferred
tumor-reactive effector T cells in the context of adoptive immunotherapy might also
enhance anti-tumor immunity (as will be discussed shortly).

Since tumor-associated differentiation antigens exist as normal self-antigens
prior to tumorigenesis, cognate T cells should be subject to normal tolerance mecha-
nisms. Interestingly, mounting evidence suggests that these same mechanisms might
also induce tumor-specific T-cell tolerance. The studies by Bogen and colleagues
demonstrated that plasmacytomas can secrete sufficient levels of idiotypic antibody
into the circulation to reach the thymus and induce the deletion of developing anti-
idiotypic T cells (Bogen, 1996; Bogen et al., 1993). Since many other tumor-specific
antigens derive from mutated self-proteins, these unique epitopes cannot be encoded
in the genome of thymic APCs, and assuming that they are not released into the
circulation at high levels, it is unlikely that cognate T cells will undergo thymic
deletion. It does appear, however, that tumor-specific antigens can be processed
by similar peripheral tolerization pathways as normal parenchymal self-antigens.
As a corollary to the system described previously in which naive TCR-transgenic
HA-specific CD4 cells become tolerant following adoptive transfer into mice har-
boring a transplantable tumor expressing HA (i.e., tumor-HA) (Stavely-O’Carroll
et al., 1998), an analogous system was developed in which the same HA-specific
CD4 cells are adoptively transferred into C3-HA transgenic mice that express HA
in a wide variety of normal parenchymal tissues (i.e., self-HA) (Adler et al., 1998,
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2000). In both the tumor-HA and self-HA models, the clonotypic CD4 cells initially
display a surface marker phenotype indicative of activation, but ultimately develop
a non-responsive phenotype similar to anergy (Schwartz, 2003) where they lose the
ability to proliferate and secrete IL-2 following secondary exposure to antigen.

In addition to the similarity in the non-responsive phenotype of CD4 cells
exposed to tumor-HA vs self-HA, tolerance in both cases was mediated through
a similar antigen-processing pathway. Prior to the development of transgenic model
systems to study peripheral T-cell tolerance (e.g., Kearney et al., 1994; Rocha
and von Boehmer, 1991), in vitro tolerance studies using Th1 clones indicated
that anergy is induced when TCR ligation occurs in the absence of costimulation
(reviewed in Schwartz, 2003). This observation led to the notion that TCR engage-
ment without costimulation leading to non-responsiveness/anergy might occur in
vivo when T cells encounter their cognate antigens presented on either normal
parenchyma or tumors (neither of which normally express costimulatory ligands).
Additionally, even though B-cell lymphomas do express costimulatory ligands such
as B7 (Stavely-O’Carroll et al., 1998), the overall level of costimulatory ligand
expression is substantially less compared to dendritic cells (DC) which represent
the most potent APC subset (Bannchereau and Steinman, 1998), and normal B cells
which also express low levels of costimulatory ligands can induce T-cell tolerance
in vivo (Eynon and Parker, 1992; Fuchs and Matzinger, 1992). Thus, it was some-
what surprising when bone marrow chimera studies revealed that CD4 cell tolerance
to self-HA was not mediated through direct interaction between the HA-specific
CD4 cells and HA-expressing parenchyma, but rather tolerogenic antigen presen-
tation was mediated indirectly via bone marrow-derived APCs that had acquired
parenchymal-HA (Adler et al., 1998). This indirect or cross-presentation path-
way can also facilitate the peripheral tolerization of self-reactive CD8 cells (Kurts
et al., 1997). Subsequent work has suggested that steady-state DC likely represent
the predominant cross-tolerizing APC (Belz et al., 2002; Hagymasi et al., 2007;
Kurts et al., 2001), although other APC populations also appear to cross-tolerize
(Hagymasi et al., 2007). The ability of DC to prime both effector and tolerogenic
T-cell responses appears to be regulated by the environment in which the antigen is
acquired. Thus, when DC acquire pathogen-derived antigens, the presence of invari-
ant pathogen-derived inflammatory mediators (i.e., pathogen-associated molecu-
lar patterns or PAMPs) induce high expression levels of costimulatory molecules
and cytokines that endow DC with the ability to prime cognate naive T cells to
develop effector and memory functions. In contrast, when DC acquire self-antigens
under steady-state conditions, the absence of PAMPs results in a default expression
level of sub-optimal costimulation that programs a tolerogenic T-cell differentiation
program that can involve the induction of anergy generally followed by deletion
(Finkelman et al., 1996; Hawiger et al., 2001; Janeway and medzhitov, 2002; Jenkins
et al., 2001; Matzinger, 1994; Medzhitov, 2001).

Returning to the HA-expressing B-cell lymphoma model (Stavely-O’Carroll
et al., 1998), given that the tumor appears to exhibit a tolerogenic sub-optimal
costimulatory ligand expression profile and also that it metastasizes to lymphoid
organs, it seemed reasonable to presume that tumor cells would directly present
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HA to naive HA-specific CD4 cells to induce tolerance. Thus, it was notable
that cross-presentation proved to be the predominant pathway of tolerance induc-
tion (Sotomayor et al., 2001). That peripherally tolerized self-reactive and tumor-
reactive T cells can exhibit similar phenotypes that can be induced by the same
indirect antigen presentation pathway suggests that the peripheral tolerance machin-
ery that normally operates to prevent autoimmunity might also help tumors to evade
immune-neutralization. The similarities between the tumor-HA and self-HA models
do not necessarily exclude the possibility that there may be aspects of peripheral
tolerance that are unique to tumors, but these similarities do suggest that a more
detailed mechanistic understanding of peripheral tolerance to normal self-antigens
will be relevant to understanding tolerance to tumor-specific antigens.

With regard to studying peripheral tolerance mechanisms that are common to
both tumor and normal self-antigens, transgenic systems designed to examine the
latter have certain advantages. For example, different founder lines generated using
the same model antigen expression vector can express different levels of the model
antigen due to differences in either the genomic location of transgene integration
or the number of integrated transgene copies. This allows examination of the effect
of antigen dose on T-cell tolerization without introducing other variables such as
differences in tumor burden. Additionally, tumor antigen presentation (and hence
cognate T-cell recognition and response) in systems where tumors are localized
to discrete anatomical locations tends to be concentrated in tumor-draining lymph
nodes (Drake et al., 2005; Marzo et al., 1999). While this restricted pattern of tumor
antigen presentation is important to examine with regard to understanding T-cell
tolerization induced by specific types of tumors, the disadvantage is that relatively
few tolerized T cells can be recovered for functional and biochemical analyses. In
contrast, transgenic model self-antigen expression systems can be engineered so
that the model self-antigen is expressed in multiple tissues, resulting in tolerance
induction occurring in multiple lymphoid organs, and hence the potential to recover
larger numbers of tolerized T cells for analysis (Long et al., 2006).

Some of the initial model self-antigen TCR-transgenic adoptive transfer studies
indicated that in vivo tolerance is more complex than had been predicted from in
vitro models. Thus, in vitro TCR ligation of CD4 Th1 clones in the absence of
costimulation results in a lack of proliferation as well as a rapid (less than 24 h)
induction of anergy that is defined by the inability to produce IL-2 and proliferate
in response to subsequent stimulation with antigen plus costimulation (Schwartz,
2003). In contrast, when naive TCR-transgenic clonotypic CD4 or CD8 cells are
adoptively transferred into recipients expressing the cognate self-antigen they gen-
erally proliferate (as measured either by BrdU incorporation or CFSE dilution) for
several days prior to becoming anergic and/or undergoing deletion (Kurts et al.,
1997; Pape et al., 1998; Rocha and von Boehmer, 1991). It was subsequently
observed that clonotypic T cells encountering cognate tumor-derived antigen can
also proliferate prior to becoming tolerant (Anderson et al., 2007; Drake et al.,
2005; Shrikant et al., 1999; Zhou et al., 2004). Interestingly, the kinetics of this
initial proliferative response elicited by self-antigen that ultimately leads to toler-
ance can be comparable to that elicited by the same antigen when expressed within
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a recombinant viral vector that programs Th1 effector differentiation (Adler et al.,
2000; Higgins et al., 2002b), indicating that the kinetics of initial proliferation per
se does not dictate functional outcome, but rather the context in which the anti-
gen is presented to the T cell may have a more critical role in determining T-cell
fate. Because the theoretical expansion in clonotypic T-cell frequencies estimated
by the average number of cell divisions far exceeded the actual T-cell expansions,
these data also suggested that in vivo anergy may simply represent an intermediate
step in the pathway that ultimately leads to deletion (Adler et al., 2000). Further
supporting this notion, several studies that have defined deletion as the operative
tolerance mechanism have also observed a residual population of T cells that exhibit
an anergic phenotype (Rocha and von Boehmer, 1991; Webb et al., 1990).

That naive T cells encountering cognate self-antigen proliferate vigorously prior
to becoming tolerant and that toleranT cells can maintain an anergic phenotype
prior to deletion seem somewhat counterintuitive insofar as proliferation expends
a significant amount of metabolic energy and anergic cells take up space within
lymphoid organs. Thus, it is not clear why self-reactive T cells in the periphery
do not simply apoptose without initially proliferating, as they do in the thymus.
One possibility is that anergic cells might express an important regulatory function,
and that proliferation is required for the development of this function. Consistent
with this possibility, it has been observed in several peripheral tolerance systems
(including when the tolerizing antigen is tumor-derived) that anergic CD4 cells do
exhibit regulatory function (Apostolou and von Boehmer, 2004; Jooss et al., 2001;
Zhou et al., 2006).

Peripheral T-cell tolerance was initially thought to act mainly on naive rather than
effector T cells. Thus, although it had been shown in various autoimmunity models
that effector T cells can be tolerized following exposure to large boluses of cognate
exogenous soluble auto-antigen (reviewed in Liblau et al., 1997), it had generally
been thought that effector T cells would not become tolerant under physiological
conditions such as when cognate self-antigen might be expressed at relatively low
levels. This notion derived largely from the ability of effector T cells to become
activated in vitro without optimal costimulation (Croft et al., 1994; Horgan et al.,
1990; Sagerstrom et al., 1993), which might have made them resistant to the effects
of steady-state APCs (which induce naive T cells to become tolerant because they
express sub-optimal costimulation; Hawiger et al., 2001; Janeway et al., 2002; Jenk-
ins et al., 2001; Matzinger, 1994). It was therefore surprising when it was found
that virally primed effector and memory T cells are equally susceptible to periph-
eral tolerance induction compared to naive counterparts following adoptive transfer
into recipients that express cognate self-antigen (Higgins et al., 2002a; Kreuwel
et al., 2002). This effector/memory T-cell tolerization pathway might exist to limit
the extent of autoimmune damage that ensues during molecular mimicry scenarios
(reviewed in Oldstone, 1998) where naive self-reactive T cells that have not yet
been tolerized are primed by pathogens that express cross-reactive antigens (Adler,
2005) (Fig. 1). However, this pathway might also have the undesirable effect of inac-
tivating tumor-reactive effector T cells that are either primed through vaccination
(Fig. 2) or injected following ex vivo expansion (i.e., adoptive immunotherapy; Yee
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Fig. 1 The normal physiological role of the effector T-cell tolerization pathway might be to limit
the extent of autoimmune pathology that ensues during molecular mimicry scenarios. During
steady-state conditions naive T cells specific for the self-antigen X leave the thymus and migrate
between peripheral lymph nodes (LN) until they enter LN draining tissues expressing X, where they
are inactivated (i.e., tolerized) following encounter with steady-state tolerogenic DC presenting X.
During molecular mimicry, infection with a pathogen expressing antigen X′ that is structurally
similar to X leads to activation of DC presenting X′ and subsequent priming of naive X-specific
T cells to differentiate into effectors that migrate into X-expressing parenchymal tissues and inflict
autoimmune damage. Presentation of X by steady-state DC in the draining LN inactivates the
X-specific effectors and thus shortens the duration of the autoimmune effector T-cell response

et al., 1997) and might therefore represent yet another level at which tolerance can
negatively impact tumor immunity. Consistent with this possibility, naive prostate
tumor-reactive T cells can be primed through vaccination to develop effector func-
tions and partially control tumor growth, but over time effector functions and control
of tumor growth diminish (Anderson et al., 2007).

The cellular and molecular mechanisms that regulate peripheral T-cell tolerance
in vivo have been studied mostly in systems where naive T cells encounter tolerizing
forms of antigen. However, given the relevance of peripheral tolerization of effector
and memory T cells to tumor immunity, elucidating the unique aspects associated
with these tolerance pathways will also be important. Thus far, it appears that there
are similarities as well as interesting differences in the mechanisms by which effec-
tor and memory T cells undergo tolerization compared to naive T cells. Similar
to naive T cells, both memory CD8 cells (Kreuwel et al., 2002) and Th1 effector
CD4 cells (Higgins et al., 2002a) undergo an initial proliferative response prior
to becoming tolerant. Additionally, steady-state bone marrow-derived APCs that



16 A.J. Adler

Fig. 2 An undesirable facet of the effector T-cell tolerization pathway is that it might represent
an additional level at which tolerance can negatively impact tumor immunity. Tumorigenesis can
result in the tolerization of a significant fraction of naive T cells specific for cognate tumor-
associated antigens, thus restricting the repertoire of specificities that can respond to vaccination.
Tolerization of the expanded tumor-reactive effector T-cell population (that is already reduced in
number) could potentially impair tumor immunity even further. Although not shown in this figure,
the effector T-cell tolerization pathway might also impede tumor immunity in the context of adop-
tive immunotherapy, where tumor-reactive effector T cells expanded ex vivo might be inactivated
following injection into patients

indirectly present parenchymally derived self-antigen are required for Th1 effector
CD4 cell tolerization (Higgins et al., 2002a). Effector T cells are distinguished from
their naive progenitors by the expression of effector molecules such as IFN-� (Th1
effector CD4 cells and effector CD8 cells), IL-4 (Th2 effector CD4 cells) as well as
perforins and granzymes (effector CD8 cells) (Glimcher et al., 2004; Murphy and
Reiner, 2002). It was therefore of interest to assess whether the regulation of these
effector molecules is altered during tolerization. In the case of Th1 effector CD4
cells exposed to self-antigen, their potential to express the effector cytokines IFN-�
and TNF-� becomes impaired as early as 24 h, while the abilities to express IL-2
and to proliferate are lost only after several days (Long et al., 2003). In addition
to indicating that the Th1 effector CD4 cell tolerization process is complex, this
observation likely has physiological relevance since IFN-� and TNF-� can both
play critical roles in mediating tumor immunity (Hung et al., 1998; Ikeda et al.,
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2002; Poehlein et al., 2003; Qin and Blankenstein, 2000). Thus, since neither T-cell
proliferation nor IL-2 production is directly tumoricidal, effectors that can produce
IL-2 and proliferate but have lost the ability to express IFN-� and TNF-� would
probably not be very effective at destroying tumors.

The TCR-transgenic adoptive transfer experiments demonstrating that effec-
tor T cells are highly susceptible to peripheral tolerization were somewhat anal-
ogous to adoptive immunotherapy approaches for treating cancer where ex vivo
expanded tumor-reactive effector T cells are adoptively transferred into cancer
patients (Yee et al., 1997). The relevance of effector T-cell tolerization to adop-
tive immunotherapy, however, was a bit unclear given that adoptive immunother-
apy has demonstrated a degree of clinical efficacy (Dudley et al., 2002; Yee et al.,
2002) despite the possibility that in these patients, the targeted tumor-associated
antigens might be presented by tolerogenic steady-state APCs. In this regard it is
worth noting that these and other adoptive immunotherapy protocols use cytotoxic
drugs such as cyclophosphamide (Cytoxan) to condition patients prior to receiv-
ing tumor-reactive effector T cells and/or exogenous IL-2 administered thereafter.
Cytoxan and IL-2 can also enhance the efficacy of anti-tumor adoptive immunother-
apy in mouse models (Greenberg and Cheever, 1984; Hu et al., 1993; North,
1982). The mechanism(s) by which Cytoxan and IL-2 enhance anti-tumor adoptive
immunotherapy has not been precisely established, although some studies have sug-
gested that Cytoxan can eliminate tumor-specific regulatory T cells (North, 1982)
or elicit the expression of T-cell growth factors (Proietti et al., 1998) or type I
interferons (Schiavoni et al., 2000). Given the cytotoxic activity of Cytoxan, it
might also enhance the engraftment of adoptively transferred tumor-reactive effector
T cells (Greenberg and Cheever, 1984) by creating space (Dummer et al., 2002;
Hu et al., 2002). IL-2 has been reported in some systems to enhance the prolif-
eration and survival of effector T cells (Blattman et al., 2003; D’Souza, 2003).
Rather than being mutually exclusive, these different potential mechanisms might
be synergistic. Along similar lines, Cytoxan plus IL-2 impeded the tolerization
of TCR-transgenic clonotypic Th1 effector CD4 cells that were adoptively trans-
ferred into cognate self-antigen-expressing recipients (Mihalyo et al., 2004), sug-
gesting that the empirically developed adoptive immunotherapy protocols might be
effective in part because they minimize tolerization of the adoptively transferred
tumor-reactive effector T cells. It should be noted, however, that in the transgenic
mouse model Cytoxan plus IL-2 delayed rather than prevented tolerization; for
example, the capacity to express IFN-� was extended by approximately 4 days
(Mihalyo et al., 2004). This result may in part explain why multiple T-cell infusions
enhance adoptive immunotherapy protocols, and underscores that the efficacy of
adoptive immunotherapy might be further improved by strategies that more effec-
tively preserve T-cell function in the face of tolerizing antigen.

Mitigating T-cell tolerance in the context of T cell-based immunotherapeutic
approaches to treat cancer will require a detailed understanding of the intrinsic
molecular defects that are associated with T-cell non-responsiveness. Using both in
vitro anergy models and TCR-transgenic adoptive transfer systems in which naive
T cells are exposed to tolerizing antigen, a variety of cytoplasmic signaling defects
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that are positioned down-stream of the TCR signaling apparatus and that contribute
to impaired IL-2 expression and proliferation have been characterized (reviewed in
Mueller, 2004; Schwartz, 2003). Some of these lesions might also play a role in
the tolerization of effector T cells, since they also lose the ability to proliferate and
express IL-2. Since there are unique functional defects associated with Th1 effector
CD4 cell tolerization such as the rapid loss in effector cytokine expression poten-
tials (Long et al., 2003), there are also likely to be unique intrinsic defects that are
associated with this tolerance pathway. Recent work has revealed the existence of
a yet-to-be identified TCR-proximal signaling defect(s) that contributes to impaired
expression of IL-2, IFN-� and TNF-�, as well as at least two additional defects
that selectively impair IFN-� and TNF-� expression. One of these defects has been
identified as the down-modulated expression of the Th1 master regulatory factor
T-bet, which contributes to impaired IFN-�, but not TNF-�, expression (Long et al.,
2006). Given the tumoricidal activities of IFN-� and TNF-�, further identification
and characterization of these defects that selectively impair their expression should
aid the development of strategies to enhance tumor immunity.

4 The Relationship Between Hormones, T-Cell Tolerance
and Tumor Immunity

Certain hormones can influence both tumorigenesis and T-cell function, and there-
fore understanding how these effects interact will be critical in tailoring appropriate
T cell-based therapies. An example of this interplay is the relationship between
androgens and prostate cancer (the most common malignancy in American men;
Jemal et al., 2005). Androgens are required for the normal growth and differen-
tiation of prostate epithelial cells (the cells that give rise to prostate cancer), and
castration (i.e., androgen ablation) induces the apoptotic degeneration of the prostate
epithelium (Furuya et al., 1995; Sugimura et al., 1986). Since most prostate tumor
cells also require androgens for their growth and survival, androgen ablation has
become a standard therapy for advanced prostate cancer (Denmeade and Isaacs,
2002). Unfortunately, disease relapse usually occurs following androgen ablation
because a subset of tumor cells develop alterations in either the expression or activity
of the androgen receptor that allows activation in the absence of normal androgen
levels (Chen et al., 2004; Hakimi et al., 1996; Han et al., 2005; Zhao et al., 2000).

From an immunological perspective, androgen levels are inversely related to dis-
ease severity in certain autoimmunity models (Fox, 1992; Roubinian et al., 1978),
and androgen ablation can reverse the decline in thymic output associated with aging
(Sutherland et al., 2005) as well as enhance peripheral T-cell responsiveness (Roden
et al., 2004; Viselli et al., 1995). Since androgen ablation is a standard therapy for
advanced prostate cancer, many clinical trials utilizing T cell-based therapies will
likely involve patients who have already undergone or who will be scheduled to
undergo androgen ablation. Thus, understanding the effects of androgen ablation
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on the function of prostate-specific T cells will be critical for considering how T
cell-based therapies should be administered relative to hormonal therapy.

To study the effects of prostate tumorigenesis and androgen ablation on the func-
tion of prostate-specific T cells, Drake et al. [2005] generated Pro-HA transgenic
mice in which the prostate epithelial-specific probasin promoter drives the expres-
sion of HA antigen that has been modified to be secreted rather than expressed on
the cell surface to model secreted prostatic antigens such as PSA. In contrast to
the aforementioned C3-HA transgenic mice in which self-HA expressed in multiple
parenchymal tissues programs adoptively transferred naive HA-specific CD4 cells to
undergo tolerization (Adler et al., 1998; Higgins et al., 2002b), the same HA-specific
CD4 cells retain their naive phenotype following adoptive transfer into Pro-HA mice
(i.e., they remain “ignorant”) (Drake et al., 2005). This lack of antigen recognition
in the Pro-HA mice did not appear to be caused solely by a low level of expression
(as has been observed in other systems; Kurts et al., 1998), but rather more likely
because HA was being secreted into the prostatic lumen rather than the draining
lymphatics (Whitmore and Gittes, 1977) where it could potentially be acquired
by tolerance-inducing steady-state DC (Adler et al., 1998; Mihalyo et al., 2007).
Thus, disruption of the normal prostatic architecture induced by androgen ablation-
mediated apoptosis of the prostate epithelium caused adoptively transferred naive
HA-specific CD4 cells in the prostate-draining lymph nodes to undergo an abortive
proliferative response suggestive of tolerization. Additionally, the development of
prostate cancer (induced by crossing the Pro-HA mice to TRAMP transgenic mice
that develop spontaneous prostate tumors resulting from SV40 T antigen expression
also under the control of the probasin promoter; Greenberg et al., 1995) resulted in
a similar abortive proliferative response (Drake et al., 2005) regardless of the stage
or rate of disease progression (Mihalyo et al., 2007). Notably, the duration of HA
presentation in the draining lymph nodes of healthy androgen ablated mice was rel-
atively short (∼3 days) (Drake et al., 2005), perhaps because epithelial degeneration
occurs in a synchronous wave and the phagocytic DCs that likely acquire HA from
apoptotic epithelia (Liu et al., 2002; Steinman et al., 2000) have a lifespan in the
lymph nodes of only a few days (Kamath et al., 2002). The sustained HA presen-
tation associated with prostate cancer, but not the transient presentation caused by
androgen ablation in healthy mice, was sufficient to render these prostate-specific
T cells systemically tolerant as defined by an impaired ability to respond to subse-
quent viral immunization (Drake et al., 2005). Notably, androgen ablation of mice
with prostate cancer elicited a transient increase in HA presentation in the draining
lymph nodes, followed by a diminution (but not complete elimination) of HA pre-
sentation. This pattern appeared to parallel the apoptosis and subsequent clearance
of the androgen ablation-sensitive sub-population of HA-expressing tumor cells.
Most importantly, this diminution in tolerogenic antigen presentation allowed the
HA-specific CD4 cells to retain their capacity to respond to vaccination, indicat-
ing that while prostate tumorigenesis promotes the tolerization of prostate-specific
T cells, androgen ablation mitigates this effect (Fig. 3).

From a clinical standpoint, the observation in the Pro-HA system that androgen
ablation reduces the tolerance-inducing capacity of prostate tumors suggests that
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Fig. 3 The influence of prostate tumorigenesis and androgen ablation on the tolerization of
prostate-specific T cells. In healthy prostates, prostate epithelial antigens are preferentially secreted
in the prostatic lumen, rather than the draining lymphatics, and thus cognate T cells remain in a
naive state due to a lack of presentation by steady-state tolerogenic DC. Alterations in the prostatic
architecture caused by prostate tumorigenesis allow prostate epithelial/tumor antigen to reach the
draining LN and to be presented by tolerogenic DC to inactivate cognate T cells. Androgen ablation
induces the apoptosis of a large fraction of prostate epithelia and tumor cells, causing the level
of prostate epithelial/tumor antigen to drop below the threshold required for tolerogenic antigen
presentation

T cell-based therapies to treat prostate cancer might be the most effective when
administered following rather than preceding androgen ablation. Mechanistically,
this enhancement could potentially operate at multiple levels. It has been reported in
some systems that T-cell anergy can be reversed following removal of the tolerizing
antigen (Pape et al., 1998; Ramsdell and Fowlkes, 1992). Thus, androgen ablation
might allow anergic prostate-specific T cells to regain the ability to respond to vacci-
nation. Since effector T cells are susceptible to tolerization (Adler, 2005), adoptive
immunotherapy targeting prostatic antigens might also have a better opportunity
to eliminate the residual androgen ablation-resistant tumor cells after the level of
tolerizing antigen has been reduced. Additionally, one of the inherent challenges in
developing prostate cancer vaccines is that disease incidence increases with age,
and aging is associated with a reduction in thymic output that contributes to a
constriction in the repertoire of naive T cells. Since androgen ablation reverses the
age-associated reduction in thymic output (Sutherland et al., 2005) as well as tran-
siently augments antigen responsiveness in mature T cells (Roden et al., 2004), in
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the context of prostate cancer androgen ablation might thus enhance vaccine efficacy
by both expanding the repertoire of naive prostate-specific T cells and augmenting
the ability of these T cells to respond to vaccination.

Hormones may influence immunity to other types of cancer as well. For example,
breast cancer is similar to prostate cancer in many respects that might influence
tumor immunity; breast tumors arise from glandular epithelial cells that require
estrogens for their growth and differentiation, and tumor cells can often be elim-
inated through treatment with estrogen receptor antagonists such as tamoxifen, but
hormonal therapy-resistant tumor cells often cause disease relapse (Coffey, 2001;
Cosman and Lindsay, 1999; Lopez-Otin and Diamandis, 1998). Thus, similar to
prostate cancer, the possibility exists that hormonal blockade in the context of breast
cancer might enhance the efficacy of T cell-based therapies by reducing the levels
of tolerizing antigen.

5 Conclusion

As detailed above, tumors often exploit T-cell peripheral tolerization pathways that
normally operate to prevent autoimmunity, to delete or inactivate tumor-reactive
T cells. Understanding how these tolerance pathways operate under normal condi-
tions will undoubtedly provide key insights into how tolerance might be mitigated
in order to allow tumor vaccines to more effectively prime tumor-reactive effector
T-cell responses. It is also becoming apparent that standard treatments for certain
cancers can not only impact disease progression, but also influence the functional
capacity of tumor-reactive T cells. For instance, chemotherapeutic drugs such as
Cytoxan can deplete T cells; however, when administered in the proper sequence
they can actually augment certain T cell-based anti-tumor modalities. Additionally,
androgen ablation therapy for prostate cancer can induce a state of minimal residual
disease that leads to a reduction in the level of tolerizing prostate tumor antigen and
hence might restore the ability of cognate T cells to respond to vaccination. In the
future it will be important to study in more depth how these other complex processes
interact.
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Contribution of B7-H1/PD-1 Co-inhibitory
Pathway to T-Cell Dysfunction in Cancer

Sheng Yao and Lieping Chen

1 Introduction

Ample evidence indicates cancer patients often mount adaptive immune response
against cancer, and tumor-specific CD8 effector T cells could infiltrate into tumor
lesions. However, these immune responses are often incapable of controlling cancer
growth. It is becoming clear in recent years that tumor cells utilize various elabo-
rate tactics to passively reduce their immunogenicity to avoid detection by immune
system and to actively induce immune tolerance by surface expression or secreting
inhibitory and pro-apoptotic molecules to evade immune system.

In the last few years, expression of several B7 family co-signaling molecules,
including B7-H1 (Thompson et al., 2006) and B7-H4 (Krambeck et al., 2006), has
been linked to accelerated tumor progression and poor prognosis. Furthermore, B7-
H1-PD-1 pathway has been vigorously investigated and found to be associated with
T-cell dysfunction in chronic infections, including human immunodeficiency virus
(HIV) (Day et al., 2006; Trautmann et al., 2006), hepatitis C virus (HCV) (Urbani
et al., 2006) and hepatitis B virus (HBV) (Boni et al., 2007). In this chapter, we will
focus on the discussion of the mechanisms of B7-H1 and PD-1 pathway in negative
regulation of T-cell function and potential therapeutic manipulations targeting B7-
H1 in the treatment of cancer and chronic viral infections.

2 T-Cell Co-signaling Pathways

Current theory of T-cell activation could be delineated into a simple two-signal
model (Mueller et al., 1989). Interaction of T-cell receptor (TCR) with MHC–
peptide complex provides the primary signal; ligation of co-signaling receptors
and ligands serves as the second signal, which could be positive or negative and
ultimately determines the outcome of a T-cell response (Fig. 1). Without TCR–MHC
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Fig. 1 Two-signal model of
T-cell response. a For T-cell
activation, ligation of T-cell
receptor (TCR) with
MHC–peptide complex
provides the primary signal,
whereas engagement of
co-signaling receptors (CoR)
and ligands (CoL) serves as
the second signal. b Without
TCR–MHC interaction,
T-cell response will not be
triggered. c Without
co-signaling, no T-cell
response or T-cell
anergy/tolerance induction
will take place

interaction, a T-cell response will not be triggered. The absence or imbalance of
the second signal could result in T-cell anergy/tolerance or over-activation (Chen,
2004).

The co-signaling molecules belong mainly to two families of proteins: the
immunoglobulin (Ig) superfamily (including B7-CD28 family) and the tumor necro-
sis factor (TNF) receptor/ligand superfamily (Fig. 2). The basic structure of CD28-
like receptors contains a single Ig variable (IgV) region-like motif as extracellular
domain and immunoreceptor tyrosine-based activation motif (ITAM), immunore-
ceptor tyrosine-based inhibition motif (ITIM) and/or immunoreceptor tyrosine-
based switch motif (ITSM) in the intracellular region, which are responsible for
signaling transduction. The current members of receptors include CD28, cytotoxic
T-lymphocyte antigen-4 (CTLA-4), inducible costimulator (ICOS), program death
1 (PD-1) and B and T-lymphocyte attenuator (BTLA) (Watanabe et al., 2003). Their
known ligands all belong to the B7 ligand family with the exception of BTLA,
which interacts with a TNFR member, herpes virus entry mediator (HVEM). B7
ligand family has a structural feature of two Ig-like extracellular domains, one IgV
and one Ig constant (Ig C) region-like domains (Fig. 1). Crystal structure studies
indicate that B7 ligand and receptor interact through their IgV domains (Schwartz
et al., 2001; Stamper et al., 2001; Zhang et al., 2004). The majority of so-called
ligands could also receive signals to deliver functions and, in a strict sense, should
be called “counter-receptors”.
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Fig. 2 B7/CD28 family of costimulatory ligands/receptors. Current B7 ligand family includes B7-
1 (CD80), B7-2 (CD86), B7-H1 (PD-L1, CD274), B7-H2 (ICOSL, CD275), B7-H3 (CD276) and
B7-H4 (B7S1). CD28 receptor family member includes CD28, CTLA-4 (CD152), ICOS (CD278),
PD-1 (CD279) and BTLA

The classical B7 family co-signaling pathways B7-CD28/CTLA-4 were discov-
ered in the 1990s (Linsley et al., 1990, 1991). CD28, expressed on naïve T cells,
plays an essential role in T-cell priming. It delivers a primary costimulatory signal
to T cells by ligation of B7-1 (CD80) or B7-2 (CD86) expressed on antigen presen-
tation cells (APCs) (Lenschow et al., 1996). In contrast, engagement of CTLA-4 on
activated T cells by B7-1 and B7-2 will attenuate T-cell response (Chambers et al.,
2001; Cross et al., 1995; Krummel and Allison, 1995). In recent years, a series of
B7 homologs with similarities in both sequence and extracellular domain structures
have been discovered. These molecules have much broader distribution than the
classic B7 counter-receptors and they also broadly contribute to the modulation of
immune responses (Table 1).

Table 1 Protein sequence identities (%) among human B7 family members

Human B7-1 B7-2 B7-H1 B7-DC B7-H2 B7-H3 B7-H4

B7-1 100 25 22 23 23 25 22
B7-2 100 22 20 22 23 23
B7-H1 100 39 21 29 23
B7-DC 100 20 24 25
B7-H2 100 29 21
B7-H3 100 27
B7-H4 100

Extracellular domains of human B7 ligand family members were compared by ClustalW program
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3 B7-H1-PD-1 Pathway

B7 homolog 1 (B7-H1), the third member of B7 family in addition to B7-1 and
B7-2, was identified by a homology-search method in 1999 (Dong et al., 1999).
Both mouse and human B7-H1 messenger RNAs have a broad tissue distribution
(Dong et al., 1999). In contrast, constitutive cell surface expression of protein is
limited to antigen presentation cells (APC), including dendritic cells, macrophages
in lymphoid tissue and macrophage-like cells. Expression of B7-H1, however, could
be induced on virtually all stromal cells, in addition to hematopoietic cells, includ-
ing epithelial and endothelial cells by various pro-inflammatory cytokines, such as
interferons (Mazanet and Hughes, 2002; Wiendl et al., 2003).

B7-DC, another B7 family member discovered in 2001 (Latchman et al., 2001;
Tseng et al., 2001), shares the highest sequence similarity with B7-H1. Neverthe-
less, unlike the universally inducible pattern of B7-H1, surface expression of B7-DC
is restricted to dendritic cells and activated macrophages.

PD-1, a B7 receptor family member expressed on activated T and B cells (Agata
et al., 1996), is identified as a receptor for both B7-H1 and B7-DC (Freeman et al.,
2000; Tseng et al., 2001). Cytoplasmic domain of PD-1 contains two signaling
transduction motifs, an ITIM and an ITSM (Ishida et al., 1992). The ITSM domain
has been implicated to be responsible for the downstream signaling events critical
to suppress T- and B-cell responses (Okazaki et al., 2001). Cumulative evidence
indicates that PD-1 is important for the maintenance of peripheral tolerance. PD-
1-deficient mice bred onto various backgrounds show severe autoimmune diseases.
In the BALB/c background, PD-1-deficient mice had dilated cardiomyopathy with
a high titer of autoantibody against heart-specific protein (Nishimura et al., 2001).
In C57BL/6 background, PD-1-deficient mice spontaneously developed lupus-like
arthritis and glomerulonephritis (Nishimura et al., 1999). When backcrossed onto
the NOD background, PD-1 deficiency increases the penetrance of spontaneous dia-
betes (Wang et al., 2005). These data strongly support a negative regulatory function
of PD-1 in T and B cells.

The different spatial expression patterns of B7-DC and B7-H1 suggest B7-H1 is
a major negative regulatory ligand for PD-1 in peripheral tissues whereas B7-DC is
an important ligand in lymphoid organs (Chen, 2004). This hypothesis is supported
by several animal models. Blockade of B7-H1, but not B7-DC, by systemic admin-
istration of blocking antibody, accelerated experimental autoimmune encephalitis
(EAE) (Salama et al., 2003), autoimmune diabetes (Ansari et al., 2003), autoim-
mune hepatitis (Dong et al., 2004) and graft-versus-host disease (GVHD) (Blazar
et al., 2003).

4 Upregulation of B7-H1 in Cancer and Chronic Viral Infections

The central function of B7-H1 to maintain peripheral tolerance is exploited in can-
cer (Dong et al., 2002). Immunohistochemistry studies demonstrated that B7-H1
was expressed on many types of freshly isolated human cancer tissues of kidney,
breast, stomach, colon, lung, ovary, bladder, liver, cervix, esophagus, glioma and
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melanoma. Clinical studies on renal cell carcinoma (RCC), esophageal, gastric,
ovarian and breast cancers have established the correlation of increased B7-H1
expression by tumor tissue with poor prognosis (Dong et al., 2002; Iwai et al., 2002).
Long-term (over 10 years) follow-up of RCC (Thompson et al., 2006) and ovarian
cancer patients (Hamanishi et al., 2007) also provided a clear correlation of B7-H1
expression with poor patient survival.

Meanwhile, in human HIV (Day et al., 2006; Trautmann et al., 2006), HCV
(Urbani et al., 2006) and HBV (Boni et al., 2007) patients, upregulation of PD-1 on
viral-specific T cell and systematic upregulation of B7-H1 (Barber et al.,2006; Chen
et al., 2007) are associated with T-cell dysfunction and disease progression. In all
cases, blockade of B7-H1-PD-1 pathway improved viral-specific T-cell function in
vitro, indicating a potentially valuable therapeutic manipulation to sustain immunity
to viral infections.

5 Mechanisms Underlying B7-H1-Mediated Suppression

Employing cell culture systems which are reconstituted with B7-H1-expressing cell
lines, B7-H1 and PD-1 blocking antibodies and tumor-specific T cells, experimental
data unequivocally support the idea that tumor-associated B7-H1 negatively affects
T-cell functions in multiple aspects, including inhibition of T-cell proliferation, T-
cell production of IL-2 and IFN�, promotion of IL-10 production and suppression of
cytolytic activity of tumor-specific CD8 T cell (CTL) (Dong et al., 2002). In several
mouse tumor models in vivo, tumor-associated B7-H1 induces CTL apoptosis or
confers resistance to lysis by CTL. In addition, B7-H1+ tumors are shown to be
resistant to T-cell adoptive-transfer immunotherapy or therapeutic antibody anti-
CD137. Furthermore, B7-H1 was shown to be necessary for the maintenance of T-
cell exhaustion in a chronic infection mouse model of lymphocytic choriomeningitis
virus (LCMV). Recent in vivo anergy/tolerance models also reveal a critical role
of B7-H1-PD-1 pathway in initiation and maintenance of T-cell anergy (Goldberg
et al., 2007; Keir et al., 2006; Martin-Orozco et al., 2006; Tsushima et al., 2007).
Each of these mechanisms will be discussed in detail (summarized in Fig. 3).

5.1 T-Cell Deletion/Apoptosis

In an early study, cells from a human melanoma cell line 624mel, which express
gp100 tumor antigen, were cultured together with a human CD8+ cytolytic T-cell
(CTL) clone M15, which is specific for an epitope of gp100. As a result, B7-H1-
transfected 624mel increased the apoptosis of M15 in a 5-day culture in vitro.
Inclusion of B7-H1 blocking antibody or PD-1 fusion protein significantly inhibited
apoptosis (Dong et al., 2002). In line with this in vitro observation, an adoptive
transfer experiment using the mouse P815 tumor model further demonstrates that
tumor-associated B7-H1 promotes the deletion of activated tumor-specific T cell
in vivo. In those studies, the 2C TCR transgenic T cell recognizes the p2Ca peptide
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Fig. 3 B7-H1-mediated inhibitory mechanisms. According to the fate and functional outcome of
T cell after B7-H1 engagement, we classify B7-H1-mediated suppression mechanisms into three
main categories: deletion/apoptosis, resistance to CTL lysis and anergy. B7-H1 induces T-cell
deletion/apoptosis, provides resistance to lysis and induces exhaustion in the peripheral, targeting
effector T cell (a, b), whereas antigen presenting cell associated B7-H1 mediates anergy/tolerance
formation in the lymphoid organs (c)

presented by P815 and lyses the tumor. However, when activated 2C T cells were
adoptively transferred into mice bearing B7-H1-transfected P815 tumor, 2C T cells
were quickly deleted. About 35 % of 2C cells underwent apoptosis within 8 h
post-transfer; in contrast, only 10 % of 2C were apoptotic in mice bearing mock-
transfected P815 tumor (Dong et al., 2002). Examination of tumor cell number in
the peritoneal cavity 24 h after 2C transfer revealed an increase in B7-H1+ P815,
but not mock P815. This experiment supports a role for B7-H1 in the induction of
apoptosis of effector T cells. Injection of B7-H1 blocking antibody could inhibit the
growth of B7-H1-positive tumor in the peritoneal cavity (Dong et al., 2002), further
supporting this conclusion.
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In addition to tumor models, B7-H1-induced T-cell apoptosis is also observed in
a mouse corneal allograft system. B7-H1 is constitutively expressed in the corneal
of eye, an immune-privileged site. In the B7-H1-positive corneal allograft, PD-1-
positive infiltrating T cell underwent quick apoptosis once it came in contact with
the allograft. Blockade of B7-H1 led to allograft rejection due to tissue destruction
by infiltrating T cells (Hori et al., 2006). Similarly, B7-H1+ liver stellate cells could
also mediate a B7-H1-dependent apoptosis of T cells (Dong et al., 2004). Further
evidence supporting the role of B7-H1 in T-cell apoptosis was obtained through
studies of B7-H1-deficient mice, in which a significant decrease of CD8+ T-cell
apoptosis was observed in the liver (Dong et al., 2004).

5.2 Resistance to CTL Lysis: The Molecular Shield Hypothesis

In addition to the induction of apoptosis upon contacting T cells, B7-H1 on tumor
cells is also found to confer resistance to lysis by CTL. In a mouse P815 tumor
model, transfer of a tumor-specific TCR transgenic CTL clone P1A eradicates estab-
lished wild-type P815 tumors. However, B7-H1-transfected P815 tumors are much
more resistant to CTL lysis, which is not associated with T-cell apoptosis. Inter-
estingly, when mock-transfected and B7-H1-transfected P815 were mixed in equal
number and co-cultured with P1A CTL, 90 % of mock-transfected P815 tumor cells
were killed; in contrast, only 35 % of B7-H1+ P815 were lysed. After engaged by
B7-H1-positive P815, no obvious increase of apoptosis of P1A CTL was observed.
Similarly, we also found that B7-H1+ P815 cells were also more resistant to 2C
transgenic T-cell lysis in vitro (data not shown). Taken together, these findings pro-
vide a new interpretation, in addition to apoptosis, for our previous observation that
B7-H1+ P815 tumor is resistant to 2C T cell-transfer immunotherapy (Dong et al.,
2002). Upon incubation with B7-H1+ tumor cells, CTL remained fully functional,
capable of recognizing and destroying B7-H1-negative tumor. Inclusion of B7-H1 or
PD-1 blocking antibodies completely eliminated the resistance against CTL killing
and led to regression of established B7-H1-positive tumors (Hirano et al., 2005;
Iwai et al., 2002). This observation indicates that B7-H1 on tumor cells could confer
resistance to lysis by fully activated T cells. While this mechanism clearly operates
in cell culture systems, it remains to be addressed whether this immune evasion
mechanism also operates in animal cancer models and in cancer patients. We refer
to this phenomenon as a molecular shield and believe it may be critical as an immune
escaper mechanism in cancer patients.

5.3 Generation and Maintenance of T-Cell Anergy and Exhaustion

T-cell anergy/tolerance and exhaustion are two similar but distinct phenomena.
While both depict a hypoactive T-cell response to antigen-specific challenge, T-
cell exhaustion is more specifically defined in chronic infection settings with pro-
longed exposure to antigen stimulation. As a result, a reduction in both number and
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functionality of antigen-specific CTL was observed. In a chronic-infection mouse
model of LCMV, one highly invasive lab-derived LCMV clone will cause prolonged
infection with detectable viremia in blood and multiple peripheral organs. PD-1
was dramatically upregulated on CTL in response to the viral infection, and its
expression was maintained during chronic infection, while B7-H1 is persistently
expressed on spleen cells. These infected mice have not only a significant decrease
in the number of antigen-specific memory CD8 T-cell population, but also a func-
tional impairment of their remaining memory T cells. Interestingly, blockade of B7-
H1/PD-1 pathway by monoclonal antibodies against B7-H1 or PD-1 increased pro-
liferation of several virus-specific CTL clones, restored CTL function and reduced
viral burden (Barber et al.,2006). More importantly, persistent upregulation of PD-1
is also observed on HIV, HCV and HBV viral-specific CTLs in chronically infected
patients and correlates with impairment of CTL function and disease progression
(Day et al., 2006; Trautmann et al., 2006; Urbani et al., 2006). B7-H1 expression is
also elevated on hepatocytes of HCV-infected patients and on circulating myeloid
dendritic cells in HBV-infected patients (Chen et al., 2007). B7-H1/PD-1 blockade
could revive exhausted CTL, restore HIV-, HCV- and HBV-specific CTL prolifera-
tion and cytokine production in vitro, which could potentially translate into better
viral control in vivo. However, since the B7-H1-PD-1 pathway is crucial to maintain
peripheral tolerance as shown in PD-1-deficient mice, blockade of B7-H1 might
lead to autoimmune diseases. Indeed, when B7-H1-deficient mice were infected
with the chronic LCMV clone, instead of clearing the virus, they succumbed to
LCMV infection during acute infection phase due to severe immunopathology, thus
indicating B7-H1 blockade in early infection may cause autoimmunity and even
autoimmune diseases. As a result, with any future clinical application using B7-
H1 blockade, the timing and frequency of antibody treatment must be carefully
evaluated.

Other human viral pathogen, such as rhinovirus (Kirchberger et al., 2005), and
bacterial pathogen, such as Helicobacter pylori (Das et al., 2006), also target B7-
H1-PD-1 pathway to inhibit host immune response to achieve persistent infection.
Both pathogens upregulate B7-H1 expression on antigen presenting cells (APC)
which negatively affects APC-T-cell interaction.

The B7-H1/PD-1 pathway has also been recently shown to determine the initia-
tion and maintenance of T anergy (Goldberg et al., 2007; Tsushima et al., 2007).
In a peptide-induced anergy model, naïve CD8+ OT-1 TCR transgenic T cells,
which recognize an H-2Kb-restricted epitope of chicken ovalbumin (OVA), are first
exposed to excessive amount of soluble OVA peptide. OT-1 cells undergo a rapid
expansion in the first week, followed by massive apoptosis of activated OT-1 T cell.
The remaining survived cells become anergic, which no longer respond to OVA
antigen restimulation (Barber et al.,2006). B7-H1 and PD-1 are quickly upregulated
in the first 48 h in the lymphoid organs during the anergy induction phase, then
downregulated to basal levels within a week. Because activated OT-1 T cells could
only be found 72 h after antigen administration, these data support the idea that
the B7-H1/PD-1 pathway determines anergy induction in lymphoid organs prior to
T-cell exit into peripheral organs. In this peptide-induced anergy model, ablation
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or blockade of B7-H1-PD-1 pathway not only prevented anergy induction in the
priming phase, but also reversed established anergy at a re-challenge step (Tsushima
et al., 2007), suggesting that B7-H1 also plays a role in the maintenance of T-cell
anergy.

In a different self-tolerance model, when influenza hemagglutinin (HA)-specific
CD8+ T cells were adoptively transferred into HA transgenic mice, they become
PD-1 positive and functionally tolerized at the priming phase. B7-H1/PD-1 block-
ade broke self-antigen-mediated tolerance induction, which led to the formation
of functional CTL (Goldberg et al., 2007). Similarly, when naïve OT-1 cells
were transferred into RIP-OVA transgenic mice expressing OVA antigen in the
pancreatic islet cells, B7-H1/PD-1 blockade induced islet cell destruction and
autoimmune diabetes (Martin-Orozco et al., 2006). In spontaneous autoimmune
diabetes in nonobese diabetic (NOD) mice, blocking endogenous B7-H1/PD-1
pathway also accelerated disease onset and progression (Ansari et al., 2003).
Furthermore, in a diabetes remission model by tolerance induction through FcR-
nonbinding anti-CD3 and insulin-pulsed APCs treatment, B7-H1/PD-1 was found
to be essential for tolerance induction and maintenance (Fife et al., 2006). Endoge-
nous B7-H1 was also shown to be critical to maintain feto-maternal tolerance
with its expression reported in placenta. B7-H1 antibody treatment increased
the abortion rate in an abortion-prone allogeneic mating model (Guleria et al.,
2005).

6 B7-H1 at the Crossroad of Peripheral Tolerance,
Autoimmunity and Infection

It has become clear that the B7-H1/PD-1 pathway suppresses diverse T-cell immune
responses through multiple mechanisms and at different tissue locations. The effect
of B7-H1 in T-cell apoptosis and as a molecular shield operates mainly in the effec-
tor phase and in peripheral organs. Alternatively, antigen presenting cell-associated
B7-H1-mediated tolerance induction could happen in the lymphoid organs, in addi-
tion to peripheral tissues, and provides protection for peripheral tissue from autoim-
munity.

Various pathogens (virus or bacteria), parasites and tumor cells clearly exploit
this suppressive pathway to evade host immune attack and to achieve persistent
infection or growth. Modulation of the B7-H1 pathway could break tolerance,
revive exhausted T cells and protect effector T cells from deletion, thus pro-
viding a promising therapeutic target against tumors and chronic viral infection.
However, clinical manipulation of B7-H1 pathway must achieve proper balance
between breaking pathogen-induced tolerance and minimizing pathogen-induced
immunopathology.

Acknowledgments We thank Jennifer Osborne for editing the manuscript. This work is partially
supported by the National Institutes of Health grants CA098731, CA106861 and CA113341.



38 S. Yao, L. Chen

References

Agata, Y., Kawasaki, A., Nishimura, H., Ishida, Y., Tsubata, T., Yagita, H., and Honjo, T. (1996).
Expression of the PD-1 antigen on the surface of stimulated mouse T and B lymphocytes. Int
Immunol 8:765–772.

Ansari, M. J., Salama, A. D., Chitnis, T., Smith, R. N., Yagita, H., Akiba, H., Yamazaki, T.,
Azuma, M., Iwai, H., Khoury, S. J., et al. (2003). The programmed death-1 (PD-1) pathway
regulates autoimmune diabetes in nonobese diabetic (NOD) mice. J Exp Med 198:63–69.

Barber, D. L., Wherry, E. J., Masopust, D., Zhu, B., Allison, J. P., Sharpe, A. H., Freeman, G. J., and
Ahmed, R. (2006). Restoring function in exhausted CD8 T cells during chronic viral infection.
Nature 439:682–687.

Blazar, B. R., Carreno, B. M., Panoskaltsis-Mortari, A., Carter, L., Iwai, Y., Yagita, H., Nishimura,
H., and Taylor, P. A. (2003). Blockade of programmed death-1 engagement accelerates
graft-versus-host disease lethality by an IFN-gamma-dependent mechanism. J Immunol 171:
1272–1277.

Boni, C., Fisicaro, P., Valdatta, C., Amadei, B., Di Vincenzo, P., Giuberti, T., Laccabue, D.,
Zerbini, A., Cavalli, A., Missale, G., et al. (2007). Characterization of Hbv-specific T cell
dysfunction in chronic Hbv infection. J Virol 81:4215–4225.

Chambers, C. A., Kuhns, M. S., Egen, J. G., and Allison, J. P. (2001). CTLA-4-mediated inhibition
in regulation of T cell responses: mechanisms and manipulation in tumor immunotherapy. Annu
Rev Immunol 19:565–594.

Chen, L. (2004). Co-inhibitory molecules of the B7-CD28 family in the control of T-cell immunity.
Nat Rev Immunol 4:336–347.

Chen, L., Zhang, Z., Chen, W., Li, Y., Shi, M., Zhang, J., Wang, S., and Wang, F. S. (2007). B7-h1
up-regulation on myeloid dendritic cells significantly suppresses T cell immune function in
patients with chronic hepatitis B. J Immunol 178:6634–6641.

Cross, A. H., Girard, T. J., Giacoletto, K. S., Evans, R. J., Keeling, R. M., Lin, R. F.,
Trotter, J. L., and Karr, R. W. (1995). Long-term inhibition of murine experimental autoimmune
encephalomyelitis using CTLA-4-Fc supports a key role for CD28 costimulation. J Clin Invest
95:2783–2789.

Das, S., Suarez, G., Beswick, E. J., Sierra, J. C., Graham, D. Y., and Reyes, V. E. (2006). Expression
of B7-H1 on gastric epithelial cells: its potential role in regulating T cells during Helicobacter
pylori infection. J Immunol 176:3000–3009.

Day, C. L., Kaufmann, D. E., Kiepiela, P., Brown, J. A., Moodley, E. S., Reddy, S., Mackey, E. W.,
Miller, J. D., Leslie, A. J., DePierres, C., et al. (2006). PD-1 expression on HIV-specific T cells
is associated with T-cell exhaustion and disease progression. Nature 443:350–354.

Dong, H., Strome, S. E., Salomao, D. R., Tamura, H., Hirano, F., Flies, D. B., Roche, P. C., Lu, J.,
Zhu, G., Tamada, K., et al. (2002). Tumor-associated B7-H1 promotes T-cell apoptosis: a poten-
tial mechanism of immune evasion. Nat Med 8:793–800.

Dong, H., Zhu, G., Tamada, K., and Chen, L. (1999). B7-H1, a third member of the B7 family,
co-stimulates T-cell proliferation and interleukin-10 secretion. Nat Med 5:1365–1369.

Dong, H., Zhu, G., Tamada, K., Flies, D. B., van Deursen, J. M., and Chen, L. (2004). B7-
H1 determines accumulation and deletion of intrahepatic CD8(+) T lymphocytes. Immunity
20:327–336.

Fife, B. T., Guleria, I., Gubbels Bupp, M., Eagar, T. N., Tang, Q., Bour-Jordan, H., Yagita, H.,
Azuma, M., Sayegh, M. H., and Bluestone, J. A. (2006). Insulin-induced remission in new-
onset NOD mice is maintained by the PD-1-PD-L1 pathway. J Exp Med 203:2737–2747.

Freeman, G. J., Long, A. J., Iwai, Y., Bourque, K., Chernova, T., Nishimura, H., Fitz, L. J.,
Malenkovich, N., Okazaki, T., Byrne, M. C., et al. (2000). Engagement of the PD-1 immunoin-
hibitory receptor by a novel B7 family member leads to negative regulation of lymphocyte
activation. J Exp Med 192:1027–1034.

Goldberg, M. V., Maris, C. H., Hipkiss, E. L., Flies, A. S., Zhen, L., Tuder, R. M., Grosso, J. F.,
Harris, T. J., Getnet, D., Whartenby, K. A., et al. (2007). Role of PD-1 and its ligand, B7-H1,
in early fate decisions of CD8 T cells. Blood 110:186–192.



Contribution of B7-H1/PD-1 Co-inhibitory Pathway 39

Guleria, I., Khosroshahi, A., Ansari, M. J., Habicht, A., Azuma, M., Yagita, H., Noelle, R. J., Coyle,
A., Mellor, A. L., Khoury, S. J., and Sayegh, M. H. (2005). A critical role for the programmed
death ligand 1 in fetomaternal tolerance. J Exp Med 202:231–237.

Hamanishi, J., Mandai, M., Iwasaki, M., Okazaki, T., Tanaka, Y., Yamaguchi, K., Higuchi, T.,
Yagi, H., Takakura, K., Minato, N., et al. (2007). Programmed cell death 1 ligand 1 and tumor-
infiltrating CD8+ T lymphocytes are prognostic factors of human ovarian cancer. Proc Natl
Acad Sci USA 104:3360–3365.

Hirano, F., Kaneko, K., Tamura, H., Dong, H., Wang, S., Ichikawa, M., Rietz, C., Flies, D. B.,
Lau, J. S., Zhu, G., et al. (2005). Blockade of B7-H1 and PD-1 by monoclonal antibodies
potentiates cancer therapeutic immunity. Cancer Res 65:1089–1096.

Hori, J., Wang, M., Miyashita, M., Tanemoto, K., Takahashi, H., Takemori, T., Okumura, K.,
Yagita, H., and Azuma, M. (2006). B7-H1-induced apoptosis as a mechanism of immune priv-
ilege of corneal allografts. J Immunol 177:5928–5935.

Ishida, Y., Agata, Y., Shibahara, K., and Honjo, T. (1992). Induced expression of PD-1, a novel
member of the immunoglobulin gene superfamily, upon programmed cell death. EMBO J
11:3887–3895.

Iwai, Y., Ishida, M., Tanaka, Y., Okazaki, T., Honjo, T., and Minato, N. (2002). Involvement of
PD-L1 on tumor cells in the escape from host immune system and tumor immunotherapy by
PD-L1 blockade. Proc Natl Acad Sci USA 99:12293–12297.

Keir, M. E., Liang, S. C., Guleria, I., Latchman, Y. E., Qipo, A., Albacker, L. A., Koulmanda, M.,
Freeman, G. J., Sayegh, M. H., and Sharpe, A. H. (2006). Tissue expression of PD-L1 mediates
peripheral T cell tolerance. J Exp Med 203:883–895.

Kirchberger, S., Majdic, O., Steinberger, P., Bluml, S., Pfistershammer, K., Zlabinger, G.,
Deszcz, L., Kuechler, E., Knapp, W., and Stockl, J. (2005). Human rhinoviruses inhibit
the accessory function of dendritic cells by inducing sialoadhesin and B7-H1 expression. J
Immunol 175:1145–1152.

Krambeck, A. E., Thompson, R. H., Dong, H., Lohse, C. M., Park, E. S., Kuntz, S. M.,
Leibovich, B. C., Blute, M. L., Cheville, J. C., and Kwon, E. D. (2006). B7-H4 expression in
renal cell carcinoma and tumor vasculature: associations with cancer progression and survival.
Proc Natl Acad Sci USA 103:10391–10396.

Krummel, M. F., and Allison, J. P. (1995). CD28 and CTLA-4 have opposing effects on the
response of T cells to stimulation. J Exp Med 182:459–465.

Latchman, Y., Wood, C. R., Chernova, T., Chaudhary, D., Borde, M., Chernova, I., Iwai, Y.,
Long, A. J., Brown, J. A., Nunes, R., et al. (2001). PD-L2 is a second ligand for PD-1 and
inhibits T cell activation. Nat Immunol 2:261–268.

Lenschow, D. J., Walunas, T. L., and Bluestone, J. A. (1996). CD28/B7 system of T cell costimu-
lation. Annu Rev Immunol 14:233–258.

Linsley, P. S., Brady, W., Urnes, M., Grosmaire, L. S., Damle, N. K., and Ledbetter, J. A.
(1991). CTLA-4 is a second receptor for the B cell activation antigen B7. J Exp Med 174:
561–569.

Linsley, P. S., Clark, E. A., and Ledbetter, J. A. (1990). T-cell antigen CD28 mediates adhesion
with B cells by interacting with activation antigen B7/BB-1. Proc Natl Acad Sci USA 87:
5031–5035.

Martin-Orozco, N., Wang, Y. H., Yagita, H., and Dong, C. (2006). Cutting edge: programmed
death (PD) ligand-1/PD-1 interaction is required for CD8+ T cell tolerance to tissue antigens.
J Immunol 177:8291–8295.

Mazanet, M. M., and Hughes, C. C. (2002). B7-H1 is expressed by human endothelial cells and
suppresses T cell cytokine synthesis. J Immunol 169:3581–3588.

Mueller, D. L., Jenkins, M. K., and Schwartz, R. H. (1989). Clonal expansion versus functional
clonal inactivation: a costimulatory signalling pathway determines the outcome of T cell anti-
gen receptor occupancy. Annu Rev Immunol 7:445–480.

Nishimura, H., Nose, M., Hiai, H., Minato, N., and Honjo, T. (1999). Development of lupus-
like autoimmune diseases by disruption of the PD-1 gene encoding an ITIM motif-carrying
immunoreceptor. Immunity 11:141–151.



40 S. Yao, L. Chen

Nishimura, H., Okazaki, T., Tanaka, Y., Nakatani, K., Hara, M., Matsumori, A., Sasayama, S.,
Mizoguchi, A., Hiai, H., Minato, N., and Honjo, T. (2001). Autoimmune dilated cardiomyopa-
thy in PD-1 receptor-deficient mice. Science 291:319–322.

Okazaki, T., Maeda, A., Nishimura, H., Kurosaki, T., and Honjo, T. (2001). PD-1 immunoreceptor
inhibits B cell receptor-mediated signaling by recruiting src homology 2-domain-containing
tyrosine phosphatase 2 to phosphotyrosine. Proc Natl Acad Sci USA 98:13866–13871.

Salama, A. D., Chitnis, T., Imitola, J., Ansari, M. J., Akiba, H., Tushima, F., Azuma, M., Yagita, H.,
Sayegh, M. H., and Khoury, S. J. (2003). Critical role of the programmed death-1 (PD-1) path-
way in regulation of experimental autoimmune encephalomyelitis. J Exp Med 198:71–78.

Schwartz, J. C., Zhang, X., Fedorov, A. A., Nathenson, S. G., and Almo, S. C. (2001). Structural
basis for co-stimulation by the human CTLA-4/B7-2 complex. Nature 410:604–608.

Stamper, C. C., Zhang, Y., Tobin, J. F., Erbe, D. V., Ikemizu, S., Davis, S. J., Stahl, M. L., Seehra, J.,
Somers, W. S., and Mosyak, L. (2001). Crystal structure of the B7-1/CTLA-4 complex that
inhibits human immune responses. Nature 410:608–611.

Thompson, R. H., Kuntz, S. M., Leibovich, B. C., Dong, H., Lohse, C. M., Webster, W. S.,
Sengupta, S., Frank, I., Parker, A. S., Zincke, H., et al. (2006). Tumor B7-H1 is associated
with poor prognosis in renal cell carcinoma patients with long-term follow-up. Cancer Res 66:
3381–3385.

Trautmann, L., Janbazian, L., Chomont, N., Said, E. A., Gimmig, S., Bessette, B., Boulassel, M. R.,
Delwart, E., Sepulveda, H., Balderas, R. S., et al. (2006). Upregulation of PD-1 expression on
HIV-specific CD8+ T cells leads to reversible immune dysfunction. Nat Med 12:1198–1202.

Tseng, S. Y., Otsuji, M., Gorski, K., Huang, X., Slansky, J. E., Pai, S. I., Shalabi, A., Shin, T.,
Pardoll, D. M., and Tsuchiya, H. (2001). B7-DC, a new dendritic cell molecule with potent
costimulatory properties for T cells. J Exp Med 193:839–846.

Tsushima, F., Yao, S., Shin, T., Flies, A., Flies, S., Xu, H., Tamada, K., Pardoll, D. M., and Chen, L.
(2007). Interaction between B7-H1 and PD-1 determines initiation and reversal of T-cell anergy.
Blood 110:180–185.

Urbani, S., Amadei, B., Tola, D., Massari, M., Schivazappa, S., Missale, G., and Ferrari, C. (2006).
PD-1 expression in acute hepatitis C virus (HCV) infection is associated with HCV-specific
CD8 exhaustion. J Virol 80:11398–11403.

Wang, J., Yoshida, T., Nakaki, F., Hiai, H., Okazaki, T., and Honjo, T. (2005). Establishment of
NOD-Pdcd1−/− mice as an efficient animal model of type I diabetes. Proc Natl Acad Sci USA
102:11823–11828.

Watanabe, N., Gavrieli, M., Sedy, J. R., Yang, J., Fallarino, F., Loftin, S. K., Hurchla, M. A.,
Zimmerman, N., Sim, J., Zang, X., et al. (2003). BTLA is a lymphocyte inhibitory receptor
with similarities to CTLA-4 and PD-1. Nat Immunol 4:670–679.

Wiendl, H., Mitsdoerffer, M., Schneider, D., Chen, L., Lochmuller, H., Melms, A., and Weller, M.
(2003). Human muscle cells express a B7-related molecule, B7-H1, with strong negative
immune regulatory potential: a novel mechanism of counterbalancing the immune attack in
idiopathic inflammatory myopathies. FASEB J 17:1892–1894.

Zhang, X., Schwartz, J. C., Guo, X., Bhatia, S., Cao, E., Lorenz, M., Cammer, M., Chen, L.,
Zhang, Z. Y., Edidin, M. A., et al. (2004). Structural and functional analysis of the costimulatory
receptor programmed death-1. Immunity 20:337–347.



Regulatory T Cells in Cancer

Silvia Piconese and Mario P. Colombo

1 Introduction

It is now widely accepted that tumors actively devise subversion over a variety of
immune players (Zitvogel et al., 2006). Counterbalancing such immune escape has
become a major goal of immunotherapy today. The “self” nature of several tumor-
associated antigens explains their weak immunogenicity and the need to overcome
self-tolerance to properly activate a response against them. Immunosuppression
accompanying tumor progression renders such response very unlikely. Regulatory T
cells (Treg) act on maintaining tolerance and exerting immunosuppression, depend-
ing on their relative number in the CD4+ T-cells pool.

The unique feature of regulatory T lymphocytes is represented by the ability to
actively suppress immune responses. The characterization of minor features resulted
in the classification of Treg into two main subsets: the “naturally arising” Treg that
develop in the thymus due to high-affinity TCR triggering and suppress bystander
T-cell proliferation by a still unknown mechanism requiring cell-to-cell interaction
and the “adaptive” Treg, which develop peripherally following antigenic stimulation
in the presence of IL-10 (Tr1 subset) or TGF-� (Th3 subset). Such classification is
susceptible to adjustments, since regulatory lymphocytes phenotypically indistin-
guishable from natural Treg can develop in the periphery following low-dose anti-
gen and TGF-� administration (Kretschmer et al., 2005; Wing, 2006). Therefore,
thymic development, suboptimal antigenic stimulation and peripheral conversion
all contribute to create the total pool of Treg, whose maintenance involves MHC
II molecules (Gavin et al., 2002), the cytokine IL-2 (Malek and Bayer, 2004) and
costimulatory molecules such as CD28 (Tang et al., 2003) and CD40 (Guiducci
et al., 2005).

In spite of their heterogeneous origin, Treg subtypes share distinctive markers.
Sakaguchi’s group (Sakaguchi et al., 1995) first associated the regulatory phenotype
to CD25, the �-chain of the high-affinity receptor for interleukin 2 (IL-2). Treg
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depletion by means of CD25 targeting was significantly used to demonstrate their
role as a “common basis” among the several aspects of immune regulation (Shimizu
et al., 1999). Due to the intrinsic limit of this marker, associated to both activated
effectors and regulatory T cells, other molecules have been proposed to identify
Treg, such as the glucocorticoid-induced tumor necrosis factor receptor (GITR),
OX40, the cytotoxic T-lymphocyte antigen 4 (CTLA-4), whose expression, how-
ever, only partially overlaps with the regulatory phenotype. The actual breakthrough
in Treg characterization was the discovery that the forkhead box transcription factor
Foxp3 was the master gene of Treg lineage (Fontenot et al., 2003; Hori et al., 2003).
Very recent molecular studies have provided the renewed interpretation of Foxp3
as a mediator that “amplifies and fixes pre-established molecular features of Treg
cells” (Gavin et al., 2007). Still, Foxp3 can be transiently expressed also by activated
T cells in humans (Wang et al., 2007) and the very last identified unique signature
distinguishing Treg is the downregulation of cyclic nucleotide phosphodiesterase
3B (Gavin et al., 2007).

Although the molecular signature of Treg has been extensively dissected, the fine
mechanisms by which they exert suppression are not fully resolved yet. The original
finding that cell-to-cell contact is required for in vitro suppression (Takahashi et al.,
1998; Thornton and Shevach, 1998) has been challenged by several observations in

Fig. 1 Tumor fosters Treg toward immunosuppression. Growing tumor breaks Treg homeostasis
by actively increasing Treg number in lymphoid organs and within the tumor mass. The total pool
of Treg in tumor bearers includes not only thymus-derived Treg but also newly derived Treg orig-
inated from peripheral conversion of naïve T cells. Tumor-associated Treg can undergo expansion
following tumor-induced signals and can be actively recruited at the tumor site by chemokine gradi-
ent. Treg can suppress both the priming and the effector phase of the anti-tumor immune response.
Tumor cells directly and indirectly promote conversion, expansion and recruitment of Treg
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complex systems, in which both cellular interactions and soluble factors have been
demonstrated to participate in overall Treg-mediated suppression. The identification
of possible targets of Treg suppression has been likewise submitted to continuous
update, since it has been shown that not only T cells, but also B lymphocytes, NK
cells and dendritic cells are susceptible to Treg inhibition. Overall, emerging evi-
dences place Treg central to the immunoregulatory network (Fig. 1).

2 Treg and Tumors: of Mice and Men

Immunosuppression physiologically occurs in immune-privileged organs like testis,
placenta and eye. Furthermore, some pathological conditions like tumorigenesis
can use mechanisms providing immune privilege to escape from the host immune
response. Treg are involved in both physiological and pathological suppression of
immune reactivity.

Moreover, though natural Treg display a TCR repertoire mainly directed toward
self-antigens (Hsieh et al., 2004), they suppress not only auto-reactive but also allo-
geneic immune responses; therefore, they might counterbalance anti-tumor immu-
nity regardless of the targeted antigens, either tumor-associated self-antigens or
tumor-specific non-self-molecules.

Besides exerting suppressive effects in the tumor microenvironment, regulatory
lymphocytes are able to recirculate through lymphoid compartment and peripheral
tissues, spreading local tolerance systemically. Indeed, systemic ablation of Treg
elicits concomitant immunity at sites distant from primary tumor (Turk et al., 2004).
Moreover, anti-tumor Treg-targeted therapies have frequently been associated to
multiorgan autoimmune manifestations (Phan et al.,2003), as the effects of Treg
inhibition spread to non-tumor tissues undermining systemic tolerance.

Treg biology should be taken into account when designing immunotherapeutic
approaches. Indeed, the administration of IL-2 in cancer patients resulted in Treg
rather than T-helper expansion, since this cytokine is critically involved in Treg
proliferation, maintenance and suppressive function. In addition, some experimen-
tal vaccination protocols, which were believed to be immunostimulatory, elicited
Treg amplification thus attenuating their potential therapeutic efficacy (Zhou et al.,
2006).

In recent years, the role of Treg in the intricate network characterizing tumor-
associated immune tolerance has been extensively investigated. Despite an incom-
plete understanding of their biology, the involvement of Treg in tumor immune
escape remains undoubted.

2.1 Treg in Murine Tumors

Berendt and North (1980) first described T lymphocytes with suppressive activity in
mice bearing an immunogenic fibrosarcoma, which prevented adoptively transferred
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effector cells from inducing tumor regression. The almost 20 years of silence that
followed this pioneer observation were mainly due to the absence of a marker that
specifically identified such suppressor T cells. Subsequently, a CD4+ T-cell pop-
ulation similar to North’s suppressor T cells was found involved in autoimmune
manifestations. These cells were characterized by the expression of the surface
marker CD25 and shown to be responsible for the control of autoimmunity. Indeed,
removal of CD25-positive T cells led to autoimmune disease in several organs and
reconstitution of the eliminated population reverted the pathological status (Powrie
and Mason, 1990; Sakaguchi et al., 1985; Sugihara et al., 1988). This population
was found to be anergic and suppressive in vitro and proposed to be responsible for
autoimmunity induced by thymectomy 3 days postnatal, in accordance to the key
role of thymus in central tolerance (Itoh et al., 1999).

The knowledge acquired in the field of autoimmunity was soon translated into
that of tumor immunology by Sakaguchi and collaborators in 1999 (Shimizu et al.,
1999). Administration of anti-CD25-depleting antibody (PC61 clone) prior to injec-
tion of a leukemia cell line induced CTL- and NK-mediated tumor rejection. Sim-
ilar results were also obtained in other laboratories toward hematological and solid
tumor models (Golgher et al., 2002; Jones et al., 2002; Onizuka et al., 1999). Con-
current depletion of effector T cells, activated by concomitant immunity or vacci-
nation, represents the main limit of using the same treatment in a therapeutic rather
than preventive setting (Onizuka et al., 1999). Other limitations of the depletion
approach will be extensively discussed in Sect. 6.1.

Sakaguchi proposed the term of regulatory T cells as “a common basis between
tumor immunity and autoimmunity” (Shimizu et al., 1999). Anti-tumor and anti-
self responses are strictly linked. Indeed, mice rejecting the melanoma cell line
B16F10 because of Treg depletion also mounted efficient immunity toward the
self melanocyte differentiation antigen tyrosinase (Jones et al., 2002). The immune
response elicited by Treg depletion was directed against tumor antigens shared
among different histotypes, since mice rejecting the colon carcinoma cell line CT26
were protected against tumors of different origin (Golgher et al., 2002). This obser-
vation stressed the possibility that Treg removal might allow auto-reactive T cells
to target self-antigens expressed by tumor cells, being potentially dangerous for
normal tissues.

Synergistic effects of CTLA-4 blockade and Treg depletion in inducing
anti-tumor and anti-self responses following melanoma vaccination indicate that
CTLA-4 is not the suppressive element on Treg (Sutmuller et al., 2001). The
combined treatments were likely acting on different levels of autoimmunity control.
The dominant Treg-mediated tolerance was broken by CD25 depletion, while
blocking the inhibitory receptor CTLA-4 reversed the recessive tolerance of auto-
reactive lymphocytes. The protection from melanoma growth was strictly accom-
panied by depigmentation caused by immune attack of self-antigens expressed
by melanocytes. However, the sole Treg depletion is sufficient to induce vitiligo
in the course of melanoma immunotherapy. In a setting in which lymphocytes,
transgenic for the TCR to the melanoma antigen gp100, were adoptively transferred
in B16-bearing mice, naturally occurring Treg were suppressing both T-helper and
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antigen-specific CD8+ cells. Their removal was also associated with tumor rejection
and vitiligo (Antony et al., 2005).

Depletion of CD4+ lymphocytes, either alone or in combination with GM-CSF,
leads to complete rejection of B16 melanoma cell line (Turk et al., 2004). Here
for the first time an alternative approach was proposed: to target Treg by func-
tionally inhibiting them rather than depleting them. Indeed, Sakaguchi had previ-
ously demonstrated that the stimulation of GITR on Treg reversed their suppres-
sive function (Shimizu et al., 2002). When applied to cancer immunotherapy, this
approach promoted concomitant immunity. GITR triggering consistently improves
vaccine-induced immunity and reverts tolerance to tumor antigens without produc-
ing overt autoimmune side effects when administered within the tumor (Cohen
et al., 2006; Ko et al., 2005; Ramirez-Montagut, 2006). In all of these models,
however, GITR stimulation appeared mainly to boost effector T cells rather than
inhibit Treg.

Since Treg heavily infiltrate tumors of different origin, targeting Treg locally
rather than systemically could avoid generalized autoimmune manifestations. This
issue has been investigated by Yu et al. (2005) who demonstrated that Treg ablation
within the tumor mass leads to the complete rejection of advanced highly immuno-
genic lesions. This result was achieved by administration of anti-CD4 that, instead
of anti-CD25-depleting antibody, allowed eliminating CD4+ Treg while sparing
CD8+CD25+-activated effector cells. This model highlighted that Treg are capa-
ble of actively hindering the endogenous immune response that might be generated
against tumors.

In transgenic mice carrying the Her-2/neu under the MMTV promoter, the
oncogene is a self-antigen. Although progressing tumor induces Treg expansion
(Ambrosino, 2006 and our unpublished observation), natural Treg seem to have no
role during earlier immunosurveillance (Chiodoni et al., 2006).

2.2 Treg in Human Cancer

In humans, it was observed that T lymphocytes infiltrating non-small cell lung
cancer and late-stage ovarian cancer expressed CD25 and produced the inhibitory
cytokine TGF-�, thus suggesting that Treg were actively hindering anti-tumor
immunity (Woo et al., 2001). It was later demonstrated that in patients with pan-
creatic, breast, hepatocellular and gastric carcinoma, Treg were expanded not only
in the tumor microenvironment but also in the draining lymph nodes, the ascites
and the peripheral blood, associated with the malignancy progression (Liyanage
et al., 2002; Ormandy et al., 2005; Sasada et al., 2003). Treg accumulation in
human ovarian epithelial cancer has been demonstrated to be linked to active recruit-
ment of CCR4-expressing Treg, from periphery to tumor microenvironment, by the
chemokine CCL-22 produced by tumor cells and by tumor-infiltrating macrophages
(Curiel et al., 2004). For this tumor, a positive correlation between Treg increase
and a poor prognosis has been demonstrated.
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The role proposed for natural Treg in human solid tumors is quite different from
the indications arising from hematological malignancies. Indeed, the reported Treg
accumulation in myeloma and lymphoma patients has been controversially asso-
ciated with the clinical outcome of the disease, since both anti-tumor effector lym-
phocytes and tumor cells themselves may be subjected to Treg suppression. Treg are
recruited within human Hodgkin and non-Hodgkin lymphomas by the chemokine
CCL-22, where they functionally suppress tumor-infiltrating T cells (Ishida et al.,
2006; Yang et al., 2006). Unexpectedly, such Treg accumulation results in improved
overall survival of follicular lymphoma patients (Carreras et al., 2006), suggesting
that Treg can inhibit proliferation of transformed cells.

The adverse effects of Treg have influenced the design of immunotherapy pro-
tocols in clinical settings. Attention was given to the potential concurrent Treg
expansion during IL-2 administration (Antony and Restifo, 2005) or following den-
dritic cells-based vaccination (Banerjee et al., 2006). Treg neutralization has been
tested to break tolerance to tumor antigens. For instance, the CD25-depleting agent
Denileukin diftitox, a fusion protein composed by interleukin 2 conjugated to the
diphtheria toxin, showed some efficacy in ovary, breast, lung and renal carcinoma
treatments (Barnett et al., 2005; Dannull et al., 2005), but was totally ineffective
against melanoma (Attia et al., 2005). On the other hand, treatment of metastatic
ovarian carcinoma and melanoma with anti-CTLA-4 antibody, while showing some
efficacy in association with vaccination, led to severe autoimmune reactions (Hodi
et al., 2003; Phan et al., 2003). Clearly, additional studies are needed to improve
Treg neutralization in clinical settings.

3 Targets of Treg Suppression in Anti-tumor Immunity

Treg have been shown to suppress immune cell types belonging to the innate and
the adaptive response and involved in both priming and effector phase of anti-tumor
immunity.

3.1 Treg Suppression of Anti-tumor Innate Response and Priming

The continuous exposure to microbial and food-derived antigens contributes to the
establishment of inflammatory conditions that, in the gut, might lead to carcinogen-
esis. Erdman et al. (2003) have shown that adoptive transfer of Treg specifically
inhibits both the early phase of inflammation and the subsequent dysplasia occur-
ring in RAG knock-out mice upon microbe infection. Treg-mediated suppression
was IL-10-dependent as no protection was obtained by transferring IL-10-deficient
Treg. In other systems, Treg might help tumor progression through the inhibition of
NK and dendritic cells.

Natural killer (NK) cells have a primary role in the innate response and
in immunosurveillance. Treg can suppress NK cells both indirectly, inhibiting
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interleukin-2 production by T lymphocytes, and directly, via TGF-� (Ghiringhelli
et al., 2005a). Activated Treg express TGF-� bound to the latency-associated
protein (LAP) on the cell surface, while resting NK cells express the TGF-�
receptor. Blockade of TGF-� signal reverses Treg suppression over NK function
and rescues anti-tumor natural cytotoxicity.

The tumor microenvironment provides a suppressive milieu whose effects spread
distally to the bone marrow, inducing the expansion of myeloid-derived suppressor
cells (MDSC) (Gabrilovich et al., 2007; Melani et al., 2003). It is presumable that,
in the tumor microenvironment, Treg contribute to macrophage skewing toward a
tolerogenic phenotype by producing suppressive cytokines and, in the periphery,
activate suppressive metabolic pathways in MDSC.

At the interface between innate and adaptive immunity, dendritic cells have a
crucial role in determining the fate of anti-tumor response and their suppression
is common to several escape mechanisms. Indeed, tumor-infiltrating dendritic cells
are usually blocked in a tolerogenic state that is difficult to reverse either in vitro or
in vivo. In several conditions, they display low levels of costimulatory molecules,
produce low amounts of immunostimulatory cytokines and poorly activate T-cells
proliferation in mixed leukocyte reactions (Serra et al., 2003). Dendritic cells infil-
trating the colon carcinoma tumor CT26 produce IL-10 and tumor-associated T
cells display a suppressor phenotype. Such immunosuppressive microenvironment
inhibits the priming toward an unrelated antigen administered concurrently to tumor
injection. Treg depletion rescues normal cytokine production and improves tumor
outcome (Jarnicki et al., 2006). In this setting, bidirectional interactions between
monocytes and Treg might occur: tolerogenic dendritic cells could induce T-cell
suppression, while Treg could suppress APC maturation and function, establishing
a vicious circle of immunosuppression (Fig. 2).

The direct Treg-suppressive effect on dendritic cells activation has been clearly
demonstrated by in vitro studies. Naïve Treg specifically modulate cytokine produc-
tion by bone marrow-derived dendritic cells, reducing the pro-inflammatory IL-6
and augmenting the suppressive IL-10 upon maturating stimuli. Not only natural
Treg, but also Treg derived from tumor-bearing animals display suppressive proper-
ties over activation of bone marrow-derived dendritic cells (Larmonier et al., 2007).
An elegant demonstration of Treg involvement in tumor-induced dendritic cell sup-
pression has been provided by Dercamp et al. (2005). They showed that in vivo
reversal of dendritic cells paralysis by means of CpG administration is greater when
coupled to Treg depletion. They further demonstrated that Treg suppression is partly
due to IL-10 production; however, Treg seem not to be the only source of IL-10,
since their depletion and IL-10 neutralization show synergistic therapeutic effects.
The resulting rescue of dendritic cells functions leads to efficient priming of tumor-
specific CD8+ T lymphocytes. Considering that STAT3 targeting restores dendritic
cells functions in tumor-bearing host, IL-10 is likely to be involved in dendritic cells
tolerization, via STAT3 activation (Kortylewski et al., 2005).

Enzymatic alterations, such as IDO activation, have also been associated to the
tolerogenic phenotype of antigen-presenting cells. Treg may take part in this pro-
cess. Fallarino et al. (2003) have demonstrated that Treg activate IDO expression
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Fig. 2 Treg endorse a vicious circle of immunosuppression. Treg maintain their own activity
by bidirectional interaction with the tumor-associated myeloid populations. Treg activate sev-
eral immunosuppressive pathways in myelo-monocytes, such as IDO activation by CTLA-4/B7
signaling. Moreover, Treg-derived immunosuppressive cytokines induce the differentiation of
tolerogenic dendritic cells and suppressive tumor-associated macrophages (TAM) and activates
tolerogenic enzymatic pathways in myeloid-derived suppressor cells (MDSC). Conversely, these
myeloid populations, characterized by sub-immunogenic presentation, production of immunosup-
pressive cytokines and activation of tolerogenic pathways such as IDO, can promote both conver-
sion of T cells into Treg and proliferation of already-differentiated Treg. A self-enhancing cycle of
suppression establishes increasing tolerance along tumor progression

in dendritic cells in vitro. Indeed CTLA-4, constitutively expressed by Treg and
overexpressed upon TCR activation, can activate the B7 signal on dendritic cells,
which induces expression of IDO leading to tryptophan depletion and accumulation
of pro-apoptotic mediators.

In light of what has been discussed above, the classical model of Treg-mediated
direct suppression of lymphocyte proliferation requires partial re-interpretation.
Indeed, Treg could inhibit T-cell proliferation by suppressing cognate APC interac-
tions with effector cells. This model was confirmed by in vitro and in vivo imaging
analyses of Treg function. By adding differentially labeled Treg and responder T
cells to the classical in vitro suppression assay, Tang and Krummel (2006) have
shown that possible. The emerging hypothesis is that, while T-helper cells license
APC to induce priming, Treg may counteract the cognate activation. Furthermore, in
two different models of experimental autoimmune diseases, in vivo imaging showed
Treg interfering with APC–effector complexes, leading to the formation of unstable
and short interactions at the immunological synapse (Tadokoro et al., 2006; Tang,
2006). A similar hypothesis has been proposed after showing that upon co-culture,
human Treg cells are able to induce the expression of the inhibitory receptors ILT-3
and ILT-4 by dendritic cells (Vlad et al., 2005).
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3.2 Treg Suppression of Anti-tumor Adaptive Immunity

Although antigen-presenting cells may be involved in Treg-mediated suppression, in
vitro, Treg are able to suppress the proliferation of responder T cells in the absence
of other cells (Shevach, 2002). Moreover, the regulation of adaptive responses by
Treg can occur not only in secondary lymphoid organs, but also in peripheral tissues,
where already-primed effectors reside. Indeed, the correct localization of Treg at
inflammatory sites is crucial for their in vivo activity (Siegmund et al., 2005).

CD8+ CTL are considered the main cellular subset responsible for tumor
elimination in both humans and mice. Transfer of antigen-specific CTL induces
tumor rejection, while the cotransfer of CD4+ Treg abolishes such effects (Chen
et al., 2005). In this experimental setting, Treg mainly inhibited the cytotoxicity of
CD8+ T lymphocytes rather than their proliferation, survival or cytokines secretion.
TGF-� signaling seems critical for Treg immunoregulation, since Treg fail to
suppress CD8+ cells genetically engineered to lose responsiveness to this cytokine.
TGF-� is an important regulator of CTL functions, altering the transcriptional
program of CD8+ lymphocytes toward a defective production of cytotoxic granules
(Thomas and Massague, 2005). Similar data have been obtained from a human
cytotoxic cell line, which kills autologous tumor cells in vitro unless Treg are
present. Cytotoxicity is retained if TGF-� signaling is blocked during the co-culture
(Somasundaram et al., 2002). This finding encourages the development of Treg-
targeted therapies, since Treg neutralization may fully rescue CTL function and lead
to effective tumor eradication. By directly visualizing CTL functions in draining
lymph nodes of tumor-bearing mice, Mempel et al. (2006) have described the
kinetics of Treg-mediated suppression. Even in the presence of Treg, CTL stored
normal amounts of lytic mediators, but they reduced the time of contact with target
cells, and the release of granules do not persist long enough to kill the target.

Efficient immune response requires activation of CD4+ T cells. Adoptive
immunotherapy combining tumor-specific CD4+ and CD8+ lymphocytes is more
efficient than the sole CTL transfer (Antony, 2005). CD4+ T lymphocytes were the
first target of Treg suppression identified in vitro (Thornton and Shevach, 1998)
and are also consistently inhibited in vivo. Casares et al. (2003) have shown in a
murine tumor model that Treg depletion restores IFN-� production by CD4+ T
cells and results in both CD8-dependent and CD8-independent protection from
tumor growth. The reactivity of CD4+ T lymphocytes in the presence of tumor is
detectable only after proper immunostimulation. Otherwise, these lymphocytes are
kept in a strict state of anergy by tumor-derived immunosuppressive signals and fail
to produce cytokines upon ex vivo restimulation (Cuenca et al., 2003). A consistent
portion of such unresponsive CD4+ lymphocytes is phenotypically and functionally
regulatory cells and includes not only naturally arising Treg but also tumor-induced
adaptive Treg derived from conversion of non-Treg precursors (Valzasina et al.,
2006). Conversion of potential T-helper lymphocytes into Treg is an important issue
of T-cell suppression in tumor-bearing hosts. Treg themselves may contribute to the
conversion of non-Treg cells by producing suppressive mediators locally. Indeed, it
has been demonstrated in vitro that Treg induce a suppressive phenotype in CD4+
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target cells (Qiao et al., 2007). Conversion mechanisms will be further discussed in
Sect. 4.2.

The complex machinery of anti-tumor response includes the humoral response
in addition to cellular immunity. The rejection of Her-2-expressing tumor is mainly
mediated by an antibody response against the extracellular portion of the receptor
(Reilly et al., 2001). This implies that both B cells and Th2 T cells are involved
in anti-tumor immunity. Treg can affect the functions of both lymphocyte subsets.
Indeed, Treg can directly kill B lymphocytes (Zhao et al., 2006) and indirectly affect
Th2 differentiation, thus hampering the induction of humoral response (Wing and
Sakaguchi, 2006).

Treg are likely involved in several steps of anti-tumor response. As recently
described by Gallimore and colleagues (Simon et al., 2007), they affect both innate
and adaptive responses. On one hand, Treg transfer inhibits the NK-dependent rejec-
tion of tumor in the absence of T and B lymphocytes. On the other hand, their
depletion, by means of PC61 antibody, synergizes with anti-tumor vaccination by
unveiling CD4 and antibody responses.

From this picture, some complexity arises that cannot be easily resolved. Besides
the cellular targets of Treg suppression, the phase of immune response in which
Treg exert inhibition is still controversial. The observation that some human and
murine tumors specifically recruit Treg from the draining lymph nodes implies that
Treg are needed for immunosuppression at the site where effector phase takes place.
Moreover, depletion of intratumor CD4+ T cells results in efficient eradication only
at late stages of murine tumor growth, suggesting that Treg suppress mainly after
the priming phase (Yu et al., 2005). Conversely, other clinical and pre-clinical stud-
ies show that Treg extensively accumulate also at the draining lymph node where
effector T cells encounter antigen-presenting cells and are activated. The actual
cognate interaction between Treg and T cells has been described in tumor-draining
lymph nodes by intravital imaging studies (Mempel et al., 2006). Moreover, the
draining lymph nodes of murine fibrosarcoma contain both Treg and effector cells;
suppression occurs by means of partial expression of CD86, which acts as a negative
regulator of T cells by CTLA-4 interaction (Hiura et al., 2005). In conclusion, the
plasticity of Treg-suppressive function likely licenses them to affect a variety of not
mutually exclusive stages of the immune response.

4 Mechanisms of Treg Expansion in Tumor Bearers

One of the most intriguing, yet unsolved, questions is the mechanism leading to
Treg accumulation in tumor bearers. The main mechanisms proposed to contribute
to Treg expansion are recruitment, proliferation and conversion (reviewed by Zou,
2006). It is conceivable that these events are not mutually exclusive, rather they may
concurrently contribute to expand Treg pools in tumor settings (Munn and Mellor,
2006) (Fig. 1).

The specific recruitment of Treg at the tumor beds has been clearly described by
Curiel et al. (2004) in human ovarian cancer. Both tumor cells and tumor-associated
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macrophages produce the chemokine CCL22 that attracts Treg through the CCR4
receptor leading to the preferential accumulation, at the tumor site, of suppressive
rather than effector T cells. Blockade of this signal efficiently hinders Treg recruit-
ment. In these ovarian carcinomas, the increase of Treg at the tumor site corre-
lates with decreased Treg number in the draining lymph nodes, thus suggesting
that recruitment may be mostly responsible for the observed Treg enrichment. In
contrast, several different tumor models support Treg expansion in both tumor and
draining lymph nodes, thus suggesting that mechanisms other than migration, such
as proliferation and conversion, contribute to Treg accumulation.

4.1 Role of Proliferation in Tumor-Associated Treg Enrichment

Robert North described suppressor T cells as cycling cells susceptible to anti-
mitotic treatment (North and Awwad, 1990). A recent evidence for Treg prolifera-
tion in tumor-bearing animals has been provided by Ghiringhelli et al. (2005b), who
showed that Treg derived from tumors and lymph nodes actively incorporate the
intercalating agent 5-bromo-2′-deoxyuridine (BrdU) that, while marking prolifera-
tion, does not provide information on the number of cell divisions. In this setting,
Treg proliferation was fostered by immature myeloid dendritic cells (IMDC) that
accumulate in lymphoid organs in response to unknown tumor-produced factors.
Such IMDC promote the proliferation of Treg ex vivo, and their injection in vivo
induces BrdU incorporation by otherwise resting Treg. The molecular signal driving
IMDC-mediated Treg proliferation was TGF-�, since Treg from mice transgenic for
the dominant negative form of the TGF-� receptor II did not proliferate in the same
setting. This finding was somehow unexpected, since the main cytokine responsible
for Treg expansion was thought to be IL-2. However, neither dendritic cells nor
T cells are expected to produce IL-2 in the immunosuppressive tumor microenvi-
ronment. IMDC express MHC II and costimulatory molecules at low level, which
might be sufficient to induce Treg proliferation but insufficient to prime an effector
response. This observation is in line with a model in which steady-state dendritic
cells allow self-tolerance by sustaining Treg homeostasis (Lutz and Schuler, 2002),
while it differs from the notion of mature dendritic cells and IL-2 requirements for
Treg proliferation (Yamazaki et al., 2003).

Proliferation of tumor-associated Treg also occurs in the context of tumor
antigen-specific T-cell response (Zhou et al., 2006). Clonotypic anti-HA CD4+ T
cells transferred into A20HA-bearing mice show a heterogeneous response in terms
of CFSE dilution profile. A fraction of them shows impaired proliferation, while
another displays high proliferation upon primary in vivo stimulation. Following
in vitro antigen restimulation, the former restores proliferation whereas the latter
becomes hyporesponsive and suppressive, indicating that donor lymphocytes rec-
ognizing the antigen at first encounter, in vivo, consist of Treg. Therefore, T cells
effectively activated in a tumor setting are at most Treg. Such Treg are characterized
by GITR, CD25 and Foxp3 expression, and once primed they are able to suppress
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in the absence of persisting antigen. Tumor-associated Treg suppress in vitro via
cell-to-cell contact rather than cytokines production, a feature attributed to naturally
arising Treg and not to antigen-induced Treg. An open question is whether the
expanded Treg derive from the portion of transferred clonotypic Treg among the
CD4 population. Even when highly purified CD4+ CD25− T cells are injected into
tumor-bearing mice, a fraction of Treg can develop, suggesting that conversion
mechanism of naïve lymphocytes into Treg can actually occur in tumor-bearing
mice, thus contributing to overall Treg amplification. These data outline a complex
picture in which both natural Treg and induced Treg can undergo proliferation
suggesting that Treg proliferation and conversion are not mutually exclusive.

It is arguable that pre-existing natural Treg may induce newly derived Treg from
naïve precursors; such a mechanism would imply that natural Treg may “spread”
their suppressive potential to other de novo induced Treg, a concept called “infec-
tious tolerance”. This issue has been clearly analyzed recently (Zhou and Levitsky,
2007). When antigen-specific, differentially labeled, Treg and T naïve were trans-
ferred into tumor-bearing mice, the former were preferentially expanded, without
affecting the rate of conversion of the latter. This means that, in this setting, con-
version does not depend on natural Treg, but on other players, most likely antigen-
presenting cells or tumor-produced factors.

These results may explain the findings reported by others (Bui et al., 2006): when
differentially marked Treg and T naïve are transferred into tumor-bearing hosts, the
majority of tumor-infiltrating Treg derive from expansion of natural Treg rather than
conversion of naïve T cells. Indeed, natural Treg promptly expand in tumor-bearing
mice overcoming in number the converted population. However, in spite of the abso-
lute minority of de novo induced Treg, the conversion rate in tumor bearers is sig-
nificantly higher than in physiological conditions, showing that tumor can actually
force the conversion process independently from pre-existing natural Treg.

4.2 Tumor Promotes Conversion of Naïve Precursors into Newly
Derived Treg

The first direct evidence of polyclonal T-cells conversion in tumor-bearing mice
came from our group (Valzasina et al., 2006). We have shown that tumor-induced
Treg accumulation occurs even in thymectomized mice, which lack natural Treg.
In this context, the only source of newly formed Treg is the compartment of naïve
T cells. We tested this hypothesis by transferring polyclonal naïve CD4+CD25− T
cells into mice bearing established tumors. We observed that the rate of conversion,
measured as CD25 and Foxp3 gaining by transferred cells, is markedly higher in
draining lymph nodes and spleens of tumor-bearing compared to tumor-free mice. In
our setting, proliferation is not occurring, nor is it necessary to achieve conversion,
since T cells converted into Treg even if pre-treated with an anti-mitotic agent.

Conversion mechanisms could explain why the kinetics of effectors versus
Treg priming in tumor-draining nodes is characterized by Treg increase and the
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concomitant effector decrease (Hiura et al., 2005). It is still unclear in that study
whether converted Treg derive from uncommitted naïve precursors or have to pass
through an intermediate activation phase before acquiring suppressive ability. Fur-
ther studies are needed to elucidate this intriguing issue.

The signals leading to conversion in the tumor setting are not fully understood
yet. Experimental in vitro models have shown that T-cell activation in the pres-
ence of TGF-� induces Foxp3 expression and conversion into Treg (Chen et al.,
2003). This cytokine could be provided by tumor-associated immune cells, such
as IMDC (Ghiringhelli et al., 2005b), and by tumor cells themselves, as demon-
strated by Liu et al. (2007). Indeed, in the presence of tumor-conditioned medium,
naïve T cells acquire suppressive function ex vivo in a TGF-�-dependent way, and
TGF-� neutralization reduces in vivo the proportion of converted Treg. Two groups
have recently identified this cytokine as arbiter of T-cells differentiation. Indeed,
while TGF-� alone promotes Treg development, the concurrent availability of IL-6
from inflammatory dendritic cells induces the differentiation of IL-17-producing
Th17 cells (Bettelli et al., 2006; Veldhoen et al., 2006). Modulation of the balance
of these cytokines could be exploited either to switch on responsiveness in can-
cer immunotherapy or to switch off exacerbated autoimmunity. TNF-� is another
inflammatory cytokine whose modulation affects Treg compartment. Indeed, TNF-�
blockade results in the differentiation of CD4+CD25− T cells into Treg via TGF-�,
leading to an unbalanced proportion of effector and Treg (Goldstein et al., 2007;
Nadkarni et al., 2007). This finding, which arose from the study of autoimmune dis-
eases, could be applied to tumor immunotherapy, especially in cases where TNF-�
is targeted at the tumor to minimize toxic effect and to favor the generation of a
pro-inflammatory microenvironment, unfavorable to Treg induction.

Cytokines are thought not to be the only player in conversion, since the pres-
ence of functional antigen-presenting cells is required for in vitro and likely in vivo
conversion, determining the fate of T-cell activation. An elegant study from von
Boehmer’s group (Kretschmer et al., 2005) has provided a clue to understanding the
possible mechanisms responsible for conversion. They showed that conversion of
antigen-specific T cells occurs in sub-immunogenic antigen-presenting conditions
and TGF-� availability; conversely, proliferation takes place in a fully immunogenic
context. Strikingly, T cells that cannot respond to TGF-� proliferate more and con-
vert less, while T cells that cannot produce IL-2 proliferate less and convert more.
This result highlights an inverse correlation between the two processes and sug-
gests that anergy induction and conversion are strictly connected toward induction
of tolerance.

The described experimental conditions of suboptimal antigen availability closely
resemble the tumor setting, where antigen-presenting cells are blocked in a tolero-
genic state and suppressive cytokines are secreted into the tumor microenvironment.
Such tolerogenic milieu could be responsible for Treg induction. Recent findings
suggest an important role for specific enzymatic activities in generating a sup-
pressive metabolic context. IDO-expressing dendritic cells are a relevant example.
Depleting tryptophan from the milieu and secreting toxic catabolites, IDO impairs
CD8+ cell functions and concurrently converts CD4+-naïve T cells into Treg
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(Fallarino et al., 2006). This means that conversion can be triggered by the same
stimuli that lead to intrinsic cell unresponsiveness and that recessive and dominant
forms of tolerance can be co-induced in suppressive environments. Nonetheless,
tumor cells directly produce IDO and induce both in vitro and in vivo conversion
of naïve precursors into Treg. This is the case of human acute myeloid leukemia
(AML), about half of which produce IDO and lead to elevated levels of Treg in
peripheral blood. AML cells, co-cultured in vitro with CD4+CD25−, induce con-
version of the latter into Treg via IDO. The same results were obtained with A20
mouse lymphoma cells. Indeed, administration of an IDO inhibitor significantly
decreases, in vivo, the conversion rate of transferred CD4+CD25− T cells into Treg
in A20-bearing mice, while the same treatment has no impact on the conversion in
mice bearing IDO-negative tumors that likely exploit other suppressive pathways to
achieve conversion (Curti et al., 2007). IDO is not the only suppressive enzyme that
is related to Treg induction. For instance, several murine and human tumors express
the enzyme cyclooxygenase (COX)-2, whose main product, prostaglandin E2, exerts
suppressive functions in the tumor microenvironment, including induction of Treg
(Sharma et al., 2005).

In addition to dendritic and tumor cells, other tumor-associated cell populations
can be involved in Treg conversion. Huang et al. (2006) demonstrated that a sub-
set of MDSC arising in tumor-bearing mice, following IFN-� stimulation, release
TGF-� and IL-10, thus skewing toward induction of Treg. It is conceivable that
MDSC and Treg, two suppressive populations belonging to the myeloid and lym-
phoid lineage, respectively, are functionally linked in generating an overall state of
immunosuppression in tumor bearers. Also, some macrophages can actively pro-
mote Treg generation. Indeed, in experimental models of immune privilege and oral
tolerance, the lack of F4/80 has been associated with impaired generation of CD8
Treg (Lin et al., 2005). A similar scenario could be predicted for tolerance induced
by tumor-infiltrating macrophages, which derive from circulating MDSC and locally
produce soluble factors that are favorable to tumor growth.

In summary, tolerogenic monocytes such as MDSC, immature dendritic cells and
tumor-associated macrophages can promote Treg induction; on the other hand, Treg
promote the development of a suppressive microenvironment in which myeloid cells
cannot mature properly (see Sect. 3.1). Therefore, Treg and other suppressive cells
contribute to create a vicious circle of immune suppression (Fig. 2). Emblematic of
this interaction is the very recent finding that human T cells may convert into Treg
by “trogocytosis” (the physical exchange of membrane fragments between cells) of
fragments derived from antigen-presenting cells, containing the suppressive MHC
molecule HLA-G (LeMaoult et al., 2007).

5 Antigen Specificity of Tumor-Associated Treg

Since TCR triggering is required not only for conversion of T cells into profes-
sional suppressors, but also for proliferation of already-committed Treg, presum-
ably the factors driving the two processes are the origin of tumor antigens and the
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repertoire of responding T cells. Indeed, tumor antigens may encompass tumor-
specific molecules, over-represented self-antigens and germ cell-associated anti-
gens. Consequently, the host recognition of such antigens may vary depending on
their degree of expression as self-molecules.

On the other hand, naïve T cells, activated T cells and natural Treg express
diverse TCR repertoires. Indeed, Treg have a TCR repertoire more similar to auto-
reactive than to naïve T lymphocytes (Hsieh et al., 2004, 2006). This finding con-
firms that thymic selection is an inexact process that allows auto-reactive cells to
escape deletion, but that, nonetheless, counterbalances potential autoimmunity by
positively selecting self-reactive suppressor cells. Overall, the final pool of naïve T
cells includes not only allo-reactive but also escaped auto-reactive T cells, making
possible the recognition of both non-self and self tumor antigens.

This model predicts that tumor-specific antigens, recognized as non-self, could
activate allo-reactive naïve T cells, whereas self-antigens, shared by tumor and
normal cells, preferentially prime Treg and auto-reactive non-Treg. Therefore,
expansion of pre-existing Treg should be driven by self-antigens, while both
self- and non-self-restricted antigens could trigger conversion of naïve T cells
into Treg.

Several attempts have been made to clarify the TCR identity of tumor-associated
Treg. Vaccination against serologically identified non-mutated tumor antigens,
which are also expressed by normal cells, leads to exacerbation of tumor growth,
since these self-molecules activate Treg to exert suppression over immune response
(Nishikawa et al., 2003). The mechanism of Treg accumulation, either from prolif-
eration or conversion, has not been characterized in this model, but it is very likely
that pre-existing natural Treg promptly respond to anti-self priming.

T-cell clones established from lymphocytes infiltrating human melanoma display
suppressive properties, resembling Treg. Two antigenic specificities of such tumor-
infiltrating Treg were identified: LAGE1 and antigen recognized by Treg cells 1
(ARTC1) (Wang et al., 2004, 2005). In spite of their tissue-restricted expression
(only tumor and testicular cells express these antigens), they are tolerated by the
host immune system, maybe even more than other peripheral antigens. Indeed, testis
is an immune-privileged site and Treg specific for testis-restricted antigens can re-
create immune privilege at the tumor site (Munn, 2006). Moreover, ARTC1 can
be presented in an APC-independent manner by tumor cells themselves, leading to
local suppression.

Some human and murine tumors are characterized by specific overexpression of
self-molecules. This is the case of the abnormal expression of Her-2 receptor by
human and mouse tumors. Transgenic mice expressing the mutated rat Her-2 under
MMTV promoter (called BALB/neuT) develop spontaneous mammary carcinogen-
esis. DNA vaccination against Her-2 elicits potent anti-tumor immune response in
non-transgenic mice, while it achieves much weaker response in transgenic litter-
mates that express Her-2 in the thymus. The T-cell activation in tolerant versus
non-tolerant hosts is characterized by different, mutually exclusive, TCR repertoire
(Rolla et al., 2006). Indeed, thymic expression of Her-2 and negative selection limit
the number of clones generating specific Treg.
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6 Treg-Targeted Immunotherapeutic Strategies

The failure of many ongoing immunotherapeutic protocols has been ascribed to
the activity of suppressive cells such as MDSC and Treg. Overcoming suppression
while promoting activation is the must of immunotherapy today. Achieving Treg
neutralization is therefore an absolute requirement.

6.1 Neutralizing Treg by Depletion

Neutralization of Treg suppression was first attempted in tumor-bearing mice by
means of the anti-CD25 monoclonal antibody (PC61). The administration of this
antibody resulted in the production of generalized autoimmune disease similar to
that observed in mice thymectomized at day 3 of age, which cannot develop natural
Treg (Taguchi and Takahashi, 1996). It was initially observed that PC61 adminis-
tration resulted in the disappearance of CD25+ cells, as detected by staining with a
different clone of anti-CD25 antibody (7D4) (Onizuka et al., 1999). The depletion
of CD25+ T cells resulted in enhancement of immune reactivity and impairment of
tumor growth in several tumor models, thus definitively confirming the central role
of Treg in anti-tumor immunity (reviewed by Zou, 2006).

However, Treg depletion by anti-CD25 antibody has raised several criticisms.
First of all, Treg share CD25 expression with activated CD4+ and CD8+ lympho-
cytes. The most successful outcome has been achieved when the treatment was
applied in naïve mice prior to tumor inoculation since, when given to tumor-bearing
mice, PC61 neutralizes both Treg and T cells activated by concomitant immunity. To
eliminate Treg without affecting the activated CD8+ cells, the intratumor depletion
of CD4+ T cells has been tested (Yu et al., 2005). It is noteworthy that this treat-
ment, given at late stages of tumor progression (when the vast majority of CD4+

tumor-infiltrating cells consist of Treg), induces complete eradication of the growing
tumor.

An additional problem associated with Treg depletion is the possibility that newly
derived Treg can quickly replenish the lymphoid compartment upon depletion, re-
establishing suppression. Indeed, peripheral conversion of naïve precursor into Treg,
which occurs in physiological conditions, is accelerated in the presence of growing
tumors (Valzasina et al., 2006). This implies that Treg neutralization could be better
achieved by functional inactivation rather than by physical depletion.

Recently, the activity of the antibody PC61 has been revised. Kohm et al. (2006)
have shown that injection of an anti-CD25 antibody (7D4 clone) results in the
downregulation of CD25 on the Treg surface, rather than the physical elimination of
CD25-expressing cells, without affecting the percentage of Foxp3+ T cells, which
marks the true Treg. Loss of CD25 expression by Treg would indeed lead to their
functional inactivation, since Treg require IL-2 responsiveness in order to exert
their suppressive function. However, this issue remains controversial, because other
authors have shown that administration of the PC61 antibody, more frequently used
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than 7D4, results not only in the reduction of CD25+ T cells but also in significant
reduction of Foxp3+ T cells (Nair et al., 2007; Simon et al., 2007).

Therapeutic depletion of Treg by specific targeting of Foxp3-expressing cells is
not feasible due to the intracellular localization of this transcription factor. Some
recently developed transgenic mouse models provide new experimental tools suit-
able to dissect biological processes involving Foxp3 in Treg development and func-
tion. For instance, DEREG mice, which express the receptor of diphtheria toxin
under control of Foxp3 promoter, display severe autoimmune phenotype upon
diphtheria toxin administration, due to the selective ablation of Foxp3-expressing
cells (Lahl et al., 2007). Moreover, Rudensky’s group has recently created a trans-
genic model of inducible ablation of loxP-flanked Foxp3. The administration of the
recombinase cre does not eliminate Treg but inactivates their suppressive ability and
skews their differentiation toward Th1 (Williams and Rudensky, 2007).

Indirect depletion of Foxp3+ Treg in tumor-bearing mice has been achieved by
Gilboa’s group (Nair et al., 2007). This original approach consists of eliciting cyto-
toxic T cells directed against Foxp3-expressing cells to eliminate Treg. Mice have
been vaccinated with dendritic cells stably transfected with the Foxp3 mRNA. This
treatment synergizes with vaccination against the trp-2 antigen in the B16 melanoma
model. Interestingly, for yet unknown reasons, it induces Treg depletion selectively
at the tumor site while sparing the peripheral Treg, thus favoring anti-tumor immu-
nity without affecting systemic tolerance.

In order to translate Treg depletion into clinic, and in the absence of any approved
antibody for clinical studies, attention was given to the immunotoxin Dinileukin
diftitox (Ontak). This compound consists of a fusion protein between interleukin
2 and the diphtheria toxin and selectively kills cells expressing the high-affinity
receptor for IL-2, among which are Treg. Several clinical studies have investigated
the potential efficacy of this drug as adjuvant of vaccination in cancer patients,
providing encouraging although not fully satisfactory results. Indeed, Ontak has
shown some efficacy in depleting Treg and promoting tumor rejection during
the treatment of ovary, breast, lung and renal-cell carcinoma (reviewed by Zou,
2006). Conversely, immunotherapy of melanoma with Ontak has produced con-
troversial results. Indeed, Rosenberg’s group has observed neither Treg depletion
nor melanoma regression upon Ontak administration (Attia et al., 2005), whereas
Mahnke et al. (2007) have recently reported that this drug is able to elicit significant
depletion of Treg and increase anti-tumor reactivity, even though it did not induce
complete disease remission in metastatic melanoma patients. Although different
experimental conditions could explain the observed discrepancies, the molecule
could be refined to obtain better efficiency and consistency of results. For instance,
the IL-2 present in Ontak may provide a triggering signal to Treg rather than elim-
inating them. To avoid this effect, preliminary in vitro studies have shown that the
fusion protein LMB-2, composed by a bacterial toxin and the Fv portion of anti-
CD25 antibody, can efficiently deplete human Treg without providing any triggering
(Attia et al., 2006).

Another strategy to deplete Treg in clinical immunotherapy is cyclophosphamide.
Robert North first reported that this compound eliminates cycling suppressor cells,
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thus allowing anti-tumor responses (Berendt and North, 1980). However, cyclophos-
phamide administration quickly produces a “rebound” effect of peripheral leuko-
cytes that should be avoided to obtain successful therapy (Proietti et al., 1998).
Repetitive low-dose administration of this compound is able to selectively decrease
the presence of Treg in cancer patients (Ghiringhelli et al., 2007). However, since
cyclophosphamide specifically targets proliferating cells, its overall efficacy in
inducing tumor regression could be hampered by the continuous generation of Treg
by proliferation-independent conversion.

6.2 Treg Functional Inactivation

Because of the above-described drawbacks in Treg depletion strategies, novel
approaches should be developed to inhibit the suppressive function of Treg, espe-
cially those expanded in tumor bearers. Several attempts have been made in this
direction by targeting molecules that are strictly related to the suppressive ability
of Treg.

A molecule constitutively expressed by Treg and associated to their function is
CTLA-4. The blockade of CTLA-4 does not result in Treg depletion, but in their
expansion in lymph nodes (Quezada et al., 2006); nevertheless, in some instances,
it inhibits their suppressive function. In the model of inflammatory bowel dis-
ease, Treg suppression of colitogenic T cells is inhibited by CTLA-4 blockade.
Since such inhibition is lost in the case CTLA-4 knock-out Treg are targeted, the
experiment indicates that Treg-associated CTLA-4 was responsible for immuno-
suppression in the gut (Read et al., 2006). Conversely, when used as adjuvant in
cancer immunotherapy, CTLA-4 blockade has been shown to improve the immune
response even in mice previously depleted of Treg (Sutmuller et al., 2001). In line
with this evidence, Allison’s group has recently demonstrated that CTLA-4 block-
ade, in conjunction with GM-CSF-based vaccination, modifies the intratumor bal-
ance between Treg and T effectors, restoring the normal proliferation and function
of the latter (Quezada et al., 2006). The most important side effect produced by
anti-CTLA-4 treatment is the concurrent development of severe autoimmunity, such
as enterocolitis, hepatitis, uveitis, and even hypophysitis (Blansfield et al., 2005). It
is thought that toxicity can be partially due to the short interval between treatments
that, overlapping the half-life of the antibody, provokes a dose accumulation. By
simply prolonging such interval it could be possible to reduce toxicity.

Glucocorticoid-induced tumor necrosis factor receptor (GITR) (Nocentini et al.,
1997) is constitutively expressed by murine Treg. Following the observation that
receptor triggering reverses Treg suppression (Shimizu et al., 2002), administration
of anti-GITR agonist antibody has been evaluated as a possible cancer treatment.
Both systemic and intratumor GITR triggering leads to rejection of established
tumors without producing overt autoimmunity (Ko et al., 2005). Subsequent stud-
ies have demonstrated that GITR immunostimulatory properties are mainly due to
effectors stimulation rather than Treg inhibition. Indeed, GITR triggering displays
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the same efficacy in both Treg-depleted and non-depleted mice (Cohen et al., 2006;
Ramirez-Montagut, 2006) and even induces Treg expansion, which might partially
hinder the overall efficacy of such treatment (Ramirez-Montagut, 2006).

OX40 is a costimulatory molecule of the tumor necrosis factor receptor family
(Mallett et al., 1990) that is expressed on murine Treg constitutively and on effec-
tor T cells upon activation. Triggering OX40 on activated effectors leads to strong
costimulation that impedes and reverses tolerance (Bansal-Pakala et al., 2001). On
the other hand, stimulation of OX40 on Treg completely abolishes their suppressive
function (Takeda et al., 2004; Valzasina et al., 2005). Although distinct, the effects
of OX40 on the two populations contribute to the same final outcome of enhanced
anti-tumor immunity. Administration of agonist anti-OX40 antibody or OX40L-Ig
to tumor-bearing mice has shown significant anti-tumor efficacy in several tumor
models (Kjaergaard et al., 2000; Weinberg et al., 2000). Moreover, a tumor cell
vaccine engineered to express both GM-CSF and OX40L exhibits higher protection
and superior therapeutic efficacy than the vaccine engineered with a single agent
(Gri et al., 2003). It is conceivable that in these settings, OX40 stimulation fosters
anti-tumor immunity by concurrently boosting effector cells and inhibiting Treg.

Manipulation of Toll-like receptors (TLR) in the tumor microenvironment stim-
ulates an anti-tumor immune response. The expression of such receptors is not
restricted to dendritic cells but extended to other cells of the immune system, includ-
ing Treg, and even to epithelial cells. Triggering of TLR on dendritic cells can
indirectly affect Treg by inducing IL-6 production, which skews Treg precursors
toward Th17 (Veldhoen et al., 2006) and renders effectors unresponsive to Treg
suppression (Pasare and Medzhitov, 2003). Similarly, administration of inactivated
Sendai virus particles triggers an unknown receptor on dendritic cells, which in
response produces IL-6 leading to Treg inhibition and tumor rejection (Kurooka
and Kaneda, 2007).

Also Treg express some Toll-like receptors, whose triggering can exert direct
effects on their function. Indeed, Peng et al. (2005) have demonstrated that trigger-
ing TLR-8 on human Treg strongly inhibits their suppressive properties. The search
for small agonistic molecules to be used as Treg blockers represents a challenge in
cancer immunotherapy.

7 Conclusions

The role of Treg in tumor immunology has gained more and more interest, as a con-
sequence of the observation that intrinsic tolerance to tumor antigens is not easily
broken unless dominant tolerance is inhibited. Being able to inhibit a variety of cell
subsets and immune processes, Treg are central in suppressing anti-tumor immunity.
Treg increase in number in the vast majority of both murine and human tumors
and this generates a vicious circle of immunosuppression. Treg inactivation, in the
absence of autoimmune side effects, could be the key for successful immunotherapy.
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Cancer-Induced Signaling Defects
in Antitumor T Cells

Alan B. Frey

1 Introduction

Immune responses to tumor antigens are seen in almost all cancers but, since
growth is usually progressive, are clearly ineffective in elimination of the tumor
(Parmiani et al., 2003). Understanding the biochemical basis for escape from anti-
tumor immunity guides multiple avenues of research endeavor. Failure to elimi-
nate tumors can be potentially explained by a variety of reasons, any or all of
which may permit escape from immune-mediated eradication (Rabinovich et al.,
2007). The possibilities can be broadly grouped into two categories: inhibition of
the antitumor priming phase or inhibition of the effector phase. Antitumor Ig and
T cells are found in patients and in animal models proving that some measurable
priming occurs during tumor growth (Frey and Monu, 2006; Radoja et al., 2000).
That the magnitude of a given antitumor response is clearly less robust in com-
parison to that detected after microbial infection (where, for example, up to 10 %
of circulating T cells can be reactive with Epstein–Barr virus proteins) has been
interpreted to mean that tumors grow faster than the immune response can con-
tend with. This notion is overly simplistic since human tumors grow quite slowly
and there is clearly inhibition of both expansion in number and function of anti-
tumor T cells (see below). The notion that priming of antitumor T cells is defi-
cient during tumor growth is supported by findings that the frequency of tumor-
specific T cells can be considerably increased in patients receiving experimental
immunotherapy. Unfortunately, in spite of greater numbers of antitumor effector T
cells in the blood of vaccinated patients (that secrete IFN-� in response to recogni-
tion of cognate antigen in vitro), tumors are often not eliminated (Rosenberg et al.,
2004). This observation suggests that experimental vaccination in human cancer is
imperfect/inadequate, a reasonable interpretation considering the advanced state of
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disease which patients must demonstrate in order to qualify for experimental therapy
and which motivates the pursuit of better candidate vaccines. Alternatively there
may be immunesuppression and/or immune tolerance in the tumor microenviron-
ment, the draining LN or systemically which impedes the function of the antitumor
T cells induced by vaccination, also a reasonable interpretation (Frey and Monu,
2006).

Antigen-specific tolerance to tumor antigens can be induced by tumor
growth (Cuenca et al., 2003; Lee et al., 1999; Overwijk et al., 2003; Willimsky
and Blankenstein, 2005) and, since many tumor antigens have been shown to be
self-derived differentiation antigens, has focused much attention on attempts to
overcome anergy (Pardoll, 2003). The anergic phenotype of antitumor T cells is
complex: adoptive transfer of naive T cells reactive to a model xenogenic tumor
antigen could expand in tumor-bearing mice implying priming in vivo (Staveley-
O’Carroll et al., 1998). However, the T cells did not respond to subsequent in vivo
vaccination, a finding that was interpreted to mean that initial encounter with antigen
induces anergy. Induced anergy is not a function of T-cell differentiation status since
similar results using memory or effector T cells in adoptive transfer protocols have
been reported (Horna et al., 2006). A prominent role for CD4+CD25+ TReg in
anergy induction following vaccination has been shown (Gattinoni et al., 2006) and
abundant TReg are found in some tumors (Curiel et al., 2004), inspiring efforts that
attempt to either eliminate or block TReg activity concurrent with vaccination (Zou,
2005).

Although prominent, the role of TReg in causing antitumor T-cell dysfunction
in vivo is possibly not exclusive since considerable antigen-specific cells are found
not activated in situ (Zhou et al., 2006). This observation supports the notion that
dendritic cell function (antigen processing and/or cell activation) is likely to be
deficient, a topic both recently reviewed (Bronte et al., 2006; Gabrilovich, 2004)
and vigorously pursued. Another observation suggestive that priming is defective in
tumor-bearing hosts is that several HLA Class I-restricted tumor antigens have been
identified (using antitumor TIL as the basis of tumor cDNA expression systems) that
are products of tumor-specific mishandling of genetic information—faulty mRNA
transcription, splicing or translation (Coulie et al., 1995; Dolcetti et al., 1999; Guil-
loux et al., 1996; Ishikawa et al., 2003; Lupetti et al., 1998). Originally proposed
by T. Boon in 1989 (Boon and Van Pel, 1989), to considerable skepticism (Lin-
dahl, 1991), these antigens are expressed from alternative reading frames or intronic
sequences. Clearly these antigens are not “self” and their cognate TCR are therefore
likely to be of relatively high affinity. Thus, those T cells probably are not subject to
the regulatory constraints imposed by the clonal selection theory on self-reactive T
cells in the periphery whose TCR affinity for cognate antigen is modest. Although
not directly assessed, the abundance of this class of antitumor T cell is probably
low in situ which implies either that the precursor frequency is low or priming of
the cognate T cells is deficient. (Their effector-phase functions are also clearly sup-
pressed since tumors grow, implying a second level of defect, discussed in detail
below. However, two reports showed enhanced death of cancer cells proximal to
CD8+ T cells in tumors having increased microsatellite instability encouraging the
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notion that antitumor TIL in situ can in some cases express lytic function (Dolcetti
et al., 1999; Ishikawa et al., 2003).)

Evidence for defective T-cell priming in tumor-bearing hosts is abundant and
it undoubtedly contributes to modest (or failed) antitumor T-cell immune response
(discussed in other chapters); nevertheless, since there is demonstrable antitumor
immune responses some priming must occur. Antitumor T cells are found in patient
blood, LN and tumor tissue but are defective in response to stimulation through the
TCR: cytokine release, lytic function and proliferation are often deficient (Whiteside
and Parmiani, 1994); the extent of deficiency is dependent upon tumor type and
stage, and the type of assay employed. These defects may be explained by several
potential mechanisms that can be generalized as (1) the absence of a positive activa-
tion signal, i.e., antigen (or costimulation) or (2) the presence of a negative signal,
i.e., enhanced (and dominant) activity of an inhibitory signaling receptor or soluble
mediator (e.g., PD-1 or TGF�-1). This latter notion is reminiscent of the phenotype
of T cells in response to agonist plus antagonist peptides, or perhaps only partial
agonist peptide (Sloan-Lancaster et al., 1996; Sloan-Lancaster et al., 1996).

There is clearly tumor antigen present in the body, since tumors are usually clin-
ically discernible, thus the absence of antigen is not the basis for the non-activated
state of antitumor T cells (although processing and presentation by dendritic cells
may be impaired). Also, deficient costimulation (by APC) possibly contributes
to the limited magnitude of priming. Therefore, albeit not maximally expanded
in number, antitumor T cells in the circulation and tumor tissue have suppressed
immune responses likely due to some form of inhibition. This review analyzes the
data concerning tumor-induced inhibition of antitumor T-cell function.

2 Systemic Defects in Antitumor T-Cell Function

The observation that patients with late-stage cancers can have defective systemic
DTH and proliferative T-cell responses, and diminished (or skewed) cytokine pro-
duction (Stutman, 1975), prompted biochemical analyses of signaling in peripheral
and tumor-infiltrating T cells (reviewed in Whiteside and Parmiani, 1994). The sub-
ject has been vigorously pursued in both animal models and patients and there is
general acceptance of the notion that tumor antigen-specific proliferative responses
and cytokine production from PBL (and in splenocytes in rodent models) are defi-
cient and that the magnitude of defects expands as tumor burden increases (Wick
et al., 1997). One of the pioneering publications which strove to provide a bio-
chemical basis for defective immunity in tumor-bearing hosts reported analysis of
in vivo and in vitro lytic function of spleen-derived, IL-2 plus anti-CD3�-activated
killer cells from mice bearing tumors (Loeffler et al., 1992). Loeffler and colleagues
showed a decrease in cytolysis if total spleen T cells were analyzed from mice
bearing tumors grown for more than 21 days, implying a tumor-induced defect
in the development of lytic potential. The precise nature of the lytic cells assayed
cannot be readily determined since the enriched T cells were cultured in IL-2 for
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an indeterminate time period in vitro before use, and lytic function was not totally
abrogated, only severely reduced in comparison to cells originally obtained from
control mice. Curiously, production of several cytokines from enriched T cells acti-
vated in vitro was enhanced compared to control cells implying that T cells could
be activated in vitro, and stated (but not shown) was that proliferation of CD4+

cells in vitro was normal. Conditioned medium from the tumor cells (MCA38, a
colon adenocarcinoma) partially blocked the in vitro development of lytic activ-
ity in control killer cells and granzyme B and TNF RNA levels were decreased
(although protein levels were not quantified and RNA levels for IL-2, IFN-� and
IL-6 were unchanged). That observation was interpreted to mean that tumor growth
could cause enhanced degradation or inhibition of transcription of mRNAs encoding
selected effector-phase proteins, thus explaining lytic T-cell dysfunction. This paper
also suggested that tumor cells secrete a factor(s) that impacts negatively on the
development of lytic function in T cells, although further work on that factor has
not been published.

Following closely the initial description of a tumor-elaborated factor, which pre-
sumptively inhibited development of T-cell lytic function in tumor-bearing mice,
a paper was published in which unmanipulated purified spleen T cells of tumor-
bearing mice were analyzed for both calcium flux in vitro and levels of some compo-
nents of the proximal TCR signaling complex (Mizoguchi et al., 1992). Calcium flux
was reduced (∼30 %) in T cells from tumor-bearing mice after stimulation with anti-
CD3� Ab implying defective TCR-mediated signaling. (Stimulation of T cells with
cognate tumor cells was not performed, a technical necessity later shown to dramat-
ically impact upon signaling in antitumor T cells (Koneru et al., 2005).) Stated (but
not shown) was that activation of cells with calcium ionophore resulted in normal
levels of calcium flux implying that the signaling block was in the proximal TCR
pathway. Assessment of total protein tyrosine phosphorylation by immunoblotting
of non-ionic detergent cell extracts from in vitro activated T cells showed a dra-
matic reduction in tyrosine kinase activity. Immunoblotting further showed absent
p56lck and p59fyn, the two tyrosine kinases most proximal in the TCR signaling
cascade (see below). Finally, in order to characterize the structural composition
of the TCR, T cells were surface labeled by lactoperoxidase-catalyzed iodination,
solubilized with non-ionic detergent, immuneprecipitated with anti-CD3� and radi-
olabeled proteins that associated with CD3� were analyzed by electrophoresis and
blotting. TCR�, an adapter protein that is the target of p56lck (see below) which
when phosphorylated recruits ZAP70 permitting activation of downstream signaling
pathways, was determined to be absent from the TCR complex in T cells isolated
from tumor-bearing mice. Further, and perhaps most surprising, the FcR � chain nor-
mally found associated with CD16 in non-CD8+ T cells (NKT cells, granulocytes,
myeloid cells, ��T cells and NK cells (Ravetch and Kinet, 1991)) was robustly
detected in T cells isolated from tumor-bearing but not control mice. Stated, but
not shown, was that other aspects of activation in vitro were normal (proliferation,
secretion of cytokines and IL-2R upregulation) implying that the T-cell deficit is pri-
marily limited to cytolytic function, a concept since termed “split anergy” (Mescher
et al., 2006), although lytic function of T cells was not assessed. (Expression of
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FcR � chain “in exchange” for TCR� in CD8+ T cells has not been subsequently
reported.)

Several aspects of this work bear reflection. Most importantly, this paper ushered
to the forefront an important biochemical perspective on the study of immune dys-
function in cancer: the notion that structural or functional defects in components of
the proximal TCR signaling machinery are caused by tumor growth and that these
defects underlie the defective functional phenotype of T cells in cancer therein per-
mitting growth of antigenic tumor. However, perhaps because of the enduring effect
this work has had on motivating subsequent years of research in multiple laborato-
ries, some of the original findings and interpretations can be critically re-evaluated.
Crucial is the contradiction that T cells lacking both p59fyn and p56lck can transmit
any activation signal when CD3� is crosslinked by Ab in vitro: if T cells had normal
cytokine secretion, upregulation of IL-2R and proliferation, as stated by Mizoguchi
and colleagues, these cells must have functional proximal TCR machinery in order
to have transmitted an activation signal. That granted, the apparent absence of both
proximal kinases (p59fyn and p56lck) and TCR�, assessed after detergent solubi-
lization and immunoblotting (with or without immuneprecipitation or in later pub-
lications by flow cytometry of complex mixtures of cells, e.g., Whiteside, 2004), is
likely a false-negative finding. This supposition is supported by the authors’ data
that calcium flux is intact in T cells from tumor-bearing mice, albeit diminished
compared to controls. Collectively considered, one interpretation of those results is
that biochemical and functional assay of signaling in T cells before permeabilization
is correct (diminished calcium flux, sometimes depressed cytokine secretion, prolif-
eration) and that apparent loss of selected signaling components (p56lck, TCR�)
reflects artifactual degradation of protein attendant to cell lysis conditions. This
notion is supported by subsequent results from multiple laboratories that showed
TCR� is particularly sensitive to proteolysis (Bronte et al., 2005; Franco et al., 1995;
Gastman et al., 1999; Levey and Srivastava, 1995; Wang et al., 1995).

This conclusion can also be drawn from a subsequent paper from that lab in
which the kinetics of loss of TCR� and p56lck as a function of time of tumor growth
was determined (Correa et al., 1997). In contrast to previous publications where
TCR� was “missing” from peripheral T cells after 21 days of tumor growth, Correa
et al. showed TCR� loss only after ∼32 days of growth. However, p56lck was found
absent at much earlier times of growth (ca. 18 days) raising several questions: first,
what is the basis for the disparate results concerning the kinetics of TCR� loss? The
loss of a component of the TCR complex most proximal in the cascade probably
is causal to any additional effects on downstream components, so the basis for
the most proximal defect should be the primary focus. The focus on the apparent
loss of TCR�, which is downstream of p56lck in the signaling machinery, was not
explained. In any event, levels of cytokine secretion in vitro from “late-stage” tumor-
bearing mouse T cells after TCR ligation were found to be either diminished (IL-2,
IFN-�) or enhanced (IL-4, IL-10) relative to control T cells, again arguing that
T cells could receive and respond to external signals. Importantly, when T cells
were lysed under “harsh conditions” (boiling in SDS) TCR� levels were approxi-
mately equal to control samples (p56lck levels were not assessed under harsh lysis
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conditions). This finding was interpreted to mean the TCR� localizes to a subcel-
lular compartment that is resistant to non-ionic detergent solubilization in T cells
of late-stage tumor-bearing mice. Immunocytochemistry or immunofluorescence
microscopy localization of TCR�, which would validate that notion, was not per-
formed.

Considered in light of multiple publications that show downregulation of prox-
imal TCR signaling molecules as a normal consequence of antigen recognition
(Marth et al., 1987; Olszowy et al., 1995; Valitutti et al., 1997; Veillette et al.,
1988), it seems possible that the observed changes in levels of p56lck and TCR�
may reflect normal physiological variation after antigen recognition. Furthermore,
the consequences to the host of absent proximal TCR signaling in peripheral T cells
are expected to be dramatic in that responses to environmental pathogens would
be obviated. That would result in systemic pathology akin to acquired immunodefi-
ciency, a condition not seen in rodent models or patients. In addition, using the same
tumor model as used in the original findings (MCA38), among multiple other tumor
models, our lab showed that mice bearing comparatively large tumors had both nor-
mal immune responses to various soluble and cellular antigens in vivo and normal
in vitro responses to stimulation if the responding T cells were sufficiently purified.
These data argue that there is no systemic T-cell dysfunction in tumor-bearing mice
(Radoja et al., 2000). Finally, there have been reports that TCR� levels are not sig-
nificantly reduced in either PBL or TIL in renal cell carcinoma (Cardi et al., 1997)
or in TIL (in frozen thin sections) in Hodgkin’s disease (Dukers et al., 2000) arguing
against this notion. Despite the concerns that these data illustrate in consideration
of the biochemical basis of systemic T-cell dysfunction caused by tumor growth,
tumor-induced defective antitumor-specific immune response is probably common
in cancer and is causally related to tumor escape from immune response (Cochran
et al., 2006; Shu et al., 2006).

We feel that close attention devoted to the issue of TCR� levels in systemic or
tumor-infiltrating T cells is warranted because, since the original findings made
in rodent models, in an effort to determine the basis of dysfunctional antitumor
immune responses in patients, other laboratories have published similar findings in
patient PBL (Whiteside, 2004) or TIL (Uzzo et al., 1999b), whose conclusions may
similarly justify re-evaluation.

3 Defective Proliferation of Peripheral Blood T Cells in Cancer
Patients

The year following the original reports of TCR� loss in systemic T cells in rodent
models, two papers were published which described similar observations in human
TIL and PBL (Finke et al., 1993; Nakagomi et al., 1993). Proliferation of T cells in
vitro was found to be deficient in TIL and PBL isolated from patients with various
types of cancers, in much the same manner as was previously determined for spleen
cells in rodent models. Typically mononuclear cells were isolated from blood by
density gradient fractionation and stimulated with mitogen or anti-CD3�. In some
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cases cytokine secretion was also determined to be decreased in comparison to
non-stimulated patient PBL. Where analyzed in historical comparison, defective in
vitro responses of TIL are usually more pronounced than for PBL (Alexander et al.,
1993; Whiteside and Parmiani, 1994). These sorts of data have been interpreted to
mean that systemic T-cell immunity is compromised in cancer patients that may
reflect tumor-induced immune suppression. The basis of patient defective prolifera-
tive response has been pursued and is considered herein.

To concerns about similar experiments using rodent cells (Radoja et al., 2000),
we suggest that interpretation of these data be tempered by several caveats. If the
patient PBL preparations are not purified they possibly are contaminated by blood
cells that have been shown to inhibit T-cell proliferation or cause apoptosis of acti-
vated cells in vitro (Schmielau and Finn, 2001). Additional concerns are that prolif-
eration of patient PBL in vitro in some cases was not calculated as a percentage of
CD3+ cells within the population and is also not extinguished, rather; the percentage
increase in proliferation of patient PBL is diminished relative to PBL from control
non-patients (Whiteside, 2004). Absolute levels of incorporation of radiolabeled
thymidine per cell is sometimes not revealed nor is non-patient PBL always used in
comparison (Reichert et al., 2002) making assessment of results between different
labs and tumor types impossible. In addition, the percentage of individual patients
within a cohort with diminished responses is sometimes not provided making the
“penetrance” of the phenomenon among the larger patient population difficult to
establish.

One early paper showed significant inhibition of renal cell carcinoma TIL in
vitro proliferation but, curiously, autologous PBL were not affected (Alexander
et al., 1993). Four years later the same lab published that culture supernatant from
a renal cell cancer cell line could dramatically inhibit proliferation in vitro of nor-
mal T cells (Kolenko et al., 1997). Biochemical analysis showed that while p56lck

and TCR� levels were normal, T-cell levels of IL-2R-associated kinase JAK3 were
dramatically reduced. (Over the years additional publications from that lab de-
emphasized TCR� loss from T cells or found the majority of patient PBL to have
normal levels (Bukowski et al., 1998), instead focusing on other systemic signal-
ing defects induced by factors released from tumor cells which appear to induce a
“pre-apoptotic state” in TIL or PBL, see below. Further reports of a role for JAK3
in systemic T-cell defects have not been published.)

4 Enhanced Sensitivity to AICD in Systemic T Cells in Cancer
Patients Due To Tumor Secretion of Gangliosides

Over the years there have been many reports of antiproliferative or proapoptotic
activities in supernatants of tumor cell cultures which induce T-cell apoptosis in
vitro including, but not limited to: TGF�, IL-10, PGE and soluble reactive oxygen
and nitrogen molecules. In at least one type of cancer, glioma patients are known
to be lymphopenic, a condition that could be due to high levels of systemic T-cell
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apoptosis (Dix et al., 1999). In other cancers, perhaps in early stages of tumor pro-
gression, T-cell apoptosis may be initiated and yet not show robust DNA fragmen-
tation, but be nonetheless functionally deficient.

Assessment of the apoptotic status of patient purified PBL T cells determined that
a significant percentage of CD3+ PBL T cells are induced to apoptosis after 24 h
exposure to anti-Fas or tumor cells (ca. 40 %), or PMA/ionomycin (ca. 22 %, which
increases to 80–100 % after 48 h) (Uzzo et al., 1999b). Apoptosis of unstimulated
patient T cells was low, as was apoptosis of one control T-cell sample obtained
from a non-patient. It was concluded that systemic T cells in renal cell carcinoma
patients are in a heightened (or partial) activation state, perhaps due to chronic tumor
antigen exposure or to a tumor-elaborated factor(s) (see below). It was hypothesized
that if the in vitro phenotype reflected T-cell status in vivo, antigen activation (i.e.,
strong) would induce AICD in antitumor T cells therein impeding effective antitu-
mor immunity in the patient. Heightened sensitivity to AICD in vitro was subse-
quently shown to be mediated by impairment of activation of NF�B in patient PBL
(Li et al., 1994; Uzzo et al., 1999a). Tumor cell culture supernatant contained an
activity that induced AICD in Jurkat cells and control PBL upon stimulation that
was used as the basis to purify gangliosides, then used in some studies in purified
form to study the biochemical basis of the tumor-elaborated activity.

Elevated expression of gangliosides by tumor cells has been long noted (Ladisch
et al., 1984); in fact experimental immunotherapy targeting gangliosides has been
attempted for many years for several different tumor types (without compelling
success) (Blackhall and Shepherd, 2007). Gangliosides can inhibit various immune
cells including: maturation of DC (Wolfl et al., 2002), macrophage function (Ben-
naceur et al., 2006; Bharti and Singh, 2001, 2003), NK cell activity (Ladisch et al.,
1984) and cytokine secretion from T cells (Dumontet et al., 1994) and are thought
to be shed in exosomes as precursor molecules reflective of alteration of biosyn-
thetic enzymes in tumor cells (Hakomori, 1996). Exactly how elevated gangliosides
impact on NF�B signaling is not clear: inhibition of activation of the inhibitor I�B�
was shown in one report (Ling et al., 1998), but subsequent papers from the same lab
suggest I�B� is not involved, instead degradation of NF�B is enhanced (Thornton
et al., 2004). It is conceivable that both the biochemical mechanism of action of
gangliosides and the nature of the effect on target T cells (e.g., inhibition of cytokine
secretion or proliferation, or induction of apoptosis) are concentration dependent.
In addition, it is possible that responses to gangliosides are influenced by the nature
of activation signals received by the T cell after (or during) ganglioside exposure
(Biswas et al., 2006). Therefore, perhaps the contradictory mechanistic data can be
reconciled by these considerations.

The details of ganglioside action are likely to be important since the component
of the T-cell signaling cascade affected by gangliosides could be a potential point
of intervention for immunotherapy. In this regard, a ganglioside receptor in T cells
(or any immune cell) has not yet been described which would be a potential target
for therapy. However, galectin-1 in a human neuroblastoma cell line was shown
in 1998 to be a receptor for GM1 (Kopitz et al., 1998). When expressed in tumor
cells, galectins (endogenous lectins, reviewed in Hernandez and Baum, 2002) have
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been shown to inhibit antitumor T-cell immunity although the mechanism remains
unclear. One report showed that exogenous galectin-1 could inhibit full antigen-
dependent triggering of T cells (revealed as only partial TCR� phosphorylation)
permitting limited signaling (resulting in expression of CD69, IFN-� secretion and
apoptosis, but not proliferation) (Chung et al., 2000). Exactly how regulation of
T-cell signaling by galectins occurs is not clear since proximal signaling appears to
be impacted without need for additional cofactors. We introduce this topic only to
illustrate by analogy that a cell surface receptor for gangliosides may be expressed
on T cells which would help guide our thinking about how exogenous ganglio-
sides (presumably tumor-derived) inhibit T-cell signaling: receptor-dependent or
receptor-independent. If a ganglioside receptor is expressed on antitumor T cells,
then the absolute serum concentration of gangliosides to cause functional inhibition
need not be as high as if there were no receptor in order for the concentration to be
increased in T cells.

Gangliosides may not require a receptor in order to impact on signaling in T
cells. For example, if high concentrations, existing presumably as micelles in the
blood or in protein-containing exosomes (although monomeric serum gangliosides
have been suggested to exist, Kong et al., 1998), gain proximity to a hydrophobic
environment (i.e., the plasma membrane of a T cell), the ganglioside could simply
partition into the lipid bilayer for thermodynamic reasons. A question arises here:
once fused with the plasma membrane, how would signaling be affected (apparently
being reduced as is the phenotype in systemic T cells in patients)? One possibil-
ity, yet untested as far as we are aware, is that since the T-cell plasma membrane
lipid composition would now be altered by the incorporated gangliosides, formation
of the higher order lipid raft upon T-cell activation could be inhibited. Since the
TCR complex assembles and is maintained in the lipid raft during activation, the
requirements for induction or maintenance of signaling could be adversely affected.
Modification of lipid rafts which impact on signal transduction has been reported:
in one report exogenous polyunsaturated fatty acids, known to have suppressive
effects on signaling in immune cells, were shown to regulate Jurkat cell signaling
(Stulnig et al., 1998), and Magee et al. (2005) recently showed that signaling was
greatly influenced simply by changing the temperature of the immune cells, which in
turn impacted on raft formation. A related notion was postulated by the Ladisch lab
who showed that exogenous gangliosides enhanced EGFR aggregation in fibroblasts
and resulted in heightened sensitivity to ligand (Liu et al., 2004), paradoxically the
obverse phenotype of systemic T cells in cancer patients.

Before gangliosideologists embark on the study of proximal signaling in T cells,
considering how many red herrings have been enthusiastically pursued in the past,
perhaps it would be prudent to first ascertain the physiological relevance of the
notion of ganglioside-influenced T-cell signaling. In doing so the notion of a causal
relationship between tumor production of gangliosides and defective T cells in
patients would be supported. An important question to answer is: do T cells in cancer
patients have tumor-derived gangliosides incorporated in their plasma membrane?
Since the identity of several gangliosides made in abundance in selected cancers
has long been identified (Ritter and Livingston, 1991), it should be straightforward
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to answer this question in systemic T cells of cancer patients. If systemic T cells
in patients are susceptible to AICD because of hypersecretion of tumor ganglio-
sides then those molecules should be present in patient cells. Furthermore, the con-
centration of putative tumor-shed gangliosides should be maximal in TIL or other
host-derived non-TIL cells present in tumors (fibroblasts or MDSC), also a testable
prediction.

5 T-Cell Signaling Affected by Soluble Reactive Oxygen or
Nitrogen Metabolites

Several laboratories have pursued experiments suggesting that soluble mediators
of T-cell dysfunction are produced by either the tumor cell or host MDSC that
accumulate to high abundance in many tumors. These topics will be covered by
appropriate experts in other chapters in this monograph. We will comment on those
candidate mechanisms only to suggest that a similar level of concern be applied
to data implicating those candidate mediators. Either reactive oxygen or nitrogen
metabolites (peroxynitrites, hydrogen peroxide or nitric oxide) have been suggested
to be involved in induction of various immune cell defects, for example, lytic dys-
function in T cells (Bronte et al., 2005) or NK cells (Kono et al., 1996). Specific
biochemical components of the TCR signaling pathway that are targeted by these
reactive molecules have not been identified, with the exception of TCR� postulated
to be selectively degraded after T-cell exposure to H2O2 and other soluble factors
(Kiessling et al., 1999).

6 Inhibition of TIL Signal Transduction by Tumor

In contrast to the somewhat contradictory data concerning the physiology and func-
tion of systemic T cells in tumor-bearing hosts, there is almost universal acceptance
of the notion that TIL are severely inhibited in lytic function. This makes conceptual
sense since if the tumor, or host response to the tumor, produces immune cell sig-
naling inhibitory factors, then those factors should be in the highest concentration
closest to the tumor. Since TCR signaling is required for cytolysis, the presence
in tumor tissue of T cells whose antigen-specific functions can be demonstrated in
vitro upon purification but whose lytic function in situ is not readily detected (Bronte
et al., 2005) implies tumor-induced inhibition of TCR signaling in situ. Freshly iso-
lated CD8+ TIL are, like TIL in situ, lytic-defective and when analyzed in in vitro
signaling assays using cognate tumor cells as stimulus have been shown to have a
blockade in the most proximal portion of the TCR signaling pathway (Koneru et al.,
2005; Radoja et al., 2001). TIL receive initial antigen signals upon contact with
cognate tumor cells but are unable to perpetuate the signal downstream past p56lck

activation. (A detailed description of the regulation of proximal TCR signaling in
T cells is provided in the following section.) Thus, PKC translocation/activation,
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ERK activation and calcium flux are blocked in spite of having been triggered by
contact with antigen-expressing target cells.

We have addressed one unanswered question concerning TIL lytic dysfunction:
are the signaling and lytic defects which characterize TIL induced in any mem-
ory/effector T cell which enters the tumor environment or does the in vivo induc-
tion of lytic defects require antigen-specific interaction between the T cell and the
tumor cell? We took advantage of the observation of others that after infection
with Listeria monocytogenes (genetically modified to express ovalbumin) has been
cleared in mice, antigen-specific CD8+ T cells populate the non-lymphoid periph-
eral tissues (Masopust et al., 2001; Pope et al., 2001). As opposed to TIL which
are lytic defective until briefly cultured in vitro, these cells are lytic towards the
model antigen expressed by the recombinant L. monocytogenes immediately upon
isolation (Masopust et al., 2001). (Like antitumor TIL, CD8+ anti-ova T cells are
memory/effector cells as determined by several criteria, with the obvious difference
being lytic capability.) We reasoned if anti-ova T cells isolated from non-lymphoid
tissues of tumor-bearing mice are lytic but if isolated from tumor tissue are non-lytic
then that would indicate that the tumor microenvironment induces the lytic defect.
Furthermore, induction of lytic defects would not require antigen-specific interac-
tions in the tumor.

C57BL/6 mice were infected with a sublethal dose of L. monocytogenes engi-
neered to express chicken ovalbumin (“L. monocytogenesova”). When infection
cleared 10 days post-infection, mice were injected with MCA38 tumor cells and 20
days later total CD8+ T cells were isolated from tumors. In mice recovering from
L. monocytogenes infection a reasonable percentage of non-lymphoid CD8+ T cells
are anti-ova CTL (Masopust et al., 2001); therefore, we anticipated that TIL would
contain both anti-MCA38-reactive T cells and anti-ova-reactive T cells. Immedi-
ately upon isolation TIL were tested for lytic function using as target cells either
EL-4 cells, EL-4 cells pulsed with the synthetic peptide comprising the ovalbumin
epitope presented by Kb (SIINFEKL) or cognate MCA38 tumor cells. There was
robust SIINFEKL-specific killing of pulsed EL-4 cells but not of either non-pulsed
EL-4 targets or cognate tumor cells. We interpret this result to mean that simple pres-
ence in the tumor microenvironment does not induce lytic dysfunction; infiltrating
T cells must be (somehow) rendered susceptible to the tumor-derived inhibition of
signaling. Since anti-MCA38 TIL are inhibited by cognate tumor cells in cytolysis
this finding suggests that antigen-specific recognition is needed to induce proximal
signaling defects. This observation also argues against the production of a soluble
factor by the tumor that inhibits T-cell signaling.

The TIL proximal signaling block was mapped by a combination of biochemical
and functional assays to reveal that, upon initial contact with cognate tumor target
cells, p56lck was activated but becomes rapidly inactivated and therefore unable
to phosphorylate one of its targets, kinase ZAP70. p56lck inactivation, by dephos-
phorylation of the activation motif containing Y394, was shown to be mediated by
Shp-1 (Monu, in press, 2007). Those data show that (1) TCR�, previously sug-
gested to be absent in TIL—in the same tumor model (Mizoguchi et al., 1992)—is
in fact not absent and becomes phosphorylated upon tumor contact, (2) MDSC,
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which in other models have shown a dramatic phenotype in terms of inhibition of
antitumor T-cell functions (Gabrilovich, 2004), do not mediate the lytic defect in
TIL (Frey and Monu, 2006) and (3) antigen-specific interaction between the TIL
and tumor is required to induce lytic dysfunction.

Since cognate MCA38 tumor cells cause induction of proximal TCR signaling
defects in TIL (Frey and Monu, 2006; Koneru et al., 2005; Radoja et al., 2001) but
it is not certain that the mechanism for signaling inhibition which we describe will
be utilized for all tumor types, in the following sections we present (to the best of
our ability) a synopsis of proximal TCR signaling in T cells in the hope that other
models of dysfunctional antitumor T-cell function may be understood in this context.
It should be apparent that the complexity of regulation of proximal TCR-mediated
signaling provides robust opportunities for interference by tumor-induced factors.

7 Signal Transduction in Cytolytic T Cells

Lytic function of effector CD8+ T cells is dependent upon oligomerization of
molecules involved in signal transduction and is initiated by interaction of the anti-
gen receptor (TCR��) with cognate peptide ligand:MHC Class I proteins (Kagi
et al., 1996) (Fig. 1). Proteins of the TCR complex are synthesized individually
and have been shown to assemble in the endoplasmic reticulum or Golgi and, upon
binding of the TCR� chain, the complex moves en bloc to the plasma membrane
(Alarcon et al., 2003). Other proteins that associate with the TCR complex on

Fig. 1 Schematic of proximal TCR signaling in lytic TIL
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activation are recruited upon TCR binding cognate ligand, such as ZAP70 and
LAT (Fig. 1). Non-antigen receptor components of the signaling complex either
are located in the cytosolic face of endomembranes (Kabouridis et al., 1997), as
soluble proteins in the cytoplasm (Cherukuri et al., 2001; Clements et al., 1999;
Rudd, 1999), or are integral plasma membrane proteins (Schraven et al., 1999),
but after recruitment to the TCR complex enter into close functional association
with one another (Cherukuri et al., 2001; Kane et al., 2000). Antigen recogni-
tion induces either a conformational change in, or low-order aggregation of, the
TCR (Fernandez-Miguel et al., 1999). The coreceptor CD8, an integral membrane
protein heterodimer of � and � chains, is next recruited to the TCR complex
wherein it functions to enhance the sensitivity of antigen recognition by stabilizing
the low-affinity TCR-MHC/peptide interaction (Zamoyska, 1998). Prior to antigen
recognition-induced recruitment of CD8 to the TCR, CD8 is associated with the src-
family kinase p56lck. Thus, recruitment of CD8/p56lck to the antigen receptor serves
several functions: it permits the establishment of a stable higher order oligomeric
signaling complex thought to be necessary for accumulation of sufficient informa-
tion to signify an authentic activation signal, and it causes the association of the
kinase most proximal in the signaling cascade with its substrates. Phosphorylation
of the TCR� chain by p56lck upon ligand binding is a very early biochemical con-
sequence of antigen recognition and initiates T-cell “triggering”, which results from
tyrosine phosphorylation of certain consensus amino acid motifs (ITAMs). After
recruitment of p56lck, phosphorylation of several associated molecules within the
TCR complex rapidly occurs and also the recruitment of additional proteins that are
requisite components in perpetuating signal transduction, which are in turn activated
by phosphorylation (Samelson, 2002).

In addition to causing recruitment into proximity to its immediate downstream
target (TCR�), antigen recognition causes activation of the kinase function of p56lck.
In T cells whose TCR is not engaged with cognate antigen (aka, “resting” cells),
p56lck exists poised for activation without a requirement for synthesis of any addi-
tional factors, a design that permits rapid cell activation (Fig. 2). Activation of p56lck

is thought to be by autophosphorylation of a specific tyrosine (residue 394 in mouse,
although there may be serine/threonine phosphorylation associated with activation),
an event that is prevented by restraint of intermolecular folding, in turn caused by
phosphorylation of a tyrosine residue (position 505 in mouse) located near the car-
boxyl terminus. Regulation of Y505 phosphorylation is discussed in detail in the next
section and regulation of phosphorylation of the activation motif containing Y394 is
discussed here.

In T cells at rest, the p56lck inhibitory motif (containing Y505) is phosphory-
lated (by a negative regulatory kinase Csk), which as mentioned above prevents
autophosphorylation. Upon antigen recognition, through its association with CD8,
p56lck is brought into proximity with the TCR complex. Coincident with recruit-
ment of p56lck, the positive regulatory phosphatase CD45 dephosphorylates p56lck

Y505 permitting p56lck autophosphorylation. (Activating signals which enable CD45
to act on p56lck Y505 are unknown but may be provided in trans by counterligands on
antigen-bearing target cells.) A second substrate for CD45 is the integral membrane
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Fig. 2 Schematic of activation of p56lck

adapter protein that recruits Csk to the plasma membrane, Cbp. (Regulation of
the p56lck Y505 phosphorylation cycle is discussed in detail below.) Thus, at the
initiation of T-cell activation, CD45 relieves tonic inhibition of p56lck permit-
ting autophosphorylation coincident with coreceptor-mediated recruitment of p56lck

into proximity with its substrate TCR� and other substrate components of the
TCR complex, e.g., CD3. The next biochemical event is recruitment of ZAP70 to
phosphorylated TCR� and CD3� chains (Samelson, 2002; Weiss and Littman, 1994)
whereupon ZAP70 is phosphorylated by p56lck. The nascent lipid raft now contains
the TCR complex and a raft-associated adapter protein LAT which is available for
phosphorylation by ZAP70. Then additional kinases and adapter proteins (e.g., SLP-
76, Gads, Grb2, Vav, Nck, phosphatidylinositol 3-kinase and PLC�-1) are recruited
to phosphorylated ZAP70 in a specific spatio-temporal manner ultimately resulting
in calcium flux. TCR-mediated activation of effector-phase functions in CD8+ cells
requires calcium flux in that all downstream effector-phase functions are abrogated
by events that impede calcium flux.

Following this early phase of signaling (which is quite rapid, ca. within seconds
after antigen recognition), subsequent effector functions (such as reorganization of
the cytoskeleton, affinity maturation of LFA-1 and subsequent tight adhesion to tar-
get cell (Koneru et al., 2006; Morgan et al., 2001), cytokine secretion, mobilization
of the MTOC to the immunological synapse (IS) and vectoral discharge of lytic
granules) result from coordinated activation of additional downstream signaling
pathways (involving other kinases: PI 3-kinase, protein kinase C and MAP kinase
(Radoja et al., 2006)), occurring after 1–5 min of contact with antigen-expressing
target cells. Thus, the lytic phenotype of an effector CD8+ T cell does not fol-
low a strict linear progression of activation/signal transduction, instead results from
a complex interrelated program involving several signaling cascades. Importantly,
tonic inhibition of p56lck, the kinase most proximal in the signaling cascade which
mediates the initiation of TCR-mediated signaling, is pivotally poised to permit fine
control of immune response modulation (Torgersen et al., 2002).



Cancer-Induced Signaling Defects in Antitumor T Cells 83

8 Regulation of p56lck Activity by Inhibitory Phosphatases

In addition to control of phosphorylation of p56lck Y394 by relief of tonic autoin-
hibition, phosphorylation of Y394 is negatively regulated by the action of inhibitory
phosphatases, primarily Shp-1 and PEP (Mustelin et al., 2005). p56lck is a sub-
strate for Shp-1 (Chiang and Sefton, 2001), and other components of the proximal
signaling complex are possible substrates (ZAP70, LAT, Vav, Grb2, SLP-76 and
PLC�-1 (Kautz et al., 2001; Plas et al., 1996; Zhang et al., 2003)). Shp-1 is a non-
membrane protein tyrosine phosphatase that contains two amino terminal-located
SH2 domains, a single phosphatase domain and a carboxyl terminus containing two
sites for tyrosine phosphorylation (Siminovitch and Neel, 1998). The role of Shp-1
in negative regulation of immune cell signaling has been widely studied using the
mutant mouse, motheaten (me/me). These mice express defective Shp-1 and exhibit
a panoply of hematopoietic defects suggesting that Shp-1 plays an essential role in
regulating signal transduction in hematopoietic cells (Shultz et al., 1993). Defects
include hyperproliferation of macrophages and neutrophils but also abnormal B- and
T-cell hyperresponsiveness and development (Hayashi et al., 1988; Lorenz et al.,
1996). Shp-1-mediated downregulation of activation of lytic T cells involves both
single and double negative and positive feedback circuits which serve to ensure
that commitment of a cell to lytic function is restrained unless positive feedback
signals are sufficiently robust to overcome the endogenous restraint (Mustelin et al.,
2005).

Prior to activation, one of the Shp-1 SH2 domains interacts with and shields
the catalytic domain from binding to substrate (Pei et al., 1994). (It is not known
whether there is phosphorylation of specific residues associated with maintenance
of the sterically inhibited state as there is for p56lck—see below). Upon activation,
reflected in phosphorylation at several amino acids, especially Y564, which is accom-
plished by p56lck (itself a target of Shp-1 therein illustrating a complex regulation
program involving multiple negative feedback loops), intermolecular interactions
are relaxed and its SH2 domain can now bind to the SH2 domain of binding partners
and substrates. Tyrosine phosphorylation of Shp-1 is required for enzymatic activity,
but occurs coincident with—or immediately following—localization at the plasma
membrane in proximity with its substrates. Shp-1 movement from the cytosol to the
membrane is by recruitment to an integral membrane protein, one of a family of
“inhibitory signaling receptors” (or adapter proteins) which contain in their cyto-
plasmic tails a motif for binding Shp-1, the ITIM (D’Ambrosio et al., 1995; Neel,
1997) (Fig. 3).

Activation of Shp-1 enzymatic activity is dramatically enhanced upon binding
to inhibitory receptors, ∼10–100 fold (Chiang and Sefton, 2001), implying that
recruitment to inhibitory receptors may be the major activation mechanism for
Shp-1. Many inhibitory signaling receptors are expressed in different hematopoietic
cells and have been shown to be able to recruit Shp-1 to the membrane includ-
ing NK immunoglobulin-like receptors (Vivier and Anfossi, 2004), siglecs (Varki
and Angata, 2006) and leukocyte immunoglobulin-like receptors (Ly49 molecules)
(Vivier and Daeron, 1997). An example of the dependence of Shp-1 activity upon
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Fig. 3 Recruitment of Shp-1 to the plasma membrane into proximity with p56lck is mediated by
activation (tyrosine phosphorylation) of an inhibitory signaling receptor containing ITIM motifs

recruitment to the inhibitory signaling receptor is shown by the phenotype of mice
deficient for CD22, an inhibitory signaling receptor involved in regulation of sig-
naling in B cells (O’Keefe et al., 1996). These mice have B-cell hyperproliferation
(with attendant increased calcium flux) and decreased Shp-1 recruitment after lig-
ation of the antigen receptor, although Shp-1 can be activated. ITIMs resemble in
mechanism of action and function the ITAM motif expressed in adapter proteins
in the immunoreceptor signaling pathway (e.g., TCR�) in that the ITIM becomes
tyrosine phosphorylated upon antigen recognition by the immune cell, thought by
the kinase that is ultimately targeted for inhibition (Fig. 4). In addition, the extracel-
lular portion of the inhibitory receptor interacts with a counterligand expressed on

Fig. 4 ITIM motifs are phosphorylated by tyrosine kinases requiring interaction of the inhibitory
signaling receptor with its cognate ligand



Cancer-Induced Signaling Defects in Antitumor T Cells 85

target cells. The molecular function of this interaction is not known but may serve to
stabilize the inhibitory receptor in proximity with the antigen receptor as well as to
influence the conformation of the cytoplasmic domain permitting phosphorylation
of the ITIM.

Control of Shp-1 activity is complex having multiple different but interacting
positive and negative feedback regulatory circuits. Perhaps regulation of Shp-1 can
be categorized into two general programs: direct and indirect regulation, each of
which has two (approximate) kinetic classes of potential mechanisms, rapid and
late-acting. For example, phosphatases can be directly regulated by reactive oxygen
species (H2O2) which has been shown to be produced in neutrophils, and potentially
other hematopoietic cells (Brumell et al., 1996; Meng et al., 2002). Hydrogen perox-
ide rapidly oxidizes an active site cysteine residue resulting in inhibition of activity
(and thus the inability to inactivate target kinases). (In this regard, as discussed
in an earlier section, the H2O2 reported to be copiously produced by MDSC that
accumulate in tumor and peripheral lymph tissues (Kono et al., 1996) possibly is in
fact not expressed in situ since proximal signaling in antitumor T cells (especially
TIL) is defective. If Shp-1 were rendered inactive by elevated local H2O2 levels,
enhanced, not suppressed, kinase activity would be expected.) Another mechanism
for Shp-1 inactivation involves displacement from proximity to candidate targets.
This involves multiple additional protein:protein interactions and is likely slower to
instigate since it requires detachment from its binding partner (the inhibitory signal-
ing receptor) that in turn requires either an active dephosphorylation of the receptor
ITIM or a diminution of a kinase activity required to maintain ITIM phosphoryla-
tion. Alternatively, interaction of the inhibitory signaling receptor with its counterli-
gand may be disrupted which may permit either the inhibitory signaling receptor to
move out of proximity to the Shp-1 target kinase or to cause a change in conforma-
tion of the domain containing the ITIM therein blocking its phosphorylation.

Indirect regulation would include mechanisms that do not directly affect
Shp-1 activity or proximity to substrate. For example, modification of target p56lck

to obviate accessibility to Shp-1 could prevent kinase inactivation in spite of
activation and recruitment of Shp-1. Although such a function for known p56lck-
binding proteins (e.g., LIME (Brdickova et al., 2003; Hur et al., 2003), CAML
(Tran et al., 2005)) has not been described, shielding from Shp-1 access by a
non-p56lck protein is conceivable. However, an induced conformational change
in a Shp-1 binding domain (SH2) in p56lck has been reported which results from
phosphorylation of p56lck Ser59 by ERK (Stefanova et al., 2003). Phosphorylation
of p56lck on serine/threonine residues has been long known and associated with
enhanced kinase activity (Joung et al., 1995; Watts et al., 1993). Phosphorylation
on p56lck Ser59 is now hypothesized to reflect robust TCR-mediated signaling with
attendant ERK activity. According to this notion, when the quality or duration of
antigen stimulation is insufficient or diminished, ERK activity (or its localization
proximal to p56lck) decreases and thus cannot phosphorylate p56lck Ser59 permit-
ting a conformation that is accessible to Shp-1 (Stefanova et al., 2003). Another
example of indirect regulation of Shp-1 activity is that the inhibitory receptor
itself can be a substrate for Shp-1 (Blasioli et al., 1999) which, when the ITIM is
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dephosphorylated, no longer binds Shp-1. Perhaps this occurs after the preferred
substrate (p56lck) has been sufficiently dephosphorylated and would be therefore
operative at later times following inhibition of signaling.

9 cAMP-Dependent Modulation of Proximal TCR Signal
Transduction by Control of Csk Activity

As mentioned above, control of signaling in T cells can be regulated by the activity
of various proteins which function at several different levels in the TCR signal-
ing cascade: positive regulatory kinases (p56lck, ZAP70, ERK, phospholipase C,
protein kinase C), adaptor molecules (Csk binding protein, Cbp, and linker for acti-
vation of T cells, LAT), positive regulatory phosphatases (CD45 and Shp-2), neg-
ative regulatory kinases (Csk and PKA), negative regulatory phosphatases (Shp-1
and PEP) and other proteins which function to regulate the activity of signaling
components. This latter category includes enzymes involved in posttranslational
modification of kinases and phosphatases, e.g., acylation (Mor and Philips, 2006;
Resh, 1994), and/or proteins responsible for the subcellular localization of kinases
and phosphatases, e.g., Lad (Choi et al., 1999), LIME (Brdickova et al.,2003; Hur
et al., 2003), Cbp (Brdicka et al., 2000) and �-arrestin (Tedoldi et al., 2006), and
proteins involved in downregulation of signaling enzymes, e.g., ubiquitin ligases
(Hawash et al., 2002; Liu et al., 2005).

The most proximal kinase responsible for control of T-cell activation is p56lck

whose major structural features were described above. Two characteristics of p56lck

suggest it is an ideal candidate for negative regulation by extrinsic factors: it is
positioned at the apex of the TCR cascade, thus if inhibited will effectively dis-
able all T-cell function, and its inherent complex regulation—which is designed
to permit rapid change in kinase activity—provides multiple potential targets for
negative regulation. p56lck activity is influenced by phosphorylation of Tyr394 (in
the murine enzyme, contained within the activation motif) whose regulation by
inhibitory phosphatases was discussed above. In addition to the phosphorylation
status of the activation motif, p56lck function is also regulated by phosphoryla-
tion of the inhibitory motif containing Tyr505. Regulation of the p56lck inhibitory
motif is complex, being affected by the activity of several enzymes, and is directly
mediated by the opposing activities of the inhibitory kinase Csk and the positive
regulatory phosphatase CD45. p56lck Tyr505 is a major target for phosphorylation
by Csk, which when phosphorylated causes p56lck to fold such that autocatalytic
phosphorylation of Tyr394 (and enzyme activation) is prevented (Nada et al., 1991).
Therefore, since TIL are blocked in proximal signal transduction (Frey and Monu,
2006; Koneru et al., 2005; Radoja et al., 2001), tumor-induced enhanced Csk activ-
ity may be a candidate mechanism for inhibition of antitumor T-cell activation and
therein lytic function. As such, analysis of the activation status of p56lck in TIL
(to determine if the target of Csk—p56lck Tyr505—is phosphorylated) will implicate
Csk in the defective lytic phenotype of antitumor T cells. To date, however, only one
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publication has examined the phosphorylation status of Csk in TIL (Koneru et al.,
2005). Thus, understanding the mechanism by which Csk activity is regulated may
reveal if and how the tumor microenvironment might regulate p56lck activity and
therein effector T-cell function (Fig. 5).

Activation of primary T cells by only TCR crosslinking (“signal 1”) results in
recruitment of G-proteins into lipid rafts which precedes elevation of cAMP levels
(Oh and Schnitzer, 2001). Although cAMP has multiple effects on cell metabolism,
it has been long known to inhibit T-cell activation (Kammer, 1988), most likely
due to activation of PKA (Tasken and Aandahl, 2004) that in turn activates Csk (by
phosphorylation of Ser364 (Vang et al., 2001)) which then dampens p56lck activity
(Bergman et al., 1992). (In addition, PKA can also directly phosphorylate p56lck at
Ser42 which may affect the binding specificity of the adjacent SH2 domain (Winkler
et al., 1993). Also, PKA activation-dependent negative regulation of signaling in
NK cells and B cells has also been reported suggesting a common mechanism of
inhibition of src-family kinase function (Levy et al., 1996; Torgersen et al., 1997).)
Coincident with, or closely linked to, activation by PKA, Csk is recruited from the
cytoplasm to the lipid raft by phosphorylation of the raft-associated Csk binding
protein (Cbp) on Tyr314. Phosphorylation of Cbp is regulated by a kinase, probably
p56lck (Brdicka et al., 2000), the target of Csk-mediated inactivation of proximal
TCR signaling. Since Csk is localized to the membrane in resting T cells, reflecting
Cbp phosphorylation (Davidson et al., 2003), in order for the T cell to productively

Fig. 5 Schematic of tonic balance of p56lck activation
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signal upon antigen recognition, Csk must be either inactivated or displaced from
proximity to its substrate (p56lck). This latter mechanism is known to occur upon
activation of primary cells and is achieved by dephosphorylation of Cbp by CD45,
an event that is one of the very earliest biochemical manifestations of T-cell trigger-
ing (Torgersen et al., 2001). CD45 is also able to directly dephosphorylate p56lck

Tyr505 (Birkeland et al., 1989; Ostergaard et al., 1989), therein facilitating immediate
activation of p56lck function as well as restricting Csk-mediated inactivation.

Conversely, activation of T cells by crosslinking both the TCR and the costimu-
latory receptor CD28 results in a reduction of cAMP levels and concomitant dimin-
ished activation of PKA, therein avoiding inactivation of p56lck since Csk is not
robustly activated (or is sequestered away from its substrate, see below) (Abraham-
sen, 2004). Inhibition of cAMP is mediated by phosphodiesterases (PDE), which
in T cells is largely accounted for by the PDE type 4 family (“PDE4”, contain-
ing four genes and multiple isoforms) (Oh and Schnitzer, 2001). Upon TCR and
C28 co-activation PDE4 is recruited to lipid rafts simultaneously with G-proteins,
implying that the localization of PDE4 in proximity with its substrate (cAMP) under
conditions of coordinate TCR and CD28 stimulation permits obviation of cAMP-
mediated inhibition of proximal signaling. Under suboptimal conditions of TCR
triggering (e.g., without T-cell costimulation) PDE4 is hypothesized to fail to local-
ize to the lipid raft and is therefore unable to inactivate cAMP (Tasken and Stokka,
2006). In addition, in the case of TIL activation in situ, the activity of PDE4 may be
overwhelmed by vigorous production of cAMP which may occur upon Ag stimula-
tion in the presence of significant levels of PGE as may potentially accumulate in
the microenvironment. Elevated PGE can result from the activity of cyclooxygenase
2 made either in certain types of tumors or in host inflammatory cells recruited to
the tumor site (Riedl et al., 2004; Rodriguez et al., 2005) and has been shown to
cause elevation of cAMP in lymphocytes (Goodwin et al., 1981). Thus, PKA will
be activated which in turn activates Csk-mediated inactivation of p56lck.

As discussed above, in addition to positive regulation of T-cell signaling by acti-
vation of a kinase enzymatic activity (often via phosphorylation, e.g., p56lck Tyr394,
ZAP70 Tyr493, PLC�-1 Tyr783), T-cell signaling can also be negatively regulated by
phosphorylation events, e.g., phosphatase Shp-1 or kinases Csk and PKA. Similarly,
both positive and negative regulation of signaling can be influenced by the subcel-
lular location or compartmentalization, of regulatory enzymes, usually mediated by
phosphorylation-dependent alteration of the binding affinity of lipid raft-associated
adaptor proteins. As mentioned above, activation of the PKA–Csk negative regu-
latory path is dependent upon recruitment of Csk to the TCR signaling complex
(which is localized in lipid rafts after the TCR is triggered) by phosphorylation of
Cbp; in turn PKA is recruited to the raft by phosphorylation of its adapter AKAP
(Michel and Scott, 2002). Thus, control of this arm of the inhibitory cascade is medi-
ated by a combination of cAMP-induced activation of PKA activity and unknown
events that result in phosphorylation of the adapter responsible for PKA recruitment
into proximity to its substrate (AKAP).

Counterbalancing p56lck-dependent recruitment of Csk to Cbp is the activation
of two positive regulatory phosphatases which also target Cbp: CD45 and Shp-2.
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Dephosphorylation of Cbp by CD45 or Shp-2 results in positive regulation of TCR
signaling since Csk cannot colocalize with its substrate. As mentioned above, CD45
dephosphorylation of p56lck and Cbp are probably the earliest biochemical events
in TCR signaling, a function that is required for release from tonic inhibition of
p56lck activation. After initial activation of T cells, coincident with formation of
the higher order antigen receptor signaling complex in the lipid raft (ca. <30 s
post-triggering), CD45 is physically excluded from the nascent raft which accu-
mulates at the surface of the T cell at the point of contact with the APC. Thus, very
rapidly after T-cell activation CD45 is unable to interact with its substrates (Cbp and
p56lck) and no longer participates in regulation of signaling. At intermediate-to-later
stages of activation, p56lck can phosphorylate Cbp (both being localized in the now
large-sized lipid raft), thus initiating the cycle of Csk-mediated downregulation of
proximal signaling by facilitating recruitment of Csk into proximity with its target.
Opposing Cbp phosphorylation at this stage of T-cell activation is the activity of
Shp-2 that can dephosphorylate Cbp therein interrupting Csk-mediated inhibition
of sustained p56lck activation (Zhang et al., 2004). Factors that regulate activation
and recruitment of Shp-2 are not well understood but possibly reflect downstream
kinases (ERK?) whose activation in turn is dependent upon sustained proximal sig-
naling. In other models, a cytoplasmic scaffolding adaptor protein, Gab1, has been
implicated in Shp-2 recruitment to the membrane (Itoh et al., 2000; Sachs et al.,
2000; Takahashi-Tezuka et al., 1998), although in T cells this subject is relatively
unexplored. The regulatory pathway involving Shp-2 illustrates the complex nature
of regulation of T-cell activation involving both positive and negative regulatory
feedback mechanisms.

In addition, as mentioned previously, cAMP levels are increased in T cells upon
activation (Ledbetter et al., 1986) which if unopposed leads to PKA activation and
inhibition of TCR signaling (Abrahamsen et al., 2004). Elevated cAMP, and thus
PKA activity, may be part of the normal homeostatic mechanism to dampen signal-
ing and therefore restrict T-cell activation, especially in the absence of costimula-
tion (see below). A counter-regulatory mechanism exists which functions to limit
cAMP-induced PKA-mediated inactivation of p56lck and is envisioned to be opera-
tive under conditions of robust T-cell activation, i.e., TCR plus CD28 costimulation
(Abrahamsen, 2004). As mentioned above, lipid raft-associated PDE4 activity is
enhanced upon concomitant ligation of the TCR and CD28. PDE4 is recruited to
the lipid raft in a complex with a cytosolic adaptor protein, �-arrestin, using an
unknown mechanism for raft association (Perry et al., 2002). (�-arrestin has several
interacting partners and is best characterized in regulation of G-protein receptor
signaling (Perry and Lefkowitz, 2002).) It is reasonable to presume that signals
which influence the binding affinity of the �-arrestin/PDE4 complex to the mem-
brane (potentially phosphorylation events generated from TCR and CD28 signaling)
regulate recruitment of PDE4 to the TCR signaling complex and therein blockade
of cAMP-mediated dysregulation of TCR signaling. Regulation of �-arrestin bind-
ing of PDE4 and subsequent association with lipid rafts is at present unknown but
may be speculated to be mediated by distal TCR-mediated signaling (Tasken and
Stokka, 2006). Thus there are two levels of control of PKA activity: its recruitment
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(to AKAP) and its activation (by cAMP in turn counterbalanced by PDE4, itself
controlled by recruitment to the signaling complex).

What factors determine the kinetics of activation of the Csk/PKA-mediated
inhibitory regulatory pathway relative to productive TCR signaling is probably dic-
tated by the strength (number of ligands per T cell as well as the binding affinity
for a given TCR) and quality (being either agonist, partial agonist or antagonist)
of antigen-mediated TCR triggering. In this regard, Tasken and colleagues have
hypothesized that signals generated by TCR ligation appear to result in a constitu-
tively active “default pathway” of increased cAMP levels leading to inhibition of
signaling (Abrahamsen, 2004). Only when TCR ligation is accompanied by CD28
costimulation are cAMP levels reduced therein relieving PKA/Csk activity and per-
mitting sustained T-cell activation. This notion is conceptually appealing since it
provides a mechanism that inherently restricts the potentially excessive activity
of CD8+ effector CTL since most target cells (especially epithelia-derived tumor
cells) do not express CD28 ligands. According to this line of thinking, upon contact
with target cells lacking CD28 costimulatory ligands, CTL receive Signal 1 and
are activated to kill but the amount of time a given CTL can degranulate is limited
since p56lck activity would be curtailed soon after activation. In addition, activation
of the Csk/PKA inhibitory pathway involves additional signaling pathways such
as PGE2 which influence the activity of PKA after signaling through non-antigen
receptors (Tasken and Stokka, 2006). Ultimately the combination of positive signals
(derived from TCR plus costimulation) and negative signals (cAMP) influences the
functional status of T cells.

10 Summary

The host immune system is one of the most important elements for protection from
tumor development and control of tumor growth. Macfarlane Burnet postulated that
a mechanism of immunological character is an evolutionary necessity for protection
from neoplastic disease, and the importance of immunosurveillance of cancer has
been thoroughly proven. However, an intact immune system often fails to eliminate
antigenic tumors and it has been extensively shown that antigen-specific CD8+ TIL
are present in most human cancers but are typically non-lytic and unable to mediate
tumor eradication (Radoja et al., 2000; Whiteside, 1998).

We feel insufficient research has been focused on the lytic dysfunction of TIL.
Apart from research performed by the Whiteside, Finke, Ochoa labs and oth-
ers demonstrating that some TIL show abnormalities in terms of expression of
TCR� or other TCR-associated signaling proteins (Whiteside, 1999), much of tumor
immunology research has focused on enhancement of priming of the immune
response. Consideration of the observation that human TIL are antigen-specific,
but non-lytic, together with our description of defective lytic function of murine
TIL (Koneru et al., 2005; Radoja et al., 2001) and lack of systemic suppression
of the immune system in tumor-bearing mice (Radoja et al., 2000), supports the
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notion that tumor-induced inhibition of TIL lytic function is a common charac-
teristic that may contribute to tumor growth in the presence of antitumor immune
response.

The emphasis of our lab to uncover the biochemical basis for TIL lytic dysfunc-
tion was predicated on the considerations that because lytic function is dependent
upon TCR-mediated signaling and TIL are unable to exocytose lytic granules, resi-
dence of antitumor T cells in the tumor microenvironment may induce defective sig-
nal transduction. Supporting this hypothesis, our recent work has demonstrated that
when conjugated with cognate tumor cells in vitro, signal transduction in non-lytic
TIL is blocked, such that proximal tyrosine kinases are not activated, and purified
TIL are unable to flux calcium (Koneru et al., 2005). This conclusion is supported
by the observation that ZAP70 is only modestly activated and p56lck appears to
be inactivated, deficiencies that undoubtedly underlie lytic dysfunction (Fig. 6). In
sum, the phenotype of non-lytic TIL appears to result from tumor-induced, Shp-1-
mediated, rapid down-modulation of proximal TCR-mediated signaling, which pre-
vents effector-phase function in situ. The factors that cause enhancement of Shp-1
activity in TIL are unknown at present.

Fig. 6 Schematic of proximal TCR signaling in non-lytic TIL emphasizing inhibition of p56lck

activity by Shp-1
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Abbreviations

AICD Activation-induced cell death
AKAP A-kinase-anchoring protein
APC Antigen presenting cell
CAML Calcium modulating cyclophilin ligand
cAMP Cyclic adenosine monophosphate
Cbp Csk binding protein
Csk Carboxy terminal Src kinase
CTL Cytotoxic T lymphocyte
DTH Delayed-type hypersensitivity
ERK Extracellular signal-regulated kinase
Ig Immunoglobulin
IS Immunological synapse
ITAM Immunoreceptor tyrosine-based activation motif
ITIM Immunoreceptor tyrosine-based inhibition motif
LAT Linker for activation of T cells
LFA-1 Leukocyte function-associated antigen-1 (CD11a/CD18)
LIME LCK-interacting molecule
LN Lymph node(s)
MAPK mitogen-activated protein kinase
MDSC Myeloid-derived suppressor cells
MTOC Microtubule organizing center
PAG Protein associated with glycosphingolipid-enriched microdomains
PDE Phosphodiesterase
PEP Proline, glutamic acid, serine, threonine domain-enriched tyrosine phosphatase
PGE Prostaglandin E2

PKA Protein kinase A
PLC�-1 Phospholipase C gamma-1
SH2 Src homology 2 domain
Shp-1 SH2-containing tyrosine phosphatase-1
Shp-2 SH2-containing tyrosine phosphatase-2
Slp-76 SH2-domain-containing leukocyte protein of 76 kD
TCR T-cell receptor
TGF�-1 Transforming growth factor beta-1
TIL Tumor-infiltrating lymphocytes
Treg Regulatory T cells
TUNEL Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling
ZAP70 Zeta-chain-associated protein kinase of 70 kD
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Immunobiology of Dendritic Cells in Cancer

Michael R. Shurin and Gurkamal S. Chatta

1 Introduction

Tumor progression is often associated with suppression or malfunction of the
immune system, of which dendritic cells (DC) possess many key regulatory func-
tions, especially those related to cytokine production, antigen presentation to naïve
T cells and polarization of Th1/Th2/Th3/Treg subsets and their balance. DC are
professional antigen-presenting cells, strategically positioned for bridging innate
and adaptive immunity. DC can initiate T-cell responses against tumors due to their
capacity to process and present tumor antigens and stimulate naïve T cells. How-
ever, little is known about DC behavior in vivo in tumor-bearing hosts. Although
neglected for many years, the importance of the tumor microenvironment in regu-
lating immunology of DC is becoming more defined.

Even though alterations in DC in the setting of cancer were described more than a
decade ago, characterization of tumor-derived factors responsible for DC dysfunc-
tion and the molecular mechanisms of abnormal DC differentiation and function
are still largely unknown. An understanding of how the tumor environment reg-
ulates the DC system and how it impacts the efficacy of DC vaccines and other
immunotherapeutic approaches is far from complete and clinical trials focusing on
the protection of DC from the detrimental effects of the tumor microenvironment are
currently being tested. In addition to the tumor/stromal cell-derived factors and their
interactions, the other agents impacting DC and, thus, vaccine efficacy in cancer
include: (1) the psychological stress of both a potentially fatal disease as well as
the psychological and physical stress associated with the treatment of cancer (radi-
ation, surgery, hormones, chemotherapeutic agents) and (2) ageing immune system,
since over 50 % of cancer arises in people older than 65 years of age (Fig. 1). The
deterioration of the immune system with progressive aging is also coupled with
the increased incidence and severity of infections and autoimmune disorders. Thus,
in patients with cancer, the DC system is functioning under the multidirectorial
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influences of various local and systemic tumor-derived and tumor stroma-derived
factors, acute and chronic stress hormones, therapeutic agents and factors, as well
as multifaceted conditions associated with aging, infections, autoimmune diseases
and other disorders (Fig. 1).

Modulation of DC generation and function by some of the above-mentioned fac-
tors or conditions has been partly described. However, a comprehensive and system-
atic analysis of the DC system in the tumor environment has not been reported. For
instance, both tumor-derived (reviewed in Fricke and Gabrilovich, 2006; Shurin and
Gabrilovich, 2001) factors, as well as non-tumor cells in the tumor milieu (reviewed
in Shurin et al., 2006), have been reported to suppress DC maturation, function and
longevity. Psychological and physical stressors may affect the functional activity of

Fig. 1 The dendritic cell system in cancer patients. DC production, differentiation and function
are under different influences and regulatory pathways operating in patients with cancer. This
includes numerous tumor/stroma-derived factors that affect all stages of DC immunobiology and
may be associated with cytokines, chemokines, growth factors, prostaglandins, gangliosides and
many other soluble and membrane-bound molecules on different cell types in the tumor microenvi-
ronment. Additional modulation of DC function in cancer is a result of psychological and physical
stressors associated with the diagnosis, as well as the effects of the treatment of a potentially fatal
illness. Aging and immune-mediated diseases might also change DC differentiation and function,
and, thus, DC-mediated immune responses. Finally, DC produce different factors in health and
diseases, which may modulate DC by an autocrine and paracrine manner, and may also change
DC responses to other molecules in the local environment. Thus, an understanding of the complex
environmental conditions associated with DC function in cancer is necessary for harnessing the
antitumor potential of these unique immunoregulatory cells
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DC through a variety of hormones, neuromediators and neuropeptides (Maestroni,
2005; Saint-Mezard et al., 2003; Seiffert and Granstein, 2006). Indeed, modula-
tion of DC maturation and function by glucocorticoids, neuropeptides and biogenic
amines has been described. Glucocorticoid-treated DC showed a higher endo-
cytic activity, a lower antigen-presenting function and a lower capacity to secrete
cytokines (Piemonti et al., 1999). Norepinephrine can impede IL-12 and stimulate
IL-10 production in DC, as well as inhibit their antigen-presenting capability and
hamper their motility and chemotaxis (Maestroni, 2000; Maestroni and Mazzola,
2003). DC also express receptors for and respond to calcitonin gene-related pep-
tide, neuropeptide Y, opioid peptides, prolactin, bombesin-like peptides, substance
P and other neuropeptides, which might all be involved in stress-related modulation
(Bedoui et al., 2007; Lambert and Granstein, 1998; Makarenkova et al., 2001, 2003;
Marriott and Bost, 2001; Matera et al., 2001).

As shown in Fig. 1, surgery, radiation, chemotherapeutic agents and hormonal
therapy might alter DC function and longevity (Bellik et al., 2006; Cao et al.,
2004; Corrales et al., 2006; Schmidt et al., 2007). Furthermore, age-related alter-
ations of DC maturity, function, longevity and subpopulation composition also
play a significant role in the ability of the DC system to recognize tumor cells
and T cells and induce and maintain an antitumor immune response in patients
with cancer (reviewed in Shurin et al., 2007). For instance, increased levels of
IL-6 and IL-10 repeatedly reported in old individuals might have a direct effect
on dendropoiesis and/or maturation of DC and, thus, on their motility and ability to
process and present tumor antigens. Finally, exposure to different stimuli induces
DC to produce various endogenous mediators, including arachidonic acid-derived
eicosanoids, cytokines, regulatory peptides and small molecules like nitric oxide
(NO). Many secreted products of DC can act in an autocrine manner and modulate
cell function; for instance, autocrine IL-10 can prevent spontaneous maturation of
DC (Corinti et al., 2001). Interestingly, ageing has been associated with immuno-
logical changes (immunosenescence) that mimic changes observed in the setting of
chronic stress as well as changes seen with cancer (Bauer, 2005; Tarazona et al.,
2002). Thus there may be common mechanisms of immune alterations in the DC
system in cancer, aging and chronic stress.

2 Alterations of the Dendritic Cell System in Cancer

Many mechanisms of DC alterations in the tumor microenvironment have been
described during the last 10–15 years, and most of them relate to the inhibi-
tion of DC production/differentiation, functional deficiency and accelerated cell
death. In Table 1, we summarize and group these mechanisms in four categories,
which are briefly described here. This includes (1) elimination of functional DC
by blocking their production/differentiation/maturation or inducing apoptosis in DC
or their precursors; (2) inhibition of critical function of DC; (3) polarization of
DC subpopulations toward immunosuppressive and tolerogenic DC subsets; and (4)
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Table 1 Abnormalities of the DC system in cancer

DC characteristics Notes References

1. Elimination Quantitative inhibition
of DC generation

From both CD34+
hematopoietic precursors
and CD14+ macrophages
in humans and bone
marrow-derived precursors
in mice

Ishida et al. (1998);
Aalamian (2001);
Shurin et al.
(2001a,b); Tourkova
et al. (2004); Ogden
et al. (2006)

Immaturity of DC at
the tumor site

Low CD83, CD80 and CD86
expression

Melichar et al. (1998);
Bell et al. (1999);
Schwaab et al.
(1999)

Decreased number of
circulating DC

Low levels of DC1 in blood Savary et al. (1998);
Hoffmann et al.
(2002); Sakakura
et al. (2006)

Low expression of
CD40

In vitro and in vivo data Hasebe et al. (2000);
Shurin et al. (2002)

Downregulation of
CCR7 on DC

DC prepared from
tumor-bearing mice
express low levels of
CCR7 protein and mRNA

Walker et al. (2005)

Induction of DC
apoptosis and
acceleration of DC
rate

Tumor-derived factors
induced apoptotic death of
DC and increased rate of
spontaneous apoptosis both
in vitro and in vivo

Esche et al. (1999);
Kiertscher et al.
(2000);
Pirtskhalaishvili
et al. (2000a,b);
Pinzon-Charry et al.
(2006)

Apoptotic death of DC
precursors

Tumor cells may kill DC
precursors and decrease
numbers of CFU-DC

Katsenelson et al.
(2001)

Retention of DC
inside the tumor
lesions

Tumor-derived IL-8 might
prevent DC emigration

Feijoo et al. (2005)

2. Inhibition Inhibition of DC
motility

IL-8 and TGF-�1, as well as
low CCR7, expression
might prevent DC
emigration from tumor
lesions

Feijoo et al. (2005);
Weber et al. (2005);
Walker et al. (2006)

Inhibition of endocytic
activity of DC

Phagocytosis and
receptor-mediated
endocytosis were inhibited
in DC by different tumor
cell lines

Tourkova et al. (2005,
2007)

Inhibition of antigen
processing in DC

Tumor suppress expression of
MHC class I
antigen-processing
machinery proteins in DC

Tourkova et al. (2005)

Inhibition of antigen
presentation by DC

Due to low MHC class I and
II and co-stimulatory
molecules expression

Whiteside et al.
(2004); Tourkova
et al. (2005)
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Table 1 (continued)

DC characteristics Notes References

Suppression of DC–T
cell contact
interactions

Decreased ability of DC to
form clusters (rosettes)
with T cells

Tas et al. (1993);
Shurin (unpublished
data)

Low expression of
co-stimulatory
molecules on DC

Downregulation of
expression of B7
molecules

Nestle et al. (1997);
Wang et al. (2004)

Suppression of DC
adhesiveness

Decreased adhesion of DC to
matrix protein covered
slides and tumor cell
monolayers in vitro

Shurin (unpublished
data)

Downregulation of
cytokine production
in DC

E.g., low IL-12 production by
blood DC in patients with
breast cancer

Della Bella et al.
(2003)

3. Polarization Dysbalance between
DC1/DC2/DCreg
subpopulations

Decreased numbers of
myeloid DC in blood; low
mDC/pDC ratio in blood

Hoffmann et al.
(2002); Della Bella
et al. (2003);
Vakkila et al.
(2004); Ferrari et al.
(2005); Bellone
et al. (2006);
Sakakura et al.
[2006]; Takahashi
et al. [2006]

Dysbalance between
DC, macrophages
and MDSC

Tumor-associated increase in
the levels of M2
macrophages and myeloid
suppressor cells

Frey (2006); Huang
et al. (2006); Ochoa
et al. (2007)

Transdifferentiation of
bone
marrow-derived DC
into endothelial-like
cells by tumor

Process of DC
endothelialization is
VEGF-dependent

Conejo-Garcia et al.
(2004)

4. Avoidance Loss of DC attracting
chemokines at the
tumor site

Loss or downregulation of
CXCL14 expression in
tumor cells

Shurin et al. (2005);
Starnes et al. (2006)

avoidance of the contact with DC by downregulating expression of DC-attracting
chemokines.

Stene et al. (1988) revealed that melanoma-associated skin DC (Langerhans
cells) declined in number as melanoma progressed. In 1989, Alcalay et al. described
a decreased number and altered morphology of Langerhans cells in squamous cell
carcinomas of the skin (Alcalay et al., 1989) and showed later (1991) that antigen-
presenting capacity of lymph node cells might be impaired during tumorigenesis
(Alcalay and Kripke, 1991). Halliday et al. in 1991 demonstrated that tumor may
regulate DC attraction and homing at the tumor site and suggested that yet unknown
factors may inhibit function of DC and thus induction of antitumor immunity (Hal-
liday et al., 1991, 1992). Becker speculated that outcome of a primary tumor in
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patients depends on the ability of DC to enter into tumors and that tumors might
be different in their capacity to destroy or prevent DC from entering the tumor
site (Becker, 1992). He also hypothesized that DC and tumor cells interacted and
counteracted by releasing cytokines which abrogate tumor cells or DC, respectively
(Becker, 1993). Tas et al. (1993) showed that DC are functionally abnormal in
patients with cancer. Colasante et al. (1995) studied the role of cytokines in distri-
bution and differentiation of DC lineage in primary lung carcinomas in humans and
concluded on the potential role for GM-CSF, TNF-�, IL-1� and IL-1� in DC mod-
ulation. Gabrilovich et al. (1996a,b) reported that DC isolated from tumor-bearing
mice showed a significantly reduced ability to induce syngeneic tumor-specific CTL
and stimulate control allogeneic T cells and Chaux et al. (1996) revealed that tumor-
associated DC express low levels of co-stimulatory molecules. Enk et al. (1997)
showed that melanoma-derived factors converted DC antigen presenting cell func-
tion to tolerance induction against tumor tissue. Following these initial findings,
other teams demonstrated suppression in preparation of human CD34-derived and
CD14-derived DC, as well as murine bone marrow-derived DC by both identified
and unidentified tumor-derived factors (Table 1). For example, Ninomiya et al.
(1999) reported that DC propagated from patients with hepatocellular carcinoma
expressed significantly lower levels of HLA-DR, had significantly lower capacity
to stimulate allogeneic T cells and induced decreased amounts of IL-12. In vivo,
Lissoni et al. (1999) revealed that the number of circulating DC in the peripheral
blood of cancer patients was also significantly decreased, and these results were
confirmed by others, e.g., in patients with squamous cell carcinoma of the head
and neck (HNSCC) (Sakakura et al., 2006), leukemia (Maecker et al., 2006), hep-
atocellular carcinoma (Ormandy et al., 2006), lung cancer (Wojas et al., 2004) and
invasive breast cancer (Della Bella et al., 2003). Metastasis development decreased
the number of circulating DC even further (Bellik et al., 2006). Furthermore, blood
monocytes isolated from both patients with glioblastoma and intracranial metastases
had significantly reduced expression of GM-CSFR and showed a reduced capacity
to differentiate into mature DC (Ogden et al., 2006). Similar data were reported
for other cancers (Hasebe et al., 2000; Neves et al., 2005; Pedersen et al., 2005).
Thus, local (at the tumor site) and systemic levels of DC might be markedly lower
in cancer patients due to the inhibited or abnormal dendropoiesis (Shurin, 1999),
i.e., DC generation and differentiation.

Elimination of functional DC in cancer may also be associated with the killing of
DC or acceleration of their turnover. Induction of apoptosis in DC by tumor-derived
factors was first reported by Esche et al. [1999] and confirmed by others (Kiertscher
et al., 2000; Peguet-Navarro et al., 2003; Yang et al., 2002). Furthermore, the results
were confirmed by documenting the presence of a significantly higher proportion of
apoptotic blood DC in patients with early stage breast cancer compared to healthy
volunteers (Pinzon-Charry et al., 2006). Similarly, tumor-mediated cell death of
DC precursors (Katsenelson et al., 2001) and accelerated early apoptosis of DC
(Kiertscher et al., 2000; Onishi et al., 2002) were also reported.

Second type of DC abnormalities in cancer includes their functional deficiency
when compared to the cells derived from healthy age-matched controls (Table 1).
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Decreased ability of DC obtained from cancer patients’ blood or lymph nodes, or
DC co-cultured with malignant cells, to stimulate allogeneic T cells, uptake, pro-
cess and present antigen(s), provide co-stimulatory signal, migrate toward specific
chemokines and produce IL-12 was repeatedly described for prostate, breast, renal,
liver, lung cancer, HNSCC, melanoma, myeloma, leukemia, glioma, neuroblastoma
and other tumor types (Aalamian, 2001; Brown et al., 2001; Katsenelson et al., 2001;
Kichler-Lakomy et al., 2006; Onishi et al., 2002; Ratta et al., 2002; Satthaporn et al.,
2004; Shurin et al., 2001a,b; Song et al., 2004). These and other results were also
reviewed in Shurin and Gabrilovich (2001) Vicari et al. (2002), Shurin et al. (2003),
Yang and Carbone (2004), Eisendle et al. (2005), Pinzon-Charry et al. (2005a,b) and
Fricke and Gabrilovich (2006) and therefore are not detailed here.

Polarization of DC subtypes represents the third type of the DC system aberration
in cancer (Table 1). For instance, there are substantial numbers of tumor-promoting
functional plasmacytoid DC (pDC or DC2 by some classifications) (but not con-
ventional DC or myeloid DC or DC1) accumulated in tumor ascites in patients
with ovarian carcinomas (Zou et al., 2001). Similarly, estimating conventional and
plasmacytoid subpopulations of DC in the peritoneal fluid of women with ovar-
ian tumors, Wertel et al. (2006) reported that the percentage of pDC was higher
in patients with ovarian cancer than in women with serous cystadenoma. Thus,
decreased DC1/DC2 ratio at the tumor site in patients with cancer may favor Th2
lymphocyte differentiation and/or induction of immunological tolerance.

The levels of DC1 (i.e., myeloid or conventional DC subset) in circulation are
also significantly lower, while the number of DC2 (lymphoid or plasmacytoid DC
subset) might vary, as was repeatedly reported for patients with different tumor
types compared to healthy donors (Hoffmann et al., 2002; Pinzon-Charry et al.,
2005a; Wojas et al., 2004). Interestingly, these alterations were reverted by surgical
resection of the tumor or chemoradiotherapy (Della Bella et al., 2003; Hoffmann
et al., 2002; Takahashi et al., 2006; Yanagimoto et al., 2005) suggesting that tumor-
derived factors are responsible for redirecting DC differentiation (dendropoiesis).
Indeed, microvesicles isolated from plasma of advanced melanoma patients, but
not from healthy donors, mediated the effect of tumor on CD14+ monocytes and
skewed their differentiation from DC toward CD14+HLA-DRlow cells with TGF-
�-mediated suppressive activity on T-cell functions (Valenti et al., 2006). A subset
of these TGF-�-secreting CD14+ HLA-DRlow cells was found to be significantly
expanded in peripheral blood of melanoma patients compared with healthy donors.

Tumor-promoted redirection of dendropoiesis and its re-polarization are also
associated with increased numbers of immature DC and appearance of other related
immature cells of myeloid progeny. For example, in addition to having fewer levels
of DC1 and DC2 in the peripheral blood, patients with breast and prostate can-
cer as well as patients with malignant glioma showed significant accumulation
of abnormal population of HLA-DR+ immature cells (DR+IC), which in spite of
HLA-DR, CD40 and CD86 expression had reduced capacity to capture antigens and
elicited poor proliferation and IFN-� secretion by T lymphocytes (Pinzon-Charry
et al., 2005a,b). Immature DC fail to provide an appropriate costimulatory sig-
nal to T cells, might induce tolerance through abortive proliferation or anergy of
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antigen-specific CD4+ and CD8+ T cells or through the generation of regulatory T
cells that suppress immune responses by producing IL-10 and TGF-� (Kim et al.,
2006a,b). Immature DC were found at high levels within tumor-infiltrating leuko-
cytes and increased circulating levels of immature DC have also been observed in
the peripheral blood of patients with lung, breast, head and neck and esophageal
cancer (Lizee et al., 2006). Whereas immature DC support Treg, immature myeloid
precursors of DC suppress T-cell activation per se. Immature myeloid cells are a
heterogeneous population of myeloid cells that comprises immature macrophages,
granulocytes, DC and myeloid cells at early stages of differentiation (Gabrilovich,
2004). They have been reported in the spleen of mice with colon, prostate, lung,
and breast cancer and in patients with cancer, i.e., RCC (Ochoa et al., 2007;
Serafini et al., 2006). They suppress T-cell proliferation through a combination of
nitric oxide and arginase production, as well as by reactive oxygen species, such
as hydrogen peroxide (H2O2) (Frey, 2006). Arginase depletes arginine from the
microenvironment, leading to distinct molecular changes in T cells, including the
loss of T-cell receptor signaling and the inhibition of cell cycle in G0 phase and
peripheral T-cell tolerance. In addition, the production of nitric oxide may eventu-
ally lead to T-cell apoptosis in the tumor microenvironment (Ochoa et al., 2007).
Recently, it has been reported that immature myeloid suppressor cells or myeloid-
derived suppressor cells, probably the most appropriate term for this cell population
(Gabrilovich et al., 2007), in addition to being able to suppress T-cell proliferation
in vitro, can secrete IL-10 and TGF-� and induce the development of Foxp3+ Treg
cells in vivo, which are anergic and suppressive (Huang et al., 2006). Similar to
immature DC, circulating levels of immature myeloid cells have been well corre-
lated with the stage of disease and poorer prognosis, and surgical resection of tumors
has been shown to decrease the number of peripheral blood immature myeloid cells
in both human and animal models (Lizee et al., 2006; Serafini et al., 2006).

Finally, the last mechanism of decreased number of DC associated with the tumor
progression is the loss of expression of DC attracting chemokines at the tumor
site (Table 1). For instance, it has been demonstrated that HNSCC cells do not
express CXCL14 protein and mRNA, a potent DC-attracting chemokine (Shurin
et al., 2005). This resulted in low chemoattraction of DC to the tumor bed, low
numbers of tumor-associated DC and deficient induction of antitumor immunity;
however, transduction of CXCL14-negative tumor cells with the CXCL14 gene was
associated with increased DC infiltration, an antitumor immune response and inhi-
bition of tumor growth in vivo. Interestingly, melanoma cells might utilize an oppo-
site approach and can effectively chemoattract DC, modulate their phenotype and,
eventually, severely damage DC mobility: melanoma-conditioned DC exhibited an
increased adhesion capacity to a melanoma cell line in vitro and did not migrate in
response to DC chemokines (Remmel et al., 2001). The explanation for abnormal
DC retention inside of some human malignant lesions may come from another study
where it was found that tumors from patients with hepatocellular carcinoma, col-
orectal or pancreatic cancer were producing IL-8 and that this chemokine attracted
DC that uniformly express both IL-8 receptors CXCR1 and CXCR2 (Feijoo et al.,
2005).
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In summary, abnormal dendropoiesis, DC longevity and function and DC migra-
tion toward or from the tumor site are the key characteristics of the DC sys-
tem dysfunction in tumor-bearing hosts that have a crucial role in immune
non-responsiveness to tumors.

3 Mechanisms of Dendritic Cell Dysfunction in Cancer

3.1 Factors

Tumors exploit several strategies to evade immune recognition, including the pro-
duction of a variety of immunosuppressive/immunomodulating factors, which might
specifically block or redirect DC maturation, suppress DC survival and numbers and
impair function of DC in the vicinity of tumors (Shurin et al., 2006) (Table 2). His-
torically, the first tumor-derived factor responsible for inhibiting DC differentiation
in cancer was identified as vascular endothelial growth factor (VEGF) (Gabrilovich
et al., 1996a,b). For instance, in patients affected by colorectal cancer, DC num-
bers inversely correlated with VEGF serum levels, suggesting a possible effect of
this cytokine on DC compartment. In cultures, the exposure of monocyte-derived
DC to VEGF produced a dramatic alteration of DC differentiation by induction of
apoptosis, alteration of DC phenotypic profile and increased CXCR4 expression
(Della Porta et al., 2005). VEGF blocks the functional maturation of DC from
hematopoietic progenitor cells by blocking NF-�B transcription. The family of
VEGF molecules also plays a key role in recruiting immature myeloid cells and
immature DC from the bone marrow to enrich the tumor microenvironment (Kim
et al., 2006b).

Tumor-derived TGF-� and IL-10 were shown to be responsible for downregu-
lating CD80 expression on blood DC in myeloma patients (Brown et al., 2001).
DC maturation, antigen presentation and IL-12 production induced by inflamma-
tory cytokines IL-1 and TNF-� or by LPS might be inhibited by TGF-� (Geiss-
mann et al., 1999). TGF-� might also induce apoptosis in DC (Ito et al., 2006).
Increased levels of IL-10 in serum from patients with hepatocellular carcinoma
and tumor progression were shown to correlate with profound numerical deficien-
cies and immature phenotype of circulating DC subsets (Beckebaum et al., 2004).
Murine bone marrow-derived DC that were propagated in IL-10 and TGF-� (so-
called “alternatively activated” DC) expressed low levels of TLR4, MHC class II,
CD40, CD80, CD86, IL-12p70, programmed death-ligand 2 (B7-DC; CD273) and
were resistant to maturation (Lan et al., 2006). They secreted much higher levels of
IL-10 and efficiently expanded functional CD4+CD25+Foxp3+Treg cells. We have
shown earlier that murine colon adenocarcinoma cells produce IL-10 and that IL-10
causes downregulation of CD40 expression on DC and is responsible for inhibited
CD40-dependent IL-12 production by DC (Shurin et al., 2002). These and other
studies also revealed the tumor-associated in vivo effects of IL-10 on DC function in
eliciting a type 1 immune response in both allogeneic and tumor-specific responses
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Table 2 Mechanisms of DC dysfunction in cancer

Mechanisms and factors Examples References

Tumor/stroma-
derived
factors

Cytokines or their
combinations

VEGF, M-CSF, IL-6, IL-10,
TGF-�, IL-8

Gabrilovich et al.
(1996a,b);
Menetrier-Caux
et al. (1998); Shurin
et al. (2002); Yang
et al. (2003);
Bellone et al. (2006)

CCL2 Mediates the migration of
myeloid suppressors to
tumors

Huang et al. (2007)

CCL20/MIP3� Involved in immature DC and
their precursors attraction

Thomachot
et al.(2004)

Stromal-derived
factor-1 and
�-defensins

Attract proangiogenic DC
subset

Zou et al. (2001);
Conejo-Garcia et al.
(2005)

Prostanoids,
prostaglandins

Regulate DC maturation Sombroek et al. (2002)

Gangliosides Suppress dendropoiesis and
DC longevity

Shurin et al.
(2001a,b);
Peguet-Navarro
et al. (2003);
Tourkova et al.
(2005)

Neuropeptides Bombesin-like peptides
(gastrin-releasing peptide
(GRP) and neuromedin B
(NMB))

Makarenkova et al.
(2003)

Tumor antigens PSA is a serine protease Aalamian et al. (2003)
MUC1 subverts DC function Carlos et al. (2005)

Other molecules Lactic acid, Hyaluronan, NO
spermine

Stanford et al. (2001);
Yang et al. (2002);
Della Bella et al.
(2003); Gottfried
et al. (2006)

HLA-G HLA-G might induce
tolerogenic DC by disruption
of the MHC class II
presentation pathway

Ristich et al. (2005);
Lemaoult et al.
(2007)

Reactive oxygen
species

Hydrogen peroxide may
activate p38 and JNK in DC
and induce apoptosis

Handley et al. (2005)

Tumor-derived
microvesicles

Abnormal differentiation of
monocytes into IL-6/TNF-
�/TGF-�-producing
cells

Valenti et al. (2006)

Affected
signaling
pathways
in DC

Upregulation of
Bax and
downregulation
of Bcl-2 and
Bcl-XL

Both extrinsic and intrinsic
pathways are involved in
tumor-induced apoptosis of
DC

Esche et al. (1999,
2001);
Pirtskhalaishvili et
al. (2000a); Balkir
et al. (2004)
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Table 2 (continued)

Mechanisms and factors Examples References

Ceramide Mediates tumor-induced DC
apoptosis by downregulation
of the PI3K pathway

Kanto et al. (2001)

Small Rho
GTPases

Cdc42 and Rac 1 mediate
tumor-induced dysfunction
of DC

Tourkova et al. (2007)

STAT3 Tumor-mediated induction of
STAT3 in DC results in
reduced expression of IL-12,
MHC class II and CD40

Gabrilovich (2004);
Nefedova et al.
(2004); Wang et al.
(2004); Nefedova
and Gabrilovich
(2007)

SOCS1 SOCS1 functions as an
antigen-presentation
attenuator by controlling the
tolerogenic state of DC and
the magnitude of antigen
presentation

Evel-Kabler et al.
(2006)

p38 MAPK Tumor activates p38 MAPK
and JNK but inhibits ERK in
DC

Wang et al. (2006)

H10 expression Tumor-derived factors inhibit
h1◦ expression in DC
precursors causing defective
DC differentiation

Gabrilovich et al.
(2002)

(Yang et al., 2003). Furthermore, analyzing pancreatic cancer-derived cytokines
responsible for inhibition of DC differentiation, Bellone et al. (2006)reported that
IL-10, TGF-� and IL-6, but not VEGF, cooperatively affect DC precursors in a
manner consistent with ineffective antitumor immune responses. However, lung
squamous cell carcinoma and adenocarcinoma cells have been shown to use differ-
ent mediators to induce comparable phenotypic and functional changes in DC: IL-6
versus IL-10+IL-6+prostanoids, respectively (Avila-Moreno et al., 2006). RCC-
derived IL-6 and VEGF were shown to block the ability of tumor antigen-loaded
DC to induce CTL in the autologous system (Cabillic et al., 2006).

To define the pathways limiting DC function in the tumor microenvironment,
Sharma et al. [2003] assessed the impact of tumor cyclooxygenase (COX)-2 expres-
sion on DC activities and reported that inhibition of tumor COX-2 expression
or activity could prevent tumor-induced suppression of DC capacity to process
and present antigens and secrete IL-12. COX-1- and COX-2-regulated prostanoids
and IL-6 were found to be solely responsible for the hampered differentiation
of monocyte-derived and CD34+ precursor-derived DC by freshly excised solid
human tumors (colon, breast, renal cell carcinoma and melanoma) (Sombroek et al.,
2002). An important role for the EP2 receptor in PGE2-induced inhibition of DC dif-
ferentiation and function and the diminished antitumor cellular immune responses
in vivo has also been reported (Yang et al., 2003). Finally, PGE2 suppresses
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differentiation of DC and is a potent inducer of IL-10 in bone marrow-derived DC,
and PGE2-induced IL-10 is a key regulator of the DC pro-inflammatory phenotype
(Sombroek et al., 2002).

In addition to these “classic” tumor-derived anti-dendropoietic factors, other
molecules were implemented to tumor-mediated dysfunction of the DC system
(Table 2). Melanoma, neuroblastoma, RCC and lung cancer were shown to pro-
duce and shed various gangliosides, which may suppress dendropoiesis, inhibit DC
function or induce apoptosis in DC (Peguet-Navarro et al., 2003; Shurin et al.,
2001a,b; Tourkova et al., 2005). Tumor-derived lactic acid is also an important
factor modulating the DC phenotype in the tumor environment, which may criti-
cally contribute to tumor escape mechanisms (Gottfried et al., 2006). Interestingly,
several tumor antigens were recently found to display anti-dendropoietic properties.
Prostate-specific antigen (PSA), which is a serine protease, was able to inhibit gen-
eration and maturation of DC from CD34+ hematopoietic precursors, assessed by
the levels of expression of CD83, CD80, CD86 and HLA-DR, as well as the ability
of DC to induce T-cell proliferation (Aalamian et al., 2003). When cultured with
MUC1 glycoprotein, human monocyte-derived DC displayed decreased expression
of CD86, CD40, CD1d, HLA-DR and CD83 and were defective in the ability to
induce immune responses in both allogeneic and autologous settings. The modified
phenotype of MUC1-treated DC corresponded to an altered balance in IL-12/IL-10
cytokine production with a failure to make IL-12 and induce Th1 responses (Carlos
et al., 2005; Rughetti et al., 2005). Finally, human chorionic gonadotropin (hCG),
which serves as an important tumor marker for trophoblastic disease, has been
recently shown to upregulate expression of IDO in DC (Ueno et al., 2007).

Human leukocyte antigen G (HLA-G) molecules, which are normally expressed
in cytotrophoblasts and play a key role in maintaining immune tolerance at the
maternal–fetal interface, was also reported to be expressed on malignant cells and
can be regulated by hypoxia (Mouillot et al., 2007; Wilczynski, 2006). As DC
expressed immunoglobulin-like transcript 4 (ILT4), an inhibitory receptor capable
of interacting with HLA-G, DC may be tolerized by HLA-G through inhibitory
receptor interactions. Indeed, the HLA-G-ILT4 interaction leads to development
of tolerogenic DC with the induction of anergic and immunosuppressive T cells
(Ristich et al., 2005).

Finally, human tumors constitutively release endosome-derived microvesicles,
transporting a broad array of biologically active molecules with potential mod-
ulatory effects on different immune cells. The first evidence that tumor-released
microvesicles alter myeloid cell function by impairing monocyte differentiation into
DC and promoting the generation of a myeloid immunosuppressive cell subset was
recently published (Valenti et al., 2006, 2007).

3.2 Signaling Pathways

Many immunosuppressive factors produced by tumor cells induce STAT3 activa-
tion in DC, blocking their normal functioning. For instance, treatment of DC with
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melanoma-conditioned medium resulted in reduced expression of IL-12, MHC class
II and CD40 due to the increased induction of STAT3 (Wang et al., 2004). The
immunosuppressive effects of tumor-derived factors on DC differentiation were
abrogated in cells from STAT3 knockout mice or by the treatment of DC precursors
with a phosphopeptide that binds the STAT3 SH2 domain and blocks downstream
STAT activation. Furthermore, IL-6-mediated suppression of DC maturation was
also abrogated in STAT3-deficient DC precursors, indicating the significance of
STAT3 in IL-6-mediated suppression of DC maturation and function (Wang et al.,
2004). Furthermore, constitutive STAT3 activation in tumor cells was shown to
inhibit DC function by the increased induction of STAT3 in immature DC. Thus,
immunosuppression mediated by tumor cells results from a circuit of STAT3 signal-
ing that begins in tumor cells and eventually activates inhibitory STAT3 signaling
in DC in part due to the production of cytokines that increase STAT3 activation in
DC (EGF, VEGF, IL-6, IL-10, G-CSF, M-CSF, GM-CSF) (Wang et al., 2004). In
addition, STAT3 phosphorylation in DC was regulated by IL-6 in vivo, and STAT3
was necessary for the IL-6 suppression of DC activation/maturation (Park et al.,
2004). Interestingly, CD4+CD25+FoxP3+ regulatory T cells from tumor-bearing
animals may also impede DC function by activating STAT3 and inducing the Smad
signaling pathway (Larmonier et al., 2007). The suppression mechanism was also
associated with downregulation of activation of the transcription factor NF-�B,
required TGF-� and IL-10 and resulted in strong inhibition of expression of the
co-stimulatory molecules CD80, CD86 and CD40, the production of TNF-�, IL-12
and CCL5/RANTES by DC (Table 2).

Many STAT family members are developmentally regulated and play a role in DC
differentiation and maturation. For instance, the STAT6 signaling pathway is consti-
tutively activated in immature DC and declines as they differentiate into mature DC.
Downregulation of STAT6 pathway is accompanied by dramatic induction of sup-
pressors of cytokine signaling 1 (SOCS1), SOCS2, SOCS3 and cytokine-induced
Src homology 2-containing protein expression (Jackson et al., 2004). In contrast,
STAT1 signaling is most robust in mature DC. Thus, it is likely that cytokine-
induced maturation of DC is under feedback regulation by SOCS proteins and
that the switch from constitutive activation of the STAT6 pathway in immature
DC to predominant use of STAT1 signals in mature DC is mediated in part by
STAT1-induced SOCS expression (Jackson et al., 2004). Recent studies also demon-
strate that SOCS1 functions as an antigen-presentation attenuator by controlling the
tolerogenic state of DC and the magnitude of antigen presentation (Evel-Kabler
et al., 2006). Since SOCS1 restricts DC ability to break self-tolerance and induce
antitumor immunity by regulating IL-12 production and signaling, it is quite possi-
ble that some products of tumor cells or other cells within the tumor milieu might
induce SOCS1 expression in DC. Although not proven experimentally, this pathway
may operate in the tumor microenvironment limiting the ability of DC to process and
present tumor antigens and secrete IL-12.

Recent data allowed Wang et al. [2006] to speculate that tumor-induced p38
MAPK activation and ERK inhibition in DC may be a new mechanism for tumor
evasion. They showed that tumor supernatant-treated DC were inferior to normal
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DC at priming tumor-specific immune responses, but inhibiting p38 mitogen-
activated protein kinase (MAPK) restored the phenotype, cytokine secretion and
function of tumor-treated DC. Tumor-derived factors activated p38 MAPK and
Janus kinase (JNK) but inhibited extracellular regulated kinase (ERK) in DC
(Table 2).

Since many functions of DC, such as endocytosis, exocytosis, adhesiveness and
motility, depend on actin polymerization and membrane rearrangements, Tourkova
et al. (2005) analyzed whether small Rho GTPases (Cdc42, RhoA and Rac1/2),
which are primary involved in regulating these functions in DC, might be affected
by tumor-derived factors. They found that impaired endocytic activity of DC co-
cultured with tumor cells was associated with decreased levels of active Cdc42 and
Rac1. Transduction of DC with the dominant negative Cdc42 and Rac1 genes also
leads to reduced phagocytosis and receptor-mediated endocytosis, while transduc-
tion of DC with the constitutively active Cdc42 and Rac1 genes restored endocytic
activity of DC that were inhibited by the tumors (Tourkova et al., 2007).

Less is known about signaling pathways that control DC longevity and DC sen-
sitivity to tumor-induced cell death. Early studies showed that Bcl-XL, Bcl-2 and
mitochondrial cytochrome c release mediate resistance of DC to tumor-induced
apoptosis (Esche et al., 2001; Pirtskhalaishvili et al., 2000a,b). Other data demon-
strated that down-regulation of phosphoinositide 3-kinase (PI3K) is the major facet
of tumor-induced DC apoptosis (Kanto et al., 2001). Interestingly, it is known
that cancer cells have increased production of hydrogen peroxide (H2O2) (Lopez-
Lazaro, 2007; Szatrowski and Nathan, 1991) and in DC hydrogen peroxide activates
two key MAPK, p38 and JNK. Activation of JNK, which is associated with inhibi-
tion of tyrosine phosphatases in DC, is linked to the induction of DC apoptosis
(Handley et al., 2005). By targeting different anti-apoptotic molecules, including
FLIP, XIAP/hILP, procaspase-9 and HSP70, Balkir et al. [2004] demonstrated that
anti-apoptotic molecules other than the Bcl-2 family of proteins were involved
in tumor-induced apoptosis in DC. This suggests that tumor-induced apoptosis
of DC is not limited to the mitochondrial pathway of cell death and that both
extrinsic and intrinsic apoptotic pathways play a role in DC survival in the tumor
microenvironment.

4 Role of Dendritic Cells in Tumor Escape Mechanisms

A growing body of evidence clearly demonstrates that the DC system is directly
and indirectly involved in controlling tumor growth and progression and there are
finally no doubts that DC modified in the tumor environment play an important
role in tumor escape from immune recognition and elimination. However, with the
realization that the DC lineage represents a varied collection of distinct popula-
tions, a question has arisen as to whether certain types of DC are dysregulated in
tumor-bearing hosts, or whether the nature of immunological challenge and state
of DC maturation define particular facets of innate/aquired/tolerogenic responses in
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the tumor environment. Numerous studies have revealed that specific DC subsets
might be linked to immunological unresponsiveness and/or tolerance to tumor anti-
gens. For instance, clinical outcome of the children with cancer has been shown to
correlate with circulating plasmacytoid DC count: Children with high plasmacytoid
DC counts at diagnosis survived significantly worse than those with low counts
and the development of cancer was associated with low number of conventional
DC (Vakkila et al., 2004). Thus, tumor-associated plasmacytoid DC contribute to
the tumor environmental immunosuppressive network. Indeed, tumor ascites pDC
induced IL-10+CCR7+CD45RO+CD8+ regulatory T cells, which significantly
suppress myeloid DC-mediated tumor-associated antigen-specific T-cell effector
functions through IL-10 (Wei et al., 2005). Plasmacytoid DC in tumor-draining
lymph nodes might create a local microenvironment that is potently suppressive of
host antitumor T-cell responses and this mechanism may be mediated by immuno-
suppressive indoleamine-2,3-dioxygenase (IDO) (Table 3).

IDO degrades tryptophan to kynurenine, which is further metabolized to 3-
hydroxyanthranilic acid and thus initiates the immunosuppressive pathway of tryp-
tophan catabolism. Emerging evidence suggests that Tregs may be generated de
novo against specific tumor-derived antigens, and thus they arise as a direct conse-
quence of antigen presentation in the tumor-draining lymph nodes (Munn, 2006).
IDO can also be expressed within the tumor itself, by tumor cells or host stro-
mal cells, where it can inhibit the effector phase of the immune response (Munn,
2006). Other data indicate that kynurenine pathway enzymes downstream of IDO
can initiate tolerogenesis by DC independently of tryptophan deprivation, as tolero-
genic DC can confer suppressive ability on otherwise immunogenic DC in an
IDO-dependent fashion (Belladonna et al., 2006). Thus, the paracrine produc-
tion of kynurenines might be one mechanism used by IDO-expressing cells in
the tumor microenvironment to convert DC lacking functional IDO to a tolero-
genic phenotype. IDO, i.e., tryptophan, kynurenine or 3-hydroxyanthranilic acid,
could also induce expression of the tolerogenic molecule HLA-G in DC (Lopez
et al., 2006). Thus, IDO and HLA-G can cooperate in the immune suppression,
since HLA-G-expressing DC might suppress or alter effector T cells as well.
Indeed, activated CD4+ and CD8+ T cells could efficiently acquire immunosup-
pressive HLA-G from antigen-presenting cells through membrane transfers (a pro-
cess called trogocytosis) and acquisition of HLA-G immediately reversed T-cell
function from effectors to regulatory cells. These regulatory T cells were able to
inhibit proliferative responses through HLA-G that they acquired (Lemaoult et al.,
2007).

In support of the concept that certain DC subpopulations play crucial roles in
tumor escape, it was recently reported that tumor expansion could stimulate Treg
cells via a specific DC subset: During tumor progression, a subset of DC exhibit-
ing a myeloid immature phenotype may be recruited to draining lymph nodes
and selectively promote proliferation of Treg cells in a TGF-�-dependent manner
(Ghiringhelli et al., 2005). Importantly, tumor cells are necessary and sufficient to
convert DC into regulatory cells that secrete TGF-� and stimulate Treg cell prolif-
eration (Table 3).
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Table 3 DC-mediated mechanisms of tumor escape

Mechanisms Notes References

Inability to present tumor antigens
to T cells and induce
tumor-specific CTL

Tumor-mediated suppression of
critical functions of DC

Gabrilovich et al.
(1996a,b); Shurin and
Gabrilovich (2001);
Cabillic et al. (2006)

Immaturity of DC in the tumor
environment

High levels of immature DC can
actively induce T-cell
tolerance to tumor antigens
and promote cancer
progression

Ninomiya et al. (1999);
Beckebaum et al.
(2004); Thomachot
et al. (2004); Bellone
et al. (2006)

Expression of IL-10 IL-10-producing DC efficiently
expand functional
CD4+CD25+Foxp3+Treg
cells

Mahnke and Enk
(2005); Lan et al.
(2006)

Expression of TGF-� DC exhibiting a myeloid
immature phenotype may
promote proliferation of Treg
cells in a TGF-�-dependent
manner

Ghiringhelli et al.
(2005)

Low IL-12 production DC isolated from tumor-bearing
animals or cancer patients
produce low levels of
spontaneous and inducible
IL-12

Shurin et al. (2002);
Satthaporn et al.
(2004); Bellone et al.
(2006)

Low IL-18 expression Melanoma might block IL-18
synthesis in DC and thus
prevent activation of NK cells
by DC

Capobianco et al. (2006)

IDO-mediated mechanisms Tolerogenic DC can confer
suppressive ability on
otherwise immunogenic DC in
an IDO-dependent fashion

Munn (2006); Hou et al.
(2007)

Immunoglobulin-like transcript 3
(ILT3) and ILT4 (human)

Paired immunoglobulin-like
inhibitory receptor (PIR-B)
(murine)

The HLA-G-ILT4
(immunoglobulin-like
transcript) interaction leads to
development of tolerogenic
DC with the induction of
anergic and
immunosuppressive T cells

Chang et al. (2002);
Suciu-Foca et al.
(2005)

Expression of HLA-G molecules HLA-G on DC induces immune
suppression and tolerance

Lopez et al. (2006);
Lemaoult et al. (2007)

Expression of B7-H1 Upregulation of B7-H1 on DC in
the tumor microenvironment
downregulates T-cell
immunity

Curiel et al. (2003);
Perrot et al. (2007)

Attraction and protection of pDC
precursors

Accumulation of pDC in
peritoneal fluid, ascites in
ovarian cancer

Zou et al. (2001); Wertel
et al. (2006)

Stimulation of angiogenesis by
tumor-associated pDC and DC
precursors

Tumor pDC produce high levels
of TNF-� and IL-8 and induce
neovascularization in vivo

Conejo-Garcia et al.
(2004); Curiel et al.
(2004)
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Table 3 (continued)

Mechanisms Notes References

Induction of Treg Tumor ascites pDC induce
IL-10+CCR7+
CD45RO+CD8+ Treg

Wei et al. [2005]; Munn
and Mellor (2006)

Induction of DCreg Tumor might induce a
subpopulation of DC which
secrete TGF-� and support
proliferation of Treg cells

Sato et al. [2003];
Ghiringhelli et al.
[2005]; Mellor et al.
[2005]

Inhibition of IKDC subset (?) IFN-producing killer DC
(IKDC) are
B220+NK1.1+Gr1− DC that
kill tumor cells through the
TRAIL pathway

Taieb et al. (2006);
Ghiringhelli et al.
(2007)

Impairment of DC migration
toward tumor site or lymphoid
tissue

Decreased attraction of
increased retention of DC at
the tumor site

Feijoo et al. (2005);
Shurin et al. (2005)

Anti-inflammatory and tolerogenic
properties of tumor-induced
immature DC

Decreased production of IL-1,
IL-6 and TNF-� and
increased expression of
IL-10 and TGF-� after
capturing apoptotic tumor
cells

Kim et al. (2006a)

Another subset of DC might contribute to neovascularization at the tumor site.
Recently, Conejo-Garcia et al. (2004)reported that within 3 weeks of culture with
tumor cell-conditioned medium, bone marrow-derived DC could be transdifferenti-
ated into endothelial-like cells in vitro. They also identified a novel leukocyte subset
within ovarian carcinoma that co-expressed endothelial and DC markers which may
play a role in the formation of blood vessels (Conejo-Garcia et al., 2005). Curiel
et al. (2004) observed high numbers of plasmacytoid DC in malignant ascites of
patients with untreated ovarian carcinoma and showed that tumor-associated pDC
induced angiogenesis in vivo through production of TNF-� and IL-8. By contrast,
conventional (or myeloid) DC, which might suppress angiogenesis in vivo through
production of IL-12, were absent from malignant ascites. Thus, the tumor may
attract pDC to augment neovascularization while excluding myeloid DC to prevent
angiogenesis inhibition.

Thus, one mechanism contributing to immunologic unresponsiveness toward
tumors may be presentation of tumor antigens by tolerogenic/regulatory host DC.
Indeed, using bone marrow chimeras in transgenic mice, Mihalyo et al. (2007) have
recently reported that DC, but not CD4+CD25+ T regulatory cells, play a critical
role in programming CD4 cell responses to tumor antigens during tumorigenesis.
Regulatory DC could be produced from bone marrow precursors in the presence of
GM-CSF, IL-10, TGF-�1 and LPS or TNF-� and they retained their T-cell regu-
latory property in vitro and in vivo even under inflammatory conditions (Rutella
et al., 2006; Sato et al., 2003). Another minor subpopulation of regulatory DC
has been recently described in murine spleen. These splenic CD19+ DC that did
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not express the plasmacytoid DC marker acquired potent IDO-dependent T-cell-
suppressive functions (Mellor et al., 2005).

However, proponents of the “maturation” hypothesis suggest that the matura-
tion state of the DC in the premalignant/inflammatory milieu or in the newly
formed tumor setting predicts the development of an antitumor immune response
or tumor tolerance. It was also proven that DC that capture and present antigen
under non-inflammatory conditions maintain an immature phenotype and acquire
tolerogenic properties. These DC generate regulatory T lymphocytes that potentiate
tolerogenic responses (Ureta et al., 2007). An increased proportion of immature
DC with reduced expression of co-stimulatory molecules was seen or isolated
from tumor mass of patients with RCC, prostate cancer, basal-cell carcinoma and
melanoma or was found in the peripheral blood of patients with breast, head
and neck, lung or esophageal cancer (Gabrilovich, 2004). Similar data have been
obtained using several mouse tumor models. The maturation hypothesis was also
bolstered by studies showing that in tumor tissues, immature DC resided within the
tumor, whereas mature DC were located in peritumoral areas (Bell et al., 1999).
Immature DC cannot induce antitumor immune responses and, most importantly,
immature DC can induce T-cell tolerance or anergy. Thomachot et al. (2004) showed
that breast carcinoma cells produce soluble factors (CCL20 and TGF-�), which
attract DC precursors in vivo and promote their differentiation into immature DC
with altered functional capacities, and that these altered DC may contribute to the
impaired immune response against the tumor. Similarly, medium conditioned by
human pancreatic carcinoma cells induced monocyte-derived immature DC with
inhibited proliferation, expression of costimulatory molecules (CD80 and CD40)
and HLA-DR and functional activity as assessed by T-cell activation and IL-12p70
production (Bellone et al., 2006). Immature DC generated from pancreatic carci-
noma patients in advanced stages of the disease similarly showed decreased levels
of HLA-DR expression and reduced ability to stimulate T cells. Direct ex vivo flow
cytometric analysis of various DC subpopulations in peripheral blood from hep-
atocellular carcinoma patients revealed an immature phenotype of circulating DC
that was associated with increased IL-10 concentrations in serum and with tumor
progression (Beckebaum et al., 2004; Ninomiya et al., 1999).

To evaluate whether and to what extent the capacity of tumor-infiltrating DC to
drive immunization can be turned off by tumor cells, leading to tumor-specific toler-
ance rather than immunization, Perrot et al. have characterized the DC isolated from
human non-small cell lung cancer based on the expression of CD11c. All isolated
DC, including CD11chigh myeloid DC, CD11c− plasmacytoid DC and a third DC
subset expressing intermediate level of CD11c, were immature and display the poor
antigen-presenting function even after TLR stimulation and the reduced migratory
response toward CCL21 and SDF-1 (Perrot et al., 2007). Interestingly, CD11cint

myeloid DC, which represented approximately 25 % of total DC in tumoral and
peritumoral tissues, expressed low levels of costimulatory molecules contrasting
with high levels of the immunoinhibitory molecule B7-H1. These data suggest that
immature tumor-associated DC have an ability to compromise the tumor-specific
immune response in draining lymph nodes in vivo (Table 3).
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In spite of multiple evidence supporting both “subpopulation”-based and
“maturation”-based explanations of how the DC system is involved in tumor
escape, additional data suggest that the real situation might be significantly more
complex. The first layer of complexity arrives from the results showing that DC
subsets may induce both tolerogenic and immunogenic responses depending on
the environmental stimuli. For example, although the general thought is that pDC
are commonly tolerogenic, it appears that the functional role of pDC in cancer
immunity depends on cytokines that affect the balance between immunity and
tolerance in the tumor and lymphoid organ microenvironment: In an analysis of
draining lymph nodes in breast cancer, pDC with a relative increase in IL-12 and
IFN-� were associated with a good prognosis, whereas pDC with a relative increase
in IL-10 and IL-4 were associated with a poor prognosis (Cox et al., 2005). In
confirmation of this conclusion, Kim et al. [2007] have reported that although pDC
recruited to the tumor site are implicated in facilitating tumor growth via immune
suppression, they can be released from the tumor as a result of cell death caused
by primary systemic chemotherapy and can then be activated through TLR9. Thus,
synergistically with conventional DC, pDC may also play a crucial role in mediating
cancer immunity.

Thus, we can conclude that pDC, as well as myeloid DC, have a dual role not only
in initiating immune responses but also in inducing tolerance to tumor antigens.

Additional layer of complexity of DC subset versus DC maturation problem
in cancer comes from the data revealing different maturation patterns of different
DC subsets and its differential regulation by other immune cells. For example,
analysis of the maturation of human blood-derived conventional myeloid DC and
plasmacytoid DC activated with TLR ligands in the presence of Treg revealed that
preactivated Treg suppressed strongly TLR-triggered myeloid DC maturation, as
judged by the blocking of costimulatory molecule upregulation and the inhibition
of proinflammatory cytokines secretion that resulted in poor antigen presentation
capacity. Although IL-10 played a prominent role in inhibiting cytokines secretion,
suppression of phenotypic maturation required cell–cell contact and was indepen-
dent of TGF-� and CTLA-4. In contrast, the acquisition of maturation markers
and production of cytokines by plasmacytoid DC triggered with TLR ligands were
insensitive to regulatory T cells (Houot et al., 2006). Therefore, human Treg may
enlist conventional, but not plasmacytoid DC for the initiation and amplification of
tolerance in vivo by restraining their maturation after TLR stimulation.

In another study, evidence was provided that maturing conventional DC and plas-
macytoid DC express different sets of molecules that drive distinct types of T-cell
responses (Ito et al., 2007). Although both maturing myeloid DC and pDC upreg-
ulate the expression of CD80 and CD86, only pDC upregulate the expression of
inducible costimulator ligand (ICOS-L) and maintain high expression levels upon
differentiation into mature DC. High ICOS-L expression endows maturing pDC
with the ability to induce the differentiation of naïve CD4 T cells to produce IL-10
but not the Th2 cytokines IL-4, IL-5 and IL-13. These IL-10-producing T cells are
T-regulatory cells, and their generation by ICOS-L is independent of pDC-driven
Th1 and Th2 differentiation. Thus, in contrast to myeloid DC, pDC are poised to
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express ICOS-L upon maturation, which leads to the generation of IL-10-producing
Treg cells (Ito et al., 2007).

As such there are still many confusions in the field as to whether certain
DC subpopulations have evolved to fulfill unique immunological roles in cancer
(Th1/Th2/Th3/Th17 polarization, Treg induction, tolerance, etc.) or whether distinct
DC subsets exist to uniquely respond to tumor-derived stimuli but each participate in
maintaining tolerance or immunity in immature or mature state. It is also somewhat
undecided whether some of the diversity in the DC lineage as determined by cell
surface molecule expression represents genuine distinct DC subsets or particular
developmental/activation states of the same DC subtype. However, collectively, an
emerging view in the field is that DC control the course of tumor immunity/tolerance
on at least three levels: (1) the developmental repertoire of DC lineage populations
which can dictate the nature of DC response to a particular stimulus in the tumor
microenvironment, (2) the maturation stage of DC when cells interact with other
immune cells or respond to immunological signals (i.e., cytokines, chemokines and
TLR ligands) and (3) the environment within which DC encounter tumor antigens,
as defined by the tissue type, infiltrating leukocytes and inflammatory cytokine
milieu (Table 3).

The importance of these issues and mechanisms controlling them are significant,
as efforts to harness the power of DC in vaccination strategies against tumors would
ultimately aim to identify the correct type of DC for a particular approach and insure
that these cells are appropriately activated or protected from tumor influence to elicit
the desired response.

5 Concluding Remarks

Numerous experimental and clinical observations discussed above suggest that
tumor-induced apoptosis or altered differentiation and function of DC as well as
accumulation of immature DC or DC precursors with inhibitory and tolerogenic
function could impair antitumor immune responses. For patients with cancer, the
resulting dysfunction of the DC system would result in marked deficiency in the
induction of antitumor immunity, tumor progression and, probably, low response to
immunotherapy. This is really important for understanding tumor immunopathol-
ogy as well as re-evaluating tumor immunotherapeutic strategies since DC prepared
from patients with cancer are being evaluated as cellular vaccine in multiple clinical
trials worldwide. However, to date, DC-based immunotherapies have met limited
success for several reasons, including the restricted longevity and efficacy of admin-
istered DC in suppressive tumor environment. Therefore, alternative approaches,
including protection of DC longevity, blockade of tumor-mediated inhibitory path-
ways and prevention of DC dysfunction/polarization ex vivo, should be evaluated
to potentiate the efficacy of DC-based cancer vaccines. Given that endogenous DC
might be important for fulfilling the potential of various cellular vaccines, gained
knowledge in the area of DC immunobiology in cancer may help to find new drugs
to selectively block suppressive pathways and restore the original function of DC.
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Macrophages and Tumor Development

Suzanne Ostrand-Rosenberg and Pratima Sinha

1 Introduction

In 1882–1886 the Ukrainian biologist Elie Metchnikoff observed that if he inserted
dye particles or small splinters into bipinnaria starfish, cells of the starfish would
respond by engulfing the foreign materials. He named these cells “phagocytes”,
from the Greek “makros” (large) and “phagein” (to eat). Metchnikoff went on to
describe similar phagocytic cells in the blood of humans, and in 1892 proposed
his “cellular (phagocytic) theory of immunity” which stated that white blood cells
were critical elements of the immune system which protected individuals from
invading pathogenic organisms (Metchnikoff, 1905; Tauber and Chernyak, 1991).
At the time, this theory was quite controversial since the prevailing concept was
the “humoral” theory. According to the humoral theory, immunity was provided
exclusively by body fluids and soluble substances such as antibodies. Despite the
controversy surrounding the cellular theory, Metchnikoff’s discovery of phagocytic
cells was recognized in 1908 by a Nobel Prize in Physiology or Medicine. The
co-recipient of that 1908 Nobel Prize was the German microbiologist, Paul Ehrlich,
who was recognized for his discovery of antitoxins. In retrospect, it is ironic that the
Nobel committee brought together the cellular and humoral theories of immunity
in one Nobel Prize, since it was not until the 1940s that the scientific community
as a whole appreciated that both antibodies and cells were essential for protective
immunity.

The phagocytic cells identified by Metchnikoff were a heterogenous population
of cells that we now know included macrophages as well as other cells with phago-
cytic activity (e.g., neutrophils, dendritic cells, etc.). Macrophages themselves are
a heterogeneous mixture of cells (Gordon and Taylor, 2005; Taylor and Gordon,
2003) which mediate their effects not only through phagocytosis, but also through
the production of various soluble factors such as cytokines and chemokines, as well
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as by direct cellular contact with other cells. They are present in virtually all tissues
and are involved in all aspects of immunity. Macrophages play a critical role in
the onset and progression of malignant tumors and in immune surveillance against
established tumors and can determine tumor growth vs. tumor regression. Much
of their ability to promote transformation and tumor progression is mediated by
their ability to cause inflammation, which has long been associated with tumor
development (Balkwill and Mantovani, 2001; Balkwill et al., 2005). This chapter
will focus on the function of macrophages in tumor immunity. Excellent reviews of
the functions of macrophages in non-tumor settings can be found in both text books
(Gordon, 2003b, 2006) and the scientific literature (Gordon and Taylor, 2005; Taylor
et al., 2005).

2 Macrophages Are a Diverse and Heterogeneous Cell
Population with Varied Functions

As blood monocytes migrate through the circulatory system, they are distributed
to virtually all tissues of the body. Depending on their ultimate location, blood
monocytes can differentiate into tissue macrophages, mature dendritic cells or osteo-
clasts. The markers F4/80 (mouse) and CD68 (macrosialin; human) distinguish the
precursor blood monocyte from the tissue-resident macrophage, although marker
expression differs between mouse and human derivatives (Fig. 1). The monocytes
that transform into macrophages gain specific and unique properties based on the
specific tissue in which they are located and the factors present in their imme-
diate microenvironment. Therefore, macrophages are a diverse and heterogenous
population of cells that have a broad variety of functions. They are key players in
inflammation, tissue remodeling and repair and phagocytosis. They can function as

Fig. 1 Tissue-resident macrophages are derived from blood monocytes. When monocytes exit the
blood they migrate to tissues and become macrophages
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antigen-presenting cells for the activation of adaptive or innate immunity or they can
be activated by natural killer (NK) and T cells and become effector cells. They also
induce immune suppression and contribute to the induction of autoimmunity and
tolerance, or they can enhance acquired humoral immunity by facilitating antibody
and complement-mediated phagocytosis and cytotoxicity.

3 Tumor-Associated Macrophages Have a Distinct Phenotype
and Promote Tumor Progression

Macrophages have exceptional plasticity and their ultimate function and protein
expression profile are dictated by the local environment in which they reside (Lewis
and Pollard, 2006). Therefore, macrophages attracted to a site of local infection
caused by bacteria will have a very different phenotype and gene expression pattern
than macrophages recruited to the site of tumor growth.

It has long been recognized that macrophages accumulate within growing solid
tumors, and there is a direct correlation between the quantity of tumor-associated
macrophages (TAMS) and a poor prognosis (Mantovani et al., 2006). The hypoxic
and inflammatory tumor microenvironment contains chemotactic factors that inhibit
macrophage mobility and maintains the TAMS at the tumor site (Grimshaw and
Balkwill, 2001), while other factors in the microenvironment induce TAMS to
enhance tumor progression. Therefore, TAMS are not merely correlated with a poor
prognosis, but actively contribute to tumor progression (Bingle et al., 2002; Pollard,
2004). TAMS facilitate tumor growth through multiple mechanisms that suppress
adaptive immunity by blocking the activation of T cells and inducing apoptosis of
CD8+ T cells (Saio et al., 2001), by promoting angiogenesis (Lin et al., 2006) and by
facilitating the tissue remodeling and repair that tumors require for their continued
growth (Mantovani et al., 2002). In contrast, macrophages residing in healthy tissues
and macrophages that migrate to sites of inflammation in non-malignant tissues are
efficient antigen-presenting cells that activate CD4+ and CD8+ T cells and NK cells
and scavengers of cellular debris generated by infectious agents (Fig. 2).

4 Hypoxia Drives the Promotion of Angiogenesis by TAMS

Small deposits of tumor cells can obtain their required nutrients and dispose of
their metabolic by-products directly from adjoining vasculature. However, as pri-
mary and metastatic tumor cells form larger masses, diffusion limits their access to
existing blood vessels. Therefore, progressively growing tumors must induce new
vasculature through angiogenesis. TAMS contribute to this process through several
mechanisms.

Vascular endothelial growth factor (VEGF) is a key molecule for inducing
neo-vascularization, and TAMS produce high levels of VEGF (Leek et al., 2000;
Lewis et al., 2000). Several pathways contribute to the production of VEGF by
macrophages. TAMS tend to accumulate in regions of tumors that have limiting
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Fig. 2 Macrophages from
healthy or pathogen-infected
tissues and tumor-associated
macrophages (TAMS) have
distinct functions

amounts of oxygen (Leek et al., 1996; Negus et al., 1997). Hypoxia changes the
expression levels of many proteins synthesized by macrophages (Murdoch et al.,
2005). Of particular note is the induction of the transcription factors hypoxia-
inducible factor (HIF) 1� and 2� (Burke et al., 2002; Talks et al., 2000), since
HIFs upregulate VEGF (Jung et al., 2003). Since VEGF itself is a chemoattractant
for macrophages, its increased synthesis leads to the accumulation of additional
macrophages in hypoxic regions thereby amplifying the production of VEGF (Bar-
leon et al., 1996; Leek et al., 2000) (Fig. 3).

VEGF is also upregulated in macrophages through a hypoxia-independent path-
way that is mediated by the pro-inflammatory cytokine IL-1 which itself is produced
by macrophages. This pathway involves cyclooxygenase-2 (COX-2), a central medi-
ator of inflammation (Jung et al., 2003). Elegant in vivo studies have demonstrated
that VEGF-producing TAMS directly contribute to the vascularization of growing
tumors (Bingle et al., 2006).

In addition to VEGF, macrophages promote angiogenesis through other factors
that are upregulated by hypoxia (Grimshaw et al., 2002). For example, urokinase-
type plasminogen activator and its receptor are upregulated on TAMS and this
enzyme is associated with increased vascularization (Foekens et al., 2000; Hilden-
brand et al., 1995). Macrophages also produce fibroblast growth factor-2, CXCL8
(IL-8), angiopoietin, inducible nitric oxide synthase (iNOS) and leptin, all of which
promote angiogenesis (Lewis and Murdoch, 2005). Gene array studies have demon-
strated that macrophages exposed to hypoxia upregulate more than 30 genes associ-
ated with angiogenesis (White et al., 2004) (Table 1).

5 TAMS Facilitate Tumor Cell Invasiveness and Metastasis

In addition to their ability to induce angiogenesis, TAMS enhance tumor progression
by facilitating tumor cell invasiveness into normal tissue and thereby promoting
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Fig. 3 TAMS stimulate angiogenesis through hypoxia-dependent and hypoxia-independent path-
ways. Hypoxic regions of tumors attract macrophages and upregulate macrophage expression of
HIF-1� and HIF-2�. The HIFs then turn on synthesis of VEGF which induces neo-vascularization.
Angiogenesis is also induced via a hypoxia-independent pathway in which IL-1 produced
by macrophages in oxygen-sufficient environments upregulates macrophage expression of
VEGF

metastasis. These functions are accomplished through diverse mechanisms that are
mediated by multiple factors.

Studies with transgenic mice that spontaneously develop mammary tumors and
are deficient for or over-express the receptor for a cytokine essential for macrophage
development (CSF-1) support the concept that macrophages play a role in regulating
metastasis and invasiveness. Such mice deficient for the CSF-1 receptor in their
mammary epithelium have a delayed onset of metastatic disease, while mice that
over-express CSF-1 in the mammary epithelium have an increased rate of metastasis
(Lin et al., 2001). Therefore the presence of activated macrophages in the local
environment of a primary tumor facilitate metastasis, while their absence delays
metastasis.

Pollard and colleagues have observed that macrophages are frequently present
in regions where primary mammary carcinomas are evolving from carcinoma in
situ to invasive carcinoma in transgenic mice that spontaneously develop tumors
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Table 1 Macrophage genes regulated by hypoxia

Molecule Activity Protein Expression

VEGF Angiogenesis Increased
MMP1, MMP7 Angiogenesis, metastasis Increased
TNF� Inflammation, angiogenesis, cytotoxicity Increased
IL-1 Inflammation Increased
PGE2 Inflammation, immunosuppression Increased
IL-10 Immunosuppression Increased
CCL3 Chemokine Increased
CXCR4 Angiogenesis Increased
IFN� T- and NK-cell activation Increased
CXCL8 Angiogenesis Increased
MIP-2 (CXCL1) Chemokine Increased
CCL2 Chemokine Increased
CCR5 Chemokine receptor Decreased
CD80 T-cell activation Decreased
MIF Metastasis, anti-migration Increased
IL-6 Inflammation Increased
Arginase Immune suppression, cytotoxicity Increased

Macrophages were cultured in vitro under hypoxic conditions and analyzed by a variety of protein
expression assays. Adapted from Murdoch et al. (2005)

(Pollard, 2004). These observations led to the hypothesis that TAMS contribute
to tumor invasion through the breakdown of the basement membrane surround-
ing the primary tumor, thereby allowing tumor cells to escape the immediate
environment and invade neighboring normal tissue. This hypothesis is consistent
with the finding that macrophages produce proteases capable of degrading base-
ment membrane (Hagemann et al., 2004). For example, macrophage inhibitory
factor (MIF), which is produced by activated macrophages, promotes tumor cell
mobility (Sun et al., 2005). MIF also induces expression and secretion of matrix
metalloproteinase-9 (MMP9), a protease that degrades basement membrane and
extracellular matrix. Additional matrix metalloproteinases (MMP2 and MMP7) are
also upregulated in TAMS and/or in macrophages maintained under hypoxic condi-
tions (Hagemann et al., 2004). Epidermal growth factor (EGF), which is produced
by macrophages in response to tumor-produced CSF-1, has also been shown in
vitro to be a chemoattractant for tumor cells and mediates invasiveness (Goswami
et al., 2005). Therefore, TAMS contribute to tumor metastasis by stimulating and/or
producing factors that make the basement membrane leaky, so tumor cells can
escape.

In addition to indirectly affecting tumor progression, TAMS also secrete fac-
tors that directly enhance tumor cell growth and facilitate tumor cell migration
that results in metastasis. Aside from its ability to facilitate invasiveness, EGF also
induces tumor cell proliferation (O’Sullivan et al., 1993; Wyckoff et al., 2000), as do
platelet-derived growth factor, placental growth factor and hepatocyte growth factor,
all of which are produced by macrophages (White et al., 2004).
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6 TAMS Inhibit Anti-tumor Immunity

Macrophages that localize to sites of infection have different properties from
TAMS. This class of macrophages has been called “classically activated” or M1
macrophages because they are activated by bacterial products such as lipopolysac-
charides derived from pathogenic bacteria. This activation pathway is described in
Sect. 8. Classically activated or M1 macrophages are a major component of the
inflammatory milieu that contributes to the elimination of infectious agents. Their
ability to destroy bacteria is the result of their pro-inflammatory characteristics
including their phagocytic activity for cellular debris, their ability to present antigen
and activate CD4+ T helper and CD8+ cytotoxic T lymphocytes and their produc-
tion of cytokines that promote T-cell activation and the recruitment of additional
inflammatory mediators. Because of their upregulated expression of MHC and
costimulatory molecules and their potent phagocytic activity, classically activated
macrophages can be directly cytotoxic for tumor cells and they can efficiently serve
as antigen-presenting cells (APC) to activate tumor-specific cytotoxic T cells (Evans
and Alexander, 1972a,b).

In contrast, TAMS are not cytotoxic for tumor cells and they are poor APC, are
unable to activate cytotoxic T lymphocytes and actively suppress immune surveil-
lance and anti-tumor immunity (Sinha et al., 2005b). Multiphoton microscopy stud-
ies graphically demonstrated that TAMS also promote tumor cell intravasation into
surrounding normal tissue and blood vessels (Wyckoff et al., 2007). Whereas in
vitro cultured macrophages and macrophages at sites of infection and inflammation
produce high levels of reactive oxygen and nitrogen species that promote target
cell cytotoxicity, when macrophages localize to tumor sites, particularly to hypoxic
regions, their expression of these molecules is drastically reduced (Siegert et al.,
1999).

The poor APC activity of macrophages is probably due to their downregulated
MHC class II and costimulatory (CD80) molecule levels (Elgert et al., 1998; Lahat
et al., 2003). This downregulation is accentuated by hypoxia (Lahat et al., 2003),
as is their phagocytic activity. TAMS also impair tumor immunity by their pro-
duction of cytokines and other factors that polarize immunity away from a tumor-
rejecting Type 1 response and toward a tumor-promoting Type 2 response. Notably,
TAMS produce high levels of the hallmark Type 2 cytokine IL-10, which induces
Type 2 CD4+ and CD8+ T cells, and are impaired for production of the key Type 1
cytokine, IL-12 (Sinha et al., 2007a). The net result is that TAMS are not only unable
to directly eliminate tumor cells, but they subvert immune surveillance and sup-
press immunity mediated by other cells. The pro-tumor effects of TAMS on tumor-
bearing individuals has been confirmed by in vivo studies in which mice depleted
for macrophages were shown to be resistant to spontaneous metastatic mammary
carcinoma as compared to macrophage-bearing mice which were susceptible (Sinha
et al., 2005a,b).

The functions associated with tumor-promoting macrophages and TAMS are
generally consistent with macrophages that are activated through the so-called
“alternative activation” pathway and are frequently called “M2” macrophages (Sica
et al., 2006). This activation pathway is described in Sects. 8 and 9.
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7 TAMS Facilitate Malignant Transformation by
Promoting Inflammation

Pollard (2004) and Mantovani et al. (2005) have proposed that macrophages may not
only promote progression of established tumors, but also contribute to the transfor-
mation of normal cells through their induction of a pro-inflammatory environment.
It was first observed in the late 1800s that cancers are frequently preceded and/or
accompanied by inflammation (Balkwill and Mantovani, 2001), and experimental
and epidemiological studies support the concept that inflammation promotes tumor
progression (Balkwill et al., 2005; Coussens and Werb, 2002; Greten et al., 2004;
Pikarsky et al., 2004). Since macrophages produce many pro-inflammatory media-
tors, they are a central component of the inflammatory milieu. One of the possible
mechanisms by which macrophage-induced inflammation promotes tumorigenesis
is by the production of reactive oxygen and nitrogen species. These radicals produce
peroxynitrite which can mutate the DNA of neighboring cells (Fulton et al., 1984;
Maeda and Akaike, 1998).

The major intracellular regulator of the inflammatory program is NF-�B, a tran-
scription factor that is not active unless it is uncoupled from its inhibitors. In addition
to its expression in macrophages, NF-�B is also expressed in many tumor cells
where its activation produces a more aggressive phenotype and the production of
chemokines and cytokines that attract more macrophages to the tumor site, and in
turn promote tumor growth (Karin and Lin, 2002). In contrast to its clear role in
tumor cells, studies have shown conflicting results for the consequences of NF-�B
expression in macrophages. In agreement with its pro-inflammatory role in malig-
nant cells, inhibition of NF-�B in macrophages of mice that spontaneously develop
tumors results in delayed tumor onset, consistent with the concept that blocking
inflammation is beneficial (Colombo and Mantovani, 2005). However, these find-
ings are in conflict with the observation that defective NF-�B in TAMS of late
stage tumors promotes tumor progression, and that restoring NF-�B activity in
these TAMS delays tumor growth (Saccani et al., 2006). Sica has suggested that
this apparent inconsistency is due to differences in the tumor microenvironments of
developing vs. late stage tumors (Sica and Bronte, 2007), a concept that remains to
be tested.

Therefore, TAMS use multiple, diverse mechanisms to promote tumor initiation
and progression (Fig. 4).

8 “Classically Activated” Vs. “Alternatively Activated”
Macrophages

Early studies on macrophage activation demonstrated that mice infected with cer-
tain bacteria developed macrophages with heightened indiscriminate antimicro-
bial activity (Mackaness, 1964). Macrophage activation was due to stimulation
with lipopolysaccharide (LPS) derived from the outer membrane of the bacteria
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Fig. 4 TAMS promote tumor progression by multiple, diverse mechanisms

in conjunction with the Type 1 cytokines, IFN�, produced by CD4+ Th1 and NK
cells (Dalton et al., 1993) and IL-12 and IL-18 produced by antigen-presenting
cells (Dalton et al., 1993). IFN� in particular synergizes with LPS by upregulating
macrophage levels of TLR-4 which are downregulated when LPS binds to its recep-
tor (CD14) (Bosisio et al., 2002). Following LPS and IFN� binding,2′ signals are
transmitted through an NF-�B-dependent intracellular pathway that results in the
transcription of a broad array of inflammatory mediators (Karin and Greten, 2005).
Because this was the first well-defined mechanism for macrophage activation, it is
known as the “classical” pathway. A schematic of this activation pathway is shown
in Fig. 5.

Subsequent studies demonstrated that macrophages are also activated through an
“alternative” pathway in response to the Type 2 cytokines IL-4 and IL-13 (Fig. 5).
Recognition that macrophages are activated by certain Type 2 cytokines was initially
controversial, since the Type 2 cytokine, IL-10, was originally thought to deacti-
vate/inactivate macrophages (Stein et al., 1992).

Classically activated and alternatively activated macrophages share certain sur-
face markers (F4/80 and CD11b or CD68 in the mouse; CD11b or CD68 in humans);
however, the two categories of macrophages also have distinct markers. For exam-
ple, classically activated macrophages induced by IFN� display increased expres-
sion of MHC class II and the costimulatory molecule CD86 (de Waal Malefyt
et al., 1993) and reduced expression of the mannose receptor (Stein et al., 1992).
In contrast, alternatively activated macrophages induced by IL-4 and IL-13 have
heightened expression of the mannose receptor, CD23 (the Fc receptor for IgE)
(Becker and Daniel, 1990), CD163 (hemoglobin scavenger receptor) (Kristiansen
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Fig. 5 Cytokines and bacterial products polarize macrophages toward an M1 or an M2 phenotype.
M1 or classically activated macrophages are induced by LPS produced by bacteria and IFN� pro-
duced by activated T and NK cells. LPS binds to its receptor (CD14) which interacts with TLR-4
and by signaling through NF-�B, pro-inflammatory mediators are produced. M1 macrophages are
also activated by TNF� and/or GM-CSF. M2 macrophages are activated by IL-4 and IL-13 through
IL-4R� or by immune complexes, glucocorticoid hormones, activin A or IL-21

et al., 2001) and Dectin-1 (�-glucan receptor) (Brown et al., 2002) and reduced
expression of the lipopolysaccharide receptor CD14.

In addition to different cell surface markers, classically activated and alterna-
tively activated macrophages have distinct functions that are characterized by the
production of specific cytokines and chemokines. Classically activated macrophages
produce high levels of iNOS and display the characteristic respiratory burst. They
also produce pro-inflammatory cytokines and chemokines such as TNF�, IL-12,
IL-1, IL-6, IP-10 and MIP-1�. As a result, classically activated macrophages are
pro-inflammatory, very effective in killing intracellular pathogens and efficient
antigen-presenting cells (Taylor et al., 2005).

Alternatively activated macrophages produce a very different array of cytokines
and chemokines and mediate different functions. They produce the Type 2 cytokine
IL-10 (Kambayashi et al., 1996), the IL-1 receptor antagonist (Mantovani et al.,
2001), TGF� (Lee et al., 2001), CCL22 (also known as macrophage-derived
chemokine MDC) (Bonecchi et al., 1998), CCL17 (thymus- and activation-regulated
chemokine) (Imai et al., 1999) and CCL2 (also known as monocyte chemoattrac-
tant protein-1 or MCP-1) (Gu et al., 2000). These chemokines and cytokines
block the effects of IL-1 and other pro-inflammatory mediators and therefore
create a non-pro-inflammatory environment. This phenotype facilitates the produc-
tion of collagen, fibronectin and other proteins associated with the extracellular
matrix, which in turn promote cell growth, tissue repair and tissue remodeling.
Alternatively activated macrophages also promote humoral (antibody-mediated)
immunity and the elimination of parasites (Gordon, 2003a; Taylor et al., 2005).
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Fig. 6 “Classically activated”
and “alternatively activated”
macrophages have different
phenotypes that are
characterized by distinct
patterns of cell surface
markers, cytokines,
chemokines and other
cytosolic or secreted
molecules

Therefore, although classically activated and alternatively activated macrophages
are derived from a common precursor, they are molded by their environments to
give rise to two distinct cell populations that have specific cell surface markers and
specific functions (Fig. 6).

9 Classicially Activated and Alternatively Activated
Macrophages and the M1 and M2 Paradigm

During the 1980s, Mosmann and colleagues demonstrated that mature CD4+ T cells
fall into one of two categories based on their production of cytokines. The so-
called Th1 cells produced IFN�, while Th2 cells produced IL-4, IL-5 and IL-10
(Mosmann and Coffman, 1989). Additional cytokines characteristic of Th1 vs. Th2
cells have subsequently been identified, and the Type 1 vs. Type 2 terminology has
been extended to CD8+ T cells (Tc1 vs. Tc2) (Mosmann and Sad, 1996) and den-
dritic cells (DC1 vs. DC2) (Rissoan et al., 1999). Type 1 cytokines typically acti-
vate macrophages with characteristics of classically activated macrophages, while
Type 2 cytokines activate macrophages with characteristics of alternatively activated
macrophages. This pattern of activation is most pronounced in the response to Leish-
mania major. C57BL/6 mice are resistant to Leishmania and when infected produce
IFN� which induces macrophages that produce nitric oxide (NO) and eliminate the
parasite. In contrast, BALB/c mice are susceptible to Leishmania and when infected
with Leishmania produce IL-4 which activates macrophages that produce high lev-
els of arginase (Heinzel et al., 1989; Scott et al., 1988). Since this pattern of cytokine
production by macrophages is similar to the polarized production of cytokines by
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CD4+ Th1 and Th2 cells, Mills proposed that the two types of macrophages which
correspond to classically activated and alternatively activated macrophages be called
M1 and M2 macrophages, respectively (Mills et al., 2000).

The M1/M2 paradigm for macrophage activation has been greatly expanded by
Mantovani, Sica and colleagues (Mantovani et al., 2006; Mantovani et al., 2002,
2005), and additional factors have been shown to polarize macrophages toward an
M1 vs. an M2 phenotype. Generally, induction of M1 macrophages is mediated
by IFN� alone or in combination with LPS, TNF� or GM-CSF, and induction of
M2 macrophages is mediated by IL-4, IL-13, immune complexes, IL-10, gluco-
corticoid hormones, activin A (a TGF� family member) (Ogawa et al., 2006) and/or
IL-21 (Pesce et al., 2006). M1 macrophages are typically pro-inflammatory, mediate
tissue destruction, kill intracellular parasites and kill tumor cells. In contrast, M2
macrophages mediate tissue remodeling and angiogenesis, parasite encapsulation
and promote tumor progression (Mantovani et al., 2007).

10 Arginine Metabolism in M1 and M2 Macrophages

A major characteristic of M1 vs. M2 macrophages is their metabolism of the amino
acid arginine. Arginine is taken up from the surrounding environment by cells such
as macrophages through the cationic amino acid transporter (cat) in their plasma
membrane. Once in the cytosol, there are two basic pathways by which arginine
is metabolized: the nitric oxide (NO) pathway which is generally used by M1
macrophages or the arginase pathway which is used by M2 macrophages. If arginine
is metabolized through the NO pathway, then NO and L-citruline are produced; if
it is metabolized through the arginase pathway, then L-ornithine and urea are pro-
duced. Since this chapter focuses on the role of macrophages in immunity, the fol-
lowing discussion will only deal with those aspects of arginine metabolism relevant
to macrophages in tumor immunity; however, both pathways are also involved in
non-tumor-related functions of macrophages (Mills, 2001). The intricacies of argi-
nine metabolism were first worked out in macrophages (Mills, 2001). However, it is
now clear that the same pathways are involved in myeloid-derived suppressor cells
(MDSC) (Bronte and Zanovello, 2005; Bronte et al., 2003), another population of
cells that promotes tumor progression and is discussed elsewhere in this monograph.

The NO pathway uses inducible nitric oxide synthase (iNOS) to generate NO.
iNOS is upregulated in M1 macrophages by Type 1 cytokines, such as IFN� and
TNF�. Since iNOS expression is persistent, NO can accumulate to more than 1000
fold of the normal level in M1 macrophages (Bogdan, 2001). NO is cytotoxic and
destroys target cells because it inhibits cell replication (MacMicking et al., 1997),
blocks mitochondrial respiration (Nathan et al., 1991) and may induce apoptosis
(Albina et al., 1993; Saio et al., 2001). NO can also interact with superoxide (O−

2 ),
an oxygen radical also made by macrophages, to generate peroxynitrite (ONOO−)
(Albina et al., 1993; Koppenol et al., 1992). Although superoxide may contribute to
the toxic effects of M1 macrophages by generating peroxynitrite, O−

2 in some cases
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Fig. 7 M1 and M2
macrophages metabolize
arginine through different
pathways. M1 macrophages
metabolize arginine through
the iNOS pathway which
converts arginine to nitric
oxide. M2 macrophages
metabolize arginine through
the arginase pathway and
produce polyamines and
proline

can block NO toxicity, and inactivation of O−
2 by superoxide dismutase may reverse

this effect (Tohyama et al., 1996).
In contrast to the NO pathway, the arginase pathway used by M2 macrophages

promotes tumor progression. Macrophages contain both arginase I and arginase II.
Arginase I is present in the cytosol and arginase II is expressed in mitochondria.
Arginase I is the relevant enzyme in macrophages and is induced in response to
the Type 2 cytokines IL-4, IL-13, TGF� and/or IL-10 (Morris et al., 1998; Wu
and Morris, 1998). It converts arginine to ornithine which in turn is converted to
polyamines. Polyamines can favor tumor cell proliferation because they are required
for DNA replication (Pegg, 1988). Interestingly, the arginase pathway also favors
lymphocyte proliferation (Bowlin et al., 1987); however, its effects on promoting
tumor growth appear to over-ride any anti-tumor effects of increased numbers of
lymphocytes. In addition to its serving as a precursor for polyamines, ornithine is
also a precursor of the amino acid proline, which is a major constituent of collagen.
Since collagen is an important component of the extracellular matrix, ornithine may
also promote tumor progression by facilitating the tumor infrastructure (Fig. 7).

11 Transcriptional Signatures of M1 and M2 Macrophages

The previous cataloging of molecules and markers expressed by macrophages was
done by conventional biochemical and immunological techniques. With the advent
of gene arrays and real-time polymerase chain reaction assays, it was possible
to analyze the transcriptional program of TAMS. Many of the same molecules
that had previously been identified at the protein level were also upregulated at
the transcriptional level in TAMS as compared to peritoneal macrophages. These
transcripts encoded molecules associated with immune suppression, angiogenesis
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Table 2 RNA signatures of tumor-associated macrophages (TAMS, M2) as compared to peritoneal
exudate cells (PEC; M1)

Molecule Activity No LPSa +LPSa

TAMb PECb TAMb

Mif Inhibits macrophage migration 2 NA NA
IL-12 p40 Inflammation ND 11,059 150
TNF� Inflammation NA 5 3
IL-1� Inflammation ND 395 75
IL-6 Inflammation ND 120 55
CCL3 (MIP-1�) Inflammation ND 85 20
TGF� Immune suppression ND 2 18
IL-10 Immune suppression 4 20 100
CCL2 (MCP-1) Macrophage chemoattractant 6 9 10
CCL5 (RANTES) T-cell chemoattractant 16 100 180
CXCL9 (MIG) T-cell chemoattractant 18 20 35
CXCL10 T-cell chemoattractant 8 15 95
CXCL16 Leukocyte chemoattractant 4 15 20

Macrophages were isolated from thioglycolate-induced peritoneal exudates (PEC) from tumor-free
mice or from tumor of tumor-bearing mice (TAM). Adapted from Biswas et al. (2006). ND not
determined
aActivated or not activated in vitro with LPS
bmRNA fold increase relative to PEC cultured in medium without LPS

and monocyte recruitment. Unexpectedly, transcripts of some IFN-inducible pro-
inflammatory genes associated with M1 macrophages were also found (Table 2).
Therefore, the transcriptional signature of TAMS is closely related to that of alter-
natively activated M2 macrophages; however, TAMS also express some IFN�-
inducible genes indicating that they also have distinctive characteristics (Biswas
et al., 2006; Ghassabeh et al., 2006).

12 Caveats of the M1/M2 Nomenclature

The M1/M2 nomenclature is a useful shorthand for categorizing the two most preva-
lent phenotypes of macrophages. However, as seen by their transcriptional signa-
tures and other studies, macrophage populations do not always neatly fit into one of
these categories, making the nomenclature convenient, but an over-simplification.
Whether there are additional discrete subpopulations of macrophages or whether
the M1 and M2 phenotypes represent the polarized extremes with a continuum
of phenotypes in between is not known. However, these discrepancies have led
Mantovani et al. [2004] to subdivide M2 macrophages into additional categories.
Accordingly, they use M1 to refer to all macrophages that are “classically acti-
vated” by IFN�± LPS ± other Type I cytokines, and that as a result are IL-10low,
good antigen-presenting cells, IL-12high and IL-23high, so they promote a Type 1
response and produce high levels of NO and other reactive oxygen intermediates.
In their terminology, the M2 category is a catch-all for all macrophages that are not
M1 and includes macrophages with the common properties of IL-12low IL-10high,
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promoting Type 2 responses and enhancing tissue remodeling. They further classify
M2 macrophages as M2a for macrophages activated by IL-4 and/or IL-13; M2b for
macrophages activated by IC, TLRs or IL-R; and M2c for macrophages activated
by IL-10 or glucocorticoid hormones (Mantovani et al., 2004).

Future studies may identify additional categories or subsets of macrophages with
distinct phenotypes and functions. Genomic and proteomic analyses may be par-
ticularly informative, and it is likely that they will identify new populations of
macrophages whose phenotype and function partially overlap with existing popu-
lations. To remain useful, the M1/M2 nomenclature will have to incorporate these
new populations, and new categories may have to be designated.

13 Cancer Therapies Targeting TAMS

Because TAMS are strongly correlated with poor prognosis, therapeutic strate-
gies designed to eliminate, inactivate or re-polarize them are attractive (Manto-
vani et al., 2006; Sica and Bronte, 2007). One approach has been to reduce or
eliminate TAMS that have already accumulated at the tumor site. Using multiple
mouse tumor systems, mice with primary and/or metastatic disease were immu-
nized with a DNA vaccine encoding legumain, an asparaginyl endopeptidase that is
over-expressed in TAMS. Treated mice had significantly extended survival times
and/or rejected tumors. Enhanced tumor resistance was accompanied by strong
CD8+ T-cell responses to TAMS, reduction in the quantity of TAMS and reduced
tumor angiogenesis (Luo et al., 2006).

Another therapeutic strategy has been to re-polarize TAMS from an M2 to
an M1 phenotype. Mice with large established tumors were inoculated intratu-
morally with adenovirus encoding the chemokine CCL16 to induce accumulation
of macrophages, along with CpG, the ligand for Toll-like receptor 9 and antibodies
to the IL-10 receptor to skew the induced macrophages toward an M1 phenotype.
Mice developed both innate and adaptive (T-cell) responses against their tumors,
reduced or eliminated metastatic disease and rejected primary tumors (Guiducci
et al., 2005).

Other studies have identified particular genes that may regulate macrophage
polarization and therefore have the potential to be therapeutic targets. One such
factor is p50 NF-�B inhibitory homodimer. p50 accumulates to very high levels in
the nuclei of TAMS in wild-type mice, and over-expression of p50 blocks IL-12
expression by macrophages from tumor-free mice. In contrast, macrophages from
tumor-bearing mice deficient for p50 have an M1 phenotype and reduced tumor
progression (Saccani et al., 2006). Therefore, inhibition of p50 accumulation in the
nucleus may re-polarize macrophages from an M2 to an M1 phenotype.

Signal transducer and activator of transcription 6 (STAT6) also determines
macrophage polarization. IL-4 and IL-13 induce M2 macrophages by binding to
the plasma membrane IL-4R� and signaling through the JAK2/STAT6 pathway.
Therefore, mice that are deficient for the STAT6 gene produce M1 and not M2
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macrophages and reject established metastatic disease and survive if their primary
tumors are surgically removed (Sinha et al., 2005b). STAT6−/− mice are also
resistant to recurrence of primary fibrosarcomas (Terabe et al., 2000).

Polarization of macrophages toward an M1 phenotype is also influenced by the
MHC class I non-classical CD1d gene. CD1−/− mice are deficient for IL-13 because
they lack IL-13-producing NKT cells. In the absence of IL-13, their macrophages
are polarized toward an M1 phenotype. Similar to STAT6−/− mice, CD1−/− mice
reject established metastatic disease and survive if their primary tumors are sur-
gically removed (Sinha et al., 2005a) and are resistant to recurring fibrosarcomas
(Terabe et al., 2003).

Another gene that appears to regulate macrophage phenotype is Src homology
2-containing inositol-5′ phosphatase (SHIP), an enzyme that downregulates the
phosphatidylinositol 3-kinase pathway in myeloid cells. Transplanted tumors grow
more quickly in SHIP knockout mice, and macrophages from SHIP knockout mice
produce elevated levels of arginase I and low levels of NO, indicative of an M2
phenotype. Therefore, SHIP appears to contribute to an M1 phenotype and drugs
aimed at maintaining or increasing SHIP expression may impact the development
of TAMS (Rauh et al., 2005).

Although not directly affecting TAMS, another therapeutic strategy is based on
the observation that macrophages home to hypoxic regions of tumors. Since tumor
cells residing in these regions are frequently not affected by standard chemotherapy
or radiation therapy, it has been proposed to use macrophages as delivery vehicles
for targeting gene expression to resilient areas of tumors (Griffiths et al., 2000;
Murdoch et al., 2005)

14 Indolamine 2,3-Dioxygenase, Macrophages and Suppression
of Tumor Immunity

Although the enzyme indolamine 2,3-dioxygenase (IDO) was first identified more
than 40 years ago, its role in immune suppression has only recently been discov-
ered (Grohmann et al., 2003). IDO is an intracellular enzyme that degrades trypto-
phan which is taken up by cells through one of two plasma membrane transporters
(Seymour et al., 2006). The resulting microenvironment is therefore depleted of
tryptophan and surrounding cells are unable to progress through the cell cycle
(Munn et al., 1999). Tumor cells themselves secrete IDO which to some extent
reduces tumor growth. However, dendritic cells and macrophages also produce
IDO, and the IDO produced by these antigen-presenting cells profoundly suppresses
T-cell activation and this suppression outweighs the direct effects of IDO on tumor
cells. The net result is that lymphocytes in the lymph nodes draining solid tumors
are tolerized or non-responsive to tumor antigens thereby eliminating adaptive anti-
tumor immunity (Munn and Mellor, 2004, 2006). Consistent with the concept that
M2 macrophages promote tumor growth, one would expect that IDO would be pro-
duced by M2, and not by M1, macrophages. However, macrophage (and dendritic
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cell) synthesis of IDO is induced by the Type 1 cytokine IFN� (Koide and Yoshida,
1994), which activates M1 macrophages. Studies examining the production of IDO
by M1 and M2 macrophages are needed to clarify which macrophages produce IDO
and if IDO-mediated T-cell suppression fits into the M1/M2 paradigm.

15 TAMS and Myeloid-Derived Suppressor Cells

In addition to macrophages, another population of cells of myeloid origin, myeloid-
derived suppressor cells (MDSC) (Gabrilovich et al., 2007), promote tumor pro-
gression. MDSC are the subject of another chapter in this monograph, and hence a
detailed description of their function is not included here. However, MDSC and
TAMS are histologically related and because they both are potent inhibitors of
anti-tumor immunity, a brief comparison of these two myeloid cell populations is
warranted.

The phenotypic markers expressed by TAMS were discussed in Sect. 8 and
are shown in Fig. 6. MDSC express the macrophage marker CD11b and also Gr1
(mouse) or CD15 and CD33 (human), markers of granulocytes and monocytes that
are not expressed by TAMS. Although some studies report that MDSC also express
the macrophage marker F4/80, this finding is not consistently reported. It has been
suggested that when MDSC enter the tumor microenvironment they differentiate
into TAMS and become F4/80+; however, this hypothesis remains to be proven
(Kusmartsev et al., 2005; Kusmartsev et al., 2005). If TAM and MDSC are to be
distinguished by cell surface markers, then it is necessary to test for multiple mark-
ers to avoid mis-identification. Gene array studies assaying for a limited number of
genes expressed at the mRNA level confirm that TAM and MDSC not only share
many molecules, but also have distinctive expression patterns (Biswas et al., 2006)
(Table 3).

TAMS and MDSC both inhibit anti-tumor immunity by interfering with the
generation of tumor-specific T lymphocytes. As discussed above, TAMS are poor
APC and they produce cytokines that polarize immunity toward a tumor-promoting
Type 2 response. MDSC also skew immunity toward a Type 2 response through their
release of IL-10. Interestingly, cross-talk between macrophages and MDSC exacer-
bates this polarization since macrophages induce MDSC to produce elevated levels
of the prototype Type 2 cytokine, IL-10, and MDSC downregulate IL-12 production
by macrophages (Sinha et al., 2007a) (Fig. 8). MDSC also block T-cell activation
by their production of arginase and/or nitric oxide. Although arginase metabolism
is similar in MDSC and TAMS, TAMS do not use this pathway for blocking T-cell
activation (Bronte and Zanovello, 2005; Kusmartsev et al., 2004; Rodriguez and
Ochoa, 2006).

TAMS and MDSC also share the characteristic of facilitating tumor progression
by promoting angiogenesis. Similar to TAMS, MDSC mediate this effect through
their production of MMP9 (Yang et al., 2004). Whether hypoxia plays a role in
MDSC-induced angiogenesis as it does in TAMS is not known.
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Table 3 RNA signatures of tumor-associated macrophages (TAMS, M2) vs. myeloid-derived sup-
pressor cells

Molecule TAMa MDSCa

IL-4b No IL-4 IL-4b

TGF� 2+ 2+ –
IL-10 – 1+ 1+
IL-1R� 1+ – 1+
MSr1 – – 1+
CCL22 2+ 1+ 1+
Ym1 2+ – 2+
Fizz1 4+ 2+ 4+
Arg I 5+ 2+ 3+
Arg II – – 1+

+LPSc No LPS +LPSc

CCL2 1+ 1+ 1+
CCL5 3+ 2+ 3+
CXCL9 1+ 1+ 1+
CXCL10 3+ 2+ 3+
CXCL16 2+ 2+ 1+
Macrophages were isolated tumors. MDSC are an established cell line obtained by immortalizing
splenic Gr1+ cells from a tumor-bearing mouse. Adapted from Biswas et al. (2006)
aFold increase in mRNA level relative to non-IL-4 or LPS-treated MDSC: + ≤ 10 fold; 2+ ≤ 100
fold; 3+ ≤ 1000 fold; 4+ ≤ 10, 000 fold; 5+ ≤ 100, 000 fold
bActivated by in vitro treatment with IL-4
cActivated by in vitro treatment with LPS

As discussed previously, macrophages may promote tumor progression because
they are a critical component of the inflammatory microenvironment. Although
MDSC do not secrete pro-inflammatory mediators, they are induced by inflamma-
tion (Bunt et al., 2006; Rodriguez et al., 2005; Sinha et al., 2007b; Song et al.,
2005), and it has been proposed that inflammation therefore contributes to tumor

Fig. 8 Cross-talk between macrophages and myeloid-derived suppressor cells (MDSC) polarize
immunity toward a tumor-promoting Type 2 response. M1 and M2 macrophages increase the pro-
duction of IL-10 by MDSC, while MDSC downregulate IL-12 production by macrophages. Both
interactions require cell–cell contact and result in a net increase in IL-10 and a decrease in IL-12
which polarizes immunity toward a tumor-promoting Type 2 response
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progression by inducing MDSC which suppress adaptive immune surveillance,
thereby facilitating the expansion of malignant cells (Sinha et al., 2007b).

Both TAMS and MDSC are heterogeneous populations of cells that consist of
a mixture of myeloid cells at different stages of differentiation. Although we cur-
rently consider these cells to fall into distinct populations they may represent the
extremes of a large family of cells and there may be a spectrum of cells between
these extremes that have properties of both populations. Alternatively, TAMS and
MDSC may represent alternative differentiation pathways that diverge from a com-
mon myeloid progenitor. Regardless of their origin, TAMS and MDSC have many
similarities in function and marker expression, and both populations are potent pro-
moters of tumor cell progression.

16 Conclusions

Macrophages are a diffuse and heterogenous population of cells whose ultimate
phenotype and function are dictated by the environment in which they exist. Their
affinity for hypoxic regions of tumors enables them to home to these locations where
they become a major component and take on functions driven by the chemokines
and other factors produced by tumor cells and other cells residing in the tumor
stroma. Their ability to stimulate angiogenesis, inhibit T-cell activation and pro-
mote invasiveness provides them with multiple approaches for promoting the growth
of primary tumors and encouraging metastatic disease. In addition to their abil-
ity to facilitate progression of established tumors, macrophages also contribute to
tumor initiation through their production of pro-inflammatory mediators. Therefore,
tumor-associated macrophages are a significant component of malignant diseases
and the development of any preventive or therapeutic treatments for cancer must
take into account this population of cells.
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Myeloid-Derived Suppressor Cells in Cancer

Paolo Serafini and Vincenzo Bronte

1 History and Nomenclature of Tumor-Conditioned Myeloid
Cells with Suppressive Activity on the Immune Response

In the late 1970s, many researchers described the presence of a cellular population
that could inhibit different activities of the immune system, both in vivo and in
vitro. These cells, named natural suppressor (NS) cells, inhibited the proliferative
responses of T-helper lymphocytes to mitogens or alloantigens, antibody production
by B lymphocytes and the generation of cytotoxic T lymphocytes (CTLs) indepen-
dently of antigen and MHC restriction (Strober, 1984). NS cells were also suspected
to be involved in pathways of tolerance induction. NS cells were shown to appear
only briefly in fetal newborn tissues and the placenta during pregnancy as well as
during the neonatal maturation of the lymphoid tissues; however, they could be
induced in adults by manipulation of the lymphoid tissues with certain treatments
such as total lymphoid irradiation, cyclophosphamide administration and during
graft-versus-host disease (Strober, 1984). The presence of these cells in several
body environments, all characterized by either enhanced hematopoiesis or an intense
immune response, suggested their possible involvement in regulating myeloid cell
differentiation and controlling lymphocyte and myeloid expansion.

Assigning a characteristic phenotype to NS cells was an unresolved problem for
many years and several discrepancies were found in the marker distribution in cells
with suppressive activity on T lymphocytes activated in vitro, even though some
evidence pointed to the monocytic/macrophage lineage (Maier et al., 1985, 1989;
Strober et al., 1989; Sykes et al., 1990). The phenotype of NS cells was orig-
inally defined “null” because they appeared to lack the usual markers of mature
macrophages, T, B and natural killer (NK) cells. Purified NS cells did not lose their
inhibitory activity during in vitro culture nor kill classic NK targets, nor differentiate
into macrophages or mature lymphocytes. Unfortunately, despite the importance of
these early findings, many experimental limitations (such as a restricted antibody
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panel to identify their phenotype, the widespread use of culture supernatants with
unknown cytokines and growth factors composition and the absence of high-purity
techniques to isolate cell subsets) postponed for many year the progress in under-
standing their biology. These technical restrictions, combined with experimental
difficulties in validating some results and the absence of a clear phenotype, made
the very existence of NS doubtful. For these reasons until the 1990s the immuno-
suppressive role of NS/suppressive myeloid cells in tumor-bearing host was still
poorly known.

Already Subiza et al. (1989) showed the expansion of NS in Ehrlich tumor-
bearing mice, but the first clear involvement of myeloid cells in lowering immune
surveillance and in promoting tumor growth was provided in 1995. The administra-
tion of an antibody directed against the antigen Gr1 (recognizing the cross-reacting
molecules of lymphocyte antigen 6 complex locus C and G) to immunocompetent
mice reduced the growth of an ultraviolet light-induced tumor (Seung et al., 1995).
The effect of the in vivo anti-Gr1 administration was originally attributed to the
elimination of granulocytes, but successive reports from our and other groups sug-
gested that the Gr1+ cells were mostly CD11b+ and comprised both polymorphonu-
clear and mononuclear cells, including elements at different maturation stages along
the myelomonocytic differentiation lineage (Kusmartsev and Gabrilovich, 2006b;
Serafini, 2006a).

The clear heterogeneity of the CD11b+/Gr1+ cells has generated some confu-
sion, somehow amplified by the use of different terms to define the same cells
(i.e., natural suppressor cells, immature myeloid cells or myeloid suppressor cells).
Recently a panel of investigators agreed to use the common term of myeloid-derived
suppressor cells (MDSCs; Gabrilovich et al., 2007). Even though numerous findings
suggest that the main population responsible for the immune dysfunctions induced
in CD8+ T cells has a monocytic rather than granulocytic phenotype among the
mouse CD11b+/Gr1+ cells (Gallina et al., 2006; Kusmartsev and Gabrilovich, 2005;
Van Ginderachter et al., 2006), the use of the myeloid term highlights the common
finding of the enhanced myelopoiesis in tumor-bearing hosts and our incomplete
understanding of the relationship between the two main components generated
by this altered myeloid differentiation (i.e., polymorphonuclear and mononuclear
cells).

2 Mouse MDSCs: Biology and Function

MDSCs represent a heterogeneous population of myeloid cells comprising imma-
ture macrophages, granulocytes, dendritic cells (DCs) and other myeloid cells at
earlier stages of differentiation that can be identified in mice by expression of
CD11b and Gr1. Co-expression of these markers, together with the immature marker
CD31, and the ability to form colonies in agar is consistent with the phenotype
of myeloid progenitors (Bronte et al., 2000; Fu et al., 1990; Melani et al., 2003).
In healthy mice CD11b+/Gr1+ cells can be detected in sizeable numbers only in
the bone marrow (BM, about 30–40 %); however, small numbers of these cells
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(<4 %) can also be found in the blood and spleen. CD11b+/Gr1+ cells comprise
myeloid precursors that can generate mature granulocytes, macrophages and DCs
when cultured in vitro with the appropriate cytokines cocktail (Apolloni et al.,
2000; Bronte et al., 2000; Kusmartsev et al., 2003). Disturbances in cytokine and
chemokine balance, induced by tumor growth, infection, immune stress and even
vaccination, can alter the homeostasis of this population leading to its accumula-
tion in the secondary lymphoid organs and, ultimately, influencing their maturation
toward a suppressive phenotype. It must be pointed out that CD11b+/Gr1+ cells
in the BM of naïve mice do not show a relevant suppressive activity ex vivo and
suppression of T-cell function can be observed only when supra-physiologic num-
bers of cells are used in in vitro assays (Bronte, unpublished data); however, they
can acquire full suppressive function when cultured for few days in the presence
of granulocyte macrophage-colony stimulating factor (GM-CSF) (Rossner et al.,
2005) or with activated CD4+ T cells (Serafini, unpublished data). Also, in mice
bearing solid or hematologic tumors, ex vivo BM-derived CD11b+ cells show little
suppressive activity and low expression of suppressive markers (Serafini, unpub-
lished data). Taken together these findings seem to indicate that the majority of BM
CD11b+/Gr1+ are still pluripotent cells that can differentiate, depending on the kind
and/or duration of cytokine/chemokine stimulation, into cells able to either enhance
(e.g., myeloid DCs) or restrain (MDSCs) the immune response (Kusmartsev and
Gabrilovich, 2006a; Rossner et al., 2005).

Differently from BM, MDSCs in peripheral organs are fully suppressive. In var-
ious mouse models, indeed, the dysfunctional immune responses of T lymphocytes
in tumor-bearing mice depended almost entirely on the accumulation of MDSCs in
the blood and secondary lymphoid organs. Primary tumor resection, Gr1+ depletion,
pharmacological inhibition or genetic MDSC inactivation often results, in fact, in a
complete correction of T-cell dysfunctions (Bronte et al., 1998, 1999; Danna et al.,
2004; De Santo et al., 2005; Gallina et al., 2006; Rodriguez et al., 2005; Salvadori
et al., 2000; Serafini et al., 2006b; Seung et al., 1995; 2005a, 2005a; Terabe et al.,
2003).

These studies have also unveiled a functional plasticity of the CD11b+/Gr1+

cells in tumor-bearing hosts that was confirmed by in vitro experiments in which
MDSCs extracted from tumor-bearing mice were cultured with Th1- or Th2-derived
cytokines. The MDSCs’ suppressive phenotype was enhanced, in fact, by the addi-
tion of Th2 cytokines (such as interleukin (IL)-4) or IL-10 to these cultures. Con-
versely, MDSCs co-cultured with Th1 cytokines enhanced antigen-specific T-cell
cytotoxicity, thereby underscoring the ability of MDSCs to differentiate into func-
tional antigen-presenting cells (APCs) when placed in the appropriate cytokine envi-
ronment (Bronte et al., 2000). Moreover, MDSC subsets can appear transiently in
cultures of BM cells stimulated with GM-CSF to generate myeloid DCs (Rossner
et al., 2005): These cells were CD11c− myeloid precursor cells with ring-shaped
nuclei and were Gr1low, CD11b+, CD31+, ER-MP58+, asialoGM1+ and F4/80+

(Rossner et al., 2005), a phenotype very similar to MDSCs described in tumor-
bearing mice (Kusmartsev et al., 2005). Despite these in vitro observations and the
fact that strong signal such as Flt3L, a combination of GM-CSF and IL-4 (Bronte
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et al., 2000) or all-trans retinoic acid (ATRA) (Kusmartsev, et al., 2003) can force
MDSCs to differentiate in fully mature DCs, other in vivo data suggest that MDSCs
do not simply represent a transitional population along DC maturation but, instead,
are fully differentiated cells with a suppressive phenotype (Kusmartsev et al., 2003).
In fact, while CD11b+/Gr1+ from naïve mice adoptive transferred into naïve con-
genic mice differentiated into mature CD11c+MHC class II+ DCs and Gr1− F4/80+

macrophages within 5 days, MDSCs from tumor-bearing mice retained the pheno-
type of immature cells for longer time (Gr1+CD11b+) and the differentiation in
macrophages was significantly impaired (Kusmartsev et al., 2003).

CD11b+ Gr1+ MDSCs are strictly related to macrophages and their simple in
vitro culture can allow their maturation in macrophage-like cells (CD11b+, Gr1−,
F4/80+, class II MHC−/low, CD80+) with enhanced immunosuppressive activity
(Gallina et al., 2006; Kusmartsev and Gabrilovich 2005; Van Ginderachter et al.,
2006). Macrophages can be activated by either the classical or alternative pathways.
Classically activated macrophages (M1 type) release pro-inflammatory cytokines
and are central elements of the delayed-type hypersensitivity response, which
leads to microbicidal activity through the release of nitric oxide (NO) by nitric
oxide synthase (NOS) and cellular immunity. By contrast, alternatively activated
macrophages (M2 type) are essential for humoral immunity, tissue repair and fibro-
sis (all of which are mediated through the production of polyamines and L-proline
by the enzyme arginase (ARG)), as well as allergic and anti-parasitic responses
(Gordon, 2003). The prevalent view is that classical activation by IFN-� induces the
activity of NOS2, whereas alternative activation by T-helper 2 cytokines such as IL-
4 and IL-13 induces ARG1 activity (Munder et al., 1998), and that these two path-
ways are thought to be antithetic. MDSCs challenge this classical dichotomous view
and support the idea that M1 and M2 macrophages are the two extremes of a con-
tinuum of diverse functional states (Mantovani et al., 2004). In many experimental
situations, in fact, MDSCs can co-express ARG1 and NOS2 (Bronte and Zanovello,
2005; Bronte et al., 2003b; Serafini et al., 2004b). We recently demonstrated that,
upon activation by IFN-�, MDSCs produce both IL-13 and IFN-�, which are utilized
in an autocrine manner to enhance the production and activity of both ARG1 and
NOS2 enzymes (Gallina et al., 2006). Thus MDSC respond “paradoxically” to a Th1
cytokine in that they produce and secrete both Th2 (IL-13) and Th1 cytokines (IFN-
�). In other models, however, MDSCs were shown to restrain both CD4+ and CD8+

T-cell functions using different mechanisms (see below), whose choice can be deter-
mined by the relative contribution of Th1 and Th2 cytokines (Serafini et al., 2004b).

3 MDSCs and Tumor Progression

MDSC appearance has been prevalently reported in transplantable tumor mouse
models (Serafini et al., 2004b). These models have often been generated following
multiple in vivo passages of the transplantable cells, which ultimately can select
for clones able to avoid immune recognition. For these aspects, tumors, induced by
chemical carcinogen or by the activation of tissue-restricted, transgenic oncogenes,
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are often considered more reliable as models for tumor initiation and progression.
Indeed, MDSC accumulation has been reported not only in methylcholanthrene-
or 1,2-dimethylhydrazine-diHCl-induced tumors (Horiguchi et al., 1999; Talmadge
et al., 2007), but also in mice in which the expression of the transforming rat onco-
gene c-erbB-2, under the control of the mouse mammary tumor virus promoter,
drives the spontaneous development of mammary carcinomas with a progression
resembling that of human breast cancers (Melani et al., 2003). Interestingly, in these
latter mice, tumor multiplicity directly correlated with the accumulation of MDSCs
in the peripheral blood and in the spleens. Analogously, in the BW-Sp3 lymphoma
model, most of the BW-Sp3-bearing mice mount a CD8+ T-cell-mediated response
resulting in tumor regression. Nonetheless, tumor progression occurs in some of
the recipients and is associated with MDSC accumulation. Again, in vivo MDSC
depletion is sufficient to restore CTL activity (Liu et al., 2003).

Interestingly, in some mouse models, pro-tumoral activity of MDSCs does not
require their expansion in the secondary lymphoid organs. In a transformed fibrosar-
coma model, in which tumors grow, spontaneously regress and then recur, Terabe
et al. [2003] found that IL-13 producing CD4+ NKT cells suppressed CD8+ CTLs
to prevent complete tumor elimination. The suppressive mechanism of NKT cells,
however, was not direct but involved MDSCs. In fact, IL-13 secreted by NKT cells
was sufficient to activate MDSCs to secrete transforming growth factor (TGF)-�
that acted as final suppressive molecule (Fig. 1). Blocking TGF-� or depleting Gr1+

cells in vivo prevented tumor recurrence. This negative regulatory circuit was also
found to be active in a lung metastasis model of the mouse colon carcinoma CT26
(Park et al., 2005).

As discussed later, recent evidences indicate that MDSCs can promote tumor
progression not only by suppressing the antitumor immune response, but also (and
possibly more importantly) by promoting tumor angiogenesis through their incorpo-
ration in tumor vessel and regulation of vascular endothelial growth factor (VEGF)
bioavailability (Yang et al., 2004). These findings were recently confirmed by Young
and Cigal (2006) who demonstrated how CD34+ cells cultured in the presence
of Lewis lung carcinoma conditioned medium were skewed in their differentia-
tion toward endothelial cells expressing CD31 and CD144. Moreover, a small sub-
set of tumor-infiltrating CD11b+ myeloid cells characterized by the expression of
the Tie2, a receptor tyrosine kinase known to be restricted to endothelial cells,
was recently characterized (De Palma et al., 2005). This population, called Tie2-
expressing monocytes (TEMs), was advanced to represent a new hematopoietic
lineage of pro-angiogenic cells, selectively recruited to spontaneous and orthotopic
tumor sites and required for their neovascularization (De Palma et al., 2005).

4 Tumor-Derived Factors Regulate the Expansion, Recruitment
and Activation of MDSCs

Numerous findings indicate that tumor-derived factors (TDFs) promote not only
MDSC recruitment but also maturation toward an immunosuppressive phenotype.
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Fig. 1 Pathways of MDSC recruitment and activation. Growing tumors (1) release soluble fac-
tors (TDF) that alter the normal myelopoiesis. These factors inhibit DC maturation (2a) from
CD11b+Gr1+ precursors and enhance their maturation toward a suppressive phenotype (2b) gen-
erating MDSCs. Other factors such as IFN-�, IL-13, GM-CSF released by host cells (NKT,
effector T cells or MDSCs themselves) help MDSC maturation/activation. Once fully activated,
MDSCs can suppress the antitumor immune response directly (3a) or indirectly by expanding the
CD4+CD25+ Treg cells (3b). Tumor suppressive pathways are indicated by filled cells and broken
black lines; Anti-tumor immunity pathways by unfilled cells and by solid gray lines. The different
strategies to restrain MDSC suppressive activity (discussed in the text) are indicate in black solid
lines and underlined text
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Indeed, conditioned media from tumor cell lines can inhibit the in vitro differen-
tiation of DCs from their precursors (Gabrilovich et al., 1996), and normal BM
cells could give rise to immunosuppressive elements simply by culturing them for a
few days with supernatants from a highly metastatic Lewis lung carcinoma variant
(Young et al., 1990a). For more than 10 years efforts have been made to identify
these TDFs (Cirillo et al., 1988; Heldin, 2004; Kunicka et al., 1991; Lim et al.,
1991; Moore et al., 1992; Pegoraro et al., 1985; Rodriguez et al., 2005; Serafini,
2006a; Young et al., 1992). Tumors secrete a large panel of cytokines, chemokines
or other diffusible molecules that, alone or in combination, can induce MDSCs
recruitment and increase their maturation into fully suppressive cells. To date, a
number of candidate proteins have been identified and are discussed below.

4.1 Colony Stimulating Factor 1 (CSF-1)

The secretion of CSF-1, also called macrophage-colony stimulating factor (M-CSF),
has been described in various cancers including acute myeloblastic leukemia
(Haran-Ghera et al., 1997; Rambaldi et al., 1988), renal cell carcinoma (Gerharz
et al., 2001), bladder carcinoma (Champelovier et al., 2002) and about 70 % of
human breast cancers (Lin et al., 2002). Its expression in breast cancer is associated
with poor prognosis and is likely involved in tumor progression (Lin et al., 2002).
CSF-1 can recruit immunosuppressive macrophages and can alter the normal DC
maturation (Menetrier-Caux et al., 1998). Conditioned media from renal carcinoma
cell lines could alter the differentiation of DCs into mature APCs and this effect
could be abrogated by the use of neutralizing antibody against IL-6 and CSF-1
(Menetrier-Cauz et al., 1998). Interestingly, both IL-4 and IL-13 reversed the
inhibitory effects exerted by either renal cell carcinoma-conditioned medium or
IL-6 and CSF-1 combination on the phenotypic and functional differentiation
of CD34+ cells into DCs. IL-4 downregulated M-CSF and IL-6R-transducing
chain expression, decreased the secondary production of CSF-1 and prevented the
loss of GM-CSF receptor �-chain expression, which normally occurs during the
differentiation of CD34+ cells (Menetrier-Caux et al., 1998). Moreover, human
and mouse monocytes exposed to CSF-1 acquire the ability to suppress antigen-
and mitogen-driven T-cell proliferation through a mechanism of T-cell “starvation”.
CSF-1-treated macrophages, in fact, can deplete the microenvironment of the
essential amino acid tryptophan through the enzymatic activity of indoleamin-2,3
dioxygenase (IDO; Wing et al., 1986). Even though IDO-mediated immunosuppres-
sion has been described in cancer (Mellor and Munn, 2004; Mellor et al., 2003), the
current evidence indicates that L-arginine rather than L-tryptophan metabolism is
used by MDSCs to alter T-lymphocyte reactivity to the antigen, as further discussed
below.
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4.2 IL-6

During the late stages of tumor growth, IL-1, IL-6 and acute-phase proteins are
increased. High levels of IL-6 have been detected in leukemia, lymphoma, mul-
tiple myeloma, melanoma, as well as in breast, lung, ovarian, renal cell and pan-
creatic cancers (Trikha et al., 2003) and are associated with poor prognosis. The
physiological activity of IL-6 is complex, producing both pro-inflammatory and
anti-inflammatory effects. In addition, IL-6 affects the differentiation of myeloid
lineages, including macrophages and DCs, both in vitro and in vivo (Park et al.,
2004) through the activation of the transcription factor STAT3, which exerts a neg-
ative regulatory function on the adaptive and innate immune system during tumor
development, as described below. The important role of IL-6 in inhibition of DC
differentiation has been shown in multiple myeloma (Ratta et al., 2002). Moreover,
soluble factors derived from the BM of patients with multiple myeloma inhibited
the generation of DCs, and VEGF- and/or IL-6-specific antibodies neutralized this
inhibitory effect (Hayashi et al., 2003). The same neutralizing effect can be accom-
plished by inhibiting the mitogen-activated protein kinase (MAPK) p38, which is
activated in the cultured BM cells by co-culture with myeloma cells or exposure to
tumor culture conditioning medium. Inhibiting p38 MAPK activity in BM cells cul-
tured in the presence of tumor culture conditioning medium restored the generation
of functional, BM-derived DCs (Wang et al., 2006).

4.3 Vascular Endothelial Growth Factor

VEGF plays an important role in the formation of blood vessels during embryo-
genesis, hematopoiesis and tumor neovascularization (Jain, 2005). It is secreted by
most tumors and high levels correlate with a poor prognosis (Toi et al., 1996). Neu-
tralizing antibodies against VEGF restored DCs differentiation from hemopoietic
precursors blocked by tumor-conditioned media (Gabrilovich et al., 1998). VEGF
has been directly linked with the systemic MDSC expansion. The administration
of recombinant VEGF to tumor-free mice, in fact, resulted in inhibition of DC
development and was associated with an increase in the number of MDSCs in the
spleen (Gabrilovich et al., 1998). Moreover, tumor progression and multiplicity in
transgenic female BALB-neuT mice, which spontaneously develop mammary car-
cinomas as mentioned earlier, correlated with the increased serum levels of VEGF
and the progressive accumulation of MDSCs in the blood and spleen (Melani et al.,
2003). Furthermore, recent findings showed that the link between MDSCs, VEGF
and tumor progression could be complex and suggest that VEGF can be one of
the molecules regulating the crosstalk between tumor and tumor-associated MDSCs
(Gabrilovich, 2004). Yang et al. [2004], using the MC26 colorectal carcinoma and
the Lewis lung carcinoma models, showed that MDSCs could stimulate tumor
progression by promoting tumor angiogenesis. Tumor-associated MDSCs, in fact,
express high levels of the matrix metalloprotease 9 (MMP-9). Deletion of MMP-9
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in these cells completely abolished their tumor-promoting ability. MDSCs were also
found to be incorporated directly into tumor endothelium and regulate the bioavail-
ability of VEGF by releasing it from the extracellular matrix (Yang et al., 2004).
These findings underlie the importance of MDSCs in tumor growth and progression,
not only as effectors of tumor escape, but also by providing molecular and cellular
components necessary for tumor neo-angiogenesis.

4.4 GM-CSF

Although GM-CSF has long been considered an immune adjuvant, recent evidence
uncovered its dual role in stimulating as well as suppressing the immune system.
Almost 31 % of tested human tumor cells lines (including breast, cervical ovarian,
prostate, colon, renal cancer as well as melanoma) secreted this cytokine (Bronte
et al., 1999). GM-CSF is also secreted by many mouse cell lines such as squamous
cells carcinoma (Smith et al., 1998), colon and mammary adenocarcinoma (Bronte
et al., 1999) and plasmacytoma (Merchav et al., 1987). Moreover, Takeda et al.
(1991) showed that the GM-CSF secretion correlated with the capacity to metasta-
size when various transplantable mouse tumors were injected subcutaneously. We
showed that either tumor-transduced GM-CSF or the administration of recombi-
nant GM-CSF protein in mice was sufficient to recruit MDSCs into the secondary
lymphoid organs and suppress antigen-specific CD8+ T cells (Bronte et al., 1999).
MDSCs induced in vitro by culturing BM cells with Lewis lung carcinoma variant
(LN7) supernatants could facilitate tumor engraftment once adoptively transferred
into an immunocompetent mouse. The Lewis lung carcinoma-LN7 supernatants that
contained the factor inducing the tumor-promoting cells also had colony stimulating
factor activity. The ability of Lewis lung carcinoma cells to mediate both effects was
completely abrogated by a combination of neutralizing antibodies against GM-CSF
and IL-3 (Young et al., 1991). Moreover, mouse GM-CSF and IL-3 can synergize
in vitro to induce an immunosuppressive phenotype of cultured BM cells (Young
et al., 1990b).

On the other hand, GM-CSF has been shown to elicit powerful immune responses
when combined with �-irradiated tumor cell vaccines, in various mouse models and
in the clinical setting (Dranoff, 2002, 2003), which has led to its widespread use as
an immune adjuvant to augment antitumor immunity. Utilizing a bystander vaccine
strategy in which the antigen dose and steric hindrance could be maintained con-
stant while altering the GM-CSF dose, we assessed the impact of high versus low
concentrations of GM-CSF administered in a vaccine formulation on priming of
antitumor immunity. We confirmed the efficacy of low doses of GM-CSF secreting
vaccine and defined a threshold above which the vaccine not only lost its efficacy but
also resulted in significant in vivo immunosuppression mediated by MDSC recruit-
ment (Serafini et al., 2004a). A recent systematic analysis of different clinical trials
performed with this cytokine suggests that the same phenomenon can take place in
humans. Although in some of these studies GM-CSF appeared to help the generation
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of an immune response, in others no effect or even a suppressive effect was reported.
GM-CSF may increase the vaccine-induced immune response when administered
repeatedly at relatively low doses (range 40–80 �g for 1–5 days) whereas an oppo-
site effect was often reported at dosages between 100 and 500 �g (Parmiani et al.,
2007). These findings support the dual role of GM-CSF on the immune response and
highlight several critical parameters such as dose, systemic concentration, duration
of exposure as key factors for GM-CSF effect on the immune system, which need
to be considered when utilizing GM-CSF as a vaccine adjuvant.

4.5 IL-10

Elevated IL-10 concentrations have been found in patients with solid tumors and
hematological malignancies (Pawelec, 2004) and are used as a marker of tumor pro-
gression (De Vita et al., 2000a,2000b). IL-10 production has often been correlated
with the induction of T-cell anergy and, together with TGF-�, is considered one
of the key immunosuppressive factors released by tumors (Chen et al., 2001). DCs
cultured with IL-10 induce T-cell anergy and differentiation of suppressive T cells
(Steinbrink et al., 2002). Myeloid DCs propagated from BALB/c (H2d) mouse BM
progenitors in IL-10 and TGF-� expressed lower toll-like receptor (TLR)4 tran-
scripts than lypopolysaccharide (LPS)-stimulated control DCs and were resistant to
further maturation (Lan et al., 2006). These DCs also expressed comparatively low
levels of surface MHC class II, CD40, CD80, CD86 and programmed death-ligand 2
(B7-DC; CD273) and secreted high levels of IL-10, but low levels of IL-12p70 com-
pared with activated control DCs (Lan et al., 2006). These “alternatively activated
DC” induced alloantigen-specific hyporesponsive T-cell proliferation, enhanced IL-
10 production by alloactivated T cells, expanded CD4+CD25+Foxp3+ T-regulatory
(Treg) cells in vitro and prolonged heart allograft survival when administered in
vivo (Lan et al., 2006).

To investigate the activity of various cytokines on MDSC phenotypes, we immor-
talized splenic CD11b+/Gr1+ cells with a retrovirus encoding the v-myc and v-raf
oncogenes (Apolloni et al., 2000). Two MDSC lines, MSC-1 and MSC-2, were
selected based on their ability to inhibit antigen-specific proliferative and functional
CTL responses. The MSC-1 line was constitutively inhibitory, whereas the MSC-2
line possessed a more immature phenotype and required further signals to generate
a fully suppressive population. Treatment with IL-10 was able to provide such a
signal. In fact, IL-10-pretreated MDSC-2 suppressed CTL generation in a mixed
leukocyte reaction (MLR) when added as a third party through a mechanism that
required the expression of ARG1 and NOS2 (Serafini, unpublished data), enzymes
crucial for MDSC suppressive pathways (Bronte and Zanovello, 2005; further dis-
cussed below). Despite the clear relationship between IL-10 and the suppressive
MDSC behavior, the role of tumor-derived IL-10 on MDSCs is still unclear and is a
subject of ongoing investigation.
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4.6 IL-13

IL-13 shares its receptor components with the IL-4 receptor, which explains why
these cytokines share several (but not all) biological features. The promiscuous
receptor for IL-4 and IL-13 (alias IL4R type II) is composed of the IL4R� chain
and IL13R�1 chain (Terabe et al., 2004), while IL4R� and the gamma chain (�c),
common to the receptors for different members of the cytokine family comprising
IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21, associate to compose the IL-4 receptor
(alias IL4R type I). Since the IL4R� chain is the only component that possesses
kinase-sensitive tyrosine residues in the cytoplasmic domain, signals from both type
I and type II IL4R are transduced by the IL4R� chain (Keegan et al., 1994). IL4R�
phosphorylation, upon engagement and dimerization, recruits and phosphorylates
STAT6 that dimerizes and migrates to the nucleus to activate the transcription of
several proteins including ARG1 (Gray et al., 2005). As previously described, the
first evidence of IL-13 involvement in MDSC suppressive function derived from the
work of Terabe et al. [2003], who showed that tumor recurrence in a fibrosarcoma
murine model was dependent on MDSC activation by IL-13-secreting NKT cell.
The authors demonstrated that IL-13 activated CD11b+Gr1+ cells, which in turn
directly suppressed CD8+ CTLs (Terabe et al., 2003). Tumor recurrence could be
prevented either by MDSC depletion (Terabe et al., 2003) or by IL-13 neutralization
(Terabe et al., 2000).

We recently showed that IL4R� expression on MDSC is required for their sup-
pressive phenotype, and that genetic ablation of this receptor on monocytes and
granulocytes is sufficient to revert MDSC-mediated immune-suppression in vivo
and, in conjunction with an adoptive cell transfer, eradicate an established colon
carcinoma (Gallina et al., 2006). CD11b+IL4R�+ cells produced IL-13 and IFN-�
and integrated the downstream signals of these cytokines to trigger the molecular
pathways suppressing antigen-activated CD8+ T lymphocytes (Gallina et al., 2006).

4.7 IFN-�

IFN-� plays a central role in coordinating tumor immunity, being the most relevant
cytokine for immunosurveillance and immunoediting (Dunn et al., 2004). IFN-�
exerts its biological effects through interaction with an IFN-� receptor that is ubiq-
uitously expressed on nearly all cells (Bach et al., 1997). IFN-� upregulates MHC
class I expression as well as the expression of genes needed for antigen processing,
including the transporters associated with antigen processing (TAP)-1 and TAP-2,
and the proteasomal components named Low Molecular weight Proteins (LMP)-2
and LMP-7 (Seliger et al., 1996). For these reasons, IFN-� is thought to augment
the immunogenicity of many tumors. Moreover IFN-� can inhibit tumor angiogen-
esis through direct or indirect mechanisms. In combination with TNF-�, in fact,
IFN-� directly reduces endothelial cell adhesion and survival by down-modulating
the activation of �v�3 integrin, an adhesion receptor critical for tumor angiogenesis
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(Ruegg et al., 1998). On the other hand, IFN-� can indirectly repress angiogen-
esis by inducing the production of anti-angiogenic secondary molecules such as
IP-10 and MIG (Dias et al., 1998; Sgadari et al., 1996). Although IFN-� signaling
in the tumor cell has been predominantly viewed as an important molecular path-
way for effective antitumor immunity, significant evidence now indicates that, in
some cases, it may negatively impact on the effectiveness of an antitumor immune
response. IFN-� signaling can, in fact, down-modulate the expression of tumor anti-
gens (Beatty and Paterson, 2000) as well as induce the loss of efficient processing of
some tumor antigens by DCs (Morel et al., 2000). Morel et al. [2000] reported that
IFN-� induction of LMP-2 and LMP-7 immunoproteasome results in less efficient
processing of melanoma tumor antigens (e.g., MART-1/Melan-A) allowing for eva-
sion of recognition by CTLs and decreased tumor immunogenicity. Moreover, gene
expression profiling of tumor-associated macrophages as well as MDSCs indicates
the presence of a distinct IFN-� signature coupled with a M2 phenotype (Biswas
et al., 2006). The importance of IFN-� in activating MDSC suppressive activities has
been reported by us and other groups. Synthesis of NO in macrophages is catalyzed
by NOS2, whose expression is upregulated by a number of cytokines, including
IFN-�, TNF-� and IL-2 (MacMicking et al., 1997). We showed that IFN-� together
with a cell-mediated signal from activated splenocytes is necessary for generating
the full suppressive activity and high levels of NO secretion on both fresh MDSCs
and immortalized cell lines (Gallina et al., 2006; Mazzoni et al., 2002). These signals
are produced by activated T cells, and in the absence of an activation signal, T cells
do not stimulate NO production in MDSCs (Gallina et al., 2006; Mazzoni et al.,
2002). More recently Huang et al. [2006] showed that the secretion of IL-10 and
TGF-� by Gr1+CD115+ MDSCs was induced and enhanced upon IFN-� stimula-
tion. These IFN-�-activated MDSCs, in addition to being able to suppress T-cell pro-
liferation in vitro, were able to induce the development/expansion of forkhead box
P3 (Foxp3)+ Treg in vivo, when transferred in tumor-bearing mice (Huang et al.,
2006). However, since the adoptive MDSC transfer experiments were conducted
in irradiated tumor-bearing recipient, these findings do not exclude that additional
tumor-derived factors or cytokines released by the irradiated host might be necessary
for Treg expansion (Huang et al., 2006). Using the 4T1 murine mammary carcinoma
in recipient mice in which T-cell response is skewed toward a Th1 response and
Th2 response as well as IL-4/IL-13 pathways are impaired by genetic ablation of
STAT6 (Kaplan and Grusby, 1998), Sinha et al. [2005b] suggested that IFN-� is not
sufficient per se to activate MDSC immunosuppression. In this model more than
60 % of STAT6−/− mice immunologically rejected spontaneous metastatic mam-
mary carcinoma and survived indefinitely when their primary tumors were removed,
whereas 95 % of STAT6-competent BALB/c mice succumbed to metastatic dis-
ease. Immunity in post-surgery STAT6-deficient mice was associated with a rapid
decrease in the MDSC population and with the IFN-�-dependent activation of type
1 tumoricidal macrophages. Under peculiar experimental conditions, such as the
deletion of STAT6 in all the cells of the host, IFN-� might thus favor an antitu-
mor response even in the presence of MDSCs. Functional genomic analysis and
experiments in cell-type-selective gene knock out mice have unveiled a complex
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interaction between Th1 and Th2 cytokines to activate MDSC suppressive pro-
gram. To effectively exert their suppressive function on antigen-activated CD8+ T
cells, MDSCs must (1) be activated by IFN-� production from antigen-stimulated
T cells, (2) release their own IFN-� and (3) be responsive to IL-13 (Gallina
et al., 2006). Cooperation between these two cytokines leads to the activation of
ARG1 and NOS2 that mediate MDSC suppressive activity (Bronte and Zanovello,
2005).

4.8 Prostaglandins (PGEs)

PGEs are strong immune modulators that are normally secreted in the immune
responses by many cells including macrophages and DCs. Cyclooxygenase-2
(COX2) over-expression is a widely recognized feature of human lung, colon,
breast cancer and prostate cancers (Gasparini et al., 2003). The products of
COX2 enzyme activity, prostaglandins and mainly PGE2 have been implicated in
tumor-associated subversion of immune functions, since inhibitors of prostaglandin
synthesis typically enhanced antitumor immunity. Freshly excised solid human
tumor cells produce substantially more PGE than established tumor cell lines
(Sombroek et al., 2002): Interestingly, while primary tumor cell-conditioned media
profoundly hampered the in vitro DC differentiation from CD14+ monocytes or
CD34+ myeloid precursors, the effects of supernatants derived from established
tumor cell lines were minor (Sombroek et al., 2002). In these experiments, COX1-
and COX2-regulated prostanoids were found to be the exclusive responsible for
the reduced differentiation of monocyte to DCs. In contrast, both PGE and IL-6
contributed to the tumor-induced inhibition of DC differentiation from CD34+

myeloid precursor cells. A recent study showed that tumor-induced DC abnormali-
ties were, at least in part, mediated by the prostaglandin EP2 receptor (Yang et al.,
2003). Using the 3LL lung carcinoma model, Rodriguez et al. [2005] showed that
ARG1 expression was independent on T–cell-produced cytokines. These tumor
cells, in fact, constitutively express COX1 and COX2 and produced high levels of
PGE2 (Rodriguez et al., 2005). Genetic or pharmacological inhibition of COX2,
but not COX1, blocked ARG1 induction in MDSCs both in vitro and in vivo.
The authors showed that signaling through the PGE2 receptor E-prostanoid 4 was
required to induce ARG1 in MDSCs. Inhibition of this pathway was sufficient to
block ARG1 expression, reverse MDSC-mediated immunosuppression and elicit
a T-cell-mediated antitumor response (Rodriguez et al., 2005). More recently,
celecoxib, a specific inhibitor of COX2, was found to normalize the number
of MDSCs in Swiss mice in which intestinal tumor was chemically induced by
1,2-dimethylhydrazine-diHCl (Talmadge et al., 2007). Moreover COX2 inhibition
decreased ARG1 and NOS2 expression in the secondary lymphoid organs, promoted
T-cell infiltration in the tumor and, overall, reduced tumor multiplicity (Talmadge
et al., 2007).



170 P. Serafini, V. Bronte

5 Transcription Factors Regulating MDSC Function

A central role in the polarization of myeloid cell functions, as well as in tumor
progression and alteration of immune response to cancer, is emerging for selected
members of the signal transducer and activator of transcription (STAT) family. In
particular, the STAT1, 3 and 6 have been shown to play a major role in transmit-
ting polarizing signals to the nucleus (Yoshimura, 2006) and each of them can play
distinct roles in macrophage polarization and MDSC functions. A fundamental com-
ponent of several signal-transduction pathways associated with STAT is the Janus
activated kinase (JAK) family. These molecules are actively involved in cellular
survival, proliferation, differentiation and apoptosis. In mammals, four members of
the JAK family are known (JAK1, JAK2, JAK3 and TYK2; Rane and Reddy, 2000).
Receptor oligomerization induced by cytokine binding triggers JAK activation by
either auto- or trans-phosphorylation. Subsequent to ligand binding, activated JAKs
phosphorylate receptors on target tyrosine residues, generating docking sites for
STATs through the STAT Src homology 2 (SH2) domain. Activated JAKs recruit and
phosphorylate STATs, which lead to their dimerization and nuclear translocation,
where they modulate the expression of target genes.

5.1 STAT1

It is known that STAT1 negatively regulates angiogenesis, tumorigenicity and metas-
tasis of tumor cells (Bromberg, 2002). Since STAT1 mediates IFN-dependent sig-
naling, this transcription factor is an important mediator for antitumor immunity
(Shankaran et al., 2001). On the other hand, using analysis of STAT activity in
combination with STAT knockout mice, STAT1 emerged as an important player in
tumor-associated MDSC suppressive activity (Kusmartsev and Gabrilovich 2005;).
Tumor microenvironment and the inflammation, caused by both tumor growth and
tissue invasion, in fact, promoted the differentiation and activation of Gr1+ precur-
sor recruited at the tumor site into ARG1 and NOS2 expressing MDSCs through
a STAT1-dependent mechanism (Kusmartsev and Gabrilovich 2005;). MDSCs,
isolated from the tumor of STAT1-deficient mice, in fact, failed to upregulate
ARG1 and NOS2 and were unable to suppress the proliferation of anti-CD3/anti-
CD28 stimulated splenocytes (Kusmartsev and Gabrilovich 2005;). Moreover, in
a mouse squamous cell carcinoma, STAT1 deficiency enhanced IL-12-mediated
tumor regression, by a T-cell-dependent mechanism (Das et al., 2001). In agreement
with the role of STAT1 as central mediator of IFN-� biological activities, adminis-
tration of neutralizing antibodies against IFN-� inhibited tumor growth in IL-12-
treated, STAT1+/+ mice (Das et al., 2001). These data might have an experimental
confirmation by the fact that IFN-� produced by activated T cell and by MDSCs
themselves is required to trigger NOS2 activation and synergize with IL4R�-ARG1
pathways in MDSCs isolated from tumor mass (Gallina et al., 2006). In line with this
picture, mice deficient for the suppressor of cytokine signaling-1 factor (SOCS-1),
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which are characterized by hyperactivation of STAT1, displayed spontaneous devel-
opment of colorectal carcinomas (Hanada et al., 2006). The negative role of STAT1
activation in cancer seems to be confirmed in some human cancers since, by analyz-
ing tumor associated macrophages (TAMs) derived from 211 patients affected with
follicular lymphoma, the presence of STAT1 in TAMs was an important independent
prognostic factor that correlated with an adverse outcome (Alvaro et al., 2006).

5.2 STAT3

STAT3 is activated in many human cancers, including 82 % of prostate cancers
(Mora et al., 2002), 70 % of breast cancers (Dolled-Filhart et al., 2003), more than
82 % of squamous cell carcinoma of the head and neck (Nagpal et al., 2002) and
71 % of nasopharyngeal carcinoma (Hsiao et al., 2003). STAT3 participates in onco-
genesis through the upregulation of genes encoding apoptosis inhibitors (Bcl-xL,
Mcl-1 and survivin), cell cycle regulators (cyclin D1 and c-Myc) and inducers of
angiogenesis such as VEGF (Buettner et al., 2002). Recent studies suggest that
STAT3 activation in tumors might play an important role not only in maintaining
the transformed phenotype in tumor cells, but also in inhibiting immune surveil-
lance (Wang et al., 2004). The STAT3 signaling pathway in tumor cells can, in
fact, inhibit production of pro-inflammatory danger signals and induce expression
of factors that inhibit DC functional maturation (Wang et al., 2004). Moreover,
STAT3 expression in macrophages has been associated with their ability to induce
T-cell tolerance, whereas targeted disruption of Stat3 gene in these cells stimu-
lated production of pro-inflammatory cytokines and abrogated their tolerogenic fea-
tures (Cheng et al., 2003). It is noteworthy that ablating STAT3 in hematopoietic
cells triggers an intrinsic immune-surveillance system that inhibits tumor growth
and metastasis (Kortylewski et al., 2005). Incubation of hematopoietic progeni-
tor cells with tumor cell-conditioned medium resulted in the activation of JAK2
and STAT3 and was associated with an accumulation of MDSCs. Importantly,
MDSCs derived from tumor-bearing mice demonstrated constitutive activation of
JAK2/STAT3 pathway (Nefedova et al., 2004). Inhibition of STAT3 activation in
hematopoietic progenitor cells via dominant negative STAT3D retroviral vector or
with the use of JAK2/STAT3-specific small molecule inhibitors abrogated the effect
of tumor-derived factors on the generation/activation of MDSCs (Nefedova et al.,
2004, 2005).

STAT3 is also essential for signaling through the IL-10 receptor since mice lack-
ing STAT3 in macrophages and neutrophils have a strikingly similar phenotype
to IL-10-deficient mice (Takeda et al., 1999). It is interesting to note that these
mice develop chronic enterocolitis with age, likely through a complex contributory
network including polarized immune response toward the Th1 phenotype, over-
expression of pro-inflammatory cytokines and deficiency of the immunosuppressive
action of macrophages and neutrophils (Takeda et al., 1999). Activation of STAT3,
via IL-10, upregulates the �-chain of the IL-4 receptor that leads to an increased
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IL-4-dependent expression of ARG1 (Lang et al., 2002). Furthermore, IL-10 syn-
ergizes with LPS in inducing NOS2. However, NOS2 regulation by activation of
STAT3 needs further study since STAT3 has been reported either to activate (Finder
et al., 2001; Yu et al., 2003) or repress (Yu et al., 2002) NOS2 expression.

5.3 STAT6

STAT6 is another member of the STAT family which has attracted attention since
mice deficient for the STAT6 gene have enhanced immunosurveillance against pri-
mary and metastatic tumors. Moreover, STAT6 is a downstream transcription factor
for IL4R and IL13R whose role in MDSCs activation has been established by differ-
ent studies. More than 60 % of STAT6−/− mice immunologically reject spontaneous
metastatic mammary carcinoma and survive indefinitely if their primary tumors are
removed, whereas 95 % of STAT6-competent BALB/c mice succumb to metastatic
disease (Ostrand-Rosenberg et al., 2002; Sinha et al., 2005b). The authors suggested
that STAT6 deficiency prevents signaling through the type 2 IL4R, thereby block-
ing the production of ARG1 and promoting the synthesis of NO by myeloid cells.
The importance of this pathway in MDSC-mediated suppression has been further
demonstrated in the fibrosarcoma model described before. In this model, in fact,
tumor recurrence was completely prevented in STAT6−/− mice (Terabe et al., 2000).

6 Mechanisms of MDSC-Dependent Immune Suppression

Although it is clear that MDSCs can inhibit the immune response against cancer, it
must be pointed out that MDSCs can be present in various functional differentiation
grades that might explain the prevalence of the different immunosuppressive mech-
anisms described in different tumor models (Serafini, 2006a). These functional and
phenotypic differences can be related to the status of the disease, MDSC localization
in different anatomical compartments or the different microenvironments that each
tumor can establish. MDSC suppressive/tolerizing activity in vivo can be dependent
on the expression of MHC class I on their surface as elegantly shown by Kusmartsev
et al. [2005]. Using an experimental system based on the adoptive transfer of trans-
genic T cells into naïve recipients, the authors showed that Gr1+ MDSCs as well
as DCs from tumor-bearing mice were able to uptake and process tumor-associated
antigens. However, while DCs did not reduce the generation of tumor-specific T-cell
CD8+ producing IFN-�, MDSCs were able to induce anergy of CD8+ T cell that
no longer responded to peptide stimulation (Kusmartsev et al., 2005). This tolero-
genic state could be rescued in vivo through immunization with mature DCs. Taken
together, these data suggest that the tolerogenic state is reversible and that the bal-
ance between mature DCs and MDSCs in secondary lymphoid organs can determine
the final outcome of the immune response. Although these cells can produce high
level of ARG1 and ROS (Kusmartsev et al., 2005) their tolerogenic activity seemed
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to be dependent mostly on NO production since L-NMMA, an inhibitor of various
NOS, completely reverted the ability of these MDSCs to tolerize CD8+ T cells
(Gabrilovich et al., 2001).

In other situations, however, MDSCs were shown to be powerful and unselective
inhibitors since they not only inhibited peptide, mitogen or anti-CD3/CD28 acti-
vated CD4+ and CD8+ T cells (Serafini et al., 2004b) but also activated NK and
NK T cells (Liu et al., 2007; Suzuki et al., 2005). Altogether these data indicate that
MDSCs can also suppress T and NK cells in an antigen- and MHC-independent
fashion. The concept of antigen independence might be misleading, since MDSCs
inhibit only activated T lymphocytes, either naïve or memory, whereas resting lym-
phocytes are spared. The necessity of activation of effector T cells, combined with
the fact that MDSCs need to be in strict contact with T cells to deliver the inhibitory
signals (Serafini, 2006a), suggest that MDSC suppressive activities are endowed
with some degree of selectivity, even in the absence of an MHC-restricted suppres-
sion. MDSCs can restrain the immune response through different mechanisms that
operate singularly or in combination. Such mechanisms can be direct or indirect, in
this latter case involving the generation or the expansion of other regulatory popu-
lation such as CD4+CD25+ Treg cells (Fig. 1).

6.1 Direct Mechanisms of Immune Suppression

6.1.1 TGF-�

The link between TGF-� and MDSCs was shown first by Young et al. [1996]
that demonstrated that myeloid progenitor cells derived from tumor-bearing mice
produced increased amounts of TGF-�, NO, IL-10 and PGE2. NO and TGF-�,
however, were the mediators by which MDSCs inhibited in vitro the anti-CD3
antibody-induced T-cell proliferation. Gr1+ cells were proposed to bind the IgG-
TGF-� complex on their Fc receptors and the binding could trigger these immature
myeloid cells to suppress CTL response (Beck et al., 2003). Moreover, as described
above, MDSCs can be activated by IL-13 to secrete TGF-� (Terabe et al., 2003).
TGF-�, per se, possesses anti-proliferative effect on T cells (Kehrl et al., 1986),
arresting their cell cycle typically in the G1 phase (Morris et al., 1989; Stoeck et al.,
1989) by inducing the expression of the cell cycle inhibitors p27KIP1 and p21CIP1
(Wolfraim et al., 2004) or by inhibiting IL-2 secretion (Brabletz et al., 1993). Impor-
tantly TGF-� has been shown to inhibit the differentiation of CD4+ T cells into Th1
or Th2 cells by suppressing the expression of T-bet and GATA-3 master regulators
of Th1 and Th2 conversion, respectively (Becker et al., 2006). Despite the evidence
that TGF-� is essential for the maintenance of peripheral tolerance, the mechanism
by which TGF-� acts remains unclear. TGF-� may directly be important for the
induction of peripheral tolerance by downregulating the differentiation and function
of auto-reactive effector T cells as described above. Alternatively, TGF-� may play
a role in the induction of Treg cells, which then inhibit T-cell effector function, as
further discussed below (Becker et al., 2006).
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6.1.2 L-Arginine Metabolism

Many of the inhibitory pathways involved in MDSC-mediated immune suppression
are related to the metabolism of the amino acid L-arginine (L-Arg) (reviewed in
Bronte and Zanovello, 2005, and discussed by A. Ochoa in another chapter of this
book). L-Arg is metabolized mainly by two enzymes: NOS, which oxidizes L-Arg
in two steps that generate NO and citrulline; and ARG, which converts L-Arg into
urea and L-ornithine (Bogdan, 2001; Wu and Morris, 1998).

ARG-Dependent Suppression

MDSCs infiltrating a mouse lung carcinoma expressed high levels of ARG1 and
the L-Arg transporter CAT2B (Rodriguez et al., 2004). These myeloid cells read-
ily consumed L-Arg and inhibited re-expression of the �-chain of CD3 complex
in T lymphocytes thereby impairing their function. The CD3 � chain is the main
signal-transduction component of the TCR complex and is required for the correct
assembly of the receptor, and altered expression has been detected in peripheral
blood T cells in patients with cancer, chronic infections and autoimmune diseases
(Baniyash, 2004). This mechanism of T-cell inactivation by ARG-induced deregu-
lation of CD3 � chain was shown to be relevant for tumor escape in vivo, because
injection of the ARG inhibitor N-hydroxy-nor-L-arginine (nor-NOHA) delayed the
growth of transplantable lung carcinoma in a dose-dependent manner (Rodriguez
et al., 2004).

NOS-Dependent Suppression

The ability of NOS inhibitors to reverse MDSC-induced immunosuppression, both
in vivo and in vitro, confirms the immuno-regulatory role of NO (Bogdan, 2001;
Bronte and Zanovello, 2005). NO-mediated suppression of T-cell activation is not
associated with the early events triggered by TCR recognition but, instead, with
the signaling cascade downstream of the IL-2 receptor (Mazzoni et al., 2002).
NO is known to negatively regulate intracellular-signaling proteins either directly
by S-nitrosylation of crucial cysteine residues or indirectly by activation of solu-
ble guanylate cyclase and cyclic-GMP-dependent protein kinases (Bingisser et al.,
1998; Duhe et al., 1998; Fischer et al., 2001). In T cells the phosphorylation, and
thus the activation of important signaling proteins in the IL-2-receptor pathway
including JAK1, JAK3, STAT5, extracellular-signal-regulated kinase (ERK) and
AKT, is blocked by NO (Bingisser et al., 1998; Mazzoni et al., 2002). Persistent
release of NO by MDSCs might also be associated with the transcriptional loss of
STAT5A and STAT5B in T and B cells, observed in mice bearing large mammary
carcinomas and in individuals infected with HIV (Pericle et al., 1997, 1998) and
might, therefore, be responsible for the impaired T-cell function observed under
these conditions. A direct pro-apoptotic effect has also been observed in T cells
exposed to high concentrations of NO likely mediated by numerous factors such
as the accumulation of the tumor-suppressor protein p53, signaling through CD95
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(also known as Fas) or TNF-receptor family members, or signaling through caspase-
independent pathways (Macphail et al., 2003; Mannick et al., 1999).

ARG and NOS Cooperation in Suppression

Synergism between these enzymes in MDSCs was difficult to envision considering
reports indicating that ARG activation limits the availability of L-Arg as a substrate
for NOS and thus negatively regulates its enzymatic activity (Munder et al., 1999).
However, many reports recently showed that these two enzymes can be co-expressed
within the same population or microenvironment (Bronte et al., 2003a, 2005; Bruch-
Gerharz et al., 2003; Brys et al., 2005; Currie et al., 1979; De Santo et al., 2005; Gal-
lina et al., 2006; Kusmartsev and Gabrilovich 2005;; Serafini et al., 2006b). When
these two enzymes are co-expressed, ARG1, by lowering the L-Arg concentration
in the local environment, operates to switch NOS2 activity, shifting its function
from the production of NO to O−

2 (Bronte et al., 2003a; Xia and Zweier, 1997;
Xia et al., 1998). When L-Arg concentrations are suboptimal, the reductase and
oxygenase domains of NOS2 transfer electrons to the co-substrate O2 and produce
O−

2 , which reacts with other molecules, thereby generating several reactive nitrogen
intermediates (RNI), such as peroxynitrite, and reactive oxygen species (ROS), such
as hydrogen peroxide (H2O2). These species have multiple inhibitory effects on T
cells. The combined activity of ARG and NOS was recently shown to be important
for the suppressive activity of tumor-infiltrating CD11b+ myeloid cells (De Santo
et al., 2005; Kusmartsev et al., 2005) and splenic CD11b+Gr1+ cells from mice
bearing subcutaneous tumors or in models of chronic helminthic infections (Bronte
et al., 2003a; Brys et al., 2005).

6.1.3 Reactive Oxygen Species

In addition to amino acid starvation, MDSCs can block T-cell function through the
production of highly oxidative ROS, as previously mentioned. H2O2 production by
macrophages infiltrating metastatic melanoma induced the loss of CD3 � chain in
naive T cells (Kono et al., 1996a,1996b; Otsuji et al., 1996). Moreover an increase
in CD11b+ CD15+ granulocytes was observed in patients with pancreatic cancer
(Schmielau and Finn, 2001). These cells reduced CD3 � expression and decreased
cytokine production in T cells through a H2O2-mediated mechanism (Schmielau
and Finn, 2001). Moreover, MDSCs freshly isolated from tumor-bearing mice but
not their control counterparts were able to inhibit antigen-specific response of CD8+

T cells (Kusmartsev et al., 2004). These MDSCs obtained from tumor-bearing mice
had significantly higher levels of ROS than Gr1+ cell isolated from tumor-free
animals. Since ROS production could be blocked by ARG inhibitors, these data
suggest that ARG could be involved in the mechanisms of T-cell inhibition through
generation of ROS and may link ARG1 to T-cell dysfunction observed at the tumor
site (Kusmartsev et al., 2004).

The mechanism underlying the preferential H2O2 generation following ARG
activation is currently not known but it might be linked to the contemporaneous
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activation of different NOS isoforms. Under conditions of limited availability of
L-Arg not only NOS2 but also NOS1 (also called nNOS) and NOS3 (also called
eNOS) produce O−

2 (Andrew and Mayer, 1999). The only major difference between
the NOS isoforms in terms of the reactions performed lies in the rate of this
NADPH-dependent oxidation, termed the “uncoupled reaction”. Under these condi-
tions, NOS1 continues to transfer electrons to the heme and hence oxidize NADPH
at a high rate, whereas in NOS3 and NOS2, this reaction occurs at a much slower rate
(Andrew and Mayer, 1999). While NOS2 at low concentration of L-Arg produces
both NO and O−

2 (Andrew and Mayer, 1999), NOS1 in the same condition produces
O−

2 and H2O2 (Tsai et al., 2005), but not NO (Que et al., 2002). These data, which
await to be confirmed in MDSCs, suggest a scenario where NOS isoform expression
determines the final molecular mediator of ARG-dependent suppression.

6.2 Indirect Mechanism of Immune Suppression: Regulation of
CD4+ CD25+ Treg Homeostasis

Considerable interest was recently raised by the hypothesis about a link between
MDSCs and CD4+CD25+ Treg cells. MDSCs, in fact, share many features with
immature DCs (e.g., low expression of MHC class II, CD80 expression, antigen
uptake capacity, etc.) that have often been proposed to be associated with either
T-cell tolerization or Treg cell expansion. Mahnke et al. [2003] demonstrated that
specific in vivo targeting of immature DCs with the mAb anti-DEC-205 coupled
to various antigens resulted in the presentation of the antigens in a tolerizing con-
text. Using ovalbumin (OVA) as a model antigen, the initial expansion of OVA-
specific T cells was followed by anergy and appearance of T cells expressing CD25
and CTLA-4. Functional analysis of this T-cell population revealed that CD25+

T cells from the anti-DEC-OVA complex-injected animals suppressed proliferation
and IL-2 production of conventional CD4+ T cells in a cell-contact-dependent way.
Depletion of CD25+ T cells from bulk T-cell cultures restored T-cell proliferation
(Mahnke et al., 2003). The first evidence of a connection between MDSCs and
Treg was provided in a model of allogeneic BM transplantation (MacDonald et al.,
2005). CD11b+/Gr1+ MDSCs, expanded in vivo by Progenipoietin-1 (a synthetic
G-CSF/Flt-3 ligand molecule) administration, were found to suppress the initia-
tion of graft-versus-host disease (GVHD) after allogeneic BM transplantation by
inducing a population of MHC class-II-restricted Treg producing IL-10 (MacDonald
et al., 2005). Moreover since either plasmocytoid or myeloid DCs, expanded with
the same molecules, were unable to affect GVHD, these experiments suggested a
prominent role of MDSCs in Treg induction and unveiled a new role of MDSCs
in regulating peripheral tolerance. The importance of tumor-conditioned infiltrating
cells in controlling Treg homeostasis was recently shown in a melanoma mouse
model and a colon carcinoma rat model. Ghiringhelli et al. [2005] reported that,
during tumor progression, Treg cells accumulate in tumors and secondary lym-
phoid organs through a mechanism that mainly required the proliferation of pre-
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existing natural Treg in the draining lymph nodes and in the tumor bed. In both
rodent models this proliferation was dependent on the accumulation of TGF-�-
secreting CD11b+CD11c+MHC-Cl2low cells in the tumor draining lymph nodes
(Ghiringhelli et al., 2005). This proliferation was significantly reduced in TGF-�
RII−/− animals underscoring the importance of the TGF-� pathway in Treg prolif-
eration and tumor-tolerance induction (Ghiringhelli et al., 2005). Importantly, the
tolerogenic TGF-� secreting APCs could be recreated in vitro by incubating CD11c
from tumor-free mice with the supernatant of tumor-conditioned media, suggesting
that these tolerogenic APCs might be related to MDSCs (Ghiringhelli et al., 2005).

By using the colon carcinoma mouse model MCA stably transformed with the
influenza hemoagglutinin (HA) antigen, Huang et al. [2006] showed that MDSCs
from tumor-bearing mice could suppress the expansion of effector HA-specific
CD25−CD4+ T cell through a NOS2-mediated mechanism and also generate or
expand the pool of CD4+CD25+ Foxp3+ Treg cells (Huang et al., 2006). In
vitro experiments performed by this group showed, in fact, that while HA-specific
CD4+CD25− T cells cultured with MDSCs failed to proliferate to the cognate anti-
gen, the percentage of HA-specific CD4+CD25+Foxp3+ T cells in culture was sig-
nificantly augmented. However, since the number of cells recovered per well was
not reported, it is difficult to determine whether this is a real conversion of effector
cell into Treg cells or whether the Treg percentage increase was an indirect conse-
quence of effector T cell death (Huang et al., 2006). The in vivo experiments, how-
ever, clearly showed that adoptive co-transfer of MDSCs and HA-specific T cells
into irradiated tumor-bearing mice resulted in an increase in the number of CD4+,
Foxp3+, HA-specific, T cells with regulatory capacity (Huang et al., 2006). This
increase was mediated by TGF-� and IL-10 production by MDSCs as well as MDSC
activation by IFN-� (Huang et al., 2006). However, since adoptively transferred HA-
specific T cells contain usually 5–10 % of natural Treg, it is still not clear whether
MDSCs can mediate conversion of Treg from effector T cells or they play a role
only in the expansion of pre-existing natural Treg population.

Recent findings, however, suggest that the relationship between MDSCs and Treg
is not limited to the homeostatic control of the CD4+ regulatory population. Yang
et al. (2006) showed that a mouse ovarian carcinoma (MOSEC line 1D8) triggered
the accumulation of MDSCs and CD4+CD25+ Treg cells in spleen, ascites and
tumor tissue. Since genetic ablation and antibody blockade of either CD80 or its
ligand CD152 significantly retarded tumor growth (Yang et al., 2006), the authors
suggested that tumor-mediated CD80 upregulation on MDSC was important for
immune evasion and tumor progression. Interestingly, in vitro experiments examin-
ing the suppressive activity of Treg cells and MDSCs revealed that both populations
were simultaneously necessary to inhibit IFN-� production from antigen-specific
T cells stimulated with the cognate peptide. Moreover CD80 neutralization experi-
ments showed that the engagement of CD80 on MDSC with CD152 expressed by
Treg cells was required for MDSC-Treg cell cooperation in inducing IFN-� sup-
pression. Since binding of CD152-Ig to DCs was shown to induce T-cell anergy
by upregulating the expression of IDO (Mellor and Munn, 2004), binding of CD80
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and CD152 may also activate MDSC suppressive program, suggesting that in some
cases MDSCs and not Treg cells are the final effectors of immune suppression.

7 Human MDSCs

MDSCs have been described in patients affected by different tumors. As in the case
of mouse MDSCs, however, the phenotype of these cells is not fully defined and both
immature and mature myeloid cells have been described. In head and neck cancer
patients, for example, the release GM-CSF and the tumor infiltration with CD34+

were determined to be negative prognostic factors because they were associated
with an increased rate of tumor and metastasis recurrence (Young et al., 1997).
Moreover the increased number of CD34+ cells in the PBMCs of these patients
was associated with the suppression of the anamnestic responses to recall antigens,
a frequent characteristic in head and neck cancer patients (Pak et al., 1995b). Inter-
estingly, exposure of CD34+ suppressors to the cytokine combination GM-CSF
+ IL-4 induced the maturation of the immature suppressor cells into DCs, with
a parallel reversal of their immunosuppressive properties (Garrity et al., 1997). A
more extensive study identified human MDSCs in the peripheral blood of patients
with squamous cell carcinoma, head and neck cancer, breast cancer and non-small-
cell lung cancer. In these cases, MDSCs were described as immature cells posi-
tive for the marker CD34, CD33 and CD13, but negative for the myelomonocytic
marker CD15. The variable expression of HLA-DR and CD11c molecules allowed
the identification of two main populations: one third of the cells were immature
monocyte/DCs, and the remaining cells encompassed earlier myeloid differentiation
stages. Like mouse MDSCs, human immature cells caused suppression of antigen-
and mitogen-induced T-lymphocyte proliferation, and the combination of GM-CSF
and IL-4 drove their differentiation to mature DCs (Almand, 2001).

This phenotypic characterization, however, has not been confirmed in other
malignancies or in different disease stages. Analysis of PBMCs, from patients
affected by metastatic adenocarcinomas of the pancreas, colon and breast cancer,
revealed an increase of the oxidative activity of CD15+ granulocytes that resulted in
an elevated ROS production. Granulocyte activation correlated with the inhibition
of TCR � chain expression and cytokine production (Schmielau and Finn, 2001).
PBMCs from 123 patients with metastatic renal cell carcinoma had an increase
in ARG activity that was associated with the downregulation of the CD3 � chain
expression and reduction of IL-2 and IFN-� production by anti-CD3/anti-CD28
stimulated PBMCs (Zea et al., 2005). Cell fractionation studies revealed that ARG
activity was limited to CD11b+CD15+CD14− polymorphonucleargranulocytes and
depletion of CD11b+ cell from PBMCs was sufficient to restore �-chain expression,
cytokine production and proliferation of otherwise anergic T cells present among
PBMCs (Zea et al., 2005). These data suggest that granulocytes can, in some sit-
uations, act as the mouse MDSCs but other data indicate that CD14+ cells might
also contribute to tumor-induced suppression. By analyzing multiple myeloma and
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head and neck cancer patients with a similar strategy, we recently identified a subset
of CD14+ monocytes characterized by an elevated ARG activity (Serafini et al.,
2006b). Depletion of CD14+ cells or pharmacologic inhibition of ARG1 and NOS2
activity was sufficient to restore the proliferation capacity of PBMCs upon stimula-
tion with anti-CD3/anti-CD28 coated beads (Serafini et al., 2006b). Similar findings
were recently shown in a clinical trial in which stage IV melanoma patients were
vaccinated with the heat shock protein gp96, with or without GM-CSF as adjuvant
to better prime the immune response (Parmiani et al., 2006). Similar to what we
reported in mice, where high doses of GM-CSF secreting vaccine restrained the
immune response through the recruitment of MDSCs (Serafini et al., 2004a), GM-
CSF was shown to lower instead of increase the frequency of melanoma antigen-
specific T cells, as well as their capacity to secrete IFN-� (Parmiani et al., 2006).
Increased frequency of immature CD14+ HLA-DR− TGF-� producing myeloid cell
was found in the PBMCs of GM-CSF-treated patients and was correlated with the
lack of anti-melanoma T-cell response (Parmiani et al., 2006). Taken together, the
existing data on human MDSCs indicate that these cells share many of the functional
properties found in mice. However, it is still very problematic to associate a unique
panel of markers to human MDSCs. This difficulty can depend on the great plas-
ticity and accepted heterogeneity that characterize MDSCs. Phenotypic differences
in MDSCs can, in fact, reflect intrinsic differences in human cancers such as tumor
stage, patients’ age and therapeutic history or simply the genetic variation, which is
much higher in humans than in laboratory mouse strains.

8 Therapeutic Approaches

In the last few years, it has become widely accepted that it is necessary not only to
stimulate the antitumor T-cell response but also to subvert the suppressive network
and tolerogenic microenvironment associated with cancer progression, in order
to accomplish an immune-mediated eradication of cancer. Since MDSCs play an
important role in tumor-induced immunosuppression, many groups exploited dif-
ferent strategies to achieve their depletion, differentiation into mature APCs or their
pharmacological inhibition (Fig. 1).

8.1 In Vivo Depletion of MDSCs

The treatment of mice with the monoclonal anti-Gr1 antibody (clone RB6-8C5) was
shown to slow tumor progression of an aggressive variant of an UV-induced tumor
(Seung et al., 1995). This variant cell line differed from the parental tumor by its
ability to secrete leukocyte chemotactic factors. Moreover, while the parental line
induced a CTL response resulting in tumor eradication, the variant line continued to
grow, even though it was still recognized by tumor-specific CTLs in vitro. Gr1+ cell
depletion enhanced CD8+ T-cell-mediated immune responsiveness and resulted in
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the rejection of the variant tumor cell line (Seung et al., 1995). The same anti-Gr1
antibody has been used for mechanistic studies to underscore the importance of
MDSCs in the suppressive pathways of mice acutely infected with vaccinia virus
or in mice bearing various tumors (Bronte et al., 2000; Seung et al., 1995; Terabe
et al., 2003). However, its use in a therapeutic setting seems untenable. First, Gr1 is
not solely expressed on MDSCs but also found on neutrophils, which, if depleted,
could increase the incidence of opportunistic infections. Second, the discontinuation
of the antibody treatment results in a rapid increase of MDSC numbers and, thereby,
restores immune suppression (unpublished observations). As such, antibody treat-
ment requires a careful dose titration and constant monitoring of the immune func-
tion in the treated hosts.

A more effective strategy to deplete MDSCs was recently proposed (Luo et al.,
2006). DNA-based vaccination against legumain (a member of the asparaginyl
endopeptidase family over-expressed by TAMs and MDSCs) effectively depleted
tumor-infiltrating myelomonocytic cells and, more importantly, induced tumor
regression by reducing both tumor angiogenesis and the suppressive properties of
tumor microenvironment (Luo et al., 2006). This study suggests a new, promising
strategy by which immune-mediated depletion of TAMs and MDSCs in the tumor
stroma might decrease the release of factors promoting tumor growth, angiogen-
esis and metastatic capacity (Colombo and Mantovani, 2005). Moreover since
vaccination is direct against accessory cells and not malignant cells, this strategy
should circumvent tumor-escape mechanisms based on antigenic loss that, until
now, represents one of the most important barriers for an affective immunotherapy.

Other therapeutic strategies to deplete MDSC in vivo include the use of Gemc-
itabine or host irradiation. The chemotherapeutic drug Gemcitabine, in fact, given at
dose similar or equivalent to that used in patients, reduced substantially the number
of splenic MDSCs in tumor-bearing mice, whereas the number of CD4+ T cells,
CD8+ T cells, NK cells, macrophages or B cells were not apparently affected
(Suzuki et al., 2005). MDSC depletion increased the antitumor activity of CD8+

T cells and activated NK cells (Suzuki et al., 2005). However, a note of caution
about the interpretation of these data is necessary since T cells undergo homeostatic
proliferation after Gemcitabine treatment (Serafini, unpublished data).

8.2 MDSC Differentiation in Fully Mature APCs

MDSC differentiation into functional APCs by cytokines or small molecules can
be an intriguing strategy. In fact, this differentiation would not only remove MDSC
suppressive mechanisms, but also provide tumor-antigen-loaded APCs that should
potentiate the immune response against the malignancies, since tumor-associated
MDSCs can uptake tumor antigens (Kusmartsev et al., 2005; Zhang et al., 2007).
In vivo administration of all-trans-retinoic acid (ATRA) reduced the presence of
MDSCs in different tumor models and this effect was not a consequence of a direct
ATRA-antitumor effect (Kusmartsev, 2003). ATRA, indeed, differentiated MDSCs
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in vivo into mature DCs, macrophages and granulocytes and significantly increased
the efficacy of antitumor vaccine. Additional combinations have been used to force
MDSC maturation. Low doses of IFN-� plus TNF, for example, reduced the num-
ber of MDSCs in a metastatic Lewis lung carcinoma model by forcing MDSC
differentiation into mature macrophages (Pak et al., 1995a). When these cytokines
were administered in vivo with a regimen of high-dose IL-2, the numbers of CD4+

and CD8+ T cells within the tumor mass increased and the combined treatment
reduced the size of the primary tumor and the number of pulmonary metastases
more efficiently than the individual treatments (Pak et al., 1995a). Whereas ATRA
and IFN-� plus TNF directly affected MDSC maturation, 1�25-dihydroxyvitamin
D3 had a more indirect action since it reduced MDSC number and function in tumor-
bearing mice by interfering with GM-CSF production by malignant cells (Young
et al., 1996). This finding was confirmed in a phase IB clinical trial conducted
with head and neck cancer patients. Treatment with 25-hydroxyvitamin D3 reduced
the number of immune-suppressive CD34+ cells, increased HLA-DR expression,
augmented the serological concentration of IL-12 and IFN-� and improved T-cell
blastogenesis (Lathers et al., 2004).

Cyclooxygenase2 (COX2) is another pharmacologic target that is expressed by
tumor-associated fibroblast as well as many cancerous cells including colon, cer-
vical, lung, skin, bladder and pancreas carcinomas as well as Burkitt-type B-cell
lymphoma (Baglole et al., 2006). Rodriguez et al. [2005] recently showed that
PGE2 produced by COX2, expressed by the 3LL murine lung carcinoma, induced
ARG1 in MDSCs. Genetic and pharmacological inhibition of COX2 in vivo blocked
ARG1 induction in MDSCs and it was sufficient to stimulate an antitumor immune
response able to eradicate the neoplastic lesions (Rodriguez et al., 2005).

8.3 STAT3 Inhibition

STAT3 activation plays an important role both in tumor progression for its anti-
apoptotic effect on neoplastic cells and its ability to alter tumor immune surveillance
by blocking DC maturation and promoting the accumulation of MDSCs. Inhibition
of STAT3 phosphorylation could, thus, be a useful therapeutic approach for both
its direct antitumor effect (Buettner et al., 2002) and its indirect immune-mediated
role (Nefedova et al., 2004). To date, most of the studies have focused on the direct
pro-apoptotic role of STAT3 inhibition on tumors (Nikitakis et al., 2004). In con-
trast, its role on immune function is less understood. The effect of STAT3 inhibition
on DC maturation has been explored in vitro using retroviral vectors encoding the
dominant negative form of STAT3 (STAT3D; Nefedova et al., 2004). Since STAT3D
protein bears a mutation in the DNA binding domain, it is still capable to dimerize
with wild-type STAT3 protein but this heterodimer no longer promotes DNA tran-
scription. BM hematopoietic cells infected with the STAT3D-encoding virus and
cultured with GM-CSF + IL-4 and TDFs failed to generate MDSCs but evolved
into fully mature DCs (Nefedova et al., 2004). These results support the rationale
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for targeting STAT3 as a tool to overcome tumor-associated suppression. While
prevention of STAT3-mediated induction of MDSCs has shown interesting preclin-
ical results, it is less clear whether this approach can be utilized to overcome the
immune suppression of terminally differentiated MDSCs and further experiments
are required to understand the effect of these strategies at later points during tumor
progression. Preliminary data in our laboratory indicate that the phenotype and the
function of MDSCs may vary with the time of exposure and/or the concentration
of TDFs (Serafini, unpublished data). Moreover, tumor-infiltrating MDSCs present
a more suppressive phenotype (Kusmartsev and Gabrilovich 2005;) that could be
more difficult to revert.

8.4 Pharmacological Inhibition of MDSC Suppressive Pathways

As discussed above and in greater detail in another chapter of this book by Augusto
Ochoa and collaborators, MDSC suppressive activity is mainly dependent on the
metabolism of the semi-essential amino acid L-Arg. In particular, two enzymes,
NOS2 and ARG1, are responsible for the mechanisms by which MDSCs can
restrain immune function (Bronte and Zanovello, 2005). L-Arg metabolism by
ARG and NOS can thus represent a promising target to overcome MDSC-induced
immune suppression. MDSCs recovered from melanoma-bearing NOS2 knock out
(C57BL/6-NOS2−/−) mice do not suppress the alloantigen- or peptide-stimulated
T cells, whereas CTL generation was impaired when the same cells were recov-
ered from melanoma-bearing C57BL/6-NOS2+/+ mice (Serafini et al., 2006b). As
described above, however, the prevalence of either ARG or NOS pathway in MDSCs
depends on multiple factors that are not completely understood. In CT26 tumor-
bearing BALB/c mice, for example, MDSC suppressive activities are mediated by
the co-expression of ARG1 and NOS2 (Bronte et al., 2003a). In this model, func-
tional CTLs can be recovered only through the inhibition of both enzymes by the
combination of NOHA and l-NMMA (Bronte et al., 2003a) or by peroxynitrite scav-
engers (De Santo et al., 2005). In some tumors, thus, contemporaneous targeting
of ARG and NOS might be required to achieve a therapeutic effect. This is also
true for human tumors, such as prostate cancer, that over-express both ARG2 and
NOS2 which cause a functional paralysis of tumor-infiltrating CD8+ T lympho-
cytes (Bronte, 2005). We found that, by culturing small tumor samples of prostate
cancer in medium containing a combination of NOHA and L-NMMA, tumor-
infiltrating lymphocytes recovered their functions, which paralleled the reduction
in the nitrotyrosine-containing proteins (Bronte, 2005). Unfortunately, the pharma-
cological in vivo inhibition of ARG1 can present serious side effects considering
its critical role in the urea cycle, and L-NMMA was found to be toxic in humans
since it could induce myocardial depression and significantly increase mortality
(Freeman et al., 2001). We recently attempted to overcome these barriers, with two
classes of drugs that effectively affect L-Arg metabolism in MDSCs: nitro-aspirin
(De Santo et al., 2005) and PDE-5 inhibitors (Serafini et al., 2006b). For both
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classes of compounds, safety has been confirmed in humans: nitro-aspirins have
demonstrated less toxicity than normal aspirin (Fiorucci et al., 2003), and PDE-
5 inhibitors are currently used by millions of people for the treatment of erec-
tile dysfunction, pulmonary hypertension and cardiac hypertrophy (Briganti et al.,
2005). When administered to tumor-bearing mice, nitro-aspirins increased the num-
ber and function of tumor-antigen-specific T cells, thus enhancing cancer vaccine
efficacy (De Santo et al., 2005). In vivo PDE-5 inhibitors administration, by down-
modulating ARG1 and NOS2 expression, reduced MDSCs suppressive machinery,
enhanced intratumoral T-cell infiltration and activation, reduced tumor outgrowth
and improved the antitumor efficacy of adoptive T-cell therapy (Serafini et al.,
2006b). PDE-5 inhibition also restored in vitro T-cell proliferation of anti-CD3/anti-
CD28 stimulated PBMCs from multiple myeloma and head and neck cancer patients
suggesting its efficacy also in human malignancies (Serafini et al., 2006b). Pharma-
cological inhibition of MDSC suppressive pathways is thus a promising strategy to
overcome tumor-induced immune defects, which will likely play a critical role in
enhancing antitumor efficacy of immune-based strategies.

8.5 IL-13/IL4R�/STAT6 Pathway as a New Target to Restrain
MDSC Suppressive Function

In recent years, the importance of the IL-13/IL4R�/STAT6 pathway in MDSC-
mediated immune suppression has been confirmed by different groups (Gallina
et al., 2006; Sinha et al., 2005c; Terabe et al., 2004). As discussed before, IL4R�
expression correlated with MDSC suppressive capacity (Gallina et al., 2006), and
the genetic ablation of IL4R� limited only to macrophages and neutrophils, was
sufficient, not only to revert MDSC-mediated immune suppression but also, when
coupled with the adoptive tumor-specific T-cell transfer, to eradicate a pre-existing
mouse colon carcinoma (Gallina et al., 2006). Moreover the development of spon-
taneous lung metastasis in a murine mammary carcinoma was reduced by genetic
ablation of STAT6 (Sinha et al., 2005b). Finally the engagement of IL4R� by IL-13
induced STAT6 phosphorylation and triggered ARG activation and/or TGF-� secre-
tion in MDSCs. IL4R�−/− mice did not present the MDSC-assisted recurrence of
a mouse fibrosarcoma observed in wild-type mice (Terabe et al., 2000), and simi-
lar results could be obtained by in vivo administration of soluble IL13R� 2-Fc, a
molecule able to neutralize IL-13 (Terabe et al., 2000). This molecule belongs to a
class of drugs developed to treat asthma and allergy by targeting the IL-4 and IL-13
pathways. This class of drugs can be divided into three groups: soluble receptors
(such IL13R�2-Fc and sIL4R-fc) able to bind and neutralize these Th2 cytokines in
vivo; mutated forms of IL-4 or IL-13 that bind the receptor without triggering the
downstream signal machinery; and fusion proteins in which IL-13 or IL-4 is coupled
with toxin able to induce apoptosis of target cells. All these compounds were shown
to be active in vivo and many of them are now in clinical trials for the treatment of
different pathologies including asthma, cancer (glioma and lung cancer) and HIV
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(Cutler and Brombacher, 2005). IL4R� can thus be a relevant target to inhibit or
deplete MDSC suppressive activity and the availability of compounds already in
clinic for other disease could allow a rapid translation of preclinical positive findings
into novel therapeutic approaches for human malignancies.

9 Conclusions

Despite the bulk of evidence describing MDSC’s importance in cancer, several
issues concerning MDSC biology are not completely defined and will require fur-
ther studies. The in vivo MDSC antigen-specific, tolerogenic ability is in sharp
contrast with the antigen-independent suppression described in many (if not all)
in vitro assays; this dichotomy, common also for other regulatory elements of
the immune response such as Treg cells, need to be further investigated. MDSCs
employ different mechanisms to suppress T lymphocytes in different tumor models
suggesting a tumor-type-related influence on the biology and/or activity of these
cells; however, the molecular factors responsible for these functional differences
are not completely known. Cell-specific knock out genes essential for either MDSC
development/activation or effector function (such as ARG1) need to be generated
to better understand MDSC physiological functions not only in tumor but also
under other conditions. The interplay between the granulocytic and the monocytic
components of the CD11b+/Gr1+ cells needs to be addressed; moreover, the in
vitro culture conditions to differentiate mouse and human MDSC need to be opti-
mized to achieve phenotype and functional activity consistent with tumor-derived
MDSCs. Since the phenotype and the prevalence of MDSCs in human cancer remain
uncertain, efforts are required to identify functional phenotypic markers that, most
likely, are those better conserved among species and cancer types. It is important
to stress that incongruence in this field likely reflects the multifaceted alteration of
myelopoiesis underlying the MDSC appearance. MDSCs are not terminally differ-
entiated myelomonocytic cells and preserve a degree of plasticity that makes them
more susceptible than other cell types to the influence of the experimental settings.
Furthermore, it must be pointed out that the definition of subsets among MDSCs
has just begun, differently from what happened for other cell types such as DCs,
extensively investigated in recent years.

In contrast to these uncertainties, preclinical evidence strongly supports the
idea that new approaches targeting MDSCs can have beneficial effects on anti-
tumor immune responses, either spontaneous or elicited by active or passive
immunotherapy.
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Signaling Pathways in Antigen-Presenting Cells
Involved in the Induction of Antigen-Specific
T-Cell Tolerance

Ildefonso Vicente-Suarez, Alejandro Villagra, and Eduardo M. Sotomayor

1 Introduction

In recent years, our view of activation of the immune system has changed dra-
matically given the identification of inhibitory signaling pathways in immune cells
that, by counteracting positive/activating pathways, greatly influence the initiation,
magnitude and duration of immune responses. These findings led immunologists
to redefine the concept of immune activation as the net outcome of “turning on”
activating genes and “downregulating” genes with inhibitory function (Ravetch and
Lanier, 2000). By extension, it was proposed that these inhibitory regulatory path-
ways might also play a role in the induction and maintenance of peripheral tolerance
to self-antigens. Experimental evidence supporting the role of negative regulatory
pathways in immune tolerance was indeed provided by studies in mice with tar-
geted disruption of specific inhibitory molecules in which unchecked inflammatory
responses and autoimmunity were commonly observed (Hida et al., 2000; Tivol
et al., 1995).

Bone marrow-derived APCs and in particular dendritic cells (DCs) play a central
role in the generation of productive antigen-specific T-cell responses (Guermonprez
et al., 2002). However, these same cells are also required for the induction of T-
cell tolerance (Steinman et al., 2003). This seemingly dual function of APCs was
attributed initially to the existence of specific APC subpopulation(s) that preferen-
tially induce T-cell priming while other subpopulations are mainly involved in the
induction of T-cell anergy (Huang et al., 2000; Munn et al., 2002; Scheinecker et al.,
2002). The demonstration, however, that a single APC subpopulation can induce
both T-cell outcomes (Belz et al. 2002) led to the alternative explanation that perhaps
the functional status of the APC at the time of antigen presentation, rather than the
phenotype of the APC, could be the central determinant of T-cell activation ver-
susT-cell tolerance. Indeed, it has become increasingly clear now that while antigen
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encounter by bone marrow-derived APCs in the presence of inflammatory mediators
and/or microbial-derived molecules such as Toll-like receptor ligands triggers their
maturation to a functional status capable of generating strong T-cell responses, anti-
gen capture by these same APCs in the absence of inflammatory signals—or in the
presence of inhibitory mediators—led instead to the development of antigen-specific
T-cell tolerance (Steinman et al., 2003).

Given this plasticity of a defined APC population to induce divergent T-cell
outcomes, it was then proposed that a delicate balance between activating and
inhibitory pathways in the APC might play a role in influencing whether T cells
would be activated or rendered tolerant following antigen recognition. As such, sig-
nificant effort has been devoted in recent years to uncover those signaling pathways
in APCs that by regulating the inflammatory properties of these cells might be cen-
tral in the decision leading to T-cell activation versus T-cell unresponsiveness. In
this chapter, we review those studies that provided some of the answers to these
important questions. We discuss receptor–ligand interactions and novel intracellular
signaling pathways that by limiting the ability of the APC to stimulate antigen-
specific T-cells are important in preserving tolerance to self-antigens. Although
these negative regulatory pathways in APC impose a significant barrier to our efforts
to overcome immune tolerance to tumor antigens, their identification has provided
novel molecular targets to potentially revert mechanisms of T-cell unresponsiveness
in cancer.

2 Antigen-Presenting Cells and Tolerance to Tumor Antigens

An unexpected finding in the field of tumor immunology was the discovery that
most of the antigens expressed by tumor cells were not necessarily neo-antigens
uniquely present in cancer cells, but rather tissue-differentiation antigens shared
between the tumor and normal tissues (Boon et al., 1996; Rosenberg, 1995). These
surprising findings prompted some investigators to hypothesize that perhaps the
greatest obstacle for harnessing the immune system against tumors is the immune
system itself, and more specifically, its complex mechanisms for establishing T-
cell tolerance against self- and by extension, to tumor antigens, most of them also
“self” (Sotomayor et al., 1996). In the mid-1990s, the demonstration by the Bogen’s
and Levitsky’s groups that antigen-specific CD4+ T cells were rendered tolerant
during tumor growth in vivo provided the first experimental evidence supporting
the immune tolerance hypothesis (Bogen, 1996; Staveley-O’Carroll et al., 1998).
Since then, several studies have confirmed that this state of T-cell unresponsiveness
occurs during the progression of both hematologic and solid tumors expressing
model or true tumor antigens (Cuenca et al., 2003; Morgan et al., 1998; Over-
wijk et al., 2003) and that also affects the CD8 T-cell compartment (Morgan et al.,
1998; Ohlen et al., 2001; Overwijk et al., 2003; Shrikant et al., 1999). Furthermore,
the demonstration that T-cell tolerance is seen during the progression of sponta-
neously arising tumors (Willimsky et al., 2005) and more importantly during the
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growth of human malignancies (Lee et al., 1999; Noonan et al., 2005) led to the
undisputed realization that tolerance to tumor antigens, through mechanisms akin
to those that regulate responses to self-antigens, represents an important immuno-
suppressive strategy by which tumor cells might escape T-cell-mediated antitumor
responses.

This different view of tumor immunity has intimately linked the cancer immunol-
ogy and autoimmunity fields. For instance, several principles learned from the better
understanding of the cellular and molecular mechanisms by which tolerance to self
is maintained in normal conditions, or broken in autoimmune diseases, have been
applied to identify tolerogenic mechanisms in cancer patients (Pardoll, 2003). One
such mechanism was provided by the identification of the central role that BM-
derived APCs play in the induction of tolerance to self-antigens (Adler et al., 1998;
Kurts et al., 1997), a concept that was then extended to the field of tumor immunol-
ogy with the unambiguous demonstration by us and others that BM-derived APCs
are also required for the induction of tolerance to antigens expressed by tumor cells
(Cuenca et al., 2003; Sotomayor et al., 2001). These studies also provided evidence
that the intrinsic antigen-presenting capacity of tumor cells has little influence over
T-cell priming versus tolerance, a critical decision that is regulated at the level of
the APC.

Dendritic cells (DCs), macrophages and B cells are all BM-derived cells that
express MHC as well as costimulatory molecules and, as such, can potentially
present tumor antigen to antigen-specific T cells. Although it is plausible that
under particular conditions each subpopulation might induce T-cell tolerance
(Fuchs and Matzinger, 1992; Lassila et al., 1988; Miyazaki et al., 1993; Ronchese
and Hausmann, 1993; Ronchetti et al., 1999; Watson and Lopez, 1995), sev-
eral lines of evidence have pointed to DCs as playing a central role in influ-
encing the delicate balance between immunity and tolerance in vivo (Heath
et al., 2004; Itano and Jenkins, 2003). For instance, it has been shown that in
the steady state, DCs continually migrate between lymphoid and non-lymphoid
tissues capturing self- and harmless environmental proteins through endocytic
receptors such as DEC 205 (Steinman et al., 2003). Several studies tracking the
fate of cellular antigens, particulate antigens and antigen-pulsed DCs at the site
of injection and in draining lymphoid organs have now clearly established that
antigen presentation by DCs in the steady state, which is characterized by the
absence of inflammation, induced a modest T-cell proliferation but not polarization
into Th1 or Th2 subsets. Instead, after several rounds of cell division almost
all the antigen-specific T cells are deleted and those that remain are function-
ally anergic even to cognate antigen administered with strong immune adjuvant
such as Complete Freund Adjuvant (CFA) (Bonifaz et al., 2002; Hawiger et al.,
2001).

The above scenario also typifies how DCs would normally encounter tumor anti-
gens in vivo and has been proposed as an explanation for how tolerance to tumor
antigens is induced by these cells (Fig. 1). But unlike the steady state, in which
the lack of inflammatory stimuli during antigen encounter by DCs is considered
to be the major determinant of tolerance induction, in the tumor-bearing host the
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Fig. 1 The environment in which the antigen is encountered by BM-derived APCs influences
T-cell priming versus tolerance. (a) In the course of an infection, microbial products are rec-
ognized by the APC through TLRs. TLR stimulation results in APC maturation, a process that
increases the levels of costimulatory molecules and cytokine production. Antigen presentation
by mature APCs leads to efficient priming of naïve T cells that proliferate and differentiate
into effector cells. (b) Phagocytosis of self-antigens or tumor antigens in a non-inflammatory
environment does not cause APC maturation. Immature APCs display low levels of costim-
ulatory molecules and cytokine production. Antigen presentation by immature APCs to naïve
T cells results in transient proliferation followed by induction of anergic and/or regulatory
T cells

encounter of tumor antigens by DCs occurs not only in the absence of inflammatory
signals needed for efficient maturation/activation of these cells, but also in the pres-
ence of inhibitory factors such as VEGF, IL-6, M-CSF, TGF-β, IL-10, PGE2 and
gangliosides that further suppress DC maturation (Horna and Sotomayor, 2007).
In this adverse environment, DCs will likely acquire “tolerogenic” properties that
would in turn lead to the induction and maintenance of T-cell tolerance to tumor anti-
gens (Munn et al., 2004). A better understanding of those ligand-receptors and/or
intracellular pathways involved in the generation of “tolerogenic” APCs will pro-
vide novel molecular targets for therapeutic approaches that by converting APCs
from “tolerizing” into “activating” in tumor-bearing hosts might ultimately result in
the breaking of the remarkable barrier that tolerance to tumor antigens has imposed
on cancer immunotherapy.
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3 Signaling Pathways in APCs Influencing Antigen-Specific
T-Cell Activation Versus Tolerance

3.1 Tyrosine Kinase Receptors

A wide spectrum of cellular functions such as cell proliferation, differentiation, sur-
vival and metabolism are regulated through tyrosine kinase receptors (TKRs). TKRs
are characterized for their intrinsic tyrosine kinase activity. Ligand recognition by
the TKR extra-cellular domain causes the receptor to dimerize or oligomerize which
in turn activates its tyrosine kinase activity and initiates a specific signaling trans-
duction cascade. Three TKR families have been identified in macrophages and other
monocyte-derived cells: the receptor for macrophage colony-stimulating factor (M-
CSF) involved in the survival of circulating monocytes and tissue macrophages and
the closely related Tyro3 kinase and STK (mouse)/RON (human) receptors (Correll
et al., 2004). Recently, a number of studies have demonstrated the important role
of TKRs, especially those belonging to the Tyro3 kinase receptor family in limiting
macrophage and dendritic cell activation (Lemke and Lu, 2003).

3.1.1 Tyro 3 Family Receptors

The Tyro3 family of tyrosine kinase receptors is composed of three members named
Tyro3, Axl and Mer. This protein family was first identified in cells of the rat nervous
system by using a homology-based cloning. This approach identifies novel RTK
members because of the high similarity that exists on the TK domain of different
RTK (Lai and Lemke, 1991). The central role of this receptor family in immune reg-
ulation was first highlighted by studies in triple mutant mice (TAM) lacking Tyro3,
Axl as well as Mer (Lu and Lemke, 2001). Four-week-old TAM mice were found
to have a progressive enlargement of the spleen and lymph nodes that was caused
by aberrant T-cell and B-cell proliferation. Lymphocytes from these mice also show
evidence of being activated as demonstrated by their increased expression of CD44
marker as well as by production of IFNγ . Eventually, these animals developed
autoimmune disorders such as rheumatoid arthritis and systemic lupus erythemato-
sus. Given that Tyro3 receptors are expressed in monocytes, macrophages and DCs,
but not in B cells or T cells, it was concluded that the constitutive immune activation
observed in these mutant mice was not due to an intrinsic defect in the lymphocyte
compartment, but the result of lack of TKR in non-lymphocytic cells. Studies of
APCs from TAM mice revealed that these cells are indeed functionally hyperactive
and display higher levels of MHC class II and B7.2 costimulatory molecules relative
to wild-type cells before and after activation with LPS. In addition, higher levels of
TNF-α and IL-12 cytokines were produced by TAM −/− macrophages in response
to LPS stimulation. These results were reminiscent of previous studies in mice
in which Mer kinase activity is suppressed (mer kinase deficient mice or merkd)
(Camenisch et al., 1999). LPS-injected merkd mice showed an increase in TNF-α
production in vivo that correlated with an enhanced susceptibility to endotoxic
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shock, which could be reverted when animals were treated with anti-TNFβ-blocking
antibodies. Furthermore, macrophages from merkd mice display increased NFκB
translocation to the nucleus and TNF-α hyperproduction when stimulated with LPS
in vitro. Finally, sera from merkd mice show an increase in anti-DNA antibodies as
compared to wild-type mice and later in life they develop autoimmunity features
such as development of systemic lupus erythematosus (Cohen et al., 2002).

In addition to its role in regulation of APC function, recent evidence has demon-
strated that Mer receptor is required for efficient phagocytosis of apoptotic bodies
(Scott et al., 2001). Growth arrest-specific protein 6 (GAS6) is the common ligand
for all the members of the Tyro3 kinase family (Stitt et al., 1995). The demonstration
that GAS6 protein mediates the binding of phosphatidylserine displayed by cells
that have initiated apoptosis suggested a potential role of the Tyro3 kinase family
in the clearance of apoptotic cells. Indeed, injection of labeled apoptotic cells in
animals with deficient mer receptor function resulted in excessive accumulation
of apoptotic bodies (Scott et al., 2001). Furthermore, in vitro studies showed that
macrophages isolated from mer kinase deficient mice displayed a marked decrease
in their ability to phagocytate apoptotic cells but they were able to phagocytate bac-
teria, beads or opsonized cells. These data pointed to mer RTK as an important
scavenger receptor in macrophages.

Deficient removal of cellular debris in animals with deficient mer receptor func-
tion resulted in persistence of self-antigens that could explain why these animals
are prone to develop autoimmune disease (Casiano and Tan, 1996; Mevorach et al.,
1998; Rosen and Casciola-Rosen, 1999; Taylor et al., 2000). Nonetheless, it does
not explain why merkd macrophages displayed overproduction of pro-inflammatory
cytokines and costimulatory molecules following LPS stimulation. It has been
proposed that phagocytosis of apoptotic bodies might inhibit the production of
inflammatory cytokine in APCs through an enhancement in the production of anti-
inflammatory mediators such as IL-10 and TGF-� (Fadok et al. 1998; Voll et al.,
1997). In addition, it has been recently shown that uptake of apoptotic bodies
by DCs prevents translocation of NFκB into the nucleus which leads to dimin-
ished production of pro-inflammatory mediators in response to LPS stimulation.
Decreased NFκB nuclear translocation induced by apoptosis seems to be dependent
on the activation of the phosphatidylinositol 3-kinase (PI3K)/AKT pathway since
it was prevented by PI3K inhibitors (Sen et al. 2007). Given that mer-deficient
macrophages have impaired phagocytosis of apoptotic bodies (Scott et al., 2001),
the absence of this negative regulatory mechanism will be associated with increased
NFκB translocation and enhanced pro-inflammatory response to LPS. Therefore, in
mice in which signaling through the tyro3 kinase receptors and in particular mer
has been abrogated, the accumulation of self-antigen due to deficient phagocytosis
combined with the presence of APCs displaying enhanced pro-inflammatory fea-
tures might result in aberrant activation of the lymphocytic compartment, break-
ing of tolerance to self and the subsequent development of autoimmunity (Fig. 2).
In these mice, however, several questions remain unanswered, such as the poten-
tial contribution of the microbial flora to the autoimmune disease through TLR
engagement. Important information will be obtained by crossing TAM mice or
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Fig. 2 Apoptosis, tyrosine kinase receptors and regulation of inflammatory responses in APCs.
The Tyro3 kinase family receptors are involved in phagocytosis of apoptotic bodies through the
recognition of GAS6-phosphatidyl serine complexes. Phagocytosis impairs the APC’s ability to
produce inflammatory cytokines by blocking NFκB translocation to the nucleus. This blockade
seems to be dependent on PI3K pathway activation by Mer, one of the Tyro3 kinase family mem-
bers (Sen et al., 2007)

merkd mice with MyD88−/− or mice lacking specific TLRs, specially TLR4−/−

mice, given the increased sensitivity of TAM and merkd mice to LPS, the ligand
for TLR4.

3.1.2 c-kit and Imatinib Mesylate

Given the above findings, we thought that APC function, and more specifically
the ability to prime rather than tolerize tumor-specific T cells, might very well
be amenable to modulation with pharmacologic agents targeting tyrosine phospho-
rylation of intracellular targets. One tyrosine kinase inhibitor that gained partic-
ular attention in recent years has been imatinib mesylate, a small molecule that
strongly inhibits the c-abl, c-kit and PDGFR tyrosine kinases. Several studies in
experimental tumor models as well as in clinical trials have shown that this drug
is highly effective in blocking the tyrosine kinase activity of the bcr/abl fusion
protein, leading to impressive hematologic as well as cytogenetic remissions in
patients with chronic myelogenous leukemia (CML) (Druker et al., 1996; Kantarjian
et al., 2002; Wang et al., 2004a). Because of its additional inhibitory activity upon
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c-kit (Heinrich et al., 2002; Wang et al., 2004a) this drug was also evaluated in
patients with gastrointestinal sarcoma tumors (GIST), a malignancy characterized
by c-kit over-expression and by its refractoriness to chemotherapy treatment. Treat-
ment with imatinib mesylate was again associated with impressive tumor regression
and induction of complete and sustained responses in patients with this otherwise
lethal malignancy (Heinrich et al., 2002, 2003).

The potent tyrosine kinase inhibitory effect of imatinib mesylate prompted us
to evaluate the in vitro and in vivo effects of this drug on APC’s function and
antigen-specific T-cell responses to cognate antigen. Reminiscent of the phenotype
observed in TAM and mer kinase deficient mice, wild-type macrophages or DC
treated with imatinib mesylate were found to be hyper-responsive to LPS stimula-
tion as demonstrated by their enhanced production of the pro-inflammatory medi-
ators IL-12, IL-1β, IL-6 and the chemokine RANTES (Wang et al., 2004a). Sev-
eral studies have shown that persistent IL-12 production and signaling is linked
to disruption of immune tolerance (Cheng et al., 2003; Evel-Kabler et al., 2006;
Trinchieri, 2003). In addition, studies in our laboratory have demonstrated that
production of RANTES by APCs is required for the in vitro reversion of antigen-
specific T-cell tolerance (Cheng et al., 2003). Accordingly, we found that in vitro
treatment of DCs or macrophages with imatinib mesylate was capable of restor-
ing the responsiveness of tolerized T cells isolated from tumor-bearing hosts. In
addition, in vivo treatment with this drug prevented tumor-induced antigen-specific
T-cell tolerance and enhanced the efficacy of therapeutic vaccination. An interesting
observation in our in vivo studies was the finding that imatinib mesylate consistently
induced the expansion of NK 1.1+ cells in response to vaccination. Similar results
were reported by Borg et al. [2004] who found that in vivo treatment with this drug
promotes a strong antitumor effect that was mediated by NK 1.1+ cells (Borg et al.
2004). Further studies by Zitvogel’s group showed that the combination of imatinib
mesylate with IL-2 was also associated with an enhanced antitumor effect that was
dependent on the expansion of a NK 1.1+ population. Phenotypic and functional
characterization of this cell population by two independent groups uncovered a
novel DC subset expressing NK markers. Given their dual ability to uptake, process
and present antigen (APC function) and to kill target cells (NK function), this novel
population has been termed “interferon-producing killer dendritic cells” or IKDCs
(Chan et al., 2006; Taieb et al., 2006). Whether IKDCs play a role in the preven-
tion of tumor-induced antigen-specific T-cell tolerance observed in imatinib-treated
tumor-bearing mice remains to be elucidated.

Molecular studies of imatinib-treated APCs showed that among all the known
molecular targets of this drug, inhibition of c-kit phosphorylation seems to be the
likely target in these cells (Wang et al., 2004a). First, c-kit but not c-abl was activated
in LPS-treated APCs. Second, LPS-induced c-kit phosphorylation was inhibited in
APCs that were simultaneously treated with imatinib. Third, inhibition of c-kit sig-
naling was associated with enhanced production of pro-inflammatory mediators by
APCs in response to LPS stimulation. These findings suggest that c-kit signaling
might act as a negative regulator of inflammation, and its blockade might repre-
sent an appealing strategy to unleash inflammatory responses in APCs and tip the
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balance toward immune activation. These results have also opened the gate to novel
lines of investigation focusing on the use of imatinib mesylate and other novel TKIs
such as dasatinib and nilotinib as promising adjuvants in cancer immunotherapy.
Furthermore, future studies will provide important insights into the signaling mech-
anisms by which these drugs augment APC function and trigger immune activation
rather than tolerance.

3.2 STAT3

Signal transducers and activators of transcription (STATs) are cytoplasmic transcrip-
tion factors that are key mediators of cytokine and growth factor signaling path-
ways (Darnell et al., 1997). Engagement of cell surface cytokine or growth factor
receptors activates the Janus kinase (JAK) family of protein tyrosine kinases, which
in turn phosphorylate and activate cytoplasmic STAT proteins. Activated STATs
dimerize and translocate to the nucleus, where they bind to specific DNA response
elements and induce expression of STAT-regulated genes (Darnell et al., 1997).
One STAT family member, STAT3, has recently emerged as a negative regulator
of inflammation. STAT3 is activated in response to various cytokines and growth
factors including IL-6, VEGF and most importantly IL-10, an anti-inflammatory
cytokine known to play a central role in limiting immune responses and establishing
tolerance. Indeed, activation of STAT3 is essential for the anti-inflammatory proper-
ties of IL-10 signaling since blockade of STAT3 signaling abrogates IL-10-mediated
suppression of LPS-induced cytokines and costimulatory molecules (Lang et al.,
2002; Qin et al., 2006; Williams et al., 2004). Conversely, constitutively activated
STAT3 resembles the anti-inflammatory effects induced by IL-10 (Williams et al.,
2007).

Studies in mice with targeted disruption of STAT3 in different cellular compart-
ments have highlighted the critical role of this pathway in the control of inflam-
matory responses and the development of autoimmunity. The earliest evidence
was obtained in conditional STAT3 KO mice generated by utilizing the Cre-loxP
recombination system. Mice carrying loxP-flanked STAT3 were crossed with mice
expressing the Cre-recombinase under the control of the lysozyme M promoter.
Since lysozyme M is expressed in granulocytes, macrophages and in a small per-
cent of myeloid DC, STAT3 is floxed out only in these cells (Takeda et al. 1999).
LysMcre/Stat3flox/− mice develop severe inflammatory bowel disease as they age,
seemingly as a result of aberrant immune responses to the enteric flora because
breeding of these mice with TLR4−/− mice significantly reversed the autoimmune
pathology (Kobayashi et al., 2003). These findings are quite reminiscent of those
observed in IL-10 KO mice, in which inflammatory bowel disease always develops
unless the animals are kept in a microbial-free environment.

Given the central role of STAT3 in regulating inflammatory responses, we
explored whether disruption of this signaling pathway in APCs could influence
their inflammatory status and their ability to prime antigen-specific CD4+ T cells.
First, inhibition of the JAK–STAT3 signaling pathway in macrophages and DCs
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using the tyrosine kinase inhibitor, tyrphostin AG490, resulted in enhanced priming
of naïve antigen-specific T cells and the restoration of responsiveness of anergic
CD4+ T cells in vitro. Importantly, the ability of AG490-treated APCs to break T-
cell tolerance correlated with a complete inhibition of STAT3 DNA-binding activity
as determined by electromobility shift assay (EMSA) of nuclear extracts obtained
from these APCs (Cheng et al., 2003). Second, studies in macrophages isolated
from conditional KO mice (LysMcre/Stat3flox/− mice) revealed that LPS stimula-
tion renders these APCs capable of effectively priming naïve antigen-specific T
cells and to overcome the state of unresponsiveness of tolerized T cells in vitro.

Third, the demonstration that in mice lacking functional STAT3 in macrophages and
neutrophils the in vivo response to a tolerogenic stimuli is T-cell priming rather than
T-cell tolerance uncovered a previously unknown role for STAT3 in the induction of
immune tolerance (Cheng et al., 2003) (Fig. 3).

Phenotypic and functional analysis of macrophages isolated from LysMcre/
Stat3flox/− mice provided important insights into the potential mechanism(s) by
which these APCs can restore the responsiveness of tolerized T cells. Freshly iso-
lated (non-stimulated) thioglycolate-elicited peritoneal macrophages (PEM from
Stat3−/− mice) displayed an increased expression of MHC class II molecules as
well as B7.1 and B7.2 costimulatory molecules relative to non-stimulated PEM from
control mice. LPS stimulation of PEM from Stat3−/− mice resulted in significantly
higher mRNA levels of the chemokines RANTES, MIP-1α, MIP-1β, MIP-2, IP-10
and the cytokine IL-6 as compared to LPS-stimulated PEM from control mice. In

Fig. 3 Priming, not tolerance, of antigen-specific T cells is the functional outcome in STAT3 con-
ditional KO in response to tolerogenic stimuli in vivo
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addition, IL-12 mRNA as well as IL-12 protein production was detected in LPS-
stimulated Stat3−/− PEM at the time that no IL-12 mRNA or protein could yet be
detected in PEM from control mice. Importantly, no IL-10 was detected in the super-
natants of LPS-stimulated Stat3−/− PEM, the cytokine that was present at significant
levels in the supernatants of Stat3+/+ PEM controls (Fig. 3, bottom). Further studies
demonstrated that supernatants from LPS-stimulated STAT3−/− macrophages were
sufficient to effectively break antigen-specific T-cell tolerance and that this ability
was dependent on the combined effect of IL-12 and RANTES (Cheng et al., 2003).

It is important to note that macrophages devoid of STAT3 share phenotypic and
functional characteristics displayed by macrophages lacking the inhibitory Tyro3
family of receptor tyrosine kinase, Tyro3, Axl and Mer (TAM mutant mice). As
discussed previously, freshly isolated macrophages from these mice have increased
expression of MHC class II molecules, produced elevated amounts of IL-12 in
response to LPS and induced strong lymphocyte activation, findings quite simi-
lar to those observed in STAT3−/− macrophages. It is noteworthy, however, that
while genetic disruption of all three inhibitory Tyr-3 receptors (triple mutant mice)
is required to generate “inflammatory” macrophages, a similar outcome can be
achieved by just disrupting STAT3 signaling pathway in these cells. The common
findings in macrophages from STAT3−/− mice and in TAM triple mutant mice raise
the interesting possibility that STAT3 may represent a common signaling pathway
linking different inhibitory receptors with their downstream intracellular targets. It is
plausible therefore that the activated phenotype of STAT3−/− PEM could be related
to an enhanced activity of different pro-inflammatory pathways that are tightly reg-
ulated by an intact STAT3 signaling in these APCs.

Although significant advances have been made in recent years in the understand-
ing of the anti-inflammatory effects associated with the activation of STAT3 in nor-
mal and malignant cells (Yu et al., 2007), the underlying molecular mechanism(s)
through which this signaling pathway exerts its inhibitory effects in APCs are not
fully elucidated but they will likely involve direct and/or indirect mechanism(s)
and a vast array of molecules and intracellular pathways. STAT3 could act either
directly by binding to other transcription factors (i.e., NFκB or STAT1) and repress
the expression of inflammatory genes or indirectly by inducing the production of
other proteins with anti-inflammatory properties.

In support of the direct mechanism of action, several studies have shown that
STAT3 can interact directly with transcription factors involved in the matura-
tion/activation of the APC. Maturation of antigen-presenting cells by classical
inflammatory stimuli as microbial products or inflammatory cytokines such as TNF-
α requires activation of the NFκB transcription factor family. The mammalian
NFκB family includes RELA (p65), NFκB1 (p50; p105), NFκB2 (p52; p100),
c-REL and RELB1 proteins. The main activated form of NFκB is a heterodimer
composed of the p65 subunit associated with either the p50 or p52 subunit (Ghosh
et al., 1998). By using NFκB reporter constructs, it has been shown that STAT3
antagonizes NFκB signaling and NFκB activated genes such as nitric oxide or IL-
12 p40 (Hoentjen et al. 2005; Yu et al., 2002). This effect, which has been pro-
posed, could be mediated by direct interaction between STAT3 and different NFκB
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subunits since STAT3 has been shown to co-immunoprecipitate with the p50 and
p65 NFκB subunits in LPS-stimulated mesangial cells or with cRel in BM-derived
DCs (Nefedova et al., 2005; Yu et al., 2002). Interestingly, STAT3 activation resulted
in a decrease of cRel DNA binding activity in DCs while it did not affect NFκB
DNA binding activity in mesangial cells, suggesting a mechanism of action that is
cell-type-specific.

STAT1 is another transcription factor that has been shown to interact directly
with STAT3. A common finding in APCs with genetic or pharmacologic disruption
of STAT3 is the parallel increase in STAT1:1 homodimers, a functionally active
complex that positively regulates genes encoding inflammatory factors (Ramana
et al., 2000). Previous studies have demonstrated a frequent co-activation of STAT1
and STAT3 by the same ligand (Bromberg et al., 2000), leading to formation of
STAT1:STAT3 heterodimers that may have a higher association constant than the
STAT1:STAT1 homodimeric complex (Kotenko and Pestka, 2000). It is plausible
therefore that STAT3 activation in APCs, by binding activated STAT1, may control
the formation of functionally active STAT1:STAT1 homodimers, thus limiting the
magnitude and/or intensity of an inflammatory response. Perhaps, only in those sce-
narios when the level of STAT1 exceeds the level of activated STAT3 or when STAT3
signaling is disrupted, STAT1 homodimers may trigger the downstream signals that
APCs need to efficiently activate T cells and/or restore the responsiveness of toler-
ized T cells. Although we have identified IL-12 and RANTES as important inflam-
matory signals by which Stat3−/− APCs can overcome T-cell tolerance (Cheng
et al., 2003), the potential role of “over-activated” pro-inflammatory pathways—i.e.,
STAT1 signaling among others—in the generation of these mediators remains to be
elucidated.

Among the indirect mechanisms of action, one that has gained particular atten-
tion relates to the intimate link between STAT3 signaling and IL-10, a cytokine
with well-known anti-inflammatory properties. It has been shown for example that
binding of activated STAT3 to the IL-10 promoter is required for efficient expres-
sion of the IL-10 gene and protein production (Benkhart et al., 2000). In turn,
IL-10 can enhance STAT3 activation in those cells expressing IL-10 receptor, sug-
gesting a positive feedback mechanism to amplify/maintain the production of this
cytokine. Supporting further the indirect mechanism of action of STAT3, recent
studies have demonstrated that IL-10-mediated anti-inflammatory effects—which
depend on STAT3 signaling—require synthesis of de novo proteins (Murray, 2005).

In addition to IL-10, other cytokines such as IL-6 can induce high levels of
STAT3 phosphorylation in APCs. However, the anti-inflammatory effect associated
with STAT3 activation is observed only in cells stimulated with IL-10 but not in
response to IL-6. For instance, IL-10 but not IL-6 can significantly reduce the ability
of APCs to produce IL-12 and TNF-α in response to LPS (El Kasmi et al., 2006;
Yasukawa et al., 2003). Recent studies have demonstrated that SOCS3 could be
responsible for the different inflammatory responses to IL-10 and IL-6 stimulation
in spite of the fact that both cytokines induce STAT3 activation. SOCS3 exerts its
regulatory role via binding to the phosphorylated subunit glycoprotein 130 (gp130)
that is present in the IL-6 receptor but not in the IL-10 receptor (Yasukawa et al.,
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2003). In animals with an intact SOCS3, IL-6 induction of STAT3 phosphoryla-
tion decreases faster relative to the levels of phosphorylated STAT3 induced by
IL-10. In SOCS3−/− animals, however, the differences in the kinetics of STAT3
phosphorylation in response to IL-10 and Il-6 are no longer observed (Lang et al.,
2003; Yasukawa et al., 2003). Furthermore, unlike wild-type mice, treatment of
SOCS3−/− deficient animals with IL-6 reproduced the anti-inflammatory effect
associated with IL-10 treatment (Yasukawa et al., 2003). These data suggest that
persistent STAT3 signaling is required for this pathway to exert its anti-inflammatory
effect. Given that IL-6 only transiently activates the STAT3 pathway—because of
the negative regulation mediated by SOCS3—this mechanism has been proposed to
explain why this cytokine is not as anti-inflammatory as IL-10, a factor that induces
a more persistent STAT3 activation.

The anti-inflammatory role of STAT3 in APCs cannot be solely explained by its
effect upon IL-10. Although APCs devoid of STAT3 share phenotypic characteris-
tics with APCs from IL-10−/− mice, important differences among these cells still
remain. Similar to our findings in PEM devoid of STAT3, alveolar macrophages
from IL-10−/− mutant mice display increased expression of B7.1 and B7.2 costim-
ulatory molecules (Soltys et al., 2002). However, while no change in the expression
of MHC class II molecules was observed in macrophages devoid of IL-10, a sig-
nificant increase in the expression of MHC class II molecules is a characteristic
of macrophages devoid of STAT3. The ability of STAT3 to regulate MHC class II
expression has been attributed, at least in part, to the regulatory role of STAT3 upon
cathepsin S, a protease involved in cleavage of the invariant chain (Ii). Studies using
the STAT3 inhibitor cucurbitacin I (JSI-124) have also pointed to an increase in
translocation from intracellular compartments to the cell surface as an explanation
for the increased expression of MHC class II molecules in APCs (Nefedova et al.,
2005). Finally, recent studies have found that pathways other than IL-10 signaling,
such as NFκB activation by Toll-like receptors, M-CSF signaling and NADPH oxi-
dase function, which are negatively regulated by STAT3, might also play a role in
the enhanced innate immunity observed in mice with disruption of this signaling
pathway in APCs (Welte et al., 2003; Yu et al., 2007).

Further confirmation of the role that STAT3 plays in limiting immune responses
was provided by the identification of other factors that depend on an intact STAT3
to inhibit inflammation. Cholinergic agonists (acetyl choline and nicotine) sig-
naling through the alpha7 nicotinic acetylcholine receptor (alpha7nAChR) limit
macrophage activation by reducing nuclear NFκB localization (Wang et al., 2004b).
Recently it has been demonstrated that cholinergic agonist signaling results in
STAT3 phosphorylation. Nicotine failed to block LPS-induced TNF-α production
in cells transfected with a dominant negative form of STAT3 (de Jonge et al., 2005).
Interestingly, the presence or absence of SOCS3 did not affect the anti-inflammatory
role played by the alpha7 nicotinic acetylcholine receptor suggesting that this recep-
tor could be not regulated by SOCS3. Taken together, it is plausible that factors that
activate STAT3 but are not susceptible to SOCS3 regulation might block inflam-
matory responses while those factors that activate STAT3 only transiently because
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of SOCS3 effects will be unable to trigger anti-inflammatory responses (El Kasmi
et al., 2006).

In summary, the identification of STAT3 signaling in APCs as a critical regulator
of inflammatory responses has provided a novel molecular target for manipulation of
immune activation/immune tolerance, a central decision with profound implications
in cancer immunotherapy, autoimmunity and transplantation.

3.3 SOCS (Suppressors of Cytokine Signaling)

Communication among immune cells is fundamental in order to elicit a coordinated
immune response. Cytokines released by immune cells orchestrate such a response
by binding to specific cell surface receptors and activating proteins that will carry on
the signal from the cell surface to the nucleus. Members of the Janus kinase (JAK)
protein family bind constitutively in a specific manner to the cytoplasmic domains
of cytokine receptor chains. After ligand engagement, dimerization or higher order
oligomerization of receptor complexes occurs, allowing JAK phosphorylation. Acti-
vated JAK proteins will then recruit and phosphorylate specific signal transducers
and activators of transcription (STATs) proteins. Activated STATs dimerize, dis-
sociate from the receptor and translocate to the nucleus where they will induce
gene expression. Among the STAT-activated genes there will be not only those that
mediate the cytokine biological effect but also genes that are involved in turning
off cytokine signal when their production is not longer needed. The suppressors
of cytokine signaling (SOCS) are a protein family, consisting of eight members,
the cytokine-inducible SH2 domain-containing protein (CIS) and SOCS1 through
SOCS7, each of which has a central SH2 domain, and a C-terminal 40 amino acid
sequence known as the SOCS box. While the SH2 domain binds phosphorylated
tyrosine residues present in activated members of the cytokine signaling pathway,
the SOCS box targets the complex for ubiquitination, proteosome degradation and
as such termination of cytokine signaling and its biologic effect. Given that over-
expression of certain SOCS proteins inhibits signaling by a variety of cytokines
through the JAK/STAT pathway, it has been proposed that SOCS proteins are critical
in providing a negative feedback loop for cytokine production.

3.3.1 SOCS1, a Fundamental Regulator of the Innate Immune Response

SOCS1 has been shown to play a central role in regulation of autoimmunity and
in tumor rejection. This protein was first discovered using yeast two-hybrid assay
to identify molecules that interact with Janus kinase 2 (JAK2) (Endo et al., 1997).
In addition to the SH2 and SOCS box domain another region designated kinase
inhibitory region (KIR) might play a role in SOCS1-mediated inhibition of JAK2.
KIR might increase the binding strength of SOCS1 to JAK2 and block the access
of substrates and/or ATP to the kinase catalytic pocket (Yasukawa et al., 1999). The
importance of SOCS1 in controlling autoimmunity was unveiled in mice lacking
functional SOCS1 (SOCS1−/− mice) (Alexander et al. 1999). These animals die
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within 2–3 weeks after birth because of a complex organ pathology that includes
peripheral T-cell activation and massive infiltration of macrophages in the liver,
spleen, lung and heart. These pathologic findings seem to be related to aberrant
IFNγ production, since treatment with anti-IFNγ blocking antibodies or by cross-
ing the SOCS1−/− strain with IFNγ −/− animals prevented the development of
disease.

SOCS1 deficiency in the hematopoietic compartment is thought to be suffi-
cient to cause disease since transfer of SOCS1−/− bone marrow into irradiated
JAK3−/− recipients resulted in premature lethality (Marine et al., 1999). In addi-
tion, SOCS1−/− Rag2−/− mice do not develop pathologic abnormalities suggest-
ing that lymphocyte subsets contribute to the SOCS1−/− pathology (Marine et al.,
1999). However, SOCS1 deficiency in T/NKT cells alone is not sufficient to cause
inflammatory pathology. Indeed, experimental studies in conditional KO mice in
which SOCS1 was deleted in CD4+ T cells, CD8+ T cells and NKT cells but not in
NK cells, B cells, monocytes or granulocytes (flox-SOCS1 mice crossed with mice
expressing the Cre-recombinase protein under the control of the Lck promoter) did
not show any abnormal activation and/or inflammatory changes (Chong et al., 2003).
Conversely, in mice in which SOCS1 expression was specifically restituted in T
and B cells (SOCS1−/− Tg) autoimmunity developed (Hanada et al., 2003). These
animals die within 6 months when kept in pathogen-free conditions and within 3
months when kept in regular conditions. Splenomegaly and lymphadenopathy were
observed as early as 10 weeks after birth and these findings coincided with the
accumulation in the spleen of phenotypically mature DCs displaying high levels of
costimulatory molecules. Studies of BM-derived DCs from SOCS1−/− Tg animals
showed that these cells display enhanced responses to IL-4 and IFNγ stimulation.
Finally, autoimmune disease in SOCS1−/− Tg animals resembles systemic lupus
erythematosus (SLE) and the skin lesions, glomerulonephritis, hypergammaglobu-
linemia and autoantibody production seem to be the result of aberrant B-cell acti-
vation in these mice. Of note, SOCS1−/− DCs constitutively produce TNF-family
B-cell growth factors and induce strong B-cell proliferation and antibody production
(Hanada et al., 2003).

The studies above point toward the APC as being the critical cell in which disrup-
tion of the negative regulatory effect of SOCS1 results in dramatic pro-inflammatory
changes and development of autoimmunity in vivo. Recent evidence supports the
ability of SOCS1-deficient DCs to disrupt T-cell tolerance (Evel-Kabler et al.,
2006). In this study the authors used lentiviral transfection to introduce SOCS1
siRNA into BM-derived DCs. SOCS1-deficient DCs were matured ex vivo with
LPS and loaded with a self-antigen (TRP2) expressed by melanocytes. Adoptive
transfer of LPS-matured SOCS1−/−-deficient DCs, but not regular DCs, resulted
in the development of autoimmune disease as evidenced by skin depigmentation
or vitiligo. In addition, SOCS1-deficient cells induced strong antitumor responses
against B16 melanoma tumors expressing the TRP2 antigen. Although the mecha-
nism(s) involved in the generation of antitumor responses are not fully elucidated,
IL-12 signaling seems to play an important role. Indeed, disruption of IL-12 sig-
naling by using IL-12 receptor KO SOCS1-deficient DCs suppresses their ability to
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Fig. 4 Regulation of innate immune responses by SOCS1. IL-12 production is induced in
macrophages and DCs by TLR ligands via NFκB activation. Through autocrine/paracrine mecha-
nisms IL-12 signaling leads to the production of negative regulators needed to limit the cytokine’s
effects. Cells lacking SOCS1 are hyperactivated in response to microbial products and/or cytokines
resulting in unrestrained inflammation and the development of autoimmune disease

induce autoimmunity or antitumor immune responses. Furthermore, IL-12 signal-
ing in the absence of SOCS1 results in persistent STAT4 activation and increased
production of IL-12. Interestingly, SOCS1-deficient DCs are characterized by an
increased life-span since they were detected up to 4 days following their adoptive
transfer into recipient animals. In sharp contrast, wild-type DCs have almost dis-
appeared by 48 h after adoptive transfer. How much the immune response induced
by SOCS1−/− DCs depends on their increased survival remains, however, to be
elucidated.

In summary, SOCS1 has been unveiled as a master regulator of innate immune
responses (Fig. 4). SOCS1-deficient DCs and macrophages stimulated with micro-
bial products or cytokines are hyperactivated and as such prone to initiate patho-
logical immune responses that might lead to autoimmunity. A better understanding
of the mechanisms by which SOCS1 regulates inflammation would not only have a
significant impact in the autoimmunity field but also provide novel molecular tools
to overcome immune tolerance to tumor antigens.

4 Concluding Remarks

Since the initial description over a decade ago by the Bogen’s and Levitsky’s
group of the phenomenon of tumor-induced antigen-specific T-cell tolerance, sig-
nificant advances have been made in the understanding of the cellular and molecular
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mechanisms underlying this phenomenon. Bone marrow-derived antigen-presenting
cells and specifically dendritic cells, through mechanisms akin to those that regulate
responses to self-antigens, have been shown to be central in the induction of this
state of T-cell unresponsiveness. More recently, studies of receptor ligands and intra-
cellular signaling pathways in APCs have unveiled a complex network in which a
delicate balance among stimulatory and inhibitory pathways critically influences the
inflammatory status of these cells and as such their ability to induce priming versus
tolerance of antigen-specific T cells. These studies have also shown the dominant
role of inhibitory pathways in preserving tolerance toward self-, since their genetic
and/or pharmacologic disruption in APCs was associated with over-activation of the
immune system and development of autoimmunity. Inhibitory signaling pathways
like those described here represent stringent safeguard mechanism to face the threat
of autoimmunity. However, they have also imposed a significant barrier to our efforts
to overcome tolerance to tumor antigens and effectively harness the immune system
against malignant cells. Although therapeutic strategies targeting these molecular
pathways in APCs have the inherent risks of inducing autoimmunity, a breeze of
optimism has been provided by pre-clinical studies in which blockade of these
inhibitory molecules resulted in strong antitumor effect and limited autoimmune
damage. Future studies not only will provide answers to several questions that
remain in our understanding of inhibitory signaling pathways in APCs but they will
likely provide novel targets to augment antitumor immune responses while mini-
mizing “collateral damage” to normal tissues.
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Arginine Availability Regulates T-Cell
Function in Cancer

Paulo C. Rodríguez and Augusto C. Ochoa

1 Introduction

The clinical experiments of William Coley in the 1890s and the work of Prehn and
Main in the 1950s firmly demonstrated the presence of an immune response against
tumor antigens, which could potentially be used in the treatment of cancer. More
recent findings in cancer biology, including the viral etiology of some malignancies,
the presence of mutated oncoproteins and the over-expression of certain normal pro-
teins, further support the concept that an antigen-specific immune response can be
generated to control tumor growth. However, it has also become evident that tumor
cells have sophisticated mechanisms to induce a state of anergy or tolerance that
allows malignant cells to evade the immune response, proliferate and metastasize.
These mechanisms are still a matter of active research and debate, with possible
explanations ranging from the inability of the immune system to recognize tumor
antigens (tumor ignorance) to the gradual deterioration of the immune response
caused directly by tumor-derived factors or indirectly by the stimulation of immune
cells with suppressor function. Here we will discuss how tumors can induce T-cells
anergy by modulating the availability of the amino acid arginine which results in
the development of discrete molecular alterations that impair T-cell signal transduc-
tion and function. This mechanism is the result of an increased arginase activity in
myeloid-derived suppressor cells (MDSC).

2 Dysfunctional Immune Response in Cancer:
A Historic Perspective

The first known demonstration of the therapeutic potential of an anti-tumor immune
response was shown by William Coley in the 1890s using bacterial extracts to
vaccinate cancer patients (Coley, 1893) This concept was further supported by the
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observations of Prehn and Main (1957) who demonstrated that mice with chemically
induced tumors developed an immune response against specific tumor-associated
antigens that was unique for each tumor. Studies in mice injected with oncogenic
viruses confirmed that a protective immune response could arise during the early
stages of tumor development, but disappeared with the progressive growth of
the tumor (Eggers and Wunderlich, 1975; Fefer et al., 1968; Jaroslow et al.,
1975). However, studies in cancer patients failed to consistently show a protec-
tive immune response to the progressively growing tumor and instead suggested
that the cellular immune response was impaired. Hersh and Oppenheim (1965)
found that patients with Hodgkin’s disease (HD) had a decreased delayed-type
hypersensitivity (DTH) response to PPD and DNBC (di-nitrochlorobenzene) and
a diminished in vitro response to mitogen stimulation. This immune dysfunc-
tion persisted even in patients who had achieved a complete clinical response
to chemotherapy (Fisher et al., 1980). Observations in melanoma patients also
showed a decrease in the cellular immune response, but a marked increase in
the levels of serum immunoglobulins. Similarly, patients with other solid tumors
including renal cell carcinoma, prostate and bladder cancer (Catalona et al.,
1975), lung cancer (Alberola, 1985), breast cancer (Jerrells et al., 1978) and
gastric cancer (Iwahashi et al., 1992) consistently showed a decreased cellular
response. Additional studies in tumor-bearing mice showed that T cells from
animals infected with the murine sarcoma virus were unable to lyse tumor cells
in vitro and were unresponsive to stimulation with mitogens and allo-antigens,
suggesting a profound T-cell dysfunction (Bhatnagar et al., 1975; Bluestone and
Lopez, 1979; Fernbach et al., 1976; Gorczynski and Knight, 1975; Kirchner et al.,
1976).

Several mechanisms were proposed to explain how tumors inhibit the immune
response. These included the presence of “blocking antibodies” that could interfere
with antigen recognition, preventing the priming and activation of T cells (Hellstrom
et al., 1971, 1983), the existence of suppressor T cells (Dye and North, 1984; Mills
and North, 1985; North, 1985; North and Bursuker, 1984) that could be elimi-
nated by low-dose cyclophosphamide and the existence of suppressor macrophages
among others. Several approaches were tested in animal models to block these
“suppressor” mechanisms, including cyclophosphamide and indomethacin, a potent
prostaglandin inhibitor (Parhar and Lala, 1987). These observations demonstrated
the dynamic interaction between the tumor and the immune system which could be
manipulated to the benefit of the host.

The advent of immunotherapy trials in the 1980s using adoptive transfer of
tumor-infiltrating lymphocytes (TIL) revealed to a greater extent the degree of T-cell
dysfunction in patients with cancer. In vitro testing of freshly isolated TIL demon-
strated a markedly decreased proliferation to mitogens and a diminished clonogenic
potential (Miescher et al., 1986, 1988; Whiteside and Rabinowich, 1998; Whiteside
et al., 1988). Using an adoptive transfer model, Loeffler and colleagues (Loeffler,
1991) showed that T cells from mice bearing subcutaneous MCA-38 colon carci-
noma for more than 14 days lost their ability to induce any anti-tumor effect and had
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a decreased cytotoxic capacity and a diminished expression of the perforin family
of cytolytic proteins.

In the early 1990s Mizoguchi et al. [1992] in mice and Finke and colleagues
(Kolenko et al., 1999; Li et al., 1994) in humans described a series of discrete
changes in T cells from tumor-bearing mice including a decreased expression of
the CD3� chain of the T-cell receptor, an inability to upregulate JAK-3 and a
decreased translocation of NF�B p65, which resulted in low proliferation and an
impaired cytokine production. However, the mechanisms inducing these changes
were unknown. Soon after, Gabrilovich and colleagues demonstrated that the pro-
duction of VEGF by tumors resulted in the accumulation of immature myeloid cells
that were able to suppress T-cell function (Gabrilovich, 2004; Gabrilovich et al.,
1998). However, the possible association between the presence of immature den-
dritic cells and alterations in T-cell signal transduction molecules was unknown.

3 Arginine and T-Cell Function

L-Arginine (L-Arg) is a non-essential amino acid that plays a central role in sev-
eral biological systems including immune response. The primary source of argi-
nine is dietary, but it can also be synthesized de novo from citrulline. L-Arg lev-
els are also regulated through its metabolism by L-Arg metabolizing enzymes,
arginase I (ARG I), arginase II (ARG II) and the inducible nitric oxide synthase
(NOS2) (Albina et al., 1989) (Fig. 1). ARG I and ARG II are encoded by two
distinct genes and are located in the cytoplasm and mitochondria, respectively.
Both enzymes hydrolyze L-Arg into urea and L-ornithine, the latter being the main
substrate for the production of polyamines (putrescine, spermidine and spermine)
that are required for cell proliferation. L-Arg can also be metabolized by NOS2 to
produce citrulline and nitric oxide (NO), a highly reactive compound important in
vascular homeostasis and the cytotoxic mechanism of macrophages (Hibbs et al.,
1987). ARG I is constitutively expressed in the liver and human granulocytes and
is inducible in murine macrophage cells, while ARG II is constitutively expressed
in various tissues, especially the kidney. The expression of ARG I and NOS2 in
murine macrophages is differentially regulated by Th1 and Th2 cytokines (Hesse
et al., 2001; Munder et al., 1999). Stimulation of murine macrophages with IFN-�
or tumor necrosis factor-alpha (TNF-�) upregulates iNOS exclusively, while IL-4,
IL-10, transforming growth factor-� (TGF-�) and IL-13 induce ARG I (Munder
et al., 1998; Rutschman et al., 2001). The mitochondrial isoform ARG II is not
significantly modulated by Th1 or Th2 cytokines (Louis et al., 1999; Munder et al.,
1999).

The association of arginine metabolism and the immune system came initially
from reports in the 1970s demonstrating that the injection of L-Arg in mice under-
going extensive surgery prevented a well-described phenomenon of post-surgical
thymus involution and appeared to increase the number of T cells (Barbul et al.,
1977). In the late 1980s Albina and Mills (Albina et al., 1989) studying wound
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Fig. 1 Arginase induction in cancer. Malignant cells produce factors such as VEGF, GM-CSF,
M-CSF or others which may stimulate an increase in production of MDSC from the bone marrow.
The increased expression of COX-2 in tumor cells and the resulting production of PGE2 in turn
induces the expression of arginase I and CAT-2 transporters in MDSC. This facilitates the rapid
uptake of arginine and its subsequent depletion from the microenvironment. T cells stimulated in
this arginine-depleted microenvironment are arrested in their cell cycle progression and develop
specific alterations including the decreased expression of CD3� chain, an inability to translocate
NF�B p65 and the inability to upregulate JAK-3. These changes result in the induction of T-cell
anergy which is reversible by the supplementation of physiological levels of arginine or the inhibi-
tion of arginase

healing demonstrated that macrophages expressing arginase 1 infiltrated the site
of surgical wounds rapidly incorporating and metabolizing arginine into ornithine,
possibly as a means of increasing the production of proline and collagen by fibrob-
lasts, facilitating the process of wound healing. A different but equally important
association was suggested by reports showing the rapid depletion of plasma lev-
els of arginine accompanied by a markedly decreased T-cell function in patients
following liver transplantation, in trauma patients or in murine models of trauma
(Makarenkova et al., 2006). This phenomenon was caused by a massive release
of arginase from the transplanted liver caused by the hypoxia produced during the
surgical procedure, while in trauma, arginase appeared to be released by immune
cells in the peripheral blood (Bernard et al., 2001; Ochoa et al., 2000). Furthermore,
the state of T-cell anergy caused by trauma could be rapidly reversed by the enteral
or parenteral supplementation of L-Arg (Barbul, 1990).

4 Arginine, Arginase and Cancer

An increased arginase (ARG) activity has also been described in patients with dif-
ferent tumors (Singh et al., 2000; Suer et al., 1999). However, the initial reports were
limited to the expression of ARG II in the malignant cells, which was thought to be
necessary for the production of ornithine and polyamines to sustain the rapid cell
division and growth of the malignant cells (Chang et al., 2001). More recent reports
by Young et al. (1987, 1989) and later by Bronte et al. (2000) demonstrated the
existence of immature myeloid cells in the spleen of mice bearing colon carcinoma,
which expressed arginase I and the inducible nitric oxide (NOS2). These cells were
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able to suppress alloreactive T cells through mechanisms that were unclear at the
time. The phenotype of these cells was reminiscent of the immature dendritic cells
described initially by Gabrilovich (2004).

Almost simultaneously, Taheri et al. (2001) demonstrated that the stimulation of
T cells in tissue culture media containing low levels of L-Arg (but not other non-
essential amino acids) induced loss of the expression of the T-cell receptor � chain
(CD3�), blocked T-cell proliferation and caused a markedly decreased IFN-� pro-
duction, similar to the alterations previously described in anergic cancer patients.
These T cells, however, were not undergoing apoptosis, showed normal calcium
flux and IL-2 production (but not IFN-�) and were able to upregulate the IL-2
receptor alpha chain (CD25) (Zabaleta et al., 2004; Zea et al., 2004). The changes in
CD3� chain expression alone, however, could not explain the complete inhibition of
T-cell proliferation induced by the depletion of arginine. Cell cycle analysis using
propidium iodide showed that stimulated T cells cultured in the absence of L-Arg
were arrested in the G0-G1 phase, while those cultured in the presence of L-Arg
progressed into S and G2-M phases (Rodriguez et al. 2007.) The progression into
S phase of the cell cycle is tightly regulated by cyclin D/cdk complexes, which
phosphorylate retinoblastoma (Rb) protein inducing the release of the transcription
factor E2F-1 and causing the progression into late G1 phase. The expression of
cyclin D3 and cdk4 was significantly impaired in T cells cultured in medium with-
out L-Arg. Consequently, they had a significant decrease in Rb phosphorylation and
were unable to progress in their cell cycle. Therefore arginine depletion impairs
TCR signaling and cell-cycle progression.

More recently Rodriguez et al. (2002) published a series of elegant experi-
ments describing the molecular mechanisms by which arginine depletion inhibits the
expression of CD3� chain. The two main mechanisms a decreased stability of certain
RNAs and a decreased translation of several proteins. Cells cultured in the absence
of L-Arg had a shorter half-life of CD3� mRNA compared to cells cultured in the
presence of L-Arg, suggesting that L-Arg starvation induced a post-transcriptional
regulation of the CD3� mRNA. The available information on mRNA stability in
states of amino acid deprivation is complex and often contradictory. Guerrini et al.
(1993) described a differential post-transcriptional regulation of asparagine synthase
mRNA induced by starvation of amino acids. In contrast, Bruhat et al. (1997, 1999)
found that mRNA from HeLa cells cultured in the absence of leucine had a longer
half-life than mRNA of cells cultured in the presence of leucine. However, the
molecular mechanisms that affect the stability of mammalian genes in these settings
remain to be characterized. Our data show that a decrease in CD3� mRNA half-life
was also associated with de novo protein synthesis, suggesting a possible role for
new proteins in the modification of the mRNA turnover (Ross, 1996; Sachs, 1993;
Saini et al., 1990). Transfection experiments using the coding region of CD3� cDNA
under the control of a CMV promoter showed that COS-7 L cells cultured in the
absence of L-Arg displayed a decreased CD3� mRNA half-life, confirming the post-
transcriptional regulation of CD3� gene in L-Arg starvation conditions. However,
the cis acting sites in the 3′UTR mediating the instability of these mRNAs have not
been identified.
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Arginine starvation, however, does not always result in a decreased RNA half-
life or in a diminished translation. The lack of L-Arg has also been associated with
the induction of certain genes regulating L-Arg metabolism such as arginosuccinate
synthase (Fafournoux et al., 2000; Quillard et al., 1996), probably as a pathway for
the synthesis of L-Arg from citrulline. Gazzola et al. (1972) and Hyatt et al. (Aulak
et al., 1996, 1999; Hyatt et al., 1997) have reported that the absence of L-Arg induces
the transcription of genes encoding the cationic amino acid transport system 1 (CAT-
1), which transports amino acids such as L-Arg from the extracellular space into the
cytoplasm. This increase in the expression of CAT-1 is transient and if the absence
of L-Arg persists, it is downregulated. The absence of leucine and L-Arg has also
been associated with an increase in the amount and stability of mRNA encoding the
CHOP gene (Bruhat et al., 1997, 1999; Jousse et al., 1999, 2000). This gene encodes
a transcription factor that blocks the action of the CCAAT/enhancer-binding protein
�, which in turn inhibits the normal proliferation of cells (Bruhat et al., 1999).

Amino acid control of translational mechanisms has also been suggested by
reports showing that GCN2 acts as a central sensor to amino acid deprivation and
thus controls the response to nutrient starvation in mammalian cells. T cells iso-
lated from GCN2 knock-out mice were insensitive to arginine starvation, i.e., they
were able to upregulate cyclin D3 and cdk4 and proliferate even in the absence
of arginine (Rodriguez et al., 2007). These results are similar to those observed
in cells cultured in the absence of tryptophan (Munn et al., 2005), suggesting that
GCN2 serves as a general amino acid sensor in mammalian cells. How GCN2 acti-
vation leads to an arrest in protein synthesis in the absence of amino acids has been
partially described. Amino acid deprivation and accumulation of empty tRNAs in
eukaryotes activate GCN2 kinase, which results in the phosphorylation of eIF2�.
In turn, phosphorylated eIF2� suppresses the translation initiation and stability of
some cellular mRNAs and blocks the access of methionyl tRNA to the ribosome,
impairing the initiation of translation (Lee et al., 2003). T cells cultured in the
absence of L-Arg had an increased expression of the phosphorylated form of eIF2
alpha (P. Rodriguez, unpublished data). An alternative mechanism of inhibition of
the translation by amino acids starvation has been described and is the result of
inhibition of signaling through mTOR (mammalian target of rapamycin). However,
its role in arginine starvation is unclear.

5 MDSC and the Production of Arginase

How can arginase modulate the availability of arginine to the immune system?
Murine peritoneal macrophages stimulated with Th2 cytokines (IL-4 + IL-13) pro-
duce high levels of ARG I and have an increased uptake of radioactive L-Arg
mediated through cationic amino acid transport system (CAT) (Rodriguez et al.,
2003). This particular carrier system is characterized by its high affinity for basic
amino acids, its independence from Na+ and the ability of substrate on the oppo-
site (trans) side of the membrane to increase transport activity (White, 1985). CAT
genes have been recently cloned and designated CAT-1, CAT-2A, CAT-2B and
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CAT-3. Whereas CAT-1, CAT-2B and CAT-3 are high-affinity transporters (Km 100
�mol/L) for L-Arg, CAT-2A is an alternatively spliced variant of CAT-2B that pos-
sesses low affinity for L-Arg (Km 1–2 �mol/L) (Closs, 2002). Stimulation of murine
macrophages with IL-4 + IL-13 induced the expression of CAT-2B. In contrast,
stimulation of macrophages with IL-4 + IL-13 did not induce major changes in
the expression of CAT-1 and CAT-2A. The rapid uptake and depletion of L-arginine
from the microenvironment result in the development of severe T-cell dysfunction,
a phenomenon that was reversed by the addition of excess arginine or by the use
of an arginase inhibitor Nor-NOHA. In contrast, macrophages producing ARG II
or NOS2 do not deplete L-Arg from the microenvironment and do not impair T-cell
function. This in vitro model was also demonstrated in vivo in mice injected with
3LL lung carcinoma. Separation of cell subsets infiltrating subcutaneous tumors
showed the presence of myeloid-derived suppressor cells (MDSC) that expressed
ARG I and CAT-2B, were able to deplete arginine, and induced the loss of CD3�
and impaired T-cell proliferation. Furthermore, the injection of the arginase inhibitor
Nor-NOHA in tumor-bearing mice resulted in a dose-dependent T-cell-mediated
anti-tumor response that inhibited tumor growth (Rodriguez et al., 2004).

Recent studies in patients with cancer have confirmed the expression of ARG
I by immune cells infiltrating tumors and ARG II in certain tumor cells including
prostate cancer and renal cell carcinoma. The phenotype of the cells infiltrating
tumors and producing ARG I in the murine models ranges from immature dendritic
cells expressing GR1 to mature macrophages. In humans they also include mature
granulocytes. However, the common marker for all these cells is CD11b. Recently
an agreement was reached by researchers in the field to call them myeloid-derived
suppressor cells (MDSC). This wide variation in the phenotype of MDSC is proba-
bly caused by the factors being secreted by the different tumors. What factors acti-
vate MDSC is still a matter of much research. Gabrilovich (2004) has suggested that
MDSC are generated from bone-marrow hematopoietic precursors in response to
cytokines produced by the tumor, including granulocyte macrophage-colony stimu-
lating factor (GM-CSF), interleukin-3 (IL-3) and vascular endothelial growth factor
(VEGF). However, none of these cytokines alone induce ARG I. The mechanisms
regulating the induction of ARG I in MDSC are still unclear. In mice, cytokines such
as IL-4, IL-10 and IL-13 can induce ARG I expression in peritoneal macrophages in
vitro (Pauleau et al., 2004; Rutschman et al., 2001). However, ARG I is also found in
tumors that do not produce these cytokines. Murine tumor models have also recently
shown that prostanoids, and in particular PGE2, stimulate the expression of ASE I in
MDSC through the stimulation of prostaglandin receptors EP2 and EP4 on their cell
membrane (Rodriguez et al., 2005). The inhibition of COX-2 by siRNA (in vitro) or
COX-2 inhibitors (in vitro and in vivo) blocks the induction of ASE I and induces
an immune-mediated anti-tumor response.

In humans, however, the phenotype of MDSC and the induction of ARG I are
less clear. MDSC producing ARG I in humans not only are found in infiltrating
tumors, but also are increased in peripheral blood of cancer patients. Schmielau
and Finn (2001) first reported an unusually large number of myeloid cells with
a granulocyte phenotype (CD14−, CD15+, CD11b+), which co-purified with
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low-density peripheral blood mononuclear cells in the peripheral blood of patients
with pancreatic cancer. More recently, Zea et al. [2005] demonstrated a large
increase in MDSC with a similar phenotype in a study with 117 patients with
metastatic renal cell carcinoma (RCC). These cells expressed levels of arginase
activity that were 8–10 times higher than normal age-matched controls. The pres-
ence of these high numbers of arginase expressing MDSC in peripheral blood not
only impaired T-cell function, but also resulted in decreased levels of arginine and
increased levels of ornithine in plasma. Analysis of RCC biopsies also demonstrated
the presence of these MDSC infiltrating the tumor (P. Rodriguez unpublished data).
Thus MDSC not only have a suppressive effect at the tumor site, but can also impair
T-cell function in the periphery.

6 Nitric Oxide Synthase (NOS2) and T-Cell Function

Arginase I and NOS2 are differentially regulated in myeloid cells. Stimuli that
increase arginase 1 such as IL-4 and IL-13 decrease NOS2 expression, and vice
versa. However, only cells expressing arginase 1 deplete arginine from the microen-
vironment, which in turn blocks the induction of NOS2 expression by reducing the
de novo synthesis of NOS2 protein (El-Gayar et al., 2003; Lee et al., 2003). In
special circumstances arginase 1 and NOS2 are expressed in the same cell.

NOS2 and its product NO can also block T-cell function by interfering with the
IL-2 pathway (Duhe et al., 1998). Induction of NOS2 alone in MDSC, with subse-
quent release of NO, is responsible for inhibition of T-cell responses in some exper-
imental settings, as demonstrated by the complete reversal of immunosuppression
with specific NOS2 inhibitors (Bronte et al., 2000, 2003a; Mazzoni et al., 2002).
Moreover, NO added directly to cultures is an extremely potent inhibitor of T-cell
proliferation (Wu and Morris, 1998). IFN-� released by activated T lymphocytes
and a yet-to-be-understood cell-to-cell contact between T lymphocytes and MDSC
is necessary for NO production and inhibition of immune functions. In some models,
the complete dependence on NOS2 and NO for suppression has been unequivocally
established by experiments showing that inhibitory cells from NOS2-deficient mice
are devoid of immunosuppressive properties.

NO does not impair the early events triggered by T-cell receptor (TCR) crosslink-
ing, but acts instead at the level of IL-2 receptor signaling, blocking the phosphory-
lation and activation of several signaling molecules, including Janus kinases (JAKs)
1 and 3, STAT5 (signal transducer and activator of transcription 5), Erk and Akt
(Bingisser et al., 1998). Previous studies demonstrated that JAK-3 is oxidized and
inactivated following direct exposure to NO and the enzymatic activities of several
other intracellular signaling proteins are also negatively regulated by NO either
directly, by S-nitrosylation of crucial cysteine residues, or indirectly, through acti-
vation of guanylyl cyclase (Duhe et al., 1998). Concentrations of NO at the tumor
site may also result in apoptosis of infiltrating T lymphocytes (Saio et al., 2001).
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It has been suggested that NOS2 and ARG pathways operate in distinct
macrophage subsets. However, studies with cloned cell lines showed that stim-
ulation with LPS of either mouse or rat macrophages upregulated both NOS2 and
ARG 1 (Salimuddin et al., 1999; Sonoki et al., 1997), suggesting that under some
circumstances both enzymes can work in the same cellular environment. It has been
established that under conditions of low L-Arg concentrations, the reductase domain
of NOS2 generates superoxide ion (O2−) (Xia and Zweier, 1997). This has been
demonstrated in macrophages in which the targeted expression of ARG 1 increased
the production of O2, a process that was blocked by selective inhibitors of NOS2
reductase domain or by the scavenger superoxide dismutase. Furthermore, cloned
MDSC lines require both ARG 1 and NOS2 to block allogeneic T-cell responses in
tumor-bearing mice. These inhibitors also restored alloreactive T-cell responses
in mice bearing a highly immunosuppressive colon carcinoma (Bronte et al.,
2003a,b).

NO reacts with O2, giving rise to peroxynitrites (ONOO2), a highly reactive oxi-
dizing agent that nitrates tyrosines on proteins. Peroxynitrites can induce apoptosis
in T lymphocytes by inhibiting activation-induced protein tyrosine phosphorylation
or by nitrating a component of the mitochondrial permeability transition pore, which
causes release of death-promoting factors, such as cytochrome C (Brito et al., 1999).
Thus, when ARG I and NOS2 enzymes are induced together, peroxynitrites, gener-
ated by NOS2 under conditions of limiting arginine, cause activated T lymphocytes
to undergo apoptosis. Thus, NOS2 and ARG 1 may act separately or synergistically
in vivo.

7 Summary

Immunological tolerance can be induced by tumors through various mechanisms,
including the depletion of the non-essential amino acid L-arginine. Stimulation
of T cells in an arginine-depleted medium induces the loss of several signaling
proteins including CD3 chain, JAK-3 and NF�B p65 and also arrests T-cell cycle
by inhibiting cyclin D3 and cdk4 expression. This process is mediated by GCN2
kinase which acts as a sensor of amino acid depletion. L-Arginine can be depleted in
vivo by an increased uptake and metabolism through one of three major enzymatic
pathways, namely arginase I and NOS2 in MDSC and arginase II in tumor cells.
The most common mechanism leading to arginine depletion in vivo appears to be
arginase I in MDSC (Fig. 2). MDSC are induced from bone-marrow precursors by
tumor-derived factors such as VEGF, G-CSF and GM-CSF. Murine MDSC express
CD11b and can be induced to express arginase I by stimulation with IL-4, IL-10,
IL-13 and PGE2. In vivo or in vitro use of COX-2 inhibitors or the arginase inhibitor
Nor-NOHA blocks the induction of arginase I in MDSC and its function, respec-
tively, and causes an immune-mediated, dose-dependent anti-tumor response.
MDSC can simultaneously produce NO which in turn can further impair T-cell
function through the accumulation of peroxynitrites.
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Fig. 2 Arginine metabolism. Arginine is preferentially metabolized in MDSC by arginase I or
II or by nitric oxide synthase (NOS2). NOS2 converts arginine into NO, a major component of
the cytotoxic mechanisms in phagocytic cells. Arginase I/II will convert arginine to ornithine and
urea. The latter serves as a major detoxification mechanism (especially in the kidneys), while
ornithine can then be utilized to form proline which is the substrate for the formation of collagen
by fibroblasts. Alternatively, ornithine is used in the synthesis of polyamines, needed to sustain cell
proliferation

In cancer patients MDSC are characterized by mature granulocyte morphology,
express CD11b and constitutively express arginase I, which appears not to be regu-
lated by cytokines. MDSC in cancer patients are present not only in the tumor, but
also in peripheral blood where they can deplete normal levels of L-arginine.

In summary, tumors are “highjacking” a well-established cycle of wound healing
where myeloid cells infiltrating a wound first produce NO to “cleanse” the site and
then express arginase I which allows them to produce ornithine which is used to
produce proline and collagen by fibroblasts, leading to the healing of the wound.
In cancer, however, the cycle is never completed due to the continuous production
of factors by the tumor cells which cause myeloid cells to continuously express
arginase I and deplete arginine. Understanding the mechanisms by which tumors
regulate MDSC function may provide novel therapeutic approaches to enhance the
efficacy of novel immunotherapies.
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Protein–Glycan Interactions in the Regulation
of Immune Cell Function in Cancer: Lessons
from the Study of Galectins-1 and -3

Gabriel A. Rabinovich and Fu-Tong Liu

1 Galectins: Versatile Glycan-Binding Proteins Upregulated at
Sites of Chronic Inflammation and Tumor Growth

Protein–glycan interactions are critical during tumor growth, metastasis and inflam-
mation (Ohtsubo and Marth, 2006). Differential glycosylation of cell surface
glycoconjugates can influence tumor growth and metastasis by modulating cell
adhesion, cell migration, angiogenesis and inflammation (Liu and Rabinovich,
2005). Galectins, a family of evolutionarily conserved glycan-binding proteins,
are defined by a conserved carbohydrate-recognition domain (CRD) with affinity
for �-galactosides (Camby et al., 2006). To date, 15 mammalian galectins have
been identified, which can be subdivided into three groups: single-CRD galectins
(including galectins-1, -2, -5-, -7, -10, -11, -13, -14 and -15); two-CRD galectins
(galectins-4, -6, -8-, -9 and -12) and the unique “chimera-type” galectin-3, which
contains a single CRD fused to unusual tandem repeats of short amino acid stretches
(Camby et al., 2006). Of these 15 members it should be highlighted that the
inclusion of galectin-1, which was first characterized as a lens-specific protein
called GRIFIN (galectin-related inter f iber protein), remains controversial. In fact,
galectin-1 lacks two of the seven key amino acid residues conserved in most galectin
CRDs and does not display �-galactoside-binding activity (Cooper 2002).

Many galectins are either bivalent or multivalent with regard to their carbohydrate-
binding activities: some one-CRD galectins (e.g. galectin-1) exists as dimers;
two-CRD galectins have two carbohydrate-binding sites in tandem; and galectin-3
forms oligomers when it binds to multivalent carbohydrates (Brewer, 2002). Cross-
linkage of cell surface receptors by galectins can trigger transmembrane signaling
events through which diverse processes such as apoptosis, cell migration, cytokine
secretion and angiogenesis are modulated (Liu and Rabinovich, 2005). Remarkably,
the responsiveness of cells to individual members of the galectin family can fluctuate
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depending on the repertoire of potentially glycosylated molecules expressed on the
cell surface and the activities of specific glycosyltransferases that are responsible
for generating galectin ligands. These variables can dramatically change according
to the differentiation and activation state of the cells (Rabinovich et al., 2002a).
Here we will focus on the role of galectins-1 and -3, the best studied members of
the galectin family, in inflammatory and immunoregulatory processes involved in
tumor progression and tumor-immune escape.

2 Galectin-1

2.1 Galectin-1: Biochemistry and Cell Biology

Galectin-1, a �-galactoside-binding protein widely expressed in human tissues,
may occur as a monomer as well as a non-covalent homodimer composed of
14.5 kDa subunits (Camby et al., 2006). One of the main properties of the homod-
imeric galectin-1 protein is that it spontaneously dissociates at low concentrations
(Kd ∼ 7�M) into a monomeric form that is still able to bind carbohydrates but
with lower affinity. Interestingly, recent evidence indicates that the monomeric
and dimeric forms of galectin-1 are associated with different, and in some cases
contrasting, biological functions (Barrionuevo et al., 2007). Although this pro-
tein binds preferentially to glycoconjugates containing the ubiquitous disaccharide
N-acetyllactosamine (Gal � 1-3/4 GlcNAc), binding to individual lactosamine units
is of relatively low affinity and it is the arrangement of lactosamine disaccharides in
repeating chains (polylactosamine) that increases the binding activity (Rabinovich
et al., 2002a).

Galectin-1 lacks recognizable secretion signal sequences and does not pass
through the standard ER/Golgi pathway (Camby et al., 2006). In addition, it
shows other characteristics of typical cytoplasmic proteins, including acetylated
N-terminus and lack of glycosylation. Nevertheless, it is well known that this
protein, as well as other members of the galectin family, is secreted through a
novel mechanism distinct from classical vesicle-mediated exocytosis. Compelling
evidence indicates that the galectin secretion mechanism involves the formation of
exovesicles generated by membrane blebbing (Hughes, 1999). Galectin-1 secretion
was initially described by Cooper and Barondes (1990) in skeletal muscle cells,
although the molecular mechanisms involved in this secretory pathway remained
elusive for many years. Recently, Nickel’s group has demonstrated that secretion
of galectin-1 from mammalian cells depends on functional interactions between
the lectin and its counter-receptors (Nickel, 2005). Thus, single-site mutations in
galectin-1 caused deficiencies in both counter-receptor binding and export in CHO
cells, suggesting that functional interactions with counter-receptors are essential for
the overall galectin-1 export process.



Protein–Glycan Interactions 237

2.2 Galectin-1 in the Tumor Microenvironment

The potential role of galectins in tumor progression was proposed in the middle
1980s reporting a differential expression of endogenous �-galactoside-binding pro-
teins on the surface of non-tumorigenic, tumorigenic and metastatic cells (Gabius
et al., 1986; Raz et al., 1986). Expression of galectin-1 has been well documented in
cancer cells and cancer-associated stromal cells of different tumor types including
astrocytoma, melanoma, prostate, thyroid, colon, breast and ovary carcinomas and
also in hematological malignancies (Camby et al., 2006; Van den Brule et al., 2004;
Lahm et al., 2004). In addition, galectin-1 is highly expressed in endothelial cells
at sites of tumor growth (He and Baum, 2006). Interestingly, in most cases this
expression correlates with the aggressiveness of these tumors and the acquisition of
metastatic phenotype (Liu and Rabinvich, 2005).

How does galectin-1 contribute to tumor progression? Emerging evidence indi-
cates that galectin-1 has diverse functions in several aspects of cancer biology
including the regulation of tumor transformation, cell cycle regulation and apop-
tosis. Furthermore, this glycan-binding protein may also contribute to tumor metas-
tasis through modulation of cell–cell and cell–matrix interactions, thus controlling
cell adhesion, migration and invasiveness (Liu and Rabinovich, 2005). In addition,
recent evidence highlights a critical role for galectin-1 as a negative regulator of
T-cell immunity, thus contributing to tumor cell evasion of T-cell responses (Le
et al., 2005; Rubinstein et al., 2004). We will focus in the following section on the
role of galectin-1 as an immunosuppressive mediator employed by tumors to evade
immune responses.

2.3 Role of Galectin-1 in the Regulation of Adaptive
Immune Responses

Galectin-1 modulates different events involved in the physiology and dynamics
of T- and B-cell responses, including activation, cytokine secretion, cell adhesion,
migration and survival (Fig. 1).

2.3.1 Impact of Galectin-1 on Immune Cell Activation, Receptor-Mediated
Signal Transduction and the Function of Regulatory T cells

By influencing TCR-mediated signal transduction, galectin-1 can modulate T-cell
activation at sites of antigen presentation. Vespa et al. (1999) found that galectin-
1 inhibits T-cell receptor (TCR) signals and antagonizes TCR-induced IL-2 pro-
duction in a murine T-cell hybridoma clone. Interestingly, the same group further
demonstrated that galectin-1 induces partial TCR-� chain phosphorylation and is
able to antagonize full TCR responses including the production of IL-2 (Chung
et al., 2000). These effects may influence T-cell effector functions in galectin-1-
enriched tumor microenvironments.
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Fig. 1 Galectins-1 and -3 in the tumor microenvironment. Tumors elaborate a wide variety of
soluble factors which can positively or negatively affect anti-tumor effector responses. Galectins-1
and -3 control T-cell-dependent anti-tumor immunity through different mechanisms including reg-
ulation of effector T-cell apoptosis, modulation of T-cell activation, inhibition of transendothelial
T-cell migration and regulation of cytokine synthesis. In addition, galectins-1 and -3 can influ-
ence the physiology of other immune cell types in the tumor microenvironment, including B cells,
dendritic cells, macrophages and polymorphonuclear leukocytes

Regarding the B-cell compartment, Gauthier et al. (2002). demonstrated that
galectin-1 can act as a stromal ligand of the pre-B-cell receptor and contributes
to synapse formation between pre-BCR and stromal cells. Thus, by acting at early
events of TCR or BCR signaling, galectin-1 can control lymphocyte development
and activation.

On the other hand, recent studies, using microarray analysis, highlighted the
upregulated expression of galectin-1 in CD4+ CD25+ regulatory T cells and
the ability of these cells to suppress T-cell effector functions through galectin-
1-mediated mechanisms (Garin et al., 2007; Sugimoto et al., 2006). Further studies
are warranted to investigate whether the upregulated expression of galectin-1 in
regulatory T cells contributes to T-cell dysfunctions and tumor-immune escape. In
addition, it would be of interest to investigate the essential signals and molecular
mechanisms involved in the upregulated expression of galectin-1 in regulatory
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versus effector T-cell populations in tumor and chronic inflammatory microenviron-
ments.

2.3.2 Role of Galectin-1 in the Control of Proinflammatory
and Anti-inflammatory Cytokines

Compelling evidence indicates an essential role of galectin-1 in the control of
cytokine synthesis and secretion, suggesting that this lectin may influence a variety
of physiological processes. In addition, the ability to control cytokine production
endows this sugar-binding protein with the capacity to interfere with pathological
processes such as chronic inflammation and cancer.

Galectin-1 has been shown to selectively block secretion of Th1 and proinflam-
matory cytokines in vitro, including IL-2, IFN-� and TNF-� (Rabinovich et al.,
1999a; Vespa et al., 1999). In addition, studies in experimental models of chronic
inflammation and autoimmunity (using gene and protein therapy strategies) showed
the ability of galectin-1 to skew the balance toward a Th2-type cytokine profile in
vivo, with decreased levels of IFN-� and increased secretion of IL-5, IL-10 and
TGF-� by pathogenic T cells (Baum et al., 2003; Perone et al., 2006; Rabinovich
et al., 1999b; Santucci et al., 2000, 2003; Toscano et al., 2006). Furthermore, van der
Leij et al. (2007) recently reported a marked increase in IL-10 secretion from non-
activated and activated CD4+ and CD8+ T cells following exposure to galectin-1.
Interestingly we have found that galectin-1 treatment at early phases of a pathogenic
autoimmune response not only reduces the secretion of Th1-derived cytokines, but
also promotes the expansion of IL-10-producing regulatory T cells in lymph nodes
from treated mice (Toscano et al., 2006). These results underscore the ability of
this endogenous lectin to counteract Th1-mediated responses through different, but
potentially overlapping anti-inflammatory mechanisms. Furthermore, the ability of
galectin-1 to promote the expansion of regulatory T cells which in turn are a major
source of galectin-1 production could define a potential positive regulatory loop.
This regulated mechanism may have critical implications in the promotion of tumor-
immune escape, given the ability of regulatory T cells to restrain T-cell-mediated
anti-tumor responses.

Taken together, these data suggest that under distinct physiological or patho-
logical conditions, galectin-1 may provide inhibitory or stimulatory signals to con-
trol immune cell homeostasis and regulate inflammation following an antigenic
challenge.

2.3.3 Influence of Galectin-1 in T-Cell Adhesion and Extravasation

In addition to its role in modulating T-cell activation and cytokine synthesis,
previous studies demonstrated the ability of galectin-1 (at low concentrations
< 0.5�M) to inhibit T-cell adhesion to extracellular matrix glycoproteins such
as laminin and fibronectin without affecting T-cell survival (Rabinovich et al.,
1999a). In addition, He and Baum (2006) recently found that galectin-1 specifically
inhibits T-cell migration across endothelial cells. Since endothelial cells are a major
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source of galectin-1, inhibition of T-cell adhesion and migration may represent
a novel anti-inflammatory effect of this protein, which might have profound
implications in tumor-immune escape. Furthermore, recent studies highlight the
ability of human galectin-1 to inhibit hematopoietic progenitor mobilization by
obstructing the transendothelial migration of bone-marrow-derived stem cells (Kiss
et al., 2007), suggesting the ability of galectin-1 to modulate immune cell adhesion
and transendothelial migration at different levels of the lifespan of immunocytes
with critical implications in immune surveillance.

2.3.4 Galectin-1-Mediated Modulation of T-Cell Proliferation and Apoptosis

Research over the past decade has demonstrated that galectin-1 plays a pivotal role
in the regulation of T-cell homeostasis by regulating T-cell survival (Rabinovich
et al., 2002a). Through interaction with specific carbohydrate ligands on T-cell sur-
face glycoconjugates, this glycan-binding protein can induce cell cycle arrest and
promote apoptosis of developing thymocytes and peripheral T lymphocytes (Blaser
et al., 1998; Perillo et al., 1995, 1997; Rabinovich et al., 1997, 1998, 2002b). In
addition, it has been demonstrated that galectin-1 is not expressed on resting T or
B lymphocytes, but is upregulated upon T-cell activation and differentiation, sug-
gesting a potential autocrine negative mechanism to kill effector T and B cells after
the completion of an antigen-specific immune response (Blaser et al., 1998; Fuertes
et al., 2004; Zuñiga et al., 2001).

Different glycoproteins on the surface of activated T cells appear to be primary
receptors for galectin-1 including CD45, CD43, CD7, CD3 and CD2 (Pace et al.,
1999; Stillman et al., 2006; Walzel et al., 2000). Susceptibility to galectin-1-induced
cell death is tightly controlled by the regulated expression of specific glycosyl-
transferases which are regulated during T-cell development, activation and differ-
entiation (Amano et al., 2003; Galvan et al., 2000). It has been shown that T cells
lacking the core-2-�-1,6-N-acetylglucosaminyltransferase (C2GnT) are resistant to
galectin-1-induced cell death. This enzyme is responsible for creating branched
structures on O-glycans of T-cell surface glycoproteins, such as CD45 (Galvan
et al., 2000). Consistent with these findings, recent studies showed that haploin-
sufficiency of C2GnT-I results in altered cellular glycosylation and resistance to
galectin-1-induced cell death in T-lymphoma cells (Cabrera et al., 2006). In addi-
tion, other glycosyltransferases can also act to reduce galectin-1 binding by directly
or indirectly masking galectin-1 saccharide ligands. In this context, addition of �
2,6-linked sialic acids to lactosamine units by the ST6Gal-I sialyltransferase has
been shown to interrupt galectin-1 binding and cell death (Amano et al., 2003).

The signal transduction events triggered by galectin-1 are still controversial. It
has been demonstrated that galectin-1-induced T-cell death requires the activation
of specific transcription factors (i.e., AP-1) (Rabinovich et al., 2000b), cytochrome
c release and modulation of caspases-8 and -3 (Matarrese et al., 2005). How-
ever, another report shows that apoptosis induced by galectin-1 in a T-cell line is
not dependent on the activation of caspase-3 and does not involve cytochrome c
release (Hahn et al., 2004). Interestingly, a recent study proposed a model in which
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galectin-1 induces the release of ceramide, which in turn promotes downstream
events including decreased Bcl-2 protein expression, depolarization of mitochondria
and activation of caspase-9 and -3 (Ion et al., 2006). All downstream events required
the presence of two tyrosine kinases, p56lck and ZAP-70 (Ion et al., 2005). On the
other hand, other studies have shown that galectin-1 promotes phosphatidylserine
exposure in different cell types with no apparent signs of apoptosis (Stowell et al.,
2007). Therefore, it seems evident that galectin-1 may trigger distinct death path-
ways or different apoptosis end points in different cell types.

In contrast to the proapoptotic role of galectin-1 on activated T cells, Endharti
et al. (2005) demonstrated that secretion of this protein by stromal cells is capable
of supporting the survival of naïve T cells without promoting proliferation. In this
regard, it has recently been found that murine dendritic cells transduced with an
adenoviral vector expressing galectin-1 can elicit contrasting results when exposed
to resting or activated T cells. While this protein stimulated activation of naïve
T cells, it rapidly triggered apoptosis of activated T cells (Perone et al., 2006).
Thus, galectin-1 might trigger different signals (i.e., apoptosis, proliferation or sur-
vival) depending on a number of factors including the activation state of the cells
(resting vs activated or differentiated cells), the spatiotemporal expression of spe-
cific glycosyltransferases, the nature of the targeT cells (primary cell cultures or
immortalized T-cell lines) and different biochemical or biophysical parameters (i.e.,
equilibrium between the monomeric or dimeric protein forms and the presence of
reducing agents in the extracellular medium). Finally, the cross-talk between dif-
ferent mechanisms by which galectin-1 regulates T-cell fate and homeostasis (i.e.,
modulation of T-cell survival, activation, cytokine secretion and migration) still
remains to be investigated. Does galectin-1 regulate cytokine production and cell
trafficking through modulation of T-cell survival? Does galectin-1 impair cytokine
secretion by influencing T-cell activation and differentiation? Is there any associa-
tion between induction of regulatory T cells and the modulation of T-cell survival?
These questions remain to be addressed in future studies.

2.4 Galectin-1 in the Establishment and Maintenance
of Tumor-Immune Privilege

Different strategies are employed by tumors to foster a tolerant and privileged
microenvironment including the tumor-induced impairment of antigen presenta-
tion, the activation of negative costimulatory signals and the elaboration of soluble
immunosuppressive factors (Rabinovich et al., 2007). The ability of galectin-1 to
impair T-cell effector functions and the expression of galectin-1 in highly aggres-
sive tumors (Liu and Rabinovich, 2005) prompted us to investigate the ability
of this glycan-binding protein to confer a status of immune privilege to tumor
microenvironments. By a combination of in vitro and in vivo experiments, we
established a link between galectin-1-mediated immunoregulation and its contri-
bution to tumor-immune escape (Rubinstein et al., 2004). We found that human and
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mouse melanoma cells secrete substantial levels of galectin-1 which contribute to
the immunosuppressive activity of these tumor cells. Blockade of the inhibitory
effects of galectin-1 within the tumor tissue resulted in reduced tumor size and
potentiation of tumor-specific T-cell responses in vivo. This effect required intact
CD4+ and CD8+ T-cell compartments, since simultaneous depletion of these T-cell
subpopulations in vivo completely abrogated the anti-tumor response induced by
knockdown transfectants (Rubinstein et al., 2004). Furthermore, tumor-secreted
galectin-1 induced in situ apoptosis of tumor-infiltrating lymphocytes and interrup-
tion of this proapoptotic pathway within the tumor microenvironment resulted in the
generation of an otherwise repressed tumor-specific Th1 response in tumor-draining
lymph nodes (Rubinstein et al., 2004).

In support of our findings, Le et al. (2005) have recently shown that galectin-1
can act as a molecular link between tumour hypoxia and tumor-immune privi-
lege. Using proteomic analysis, the authors demonstrated that galectin-1 is overex-
pressed following exposure of tumor cells to hypoxic conditions. In addition, they
found a strong inverse correlation between galectin-1 expression and T-cell recruit-
ment in tumour sections corresponding to head and neck squamous cell carcinoma
(HNSCC) patients (Le et al., 2005). Taken together, these results support the concept
that galectin-1 contributes to immune privilege of tumors by modulating survival,
cytokine production and differentiation of effector T cells. Nevertheless, the over-
all effects of galectin-1 in tumor progression could be multifactorial, including its
ability to promote tumor escape, homotypic and heterotypic cell adhesion, tumor
cell migration and cell cycle regulation (Liu and Rabinovich, 2005). Whether a con-
nection exists between galectin-1-mediated immune and non-immune mechanisms
related to tumor progression still remains to be elucidated. In addition, it remains to
be determined whether galectin-1 may affect tumor-immune surveillance and escape
by modulating the physiology of other immune cell types, including macrophages,
dendritic cells, NK cells and NKT cells.

2.5 Impact of Galectin-1 on the Physiology
of Other Immune Cell Types: Monocytes,
Macrophages, Dendritic Cells and Neutrophils

Whereas compelling evidence has been accumulated regarding the effects of
galectin-1 on T-cell fate, limited information is available on how galectin-1 may
impact on other immune cell types, including monocytes and macrophage. In this
regard, results from our laboratory showed that galectin-1, similarly to Th2 and Th3
cytokines, inhibits nitric oxide synthesis, favoring the expression of arginase (the
alternative metabolic pathway of L-arginine) in activated peritoneal macrophages
(Correa et al., 2003). In addition, we have recently demonstrated that galectin-1 can
differentially regulate the expression and function of critical regulatory molecules
(i.e., Fc� RI and MHC-II) on human monocytes and mouse macrophages through a
non-apoptotic ERK1/2-mediated pathway (Barrionuevo et al., 2007). This effect
was clearly observed in macrophages recruited in response to inflammatory
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stimuli following treatment with recombinant galectin-1 and further confirmed
in galectin-1-deficient (gal-1−/−) mice (Barrionuevo et al., 2007). Altogether, these
results suggest that this endogenous lectin might promote a state of “alternative
activation” or “deactivation” in elicited macrophages. These observations may
have profound implications in fostering tumor-immune escape, since alternatively
activated macrophages play a critical role in promoting tumor progression and
metastasis (Gordon, 2003).

Galectin-1 has also been shown to impact on dendritic cell function. Lee’s
group reported the ability of galectin-1 to augment the secretion of proinflammatory
cytokines and to influence dendritic cell migration through the extracellular matrix
(Fulcher et al., 2006). On the other hand, it has been demonstrated that dendritic
cells engineered to overexpress galectin-1 are highly activated; these transgenic
cells can stimulate naïve T cells, but induce apoptosis of activated T cells (Per-
one et al., 2006). Whether these effects influence the generation of immunogenic
or tolerogenic dendritic cells in the tumor microenvironment still remains to be
examined.

On the other hand, galectin-1 has also been shown to influence the functions
of human and murine neutrophils. Treatment with galectin-1 inhibits chemotaxis
and transendothelial migration of neutrophils in vivo (La et al., 2003; Rabinovich
et al., 2000, 2000a; Gil et al., 2006). Furthermore, Stowell et al. (2007) reported that
galectin-1 can induce phosphatidylserine exposure in activated human neutrophils
thus compromising their further removal by phagocytes. In addition, Karlsson and
colleagues showed that galectin-1 can activate NADPH oxidase in primed neu-
trophils (Almkvist et al., 2002), suggesting that galectin-1 may positively or nega-
tively regulate neutrophil function during the development, progression and resolu-
tion of an inflammatory response by either inhibiting cell extravasation and chemo-
taxis, activating the release of proinflammatory mediators or regulating phagocytic
removal. Further studies are warranted, using galectin-1-deficient mice, to dissect
the precise role of galectin-1 in neutrophil-mediated immune functions in vivo.

2.6 Other Biological Functions Modulated by Galectin-1:
Regulation of Cell Adhesion, Migration and Angiogenesis

In addition to the ability of galectin-1 to regulate immune processes related to innate
or adaptive responses, this carbohydrate-binding protein can have important roles in
cancer by contributing to neoplastic transformation, tumor cell survival, angiogene-
sis and tumor metastasis (extensively revised in Liu and Rabinovich, 2005). There-
fore, the overall effect of galectin-1 on tumor progression may result not only from
the modulation of immune-mediated mechanisms, but also from the control of other
biological functions, including homotypic cell aggregation (Tinari et al., 2001), cell
adhesion (Elola et al., 2007), migration (Camby et al., 2001), tumor cell prolifera-
tion (Kopitz et al., 2001) and angiogenesis (Thijssen et al., 2006). The functional
interplay between immune and non-immune mechanisms by which galectin-1 may
affect tumor progression, escape and metastasis remains to be further elucidated.
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3 Galectin-3

3.1 Galectin-3: Biochemistry and Cellular Biology

Galectin-3 is the only member of the third form of galectins with a single CRD
domain and an N-terminal region of approximately 120 amino acids composed of
tandem repeats of short amino acid segments. Earlier studies suggested that galectin-
3 can self-associate (Hsu et al., 1992; Massa et al., 1993) and a more recent quantita-
tive study revealed that it forms pentamers on binding to multivalent carbohydrates
(Ahmad,2004). Galectin-3 can be cross-linked by transglutaminase (Mehul et al.,
1995), resulting in the formation of covalently linked oligomers (Mahoney et al.,
2000; Van den Brule et al., 1998). Affinity of galectin-3 for galactose is low, but
that for certain galactose-containing oligosaccharides can be significantly higher
(Hirabayashi et al., 2002; Sparrow et al., 1987).

Like other galectins, galectin-3 lacks a classical signal peptide and transmem-
brane domain required for secretion through the classical secretory pathway and for
display on the cell surface, respectively (reviewed in Hughes, 1999). Nevertheless,
the protein is released to extracellular spaces and possible mechanisms have been
investigated (reviewed in Hughes, 1999).

Secreted galectin-3 may affect cells through an autocrine or paracrine mecha-
nism by binding to and cross-linking glycoproteins and glycolipids present on the
cell surfaces and extracellular matrices that contain appropriate oligosaccharides.
Galectin-3’s effectiveness in this process is likely to be associated with its ability
to form oligomers. Indeed, oligomerization of galectin-3 on cell surfaces was doc-
umented by the fluorescence resonance energy transfer method under the condition
that the lectin mediates cell activation and adherence (Nieminen et al., 2007).

A number of intracellular functions have been reported for galectin-3 and, for
some of these, intracellular proteins with which it interacts and possibly mediates
these functions have been identified (reviewed in Liu 2005). Notably, galectin-
3 binds to them through protein–protein interactions and not lectin–carbohydrate
interactions (Liu et al., 2002; Wang et al., 2004). Galectin-3 has been observed to
shuttle between the cytoplasm and the nucleus (Davidson et al., 2002) and thus
can function in the nucleus. One such function relates to the process of pre-mRNA
splicing (Dagher et al., 1995; Liu et al., 2002). A role for galectin-3 in glycopro-
tein trafficking was recently described by Delacour et al. [2006]. They found the
presence of galectin-3 in vesicles containing glycoproteins destined for the plasma
membrane at the apical side of the cell. The authors suggested that galectin-3 is
responsible for sorting these glycoproteins into these vesicles. Thus, galectin-3 may
play a role in controlling the composition of cell surface glycoproteins.

Galectin-3 exerts a variety of functions by acting extra- or intracellularly.
Through the extracellular mode of action, the lectin can affect cell growth and
survival, activate or inhibit cellular responses, modulate cell adhesion and induce
cell migration. These are mostly demonstrated with recombinant galectin-3 in vitro.
Through the intracellular mode of action, galectin-3 has been shown to regulate
many of the above-mentioned processes. Some of these were revealed from studies
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involving gene transfection and antisense nucleotides to influence expression, while
others were confirmed by the use of cells from mice deficient in galectin-3. The
intracellular functions of galectin-3 are supported by experiments showing that the
activity in question is not affected by lactose added to the culture medium, which
would inhibit galectin-3’s carbohydrate-dependent extracellular actions. They are
also supported by the identification of intracellular proteins with which galectin-3
interacts.

The intracellular functions demonstrated for endogenous galectin-3 may not be
the same as those exerted by exogenously added galectin-3. This is best exempli-
fied by the opposite activities noted for the protein in regulation of apoptosis: The
endogenous protein is anti-apoptotic presumably through its intracellular action,
while exogenously added recombinant protein induces apoptosis, through an extra-
cellular mechanism (for details see Sect. 3.3.1).

3.2 Expression of Galectin-3 in Tumors

Galectin-3 has wide tissue distribution and is expressed by many tumor cells
(reviewed in Liu and Rabinovich, 2005). In general, in tissues and cell types that nor-
mally express galectin-3, the protein is downregulated when they become cancerous.
Conversely, in those tissues and cells that do not normally express galectin-3, upreg-
ulation of the protein is observed in tumor transformation. In some cases, detection
of galectin-3 in tumor cells is useful for diagnosis of the cancer. Additionally, in
certain types of cancers, the levels of galectin-3 in tumor cells correlate with the
disease progression (reviewed in Danguy et al., 2002).

As in the case of galectin-1, galectin-3 expressed in tumors can contribute to
tumor transformation, cell cycle regulation and apoptosis, as well as tumor metasta-
sis through modulation of cell adhesion, migration and invasiveness (Liu and Rabi-
novich, 2005). In addition, also like galectin-1, extracellular galectin-3 is a nega-
tive regulator of T-cell immunity and thus may contribute to tumor cell evasion of
T-cell responses. Furthermore, galectin-3 can affect many aspects of the immune
and inflammatory responses. We will concentrate here on the role of galectin-3 as
an immunosuppressive mediator and inflammatory modulator employed by tumors
to evade immune responses and fuel their own growth.

3.3 Role of Galectin-3 in Regulation of T-Cell Responses

3.3.1 Control of T-Cell Survival

Galectin-3 can induce apoptosis in T cells, like galectin-1. This has been shown by
using recombinant protein and human T-leukemic cell lines, human peripheral blood
mononuclear cells and activated mouse T cells (Fukumori et al., 2003). Another
study confirmed the ability of galectin-3 to induce apoptosis in T cells and also
noted differential sensitivities of cells to galectins-1 and -3 (Stillman et al., 2006).
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Galectin-3 induces apoptosis preferentially in double-negative thymocytes, while
galectin-1 kills both double-negative and double-positive thymocytes.

The cell surface glycoproteins that mediate the apoptosis-inducing activities also
differ between the two galectins. One study showed that binding of galectin-3 to
CD7 and CD29 (� 1 integrin) is involved, as neutralizing antibodies binding to these
proteins inhibited galectin-3-induced apoptosis (Fukumori et al., 2003). Another
study found that CD45 and CD71, but not CD29 and CD43, mediate galectin-
3-induced death. Further, CD7, an essential receptor for galectin-1-induced T-cell
death, is not required (Stillman et al., 2006). In addition, galectin-3 is more potent
than galectin-1 in inducing T-cell death. About 50 % of cells underwent apoptosis
when MOLT, CEM and Jurkat T-cell lines were treated with galectin-3 at 1–5 �M,
while a comparable level of apoptosis required 20 �M galectin-1 (Stillman et al.,
2006). The lower galectin-3 concentration required for cell death is likely due to the
fact that galectin-3 pentamerizes when bound to multimeric glycans, including gly-
coproteins on the cell surface (Ahmad, 2004), as mentioned in the previous section.
In contrast, dimeric galectin-1 is the effective molecule in cell death induction, and
the Kd for galectin-1 dimerization is ∼ 7�M (Perillo et al., 1995). Thus, galectin-3
may be more effective in cross-linking and engaging cell surface apoptosis-inducing
receptors.

It is important to point out that while exogenously added galectin-3 induces
apoptosis, endogenous galectin-3 expressed in T cells is anti-apoptotic. This was
first demonstrated in the human T-cell line Jurkat transfected to express galectin-3
(Yang et al., 1996). The transfectants were found to be more resistant to apoptosis
induced by anti-Fas antibody and staurosporine, compared to control transfectants
not expressing the protein. Galectin-3 expression in another human T-cell line CEM
also resulted in resistance to apoptosis induced by galectin-1 (Hahn et al., 2004) and
C(2)-ceramide (Fukumori et al., 2003).

The anti-apoptotic activity of galectin-3 has been demonstrated in a number of
other cell types and diverse apoptotic stimuli (reviewed in Liu et al., 2002). Endoge-
nous galectin-3 appears to confer resistance to apoptosis through an intracellular
mechanism. The fact that exogenously added galectin-3 kills T cells further supports
this notion, because if endogenous galectin-3 in T cells acts extracellularly, expres-
sion of galectin-3 would be associated with more apoptosis rather than resistance to
apoptosis. Current information suggests that intracellular galectin-3 regulates apop-
tosis through engagement of apoptosis-regulation pathways (reviewed in Hsu et al.,
2006; Liu et al., 2002). Translocation of galectin-3 from the cytosol or the nucleus
to mitochondria following exposure to apoptotic stimuli was described (Yu et al.,
2002). In addition, galectin-3 was observed to suppress the loss in the mitochondrial
membrane potential, suggesting that its anti-apoptotic action may involve interac-
tions with other regulators of apoptosis operating in mitochondria (Matarrese et al.,
2000).

Galectin-3 has been found to bind to proteins implicated in regulation of apopto-
sis, including Bcl-2 (Yang et al., 1996) and synexin (Yu et al., 2002). With regard to
the structural requirement, phosphorylation of serine at position 6 is critical (Yoshii
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et al., 2002), which is also required for export of the protein from the nucleus upon
exposure to apoptotic stimuli (Takenaka et al., 2004). In addition, the activity is
dependent on the presence of Asn-Trp-Gly-Arg (NWGR) motif in the C-terminal
domain (Akahani et al., 1997; Yang et al., 1996). This motif is also contained in
the well-characterized members of the Bcl-2 family of apoptosis regulators and is
indispensable in their functions (Muchmore et al., 1996).

3.3.2 Control of Cytokine Synthesis

Galectin-3 has been shown to induce cell activation through its multivalent lectin
activity, by cross-linking cell surface glycans. With regard to T cells, galectin-3
can induce human Jurkat T cells to produce IL-2 (Hsu et al., 1996) as well as
uptake extracellular calcium ion (Dong et al., 1996). Galectin-3 was found to be
associated with the T-cell receptor (TCR) complex (Demetriou et al., 2001) in a
fashion that is dependent on the glycosylation of TCR controlled by � 1,6-N-
acetylglucosaminyltransferase V (Mgat5), an enzyme in the N-glycosylation path-
way (Demetriou et al., 2001). The carbohydrate dependence is also supported by
the inhibition of the association by lactose. Galectin-3 is a negative regulator of
TCR-initiated signal transduction, as inhibition of galectin-3 binding to TCR results
in increased TCR clustering and enhanced signaling through TCR (Demetriou et al.,
2001).

3.3.3 Regulation of T-Cell Adhesion and Migration

Galectin-3 has been shown to bind to extracellular matrix proteins, including
laminin (Hughes, 2001; Kuwabara and Liu, 1996; Massa et al., 1993; Sato et al.,
1992), fibronectin (Sato et al., 1992), elastin (Ochieng et al., 1999) and hensin
(Hikita et al., 2001), in a carbohydrate-dependent manner. It also interacts with
integrins �1�1 (Ochieng et al., 1998) and �M�1 (CD11b/18) (Dong, 1997).
Evidence has been provided that galectin-3 can modulate cell adhesion through
engaging these extracellular matrix proteins and integrins (reviewed in Hughes,
2001).

There is a report on the involvement of endogenous galectin-3 in adhesion of
mouse T cells: adhesion of T cells to dendritic cells or macrophages triggered by
ligation of L-selectin is inhibitable by a galectin-3 sugar ligand or anti-galectin-3
antibody (Swarte et al., 1998).

3.4 Modulation of Immune Cell Activation

Galectin-3 has been shown to activate other immune cells. This lectin (1) induces
mediator release in both IgE-sensitized and non-sensitized mast cells, possibly by
cross-linking Fc�RI-bound IgE, Fc�RI or both (Frigeri et al., 1993; Zuberi et al.,
1994); (2) induces superoxide anion production (Liu et al., 1995) and potentiates
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LPS-induced IL-1 production in human peripheral blood monocytes (Jeng et al.,
1994); (3) promotes oxidative responses in human peripheral blood neutrophils
primed with a variety of agents (Almkvist et al., 2001, 2004; Faldt et al., 2001;
Karlsson et al., 1998; Yamaoka et al., 1995); and (4) triggers L-selectin shedding
and IL-8 production in both naïve neutrophils and those primed with cytochalasin-B
(Nieminen et al., 2005). Additionally, galectin-3 causes apoptosis as well as pro-
motes phagocytic activity in neutrophils (Fernandez et al., 2005). Finally, it induces
migration of human monocytes/macrophages and alveolar macrophages, both in
vitro and in vivo (Sano et al., 2000). All these activities were demonstrated with
exogenously added recombinant galectin-3.

Galectin-3 can also exert a suppressive effect on myeloid cells, as exemplified
by inhibition of IL-5 production in human eosinophils, an eosinophilic cell line,
human peripheral blood mononuclear cells (PBMC) and an antigen-specific T-cell
line (Cortegano et al., 1998).

The above results were demonstrated with exogenously added galectin-3. How-
ever, endogenous galectin-3 can function intracellularly without being secreted.
For example, galectin-3 has been shown to have a critical role in phagocytosis,
as demonstrated by comparing macrophages from galectin-3-deficient (gal3−/−)
mice and wild-type mice (Sano et al., 2003). The intracellular mechanism is
also consistent with the intracellular localization of the protein—galectin-3 is
located in the phagosomes of macrophages (Garin et al., 2001; Sano et al., 2003).
Studies of mast cells from gal3−/− mice have revealed a role for galectin-3 in
regulation of mast cell mediator release and cytokine production, induced by
cross-linkage of cell surface IgE receptor (Chen et al., 2006). The mechanisms by
which galectin-3 regulates mediator release and cytokine production are not known,
but could be in part due to the ability of the protein to control the expression
of c-jun-N-terminal kinase-1 (JNK1) (Chen et al., 2006), which is known to
play a central role in the signaling pathways leading to production of selected
cytokines.

Thus, in vitro studies suggest that galectin-3 can promote immune and inflamma-
tory responses through its functions on cell activation, cell migration or inhibition of
apoptosis (thus prolonging the survival of inflammatory cells), although it can also
suppress some responses and induce apoptosis. The proinflammatory role has been
confirmed by in vivo studies of mouse models using gal3−/− mice. For example,
gal3−/− mice exhibited attenuated peritoneal inflammation induced by peritoneal
injection of thioglycollate broth (Colnot et al., 1998; Hsu et al., 2000) compared
to wild-type mice. In addition, in a mouse model of asthma, ovalbumin-sensitized
gal3−/− mice developed lower lung eosinophilia relative to similarly treated wild-
type mice following airway ovalbumin challenge (Zuberi et al., 2004). The sup-
pressive effect is best demonstrated by the observation of a reduced eosinophil
infiltration in response to airway antigen challenge in rats and mice that received
cDNA encoding galectin-3 delivered intranasally (Del Pozo et al., 2002; Lopez
et al., 2006). These contrasting results may be explained by the potentiating role for
endogenous galectin-3, but the suppressive effect of pharmacological concentrations
of galectin-3.
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3.5 Galectin-3 in Tumor-Immune Escape

Secretion of galectin-3 by tumor cells under certain conditions have been demon-
strated, for example when breast carcinoma cells are treated with the glycoprotein,
fetuin (Zhu and Ochieng, 2001), or when cultured adherent breast carcinoma cells
are detached from the substratum (Baptiste et al., 2007). Galectin-3 is detectable
in the sera and its serum levels are higher in patients with various cancers than
in healthy individuals (Iruisci et al., 2000). Galectin-3 released by tumor cells
can affect the immune cells in a number of ways. First, the protein can induce
apoptosis in T cells and as reported for galectin-1 (Rubinstein et al., 2004), T-cell
killing by galectin-3 may result in immune escape by tumor cells expressing the
lectin. While this possibility has not been formally demonstrated, it was suggested
by the observed correlation between galectin-3 expression in tumor cells and the
degree of apoptosis in tumor-associated lymphocytes, in biopsied samples of human
melanoma (Zubieta et al., 2006).

As mentioned above, intracellular galectin-3 is anti-apoptotic and this activity has
been demonstrated in T cells. This activity has also been amply demonstrated with
tumor cells expressing the protein. Thus, the current view is galectin-3 expressed in
tumor cells may confer the cells resistance to killing by the host immune response
or chemotherapeutic agents. Therefore, while galectin-3 released by tumor cells can
kill T cells targeting the tumor, with galectin-3 being released, tumor cells would
contain a lower amount of the protein and actually might become more sensitive
to killing by cytotoxic T cells. The battle between the tumor cells and T cells may
thus depend on the amount of galectin-3 in tumor cells and T cells, respectively,
the amount released by tumor cells and the efficiency of cell killing by released
galectin-3.

Galectin-3 released by tumor cells can also affect the inflammatory responses
through other mechanisms. These include chemoattraction of macrophages, acti-
vation of various immune and inflammatory cells and modulation of the adhesive
properties of these cells. On the basis of many studies, extracellular galectin-3
released by tumor is expected to potentiate the inflammatory response, especially
from the point of view of galectin-3’s ability to chemoattract macrophages and acti-
vate various leukocytes. Since the inflammatory response can potentially promote
tumor development and progression, the overall effect of extracellular galectin-3
may benefit the tumors through mechanisms distinct from tumor-immune escape. It
should be pointed out, however, that the effect of extracellular galectin-3 on cell
adhesion can be either positive or negative, and whether galectin-3 released by
tumor cells would enhance or suppress adhesion of different immune and inflam-
matory cells is yet to be elucidated. In the mean time, it is also to be recog-
nized that galectin-3 can affect the tumor cell adhesion and migration and some
through intracellular mechanisms (reviewed in Liu and Rabinovich, 2005). Thus,
on one hand, galectin-3 released by tumor cells may affect how tumor cells adhere
and migrate through the extracellular environment; on the other hand, it is pos-
sible the biological behavior of tumor cells might be affected by the decrease in
the amount of galectin-3 inside the cells, as a result of release of the protein.
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Finally, it should be pointed out that, similar to galectin-1, galectin-3 can also
promote endothelial cell morphogenesis and angiogenesis (Nangia-Makker et al.,
2000), suggesting another mechanism by which this protein can influence tumor
progression.

4 Conclusions: Galectins as Targets for Anticancer Therapies:
Current Status, Future Directions and Unresolved Issues

Given their contribution to tumor progression, galectins-1 and -3 have emerged as
a promising molecular target for cancer therapy. Therefore, a current challenge is
the development of potent and selective small inhibitors of galectins to delay tumor
progression and stimulate anti-tumor T-cell responses. In fact, molecules with such
properties have already been designed for galectins-1 and -3; these include synthetic
glycoamines, glycodendrimers or natural products such as pectins (Andre et al.,
2001; Glinsky et al., 1996; Nangia-Makker et al., 2002; Rabinovich et al., 2006;
Tejler et al., 2006; Ingrassia et al., 2006). The emergence of novel high-throughput
screening platforms, including glycan arrays (Blixt et al., 2004), will facilitate the
characterization and profiling of the specificity of a diverse range of galectins and
the identification of more specific and potent inhibitors of galectin–carbohydrate
interactions. In addition, studies are being conducted in order to elucidate the anti-
tumor effects of neutralizing anti-galectin antibodies and small molecule inhibitors
in different pre-clinical models.

Although significant progress has been made on galectin research during the
past decade, there are a number of aspects of galectin research remaining to be
addressed. First, there is still scarce information regarding the molecular mecha-
nisms and exogenous stimuli that regulate galectin expression in tumor cells. In
this regard, evidence indicates that galectin-1 expression in tumor cells can be
modulated by differentiating chemotherapeutic and antimetastatic agents includ-
ing retinoic acid, transforming growth factor-� and cyclophosphamide (Daroqui
et al., 2007; Lu et al., 2000; Zacarias Fluck et al., 2007). Galectin-3 expression
is upregulated in a wide range of neoplasms, including those induced by virus,
ultraviolet light or chemicals (Crittenden et al., 1984; Hébert and Monsigny, 1993,
1994; Raz et al., 1987). Galectin-3 expression is induced by transactivating proteins
(such as HTLV-1 tax protein and hepatitis B virus X protein) (Hsu et al., 1996,
1999). Finally, future studies should be conducted to examine the cross-talk between
galectins and other mechanisms of tumor-immune escape including PD-1/PD-L1,
expansion and recruitment of regulatory T cells and indoleamine 2,3-deoxigenease
expression.

In conclusion, although a great deal remains to be learned about the functional
roles of galectins-1 and -3 in the tumor microenvironment, sufficient evidence has
been accumulated demonstrating their importance, and new therapeutic approaches
directed toward modulating their activities are being developed.
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Role of Reactive Oxygen Species in T-Cell
Defects in Cancer

Alex Corzo, Srinivas Nagaraj, and Dmitry I. Gabrilovich

1 Introduction

Nitrogen and oxygen are essential for sustaining life on earth. They are not only part
of the amino acids and the nucleotides, but also critical for energy transfer in cells.
The majority of living organisms have taken advantage of the availability of oxygen,
and their existence has become dependent on the presence of this element at all
times. At the cellular level, oxygen is necessary for the generation of energy during
the aerobic respiration process which occurs in mitochondria. Oxygen is invariably
used as the terminal electron acceptor. High-energy electrons from nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH) are ulti-
mately transferred to oxygen via various electron carriers in the inner mitochondrial
membrane and, in the process, a proton gradient is created that drives the synthesis
of ATP. The high electronegativity of O2 enables aerobic organisms to produce much
higher amounts of ATP than anaerobic organisms. However, this efficiency comes
with the price of the generation of toxic-free radicals via the reduction of O2 to free
radical superoxide (O.−

2 ), which happens primarily within the mitochondria. In fact,
it has been speculated that 1–2 % of daily consumed oxygen is converted to O.−

2 by
mitochondrial respiration.

The generation of O.−
2 if uncontrolled can become a predicament because of up to

nine of the various mitochondrial enzymes and redox carriers having been reported
as possible O.−

2 producing sites (Andreyev et al., 2005). Reactive oxygen species
(ROS) are produced in response to multiple stimuli. Even immunoglobulins and the
T-cell receptor contain a catalytic site that promotes the formation of ROS (Datta
et al., 2002). ROS are a crucial component of many immunological reactions and
their significant role in biology and cancer is just now being fully acknowledged. In
this review we will focus on the importance of oxygen for normal leukocyte biology
and how oxygen metabolites are manipulated by cancer to inhibit T-cell functions
and allow the progression of the disease.
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2 Types of Reactive Oxygen Species and Their Effects of
Biological Function of Cells

A free radical is any molecule that has an unpaired electron capable of existing
independently (Winterbourn, 1993). When a molecule loses an electron it becomes
a radical starting an ongoing chain reaction that finally reaches an end when the
free radical encounters a second radical and they neutralize each other. By nature, a
free radical seeks to pair its unpaired electron. Due to this necessity, most free rad-
icals are highly reactive and will react with another molecule to obtain the missing
electron.

Molecular oxygen available in air is stable and long-lived. The origins of almost
all reactive oxygen species begin with the monovalent reduction of oxygen to the
radical superoxide (O.−

2 ). O.−
2 can act as both oxidant and reductant (Valko et al.,

2004). Superoxide performs most of its damage by serving as the building block
to other reactive molecules listed below. A second mechanism exists that allows
oxygen to be a precursor of other ROS. The two outermost pairs of electrons of O2

have parallel spins, a characteristic that prevents oxygen from reacting with most
molecules. However, if O2 absorbs sufficient energy, the spin of one electron can
be reversed creating antiparallel spins. This state of oxygen with a pair of electrons
with opposite spins is called singlet oxygen (1O∗

2) (Ryter and Tyrrell, 1998). Singlet
oxygen, though not a free radical, is a more active oxygen state; it also has a longer
lifetime unless it transfers its excess energy to another molecule. The list of ROS
originated by O.−

2 include:
Hydrogen peroxide (H2O2). At physiologic pH O.−

2 is rapidly converted to H2O2

and oxygen (Rodriguez et al., 2000). The reaction is catalyzed by superoxide dis-
mutases (SOD), a family of enzymes abundant in all cells. H2O2 is a weak acid
with strong oxidizing properties and is one of the most powerful oxidizers known.
One of the most important properties of H2O2 is its ability to diffuse freely through
the cell membrane, thereby playing a role in many biological processes including
antimicrobial defense and cell signaling. In fact, H2O2 is viewed as one of the most
important oxidant species because of its known interactions with multiple signaling
pathways.

Hydroxyl radical (·O H ). H2O2 in combination with some metals, particularly
iron, can also give rise to one of the most reactive free radicals, the hydroxyl radical
(·OH). Under physiologic condition, iron exists in the Fe3+ form. When iron is
reduced to Fe2+, a reaction accomplished by O.−

2 (Leonard et al., 2004), it is capable
of reacting together with H2O2 culminating in the production of ·OH.

Hypochlorous acid (HOCl). Alternatively, H2O2 can also be used as a substrate
by the enzyme myeloperoxidase (MPO) for the formation of another type of ROS:
hypochlorous acid (HOCl). MPO is abundant in neutrophil granules and it produces
HOCl from H2O2 and chloride anions during the respiratory burst, a process that
will be explained in detail later. HOCl possesses potent antimicrobial properties.
MPO is unique in its ability to generate reactive chlorinating species such as HOCl
(Weiss et al., 1986). MPO has emerged as a potential mediator of atherosclerosis by
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promoting endothelial dysfunction, generating atherogenic lipoproteins, consump-
tion of nitric oxide, all of which result in the promotion and/or propagation of the
disease (Nicholls and Hazen, 2005). HOCl carries out a wider variety of oxidative
reactions, including chlorination of tyrosines and the oxidative modification (and
often inactivation) of enzymes (Fu et al., 2003). Hypochlorite can interact with
ammonia or amines to produce chloramines.

Peroxynitrite (O N O O−). Another molecule that reacts with O.−
2 is nitric oxide

(NO), a key biological messenger in mammals and a toxic reagent functioning as
a tumoricidal and antimicrobial molecule. NO can quickly react with superoxide
leading to the formation of the dangerous free radical peroxynitrite (ONOO−), a
potent oxidant that can attack a wide range of biological molecules. These chain
reactions can be extremely detrimental when the main biological macromolecules
(lipids, nucleic acids and proteins) become involved in the reaction, as all three are
highly susceptible to free radical attack.

The vast majority of oxidative stress-induced DNA damage affects the primary
structure of the double helix. Nucleic acids undergo single- and double-strand
breaks in the backbone. Additionally, bulky adducts that do not fit in the standard
double helix are introduced. Lipids are major targets during oxidative stress. Free
radicals can attack polyunsaturated fatty acids directly in membranes and initiate
lipid peroxidation, which decreases membrane fluidity, altering membrane prop-
erties and disrupting membrane-bound proteins (Eze, 1992). Reactive unsaturated
aldehydes are also produced, which can act as either mutagens (Marnett et al., 1985)
or inactivate enzymes (Chen and Yu, 1994; Szweda et al., 1993) or react with pro-
teins and nucleic acids to form heterogeneous cross-links (Chio and Tappel, 1969).
Unlike reactive free radicals, aldehydes are long-lived molecules that can reach and
attack targets far from the initial free radical event.

Oxidative damages to proteins are just as severe because they ultimately lead to
the inactivation of the protein. Damages include oxidation of sulfhydryl groups,
reduction of disulfides and peptide fragmentation (Stadtman and Oliver, 1991,
Starke-Reed and Oliver, 1989). Peroxynitrite can induce protein modifications via
several mechanisms. Nitration of tyrosine residues has been long recognized as a
marker of peroxynitrite activity. Peroxynitrite-dependent tyrosine nitration is likely
to occur through the initial reaction of peroxynitrite with carbon dioxide or metal
centers leading to secondary nitrating species as nitrogen dioxide radicals (Alvarez
and Radi, 2003). In addition, peroxynitrite can react directly with cysteine, methion-
ine and tryptophan residues (Alvarez and Radi, 2003). Furthermore, the degradation
of proteins becomes compromised by oxidative stress. Oxidized proteins are poor
substrates for degradation and can also inhibit proteases to degrade other oxidized
proteins to prevent their accumulation (Dean et al., 1997; Grune et al., 1997). The
removal of these proteins is a necessity, as accumulation leads to altered cellular
metabolism.

Thus, ROS are harmful metabolites with the potential to induce drastic biological
modifications to cells. Neutralization of ROS has become an important therapeutic
strategy in a number of pathological conditions (Bonnefoy et al., 2002; St Clair
et al., 2005).
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3 Cellular Defenses Against ROS

In light of the critical cellular damage that uncontrolled ROS could create, cells
have devised a proficient antioxidant system to scavenge the radicals before damage
is irreparable and maintain the cellular redox in the reduced state. This antioxidant
system consists of specialized enzymes and non-enzymatic molecules.

Superoxide dismutases. SOD catalyzes the conversion of O.−
2 into H2O2. SOD

requires a redox active metal ion in the active site: Mn, Fe, Cu or Ni. In mammals,
only Cu and Mn binding forms are found. While the copper-binding SOD is pri-
marily available in the cytosol, the manganese form of SOD is generally present in
high levels in the mitochondrial matrix. The importance of SOD in oxidative stress
protection cannot be overstated, as complete loss of the enzyme in mice results in
neonatal lethality or mutations in SOD may result in amyotrophic lateral sclerosis.

Catalase. Found in peroxisomes, catalase detoxifies H2O2 by converting it to
water and molecular oxygen. Catalase is an efficient enzyme; it has one of the high-
est turnover rates for all known enzymes: one molecule of catalase can convert 6
million molecules of hydrogen peroxide to water and oxygen each minute.

Glutathione peroxidase. It reduces free H2O2 to water during the simultaneous
oxidation of glutathione, a cofactor of the enzyme. Glutathione itself is an extremely
important antioxidant, being present in cells at very high concentrations. There are
several isozymes encoded by different genes, which vary in cellular location and
substrate specificity. Glutathione peroxidase 1 is the most abundant version and is
found in the cytoplasm of nearly all mammalian tissues (Mates et al., 1999)

Glutathione (GSH). A thiol antioxidant, GSH reduces any disulfide bonds formed
within cytoplasmic proteins to cysteines by acting as an electron donor. It also aids in
the regeneration of the active forms of vitamin C and E from their oxidized forms.
GSH is recycled back to its reduced form by the enzyme glutathione reductase,
which is constitutively active and inducible upon oxidative stress. GSH is important
not only for its ability to scavenge ROS directly, but also because it serves as a
cofactor of various ROS-scavenging enzymes such as glutathione peroxidase and
glutathione-S-transferase (GST). GST detoxifies some of the carbonyl-, peroxide-
and epoxide-containing metabolites produced within the cell by oxidative stress,
and mutations of GST have been reported in cancer patients. Unusually high lev-
els of oxidized glutathione have been described in the circulation in patients with
advanced stages of colon and breast cancers (Pastore et al., 2003).

Vitamin C or L-ascorbic acid is an essential nutrient and a very powerful antioxi-
dant. Vitamin C has been found to protect against cell death through its antioxidant
ability. It has also been implicated in cell signaling. Vitamin C regulates the AP-1
signaling pathway by preventing JNK phosphorylation (Kyaw et al., 2002).

Vitamin E or tocopherol is a powerful membrane-bound antioxidant and its main
function is the prevention of lipid peroxidation. Natural vitamin E exists in eight dif-
ferent forms. A clinical trial reported that vitamin E induced the cell cycle inhibitor
p21wafi/cip1 and reduced the incidence of colon cancer (White et al., 1997).

Other ROS scavengers include carotenoids and selenium. Epidemiological stud-
ies have shown that deficiency of these compounds increases the chances of cancer
occurrence (Valko et al., 2006).
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4 Nicotinamide Adenine Dinucleotide Phosphate (NADPH) as
the Main Source of ROS in Myeloid Cells

The notion that ROS are merely byproducts of cellular metabolism is only par-
tially correct. While indeed mitochondria are organelles whose primary function is
energy production and where ROS generation occurs accidentally, cells do possess
an oxidative enzyme complex exclusively dedicated to the generation of oxygen
radicals. In leukocytes, the primary producer of ROS is NADPH oxidase. Since its
original description in neutrophils, various isoforms have been found in different
cell types ranging from endothelial cells to microglia. NADPH oxidase catalyzes
the one-electron reduction of oxygen to superoxide anion using electrons supplied
by NADPH. The importance of this enzyme can be observed in the severity of hered-
itary chronic granulomatous disease (CGD). CGD is caused by mutations in any of
the genes that encode the subunits of the oxidase. Over 410 possible CGD mutations
have been identified, and all result in the complete or partial loss of the protein and
its activity. Patients with CGD experience frequent life-threatening infections during
their lifetime (Assari, 2006).

The oxidase is a multicomponent enzyme consisting of two membrane proteins,
gp91 and p22, that together form a unique membrane-bound flavocytochrome and
at least four cytosolic components: p47phox, p67phox, p40phox (phox is short for
phagocyte oxidase) and a small G protein Rac (Groemping and Rittinger, 2005).

4.1 Components of NADPH Oxidase

4.1.1 Membrane-Bound Subunits

gp91phox: Also known as NOX2, the gp91phox subunit consists of 570 amino acids
and contains two heme groups as well as a flavin adenine dinucleotide (FAD), which
serves as the binding site for NADPH. Over the last years, six homologs of this
subunit have been described: NOX1, NOX3, NOX4, NOX5, DUOX1 and DUOX2.
p22phox : A 195 amino acid protein that helps stabilize gp91phox for the docking of
the cytosolic subunits. The cytoplasmic portion contains a proline-rich region that
contains a consensus PxxP motif around Pro156.

4.1.2 Cytosolic Subunits

p47phox : The p47phox subunit consists of 390 amino acids. p47phox is primar-
ily expressed in myeloid cells (Rodaway et al., 1990). The homolog is referred
to as NOXO1. Although NOXO1 is highly expressed in the colon, it can also
be found in other tissues such as the intestine, liver, kidney and pancreas (Banfi
et al., 2003). It controls and facilitates translocation of the p67–p47–p40 complex
to the membrane. It contains two SH3 domains that recognize the PxxP motif in
the cytoplasmic tail of p22phox (Finan et al., 1994; Leto et al., 1994). p67phox :
It is a 526 amino acid protein (Francke et al., 1990). Similar to p47phox, the
p67phox subunit is expressed primarily in myeloid cells. It has a homolog referred
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to as NOXA1. NOXA is expressed in the stomach, colon and small intestine
(Banfi et al., 2004; Geiszt et al., 2003). p67phox contains an activation domain
(aa 199–210), which is absolutely required for O.−

2 production (Han and Lee, 2000;
Han et al., 1998). p40phox : It consists of 339 amino acids. It has been suggested that
p40phox functions as a gp91phox inhibitor (Sathyamoorthy et al., 1997). Regardless
of its true function, the fact that p40phox co-immunoprecipitates with p47phox and
p67phox confirms its involvement in complex assembly. Rac GTPase: Three homol-
ogous Rac proteins have been described in mammalian cells. Rac1 is ubiquitously
expressed and regulates cell adhesion, migration and differentiation in various cell
types (Moll et al., 1991). Rac2 is expressed in hematopoietic cells only and is the
most relevant Rac GTPase for activation of NOX2 in human neutrophils (Haataja
et al., 1997). Rac3 is predominantly expressed in neuronal cells and although it
shows high homology to Rac1, its function remains unknown (Bolis et al., 2003).
Rac proteins are critical for many cellular functions, including actin polymeriza-
tion and the formation of lamellipodia and membrane ruffles, as described first for
Rac1 (Ridley et al., 1992). S100A8/A9: The S100 proteins comprise a family of
23 different members, which are characterized by high homology, low molecular
weight (9–14 kDa) and calcium binding. They possess important regulatory func-
tions including calcium buffering, regulation of kinases and phosphatases, cell pro-
liferation, differentiation, energy metabolism, cytoskeletal–membrane interactions,
embryogenesis, cell migration and inflammation (Kerkhoff et al., 1998). Two of its
members, S100A8/A9, are expressed in large amounts in neutrophils and monocytes
(Edgeworth et al., 1991), playing a role in cell activation (Kerkhoff et al., 1998) and
adhesion (Newton and Hogg, 1998). S100A8/A9 expression is strongly upregulated
in the advanced stages of multiple cancers in mice and humans (Gebhardt et al.,
2006).

In the resting state the p47phox, p67phox and p40phox subunits are believed to
exist in a complex in cytoplasm. During activation, the cytosolic proteins translocate
to the plasma membrane and associate with cytochrome b558. In the resting state,
p47phox exists in an auto-inhibitory state that is only relieved after extensive phos-
phorylation of various serine residues. Once the complex is assembled, electrons
are removed from NADPH in the cytoplasm and transferred through the gp91phox

component (which includes FAD and two hemes) across the membrane, where the
reduction of O2 begins. Sustained NADPH oxidase activity requires continuous
renewal of the enzyme complex; without that, it is rapidly deactivated (Decoursey
and Ligeti, 2005).

5 Biological Roles of NADPH Oxidase

NADPH oxidase-derived ROS have two specific purposes: the well-characterized
destruction of pathogens through the respiratory burst (Hampton et al., 1998)
and the more recently acknowledged intracellular signaling (Forman and Torres,
2002).
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5.1 Microbicidal Function

The role of NADPH oxidase in phagocytosis has been described extensively. When a
phagocyte encounters a bacterium, this interaction results in an activation of cell sig-
naling via different receptors (primarily toll-like receptors) that initiate the assembly
and activation of the NADPH oxidase (Babior, 1984). The rate of oxygen consump-
tion increased 50–100 times over normal levels leading to the production of vast
amounts of superoxide. In parallel with oxygen consumption, glucose metabolism
is sharply increased. Because of the dramatic increase in oxygen intake, this series
of events is commonly referred to as the respiratory burst (Babior, 1984).

The significance of the respiratory burst in innate immunity was traditionally
believed to be due to the generation of O2-derived antimicrobial molecules. The
extremely high ROS concentrations found inside the phagosome were thought to
be sufficient in destroying bacteria because of the high reactivity of ROS with the
bacterial cell membrane. However, in recent years the importance of superoxide
generation during phagocytosis in microbial killing has been questioned. A new
school of thought has developed claiming that the transfer of electrons across the
membrane, not the oxygen radicals, is the true mediator of antimicrobial defense.
The transfer of electrons across the membrane generates superoxide in the vac-
uole. The superoxide molecules then consume protons in the vacuole elevating the
pH turning the vacuole alkaline. The granule protein contents, which include the
proteases elastase and cathepsin G, released in the vacuole, become activated by
the elevation in pH (Segal, 2005). The proteases, not ROS, therefore are toxic of
pathogens. Support for this hypothesis relies on the observation that cathepsin G and
elastase-deficient mice cannot kill bacteria, despite normal ROS generation (Reeves
et al., 2002). The conclusion from this study questions whether ROS themselves
contribute much to microbial killing and calls for re-evaluation of treatment for
diseases whose pathogenesis is thought to be mediated by ROS.

5.2 Cell Signaling

During the past two decades, an additional characteristic of ROS has become appar-
ent: their ability to interact with multiple signaling cascades. Under physiological
conditions, ROS are present within cells at very low concentrations: approximately
in the picomolar to low nanomolar range. At these low concentrations, ROS can
regulate the redox state of transcription factors and enzymes involved in signal
transduction without inducing excessive oxidative damage. The activities of two
transcription factors in particular have long been known to depend on the redox state
of the cell: NF-�B and AP-1. Both NF-�B and AP-1 play a central role in immune
responses and inflammation through regulation of expression of a large number of
cytokines and other immune response genes. Although still debatable, recent studies
seem to agree that ROS increase the translocation of cytoplasmic NF-�B to the
nucleus through the activation of IKK, the kinase responsible for phosphorylation
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and degradation of the NF-�B inhibitory protein I�B (Kamata et al., 2002; Takada
et al., 2003). The regulation of AP-1 is controlled by the c-Jun N-terminal kinase
(JNK) cascade. JNK is a part of the mitogen-activated protein kinase (MAPK)
superfamily of serine/threonine kinases. ROS can activate the upstream kinases in
the cascade, ending in increased transcription of AP-1-controlled genes (Gotoh and
Cooper, 1998; Tobiume et al., 2002).

The mechanism of ROS-mediated signaling revolves around post-translational
modifications of proteins. These modifications include oxidations of cysteines,
which can affect the activity of proteins. Cysteine residues are susceptible to oxida-
tive damage, producing sulfinic acid intermediates, which can further react with
thiols to form catalytically inactive protein disulfides (Valko et al., 2006). The
best examples of ROS-modified enzymes are protein tyrosine phosphatases (PTPs),
whose activity is extremely susceptible to ROS. PTPs are pivotal regulators of cell
signaling: they negatively regulate protein tyrosine kinase receptors and also deac-
tivate kinases involved in signal transduction and transcription factors such as JNK,
ERK, p38 and STATs (Mustelin et al., 2005). All PTPS contain an oxidizable residue
within their catalytic region and oxidation of this cysteine residue by ROS renders
the phosphatase completely inactive.

Although there are countless cysteine residues that could potentially undergo this
reaction, ROS are only capable of oxidizing cysteine residues existing in a deproto-
nated state (–S–) at physiological pH. Deprotonation of a cysteine residue requires
a positively charged amino acid present in the vicinity of the cysteine residue. Cys-
teine has a pKa around 8.5, significantly higher than the physiologic range. The
surrounding positive residues provide a positively charged electrostatic field that
allows dissociation to the deprotonated state and stabilization of the structure (Denu
and Tanner, 1998).

6 Role of ROS in Myeloid Cell-Mediated Immune Suppression
in Cancer

Elevated levels of ROS observed in many cancer cells contribute to tumorigenesis
and metastasis (Mantovani et al., 2003; Waris and Ahsan, 2006). ROS is known
to trigger signaling related to angiogenesis (Agostinelli and Seiler, 2006). Studies
implicate ROS mediates activation of c-met, the HGF receptor which is involved
in metastases (Ferraro et al., 2006). Abnormal NF-�B activity, documented in a
number of cancers, can be mediated by ROS. Furthermore, NADPH oxidase-derived
ROS from macrophages and neutrophils contribute to the metastasis of tumor cells
through upregulation of genes, such as thymosin-beta 4 vital for tumor cell motil-
ity and invasiveness (Okada et al., 2006). The important role of ROS in tumor
cell survival was confirmed in a recent study that demonstrated that antioxidants
may synergize with cytotoxic drugs in the treatment of colon or liver cancers.
When CT26 tumor-bearing mice were treated by oxaliplatin and one of the three
SOD mimetics manganese(III)tetrakis(4-benzoic acid) porphyrin, copper(II)(3,5-
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diisopropylsalicylate)2 or manganese dipyridoxyl diphosphate, the tumor volumes
were comparatively smaller than oxaliplatin treatment (Laurent et al., 2005).

The major contributors to ROS pool in cancer are myeloid cells. They include
granulocytes, macrophages and the recently described group of cells accumulated
in tumor-bearing hosts—myeloid-derived suppressor cells (MDSC).

6.1 Characteristics of Myeloid-Derived Suppressor Cells

Tumors devised various strategies to escape immune system control (Rabinovich
et al., 2007). MDSC are one of the major components of these strategies. These
cells are generated in response to multiple tumor derived factors and represent a
group of cells of myeloid origin comprised of immature macrophages, granulocytes,
DCs and other myeloid cells at early stages of differentiation (Gabrilovich, 2004;
Gabrilovich et al., 2007; Kusmartsev and Gabrilovich, 2006; Serafini et al., 2006).
In mice, MDSC are defined as Gr-1+CD11b+ cells. Cells with this phenotype are
present in the bone marrow and spleen of healthy mice and differentiate into mature
myeloid cells—granulocytes, macrophages and DCs—in vitro in the presence of
GM-CSF or in vivo after adoptive transfer into naïve healthy recipients (Kusmartsev
and Gabrilovich, 2003). However, they accumulate in the spleen and, to some extent,
in the lymph nodes of mice bearing many different tumors (Bronte et al., 1998; Fu
et al., 1990; Gabrilovich et al., 2001; Kusmartsev et al., 2000; Li et al., 2004; Melani
et al., 2003; Nefedova et al., 2004; Ruiz de Morales et al., 1999; Salvadori et al.,
2000; Terabe et al., 2003; Young et al., 1987).

The hallmark of MDSC is their ability to suppress immune responses. This effect
is partially mediated by (1) loss or significant decrease of the expression of the
T-cell receptor � chain (CD3�), which is the principal part of TCR complex (Otsuji
et al., 1996); (2) inhibition of CD3/CD28-induced T-cell activation/proliferation by
production of reactive nitrogen and oxygen intermediates (Kusmartsev et al., 2000);
(3) inhibition of interferon-� (IFN-�) production by CD8+ T cells in response to the
specific peptide presented by MHC class I molecules (Gabrilovich et al., 2001); (4)
prevention of the development of CTL in vitro (Bronte et al., 2003).

Most MDSC effects on T cells require close cell–cell contact and depend on
MHC expression by MDSC. Recent studies in vivo have demonstrated that MDSC,
but not immature myeloid cells from control mice, were able to take up solu-
ble protein in vivo, process it, present antigenic epitopes on their surface and
induce antigen-specific T-cell anergy (Kusmartsev, 2005). The subset of MDSC,
Gr-1+CD115+ cells in addition to being able to suppress T-cell proliferation in
vitro, could induce the development of Foxp3+ Tregs in vivo (Huang et al., 2006).
The development of Tregs required antigen-associated activation of tumor-specific
T cells, was dependent on the presence of IFN-� and IL-10 and was independent of
nitric oxide (Huang et al., 2006). Interestingly, while nitric oxide was required for
suppression of mitogen-activated T cells by MDSC, inhibition of allogenic T-cell
responses by MDSC was mediated by the enzyme arginase-1 (Bronte et al., 2003).
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Gr-1+ MDSC could be differentiated in vitro and in vivo into F4/80+ macrophages.
Inside the tumor these macrophages produce high levels of nitric oxide and can
directly induce T-cell apoptosis. It appears that the Stat1 transcription factor is
responsible for this effect (Kusmartsev and Gabrilovich, 2005).

In humans, MDSC are defined as cells that express the common myeloid marker
CD33, but lack expression of markers of mature myeloid and lymphoid cells
and HLA-DR (Almand et al., 2001) or CD14−CD11b+ cells (Zea et al., 2005).
Advanced-stage cancer promoted the accumulation of these cells in blood, whereas
surgical resection of the tumor decreased the number of immature cells. Consis-
tent with data obtained in tumor-bearing mice, MDSC derived from patients with
advanced tumors inhibited the production of IFN-� by autologous CD8+ T cells
stimulated with specific peptide-pulsed DCs (Almand et al., 2001). Using blood
samples from cancer patients, Schmielau and Finn (2001) observed an unusually
large number of myeloid cells with granulocyte phenotype. These cells, if acti-
vated, can inhibit cytokine production by T cells. A more detailed description of the
MDSC’s role in tumor-associated immune suppression can be found in “Myeloid-
Derived Suppressor Cells in Cancer” of this monograph.

6.2 MDSC and ROS

MDSC isolated from tumor-bearing mice produced high levels of ROS, which were
dramatically reduced by catalase. This suggested a major contribution of H2O2 to
this ROS pool (Kusmartsev and Gabrilovich, 2003). Inhibition of ROS in MDSC
completely abrogated the negative effect of these cells on T cells (Kusmartsev,
2005). Thus, MDSC generated in tumor-bearing hosts could suppress CD8+ T-cell
responses via release of ROS. Immunosuppressive effect of myeloid cells with gran-
ulocyte phenotype described in cancer patients was also abrogated by addition of
catalase, further implicating H2O2 as a critical effector molecule (Schmielau and
Finn, 2001). The production of ROS by neutrophils isolated from the blood of
16 patients with larynx carcinoma was compared with that of neutrophils obtained
from 15 healthy individuals. The levels of ROS, especially spontaneous and PMA-
inducible superoxide, were substantially higher in cancer patients than in healthy
volunteers and that increase was associated with the tumor stage. After partial
or total laryngectomy, a significant decrease in ROS production and the serum
activity of catalase and peroxidase was observed (Szuster-Ciesielska et al., 2004).
Interaction of MDSC with antigen-specific T cells in the presence of specific but
not control antigens resulted in a significant increase of ROS production. That
increase was independent of IFN-� production by T cells, but was mediated by
integrins CD11b, CD18 and CD29 (Kusmartsev et al., 2004). Blockade of these
integrins abrogated ROS production and MDSC-mediated suppression of CD8+ T-
cell responses. Importantly, no T-cell apoptosis or T-cell deletion has been observed.
This data was consistent with reports implicating adhesion molecules, and integrins
in particular, in ROS production by macrophages and fibroblasts (Chiarugi et al.,
2003; Husemann et al., 2001; Werner and Werb, 2002).
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Studies demonstrate that MDSC freshly isolated from tumor-bearing mice but
not their control counterparts are able to inhibit antigen-specific response of CD8+ T
cells (Kusmartsev et al., 2004, 2005). MDSC obtained from tumor-bearing mice had
significantly higher levels of ROS than MDSC isolated from tumor-free animals.
Since ROS production by MDSC can be blocked by arginase inhibitors, it appears
that arginase activity may play an important role in ROS accumulation in these cells
(Kusmartsev et al., 2004). MDSC upregulate arginase expression upon stimulation
with IL-4. L-Arginine is the common substrate for arginase and iNOS. In contrast
to arginase, iNOS is induced by IFN-�. Hence L-arginine metabolism in myeloid
cells is a potential target for selective intervention in reversing myeloid-induced
dysfunction in tumor-bearing hosts (Bronte et al., 2003).

Is there a link between arginase activity and ROS production? Arginase catalyzes
the hydrolysis of L-arginine to urea and L-ornithine. L-arginine is used by NO syn-
thase as a substrate for generation of NO (Wu and Morris, 1998). However, low
concentrations of L-arginine result in low NO formation and high generation of
superoxide (O.−

2 ) (reviewed in Boucher et al., 1999). Thus, it is possible that high
arginase activity in MDSCs may have lowered the level of L-arginine and resulted
in increased production of O.−

2 (Kusmartsev et al., 2004). Superoxide itself is very
unstable and is converted to H2O2 and oxygen. This is consistent with the data
showing that in MDSC ROS accumulates primarily in the form of H2O2, but not
O.−

2 .
The nature of factors responsible for upregulation of ROS production in myeloid

cells as well the molecular mechanism of this phenomenon is currently not clear.
It is likely that combination of many different factors as well as inflammation in
tumor site may contribute to this process. Several known tumor-derived factors like
TGF� and IL-10 are able to increase arginase activity in macrophages (Boutard
et al., 1995; Modolell et al., 1995), and a number of other cytokines and growth
factors produced by tumor can induce ROS production, including IL-6, IL-3, PDGF,
GM-CSF, FGF (reviewed in Sauer et al., 2001). Constant production of these fac-
tors in tumor-bearing mice could lead to the different levels of ROS observed in
MDSC from tumor-bearing and tumor-free mice. It was shown that granulocyte
colony-stimulating factor (G-CSF) induced activation of Lyn and Akt in a time- and
dose-dependent manner. Lyn-deficient mice produced lower levels of ROS when
the neutrophils were stimulated with G-CSF. Diphenyleneiodonium I, a specific
inhibitor of ROS, could inhibit Lyn and Akt (Zhu et al., 2006). Patients with acute
myeloid leukemia have a truncated G-CSF receptor, which leads to ROS dysregu-
lation. Hence, targeting the Lyn–Akt cascade may provide a potential therapeutic
benefit (Zhu et al., 2006).

6.3 ROS Involvement in T-Cell Suppression in Cancer

A number of studies have linked hyperproduction of ROS in cancer with T-cell
abnormalities. Splenic T cells from tumor-bearing mice have been observed to have
a reduction in the CD3� chain despite normal expression of other components of the
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TCR complex. This loss is associated with the accumulation of macrophages and
hydrogen peroxide (Kono et al., 1996). In another study examining patients with
ovarian cancer, tumor-infiltrating lymphocytes show loss of CD3�, which could be
due to macrophage secretion of ROS (Lockhart et al., 2001). Myeloid cells derived
from tumor-bearing mice cause oxidative stress and inhibit �-chain expression in T
cells and antigen-induced cell proliferation (Aoe et al., 1995; Otsuji et al., 1996).
Similar results were obtained by Schmielau and Finn (2001), studying myeloid
cells from cancer patients. T cell had a reduction in CD3� expression and decrease
in cytokine production and this correlated with the presence of activated myeloid
cells in the PBMC population. Freshly isolated myeloid cells from healthy donors if
activated could inhibit cytokine production of T cells. This action was abrogated by
addition of catalase, implicating H2O2 as an effector molecule. CD45RO+ memory
cells or CD45RO−naïve T cells were tested for the capacity to produce cytokines
under conditions of oxidative stress. CD45RO+ cells did not produce IFN-�, TNF-�
and IL-2 following exposure to H2O2, whereas CD45RO− cells producing these
cytokines were not affected by oxidative stress. It was found that unresponsiveness
of the memory T cells was due to block in NF-�B activation (Malmberg et al., 2001).

In studies of mice with ataxia-telangiectasia caused by mutations in Atm gene,
stimulation of T cells resulted in ROS production leading to the induction of apop-
tosis. The data suggested that Atm plays a critical role in T-cell activation by regu-
lating the cellular response to ROS following stimulation through the TCR (Bagley
et al., 2007).

6.4 Mechanism of T-Cell Suppression Mediated by Peroxynitrite

Peroxynitrite is one of the most powerful and reactive oxidant species, which is
responsible for most of the adverse effects linked with ROS. As we described above,
peroxynitrite is a product of reaction of NO and superoxide. The combination occurs
at a diffusion-limited rate and NO outcompetes SOD and the consequence of which
is peroxynitrite, occurring at sites characterized by the presence of MDSC, inflam-
matory cells or immune reactions. Nitric oxide itself produced by macrophages
could inhibit T cells via a variety of different mechanisms involving inhibition of
the phosphorylation and activation of Janus kinase 3 (Jak3) and STAT5 transcription
factor (Bingisser et al., 1998), inhibition of MHC class II gene expression (Harari
and Liao, 2004) and induction of T-cell apoptosis (Rivoltini et al., 2002). Perox-
ynitrite can inhibit T-cell activation and proliferation via impairment of tyrosine
phosphorylation and apoptotic death. We demonstrated that ONOO− was involved
in T-cell inhibition by Gr-1+ MDSC derived from tumor-bearing mice (Gabrilovich,
2004; Kusmartsev et al., 2000). Peroxynitrite could also cause a nitration of proteins
involved in antigen processing. In normal conditions proteasome or immunoprotea-
some are involved in the removal of oxidatively modified proteins. Under oxidative
stress proteasomal machinery could be impaired (Amici et al., 2003).
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(Bronte et al. 2005) reported that human prostatic adenocarcinomas are infiltrated
by terminally differentiated cytotoxic T lymphocytes. These lymphocytes, however,
were in an unresponsive state. The authors demonstrated the presence of high levels
of nitrotyrosine in prostatic tumor-infiltrating lymphocytes (TIL), suggesting a local
production of peroxynitrites. Restoration of TIL responsiveness to tumor could be
achieved by simultaneous inhibition of iNOS and arginase activity. Thus, local per-
oxynitrite production could represent one of the important mechanisms by which
tumor escape immune response.

Peroxynitrite produced during inflammatory conditions can modify and inacti-
vate proteins, especially zinc finger transcription factors such as p53. Due to oxidant
stress the development and progression of pancreatic cancer involved higher levels
of protein tyrosine nitration (Vickers et al., 1999). Malignant gliomas have evidence
of peroxynitrite-mediated tyrosine nitration in vivo and that physiologically relevant
concentrations of peroxynitrite could inhibit the specific DNA binding ability of
purified wild-type p53 as well as wild-type p53 protein in D54MG cells in cul-
ture (Cobbs, 2003). Increased nitrotyrosine staining has been observed in tumor
tissues from patients with head and neck cancer (Bentz et al., 2000). Peroxynitrite
or nitrotyrosine plays a role in the etiology, progression and outcome of cancer treat-
ment. Nitrotyrosylation is evident in cancer tissues. In MCF7 breast cancer cells per-
oxynitrite has been found to irreversibly inactivate arylamine N-acetyltransferases
(NATs), which are required for detoxification and metabolic activation of a variety
of aromatic xenobiotics, including numerous carcinogens. NAT1 is highly expressed
in normal and cancerous human breast tissue. This indicated the role played by per-
oxynitrite in carcinogenesis and tumor progression (Dairou et al., 2005). High levels
of nitrotyrosine expression by melanoma metastases may be predictive of a poor
outcome (Ekmekcioglu et al., 2000). Patients with mesothelioma under oxidative
stress express high levels of a radical scavenging enzyme MnSOD and mesothe-
lioma cells are associated with higher nitrotyrosine staining (Kinnula et al., 2004).
In breast cancer nitrotyrosine levels are significantly associated with lymph node
metastasis and VEGF-C expression (Nakamura et al., 2006). This suggested that
high nitrotyrosine levels might serve as a prognostic factor for long-term survival in
breast cancer.

6.5 Model of T-Cell Tolerance Induced by MDSC and Mediated
by Peroxynitrite

Recent studies have suggested a direct role for peroxynitrite in MDSC-mediated T-
cell tolerance. During presentation of antigen MDSC closely interact with antigen-
specific T cells. This provides an environment where peroxynitrite abundantly
produced by MDSC can affect molecules on the surface of T cells. We proposed that
peroxynitrite might modulate an immune response leading to anergy and suppres-
sion via modification of different amino acids in molecules involved in recognition
of peptide MHC complexes: TCR, CD8, CD4. One example could be a nitration of
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the tyrosine residues. The concentrations of nitric oxide and superoxide are 10–100
and 0.1–1 nM, respectively, under physiologic conditions and can go up to micro-
molar concentrations under pathological conditions (Groves, 1999).

To address the potential role of MDSC and ROS in T-cell tolerance in cancer
we used an experimental model with an adoptive transfer of transgenic CD8+ T
cells and tumor-derived MDSC into naïve congenic recipient (Kusmartsev, 2005).
CD8+ T cells from MDSC-treated mice were not able to produce IFN-� and IL-2
in response to specific peptide and did not kill peptide-loaded target cells (Kusmart-
sev, 2005). At the same time, these cells responded well to stimulation with anti-
CD3 antibody. In both tested experimental systems (OT-1 and 2C T cells) MDSC
induced a marked decrease in the binding of specific peptide MHC (pMHC) com-
plex to CD8+ T cells (Nagaraj et al., 2007). Although this effect was not previously
described in cancer, it is known that the changes in TCR binding avidity can play an
important role in regulating antigen sensitivity (Fahmy et al., 2001). Tolerization of
H-Y TCR transgenic mice by repeated pMHC administration resulted in a substan-
tial decrease in MHC tetramer binding (Maile et al., 2005). Similar changes were
observed in mice infected with the influenza virus (Drake et al., 2005). Among
proposed mechanisms are downregulation of CD8 expression, changes in cellular
localization of TCR, glycosylation of TCR (Cawthon and Alexander-Miller, 2002;
Drake et al., 2005; Kao et al., 2005; Maile et al., 2005). However, in our experiments
MDSC did not induce downregulation of CD8 or TCR.

The use of peroxynitrite scavenger in vivo completely eliminated MDSC-induced
T-cell tolerance suggesting its direct role on MDSC-mediated CD8+ T-cell tolerance
(Nagaraj et al., 2007).

As we described above peroxynitrite can induce protein modifications via several
mechanisms. Nitration of tyrosine residues is being long recognized as a marker of
peroxynitrite activity.

We hypothesized that nitration of tyrosines in TCR or/and CD8 could alter
binding of TCR/CD8 complex and pMHC that is obligatory for T-cell stimula-
tion. Molecular modeling revealed a number of tyrosine residues in TCR and CD8
molecules that could be susceptible to nitration, and structural analysis showed that
nitration of these tyrosine residues would result in the decreased flexibility and
increased rigidity of TCR domains that might significantly alter the epitope-specific
interactions between TCR and pMHC, observed in our study (Nagaraj et al., 2007).

The results described above suggest a potential mechanism of CD8+ T-cell
tolerance in cancer. Tumor-derived factors stimulate production and activation of
MDSC that contain high levels of ROS and generate peroxynitrite. MDSC accumu-
late in lymph nodes of tumor-bearing host. Since ROS are short-lived and highly
reactogenic, they are active only at very short distance. Interface of MDSC and
CD8+T cells interacting during antigen-TCR recognition phase provides such an
environment. The amount of peroxynitrite produced by MDSC is sufficient to nitrate
tyrosine residues exposed on the surface of contacting cells. Modified tyrosine on
TCR and CD8 alter the conformational flexibility of TCR chains that lead to loss
of the response to specific antigen (Fig. 1). We suggest that a similar scenario of
tumor-induced peripheral immunological tolerance (anergy) may potentially operate
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Fig. 1 Potential mechanism of ROS involvement in CD8+ T-cell tolerance in cancer. MDSC are
produced in bone marrow in response to tumor-derived factors. They contain high levels of ROS
and generate peroxynitrite. MDSC accumulate in lymph nodes of tumor-bearing host. Since ROS
are short-lived and highly reactogenic, they are active only at very short distance. Interface of
MDSC and CD8+T cells interacting during antigen-TCR recognition phase provides such an envi-
ronment. The amount of peroxynitrite produced by MDSC is sufficient to nitrate tyrosine residues
exposed on the surface of contacting cells. Modified tyrosine on TCR and CD8 alter the confor-
mational flexibility of TCR chains that lead to loss of the response to specific antigen. MDSC also
migrate into tumor site. There MDSC quickly differentiate into tumor-associated macrophages
(TAM). Tumor microenvironment downregulates ROS production and induces iNOS expression
possibly via upregulation of STAT1. TAM produce high levels of NO and immunosuppressive
cytokines (like IL-10). These create immunosuppressive environment where T-cell function is
inhibited in antigen non-specific manner

using other post-translational modifications of proteins from the TCR–pMHC com-
plex. These modifications may include S-nitrosated cysteines, sulfated cytosines and
methionines, nitrated cytosines, methionines and tryptophanes, dimers of tyrosines.
This mechanism may explain the fact that T cells in peripheral organs of tumor-
bearing mice and in peripheral blood of cancer patients retain their ability to respond
to other stimuli including viruses, lectins, co-stimulatory molecules, IL-2 and stim-
ulation with anti-CD3/CD28 antibody. This may also explain the fact that tumor-
bearing hosts may not have a systemic immune deficiency unless treated with a
high dose of chemotherapy or at terminal stages of the disease.

MDSC also migrate into tumor site. However, the fate of these cells there
is different. MDSC quickly differentiate into tumor-associated macrophages
(TAM). Tumor microenvironment downregulate ROS production and induce iNOS
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expression possibly via upregulation of STAT1 (Kusmartsev, 2005). TAM produce
high levels of NO and immunosuppressive cytokines (like IL-10). These create
immunosuppressive environment where T-cell function is inhibited in antigen
non-specific manner (Fig. 1). The relative importance of systemic antigen-specific
tolerance vs. local immune suppression needs to be elucidated.

7 Conclusion

The role of ROS in tumor development and progression is difficult to underestimate.
Through alterations in nucleic acid structure and inhibition of repair enzymes, ROS
contribute to the accumulation of genomic abnormalities that result in the malignant
transformation of cells. Cellular apoptosis is prevented by ROS through blocked
activation of caspases. ROS is intimately involved in inhibition of immune responses
in cancer via various mechanisms involving direct effect on T-cell receptors, block
of signal transduction and affecting gene transcription. Peroxynitrite emerged as one
of the major factors involved in ROS-mediated immune suppression. Blocking per-
oxynitrite generation or using scavengers could represent an attractive opportunity
to decrease or even eliminate MDSC-induced T-cell tolerance and enhance the effect
of cancer immunotherapy. Other potential molecular targets could be discovered if
all tumor-induced hypothetical post-translational modifications of proteins involved
in T cell-antigen-presenting cell interactions are explored.
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Tumor Stroma and the Antitumor Immune
Response

Bin Zhang, Donald A. Rowley, and Hans Schreiber

In the saga of cancers1 and the response to it, stroma plays a central and changing
role from the beginning to the final stage of cancer development. The evolution of
changes in immune and stromal components in tumors caused by cancer cells is as
complicated and intertwined as the progressive genetic changes in the cancer cells
themselves. Most of the complicated interactions of the numerous components in
malignant tumors have been presented in the previous chapters. This being the case,
we will limit our discussion to large established tumors where the objective is to
stabilize or reverse tumor growth by adoptive transfer of T cells. In the process,
we will necessarily consider briefly some of the biology covered in the previous
chapters.

We start with five premises:

1. Experimentally in mice, the tumors we consider are at least 1 cm in diameter, 2
weeks old and in a stage of continuing growth. Most human malignant tumors
are at least this size and contain comparable numbers of cells when they are first
detectable clinically (Sweeney et al., 2003).2

H. Schreiber
The Department of Pathology and the Committee on Immunology, University of Chicago, 5841
S. Maryland, MC3083, Chicago, IL 60637, USA
E-mail: hszz@uchicago.edu
1 The term cancer or cancer cell refers to genetically altered malignant cell; the word tumor refers
to the mass produced by the cancer cells and stroma, the host-derived components consisting of a
variety of non-malignant cells and extracellular matrix. Stromal cells include bone-marrow-derived
cells such as macrophages, granulocytes and lymphocytes and non-bone-marrow-derived cells such
as endothelium and fibroblasts.
2 A 1 cm diameter solid tumor usually contains 109 cancer cells containing a variable number of
cancer stem cells. Therefore, we use at least 1 cm in average diameter tumors (≥ 500 mm3) in our
studies. Some have argued that 0.5 g tumor in a mouse (25 g) is the equivalent of over 1 kg of
tumor in a human (60 kg), but murine and human cell sizes are similar and therefore 1 cm diameter
tumors in mouse or man contain about 109 cancer cells and have a similar chance of resistance
to therapy due to variants. With these non-hemopoietic tumors, most currently used experimental
immunotherapies are not curative and relapse occurs after initial shrinkage. These problems may
occur even with smaller size tumors and when multiple different treatments are combined. We
think it is very unrealistic to expect that any single treatment will eradicate all cancer cells.
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2. Cancer cells are antigenic, i.e., cancers express epitopes which the individual
bearing the tumor can respond to immunologically. These responses are obvi-
ously not effective at this stage of tumor growth because of tumor-induced
immune suppression.

3. Growth of large tumors can be stabilized or reversed by cytolytic T cells; such
T cells can be rescued and derived from the individual bearing the tumor after
reversing the defects.

4. Complete eradication of large tumors by T cells requires killing of tumor stroma
cross-presenting cancer cell antigen (Ag); otherwise, Ag loss variants (ALVs)
escape with recurrence of cancers.

5. Because some cancers release too little cancer Ag, treatment such as radiation or
chemotherapy is necessary for release of sufficient Ag for cross-presentation by
stromal cells.

These five premises are derived from mouse models; the experiments have necessar-
ily been reductionist in order to sort out the contributions of different components
of host–cancer interactions. Work accomplished to date cannot verify all aspects of
the assumptions made, but the inference is strong from other work and ours that the
premises will indeed apply to many human cancers. Our emphasis is on premises
4 and 5 though clearly premises 2 and 3 are crucial and dealt with in the previous
chapters and are an important component of our ongoing research.

1 The Model

The importance of our chapter depends on confirming premise 4 and showing details
supporting premise 5. In our model, OT-1 transgenic mice (H-2b) or Rag1−/− mice
(H-2b) were used as recipient hosts. Murine fibrosarcoma MC57-SIY-Hi (H-2b),
MC57-SIY-Lo (H-2b) or PRO4L-SIY-Hi (H-2k) cancer cells were injected s.c. into
recipient mice (Spiotto et al., 2004). Solid tumors are established by 2 weeks after
tumor challenge. The pre-activated 2C transgenic T cells that specifically recognize
SIY epitope were adoptively transferred into the tumor-bearing mice. Chemother-
apy or radiotherapy was combined with T-cell therapy for successful treatment of
MC57-SIY-Lo tumors. High-affinity TCR tetramers were used for flow cytometry
to visualize the presentation of the SIY epitope used as tumor-specific Ag and pre-
sented on cell surface Kb as peptide–MHC Class I complex (pMHC) (Zhang et al.,
2007).

2 Eradication of Established Tumors Requires Stromal Killing

CD8+ cytotoxic T lymphocytes (CTLs) kill cancer cells and stromal cells presenting
cancer-specific peptides in the context of the appropriate MHC class I molecules;
killing is predominantly by a perforin-mediated process. Obviously, procedures
which kill stroma benefit the host. Killing of cancer cells is necessary, but often
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not sufficient because ALVs escape immune recognition, a phenomenon observed
in both mouse (Liu et al., 2005; Sanchez-Perez et al., 2005; Zhou et al., 2004) and
human tumors (Khong et al., 2004; Yamshchikov et al., 2005).

Tumor stroma serves no beneficial purpose to the host but is necessary for tumor
growth. Targeting cancer cells as well as the tumor stroma is essential for eradicating
ALVs by adoptively transferred CD8 T cells (Spiotto and Schreiber, 2005; Spiotto
et al., 2004) (Fig. 1). Both the bone-marrow-derived and the non-bone-marrow-
derived components of the stroma have to be targeted. When only the cancer cells
(not the stroma) were targeted, variant cancer cells resistant to the T cells escaped
and killed the host (Fig. 1). Tumor-specific T cells failed to eradicate the cancer
and the tumor escaped destruction if the Ag could not be cross-presented because
of inappropriate MHC class I molecules on the stromal cells even when cancer
cells expressed high levels of Ag (Fig. 1). Tumor-specific T cells also failed to
eradicate established tumors when cancer cells expressed insufficient levels of the
tumor Ag to sensitize the stroma (Fig. 3). Targeting cancer cells that express high
levels of Ag, and thus simultaneously targeting the stroma, eradicated the cancer
(Fig. 1). When tumors expressed low levels of cancer Ag, the T cells eliminated
all Ag-positive cancer cells in the tumor, but ALVs grew out progressively (Fig. 3).
Similar results were found in two different tumor models and antigenic systems
that have been analyzed (Spiotto and Schreiber, 2005; Spiotto et al., 2004). We also
showed that targeting stromal cells alone arrested tumor growth at least in a short

Fig. 1 The effects of adoptively transferred T cells on established tumors expressing high levels
of antigen. Targeting cancer cells without targeting the stroma invariably leads to recurrence after
a short reduction in tumor size. T cells fail to eradicate the tumor because Ag loss variants escape
when tumor Ag could not be cross-presented by stromal cells from either MC57-Ld tumors or
MC57-SIY-Hi tumors with inappropriate host MHC class I. Targeting stroma as well as cancer cells
(MC57-SIY-Hi) eradicates the tumor and prevents the escape of these cancer variants. Targeting
stroma alone (PRO4L-SIY-Hi) leads to the arrest of tumor growth but fails to cause complete
regression. PRO4L-SIY-Hi (H-2k) cancer cells failed to be lysed by CTL due to the inability to
directly present H-2b restricted SIY-epitope. Only the stromal cells (H-2b) can cross-present SIY
Ag released from cancer cells
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term (Fig. 1) (Spiotto et al., 2004). Cancer cells expressed high levels of Ag but
could not be targeted directly because cancer cells expressed inappropriate MHC
class I molecules. However, the stromal cells can cross-present Ag released from
cancer cells; therefore, Ag-loaded stromal cells become tumor-specific targets for T
cells. This suggested inhibition of tumor growth (not complete destruction) would
probably occur in tumors where Ag released from cancer cells is loaded into the
surrounding stroma although the cancer cells have lost MHC class I.

The mechanism for destruction of ALVs as bystanders has not been determined
except that we already know that perforin and IFN-� secretion by the T cells
is required and bone-marrow-derived as well as non-bone-marrow-derived stroma
must be targeted (Spiotto et al., 2004). Whether killing of the overwhelming major-
ity of sensitive cancer cells will also kill a few residual cancer cells was studied three
decades ago by outstanding investigators who reached seemingly discrepant conclu-
sions (Klein and Klein 1972; Prehn, 1973; Weissman, 1973). It is clear today that
the study that observed bystander killing also targeted stromal cells (Prehn, 1973).
The endothelial cells may be the essential target in the non-bone-marrow-derived
components of the stroma (Kim et al., 1993). CD11b+ stromal cells are certainly
targets in the bone-marrow-derived stroma (Spiotto et al., 2004). In addition, the
tumor-specific cytolytic T cells may also target the other cell types in the tumor
stroma, such as myofibroblasts (Seemayer et al., 1979).

When adoptively transferred T cells were directed against a non-mutant differen-
tiation Ag expressed by cancer cells (Antony et al., 2005; Gattinoni et al., 2005a,b;
Klebanoff et al., 2005), cancers usually recurred after a temporary yet potent anti-
tumor effect despite additional treatment such as repeated high doses of IL-2. We
speculate that the failure occurred because differentiation Ags and other self-Ags
bind poorly or not at all to the presenting MHC class I molecules on stromal cells
(Yu et al., 2004) and, without stromal killing, cancers grew out after initial regres-
sion. Alternatively or additionally, self-reactive T cells are at least partially tolerized
in the host due to thymic or other mechanisms.

3 Induced Sensitization of Tumor Stroma Leads to Eradication
of Established Tumor

Success of CTL therapy depends on destruction of stroma cross-presenting cancer
Ag, which in turn depends on cancer cells releasing sufficient Ag to sensitize stro-
mal cells. If this is the case, then CTL therapy should be effective against tumors
expressing low levels of Ag if the tumor stroma is loaded with sufficient cancer
cell Ag. Irradiation or chemotherapy causes apoptosis and necrosis of cancer cells;
therefore, we tested whether these procedures could cause sufficient release of Ag
from cancer cells expressing low levels of Ag to sensitize tumor stroma for killing
by CTL. For this objective, we used engineered high-affinity TCR tetramers for
detecting minute quantities of the relevant tumor-specific peptide–MHC complexes
cross-presented by stromal cells, because wild-type TCR tetramers cannot detect
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this complex (Zhang et al., 2007). The single-chain m67 TCR consisted of the
wild-type 2C V�-region, a 25 aa linker and the mutant m67 V�-region fused to
a C-terminal peptide that contained the recognition site for biotinylation by the
BirA enzyme. Each biotin attaches to the single biotin-binding site on a strepta-
vidin (SA) molecule that occurs as a homotetramer and is chemically coupled to
the fluorescent dye phycoerythrin (PE), thereby generating mTCR-tetramer-SA-PE
(Fig. 2a). The differences in peptide concentrations in the range of 0.1 nM–1 �M
could be clearly distinguished. The probe is specific with minimal background
binding to cells loaded with the irrelevant gp33 peptide at 1 �M concentration
(Fig. 2b). Tumor stroma from established MC57-SIY-Lo tumors was not stained
by the TCR tetramer (Fig. 2c). Also, the stromal cells from established MC57-SIY-
Lo tumors were insensitive to lysis by specific T cells (Fig. 2d, left panel). We
then tested whether radiation or chemotherapy caused sufficient tumor Ag release
from MC57-SIY-Lo for uptake and presentation by CD11b+ tumor stromal cells.
High-affinity TCR tetramers detected SIY-Kb complexes on CD11b+ stromal cells
from the tumors of irradiated but not non-irradiated mice. In order to determine
the time of maximal Ag cross-presentation by tumor-derived stroma in vivo, mice
bearing 2-week-old tumors were sacrificed at 12 h, 1, 2, 3 and 4 days following local
radiation. As shown in Fig. 2c, maximal cross-presentation by MC57-SIY-Lo tumor
stroma was found 2 days following irradiation and then decreased with very little Ag
remaining at day 4. Stromal cells derived from MC57-SIY-Lo tumors 2 days after
irradiation were killed by CTL, but stromal cells isolated 4 days after irradiation
were not killed, consistent with the kinetics of Ag uptake by stromal cells observed
by staining (Fig. 2d, left and middle panels). MC57-SIY-Lo and MC57-gp33-Lo
cancer cells were used as controls (Fig. 2c, right panel).

Consistent with the kinetics of stromal staining, locally irradiating 14-day tumors
once with 10 Gy followed by T-cell transfer 2 days post-irradiation, but not 4
days post-irradiation, led to complete eradication of well-established MC57-SIY-Lo
tumors (Table 1). The Lo Ag tumors, without irradiation, regularly escaped with
outgrowth of cancer variants following T-cell therapy (Fig. 3). Thus, the time inter-
val between radiation and adoptive T-cell therapy was crucial (Table 1). The effects
observed post-irradiation also applied to a chemotherapeutic agent, gemcitabine.
Maximal loading of the MC57-SIY-Lo tumor stroma also occurred at 2 days after
drug treatment and complete rejection was achieved when T cells were transferred
at 2 days but not at 4 days after gemcitabine treatment (Table 1).

Important work has been done on synergy between immunotherapy and irradi-
ation (Ciernik et al., 1999; Ganss et al., 2002; Lugade et al., 2005; Reits et al.,
2006), for review see Demaria et al. (2005), or chemotherapy (Casares et al., 2005;
Lugade et al., 2005; Nowak et al., 2003), for review see Lake and Robinson (2005).
However, unlike our study, these studies have dealt with the induction of immune
responses or with direct effects of radiation or drugs on killing of cancer cells. For
example, it was recently demonstrated that radiation, by activating the mTOR (mam-
malian target of rapamycin) pathway, could rapidly increase the intracellular pool of
peptides derived from rapidly degraded proteins and increase MHC class I expres-
sion and peptide presentation by the cancer cells, thereby increasing the sensitivity
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Table 1 Stroma and timing are critical for complete elimination of established tumors

Treatment Host Tumor stroma Rejection of
tumorsa

p value

Irradiation + T cells
2 days later

OT-1 H-2b 12/12 –

Irradiation + T cells
4 days later

OT-1 H-2b 0/9 0.001b

Irradiation + T cells
2 days later

C3H Rag2−/− H-2k 0/9 0.001b

Gemcitabine + T
cells 2 days later

OT-1 H-2b 7/8 –

Gemcitabine + T
cells 4 days later

OT-1 H-2b 0/6 0.001c

Gemcitabine + T
cells 2 days later

C3H Rag2−/− H-2k 0/6 0.001c

Reproduced from The Journal of Experimental Medicine, 2007, 204:49–55. Copyright 2007 The
Rockefeller University Press
aData pooled from seven independent experiments
bCompared, respectively, to the group: OT-1 irradiation + T cell 2 days later
cCompared, respectively, to the group: OT-1 Gemcitabine + T cell 2 days later

Fig. 3 Induced sensitization of tumor stroma that leads to eradication of established tumor express-
ing low levels of antigen by T cells. Established tumors expressing low levels of Ag (MC57-SIY-
Lo) escape with outgrowth of cancer variants following adoptive transfer of T cells since antigenic
cancer cells are only able to be targeted by T cells. This relapse is due to the escape of Ag loss
variant cancer cells that cannot be killed by T cells. Radiation or chemotherapy alone cannot effec-
tively control tumor growth. However, radiation or chemotherapy causes a “bolus” of tumor Ag
release from cancer cells expressing low levels of Ag sufficient for uptake and presentation by
tumor stromal cells. The Ag-load stroma thereby becomes a tumor-specific target for CTL. The
complete tumor regression can be achieved by this radiation- or chemotherapy-induced stromal
sensitization to T-cell killing. Reproduced from The Journal of Experimental Medicine, 2007,
204:49–55. Copyright 2007 The Rockefeller University Press
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of cancer cells to direct killing by T cells (Reits et al., 2006). This enhancement
of direct killing may be important and necessary, but may not be sufficient for
treating large established solid tumors (Spiotto and Schreiber, 2005; Spiotto et al.,
2004). The results of our experiments summarized in Fig. 3 show that radiation at
doses insufficient to eradicate cancer synergizes with adoptively transferred T cells
to eliminate cancers successfully. T cells need to target the stroma, and radiation
was required to sensitize stroma with Ag released from cancer cells apoptosed by
radiation. ALVs escaped when the stroma (H-2k) was unable to cross-present the
Ag (Zhang et al., 2007), and escape also occurred when T cells were transferred
at a time when the stroma was no longer sensitized (Table 1). The direct effects of
radiation or chemotherapy on tumor stroma may contribute to tumor rejection, as
has been indicated by an earlier study using a chemotherapeutic agent (Ibe et al.,
2001), but we have not examined this possibility.

4 Relevance to Studies Combining Active Immunization with
Subsequent Radiation or Chemotherapy of Advanced Solid
Tumors

Chemotherapy and/or radiation remain the treatment of choice for most advanced
cancers. However, for advanced solid tumors in particular, these treatments alone
or combined are rarely curative. Thus, it makes sense to combine them with other
treatments, such as adoptive T-cell therapy shown above. An important alternative to
adoptive immunotherapy with T cells is passive immunotherapy with antibodies or
inhibitors against growth factors, growth factor receptors or other target molecules
on the cancer cells or stromal cells (Kaminski et al., 1993; Lynch et al., 2004;
Slamon et al., 2001; Yang et al., 2003). Some combinations of treatment have had
remarkable success and have become parts of standard FDA-approved therapy. Sim-
ilar to adoptive T-cell immunotherapy, passive antibody therapy does not require the
tumor-bearing host to mount an active immune response and is therefore particularly
suited to an immunosuppressed patient. By contrast, active immunization of the
tumor-bearing host has to overcome tolerance and immunosuppression. Not only
does the tumor-bearing state in itself cause some degree of immune suppression,
but chemotherapy or radiation is also immunosuppressive. Combining active vac-
cination with chemotherapy may be counterintuitive (Gabrilovich, 2007), but we
have found that adoptive T-cell therapy given shortly after radiation or chemother-
apy is synergistic because the latter treatment resulted in loading up the stroma
with Ag for destruction by the adoptively transferred T cells. Therefore, it is logical
to propose that T-cell immunity once induced in the tumor-bearing host should be
able to destroy stroma sensitized by Ag released from subsequent chemotherapy
or radiation. Thus, the “unexpected” successes of several clinical trials (Antonia
et al., 2006; Arlen et al., 2006; Gribben et al., 2005; Wheeler et al., 2004) using
active vaccination followed by chemotherapy can be rationalized this way. Also, a
solid T-cell memory-type response is relatively resistant to subsequent radiation or
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chemotherapy (Brent and Medawar, 1966). Thus, we would postulate that stromal
sensitization occurs in both scenarios combining immunological treatments with
chemotherapy or radiation. The reason for the beneficial effect of active vaccination
on subsequent chemotherapy lasting for only weeks would be that the antitumor
immune responses generated by active vaccination cannot be sustained for a long
period in cancer patients (Gabrilovich, 2007), or that the cancer cells become so
resistant to drugs or radiation that they no longer apoptose and release Ag into the
stroma.

5 Targeting Stroma Only

To kill cancer cells expressing specific Ag, CTLs require recognizing the antigenic
pMHC. However, the MHC class I molecule downregulation occurs frequently in
many human cancers, and this abnormality might adversely affect the clinical course
of cancer and the outcome of T-cell-based immunotherapy (Bubenik, 2003; Hicklin
et al., 1999). Mutations in the MHC class I genes themselves, abnormalities in their
regulation and/or defects in MHC class I-dependent antigen processing can underlie
MHC class I downregulation. These mutations or regulatory changes modulate the
susceptibility of cancer cells to lysis by CTL. Thus, direct killing of cancer cells
is not always feasible. Immune selection of such cancer variants might explain the
rapid progression and poor prognosis of cancers that exhibit MHC class I down-
regulation. In contrast, stroma cells are genetically much more stable, and targeting
only tumor-derived stromal cells by T cells may contribute to effective control of
tumor growth. Indeed, we found a long-term arrest or stabilization of progressive
growth of established tumors by adoptive transfer of T cells in the absence of direct
recognition of cancer cells (unpublished data). This tumor growth inhibition relying
on stromal destruction is long lasting. We have found no tumors that escape from
this inhibition and cancer cells reisolated from biopsy of these tumors retained the
susceptibility to T cells (unpublished data).

CTL killing of stromal cells in normal organs and tissues cross-presenting Ag
released from the cancer cells is unlikely for several reasons. For example, the
destruction of cross-presenting tissue is completely Ag dose-dependent. This point
is further supported by recent findings showing cross-presentation of intracellular
peptides by transfer through gap junctions is limited to a few neighboring cells
(Heath and Carbone, 2005; Neijssen et al., 2005). Although spread of apoptotic
and necrotic material from killed cancer cells most likely extends beyond neighbor-
ing cells, tumor stroma is distinguished from other stromal cells of normal organs
and tissues by its close proximity to cancer cells. Certainly we have not observed
destruction of normal stroma away from the tumor. Tumor stroma consists of non-
malignant cells, but this stroma is by no means normal. Tumor stroma contains
activated fibroblasts (Scott et al., 2003; Wesley et al., 1999), recently formed imma-
ture and leaky capillaries and many types of inflammatory cells comparable to those
in a non-healing wound (Dvorak, 1986). Ag pick-up and presentation is therefore
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likely to be very different in such an active stroma. Thus, stroma may more readily
acquire and cross-present highly expressed Ag to T cells.

Our studies emphasize the importance of the stromal elements for eradication
of established cancers and preventing cancer escape not only by ALVs but also by
drug or radio-resistant variants. Initiation of stromal cell destruction by T cells may
trigger a sequence of events that leads to better tumor Ag cross-presentation and
ultimately better direct cancer cell recognition and lysis. Other biological (Garin-
Chesa et al., 1990), metabolic, inflammatory or angiostatic agents (Ferrara et al.,
2007; Kelly, 2005; Nair et al., 2003; Niederman et al., 2002) that inhibit stromal
elements may also potentiate immune elimination of cancer cells. Anti-angiogenic
compounds, such as anti-VEGF monoclonal antibody, could theoretically stress can-
cer cells because of diminished perfusion and either make them more sensitive to
T-cell-mediated killing or sensitize stroma by apoptosing some of the cancer cells.
Inhibition of other stromal support cells, including fibroblasts, e.g., by inhibitors of
fibroblast-activating protein, may have similar effects. Together, combining these or
similar agents should be explored to determine the therapeutic potential.

6 Caveat and Concluding Remarks

Our model is artificial in terms of the neoantigen, transgenic T cells and immun-
odeficient hosts. However, the transfected Ag is a tumor-specific Ag, not a self-Ag.
We believe that truly tumor-specific Ags exist and are the major Ags to be tar-
geted on human tumors by autologous T cells whether the T cells are recovered
directly from the host or cultured and “redirected” in vitro before use for therapy
(Schreiber, 2003). The affinity of wild-type 2C TCR for the SIY-Kb complex is
similar to most other “natural” CD8-dependent TCRs reactive with pMHC (Holler
and Kranz, 2003; Holler and Kranz, 2003). Thus, there is nothing unnatural about
the TCR/pMHC interaction we used. We think that self-Ag may be inferior targets
for therapy because the affinity of TCR for pMHC is often low (Yu et al., 2004), or
the T cells are partially tolerized because they are self-reactive.

We have explored conditions in which the target Ag is expressed at low levels,
as may well occur in human cancers. We provide a solution to this problem by
combining adoptive T-cell therapy with chemotherapy or radiation. Another con-
cern is that chemotherapy or radiation will blunt a new immune response. How-
ever, we use pre-activated T cells; the additional priming by APC is thus no longer
needed. An additional concern is that the tumor-bearing hosts we treat with adoptive
T cells are T-cell-deficient. Since the pivotal and elegant experiments of Green-
berg/Fefer/Cheever/Riddell (and Bob North’s group) in the 1980s, the advantages
and problems of lymphodepletion prior to adoptive T-cell therapy have become
apparent. There has been major progress in the development of human T cells
suitable for adoptive cellular immunotherapy, particularly when used in the lym-
phopenic patients (Dudley and Rosenberg, 2003; Gattinoni et al., 2006; Ho et al.,
2003; Morgan et al., 2006). The OT-1 or OT-1 Rag1−/− mice we use may simulate



Tumor Stroma and the Antitumor Immune Response 291

such lymphodepleted patients, since the presence of the irrelevant OT-1 T cells
does not prevent homeostasis-driven proliferation of transferred T cells expressing
a different TCR (Spiotto and Schreiber, 2005; Spiotto et al., 2004). Thus, adoptive
transfer of T cells into lymphodepleted hosts has its own therapeutic effect that can
be exploited experimentally and clinically. Although our results still need to be con-
firmed in hosts bearing autochthonous tumors, there are good reasons to assume that
the principles and concepts developed in our study will be applicable to established
cancers in humans.
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