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Preface
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The immune system plays a critical role in controlling and eliminating
infectious organisms, including many pathogenic bacteria and viruses. More
controversial has been the debate pertaining to whether the immune system can
effectively control tumor growth and metastases.  However, many studies sug-
gest that appropriate activation of the immune system can lead to tumor regres-
sions in experimental animal models. Thus, there is significant interest in har-
nessing the immune system for the treatment of tumors. The main focus of
immunotherapy has been on T lymphocytes, since they have been shown to be
the major effector cells in various animal tumor models. Removal of T cells
typically eliminates the antitumor activity of most therapeutic approaches, while
conversely, the adoptive transfer of tumor-reactive T cells mediates regression
of malignant lesions. Furthermore, in several histologically distinct types of
human tumors, the degree of T-cell infiltrate demonstrated a positive correlation
with patient survival, suggesting a role for these cells in controlling malignant
growth.

Significant progress has been made in the past several decades in our
understanding of the host immune response to tumors. This has included: (1)
identification of antigens expressed on human tumors as well as epitopes from
these proteins that can serve as targets for the CD4+ and CD8+ T-cell populations;
(2) defining and characterizing antigen presenting cells (e.g., dendritic cells),
and the co-stimulatory requirements for effective peptide presentation; (3) iden-
tifying the role various cytokines play in regulating cellular and humoral immune
responses; and (4) understanding the intracellular signaling pathways that con-
trol T and APC differentiation, effector functional and survival. There have also
been important advances in our ability to monitor antitumor immune responses
in tumor-bearing hosts. This has included the use of major histocompatibility
complex (MHC)-tetramers to detect antigen-specific T cells in the blood and
tumor, as well as the development of techniques to measure cytokine expression
by subsets of T cells (ELISPOT, flow cytometry-based intracellular staining, and
real-time PCR).  These insights are leading to new approaches in immunotherapy,
and to more precise ways of assessing the impact that such therapy has on anti-
tumor effector T cells.

Prior clinical trials employing cytokines (IL-2 and IL-12) and interferons
alone, or in different combinations, have demonstrated antitumor activity in
select sets of patients. Overall, the response rate in patients with advanced dis-
ease has been in the 10–20% range.  More recent clinical studies using various
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vaccine strategies (peptides, peptide-pulsed dendritic cells, etc.) have demon-
strated an ability to increase the frequency of tumor reactive T cells in the blood
and in tumors. However, in the majority of these trials, the modest antitumor
activity observed was not commensurate with the augmented number of effector
cells. Although these studies suggest that boosting T cell-mediated antitumor
immunity has some clinical activity, it currently is beneficial only to a minority
of patients. It seems plausible that the effectiveness of immunotherapy will
continue to improve as we develop more effective means of enhancing the appro-
priate effector cells through our better understanding of the tumor immune
response at both the cellular and molecular levels. There is growing evidence,
however, that tumors can evade the immune system by multiple mechanisms,
each potentially representing a significant barrier to immunotherapy. Thus,
understanding these processes may be critical to implementing new and more
effective forms of immunotherapy.

It has been well documented that the tumor environment can have a
negative impact on the development of an effective antitumor immune response.
This concept is illustrated by the fact that a significant number of T cells infil-
trating human tumors are functionally impaired in their ability to proliferate and
mediate important effector functions. Furthermore, impaired immune function,
including unresponsiveness to recall antigens, has been noted in peripheral blood
T cells, suggesting that systemic effects can occur in cancer patients.  There is
also evidence to suggest that the antigen-specific T-cell response to some tumor
antigens is impaired.

Part I of Cancer Immunotherapy at the Crossroads: How Tumors Evade
Immunity and What Can Be Done outlines the basic mechanisms that may be
operative in cancer patients that contribute to the poor development of antitumor
immune responses. Tumors may escape detection by immune cells owing to
defective MHC expression and/or antigen processing by the tumor, or because
the tumors fail to migrate or interact with T cells at secondary lymphoid organs.
Tumors may also evade the immune system by directly or indirectly modulating
the normal activation and signaling cascades of immune cells. Indeed, tumors
can alter the differentiation and function of dendritic cells, resulting in ineffec-
tive antigen presentation, and hence causing T-cell unresponsiveness or anergy.
Thus, the tumor environment can impair both CD4+ helper and CD8+ effector
T-cell responses. Also discussed within these chapters is the involvement of
immunosuppressive products produced either by the tumor or the immune cells
themselves, which are likely responsible for some of the immune dysfunction
observed in both the antigen-presenting cells and T cells. It is also becoming clear
that the tumor environment may alter the sensitivity of T cells and dendritic cells
to programmed cell death, or apoptosis. This may occur as a natural response to
antigen, leading to activation-induced cell death, or by the elaboration of tumor
products that directly sensitize or induce apoptosis in immune cells.



Several chapters address mechanisms of optimizing antigen presenta-
tion and the delivery of T cells to tumor sites as well as ways to promote their
survival. These modifications appear to enhance T-cell effector function and
may render tumors less capable of immune evasion. Also discussed is the notion
that malignant cells utilize some of the same immune escape mechanisms
employed by various pathogens, suggesting that lessons learned from the study
of infectious diseases may benefit the understanding of immune dysfunction in
cancer.  Although the majority of mechanisms examined in these pages focus on
the tumor-induced dysfunction of immune cells, also included is a chapter
appraising molecular alterations within the tumor cells themselves that afford
resistance to apoptosis. These modifications enhance not only the resistance of
tumors to immune-mediated attack, but also may significantly reduce their sus-
ceptibility to radiation and chemotherapy.

Additional chapters address immune dysfunction and evasion mecha-
nisms in histologically diverse human tumors. These chapters highlight both the
immunosuppressive tactics common to multiple tumor types, and the unique
evasive mechanisms employed by biologically and histologically distinct
tumors.

In Part II, the clinical relevance of immune evasion is reviewed. The
functional and signaling defects in T cells and antigen-presenting cells and their
relation to impaired antitumor immune responses and to poor clinical outcome
are discussed. These investigations also ask whether measurably impaired sig-
naling and effector function in T cells may one day serve as biomarkers for
patient prognosis. These types of analysis are clearly important and suggest that
defects in T cell signaling and immune function impact on clinical outcome,
however, more studies are needed to address this issue.

The future development of effective immunotherapeutic protocols for
treating cancer will incorporate strategies that can abrogate the mechanisms by
which tumors evade the immune system in different histologic types of tumors.
It is thus relevant to study and understand these evasion mechanisms in order to
devise ways to prevent and/or circumvent their capacity to enhance progressive
tumor growth.

James H. Finke, PhD

Ronald M. Bukowski, MD
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1. INTRODUCTION

The rationale behind the use of T-cell-based immunotherapy for the
treatment of solid tumors relies on the convincing evidence in animal model
systems (1) and more recently in patients with cutaneous melanoma (2,3) that
major histocompatibility complex (MHC) class I antigen-restricted, tumor-
associated antigen (TAA)-specific cytotoxic T lymphocytes (CTLs) control
tumor growth. Taking advantage of the many TAA identified in malignant cells
(4–6) and of the multiple strategies to enhance an immune response (7–11), a
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number of clinical trials designed to induce CTL-mediated immune responses
in patients with malignant disease have been implemented (12). Contrary to the
expectations, clinical response rates have only been observed in a limited
number of patients (10–30%) (12). With the exception of the results reported
by Boon and colleagues (13,14), the general evidence has been that results of
immunomonitoring assays in patients with active specific immunotherapy have
poor, if any, predictive value (12) and that lack of clinical response and/or recur-
rence of disease occur frequently, despite induction and/or persistence of TAA-
specific immune responses (12). Considering the genetic instability of tumor
cells (15), this discrepancy is likely to reflect the ability of malignant cells to
escape from immune recognition and destruction. Therefore, one of the major
challenges facing tumor immunologists is the characterization of the molecular
mechanisms by which tumor cells evade immune recognition and destruction
and the development of strategies to counteract these escape mechanisms.

Through the efforts of many investigators, a number of escape mechanisms
have been identified and characterized, as evidenced by recent reviews on this
topic (16–18). We have primarily focused our investigations on the analysis of
defects in the expression and/or function of HLA class I antigens in malignant
cells, because of the critical role these antigens play in the presentation of
TAA-derived peptides to TAA-specific CTLs (19), as well as their ability to
modulate the interactions of natural killer (NK) cells (20) and T-cell subpopu-
lations (21,22) with target cells (Fig. 1). In this chapter, we first summarize the
available information about abnormalities in HLA class I antigen expression
in malignant cells, the underlying molecular defects, and their potential clini-
cal significance. Then, we address the question of whether the evaluation of
HLA class I antigen expression by tumor cells represents a reliable measure of
the actual level of HLA class I antigen-TAA-derived peptide complexes on the

4 Part I / Basic Mechanisms of Immune Evasion

Fig. 1. (see facing page) Generation and interaction of HLA class I antigen-peptide com-
plexes with T cells and NK cells. Intracellular protein antigens, which are mostly endoge-
nous, are marked for ubiquitination within the cytosol, and are subsequently degraded into
peptides by the proteasome. Peptides are then transported into the ER through TAP. Nascent,
HLA class I antigen heavy chains are synthesized in the ER, and these associate with the
chaperone immunoglobulin heavy-chain binding protein (BiP), a universal ER chaperone
involved in the translation and insertion of proteins into the ER. Following insertion into
the ER, the HLA class I heavy-chain associates with the chaperone calnexin and the thiol-
dependent reductase ERp57. Calnexin dissociation is followed by HLA class I heavy-chain
association with β2m, tapasin, and the chaperone calreticulin. Calnexin, calreticulin, and
ERp57 play a role in folding of the HLA class I heavy chain. Tapasin brings the HLA class
I heavy-chain β2m, chaperone complex into association with TAP, and plays a role in both
quantitative and qualitative peptide selection. The trimeric HLA class I-β2m-peptide com-
plex is then transported to the plasma membrane, where it plays a major role in the inter-
actions between target cells and (a) activation of peptide-specific CTL through TCR; (b)
inhibition of T-cell subpopulations through inhibitory receptors KIR or (c) CD94/NKG2A
(21,22); (d) inhibition of NK cell-mediated killing through KIR (20).
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surface of tumor cells. Finally, we discuss strategies used to develop probes to
measure HLA class I antigen-TAA-derived peptide complex expression on the
surface of tumor cells and the questions that have not remain to be addressed
in order to develop, from the available probes, reagents useful to select and mon-
itor patients to be treated with T-cell-based immunotherapy.

2. HLA CLASS I ANTIGEN DEFECTS IN MALIGNANT LESIONS

2.1. Detection and Frequency of Abnormalities
The analysis of cell lines in long-term culture, through a combination of bind-

ing and immunochemical assays, has identified distinct defects in the expres-
sion of HLA class I antigens in tumor cells (23). These include i) total loss of
the gene products of HLA-A, B, and C loci; ii) total downregulation of all HLA
class I antigens expressed by a cell; iii) total loss of the HLA class I antigens
encoded in one haplotype; iv) selective downregulation of the gene products of
one HLA class I locus; v) selective loss of one HLA class I allospecificity; and
vi) a combination of the previously mentioned defects (Fig. 2). These defects
do not represent artifacts of in vitro cell culture, since they have also been iden-
tified in surgically removed tumors by immunohistochemical staining with
monoclonal antibodies (MAbs). A large number of lesions removed from
patients with different types of tumors have been analyzed over the years
(16,23). Most of the studies have utilized frozen tissue sections as substrates
in immunohistochemical staining because the determinants recognized by the
large majority of the available anti-HLA class I antigen MAbs are lost during
the fixation procedure. More recently, MAbs that detect monomorphic deter-
minants of HLA class I antigens in formalin-fixed, paraffin-embedded tissues
have been identified (16; Fig. 3). These reagents have enabled the use of
formalin-fixed, paraffin-embedded tissues to analyze HLA class I antigen
expression in surgically removed tumors, thus facilitating the use of archived
clinical samples in retrospective studies. It is hoped that the availability of this
methodological improvement will facilitate the participation of pathologists in
the analysis of HLA class I antigen expression in malignant tumors, since
formalin-fixed, paraffin-embedded tissues represent the substrate of choice in
immunohistochemical reactions in departments of pathology. Nevertheless, it
should be emphasized that frozen tissue sections have not yet been used as sub-
strates in order to characterize HLA class I allospecificity expression, since the
polymorphic determinants that identify each allospecificity are conformational
in nature and are lost during the fixation of tissues with formalin and their
embedding with paraffin.

The immunohistochemical technique has proven to be very valuable in the
analysis of HLA class I antigen expression in surgically removed tumors, yet
it suffers from three limitations. First, the evaluation of results is subjective.

6 Part I / Basic Mechanisms of Immune Evasion
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This limitation is likely to be overcome in the near future by the development
of equipment for computer-based reading of immunohistochemical staining.
Second, the differentiation between total HLA class I antigen loss and marked
downregulation is difficult to evaluate because of the technical limitations.
Finally, it is not known whether the lack of staining of tumor cells by anti-HLA
class I antigen MAbs in immunohistochemical reactions is a reliable predictor
of tumor-cell resistance to TAA-specific CTL-mediated lysis, since no study
has compared the sensitivity of antibody-based and CTL-based assays to detect
HLA class I antigens on the cell membrane. Furthermore, HLA class I antigen
expression does not represent the only requirement for TAA-specific
CTL recognition of tumor cells, since—as discussed later—the level of HLA
class I antigen expression may not correlate with that of HLA class I antigen-
TAA-derived peptide complex expression on tumor cells.

Chapter 1 / HLA Peptide-Complex Defects 7

Fig. 2. Defective HLA class I phenotypes identified in malignant cells. The phenotypes iden-
tified in tumor cells include: (I) total loss of the gene products of the HLA-A, B and C loci;
(II) total downregulation of all HLA class I antigens expressed by a cell; (III) total loss of
all HLA class I antigens encoded in one haplotype; (IV) selective downregulation of the
gene products of one HLA class I locus; (V) selective loss of one HLA class I allospeci-
ficity; or (VI) complex phenotype resulting from a combination of two or more of the
described phenotypes.
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Convincing evidence in the literature indicates that malignant transforma-
tion of cells is associated with HLA class I antigen defects, although with dif-
ferent frequencies in various malignancies (Fig. 4). Data regarding the
frequency of HLA class I antigen abnormalities in malignant lesions should be
interpreted with caution, since not all the defective HLA class I antigen phe-
notypes identified in tumor-cell lines, such as selective loss of a HLA class I
allospecificity, can be easily evaluated in malignant lesions. The reason for this
limitation is that either MAbs with the appropriate specificity are unavailable
or unsuitable for use in immunohistochemical staining. To the best of our
knowledge, the only known exceptions to the general rule of HLA class I anti-
gen loss or downregulation in malignant lesions are liver carcinoma (24–26)
and leukemia (27). In the latter, defects in HLA class I antigen expression in
malignant cells have only occasionally been identified. This finding may reflect

8 Part I / Basic Mechanisms of Immune Evasion

Fig. 3. Association of abnormalities in HLA class I antigen expression with tumor-cell
differentiation. Serial formalin-fixed, paraffin-embeded sections of a breast carcinoma
lesion were stained with (A) anti-HLA class I heavy-chain MAb HC-10 and (B) anti-β2m
MAb L368 in the immunohistochemical reaction. Heterogeneous (+/–) HLA class I anti-
gen and β2m expression was detected in lesions with a differentiated phenotype, and nega-
tive (–) HLA class I antigen and β2m expression were found in lesions with a undifferentiated
phenotype.
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the time interval between the onset of the disease and the diagnosis, which is
likely to be shorter than that usually found in solid tumors. However, the higher
frequency of HLA class I antigen abnormalities in sporadic diffuse large-cell
lymphoma than in immunodeficient and transplant-related lymphomas (28)
argues against lack of an immune response to leukemic cells and of immune-
selective pressure in patients with leukemia. Several studies have suggested that
lack of immune-selective pressure plays a major role in the generation of malig-
nant cell populations with HLA class I antigen abnormalities (29–31). It is also
unlikely that genetic and/or epigenetic changes in the gene(s) involved in HLA
class I antigen expression are rare in leukemic cells, since these types of abnor-
malities are often found in leukemic cells (32). In the liver, normal hepatocytes,
which do not express or express very low levels of HLA class I antigens (24),
acquire the expression of these antigens during malignant transformation. This
finding is likely to reflect an upregulation of these antigens by cytokines
secreted by immune cells that infiltrate malignant lesions (24).

2.2. Molecular Abnormalities Underlying Abnormal
HLA Class I Antigen Phenotypes in Malignant Cells

Distinct molecular mechanisms have been found to be the basis of abnor-
malities in HLA class I antigen expression in malignant cells. The frequency
of complete HLA class I antigen loss has been found to be between about 15%
in primary cutaneous melanoma lesions and 50% in primary prostate carcinoma
lesions (16; Fig. 4). These differences are likely to reflect the time between onset
of tumor and diagnosis, since a long interval gives tumor cells more chances
to mutate in the genes involved in HLA class I antigen expression and allows
mutated cells to overgrow cells without abnormalities in their HLA class I phe-
notype in the presence of T-cell selective pressure. Complete HLA class I anti-
gen loss is caused by defects in β2-microglobulin (β2m), which is required for
the formation of the HLA class I heavy-chain-β2m-peptide complex and its
transport to the cell membrane (17). The frequency of this phenotype varies sig-
nificantly between different malignancies, with breast carcinoma and prostate
carcinoma demonstrating the highest frequency, and renal cell carcinoma (RCC)
and cutaneous melanoma demonstrating the lowest frequency (16). It should
also be noted that there are conflicting reports in the literature regarding the
frequency of this phenotype in head and neck squamous cell carcinoma
(HNSCC) (33,34). The reasons for these differences are unknown. Since two
copies of the β2m gene are present in each cell and only one copy is sufficient
for HLA class I antigen expression, complete HLA class I antigen loss is caused
by the combination of two events. One involves loss of one copy of the β2m
gene because of total or partial loss of chromosome 15, which carries the β2m
gene in humans (35). The other event involves mutations in the remaining copy
of the β2m gene, which inhibit its transcription in a few cases and its transla-
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tion in most cases (17,36–39). It is unknown which of these two events occurs
first in malignant cells. This information will probably become available in the
near future, since the analysis of tumor cells for loss of heterozygosity (LOH),
which is currently widely applied to characterize malignant cells, will deter-
mine the frequency of loss of one copy of the β2m gene in malignant cells that
express HLA class I antigens.

Selective HLA class I antigen loss is caused by loss of the gene(s) encoding
the lost HLA class I heavy chain(s), or by mutations that inhibit their tran-
scription or translation. This phenotype has a higher frequency in cervical car-
cinoma, prostate carcinoma, and cutaneous melanoma than in HNSCC, breast
carcinoma, lung carcinoma, RCC, and colon carcinoma (16,37,40). The
reason(s) for these differences is (are) unknown. Selective HLA class I
allospecificity losses are not detected by staining of malignant cells with MAbs
to monomorphic determinants of HLA class I antigens (41,42). Therefore, it is
expected that the frequency of this phenotype in malignant cells is higher than
that described in the literature, since the expression of some HLA class I
allospecificities in malignant lesions has not been evaluated because of the lack
of appropriate probes. Furthermore, the methodology to detect selective HLA

10 Part I / Basic Mechanisms of Immune Evasion

Fig. 4. Frequency of HLA class I antigen and TAP1 downregulation in malignant lesions
of different embryological origin. The most common types of solid tumors for which more
than 300 or 30 lesions have been analyzed for HLA class I antigen or TAP1 expression,
respectively, are shown. ( ) Indicates total HLA class I antigen downregulation; ( ) indi-
cates selective HLA class I allospecificity loss; and ( ) indicates TAP1 downregulation.
Figures indicate the number of lesions analyzed. ND: not determined. Data has been adapted
from refs. 16,23,34,35,37,41,43,50–54,66,77–85,88,89.
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class I allospecificity loss, which does not require antibodies to HLA class I
allospecificities (43), is not suitable to test large numbers of tissue samples.

In most malignancies, the frequency of selective HLA class I antigen losses
is higher than that of total HLA class I antigen losses (16). This difference is
likely to reflect the distinct mechanisms underlying these two phenotypes.
Although two mutational events are required for total HLA class I antigen loss,
only one is sufficient for selective HLA class I allospecificity loss in cells that
are heterozygous for the lost allele. The mechanisms underlying selective
HLA class I antigen loss include LOH of chromosome 6, which carries the
HLA class I heavy-chain genes in humans (44), or sequence mutations in
the HLA class I heavy-chain gene. As in the case of the β2m gene, the muta-
tions found in HLA class I heavy chains range from large deletions to single-
base deletions (42,45–48). These mutations appear to occur randomly; however,
LOH in the short arm of chromosome 6 appears to represent the most frequent
mechanism contributing to selective HLA haplotype loss in human tumors
(49). Notably, selective HLA class I allospecificity loss provides a mechanism
for the unexpectedly poor clinical course of the disease in some patients despite
a high level of HLA class I antigen expression, as measured by staining of tumor
cells with MAbs to monomorphic determinants (16). In these patients, malig-
nant cells may have acquired resistance to CTL-mediated lysis because of the
selective loss of the HLA class I restricting element.

Various mechanisms have been found to cause total HLA class I antigen
downregulation in different malignancies. Hypermethylation of the HLA-A, B,
and C gene-promoter regions appears to represent the major mechanism of total
HLA class I antigen downregulation in esophageal squamous cell carcinomas
and esophageal carcinomas (50). In other malignancies, total HLA class I anti-
gen downregulation in malignant cells appears to be caused by downregulation
or losses of one or multiple antigen-processing-machinery components
(16,51–53). The latter play a crucial role in the assembly of functional HLA
class I antigen-peptide complexes and in their expression on the cell membrane
(Fig. 1). Defects in antigen-processing-machinery components may affect the
generation of peptides from antigens, their transport into the endoplasmic retic-
ulum (ER), their loading on HLA class I antigens, and/or the repertoire of pep-
tides presented by HLA class I antigens. It is noteworthy that in the majority
of cases, antigen-processing-machinery component loss or downregulation can
be corrected by treating cells with cytokines—e.g., IFN-γ—indicating that
these abnormalities are caused by regulatory and not structural defects (16,52).
This mechanism may explain why the frequency of downregulation of one or
multiple antigen-processing-machinery components in malignant lesions is
high, despite the codominant expression of the two genes encoding each
antigen-processing-machinery component. An alternative—although not
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exclusive—mechanism is represented by the downregulation, by IL-10, of
antigen-processing-machinery components, which leads to reduced HLA class
I antigen cell-surface expression (54). This finding may be of clinical relevance,
since a large number of human tumors secrete IL-10 (55). The clinical impli-
cation of theses findings is that administration of IFN-γ and/or anti-IL-10 anti-
bodies may enhance the efficacy of active specific immunotherapy in patients
with HLA class I antigen downregulation caused by defects in the antigen-
processing machinery.

To date, the information in the literature about antigen-processing-machinery
component expression in various types of malignancies is sparse. To the best
of our knowledge, only a few components have been analyzed, and only in a
limited number of malignancies. Furthermore, there is no data concerning the
quantitative levels of antigen-processing-machinery component expression in
malignant cells. The lack of available information reflects the limited avail-
ability or absence of antibodies and methodology to quantitate antigen-
processing-machinery components. These limitations have been overcome by
the recent development of antibodies (56) and methodology (57), which can pro-
vide quantitative information about the expression of intracellular components.
Representative examples are shown in Fig. 5. Because of these limitations, most
studies have utilized reverse transcription-polymerase chain reaction (RT-PCR)
analysis in order to evaluate antigen-processing-machinery component expres-
sion in human tumor-cell lines (16,52). Although these studies are conclusive
when mRNA is not detected, they provide no information about the level and/or
function of the proteins expressed when mRNA is expressed. Thus, the results
of these studies should be interpreted with caution.

The generation of HLA class I antigen-TAA-derived peptide complexes
begins with the cleavage of intracellular proteins into peptides by the 26S pro-
teasome (Fig. 6). The 26S proteasome consists of four staggered heptameric
rings, two outer rings composed of distinct α subunits, and two inner rings com-
prised of distinct β subunits, collectively known as the 20S proteasome (58).
The β1(delta), β2(Z) and β5 (MB1) subunits possess distinct N-terminal nucle-
ophile hydrolase activities (58). However, the 20S proteasome cannot degrade
proteins unless it is complexed with the adenosine triphosphate (ATP)-dependent
19S cap, creating the 26S proteasome (58). The 19S cap plays a role in the
recognition and translocation of potential proteasome substrates (58). The activ-
ity of the proteasome can be modulated by IFN-γ, which induces the expres-
sion of the proteasome activator 28 (PA28), also known as the 11S cap, and the
exchange of the three constitutive active sites β1, β2, and β5 with the immuno-
subunits LMP2, LMP10 (MECL-1), and LMP7, respectively, creating the
immunoproteasome (58; Fig. 6). PA28 and immunosubunit (LMP) expression
favors the generation of antigenic peptides demonstrating increased binding
affinity for HLA class I antigens and enhances the recognition of target cells
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by antigen-specific CTL (58). However, it should be noted that some peptides,
primarily those of self-origin, are not processed by the immunoproteasome (59),
and expression of these immunosubunits is not essential for overall antigen pre-
sentation (58). It is generally assumed that immunosubunit expression is not
constitutive within a cell, but induced upon exposure to cytokines such as
IFN-γ, thereby increasing the number of peptides capable of binding HLA
class I antigens. However, at variance with this notion, basal expression of the
immunosubunits LMP2, LMP7, and LMP10 has been observed in normal cells
of different histology, both in mice and in humans (58,60,61). Currently, there
is no information as to what constitutes normal or abnormal expression pro-
files of the proteasome subunits in cells, since to the best of our knowledge no
study has quantitated the level of antigen-processing machinery component
expression in normal cells of different embryological origin. Therefore, one
must exercise caution in interpreting studies that analyze antigen-processing-
machinery component expression in malignant cells, since the phenotype of the
normal counterparts is unknown in many cases.

Thus far, a limited number of tumor-cell lines and human surgically removed
lesions of distinct histology have been analyzed for LMP2 and LMP7 expres-
sion. When compared to normal cells, the level of LMP2 and LMP7 expression
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Fig. 5. Quantitative analysis of antigen-processing-machinery component expression in
human uveal melanoma cells Om431. Cultured human uveal melanoma cells Om431 were
analyzed for proteasome subunits delta, MB1, and Z, immunoproteasome subunits LMP2,
LMP7, and LMP10, and TAP1, calnexin, calreticulin, ERp57, tapasin, HLA class I antigen
and β2m expression by intracytoplasmic flow cytometry with anti-delta MAb SY-5, anti-
MB1 MAb SJJ-3, anti-Z MAb NB-1, anti-LMP2 MAb SY-1, anti-LMP7 MAb SY-3, anti-
LMP10 MAb TO-6, anti-TAP1 MAb TO-1, anti-calnexin MAb TO-5, anti-calreticulin MAb
TO-11, anti-ERp57 MAb TO-2, anti-tapasin MAb TO-3, anti-HLA class I heavy-chain
MAb HC-10, and anti-β2m MAb L368 both prior to ( ) and following ( ) in vitro incu-
bation of cells with IFN-γ.
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observed in Epstein-Barr virus (EBV)-associated Burkitt’s lymphoma (BL),
breast carcinoma, and RCC is impaired, whereas in several colon carcinoma
cell lines only LMP2 expression appears to be downregulated (16,51,53). In
cutaneous melanoma, the level of LMP7 expression is downregulated, whereas
that of LMP2 is elevated when compared to melanocytes in culture, which con-
stitutively express LMP7 but not LMP2 (16). Notably, these changes are not
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Fig. 6. Generation of high-affinity HLA class I antigen-binding peptides by the immuno-
proteasome. The 26S proteasome consists of four staggered heptameric rings–two outer rings
comprised of distinct α subunits and two inner rings comprised of distinct β subunits, and
the ATP-dependent 19S cap. The 19S cap plays a role in the recognition and translocation of
potential proteasome substrates. The activity of the proteasome can be modulated by IFN-γ,
which induces the expression of the proteasome activator 28 (PA28), also known as the 11S
cap, and the exchange of the three constitutive active sites β1, β2, and β5 with the immuno-
subunits LMP2, LMP10 (MECL-1), and LMP7, respectively. Changes in both subunit com-
position and regulator status of the proteasome heighten the ability of the proteasome to
generate peptides in terms of both quality and quantity, and are believed to be responsible for
the generation of peptides with increased HLA class I antigen-binding affinity.
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restricted to malignant transformation of melanocytes because they have also
been found in nevi (16). LMP10 expression has only been analyzed at the
mRNA level in 39 human tumor-cell lines of different origin including breast
carcinoma, small-cell lung carcinoma (SCLC), cervical carcinoma, colon car-
cinoma, pancreatic carcinoma, neuroblastoma, and cutaneous melanoma
(16,52,62,63). These studies have demonstrated LMP10 mRNA downregula-
tion in breast carcinoma, SCLC, cervical carcinoma, neuroblastoma, and cuta-
neous melanoma cell lines. This deficit, which is frequently associated with
antigen-processing-machinery component downregulation, is probably caused
by abnormalities in regulatory mechanisms, since it could be corrected by
administration of IFN-γ. The significance of impaired LMP2, LMP7, and
LMP10 expression in malignant cells remains unclear because of the limita-
tions listed here. However, the role these catalytic subunits play in the genera-
tion of TAA-derived peptides suggests that these variations may lead to
alterations in the repertoire of peptides presented on HLA class I antigens by
malignant cells.

Once peptides have been generated by the proteasome and further processed
by cytosolic and/or ER proteases (58), they are translocated into the ER by the
dimeric ATP-dependent transporter associated with antigen processing
(TAP1/2), which plays a role in both quantitative and qualitative peptide selec-
tion (58). Among the antigen-processing-machinery components, TAP1 has
been most extensively investigated. TAP1 downregulation or loss has been
found in breast carcinoma, SCLC, cervical carcinoma, RCC, and cutaneous
melanoma (64,65). The frequency ranges from 10 to 84% in different tumor
types. A few studies have investigated TAP2 expression in malignant cells, and
the frequency of TAP2 downregulation usually correlates with that of TAP1
(16). It is important to note that impaired TAP1 mRNA expression is usually
observed in parallel with LMP2 downregulation, probably because both genes
share a bi-directional promoter. Therefore, their expression may be under the
control of common regulatory elements (66). As mentioned previously, in some
instances, TAP downregulation can be corrected by treatment with cytokines
such as IFN-γ and TNF-α, and is accompanied by an increase in HLA class I
antigen expression. The increase in HLA class I antigen expression following
induction of TAP1 expression is correlated with an increased susceptibility to
TAA-specific CTL lysis, in most but not all cases (67–69). In addition, it is
expected that the frequency of TAP downregulation is higher than that of total
HLA class I antigen losses, because of the distinct mechanisms underlying these
two phenotypes. Although two mutational events are required for total HLA
class I antigen loss, TAP downregulation appears to be primarily caused by
abnormalities in regulatory mechanisms. In only two cases, mutations in the
Tap1 gene have been observed. These mutations have led to altered function of
the TAP1 protein itself or a lack of protein translation. An amino acid substi-
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tution was identified at position 659 (R659Q) near the ATP-binding site of Tap1
in a human SCLC cell line (70). Although this mutant TAP1 protein is expressed,
it is defective in its ability to bind peptides. As a result, these cells are deficient
in antigen presentation to CTL, a function that can be restored after transfec-
tion of a functional Tap1 allele. In addition, sequence analyses of Tap1 were
isolated from the melanoma cell line buf1280, which demonstrates deficient
HLA class I antigen surface expression, identified a bp deletion at position 1489
near the ATP-binding domain of Tap1, causing a frameshift (71). This frameshift
results in the early introduction of a stop codon at position 1489, leading to the
lack of TAP1 and TAP2 expression. This cell line is deficient in peptide bind-
ing and transport, and is resistant to CTL-mediated lysis. These abnormalities
can be corrected following transfection of cells with the wild-type Tap1 gene,
and can result in an increase in susceptibility to TAA-specific CTL.

When peptides have been translocated into the ER, subunits of HLA class I
antigens—e.g., the polymorphic heavy chain and the monomorphic β2m, which
have been assembled into HLA class I antigen-β2m dimers through the aid of
multiple ER chaperones (58)—are brought into association with TAP through
interaction with tapasin. Tapasin plays a role in both quantitative and qualita-
tive peptide selection (58). Abnormalities in tapasin expression can lead to
reduced HLA class I antigen expression, alterations in the repertoire of pep-
tides presented by HLA class I antigens and resistance of malignant cells to CTL
(58). Heterogeneous and reduced levels of tapasin mRNA/protein has been
observed in HNSCC, SCLC, hepatoma, RCC, colon carcinoma, pancreatic car-
cinoma, neuroblastoma, and cutaneous melanoma cell lines (72,73; Fig. 7). In
the majority of cases, in vitro incubation of cells with cytokines such as
IFN-α, IFN-γ, TNF-α, and IL-4 has resulted in tapasin transcriptional upregu-
lation (72,73). However, in the melanoma cell line COPA159, we have identi-
fied a single-base deletion at position 684 in exon 3 of the tapasin gene, resulting
in a reading frameshift of the mRNA with a subsequent introduction of a pre-
mature stop codon at positions 698–700. This cell line demonstrates reduced
HLA class I antigen expression, which can be restored upon transfection with
the wild-type tapasin allele (Chang et al., unpublished data). More recently,
taking advantage of newly developed methodology suitable to quantitate the
expression of intracellular components (57) and of MAbs with the appropriate
characteristics (56), the level of tapasin protein expression in cell lines has been
quantitated (Fig. 8). These studies have shown that the level of tapasin expressed
in cell lines is significantly associated with that of HLA class I antigen expres-
sion. To a limited extent, tapasin expression has been investigated in surgically
removed malignant lesions. In these studies, tapasin has been found to be down-
regulated in both RCC and HNSCC lesions (66,74,75). In the latter malignancy,
this downregulation is associated with a poor prognosis (75). If this is a cause-
and-effect relationship, it is likely to reflect the reduced susceptibility of tumor
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cells to CTL-mediated lysis because of HLA class I antigen downregulation and
alterations in the HLA class I antigen peptide repertoire in cells with reduced
tapasin expression.

2.3. Clinical Significance of HLA Class I Antigen Defects
Abnormalities in HLA class I antigen expression appear to have clinical sig-

nificance, since they are associated with histopathological characteristics of the
lesions and/or with clinical parameters in several malignant diseases. In gen-
eral, the frequency of HLA class I antigen defects in metastatic lesions is higher
than that in primary and premalignant lesions (16). Furthermore, the frequency
of HLA class I antigen abnormalities is significantly associated with poor his-
tological differentiation, abnormal DNA content, and advanced clinical stage
(tumor grading), each suggestive of more aggressive tumors, in primary laryn-
geal and hypopharyngeal carcinoma, SCLC, squamous cell carcinoma of the
lung, cervical carcinoma, RCC, colon carcinoma, and cutaneous melanoma
(16,76–79). In prostate carcinoma, no association has been found between
HLA class I antigen abnormalities and Gleason morphological grade (80);
however, an inverse relationship is observed between the level of HLA class I
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Fig. 7. Heterogeneous levels of tapasin expression in cultured human cutaneous melanoma
cells. Cultured human cutaneous melanoma cells 501, 526, 537, 553, 836, 883, 1088, 1182,
1280-1, 1363, 1383, 1390, 1520, A375, and Mel-120 were analyzed for calnexin and tapasin
expression by Western blot analysis with anti-calnexin MAb TO-5 and anti-tapasin MAb
TO-3. The human lymphoid cell line LG-2 and the human melanoma cell line 501 were used
as positive controls.

CH01,1-34,34pgs  9/22/03 1:33 PM  Page 17



antigen expression and degree of tumor differentiation (81). It is also noteworthy
that HLA-A and A2-allele loss is associated with the presence and number of
tumor-positive lymph nodes in cervical carcinoma (16), and total HLA class I
antigen loss is associated with regional lymph-node metastases and the devel-
opment of new primary aerodigestive tract cancers in HNSCC (82). Moreover,
the frequency of TAP1 downregulation is significantly higher in metastases than
in primary lesions in breast carcinoma, cervical carcinoma, and cutaneous
melanoma (16). In addition, TAP1 downregulation in primary cutaneous
melanoma lesions is significantly associated with the development of metas-
tases (83). Possible explanations for the association of HLA class I antigen
abnormalities with later-stage and less-differentiated tumors, as well as the asso-
ciation of HLA class I antigen abnormalities and TAP1 downregulation with
the development of metastatic lesions include immune selection of tumor cells
with an abnormal HLA class I antigen phenotype and/or accumulation of muta-
tions by tumor cells.

The findings we have summarized suggest that in the presence of T-cell
selective pressure, malignant cells—which exhibit HLA class I antigen
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Fig. 8. Association of tapasin and HLA class I antigen levels in long-term culture melanoma
cells. Cultured human cutaneous melanoma cells Colo38 and SK-MEL-37 and cultured
human uveal melanoma cells Om431 were analyzed for calnexin, calreticulin, tapasin, and
HLA class I antigen expression by intracytoplasmic flow cytometry with anti-calnexin MAb
TO-5, anti-calreticulin MAb TO-11, anti-tapasin MAb TO-3, and anti-HLA class I heavy-
chain MAb HC-10. The human lymphoid cell line LG-2 was used as a positive control.
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defects—overgrow cells without abnormalities in their HLA class I phenotype
and progress to advanced tumor grades. This theory is supported by the asso-
ciation of HLA class I antigen downregulation with a reduction in disease-free
interval and survival in HNSCC, breast carcinoma, SCLC, bladder carcinoma,
cervical carcinoma, and cutaneous melanoma (16,76,82,84–86; Fig. 9). In
prostate carcinoma, when the degree of tumor differentiation is considered, the
disease-free interval and survival of patients with prostate carcinoma—whose
lesions demonstrate HLA class I antigen abnormalities—is shorter than those
of patients whose lesions have a similar degree of tumor differentiation and do
not demonstrate detectable HLA class I antigen abnormalities (81). These clin-
ical findings have been suggested to reflect resistance of malignant cells to lysis
by CTL through lack of TAA-derived peptides presented properly in the con-
text of a HLA class I allospecificity. This mechanism can also explain the asso-
ciation of TAP1 downregulation with tumor grading, tumor staging, and
reduction in patients’ survival in breast carcinoma, SCLC, cervical cancer, and
cutaneous melanoma (16; Fig. 9). Interestingly, TAP1 expression has been
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Fig. 9. Association between TAP1 and HLA class I antigen downregulation with survival
in breast cancer and cutaneous melanoma patients. Reduced survival is seen in patients with
(A) breast carcinoma and (B) cutaneous melanoma whose lesions demonstrate TAP1 and
HLA class I antigen downregulation. (+), (+/–) and (–) denote ≥75%, 25–75% and ≤25%
of cells, respectively, which stain for TAP1 and HLA class I antigen expression.
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suggested to represent an independent prognostic marker for patients with cuta-
neous melanoma, since its downregulation in primary lesions has been found
to correlate with metastasis development and a prognosis that is better than the
traditional prognostic marker—e.g., tumor thickness (82). If these findings are
confirmed, the analysis of TAP1 expression in primary cutaneous melanoma
lesions may represent a useful molecular marker in order to evaluate the prog-
nosis for melanoma patients. Whether this conclusion also applies to other
types of malignancies has not been determined.

It is important to note that HLA class I antigen loss or downregulation is not
associated with poor clinical prognosis in every disease. For example, in uveal
melanoma, HLA class I antigen downregulation is associated with a decrease
in metastases and improved survival (87). These findings have been attributed
to the hematogeneous route of metastasis formation and its control by NK
cells. This is corroborated by the high HLA class I antigen expression found in
uveal melanoma metastases, which may result from the reduced susceptibility
of tumor cells with high HLA class I antigen expression to NK cell-mediated
lysis (87). In colon carcinoma, there are conflicting reports in the literature
(79,88), since the correlation of HLA-A downregulation with lower tumor
stage and longer disease-free survival has only been found by one group of
investigators (88). Whether these findings reflect differences in characteristics
of the patient population or the methods of analysis is unknown.

No association has been found between HLA class I antigen abnormalities
and the histological type, degree of differentiation, or clinical stage of the dis-
ease in pulmonary adenocarcinoma, squamous cell carcinoma of the uterine
cervix, and cutaneous squamous cell carcinoma (16,89,90). Moreover, no asso-
ciation has been found between HLA class I antigen abnormalities and disease-
free interval and survival in both non-small-cell lung cancer (NSCLC) and
large-cell or large-cell immunoblastic (B-cell or T-cell) lymphomas (16,91,92).
These findings may be attributed to the lack of a T-cell-mediated immune
response in patients with these malignancies, the inability of a T-cell-mediated
immune response to control the growth of these tumors, and/or the effect of
other confounding variables. However, the identification of tumor-specific
CTL, which have been expanded from tumor-infiltrating lymphocytes (TIL) of
non-Hodgkin’s lymphoma (NHL) and NSCLC, argues against the lack of a
T-cell-mediated immune response in patients with NHL and NSCLC (93,94).
On the other hand, these findings may reflect differences in characteristics of
the patient population, the methods of analysis, and/or the system used to score
HLA class I antigen expression. In this regard, an international classification
system has been established for the evaluation of HLA class I antigen expres-
sion in malignant lesions (95). It is hoped that this will facilitate the standard-
ization of the analysis of HLA class I antigen expression in malignant lesions.
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3. HLA CLASS I ALLOSPECIFICITY-TAA-DERIVED
PEPTIDE COMPLEXES ON TUMOR CELLS

As already discussed, a crucial role in the interactions between HLA class I
antigen-restricted, TAA-specific CTLs and tumor cells is played by HLA class
I antigen-TAA-derived peptide complexes. Therefore, it is important to ask
whether the level of a HLA class I allospecificity on the cell membrane can be
used as a measure of the respective HLA class I allospecificity-peptide com-
plex. In other words, does the level of a HLA class I allospecificity on the cell
membrane correlate closely with that of the complexes generated by its asso-
ciation with peptides derived from antigens? When all HLA class I antigens or
the HLA class I allospecificity presenting a peptide have been lost, the HLA
class I allospecificity-peptide complex of interest is not expressed. However,
whether the expression of a HLA class I allospecificity excludes defects in the
presentation of an actual HLA class I allospecificity-TAA-derived peptide com-
plex on the surface of malignant cells is unknown. Furthermore, it has not been
determined whether all HLA class I antigen-TAA-derived peptide complexes
are homogenously downregulated when HLA class I antigens or the present-
ing HLA class I allospecificity are downregulated. We believe that this is
unlikely, since several lines of evidence argue against this possibility and sug-
gest that the level of a HLA class I allospecificity does not correlate with the
level of HLA class I antigen-peptide complexes on the cell membrane in many
experimental conditions.

First, the detection of antigen-processing-machinery components and HLA
class I antigens in tissues with immunohistochemical assays does not exclude
the possibility that they are nonfunctional or malfunctional because of muta-
tions and/or changes in their conformation. Second, if one makes the assump-
tion that all HLA class I antigens and antigen-processing-machinery
components that are expressed are functional, monitoring malignant lesions for
HLA class I antigen and antigen-processing-machinery component expression
at the protein level does not provide an accurate interpretation of the repertoire
of peptides presented by HLA class I antigens on tumor cells, since the vari-
ables that control this phenomenon have not been fully characterized. In this
regard, two lines of evidence indicate that conversion of the standard protea-
some to the immunoproteasome, which is induced by IFN-γ, significantly
affects the presentation of peptides derived from two melanoma-associated
antigens (MAA). Melanoma cells with no detectable defects in HLA class I anti-
gens, antigen-processing machinery components, and the MAA MART1 are not
recognized by HLA-A2-restricted, MART1-specific CTLs following in vitro
incubation with IFN-γ, since LMP2 and LMP7 expression in the immunopro-
teasome inhibits presentation of the MART1-derived peptide to CTL (96).
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Conversely, loss of the capacity to upregulate both LMP immunosubunit and
PA28 expression in response to in vitro incubation with IFN-γ is associated with
the loss of the ability to present a TRP-2-derived peptide, which requires expres-
sion of PA28, a component of the immunoproteasome (97). As a result,
melanoma cells with this defect are resistant to HLA-A2-restricted, TRP2-
specific CTL following exposure to IFN-γ. These findings imply that during
the course of an active immune response against malignant cells, the presenta-
tion of specific TAA-derived peptides may be gained or lost, resulting in the
switch from susceptibility to resistance of malignant cells to TAA-specific
CTL. Moreover, recent evidence demonstrates that individual organs display
different expression profiles of the multiple proteasome subunits in mice (61).
Therefore, these data suggest that tumors that express the same TAA but have
originated from different tissues may have a completely different repertoire of
peptides presented by HLA class I antigens because of the differential organ-
specific potential to produce T-cell epitopes.

Finally, defects in the expression and/or function of several antigen-
processing machinery components in malignant cells may have a significant
influence on the repertoire of peptides presented by HLA class I antigens. As
mentioned previously, several types of malignancies display abnormalities in
LMP2 and/or LMP7 expression. Although these abnormalities do not have
profound effects on the total level of HLA class I antigen expression (58), it is
unclear how these abnormalities influence the generation of TAA-derived pep-
tides. Clearly, the critical role of the proteasome in the generation of TAA-
derived peptides suggests that these variations may have dramatic effects on the
actual repertoire of TAA-derived peptides presented on HLA class I antigens
by malignant cells. TAP and tapasin downregulation may also have a major
influence on the repertoire of peptides presented on the cell membrane. TAP
downregulation results in a reduction in the level of HLA class I antigen expres-
sion by reducing the number of peptides transported into the ER. However, it
is also likely to affect the range of peptides presented, since TAP is primarily
responsible for the qualitative selection of peptides to be transported into the
ER (58), and TAP downregulation may increase the presentation of TAP-
independent HLA class I antigen-binding peptides (58). Similar effects are
also likely to be caused by defects in tapasin expression. Tapasin brings the HLA
class I heavy-chain, β2m, chaperone complex into association with TAP, and
plays a key role in both quantitative and qualitative peptide selection. Tapasin
downregulation results in a reduction in the level of HLA class I antigen expres-
sion, and is likely to affect the peptides presented on HLA class I antigens by
malignant cells. Recent evidence suggests that in the absence of tapasin, the
peptides presented on HLA class I antigens can be significantly altered, result-
ing in the presentation of suboptimal major histocompatibility complex (MHC)
class I-bound peptides (58).
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The data we have summarized, as well as the subtle variations frequently
observed in the level of antigen-processing-machinery component expression
during the progression of a malignant lesion, highlight the need to monitor HLA
class I antigen-TAA-derived peptide-complex expression on tumor cells
(Fig. 10). In recent years, probes that are capable of directly monitoring the level
of MHC antigen-peptide complexes on cells are being prepared. In mice, mouse
MAbs that recognize a determinant expressed on mouse MHC class I antigens,
H-2Kb and H-2Dd, complexed with a peptide derived from ovalbumin (98) or
the HIV envelope protein gp160 (99), respectively, and on mouse MHC class
II antigens I-Ak, complexed with peptide derived from hen egg lysozyme (100)
have been described. Analysis of the known three-dimensional structure of the
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Fig. 10. Possible mechanisms that prevent a relationship between TAA-specific CTL
response and clinical response in patients without detectable HLA class I antigen defects
in their malignant lesions, as determined by immunohistochemical reaction. (A) HLA
class I allospecificity-TAA-derived peptide-complex expression is required for HLA class I
antigen-restricted, TAA-specific CTL recognition and lysis of tumor cells; (B)
Downregulation or loss of the HLA class I allospecificity-TAA-derived peptide complex
recognized by TAA-specific CTL despite the lack of significant changes in HLA class I anti-
gen expression provides malignant cells with a mechanism of resistance to TAA-specific
CTL; (C) Selective loss of the restricting HLA class I allospecificity despite of the lack of
significant changes in expression of other HLA class I allospecificities provides malignant
cells with a mechanism of resistance to TAA-specific CTL.
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H-2Dd-gp160 complex and the amino acid sequence of the Mab that is specific
for the MHC class I antigen-HIV envelope protein gp160 peptide complex, sug-
gest that this MAb binds in an orientation similar to that of the corresponding
TCR. Furthermore, a single-chain immunoglobulin variable region fragment
(scFv) that recognizes a determinant expressed on mouse MHC class I antigen
Kk-influenza virus-derived peptide complexes has been isolated from a phage
display antibody library constructed from a mouse immunized with the respec-
tive MHC class I antigen-peptide complex (101). In humans, mouse MAbs that
recognize determinants expressed by HLA-DR antigen-mylein basic protein-
derived peptide complexes (102) and HLA class II antigen-invariant chain-
derived peptide complexes (103) have been described. To the best of our
knowledge, no mouse MAb that is specific for human MHC class I antigen-
peptide complexes has been described. Whether this reflects the lack of
immunogenicity of HLA class I antigen-peptide complexes in mice because of
their overshadowing by more immunodominant epitopes is not known. More
recently, Chames et al. have isolated human Fab fragments, which recognize
the HLA-A1-MAGE1, HLA-A2-gp100, and HLA-A2-telomerase catalytic sub-
unit-derived peptide complexes (104–106) by panning with the respective HLA
class I antigen-peptide complex. These Fab fragments are capable of detecting
endogenously derived HLA class I antigen-peptide complexes on the surface
of cells in vitro. In addition, these Fab fragments are functional in vivo, since
T cells transduced with cell-surface-anchored HLA class I antigen-TAA pep-
tide complex-specific Fab fragments are able to eradicate tumor cells in a
tumor-bearing animal model (107). We have focused our efforts on the isola-
tion of probes that recognize HLA-A2-MART127–35-derived peptide complexes,
since this peptide has been and is extensively used as an immunogen in patients
with melanoma (12). Like Chames et al., we are utilizing a phage display anti-
body library to isolate probes that are specific for HLA class I allospecificity-
TAA-derived peptide complexes over the production of mouse MAbs since: i)
the isolation of scFv fragments does not depend on the immunogenicity of the
complex; and ii) the range of antibody specificities present in the scFv library
is much broader than that found in a panel of hybridomas generated from an
immunized mouse. The steps required in order to isolate a HLA class I
antigen-TAA peptide complex-specific scFv are schematically shown in
Fig. 11. They include incubation of the phage library with recombinant HLA
class I antigen-TAA peptide complexes, separation of phage-bound HLA
class I antigen-TAA peptide complexes, and elution of bound phage from the
peptide complex. This process is repeated several times in order to enrich for
HLA class I antigen-TAA peptide complex-specific binding phage. Using this
strategy, we have isolated scFv fragments that recognize determinants expressed
on the HLA-A*0201-MART127–35 peptide complex. These scFv fragments are
capable of recognizing the recombinant HLA-A*0201-MART127–35 derived
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peptide complex, as well as MART127–35 peptide-pulsed T2 cells and HLA-
A*0201 (+), MART1 (+) cells (Campoli et al., unpublished data) (Fig. 12).

4. CONCLUSION

In the past, studies have focused on the development of active specific T cell-
based immunotherapeutic strategies for the treatment of malignant disease
(12). The significant progress in our understanding of the molecular steps lead-
ing to an immune response and the development of MHC class I antigen
tetramers (108) has facilitated our ability to implement these immunothera-
peutic strategies and to monitor TAA-specific CTL immune responses.
However, the current challenge facing tumor immunologists is the need to
understand why a TAA-specific CTL immune response, which can be detected
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Fig. 11. Isolation of HLA class I antigen-TAA-derived peptide-complex specific scFv frag-
ments. The steps involved in the isolation of HLA class I antigen-TAA-derived peptide-
complex-specific scFv fragments are as follows: (A) incubation of the scFv phage display
antibody library with recombinant HLA class I antigen-TAA-derived peptide complexes;
(B) separation of phage-bound HLA class I antigen-TAA-derived peptide complexes; (C)
washing of phage-bound HLA class I antigen-TAA-derived peptide complexes in order to
eliminate nonspecific binding phage; (D) elution of phage bound to HLA class I antigen-
TAA-derived peptide complexes via acid treatment; (E) amplification of eluted phage. This
process is repeated several times in order to enrich for phage-displayed scFv fragments that
bind with high affinity to HLA class I antigen-TAA-derived peptide complexes.
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in a variable percentage of immunized patients, is not matched by a clinical
response in the majority of immunized patients (12). A number of escape mech-
anisms have been identified and characterized (16–19). Although no definitive
proof has been demonstrated, the identification of HLA class I antigen loss vari-
ants in recurrent metastatic lesions in patients who had experienced clinical
responses following T-cell-based immunotherapy (29,30) suggests that total
HLA class I antigen loss, as well as selective HLA class I antigen loss, may
play an important role in tumor-cell escape from TAA-specific CTL lysis.
However, the association between HLA class I antigen defects—as determined
by staining formalin-fixed, paraffin-embedded malignant lesions with MAbs
to monomorphic determinants—and clinical parameters of disease is statisti-
cally significant but not absolute. This may reflect the variety of escape mech-
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Fig. 12. Reactivity of anti-HLA-A*0201-
MART12 7 – 3 5 peptide complex
scFv 8.3 with recombinant HLA-A*0201-
MART12 7 – 3 5 peptide complexes,
MART127–35 peptide-pulsed T2 cells and HLA-A*0201 (+), MART1(+) human melanoma
cells 501. (A) scFv 8.3 bound to HLA-A*0201-
MART12 7 – 3 5 peptide complexes
( ), but not to HLA-A*0201-HIVgag peptide complexes ( ) in enzyme-linked
immunosorbent assay (ELISA). The anti-HLA-A2, A24, A28 MAb CR11-351 and anti-c-
myc MAb 9E10 were used as positive and negative controls, respectively. (B) scFv 8.3
stained MART127–35 peptide-pulsed T2 cells and HLA-A*0201 (+), MART1(+) cultured
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anisms utilized by tumor cells to evade immune recognition and destruction.
They include selective loss of the restricting HLA class I allospecificity and/or
downregulation or loss of the HLA class I allospecificity-TAA-derived peptide
complex. The latter may not be identified by measuring the level of the corre-
sponding HLA class I allospecificity. Furthermore, the level of restricting
HLA class I allospecificity expression may not correlate with that of the level
of HLA class I allospecificity-peptide complexes on the surface of tumor cells.
Subtle changes in the expression of these complexes on tumor cells may have
dramatic effects on the outcome of T-cell-based immunotherapy, since many
TAA that are candidates for immunotherapy are derived from self-antigens, and
low-avidity, self-reactive T cells may require a higher threshold density than
non-self antigens for activation (109,110). This fact indicates that subtle vari-
ations in the level of antigen-processing-machinery components may lead to
the lack of presentation of HLA class I antigen-TAA peptide complexes at suf-
ficient density on tumor cells for recognition by TAA-specific CTL. Therefore,
we believe that that strategies must be developed to isolate probes capable of
monitoring specific HLA class I antigen-TAA-derived peptide complex expres-
sion on the surface of tumor cells, since the expression of these complexes is
essential in the interactions between TAA-specific CTL and target cells. As
these probes become available, we can determine whether the actual levels of
HLA class I antigen-TAA-derived peptide-complex expression correlate with
the sensitivity of tumor cells to TAA-specific CTL lysis. However, before these
reagents can be used effectively, several questions must still be addressed. Is
the sensitivity of binding of the currently available probes comparable with the
sensitivity of binding of CTL? If the currently available probes are not capable
of recognizing the minimum number of complexes that are sufficient for CTL
activation, can their affinity be enhanced? Notably, through a combination of
light-chain shuffling, targeted mutagenesis, and in vitro selection, Chames
et al. demonstrated an 18-fold improvement in affinity for an HLA-A1-MAGE1-
specific Fab fragment (104). If the affinity of the current probes cannot be
enhanced, can we develop strategies to enhance the immunogenicity of HLA
class I antigen-TAA-derived peptide complexes in order to generate mouse
MAbs specific for these complexes? If these probes are capable of monitoring
HLA class I antigen-TAA peptide complex expression at the appropriate levels
required for CTL recognition and lysis, can the level of their binding be a
predictable indicator of tumor susceptibility to CTL-mediated lysis? In addi-
tion, can these probes be used to stain surgically removed lesions, and espe-
cially formalin-fixed malignant lesions? If so, does the level of HLA class I
allospecificity-TAA peptide complex expression in malignant lesions correlate
with clinical parameters of the disease? Finally, can we develop, from the avail-
able probes, reagents that will improve the selection and monitoring of patients
to be treated with T-cell-based immunotherapy?
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1. INTRODUCTION

The progressive growth of tumors in cancer and the chronic presence of a
pathogenic microorganism reveal the inability of the immune response to elim-
inate the malignant cells and the chronic infectious agent. This setting is not
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uncommon in mice or patients with a congenital or acquired immuno-
deficiencies. However, this problem is also frequently seen in fully immuno-
competent individuals, suggesting that malignant cells and certain
microorganisms have developed mechanisms to evade the immune response.
The distinct pathophysiology of cancer and chronic infections suggested that
the mechanisms by which tumors and infectious agents impair and evade the
immune response were different, and therefore, have been studied separately.
Recent data however has demonstrated that T lymphocytes in cancer and chronic
infections develop similar molecular alterations that lead to a state of unre-
sponsiveness or anergy, suggesting the possibility that these seemingly disparate
diseases may use similar pathways to impair the immune response. Here, we
discuss some of the mechanisms that support this hypothesis and provide a pos-
sible common explanation to this phenomenon.

2. IMMUNE DYSFUNCTION IN CANCER

Seminal studies by Prehn and Main (1,2) demonstrated the existence of an
immune response against tumor-specific antigens, raising the possibility that
the immune response could be used to control tumor growth, and possibly to
treat patients with cancer. Multiple studies in mice have confirmed the existence
of a “surveillance mechanism” that can destroy tumor cells before they become
an established malignancy of clinical significance (3,4). However, studies in
cancer patients failed to demonstrate a protective immune response, and instead
suggested that the T-cell response was markedly impaired. In 1965, Hersh
and Oppenheim (5) 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 stimu-
lation. This immune dysfunction persisted, even in patients who had achieved
a complete clinical response to chemotherapy (6). Patients with melanoma 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 (RCC), prostate and bladder cancer (7), lung
cancer (8), breast cancer (9), and gastric cancer (10), consistently showed a
decreased cellular response. Several mechanisms were proposed to explain
these observations. The high levels of antibodies observed in melanoma patients
suggested the possibility that blocking antibodies might interfere with antigen
recognition, preventing the priming and activation of T cells (11,12). An alter-
native explanation suggested instead that the immune system was unable to rec-
ognize the original tumor inoculum because of its suboptimal antigenic load
(13). A third possibility came from cloning experiments that suggested the
existence of T cells or macrophages with suppressor activity in the spleens of
tumor-bearing mice (14).
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During the early 1980s, North and colleagues (15–18) demonstrated the
presence of a protective antitumor T-cell response during the first days following
tumor implantation, followed by a rapid decline with the appearance of Ly1+

suppressor T cells by the second week. This suppressor function could be trans-
ferred into naive animals, and was eliminated with low doses of cyclophos-
phamide, re-establishing a therapeutic antitumor response. These findings
provided insight into a dynamic interaction between tumors and the immune
system, which could be manipulated to the benefit of the host. An alternative
explanation came from studies on cytokine functions. Mossman and col-
leagues classified CD4+ T cells according to the cytokines produced. Th1 cells
preferentially produced IL-2, IFN-γ, and TNF-α-promoting cellular responses,
and Th2 cells secreted IL-4, IL-13, and IL-10, promoting antibody production
(19,20). Therefore, it was suggested that the progressive growth of tumor
induced a loss of Th1 activity and an increased Th2 function, resulting in a
diminished cellular response and an enhanced antibody production. Most of
these concepts remained interesting research observations, but had minor rel-
evance for the treatment of patients.

The advent of immunotherapy trials in the 1980s using the adoptive trans-
fer 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 demonstrated that these cells had a markedly decreased prolifer-
ation when stimulated with mitogens or tumor cells, and had a significantly
diminished clonogenic potential (21–24). This cellular dysfunction appeared
to have a detrimental effect on the therapeutic success of immunotherapy.
Loeffler and colleagues (25) studied an immunotherapy model of adoptive
transfer of T lymphocytes, demonstrating that T cells from mice bearing tumors
for >21 d had a markedly diminished antitumor effect. In contrast,
T cells from mice bearing tumors for <14 d had a high therapeutic efficacy when
transferred into a tumor-bearing recipients. Further studies failed to demonstrate
the presence of suppressor cells, yet they confirmed a significant decrease in
T-cell cytotoxicity against tumor targets.

3. CHANGES IN T-CELL SIGNAL-TRANSDUCTION
MOLECULES AND CANCER

In the mid-1980s, major advances in T-cell biology provided the basis for an
understanding of the molecular events that lead to T-cell activation. Among
these were the elucidation of the structure and function of T-cell receptor (TCR)
and the mechanisms of T-cell signal transduction following antigen stimulation
(26–28). Briefly, two polymorphic chains, the α and β chains, confer antigen
specificity to the T cell and form the antigen-binding site. These are covalently
linked to the CD3 complex formed by the invariant chains γ, δ, ε, and ζ. The
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latter forms ζζ homodimers (CD3ζ) or ζη heterodimers. Following TCR liga-
tion, Src family tyrosine kinases, p56lck (associated with CD4 or CD8) and
p59fyn phosphorylate CD3ζ and recruit ZAP-70, eventually leading to the acti-
vation of nuclear transcription factors such as NF-κB that translocate into the
nucleus and activate or repress various genes, including cytokine genes (29,30).
Major advances have also been made in understanding the molecular changes
that accompany T-cell unresponsiveness or anergy. Quill and colleagues (31,32)
demonstrated that T cells stimulated by antigens presented on fixed antigen-
presenting cells (APC) were anergic—e.g., unresponsive to repeated antigenic
stimuli and unable to produce IL-2 (33,34). Furthermore, stimulation of T cells
with streptococcus superantigen produced a state of T-cell anergy and resulted
in a decreased expression of p56lck and p59fyn (31,35). Anergic T cells showed
several molecular alterations, including the inability to phosphorylate p21 ras
(36,37) and a decreased ability to activate nuclear transcription factors, includ-
ing NF-κB and AP-1, important in regulating cytokine production (38). These
observations provided important tools to study the mechanisms for T-cell
dysfunction in cancer.

Mizoguchi and colleagues (39) studied molecular changes in dysfunctional
T cells from long-term tumor-bearing mice, and found alterations in the expres-
sion of several signal-transduction proteins, including a significant decrease in
the expression of CD3ζ chain and p56lck and p59fyn tyrosine kinases. These
changes were accompanied by a decreased tyrosine kinase phosphorylation and
a diminished Ca++ flux. Li (40) and Ghosh (41,42) later showed that T cells from
some patients with RCC and from long-term tumor-bearing mice were unable
to translocate NF-κBp65 nuclear transcription factor, which resulted in a pre-
dominance of NF-κBp50/50 homodimer in the nucleus, known to act as a
repressor of the IFN-γ gene (43). Indeed, cytokine production during the
progressive growth of tumors in mice demonstrated a Th1 response (IL-2 and
IFN-γ) early after tumor implantation, followed by an increased production of
Th2 cytokines (IL-4 and IL-10) after the third week (41,42). These findings pro-
vided for the first time a molecular basis to explain T-cell dysfunction in cancer.

Results in cancer patients confirmed the initial observations in tumor-
bearing mice. T cells, and natural killer (NK) cells from approximately half of
the patients with RCC, colon carcinoma, ovarian carcinoma, gastric cancer,
breast cancer, prostate cancer, Hodgkin’s disease, acute myelocytic leukemia,
and other tumors showed a decreased expression of the CD3ζ chain and a
decreased in vitro response to antigens or mitogens (44–49). Alterations in
signal-transduction molecules were most markedly observed in T cells that infil-
trated tumors or T cells from lymph nodes draining the site of the tumor. In addi-
tion, T cells from RCC patients exhibited a diminished ability to translocate
NF-κBp65. However, changes in signal-transduction molecules were not lim-
ited to those associated with the TCR. Kolenko and colleagues demonstrated
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that Jak-3, a tyrosine kinase associated with the γ chain, a common element to
IL-2, IL-4, IL-7, and IL-15 cytokine receptors, was also decreased in T cells
from RCC patients (50).

Controversy over these findings arose when Levey and Srivastava (51) had
difficulty reproducing some of the original observations in mice with trans-
plantable tumors. However, Horiguchi and colleagues (52) later demonstrated
that de novo tumors (chemically induced) were able to induce all of the alter-
ations in T-cell signal-transduction molecules described initially, yet after
repeated passage in mice, the tumors failed to cause T-cell alterations. Thus, it
was possible that the tumors used by Levey and Srivastava may have lost their
ability to induce immune dysfunction after multiple passages.

Initial work in colon carcinoma (53) and RCC (54) suggested that patients
with more advanced stages of the disease had a higher frequency of T-cell
signal-transduction alterations. In addition, TIL in RCC and ovarian carci-
noma, as well as T cells from draining lymph nodes, had a more pronounced
decrease in the expression of signal-transduction proteins than peripheral-blood
T cells. However, in cervical carcinoma (55), some patients with carcinoma in
situ, an early stage of the disease, already showed a diminished expression of
CD3ζ, suggesting that T-cell signal-transduction alterations were not an exclu-
sive characteristic of the advanced stages of cancer. Other reports have also sug-
gested an association between the expression of CD3ζ and survival (see Chapter
14). Patients with metastatic melanoma (Stage IV) and patients with head
and neck cancer who had normal levels of CD3ζ chain had a significantly
longer survival as compared to those who had undetectable levels of the same
proteins (57,58).

The expression of CD3ζ changes with treatment. Patients with non-
Hodgkin’s lymphoma (NHL) and patients with HD (59,60) who responded to
chemotherapy showed a re-expression of normal levels of ζ chain, which
decreased again in patients who had a recurrence of the disease (61). Patients
who received immunotherapy were also tested for possible changes in the
expression of CD3ζ and other signal-transduction proteins. Farace and col-
leagues (62) initially reported that the decreased expression of CD3ζ chain was
not corrected by the infusion of IL-2 alone. In contrast, data from several groups
with ovarian carcinoma, melanoma, RCC, and colon carcinoma showed that
patients who received IL-2 based therapies had a recovery of the levels of
CD3ζ (47,54). It is possible that these contrasting results could be explained
by the different doses of IL-2 being infused. Re-expression of normal levels of
ζ chain did not always coincide with a full recovery of T-cell function. Tyrosine
kinase activity, tyrosine kinase phosphorylation patterns, and the production of
cytokines were not always fully restored, suggesting that the expression of
tyrosine kinases and/or nuclear transcription factors might not be normalized
by IL-2 alone. More recently, Finn and colleagues (63) found that patients who
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received a MUC-1 vaccine and developed a positive DTH to the vaccine recov-
ered the expression of CD3ζ. In a retrospective study, Gratama et al. (64) found
that RCC patients that achieved a complete response when treated with IL-2 +
IFN-α and LAK cells had a complete recovery of both CD3ζ chain and p56lck

tyrosine kinase expression. In contrast, <25% of those with progressive disease
had a partial re-expression of CD3ζ, and none recovered p56lck. These data,
although preliminary, suggest that monitoring the expression of signal-
transduction proteins may provide a method for evaluating the response to
immunotherapy, and could provide prognostic information.

4. MECHANISMS LEADING TO ALTERATIONS IN T-CELL
SIGNAL TRANSDUCTION IN CANCER

Most of the studies on mechanisms that cause alterations in T-cell signal
transduction have been conducted in murine tumor models. In a series of ele-
gant in vitro experiments, Otsuji et al. (65) and Kono et al. (55,66) demonstrated
that H2O2 from macrophages induced the loss of CD3ζ chain in naive T cells,
a phenomenon that could be blocked by the depletion of macrophages or the
addition of oxygen radical scavengers (67). These observations were extended
in patients by Schmielau et al. (68), who suggested that H2O2 from neutrophils
could induce similar alterations. A second mechanism leading to loss of the
CD3ζ chain was found while studying Fas-FasL-induced T-cell apoptosis
(69–73). When T cells undergo apoptosis, they lose the expression of CD3ζ as
one of the early changes in this process. Therefore, the diminished expression
of the CD3ζ chain seen in cancer patients could be partly explained by an
increased frequency of apoptotic cells in peripheral blood. However, these
mechanisms have not yet been studied in infectious diseases.

5. T-CELL DYSFUNCTION IN CHRONIC INFECTIONS:
LESSONS FROM OTHER DISEASES

The development of mechanisms to disrupt the immune response has been
an active field of study in chronic infectious diseases. The chronicity of certain
infections demonstrates the inability of the immune response alone to elimi-
nate the infectious agent, and therefore suggests that the microorganisms have
developed ways of blocking a protective immune response. In some infections,
this process is represented by different clinical forms of the disease.
Mycobacterial diseases, particularly leprosy, have provided a model for the
study of changes in the immune response in chronic infections with different
clinical presentations. Leprosy has two major polar forms that are closely asso-
ciated with differences in the immune response. The tuberculoid form is clin-
ically characterized by the presence of anesthetic and discolored patches of skin,
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a limited number of bacteria, and the presence of an active T-cell response to
lepromin. At the other end of the spectrum are patients with lepromatous lep-
rosy, who have significantly more advanced tissue damage and a large bacter-
ial burden, and have lost the DTH to lepromin antigens. Various studies have
demonstrated a predominance of Th1 response with the production of IFN-γ and
TNF-α in tuberculoid leprosy and a predominance of Th2 cytokines in lepro-
matous leprosy. The injection of IL-2 in the lepromatous nodules reverses this
polarization of the immune response and confers an anti-mycobacterial effect
(74). Therefore, it has been suggested that the predominance of a Th2 response
could provide a partial explanation for the lack of a protective response in lep-
romatous leprosy. However, despite a strong Th1 response in tuberculoid lep-
rosy, patients still develop the disease, suggesting that other immune alterations
might play a role in its pathogenesis. Zea et al. (56) studied T-cell signal trans-
duction in these patients and found that, as in cancer patients, patients with lep-
romatous leprosy had a decreased expression of CD3ζ chain and p56lck tyrosine
kinase and were unable to translocate NF-κBp65. In addition, some of the
patients with tuberculoid leprosy also had a decreased expression of p56lck,
although less frequently than lepromatous patients (Table 1). Similar observa-
tions have been made in tuberculosis (75) and other non-mycobacterial infec-
tions such as Helicobacter pylori (Zabaleta, J., et al., submitted).

6. MODULATION OF T-CELL FUNCTION AND CD3ζ
EXPRESSION BY ARGININE AVAILABILITY: A COMMON
LINK BETWEEN CANCER AND INFECTIOUS DISEASES?

L-arginine is a non-essential amino acid that plays a central role in various
biological systems, including the immune response. Taheri et al. and Rodriguez
and colleagues (76,77), recently demonstrated that T cells cultured in the
absence of arginine lose the expression of CD3ζ, and exhibit a decreased pro-
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Table 1
Changes in Signal Transduction in Cancer and Mycobacterial Infections

Changes in Signal Transduction Cancer Mycobacterial Infections

Decreased CD3ζ chain expression +++ +++
Decreased p65lck +++ +++
Decreased p59fyn +++ ?
Inability to translocate NF-κBp65 +++ +++
Decreased Ca++ flux ++ ?
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liferation and a diminished production of IFN-γ. In vivo levels of arginine are
maintained by dietary intake and endogenous synthesis, and are decreased by
catabolism of the amino acid through three enzymatic pathways, nitric oxide
synthase (NOS), and arginase I and II. NOS uses arginine as the substrate to
produce nitric oxide (NO), a major cytotoxic mechanism in macrophages and
an important mediator of vascular homeostasis. Arginase I (cytoplasmic form)
and II (mitochondrial form) use arginine to produce polyamines that are essen-
tial for cell proliferation and urea as a method of detoxification. In macrophages,
IFN-γ upregulates iNOS, and Th2 cytokines IL-4 and IL-13 upregulate arginase I.
Rodriguez et al. (78) recently showed that arginase I rapidly depletes
L-arginine from the microenvironment, causing the loss of CD3ζ, and result-
ing in profound T-cell dysfunction. Arginase is produced by macrophages as
well as tumor cells that may further enhance the depletion of arginine.
Therefore, T cells that infiltrate the tumor and recognize tumor antigens could
undergo the loss of CD3ζ chain and other signal-transduction proteins as a result
of the arginine depletion, which would effectively prevent the development of
an antitumor response.

Arginase is also produced by microorganisms as a means of synthesizing
polyamines or other proteins needed for their survival. Some of the microor-
ganisms that produce arginase are also the cause of chronic human disease,
including Helicobacter pylori and leishmaniasis (79–82). In H. pylori, for
example, arginase is used to produce urea, which in turn serves as the substrate
for the enzyme urease that produces the ammonia needed to neutralize the
acidity of the stomach where the bacteria lives. Other examples include lep-
rosy, in which an increased arginase activity has been described in the serum
of lepromatous patients (83). However, it is unclear from these reports whether
arginase is produced by the microorganism or by infected monocytes. Results
from patients with tuberculosis suggest that the increased production of arginase
in mycobacterial infections may instead come from arginase produced by
macrophages (A. Zea, submitted manuscript). Therefore, arginase produced by
microorganisms or by the immune cells of infected patients could provide an
important means of evading the immune response through similar mechanisms
to tumors.

7. CONCLUSIONS

Tumors and chronic infections induce similar molecular alterations in
T cells (Table 1), including the loss of CD3ζ chain, a decreased expression of
p56lck tyrosine kinase, and the inability to translocate NF-κBp65, which lead
to a dysfunctional T-cell response and suggest a common mechanism (Fig. 1).
Therefore, we have proposed that arginase produced by tumor cells,
macrophages, or microorganisms could deplete arginine in tissues, causing the

42 Part I / Basic Mechanisms of Immune Evasion

CH02,35-48,14pgs  9/22/03 1:35 PM  Page 42



loss of CD3ζ and inducing a state of anergy in the T cells infiltrating the site.
Alternatively, if enough arginase is produced systemically as a result of metasta-
tic tumor or a chronic and disseminated infection (as in miliary tuberculosis),
the depletion of arginine could affect the function of specific T cells as well as
those that recognize unrelated antigens. Therefore, despite the different patho-
physiology of these diseases, a common mechanism leading to these changes
appears to be the regulation of arginine availability. Further studies will be
required to determine the impact of these changes in the outcome of the dis-
ease and the potential for the development of therapies that may prevent and/or
reverse the development of T-cell alterations and T-cell anergy.
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1. INTRODUCTION

The induction of antitumor immune responses is a complex sequence of care-
fully orchestrated events leading to the subsequent activation, migration, and
proliferation of different immune cells. Naïve T cells are unable to directly
recognize tumor antigens. They require help from specialized cells known as
professional antigen-presenting cells (APCs). APCs first interact with tumors,
uptake tumor cells/proteins, process them, and present antigenic peptides to
T cells in the context of major histocompatibility complex (MHC) class I/II.
Dendritic cells (DCs) are the most potent and powerful APCs capable of acti-
vating naïve T lymphocytes. The interaction between DCs and tumor cells in
the tumor tissue thus plays a crucial role in the induction of specific antitumor
immune responses. However, a great number of preclinical and clinical stud-
ies provide evidence proving that the immune system is significantly unbalanced
in the presence of the tumor. A variety of different processes involved in the
immune response have been impaired in the tumor-bearing hosts. For example,

CH03,49-66,18pgs  9/22/03 1:36 PM  Page 49



multiple tumor-produced factors exhibit immunomodulatory properties, and
play an important role in the regulation of tumor growth and tumor escape from
immune recognition and elimination. Some of these molecules inhibit the activ-
ity of natural killer (NK) cells and cytotoxic T lymphocytes (CTLs) (1), and
impair macrophage and DC functions (2); others induce apoptosis of NK and
T cells (3), and cause apoptotic death of DC (4–6).

A major contributor to host immunity and immune surveillance against
infection and malignancy is the DC system. Therefore, tumors develop mech-
anisms that suppress the activity of the DC system in order to evade immune
recognition and elimination. A growing body of evidence demonstrates that
tumor-derived factors suppress DC generation, function, and resistance to cell
death (6–11). In fact, numerous clinical data has demonstrated that the reduced
number of DC infiltrating tumors correlates with a poor prognosis for patients
(12–14). For instance, analysis of the correlation between the infiltration of DCs
and lymphocytes in hepatocellular carcinoma (HCC) tissue and postoperative
tumor recurrence and survival rate has demonstrated that tumor recurrence was
markedly late in patients with a DC count ≥ 20 and positive lymphocyte infil-
tration (group A) compared to those who did not meet both criteria simultane-
ously (group B), with a median interval of 21.6 mo for group A and 4.1 mo for
group B (15). The 1-, 3-, and 4-yr survival rates were significantly greater in
group A than in group B: 83.5% vs 42.2%, 61.8% vs 28.4%, and 48.7% vs
23.0%, respectively, suggesting that the infiltration of HCC mass by DC and
lymphocytes is closely related to a postoperative prognosis. A similar conclu-
sion was made after immunohistochemical analysis of gastric carcinoma tis-
sues. The survival curves show that the prognosis for patients with a low density
of DCs was significantly poorer than for patients with high DC density (14).

These findings suggest that DCs present in the tumor microenvironment
may be beneficial for generating antitumor immune responses. These data also
suggest that the tumor may actively decrease the number of tumor-infiltrating
DCs (TIDCs) by inducing their premature death, inhibiting their immigration
into the tumor site, and homing within the tumor, or by the general suppression
of DC generation. Therefore, it is possible that defects in the DC system in
cancer could be responsible for a loss of tumor immunosurveillance.

1.1. Tumor-Mediated Inhibition of DC Generation,
Differentiation, and Maturation

Inhibition of hematopoiesis is a common feature in patients with cancer
(16–18). The suppressive effect of tumor-derived factors on hematopoiesis sig-
nificantly increases during metastatic disease, especially in the presence of
bone-marrow metastases. However, the effect of tumor-released factors on the
differentiation and generation of DCs from hematopoietic precursors was not
demonstrated until recently. Gabrilovich et al. first reported that tumor cells
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released factors that were able to inhibit the production of DCs (19,20). These
results were confirmed by other in vitro studies. For instance, we have shown
that when the supernatant from murine sarcoma cell line C3 was added to DC
cultures derived from murine bone-marrow cells, the proliferation of these
cells and their differentiation into functionally active DCs were significantly
suppressed (2). Similar results were obtained when we cultured human CD34+
hematopoietic precursor cells with human tumor cells (5,8,21), suggesting that
most of the tumor-cell lines tested markedly inhibit or block DC generation and
differentiation in in vitro experiments.

These and other studies have demonstrated that production of immunosup-
pressive factors is one of the mechanisms that enable tumors to evade immuno-
surveillance (2,22,23). It has been proven that tumor cells produce and release
several immunosuppressive factors, including cytokines, growth factors, and
other molecules such as nitric oxide (NO), gangliosides, neuropeptides, and
prostaglandin E2 (PgE2), which can block important functions of immune cells,
including DCs (Table 1). In addition, tumor-infiltrating immune cells—for
instance, macrophages—can be activated by tumor cells to secrete a number of
molecules (H2O2, NO, PgE2), which can decrease the activity of immune effec-
tors. Lymphocytes in the tumor microenvironment may also exhibit unusual
effects on DC. For example, transforming growth factor β (TGF-β) may be pro-
duced by tumor-infiltrating lymphocytes (TILs) in regional lymph nodes, where
it causes a significant immunosuppression of DCs (24). Furthermore, recent in
vitro studies suggest that even the efficacy of DC immunization may be
impaired by tumor-derived TGF-β (25). The IL-2-mediated proliferation of
peripheral lymphocytes may be inhibited by tumor-associated gangliosides and
soluble IL-2 receptors. Interestingly, anergic T cells may also serve as strong
inhibitors of antigen presentation by DC (26). Granulocyte macrophage colony-
stimulating factor (GM-CSF) in some tumors may have an immunosuppressive
effect through the induction and expansion of immunosuppressive
macrophages. Furthermore, the generation of DCs in the presence of GM-CSF
and bacterial endotoxins or interferon-γ may give rise to DCs with strong
T-cell inhibitory properties (27,28).

Thus, the escape of malignant cells from the immune response against the
tumor may result from a defective differentiation and maturation of DCs, which
in turn is associated with impaired function, such as cytokine production, acti-
vation of T cells, and migratory potential. In fact, Sombroek et al. recently
demonstrated that cyclooxygenase (COX)-1- and COX-2-regulated prostanoids
were present in the primary tumor-derived supernatants, and were responsible
for the inhibition of monocyte-derived DC differentiation (29). The authors have
shown that tumor supernatants inhibit IL-12 production and increased IL-10
production by DCs. Menetrier-Caux et al. have reported that human renal car-
cinoma cells (RCC) release soluble factors that inhibit the differentiation of
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Table 1
Tumor-Derived Factors With Proven or Potential

Dendritic Cell (DC) Inhibitory Properties

Tumor-derived
factors Major functions Effect on DCs References

VEGF Development of tumor Decrease of tumor- 19,20,23,
(Vascular endothelial neovasculature infiltrating DCs 83,84
growth factor) Inhibition of DC generation

TGF-β Suppression of T-cell Downregulation of CD80 24,25
(Transforming proliferation, inhibition and CD86 expression
growth factor β) of TCR signaling

Tumor growth factor
M-CSF Inhibition of DC 21

(macrophage colony- differentiation from CD34+
stimulating factor) precursors

Gangliosides Regulation of cellular Inhibition of dendropoiesis 5
(sialic acid- proliferation and from both human and murine
containing differentiation hematopoietic precursor cells
glycosphingolipids) Immunosuppressive DC apoptosis

molecule
IL-6 Major plasma-cell Inhibition of DC 29,30,

growth factor differentiation from CD34+ 45,85
precursors

Switch of differentiation
from DCs to macrophages

IL-10 Inhibition of activities Block of monocyte 24,44,86
of immune cells differentiation into DCs

Downregulation of CD80
and CD86 on DC

Downregulation of CD40
expression on DC and
CD40-dependent IL-12
production

Prostanoids COX controls the rate Inhibition of differentiation 29,35,87
Prostaglandins of prostanoid synthesis of monocyte-derived DC

by catalyzing the
conversion of
arachidonic acid to
PgH2

PgE2 Downregulates Prevents the generation of 29,88
differentiation and CD1+ DC in cultures
activity of immune
effectors: increases 
IL-10 synthesis by
macrophages

NO Downregulates activity May induce apoptosis in DCs 53,57
of immune effectors

H2O2 Downregulates activity May induce apoptosis in DCs
of immune effectors

Regulatory peptides May serve as tumor- Inhibit dendropoiesis and 36
derived autocrine functional activity of DCs
growth factors
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CD34+ hematopoietic precursor cells into DCs and redirect their differentia-
tion toward macrophage lineage (30). They concluded that this phenomenon
was mediated by IL-6 and microphage colony-stimulating factor (M-CSF).

These data were recently confirmed by other laboratories. For example, it
has been demonstrated that coincubation of murine bone-marrow progenitors
or human CD34+ progenitor cells with neuroblastoma cells resulted in a sig-
nificant inhibition of dendropoiesis in vitro up to 90% (31). Furthermore, neu-
roblastoma-derived gangliosides—as well as purified gangliosides—added to
DC cultures also inhibited the generation of functionally active DCs. Similarly,
Katsenelson et al. had examined whether human lung-tumor cells produce sol-
uble factors that inhibit differentiation of hematopoietic precursors into mature
DC (10). It has been demonstrated that the addition of small-cell lung carci-
noma (SCLC)-conditioned medium to CD34+ precursor-cell cultures signifi-
cantly inhibited colony formation of DC precursors and markedly attenuated
DC generation. The authors also revealed that DC generation and differentia-
tion was completely abrogated in CD34+-derived cultures treated with a
bronchial carcinoid tumor-conditioned medium, suggesting that carcinoid
tumor-derived factors blocked CD34+ cell differentiation into DCs. Similar
results were reported by Kiertscher et al., who evaluated the effect of various
human tumor-cell lines on DC generation in vitro (32). The effects of tumor-
conditioned media appeared to be specific for maturing DCs, and were not
reversed by antibodies against known DC regulatory factors including IL-10,
vascular endothelial growth factor (VEGF), TGF-β, or PgE2. Supernatants col-
lected from nonmalignant cell sources had no effect on DC maturation. Using
human prostate carcinoma-cell lines, it has been recently demonstrated that sol-
uble tumor-derived factors suppress the generation and maturation of DCs from
both CD34+ hematopoietic precursors and CD14+ PBMC-derived adherent
monocytes (8,33). PgE2, known to be produced by different tumor-cell lines or
in the tumor microenvironment (34), may also strongly downregulate DC activ-
ity and function (35). In fact, Sombroek et al. investigated the presence of sol-
uble antidendropoietic factors in 24-h culture supernatants from freshly excised
solid human tumors, including colon, breast, RCC, and melanoma. They found
that although COX-1- and COX-2-regulated prostanoids present in the primary
tumor supernatants were solely responsible for the observed problems with dif-
ferentiation of monocyte-derived DCs, both prostanoids and IL-6 contributed
to the tumor-induced inhibition of DC differentiation from CD34+ hematopoi-
etic precursor cells (29).

Although several tumor-derived factors with antidendropoietic function have
been identified and characterized, the list of new candidates with immunosup-
pressive properties is constantly growing. We recently reported that bombesin-
like peptides released from lung tumor-cell lines dose-dependently inhibit the
generation of human DC from monocytic precursors (36) (Makarenkova et al.,
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submitted). Bombesin, neuromedin B, and gastrin-releasing peptides all inhib-
ited dendropoiesis and DC activity at varying different degrees. Another inter-
esting finding has been recently reported by Kennedy-Smith et al. Prostate-
specific antigen (PSA), which is a diagnostic marker of prostate cancer as well
as a serine protease, significantly inhibited mitogen- and antigen-induced pro-
liferation of T cells, suggesting that it may serve as novel tumor-derived
immunosuppressant (37). We recently evaluated the effect of PSA on DC gen-
eration in vitro and demonstrated that PSA may also inhibit dendropoiesis in a
dose-dependent manner (38). Interestingly, Pietra et al. demonstrated that tumor
cells in an early phase of apoptosis inhibit DC maturation. In contrast, cells in
late apoptosis or even primary necrosis are only able to deliver a partial matu-
ration signal that is not sufficient to accomplish a cross-presentation of tumor
antigens to T cells (39). These data may represent an additional mechanism to
explain how tumors escape from immune recognition, preventing the develop-
ment of the antitumor response by blocking maturation of DCs by neoplastic
cells in the early phase of apoptosis.

The inhibition of DCs maturation, and particularly downregulation of the
expression of costimulatory molecules on DCs, has a decisive impact on the
overall development of a specific immune response or tolerance in cancer.

1.2. Functional Impairment of DCs in Cancer
The expression of costimulatory molecules on DCs plays an especially

important role in determining whether T-cell survival, apoptosis, anergy, or pro-
ductive immunity will take place. It is well known that if APCs do not express
CD80 or CD86, and thereby fail to provide an appropriate second signal for T
cells, tolerance or anergy may develop (40,41). In fact, DCs derived from colon
cancer are much less potent inducers of T-cell proliferation in an allogeneic
MLR, and indeed induce T-cell anergy (42). A similar toleragenic effect of
melanoma-associated DC has also been reported: tumor-derived DCs from pro-
gressing metastases may actively induce tolerance in the immune system against
tumor tissue. This process may ultimately lead to acceptance of metastatic
tumor growth with a “silenced” immune system that is incapable of rejecting
the tumor (43). We have recently shown that DCs generated from bone-marrow
precursors obtained from tumor-bearing mice and DCs isolated from the spleens
of tumor-bearers have a significantly lower expression of CD40, CD80, and
CD86 when compared to DCs generated/isolated from tumor-free animals (44).
Interestingly, CD40 ligation on DCs generated from tumor-bearing mice did
not result in an inducible expression of IL-12 protein or IL-12 p40 mRNA, as
it did in control DCs. This suggests that a decreased level of CD40 expression
or impaired CD40 signaling may be responsible for impaired cytokine pro-
duction by DCs in cancer. This downregulation of CD40 expression no DCs in
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tumor bearers were caused by tumor-derived IL-10 (44). These findings sug-
gest that tumor-derived factors, including IL-10, inhibit CD40 expression on
DCs and DC precursors and suppress their maturation and function. In addi-
tion, Brown et al. showed that the number of DCs in the blood of patients with
multiple myeloma was normal; however, upregulation of CD80 expression in
response to CD40L was significantly reduced on these DCs (24). The author
suggested that this functional defect of DCs could be the result of overproduc-
tion of TGF-β1 and IL-10 by tumors. Similarly, Ratta et al. have studied
peripheral-blood DCs from patients with multiple myeloma. The data demon-
strated that upon maturation, DCs from these patients have significantly lower
levels of expression of HLA-DR, CD40, and CD80 (45). These findings sug-
gest that the decreased expression of costimulatory and MHC class II molecules
could be responsible for the decreased induction of T-cell proliferation in
cancer. The authors theorized that the defect of peripheral-blood DCs isolated
from multiple myeloma patients could be partially explained by tumor-derived
IL-6. It has also been shown that prostate cancer significantly inhibited the
expression of DC markers, such as CD1a and CD83 (33).

Other functions of DCs may also be inhibited by tumor-derived factors. For
instance, a decreased ability of peripheral-blood DC to form clusters with T cells
in patients with head and neck cancer has been reported (46). DCs obtained from
RCC had a reduced ability to capture soluble antigen (47). We demonstrated
earlier that murine DCs treated with melanoma supernatant express markedly
decreased levels of adhesion molecules, including β2 integrin and intercellu-
lar adhesion molecule-1 (ICAM-1) (48). Therefore, the results of several stud-
ies clearly illustrate that tumor-derived factors inhibit DC maturation, which
in turn could have a tremendous impact on the initiation and activation of
immune responses.

Together, these results demonstrate that tumor-derived soluble factors have
a significant inhibitory effect on DC generation, maturation, and function in
vitro in many different models. Results of in vivo studies have confirmed this
conclusion. It has been repeatedly demonstrated that rapidly growing tumors
are usually poorly infiltrated by the immune effector cells, and are unable to
trigger the activation of DCs. For instance, Troy et al. have shown that DCs
extracted from RCC are minimally activated and have reduced allostimulatory
activity (49). Similar data were obtained with DCs that infiltrated prostate
cancer (50) and basal cell carcinomas (51). These DCs express no or very low
levels of costimulatory CD80 and CD86 molecules, and had reduced antigen-
presenting function. In breast carcinoma tissue, immature DCs reside within the
tumor, whereas mature DCs are located in peritumoral areas (52). Thus, it
could be concluded that abrogation of DCs maturation is a common feature of
tumor-cell DC interaction both in vitro and in vivo. Another common result of
this interaction is an induction of premature apoptosis of DCs.
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1.3. Induction of DC Apoptosis by Tumors
Apoptosis, together with differentiation, proliferation, and survival, is a

highly regulated fundamental biological process that is involved in develop-
ment, responsiveness, and homeostasis. The cell-death machinery comprises
effectors, activators, and negative regulators. Apoptosis of cells of the immune
system can be induced by a variety of intracellular and extracellular stimuli,
such as growth-factor deprivation, hyperthermia, glucocorticoids, radiation,
viruses, chemotherapy, FasL, and TRAIL, and—as recently demonstrated—by
a number of tumor-derived factors. A growing body of evidence suggests that
apoptosis might play an important role in regulating the DC system in health
and disease. DCs have been shown to undergo apoptosis during antigen-spe-
cific interaction with T cells. The functional maturation of DCs ends by apop-
totic-cell death, and reversion to the immature phenotype cannot be detected.
Finally, it is important to note that apoptotic events that occur before terminal
maturation play a role in supporting DC lineage selection and homeostasis.
Although suppression of apoptosis may prolong the survival of late DC ele-
ments, an earlier apoptotic program appears to be required for the selective
expansion of DC elements from multipotent progenitor cells (53).

Although the role of apoptosis in the regulation of DC differentiation and
elimination in cancer, as well as mechanisms of this regulation, has not been
yet systematically addressed, a growing body of evidence suggests that tumor
cells cause the eradication of DCs within the tumor microenvironment. In addi-
tion, numerous clinical studies demonstrate that the higher number of DCs in
the tumor correlates with a better prognosis (54,55). The induction of apopto-
sis in DCs is one of the key mechanisms that enable tumor cells to escape
immune recognition and elimination. In fact, it has been reported that tumors
secrete different soluble factors that lead to the induction of a programmed cell
death of DCs. The increase of apoptosis in DCs coincubated with tumor cells
and in DCs from implanted tumors had been reported in both human and murine
systems (6,9).

However, despite increasing interest in the field of physiological and patho-
logical cell death of DCs, the mechanisms of regulated induction and protec-
tion of different DC populations and DC precursors from death signals are
poorly understood. Kanto et al. studied the mechanisms involved in tumor-
induced DC apoptosis using supernatants of murine B16 melanoma and
MCA102 and MCA207 fibroblastoma (56). The researchers demonstrated that
ceramide mediates tumor-induced apoptosis of DC by downregulation of the
PI3K pathway. In addition, Esche et al. have shown that the programmed cell
death of DCs was correlated with an upregulation of Bax, a pro-apoptotic pro-
tein, and a downregulation of Bcl-2, an anti-apoptotic protein, and was associ-
ated with cytochrome c release from mitochondria (7). Also, it has been
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demonstrated that S-nitros-N-acetylpenicillamine (SNAP), NO donor, may pro-
mote DC apoptosis (57). NO-induced DC apoptosis, which might take place
within the tumor mass, is associated with the downregulation of cellular
inhibitors of apoptosis proteins (cIAP) expression, which facilitates caspase
cascade activation and subsequent poly (ADP-ribose) polymerase (PARP)
cleavage (58). These data suggested that tumor-induced NO may influence the
number of DC within the tumor mass. Together, these results suggest that the
number of active and functional DCs present in the tumor microenvironment
is significantly decreased by the tumors themselves.

1.4. Protection of DCs and DC-Based Immunotherapy
Interaction between tumor cells and cells of the immune system appears to

be critical for tumor growth and progression. Tumor-derived factors dramati-
cally alter the function and survival of immunocompetent cells in the local tumor
microenvironment and systemically (59). This chapter describes numerous
inhibitory effects of tumors on the DC system. Many studies clearly demon-
strate the importance of developing therapies directed to protect DCs and their
precursors from tumor-induced downregulation of cell differentiation, func-
tions, and survival.

For instance, recovery of CD40 signaling, which is decreased in DCs in
cancer (44), may potentially increase the efficacy of anticancer immunothera-
pies. CD40-CD40L interaction plays a crucial role in the generation of antitu-
mor immunity and the regulation of DC generation, maturation, survival, and
function (60–62). In fact, it has been demonstrated that CD40L enhances DC
efficiency to present antigen to T cells, upregulates the expression of the cos-
timulatory molecules CD80, CD86, CD40, MHC class I/II, and adhesion mol-
ecules ICAM, and LFA-3 on DC (63). In addition, CD40 ligation stimulated
secretion of different cytokines (IL-12, IL-6, IL-8, TNF-α) by DCs and enhances
DC survival (64,65). Furthermore, we demonstrated that the genetically modi-
fied DC that overexpresses CD40L cause a complete rejection of TS/A tumors
in 80% of mice when administered into the tumor site (65). Similar results were
observed by Kikuchi et al., who showed that simultaneous administration of
Ad-CD40L and naïve DC induces tumor regression, and that DCs genetically
modified to express CD40L elicit strong antitumor effect in B16 melanoma
tumors (66,67). As a whole, these data suggest that CD40L might increase the
resistance of DC to the tumor-induced inhibition of DC maturation and function.

Other cytokines may also be overcome from tumor-derived inhibition of the
DC system in cancer. For example, Menetrier-Caux et al. examined the ability
of IL-4 and IL-13 to alter the inhibitory effects of tumor cells and cytokines
secreted by tumor cells on the differentiation of DCs from CD34+ progenitors
or monocytes (68). The results suggested that both IL-4 and IL-13 were able
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to reverse the inhibition of DC differentiation induced by RCC by blocking the
expression of the IL-6 receptor and M-CSF receptors and preventing the loss
of GM-CSF receptor expression. In addition, Hoffmann et al. have evaluated
human DC that ingested apoptotic tumor cells after treatment with different
cytokines for their ability to present tumor antigen to T cells (69). These data
demonstrated that addition of proinflammatory cytokines or CD40L ± IFN-γ
improved DC function, particularly the expression of MHC class I/II and
costimulatory molecules on the surface of DCs and the induction of IL-12 and
IL-15 production. These results confirmed that DCs that have processed tumor
antigen generate more effective antitumor-specific T cells when these DCs are
activated by cytokines. It has been also demonstrated that administration of
DC-overexpressing cytokines, such as TNF-α or IL-12, at the site of the tumor
induces strong antitumor responses in the murine tumor models (70). Together,
these data demonstrate that DC modification with different cytokines may be
beneficial for the development of the antitumor immune response, and may
be used as a novel antitumor DC vaccines.

Since DCs play a crucial role in the generation of antitumor immunity, pro-
tection of DC from tumor-induced apoptosis might improve the efficiency of
DC-based therapies in cancer. It has been recently demonstrated that the
cytokine-mediated increase in DC survival was accompanied by an elevated
expression of the anti-apoptotic protein Bcl-xL (71) and that intratumoral admin-
istration of DCs genetically modified to overexpress the Bcl-xL gene resulted
in a strong inhibition of prostate-tumor growth in mice in vivo. Thus, these data
suggested that the protection of DCs from tumor-induced apoptosis may sig-
nificantly increase the efficacy of DC-based therapies in cancer.

Furthermore, TIDC, which should be considered as DCs treated with tumor-
derived factors in vivo, may be also recovered from tumor-induced inhibition
and T-cell inhibitory activity. Most interestingly, neutralization of the endoge-
nously derived IL-10 with anti-IL-10, antibodies as well as exposure of the
inhibitory DC to CpG oligonucleotides, repolarize them into a stimulatory phe-
notype (27). Accordingly, these results have important implications in transla-
tional research involving DCs. In fact, deficient antitumor immunity could be
related to a lack of tumor-antigen presentation by TIDC or to a functional
defect of TIDC. Vicari et al. recently reported that TIDC paralysis could be
reverted by in vitro or in vivo stimulation with the combination of a CpG
immunostimulatory sequence and anti-IL-10-receptor (IL-10R) antibodies (72).
Although CpG or anti-IL-10R alone were inactive in TIDC, CpG plus anti-
IL-10R enhanced the tumor-specific immune response and triggered de novo
IL-12 production. Subsequently, CpG plus anti-IL-10R treatment showed robust
antitumor therapeutic activity that exceeded by far that of CpG alone, and
elicited antitumor immune memory.
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Thus, a better understanding of the mechanisms involved in the tumor-
mediated inhibition of DC generation, maturation, and function may lead to the
development of novel strategies for the prevention of immunosuppression in
cancer patients, and the development of novel DC-based immunotherapeutic
strategies.

1.5. Limitations of DC-Based Immunotherapy and New Approaches
The absence of characterized tumor-associated antigens (TAA) for many can-

cers has forced the development of alternative DC-based therapies. The recent
pilot study in patients with melanoma and breast carcinoma demonstrated a
potent antitumor potential of intratumoral administration of DCs without addi-
tion of tumor antigens (73). Combination of intratumoral injection of DCs with
cytokines may further increase the efficacy of the therapy. For example, an intra-
tumoral injection of syngeneic naïve DCs in combination with the low dose of
adenovector encoding TNF-α elicited marked tumor suppression without tox-
icity and tumor-specific immune responses in four tumor models (74). Using
an adenoviral vector of mCD40L and the number of DCs that by themselves
had no effect on tumor growth, Kikuchi et al. reported that the growth of CT26
colon adenocarcinoma and B16 melanoma murine subcutaneous (sc) tumors is
significantly suppressed by direct administration of DCs into established tumors
that were pretreated with adeno-mCD40L two days previously (67). We recently
showed that intratumoral administration of DCs genetically modified to express
IL-12 or CD40L significantly inhibits tumor growth, or causes complete tumor
rejection in murine prostate, colon, or breast carcinoma models (65,71). These
data demonstrate that the combination of intratumoral administration of DCs
and cytokines can evoke tumor suppression without systemic toxicity, provid-
ing a new paradigm for the use of cytokines and DCs as antitumor therapy.

Intratumoral administration of DCs may offer several advantages: i) it
requires no isolation of tumor cells or tumor antigen(s); ii) it also ensures the
most appropriate contact between DC and tumor cells, leading to the genera-
tion of tumor-specific CD8+ and CD4+ T cells; iii) the use of intratumoral injec-
tion of DCs should result in a high level of antigen processing and expression;
and iv) finally, intratumoral DC may present previously unidentified epitopes
of the tumor antigen in association with different MHC molecules, whereas pep-
tide vaccines are restricted by the HLA haplotype of the patient.

Although definitive evidence is limited, several lines of evidence suggest that
intratumoral DCs play an important role in antitumor immune responses. For
instance, increased numbers of TIDC are associated with a better outcome in
cancer patients with a variety of tumors. For instance, the density of DCs in
colorectal cancer primaries was three times lower than that seen in normal
colonic mucosa, and DC were rarely observed in metastatic tumors; DC den-
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sity in metastases was sixfold lower than in colorectal primary tumors (75). The
prognosis of lung adenocarcinoma, when it is markedly infiltrated by DCs, is
better than that of low infiltrated by DCs (76).

DCs were also found to be cytotoxic for several tumor-cell lines (77,78). Yang
et al. demonstrated that immature DCs can kill autologous ovarian carcinoma
cells via the Ca++-independent Fas/FasL pathway, and that this may have impor-
tant consequences for their ability to stimulate tumor-specific CTL (79). These
data were confirmed in recent studies, which demonstrated that human imma-
ture DC can directly and effectively mediate apoptotic killing against a wide
array of cultured and freshly isolated tumor cells without harming normal cells
(80,81). Thus, it seems that DCs are fully equipped for an effective direct apop-
totic killing of tumor cells, suggesting that this mechanism may play a critical
role in both afferent and efferent antitumor immunity.

Now, as clinical trials exploiting the efficacy of DC-based vaccines are
underway, there are still many problems to be solved, including the design of
broadly applicable clinical protocols, the source of DCs (monocyte, CD34+ pre-
cursors, mature or immature DCs), the optimal loading of DC with TAA, and
the route and the numbers of DC administration. Further studies are needed to
determine the possible role of cytokines such as FLT3L, IL-2, IL-12, IL-15, or
CD40L to optimize the efficacy of DC-based therapies. Additional  clinical stud-
ies should also focus on patients with minimal residual disease or in an adju-
vant setting, as these patients may be the most responsive to DC-based
vaccination (82).
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1. INTRODUCTION

A major clinical focus has been dedicated to the design and application of
immunotherapies for the promotion of antitumor cytotoxic T lymphocyte (CTL)
responses (1,2). In their purest form, such strategies take the form of adoptively
transferred, enriched populations of tumor-reactive CD8+ T cells. These
approaches have occasionally been shown to be capable of mediating the regres-
sion of lesions in cancer patients (3). However, more often, high circulating
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frequencies of such cancer-specific CD8+ T cells fail to provide any demon-
strable clinical benefit, despite the co-application of supportive biologic
response modifiers, such as interleukin-2 (IL-2) (4,5). Although it is not the pur-
pose of this chapter to survey all of the potential mechanisms that may under-
lie the ineffectiveness of such immune effector cells in situ, one must consider
deviation in the functional antitumor CD4+ T “helper” compartment as a major
confounding variable.

CD4+ T cells play dominant roles in the initial support of CTL generation,
but are also instrumental in directing the infiltration of CD8+ T cells into sites
of inflammation, and appear to be critical for the durability of long-term CTL
memory (6–8). Without the benefit of functional tumor-specific CD4+ T-cell
responses in situ, even large numbers of circulating tumoricidal CD8+ T cells
are unlikely to be recruited into, or survive within, tumor lesions. Furthermore,
if the patient is among the minority of individuals who benefit from
immunotherapy, they may be prone to recurrence because of the abbreviated
nature of memory within the antitumor CD8+ T-cell repertoire in the absence
of appropriate CD4+ T-cell maintenance. CD4+ T effector cells may also medi-
ate direct cytocidal activity against HLA class II-positive tumor cells, or recruit
alternate innate immune killer cells to the tumor site.

This chapter explores our current understanding of evolving CD4+ T-cell
responses in the cancer setting, and provides some considerations to be
addressed in prospective clinical trials of immunotherapy-based strategies.

2. T CELLS AND CANCER: A ROLE FOR CD4+ T CELLS

During the past several decades, clinical studies have provided compelling
evidence that T-cell-mediated immunity plays a role in regulating the develop-
ment, progression, and metastatic spread of cancer. Notably, individuals who
undergo systemic immunosuppression for the maintenance of transplanted
organ allografts exhibit an increased incidence of developing cancer, suggest-
ing the critical role of a functionally operational immune system in regulating
tumor progression (9–12). Furthermore, although they occur in only a small
number of patients, spontaneous regressions of cancer lesions have been
observed on occasion, and tumors are typically infiltrated with large numbers
of lymphocytes (13,14). Within such infiltrates, clonally expanded populations
of T-cell-receptor (TCR) α/β+ T cells have been readily demonstrated (15,16),
and these have been shown to exhibit tumor-specific reactivity during subse-
quent in vitro analysis. Interestingly, clones of T cells from primary and metasta-
tic lesions within a single patient frequently appear to be unrelated, and are
likely to exhibit differential specificities (15), representing a means to combat
disseminated tumor cells that are heterogeneous in their phenotypes. The het-
erogeneity in T-cell recognition of cancer cells may result from variance in
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tumor-cell expression of major histocompatibility complex (MHC) antigens that
present tumor-derived peptides to T cells, or to changes in the repertoire of
tumor-associated peptides that are selected for MHC presentation on the cell
surface of a particular tumor cell (17).

CD4+ T cells typically recognize MHC class II-presented peptides (18).
Unlike MHC class I molecules that are ubiquitously expressed by most somatic,
nucleated cells in the body, the range of cell types that display MHC class II
molecule expression is far more restricted in nature (19). Indeed, hematopoi-
etic antigen-presenting cells (APCs such as dendritic cells [DCs], B cells, and
macrophages) are the most frequent cell types that constitutively express class
II molecules in situ (19). Other types of cells can express MHC class II mole-
cules under inflammatory or “activating” conditions, in which IFN-γ, among
other cytokines, can promote the transcriptional activation of these complexes
(20). With the exception of certain hematologic malignancies, most carcino-
mas or other solid tumors express MHC class II molecules in only a minority
of cases, and expression is typically heterogeneous in nature within a given
lesion (21,22).

Thus, tumor-specific (naïve, effector, or memory) CD4+ T cells may be ini-
tially activated in situ by autologous APCs that have acquired tumor antigens
(as soluble/secreted proteins or glycoproteins or as dead/dying tumor debris)
and have “cross-presented” tumor antigen-derived peptides in their
MHC class II cell-surface complexes (23) (Fig. 1). In those cases in which MHC
class II-positive tumor cells may directly present their own peptides to CD4+
T cells, the responding (24), tumor-reactive T cells are likely to be “effector” or
“memory” T cells, as naïve CD4+ T cells do not recirculate through tissues (25).

In situations in which tumors qualitatively express MHC class II molecules
in situ, the literature is equivocal with regard to whether class II expression by
the cancer cells is prognostic for clinical outcome. In the majority of publica-
tions in which an extensive range of cancer histologies have been evaluated,
tumor-cell expression of HLA-DR class II molecules appears to be beneficial,
with later-stage, more malignant cancers being class II-deficient (26–29)
(Table 1). However, there are some reports suggesting that, to the contrary, if
the patient bears a class II-positive tumor lesion or expresses certain “suscep-
tibility” HLA-DR alleles, they will have a comparatively poorer clinical prog-
nosis (30–34).

In part, such dichotomous correlations may reflect differences in the func-
tional nature of specific CD4+ T cells that must chronically respond over
extended periods of time to their evolving cancer lesions. At some level, expres-
sion of MHC class II antigens early in disease progression may be the result of
IFN-γ and TNF-α production by infiltrating tumor-specific CD4+ (and/or
CD8+) T and NK cells in situ (13,35). Prolonged re-stimulation of these immune
effector cells may lead to loss of IFN-γ production (36) and the subsequent lack
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of MHC class II gene transactivation in the locoregional cancer cells.
Alternatively, MHC class II gene expression by cancer cells in the absence of
costimulatory molecule expression, or chronic presentation of tumor-antigenic
peptides by APC, may promote the emergence of anergic, ineffective, or sup-
pressive CD4+ T-cell responses, at least within the local tumor microenviron-
ment, if not systemically. These alternate T-cell functions may ultimately serve
to facilitate tumor progression rather than rejection (37–40).

3. FUNCTIONAL CD4+ T-CELL SUBSETS

Mature CD4+ T-helper cells have been typically segregated into three prin-
cipal functional categories (e.g., Th1-, Th2-, and Th3/Tr-type), based on the
nature of their cytokine secretion patterns (41). Although this segregation in
T-cell subsets was originally documented in the mouse, recent reports support
a similar segregation of such T-cell subpopulations in humans (42). So-called
type-1 Th (Th1)-type CD4+ T cells are the main producers of IFN-γ and
TNF-α (and IL-2 in mouse), and may be directly cytotoxic against infected or
transformed cells (43). Dogmatically, however, their main function is to pro-
vide helper signals for cytotoxic CD8+ T-lymphocytes, and nonspecific killer
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Fig. 1. Tumor-specific CD4+ T cells can recognize both autologous MHC class II+ tumor
cells or antigen-presenting cells that have taken up and processed tumor antigens. In the
latter case, tumor antigens can take the forms of secreted or shed soluble tumor antigens,
or dead or dying tumor cells and their associated debris.
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cells, including NK cells and macrophages (44). Type-2 Th (Th2) cells produce
B-cell-stimulatory factors, including IL-4 and IL-5 (and are major producers
of IL-10 in the mouse), and promote B-cell proliferation, survival, and Ig pro-
duction (41,44). Thus, Th1- and Th2-type have been traditionally associated
with the promotion of cellular and humoral immunity, respectively (Fig. 2). The
Th3/Tr-type CD4+ T-cell subset constitutes an antigen-specific regulatory cell,
in part because of its secretion of the immunosuppressive cytokines IL-10 and
TGF-β1, which can inhibit both Th1- and Th2-type T-cell responses (45,46).
As depicted in Fig. 2, Th1-, Th2- and Th3/Tr-type CD4+ T cells evolve from
naïve Th0-type CD4+ T-cell precursors after specific antigenic stimulation. The
polarization of the resulting Th-type responses is dictated by the nature and bal-
ance of cytokines present within the priming microenvironment (47). Additional
factors that may bias the balance of antigen-specific Th1-/Th2-type responses
include: the APC� T-cell ratio during induction, the “dose” of MHC-peptide
complexes presented to the responder T cells, and the level and type of cos-
timulation available to the stimulated T cells (48–51). There is also evidence
that the functional polarization state of DCs (such as DC1 vs DC2) priming anti-
gen-specific T cells can dictate the functional bias of CD4+ T-cell responses to
either the Th1- or Th2-type (52).

As indicated in Fig. 2, if IFN-γ constitutes a principal cytokine during the
primary response, Th1-type immunity is likely to evolve, whereas if IL-4/IL-5
or IL-10/TGF-β1 predominate during the critical early phases of T-cell activa-
tion, Th2- or Th3/Tr-type polarized CD4+ T-cell responses, respectively, may
be most common. Although the results of early studies (performed primarily
in murine models) supported the terminal “commitment” of polarized CD4+
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Table 1
Prognostic Value of MHC Class II Expression in Cancer

HLA Prognostic
Histology Class II Impact (+/–) Comments Ref.

Laryngeal Pan + Better survival if lesion <10%+ 26
Colorectal Pan + Better 5-yr survival if + 27
NPC Pan + Better clinical prognosis if + 28
Breast Ca. Pan + Better 5-yr survival if node-neg. 29
HNC DR6 – Poor 5-yr survival 30
Melanoma DR11 – Predictive of recurrence 31
Prostate DR4 – Increased (2–3×) risk to develop 32
Melanoma Pan – Poor prognosis if primary is + 33
Melanoma Pan – Progression linked to level of + 34

HNC, head and neck cancer; NPC, nasopharygeal carcinoma.
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T-cell responses (53), more recent investigations suggest that the cytokine
microenvironment during each subsequent antigen-specific restimulation of
CD4+ T cells can modulate the balance of (CD4+ T-cell) cytokines produced
(54), and can lead to overt realignment in the types of functional Th responses
observed against defined antigens (55). Notably, similar studies should be facil-
itated by several recent reports that have identified a series of cell-surface mem-
brane markers that can provide a degree of discrimination between the various
T-cell subsets (56–65; Table 2). For instance, Th1-type CD4+ T cells can be
distinguished by a CCR5+/CRTH2-negative phenotype, Th2-type CD4+ T cells
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Fig. 2. Functional CD4+ T-cell Subsets. Th1-, Th2-, and Tr/Th3-type CD4+ T cells develop
from precursor Th0-type T cells after specific antigen stimulation, with their functional
polarizations determined, at least in part, by the balance of biologically dominant cytokines
that are present in the microenvironment during the period of antigenic activation. Th1-type
polarized CD4+ T-cell responses that drive cell-mediated antitumor immunity, are supported
by cytokines such as IL-12, IL-18, and IFN-γ. Th2-type polarized CD4+ T-cell responses
that support humoral (antibody-based) antitumor immunity are facilitated by cytokines, such
as IL-4 and IL-5, and suppressive Tr/Th3-type responses appear to require the presence of
IL-10 and/or TGF-β during the T-cell stimulation period. At the time of each subsequent
antigenic restimulation of CD4+ T cells, the balance of different cytokines present in the
microenvironment can promote a repolarization of functional T-cell responses (54). For
instance, Th2-type CD4+ T-cell responses may be repolarized to Th1-type responses in the
presence of IL-12, Th1-type responses may be repolarized to Th3/Tr in the presence of
IL-10 and TGF-β.
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by a CCR5-negative/CRTH2+ phenotype, and Tr-type “suppressor” CD4+
T cells by a CD25+/CD152+ phenotype.

In general, the ability of an organism to mount a Th1-biased immune
response has been linked to an enhanced ability to eliminate certain invading
pathogens and tumors (66,67). Interleukin-12 (IL-12), produced mainly by DC
(68), appears to play an important role in determining whether a Th1- or Th2-
biased immune response is mounted to antigenic challenge. Functionally,
IL-12 has been demonstrated to bias the immune response toward a Th1 phe-
notype in vitro and in vivo (69). In addition to promoting Th1 development from
naive and memory T-cell populations, IL-12 has also been shown to suppress
the development of Th2 cells (70,71). Most recently, IL-12 has also been shown
to have the capacity to repolarize committed, human Th2-type CD4+ T cells to
produce IFN-γ (72–74). Th2-to-Th1 repolarization requires specific antigenic
stimulation, and is associated with increased expression of IL-12βR2 and the
Th1-transactivating molecule T-bet and loss of the Th2-associated CRTH2 and
transactivating GATA-3 molecules by the responding T cells (74).

4. SPECIFICITY OF TUMOR-REACTIVE CD4+ T CELLS

As previously noted, tumor-reactive CD4+ T cells generally recognize MHC
class II complexes that present peptides derived from tumor-cell synthesized
proteins and glycoproteins. Based on a significant body of work dedicated to
the molecular characterization of tumor-associated antigens (TAA) recognized
by CD8+ CTL beginning in the early 1990s (75), hundreds of tumor antigens
have now been cloned and catalogued. In most or all cases, a specific TAA can
give rise to peptide epitopes recognized by both CD4+ and CD8+ T cells (76).
Of relevance to this chapter, a steadily increasing number of CD4+
T-cell-defined peptide epitopes have been defined in the cancer setting (for
reviews, see refs. 76–78).
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Table 2
CD4+ T-Cell Functional Subsets: Correlative Phenotypic Markers

Type Marker Cytokines Effect on CMI Ref.

Th1 LAG-3, CCR5, CXCR3, IFN-γ, IL-2 Stimulate++ 56–58
IL-12Rβ2, IL-18R

Th2 CD30, CCR3, ST2L, IL-4, IL-5, IL-10 Suppress 56, 59–62
CRTH2

Tr/Th3 CD25, CD45RO, CD62L, IL-10, TGF-β1 Suppress++ 63–65
CD122, CD152 (CTLA-4),
GITR

GITR, glucocorticoid-induced TNFR family-related gene; CMI, cell-mediated immunity

CH04,67-86,20pgs  9/22/03 1:58 PM  Page 73



5. IMMUNE MONITORING OF FUNCTIONAL TH RESPONSES

The identification of tumor-peptide epitopes has been facilitated by recent
advances in single-cell T-cell screening systems, such as the cytokine ELISPOT,
which allow for the identification of tumor-associated peptides using “memory”
CD4+ T cells isolated directly from the patient’s blood (79–81). By analyzing
immune responses to tumor-derived antigens in freshly isolated lymphocytes,
one is not prone to any potential artifact associated with extended in vitro cul-
ture of effector T cells that may deviate from the repertoire of the bulk anti-
tumor T-cell response. A careful selection of the target cytokines, such as IFN-γ,
IL-4/IL-5, and TGF-β1 applied in the ELISPOT and ELISA analyses, allows
for the rapid diagnosis of the patient’s basal Th1- vs Th2- vs Th3/Tr-type bias
in functional CD4+ T-cell response(s) to an autologous tumor. Using this short-
term in vitro screening approach, we recently defined a series of tumor-peptide
epitopes, and are now in the process of determining the nature of Th1- vs Th2-
vs Th3/Tr-type CD4+ T-cell recognition of tumor antigen-derived epitopes in
patients who present with diverse cancer histotypes (82,83). These same types
of scans of patient peripheral blood-derived CD4+ T-cell responses can be
applied during the course of immunotherapy and subsequent follow-up, allow-
ing for the effective monitoring and correlation of tumor-specific immunity with
the clinical disease course.

6. DYSFUNCTIONAL CD4+ AND CD8+ T-CELL
POLARIZATION IN CANCER?

Despite the frequently observed presence of leukocytes within tumor lesions,
a clear correlation with beneficial clinical outcome in immunothera-
peutic approaches has not been substantiated (84). Indeed, in many cases,
non-regressing lesions may be heavily infiltrated with both CD4+ and CD8+
T lymphocytes (85). Notably, the cell subsets within these immune infiltrates
suggest that they may be affiliated with a suboptimal Th1-type antitumor
immune response that is unable to slow tumor progression or mediate tumor
regression in situ (86,87). However, by considering both the frequency and the
function of patient antitumor CD4+ T-cell subset responses in situ, it has
recently been suggested that prognostic indicators of disease progression and
immunotherapeutic responsiveness may be defined (88–90).

Tumor-induced deviation of CD4+ T-cell responses in progressive disease
and the role of Th1- and Th2-type CD4+ effector cells have been evaluated in
a limited number of murine tumor models and human in vitro analyses
(91–102). Studies using the B16 melanoma model have documented a gradual
shift of initial Th0-, mixed Th1-/Th2-type CD4+ T-cell response to Th2/Tr-type-
dominated responses by 14–20 days of progressive tumor growth (95,99–101).
Injection of neutralizing anti-IL-4, -IL-10, or -TGF-β1 antibodies can prevent
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this tumor-induced functional transition, resulting in enhanced CD8+ CTL
generation and protection against tumor growth (99). Depletion of CD4+ T cells
in late-stage progressive B16 models, in which the Th2/Tr-type response dom-
inates, restores CTL effector function, and can result in tumor regression and
vitiligo, particularly upon administration of rIL-12 (96). Analyses of the anti-
tumor efficacy of Th1- and Th2-type CD4+ T cells have also been evaluated in
prophylactic and adoptive transfer tumor models (91,95,96,98). In these latter
cases, Th1- and Th2-type can mediate complementary antitumor effector func-
tions, via contrasting mechanims (102). Although Th2-type CD4+ T cells can
promote the recruitment of tumoricidal eosinophils and macrophages into the
tumor microenvironment and promote acute tumor rejection (101), on a cell-
per-cell basis, Th1-type T cells appear to provide a far greater therapeutic index
(94,96,97), and only Th1-type CD4+ T cells appear to promote the durable anti-
tumor CTL responses (97) that are likely to prove critical to extended disease-
free intervals in effectively managed cancer patients.

The occurrence and clinical impact of Th1- vs Th2-type biased immunity in
the development and progression of cancer has not been stringently and com-
prehensively evaluated to date. In the few instances in which studies have been
attempted, the data have generally been equivocal (103–107). In some studies,
freshly isolated TIL- have been shown to exhibit a predominant Th2-type phe-
notype associated with the locoregional production of IL-4 and IL-10
(103–107). These cytokines are affiliated with enhanced humoral (e.g., anti-
body) responses and with inhibition of “professional” APC (e.g., DC) function,
respectively, and are often inversely correlated with effective induction, or
directly correlated with the dysfunction of cellular T-cell-mediated immunity.
However, Angevin et al. (108) have shown in 12 patients with primary RCC
that isolated TIL- are strongly polarized to a Th1 differentiation pattern (e.g.,
production of IL-2 and IFN-γ), but may be suppressed in vivo by high levels of
IL-6/IL-10 within the tumor microenvironment (103,104,109). These data sup-
port a mixed Th1/Th2-type T cell infiltrate that may overall display Th2-type
T-cell function. Such results provide some confidence that immunotherapeutic
strategies capable of enhancing Th1-type T cell function (in the face of exist-
ing Th2- or Th3/Tr-type antitumor immunity) in cancer-bearing patients may
provide significant clinical benefit.

Although the specificities of clinically important Th1-, Th2-, and Th3/Tr-type
CD4+ T-cell responses have not been comprehensively evaluated at this time,
we recently reported that Th1-type CD4+ T cells specific for the MAGE-6
tumor-antigen are functionally deficient in patients with resident RCC (110)
(Fig. 3). Interestingly, in those patients with active disease, MAGE-6-specific
Th2-type CD4+ T-cell responses, characterized by strong production of inter-
leukin-4 and -5, were prevalent (110). In marked contrast, in patients who were
rendered disease-free as a result of surgical and/or immunotherapeutic inter-
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vention, mixed Th1/Th2- or polarized Th1-type immunity predominated (110).
Although evaluated in a longitudinal fashion in very few patients, the functional
Th2-to-Th1 shift in MAGE-6 responsiveness could be observed in the peripheral-
blood lymphocyte population within 6 wk after intervention with curative ther-
apies, suggesting a potential correlation between these enhanced Th1-type
T-cell responses and clinical benefit (110).

7. IMPACT OF CD4+ T-CELL DYSFUNCTION
ON PROSPECTIVE THERAPY DESIGN

It is generally believed that Th1-type immunity, and IFN-γ production in par-
ticular, favor the generation and support of protective and therapeutic cellular
antitumor immunity (111). Recent studies, including our own, indicate that
many cancer patients may have a deficiency of systemic tumor-specific Th1-
type helper CD4+ T cells and/or a prevalence of tumor-specific Th2-type CD4+
T cells in situ (110). These findings may represent a confounding variable for
effective immunotherapy. If these non-Th1-type T cells represent a significant
antagonistic barrier (112) to the afferent (in lymphoid tissue) or efferent (in
tumor) functions of effector Th1-type immunity, therapies should be developed
that can functionally neutralize these tumor-reactive Th2/Th3-/Tr-type
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Fig. 3. Cancer-associated CD4+ T-cell functional polarization. Mage-6121–144 peptide-
specific CD4+ T cells were isolated from the peripheral blood of a series of patients with
RCC or normal donors. HLA-DR4+ patients with active disease produced IL-5, but not
IFN-γ in response to in vitro restimulation with this peptide (e.g., Th2-type responses), and
normal donors displayed mixed Th1/Th2-type responses and patients that were rendered
free-of-disease as a result of therapeutic intervention, produced only IFN-γ and no IL-5 (e.g.,
Th1-type responses) against this MAGE-6 peptide (110).
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T cells (e.g., by deletion, anergizing, or “repolarizating” them to Th1-type
responses). Clearly, the destruction of these types of CD4+ T cells is possible
through chemotherapeutic drug-treatment regimens, such as cyclophosphamide
or depleting anti-CD25 Ab (113–115), but these treatments may also destroy
potentially beneficial cellular immunity. Despite this concern, recent clinical
trials using non-myeloablative regimens in concert with adoptive immunother-
apy using ex vivo-expanded, tumor-specific T cells have yielded surprisingly
high objective clinical response rates in patients with melanoma (116).

We have also recently shown that Th2-type CD4+ T-cell responses to
MAGE-6 peptides can be populationally “repolarized” to Th1-type responses
using conditioned autologous DC (that produce large quantities of IL-12) and
specific tumor peptide(s) as an in vitro vaccine (Tatsumi et al., unpublished
results). The clinical application of similar vaccines could promote the systemic
repolarization of tumor-specific CD4+ T cells in patients with advanced cancer,
although this approach may be best suited to patients with a low tumor burden,
or as an adjuvant modality for patients with minimal residual disease.

However, it is also possible that the observed Th2-dominated responses are
not inhibitory per se, but rather represent a default phenotype. Evidence derived
from the study of infectious diseases suggests that Th1-type CD4+ T cells
may be differentially sensitive to antigen-induced cell death when compared
to antigen-specific Th2-type CD4+ T cells (117–122). Thus, in the setting of
chronic tumor antigenic stimulation in the cancer patient, Th1-type, but not Th2-
type tumor antigen-specific T cells may be predisposed to apoptosis (117–122),
particularly in cases in which IL-12 is deficient (117). Our own recent results
suggest that tumor epitope-specific CD4+ T cells may indeed be increasingly
prone to undergo programmed cell death (Fig. 4). In these studies, phycoerythrin-
labeled HLA-DR4/peptide tetramers containing either an influenza matrix
“helper” epitope or the MAGE-6121–144 or MAGE-6246–263 epitopes (Tatsumi et
al., unpublished data) were used to stain peripheral-blood CD4+ T cells iso-
lated from an HLA-DR4+ patient with Stage IV RCC. Fluorescein isothio-
cyanate (FITC)-labeled Annexin-V was used as a counterstain to determine the
frequency of apoptotic/dying cells within the epitope-specific CD4+ T-cell
populations, as determined using two-color flow cytometry. As clearly indicated
in the right-hand panel of Fig. 4, MAGE-6-specific CD4+ T populations in this
patient exhibited elevated frequencies of Annexin-V+ cells, when compared
with the influenza-specific CD4+ T cell population or the general CD4+
population (dotted line in Fig. 4, right-hand panel).

We are currently in the process of determining whether these pro-apoptotic
T cells preferentially bear a Th1-type phenotype. If they do, this may suggest
clinical promise for immunotherapies designed to promote the increased apop-
totic resistance of such effector cells in situ (Fig. 5). Strategies implementing
anti-apoptotic cytokines such as IL-7, IL-12, or IL-15 (122–124) in combina-

Chapter 4 / CD4+ T-Cell-Mediated Immunity 77

CH04,67-86,20pgs  9/22/03 1:58 PM  Page 77



tion with cancer vaccines or the use of tumor antigen-loaded autologous DC
(that have been conditioned or engineered to secrete these cytokines) as vac-
cines would appear to be logical choices to extend the functional longevity of
these clinically important effector cells. The development of therapies with the
capability to salvage Th1-type responder T cells and to repolarize non-Th1-type
effector cells into Th1-type T cells may prove to be even more clinically ben-
eficial. Lastly, if Th3/Tr-type CD4+ T cells are observed, these may require the
application of more drastic lymphoablative therapeutic approaches to allow the
patient’s immune system to reset itself to a more Th1-dominated pattern of func-
tional antitumor immunity (Fig. 5).

8. SUMMARY

Although rarely studied during the past decade (when compared with CD8+
T cells), recent interest has been focused on achieving a better understanding
of how CD4+ T “helper” cells recognize cancer cells, how cancer deviates
the numbers and function of specific CD4+ T cell subsets and how clinically
preferred CD4+ T-cell-mediated antitumor immunity may be promoted and
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Fig. 4. Tumor-reactive CD4+ T cells isolated from the peripheral blood of cancer patients
exhibit a higher incidence of apoptosis. CD4+ T cells were isolated from an HLA-DR4+
patient with RCC and stained using the indicated phycoerythrin (PE)-conjugated HLA-
DR4/peptide tetramers and FITC-Annexin-V to mark antigen-specific T cells that were
undergoing apoptosis. As indicated in the left panel, viral- or tumor-specific CD4+ T cells
occurred at frequencies between approx 0.2–1% of all CD4+ T cells. In the right panel,
tumor-reactive CD4+ T cells exhibit elevated frequencies of Annexin-V+ events vs FluM1
(influenza)-reactive T cells. The percent of Annexin-V+ cells among all CD4+ T cells in
this individual was 3.1% (as indicated by the dotted line in the right panel).
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sustained through therapeutic intervention. In many respects, this research is
in its infancy. However, rapid progress is anticipated in the coming years
because of the recent molecular identification of tumor antigen-derived pep-
tide epitopes and novel refined methodologies, such as ELISPOT and MHC
tetramer-based technologies, which allow for the monitoring of epitope-specific
CD4+ T cells from patient peripheral blood, lymph nodes, and the tumor itself.
Using such instruments, it will soon be possible to define the most appropriate
means to optimally augment clinically beneficial Th1-type CD4+ T-cell
responses to cancer and to maintain these responses over extended periods of
time in order to sustain durable antitumor CD8+ T effector cells and prevent
disease recurrence in patients at high risk for relapse. Furthermore, such stud-
ies and clinical trials have led us to a greater understanding of how CD4+
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Fig. 5. Hypothetical model of the impact of disease on tumor-reactive CD4+ T-cell polar-
ization. Based on our current understanding, chronic stimulation of the patient’s immune
system with tumor antigens may promote a gradual polarization of CD4+ T-cell responses
away from Th1-type immunity. This may be partly the result of the differential sensitivity
of Th1-type responder T cells to activation-induced cell death via apoptotic mechanisms.
The observed Th2-type dominance in patients with active disease may represent the default
phenotype for immunity under these conditions, although Th2-type responders may also
undergo expansion. Tumor-antigen specific Th3/Tr-type CD4+ T-suppressor cells may also
occur, although at very rare frequencies. Once the tumor has been removed or rejected by
the patient (no evidence of disease, NED), tumor-specific Th1-type responses appear to func-
tionally dominate the patient’s CD4+ T-cell repertoire. The mechanism by which previously
dominant (during active disease) Th2-type responses are diminished is not well under-
stood, but may involve a repolarization of Th2-to-Th1-type T-cell immunity resulting from
increased production of cytokines such as IL-12, IL-18, and IFN-γ. Although the status of
tumor-reactive Th3/Tr-type CD4+ T cells in patients that have been rendered disease-free
has not been comprehensively evaluated to date, it is likely that these cells are diminished
in numbers or potency, since suppression of tumor-antigen specific Th1-type immunity
appears to be decreased or absent in these patients.
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T-cell responses are functionally deviated as a result of the chronic stimulation
occurring over extended periods of tumor indolence or slow progression, and
may apply this effectively for improved patient diagnosis and treatment.
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1. INTRODUCTION

Recognition of an antigen by specific T lymphocytes carrying the appropri-
ate antigen receptor does not always lead to activation or inactivation. Many
studies have found that such lymphocytes could remain in resting status after
exposure to the antigen, a phenomenon described as “ignorance” or “indiffer-
ence.” Immunological ignorance, although first introduced more than 10 years
ago, remains a poorly understood phenomenon in the field of lymphocyte biol-
ogy. Experimental data indicates that many tumor antigens are ignored by
tumor-specific T cells in tumor-bearing animals and in cancer patients. In this
chapter, we summarize the current status of research and the methods that may
be utilized to overcome T-cell ignorance with the goal of achieving more effec-
tive antitumor T-cell responses.

1.1. Definition
Immunological ignorance is defined as a phenomenon in which fully com-

petent T cells fail to mount productive immune responses in vivo despite
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the presence of reactive antigens (Ag), although they respond normally when
stimulated with those Ag in vitro. T-cell ignorance is thus recognized only in
vivo, and could therefore be distinguished from T-cell anergy, in which prior
exposure to antigen leads to unresponsiveness of T cells to corresponding Ag
in the presence of appropriate antigen-presenting cells (APCs). Ignorance is also
different from suppression, in which the T-cell response is inhibited, usually in
an antigen nonspecific fashion. Withdrawal of suppressive factors is sufficient
to recover the response. In addition, anergy and suppression could be readily
established in vitro in the cell-culture system, yet the reproducible in vitro
system for T-cell ignorance is not yet available.

T-cell ignorance may occur in both the priming and effector stage. In the
former case, Ag-reactive T cells are not primed, and thus remain a naïve phe-
notype. In the latter case, however, primed T cells are incapable of performing
effector functions against the target that expresses reactive Ag in vivo. A narrow
definition of immunological ignorance sometimes excludes the latter, and there-
fore it is alternatively known as immunological incompetence.

1.2. Experimental Models Demonstrating T-Cell Ignorance to Self-Ag
In 1991, T-cell ignorance were first described in two reports by Ohashi et al.

and Oldstone et al. (1,2). In these studies, expression of viral Ag in pancreatic
islet cells under rat insulin promoter did not elicit detectable CD8+ cytotoxic
T lymphocyte (CTL) responses in vivo and islet tissues remained intact, even
in the presence of frequent Ag-specific T cells. These T cells are fully functional
in vitro, indicating that deletion and anergy of Ag-specific T cells are not
responsible for tolerance shown in vivo. Systemic infection of Ag-expressing
virus in these mice led to the rapid onset of autoimmune diabetes because of a
breakdown of T-cell tolerance, suggesting that inappropriate priming of
T cells—e.g., ignorance of Ag—accounts for the tolerance shown in these
experimental systems.

A number of experimental models other than autoimmune diabetes also
demonstrated T-cell ignorance as a mechanism for peripheral tolerance. Viral
Ag expressed in hepatocytes under the control of mouse albumin promoter is
ignored by Ag-specific T-cell receptor (TCR) transgenic T cells, whereas infec-
tion of Ag-expressing virus has led to the onset of autoimmune hepatitis (3).
Similarly, transgenic mice that express E6 and E7 of human papillomaviruses
(HPV) in keratinized epithelia driven by keratin-14 promoter harbor ignorant
T cells (4). CTL reactive to antigenic E7 peptide were not primed in these mice.
However, active immunization with E7 peptide stimulated CTL generation at
a comparable level to non-transgenic mice, indicating that E7-reactive CTL are
not deleted or anergized. Interestingly, immunization of E7 peptide in these
transgenic mice induced no pathological changes in epithelial tissues, which
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express the HPV-16 E7 gene, although they acquired resistance to a subsequent
challenge of E7-expressing tumor. These data suggest that T-cell ignorance in
this model is governed at both the priming and effector stages, and that a break-
down of T-cell ignorance at the priming stage does not guarantee overall destruc-
tion of T-cell tolerance, which results in autoimmune diseases.

2. IMMUNOLOGICAL IGNORANCE AS A MECHANISM
OF IMMUNE EVASION BY CANCER

There is ample evidence that immunological ignorance affects self-reactive
T cells as well as T cells that are specific to tumor-associated antigen (TAA),
and therefore may account for ineffective immunological responses against
cancer. To characterize and overcome T-cell ignorance through the manipula-
tion of immune systems thus provides important strategies for the advance of
tumor immunotherapy. It has been reported that, as in T-cell ignorance to self-
Ag, TAA-reactive T cells ignore Ag at the priming or effector stage or both, as
described here.

2.1. Ignorance at the Priming Stage of Tumor-Specific T Cells
Transgenic expression of simian virus 40 large T antigen (SV40 Tag) under

the control of rat insulin promoter spontaneously causes pancreatic β-cell
tumors to produce insulin, leading to progressive hypoglycemia (5). By
co-expression of another viral Ag in β cells as a surrogate tumor Ag, antitumor
T-cell responses may be monitored along with tumor growth and immunolog-
ical manipulations (6). In this model, tumor Ag-specific T cells were not spon-
taneously activated or tolerized by anergy or deletion, but maintained as the
unprimed condition. Systemic infection of virus expressing tumor Ag activated
otherwise ignorant T cells, leading to the temporal retardation of tumor growth.

Zinkernagel et al. also provided strong evidence for the presence of ignorant
T cells in a tumor-bearing host (7,8). Highly immunogenic tumors that
expressed virus-derived protein as surrogate tumor Ag progressively grew when
implanted as a small tissue fragment, whereas they were spontaneously rejected
when inoculated in a cell-suspension form. In the host with growing tumor, CTL
specific to tumor Ag were devoid of priming, but were readily activated by the
vaccination of Ag-expressing viruses, indicating that they were not deleted or
anergized. The remarkable findings in these studies indicated that generation
of ignorant T cells strictly correlated with the inability of tumor cells to migrate
and interact with T cells at the secondary lymphoid organs. Thus, these stud-
ies suggest that the location of antigen presentation affects the generation of
ignorant T cells at the priming stage.
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Using tetrameric complexes of peptide/major histocompatibility complex
(MHC), human T cells specific to tumor Ag could be enumerated and charac-
terized in cancer patients and healthy individuals. In 7 of 10 melanoma patients
examined, CTLs specific to Melan-A/MART-1 tumor Ag in circulating periph-
eral-blood mononuclear cells (PBMC) express naïve phenotype, whereas those
in tumor-draining lymph node show Ag-experienced memory phenotype (9,10).
Similarly, T cells specific to the telomerase catalytic subunit—a self-derived
tumor Ag shared in most types of cancers—were detected as ignorant status in
peripheral blood from the patients with melanoma, prostate cancer, bladder
cancer, and lung cancer (11). In contrast to these studies, several reports indicate
the presence of Ag-experienced tumor-specific CTLs in cancer patients (12,13).
Together, these findings indicate that immunological ignorance is prevalent in
experimental tumor models and in cancer patients, whereas other mechanisms
such as anergy, deletion, or suppression of TAA-reactive CTLs also take place.

2.2. Ignorance at the Effector Stage of Tumor-Specific T Cells
It is frequently observed that the efficient priming of tumor-reactive T cells

does not correlate with the control of tumor outgrowth (14). For example,
clinical trials using TAA with or without dendritic cells (DC) are capable of
activating tumor-reactive CTLs in most cases, as evidenced by detection of these
T cells in PBMC and at the site of vaccination. Nevertheless, these responses
often do not parallel significant clinical responses such as complete regression
of tumor (15–17). Furthermore, adoptive immunotherapy based on transfer of
fully activated tumor-reactive T cells—in which T cells are primed by optimal
stimulation ex vivo—have not been shown to be highly therapeutic for cancer.
Whereas various tumor evasion mechanisms, including impaired migration and
insufficient survival of CTL, tumor-derived immunosuppressive factors, and the
counterattack mechanism by the tumor, have been proposed to interpret these
findings, ignorance of T cells for tumor antigens at the effector phase should
be seriously considered.

Immunological ignorance of tumor-specific T cells at the effector stage is
also evident in several experimental tumor models. For example, using 2C
transgenic mice that harbored T cells specific to Ld of MHC class I, Wick et al.
demonstrated that tumor cells expressing transfected Ld gene grew in these mice,
whereas Ld-expressing skin graft were readily rejected (18), suggesting that an
ongoing CTL response selectively spares tumor cells from destruction.
Furthermore, Sarma et al. showed that P1A Ag-positive tumor cells grow in
transgenic mice that express TCR specific to P1A (19). Importantly, in this
model, B7-transfected—but not mock—tumor was eliminated when these
tumors are inoculated in a single transgenic mouse, but in different anatomic
locations. In addition, there are sublines of transgenic mice expressing onco-
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gene SV40 Tag in islet β cells starting from 8–10 wk of age (20). Subsequently,
after Ag expression, these mice develop autoimmune insulitis accompanied by
lymphocytic infiltration. Nevertheless, pancreatic β-cell tumors expressing Tag
progressively grew in these mice, and no infiltrating lymphocytes were observed
at the site of the tumor. These studies thus suggest that the optimization of effec-
tor function of CTL “at the site of tumor” is essential to achieve the effective
treatment of cancer.

3. MECHANISMS LEADING TO T-CELL IGNORANCE

Recent studies suggest that immunological ignorance is controlled at sev-
eral levels, including expression levels of tumor antigens, strength of the
costimulatory signal, frequency of antigen-reactive T cells, and accessibility of
lymphoid organs, as discussed here. However, these mechanisms may not be
mutually exclusive.

3.1. Expression Levels of Tumor Antigens
Studies by Kurts et al. highlight the importance of expression levels of Ag

in the generation of peripheral T-cell tolerance (21). They have demonstrated
that peripheral T cells are tolerized to OVA antigens in two transgenic mouse
lineages that express either high or low levels of ovalbumin (OVA) in pancre-
atic β cells. By evaluating the activation status of OVA-specific T cells, it was
revealed that the mice expressing OVA at high levels induced deletion of spe-
cific T cells, whereas T cells in the mice expressing lower levels of Ag remain
ignorant. Peripheral deletion of OVA-specific T cells was associated with cross-
presentation of OVA by bone marrow-derived APC (21,22), suggesting that
T cells ignore Ag when APC lack cross-presentation as a result of insufficient
doses of Ag. In a tumor-bearing setting, this notion has been elegantly demon-
strated in a recent study using a tumor harboring drug-mediated inducible TAA
(23). Tumors that expressed a high level of TAA generated specific CTL
responses accompanied with tumor eradication, whereas those with lower levels
of TAA were ignored by T cells. It was further demonstrated that induction of
TAA-specific CTLs requires cross-presentation of TAA by bone marrow-
derived host stroma cells.

In addition to the levels of antigen expression, certain features associated with
antigens appear to be an important determinant for immunological ignorance.
Various types of Ag including SV40 Tag, influenza virus hemagglutinin (HA),
and glycoprotein (GP) of lymphocytic choriomeningitis virus (LCMV), have
been introduced into pancreatic β cells under the control of identical rat insulin
promoter (1,2,24,25). Interestingly, among these mice, T cells reactive to SV40
Tag and HA antigen are either deleted or anergized, whereas T cells specific to
LCMV GP ignore Ag and remain unprimed. Furthermore, transgenic expres-
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sion of costimulator B7-1 along with LCMV GP antigen in pancreatic β cells
induces spontaneous development of autoimmune diabetes, whereas expression
of B7-1 alone is not sufficient to break ignorance against naturally expressing
islet antigens (26). These studies suggest that the immunogenicity of Ag also
affects the generation of T-cell ignorance.

3.2. Strength of T-Cell Costimulation
To achieve optimal activation of T-cell responses, two distinct signals deliv-

ered by professional APC are required. Signal one is transmitted by the inter-
action between MHC/peptide and TCR, and the second signal is mediated by
costimulatory receptor-ligand interactions (27). The generation of unresponsive
T cells by TCR stimulation in the absence of major costimulatory signals sup-
ports its essential role in peripheral T-cell tolerance (28). Costimulation also
plays a critical role in the development of immunological ignorance. Transgenic
expression of B7-1 costimulator—along with either viral Ag, inflammatory
cytokines, or MHC molecules on pancreatic islet cells—is capable of breaking
T-cell ignorance, and leads to autoimmune diabetes (26,29,30). These studies
also indicate that single transgenic expression of B7-1 is insufficient to develop
autoimmune phenotypes. Interestingly, Johnston et al. demonstrated that vac-
cination of EL4 tumor expressing B7-1 elicits CTL responses against sub-
dominant (silent) epitopes of tumor Ag, which are otherwise ignored by T cells
(31). It is thus likely that the strength of costimulatory signal may regulate a
threshold of T cells to become activated, ignorant, or anergic (32). Expression
of the costimulatory molecule on tumor cells may break T-cell ignorance upon
priming stage, and converts silent Ag to become immunogenic.

Expression of costimulatory molecules has also been shown to be effective
in breaking immunological ignorance in the effector stage of tumor-reactive
CTL. T-cell ignorance observed in 2C transgenic mice in which CTL ignore
Ld-expressing tumor, but not grafted Ld-positive skin, was abrogated when
tumor cells expressed the costimulatory molecules B7-1 and CD48 (18). In addi-
tion, B7-positive, but not B7-negative, tumor expressing P1A tumor Ag was
readily rejected in the P1A-reactive TCR transgenic mice (19). These results
are in agreement with studies indicating that B7 expression on tumor cells
plays an important role in recruiting and maturing CTL at the site of the tumor
(33,34). In addition to the definite participation of B7-1 molecule, other mole-
cules in the expanding B7-CD28 family also contribute to T-cell ignorance (35).
In addition to B7-CD28 interaction, a negative costimulatory pathway through
CTLA-4 may also regulate T-cell ignorance. Perez et al. showed that blockade
of CTLA-4 signal by monoclonal antibody (MAb) rendered T cells activated,
whereas blockade of both CD28 and CTLA-4 signals led to T-cells ignorant
(36), suggesting that a balance of positive vs negative costimulatory signals con-
tributes to the generation of T-cell ignorance.
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3.3. Frequency of T Cells Reactive to Ag
The mice that express LCMV GP antigen and SV40 Tag under the control of

rat insulin promoter spontaneously develop pancreatic β-cell tumor accompanied
with ignorant T cells to GP Ag (6). Nguyen et al. further crossed these mice with
transgenic mice harboring T cells with GP-specific TCR, and found that in the
triple transgenic mice, the ignorant status of GP-specific T cells was broken and
the outgrowth of tumor was partially controlled (37). This study thus offers a
hypothesis that immunological ignorance is maintained only when the frequency
of Ag-specific T cells is lower than a certain threshold. However, it is unclear
whether these findings are physiologically relevant because the frequency of
Ag-specific T cells in these mice is very high. In addition, initiation of T-cell prim-
ing in the triple transgenic mice largely depends on bone marrow-derived APC
located in the draining lymph nodes, but not GP-expressing islet cells, support-
ing an important role for cross-presentation in breaking T-cell ignorance.

3.4. Role of Lymphoid Organs
Ochsenbein et al. demonstrated that T-cell ignorance to a model tumor Ag

is closely associated with an insufficient interaction between tumor cells and
CTL at the secondary lymphoid organs (7,8). Encapsulation of tumor cells res-
ident in lymphoid organs also contributes to the generation of ignorant T cells.
In alymphoplastic (aly/aly) mice lacking lymph nodes, tumor-reactive CTL
ignore Ag and allow the outgrowth of cancer, even if tumor cells are vaccinated
as an immunogenic form. Interestingly, B7-1 expression on tumor cells does
not affect the priming of tumor-reactive CTL, but rather enhances infiltration
of CTL into the tumor, suggesting a predominant role of B7-1 on the effector
stage of T-cell responses. In these experimental models, the use of highly
immunogenic viral Ag as a surrogate tumor Ag might decrease the costimula-
tory effect of B7 on T-cell priming. Presentation of Ag “at the secondary lym-
phoid organs” is also critical for the activation of allo-reactive T cells in a setting
of organ transplantation. Splenectomized aly/aly mice, which are devoid of all
secondary lymphoid organs, accept fully allogeneic cardiac grafts, although the
ignorant T cells from these mice are fully competent, as evidenced by readily
rejecting grafts when transferred into T cell-deficient mice with competent
lymphoid organs (38). As a whole, these data indicate that lymphoid organs play
a critical role in the control of immunological ignorance.

4. STRATEGIES TO OVERCOME T-CELL
IGNORANCE IN CANCER

Molecular cloning and identification of tumor antigens recognized by
T cells have opened a new avenue for Ag-specific immunotherapy of cancer
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(39). Studies on the mechanisms of antigen processing and presentation by pro-
fessional APC have provided invaluable information that reveals how a tumor
antigen can gain access to specific T cells. However, the majority of studies
focus on dominant tumor antigens—e.g., those antigens that could elicit strong
T-cell responses at the host with a normal immune system. However, in tumor-
bearing animals and cancer patients, T cells that react to the dominant epitopes
of TAA appear to be functionally impaired. For example, TAA-specific CTL
observed in melanoma patients are unresponsive to Ag, and even to mitogen
stimulation, suggesting the development of anergy in these T cells (13).
Therefore, immunotherapy targeted to boost T cells against dominant TAA
epitopes requires the restoration of the intrinsic defects and the need to over-
come the anergic phenotype. This appears to be a very difficult task. In sharp
contrast, T cells specific to silent TAA epitopes, which are probably similar to
those known as subdominant or cryptic epitopes, are in ignorant status and retain
their responsiveness to Ag. These cells may be stimulated and differentiate into
effector cells by appropriate methods of stimulation. Cancer immunotherapies
that target these silent epitopes of TAA thus encompass immunological bene-
fits, and therefore, effective strategies to break T-cell ignorance should be
seriously considered as a strategy for cancer immunotherapy.

4.1. Provision of Costimulatory Signals
As discussed in Subheading 3.2, provision of costimulatory signals by the

expression of B7-1 on tumor or pancreatic islet cells is capable of breaking
immunological ignorance, and results in the rejection of tumor or autoimmune
diabetes, respectively. Augmentation of B7-CD28 interaction is effective in
breaking ignorance at priming, effector, or both stages of T-cell responses. This
is probably achieved by multiple mechanisms, including conversion of silent
Ag to dominant Ag by a decreasing threshold of TCR signals, increase of direct
presentation capacity of APC, increased effector function of CTL, and enhance-
ment of cross-presentation through an increased release of TAA (31,34,40,41).

Several other costimulators, such as CD137 and CD40, are proposed to
enable T cells to overcome ignorant status. Signaling to CD137 by CD137
ligand or agonistic MAb costimulates T-cell growth and prevents activation-
induced cell death (AICD) (42). Therapeutic efficacy of anti-CD137 MAb in
various types of tumor mouse models suggests that activation of CTL by CD137
may overcome the tolerant status observed in tumor-bearing animals (43,44).
In this regard, Wilcox et al. recently demonstrated that ignorant T cells resident
in the mice with poorly immunogenic tumors can be activated by immuniza-
tion of tumor antigen combined with anti-CD137 MAb administrations, help-
ing to eradicate established tumors (45). The rationale of this strategy is that
vaccination with tumor antigen induces CD137 expression on CTL, which are
otherwise negative for CD137 because of an ignorant status, and subsequent
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treatment with anti-CD137 MAb further stimulates and empowers tumor-
reactive CTL to kill tumor. Interestingly, DC and natural killer (NK) cells also
express CD137, and signaling through CD137 enhances their functions (46–48).
Thus, it is possible that activation of innate immunity facilitate stimulation of T cells,
leading to break ignorance, in addition to the direct effect of CD137 on T cells.

CD40 may play a critical role in the maturation and conditioning of APC in
order to initiate T-cell responses (49). Consistent with this theory, Garza et al.
demonstrated that administration of agonistic anti-CD40 MAbs along with the
vaccination of LCMV GP peptide breaks T-cell ignorance in the transgenic mice
expressing GP on islet cells and GP-specific TCR on T cells (50).

4.2. Introduction of Ag Into the Secondary Lymphoid Organs
It has been proposed that T cells are rendered as ignorant status unless they

are exposed to the reactive Ag at the secondary lymphoid organs, as described
in Subheading 3.4. This concept is supported by evidence that Ag-expressing
fibroblasts, which do not express B7 costimulatory ligands, can activate
Ag-specific T cells when inoculated into the spleen (51). Based on these stud-
ies, Maloy et al. evaluated the efficacy of DNA vaccination administered either
inside or outside of secondary lymphoid organs (52). Compared with intrader-
mal or intramuscular injection of naked DNA, intrasplenic or intra-lymph node
vaccination of the same DNA is 100- to 1000-fold more efficient in generating
CTL activity against encoded Ag. Accordingly, intra-lymph node, but not intra-
muscular, administration of naked DNA containing virus Ag gave rise to sig-
nificant protection against subsequent challenge with live viruses or tumor
cells expressing the same Ag. Thus, these data suggest intra-lymphatic vacci-
nation as a novel strategy to break T-cell ignorance. All these studies employed
viral model antigen that may be highly immunogenic. Its practical value for
cancer immunotherapy has not yet been accessed in poorly immunogenic
tumors or established tumors.

4.3. Modification of Ag Immunization
Immunization using DC pulsed with antigenic peptide is a powerful tool to

elicit T-cell responses, and therefore, is applied to various immune-related dis-
eases, including cancer (53). This strategy was also employed to break T-cell
ignorance in several models. In the mice bearing OVA-expressing EL4 tumor,
OT-I T cells, which are specific to OVA in context of H-2 Kb, fall into ignorant
status and allow tumor cells to grow (54). Immunization of DC pulsed with OVA
peptide break ignorance of OT-I T cells and elicit antitumor responses, even in
the absence of T helper cells. Similarly, Ochsenbein et al. also demonstrated
that vaccination with DC broke T-cell ignorance observed in mice implanted
with tumor, although repeated vaccination is required to achieve the effective
tumor eradication (7).
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5. CONCLUSION

Unresponsiveness or tolerance of T cells observed in the host with cancer
constitutes a major obstacle to achieve effective immunotherapy. Understanding
the mechanisms behind the unresponsiveness is a critical issue in the field of
tumor immunology. Multiple mechanisms may co-exist or work in sequence to
induce tolerance of T-cell responses, leading to an uncontrolled growth of
cancer. Nevertheless, ignorant T cells appear to be an opportune target. Thus,
regulation of immunological ignorance may be the next frontier in tumor
immunotherapy.
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1. INTRODUCTION

Many escape mechanisms have been proposed to explain the failure of the
immune system to detect and reject tumor cells. The identification of Fas lig-
ands on the surface of multiple types of tumor cells has led to the recognition
that tumor cells may escape destruction by immune effector cells, and may be
actively involved in the killing of Fas-expressing lymphocytes. Thus, the
Fas/Fas ligand (Fas/FasL) interaction serves both as a mechanism of cytotoxi-
city for T and natural killer (NK) cells, and as a tumor “counterattack” mech-
anism against lymphocytes. This mechanism of tumor-induced death of
infiltrating lymphocytes complements the concept of FasL-mediating immune-
privilege to certain organs, such as the eye, testes, or ovary, where histocom-
patibility differences are partially tolerated. Despite the wealth of data
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supporting the role of the Fas/FasL system in mediating immune-privilege and
tumor counterattack, these concepts have recently been challenged by many
contradictory reports. Here, we review the evidence for and against a role for
the Fas/FasL system in immune escape mechanisms.

2. FAS/FASL APOPTOTIC PATHWAY

Fas is a member of the TNF-receptor family that contains 2–6 cysteine-rich
domains in their extracellular regions, a single transmembrane domain, and vari-
ably sized intracytoplasmic domains. It is a type I membrane-bound glycopro-
tein that is expressed on activated T and NK lymphocytes, as well as on various
tissues, including the thymus, heart, liver, and kidney (1). FasL is a type II
membrane-bound ligand for Fas that is also a member of the tumor necrosis
factor (TNF) family. The extracellular portion of FasL shares significant homol-
ogy with TNF-α, CD30 ligand, CD40 ligand, lymphotoxin, and TRAIL. The
expression of FasL is regulated at the transcriptional level as well as by metal-
loproteinase cleavage. As compared to cell-surface FasL, the soluble form of
this ligand, sFasL, has reduced efficacy in inducing apoptosis. FasL is expressed
on numerous cell types and organs, including the eye, testes, ovary, and pla-
centa. FasL is biologically active as a homotrimer. Receptor binding has been
localized to the C-terminus of the trimer. A self-association motif is located at
the N-terminus of the ligand’s extracellular domain. Upon binding of the
homotrimer ligand, Fas receptor oligomerizes and initiates a complex signal-
transduction cascade. The binding of FasL or agonistic anti-Fas antibody results
in recruitment of the death-inducing signaling complex (DISC). Fas carries a
death domain (DD) near the carboxy-terminal region of the molecule, which
binds to a C-terminal DD in the adaptor molecule, FADD. The N-terminal part
of FADD, the death effector domain (DED), is responsible for recruiting pro-
caspase-8. Following oligomerization at the plasma membrane, procaspase-8
is autoactivated to a mature enzyme (1–4).

Two pathways have been elucidated for the signal transduction that occurs
downstream of caspase-8, which are used in various cell types (5,6). In type I cells,
caspase-8 directly activates procaspase-3. In type II cells, direct activation of pro-
caspase-3 by caspase-8 is inefficient. Instead, caspase-8 cleaves Bid, a BH3-only
proapoptotic member of the Bcl-2 family. Truncated Bid translocates to the mito-
chondria, and through its activation of mitochondrial Bax and/or Bak, stimulates
the release of cytochrome c. Cytochrome c, together with APAF-1, activates pro-
caspase-9, which leads to the downstream processing of procaspase-3.

Because the Fas/FasL system is involved in deletion of activated lymphocytes,
defects in this pathway predispose to autoimmune disorders (7). Two mutant
mice with defects in either Fas or FasL have been identified and successfully
used in studies investigating the in vivo role of this death-receptor apoptotic
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mechanism (8). These mice display a phenotype of uncontrolled accumulation
of CD4–CD8– T cells associated with lymphoadenopathy, splenomegaly, and
autoimmunity. The Fas-deficient mice, lpr, and the FasL-deficient mice, gld, pre-
sent multiple features of accelerated autoimmune syndrome.

3. THE ROLE OF FAS/FASL
IN IMMUNE-PRIVILEGE OF NORMAL TISSUES

Several sites in the body have been recognized as “immune-privileged,” in
which the immune response is limited. Immune-privileged tissues, including
the brain, ovary, testes, placenta, and the eye, have demonstrated a relative tol-
erance to histocompatibility differences. The immune-privileged status of the
eye is best exemplified by the high rate of acceptance of corneal transplants that
do not require tissue matching or immunosuppressive treatments. Griffith et al.
(9) were the first to demonstrate that Fas/FasL interactions were involved in the
inhibition of the destructive inflammatory response in the eye. Inflammatory
cells entering the anterior chamber of the eye in response to viral infection
underwent Fas-mediated apoptosis. In contrast, viral infection in gld mice,
which lack functional FasL, resulted in inflammation and invasion of the ocular
tissue without apoptosis. Also, Fas-positive but not Fas-negative tumor cells
underwent apoptosis when placed within isolated anterior segments of the eyes
of normal, but not FasL-negative, mice. Subsequent studies provided further
support to the concept of Fas-mediated immune-privilege to the eye. FasL-
expressing allogeneic corneas transplanted under the kidney capsule main-
tained clarity for weeks, whereas those obtained from gld mice were rapidly
rejected (10,11). Corneal endothelial cells that constitutively express FasL were
found to be involved in the protection of grafted corneas (12,13). In the eye,
the ability of FasL to eliminate Fas-positive lymphocytes was also demon-
strated following a direct introduction of toxoplasma (14), or injection of
hapten-conjugated splenocytes (11).

Several studies have also detected an increase in the levels of soluble FasL
in vitreous fluid of patients with ocular uveitis during ocular inflammation
(15,16). The individual roles of membrane-bound and soluble forms of FasL
in regulating immune-privilege of the eye were recently examined in an ocular
tumor model (17). Following injection into the eye, tumors that expressed only
soluble FasL failed to trigger inflammation and grew progressively. By contrast,
tumors that expressed only membrane FasL initiated vigorous neutrophil-
mediated inflammation, terminated immune-privilege, and were rejected.
However, a higher threshold level of membrane FasL on the tumor was required
to initiate inflammation within the immune-privileged eye, as compared with
nonprivileged sites. The higher threshold may be a result of the suppressive
microenvironment found within aqueous humor that blocks membrane FasL
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activation of neutrophils. This concept has been further supported by studies
demonstrating that the cytokine milieu in the microenvironment determines
whether FasL is immunoprotective or immunodestructive (18,19). Chen et al.
(18) demonstrated that FasL-expressing colon carcinoma cells were rejected if
injected subcutaneously in the flank (a nonprivileged site). However, when
these tumor cells were injected into the anterior chamber of the eye, they grew
progressively, as expected in an immune-privileged site. Co-expression of
TGF-β and FasL conferred protection to these cells when transplanted under
the skin. Also, TNF-α, a proinflammatory cytokine, has been reported to sen-
sitize cells to apoptosis mediated by ocular FasL (19). These studies suggest
that local cytokines, with either immunosuppressive or regulatory effects, deter-
mine the function of the Fas/FasL apoptotic mechanism in preventing an inflam-
matory response in the eye.

4. THE ROLE OF FAS/FASL IN ALLOGRAFT SURVIVAL

Despite the substantial evidence supporting the role of FasL in mediating the
immune-privilege status of the eye, applying this phenomenon to the field of
transplantation using nonocular tissues has produced conflicting results
(20–22). Allografts of testes under the kidney capsule were accepted unless they
were derived from gld or lpr mice (20). FasL-expressing Sertoli cells from rat
or pig xeno-transplanted in rat survived at least 2 mo with no immunosuppres-
sive therapy (22). However, subsequent studies with testes or Sertoli cell
xenografts challenged the original findings (21). Furthermore, enforced expres-
sion of FasL in pancreatic islets (23–25) or myoblasts (26) triggered neutrophil
infiltration and graft rejection. In addition, co-transplantation of FasL-
transfected myoblasts with islet cells resulted in a predominant neutrophil-
mediated apoptosis of the islet cells (27). These conflicting findings suggested
that FasL expression is associated with different immune responses in various
tissues. It appears that enforced expression of FasL, which results in a high level
of expression, is associated with rejection of either pancreatic islets or
myoblasts. However, in other normal tissues, including the liver (28), kidney
(29), lung (30), and thyroid (31), enforced expression of FasL protected
the grafts from immune rejection. These findings further emphasize the role
of the local microenvironment and immunosuppressive cytokines in regulating
the outcome of FasL-expressing allografts.

5. THE ROLE OF FAS/FASL
IN ACTIVATION-INDUCED CELL DEATH

Activation-induced cell death involves apoptosis of activated T cells upon a
subsequent encounter with antigen (32,33). This mechanism of elimination of
T lymphocytes plays a significant role in downregulation of the immune
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response, negative T-cell selection in the thymus, and clonal deletion of acti-
vated T cells in order to maintain T-cell homeostasis. The term “activation-
induced cell death” (AICD) was coined to describe the apoptotic cascade
induced in T-lymphocytes in response to antigenic signaling (34). Resting
mature T lymphocytes are activated when triggered via their antigen-specific
T-cell receptor to elicit an appropriate immune response. In contrast, pre-
activated T cells may undergo AICD in response to the same signal. In the
process of AICD, T-cell stimulation results in upregulated expression of sur-
face death ligands, which in turn engage their counter receptors on the same or
a neighboring cell. AICD is mediated mainly by the Fas/FasL death cascade,
but the involvement of the TNF- and TRAIL systems has also been reported
(35,36). T-cell susceptibility to AICD is regulated by the stage of T-cell matu-
rity, the previous activation history of T cells, and the presence of antigen-
presenting cells (APC) (34,37,38). The majority of developing T cells in the
thymus are eliminated by AICD following reaction with self-antigens. The role
of Fas/FasL in thymocyte AICD is controversial as negative intrathymic T-cell
selection proceeds normally in Fas-deficient lpr or FasL-deficient gld mice
(39,40). In pre-activated mature T cells, AICD can be triggered via the
TCR/CD3 complex or via other receptors known to activate T cells, such as the
CD2 (41). Most of the studies regarding AICD were performed with anti-CD3
or anti-TCR crosslinking antibodies that induce AICD in mature pre-activated,
but not resting, T cells. Crosslinking of the TCR/CD3 complex induces AICD
in T cells expressing either αβ or γδ TCR (42). AICD is dependent on those
signal-transduction molecules known to trigger effector function in T cells,
including the TCR-ζ chain and protein tyrosine kinases, such as Lck, Fyn, and
ZAP-70 (43,44). The molecular regulation of AICD is still unclear. Exposure
to IL-2 has been reported to prime mature T lymphocytes for AICD (45,46).
This increased susceptibility may be the result of upregulation of Fas expres-
sion and downregulation of FLIP, an endogenous inhibitor of the Fas cascade
(47). In contrast, various costimulatory signals such as ligation of CD4 or
CD28 protect T cells from AICD (48,49). Crosslinking of CD28 by B7.1 or B7.2
expressed on APC stimulates cytokine production, upregulates expression of
Bcl-XL and FLIP, and downregulates FasL. AICD seems to be differentially
regulated in T-helper subsets. Upon stimulation with phorbolester and iono-
mycin or anti-TCR/CD3 Ab, Th1 clones express significantly higher levels of
surface FasL than Th2 clones (50). Although Th1 clones are considered to be
more AICD sensitive than Th2 cells, the mechanisms regulating the relative
resistance of Th2 clones are unclear. It has been suggested that a negative reg-
ulator of the Fas-cascade, such as the Fas-inhibitor Fap-1, may be induced in
Th2 cells stimulated by anti-TCR/CD3 (51,52). AICD is considered to be one
of the mechanisms responsible for the increased apoptotic rate among tumor-
infiltrating lymphocytes (TIL) (53–56). Thus, antigenic stimulation within the
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tumor microenvironment may be involved in the enhanced expression and func-
tion of FasL on T cells resulting in activation of autocrine or paracrine mech-
anisms of apoptosis. Such a scenario has been reported for human melanoma,
in which tumor cells caused apoptotic death of tumor-specific T cells only
upon specific major histocompatibility complex (MHC) class I-restricted anti-
gen recognition (54). This apoptotic death of anti-tumor T cells was blocked
by anti-Fas MAb, but mediated by FasL on activated T cells, as the melanoma
tumor cells did not express either protein or mRNA for FasL.

6. THE ROLE OF FAS/FASL IN TUMOR COUNTERATTACK

A mechanism of tumor counterattack on Fas expressing T lymphocytes has
been proposed to explain the Fas-mediated apoptotic death of TIL. The Fas
counterattack model proposes that FasL expressed on various types of tumor
cells is utilized to mediate the death of Fas-expressing TILs (57,58; Fig. 1).
According to this model, FasL expressing tumor cells counterattack the T lym-
phocytes, utilizing the T cells’own principal mechanism of cytotoxicity. Various
types of tumors were reported to express FasL and induce apoptosis in T cells
expressing Fas, including colorectal carcinoma (59), colonic adenocarcinoma
(59), head and neck squamous cell carcinoma (HNSCC) (60), ovarian carci-
noma (61), gastric carcinoma (62,63), hepatocellular carcinoma (HCC) (64),
lung carcinoma (65), glioblastoma (66), esophageal tumors (67), melanoma
(68), and angiosarcomas (69).

Multiple studies utilized in vitro experimental systems to demonstrate the
tumor activity against cultured T lymphocytes. For example, Shiraki et al. (59)
utilized human colon adenocarcinoma cell lines to demonstrate by immuno-
histochemistry the expression of cell-surface FasL on these cells. They also
demonstrated that Jurkat T lymphocytes underwent Fas-mediated apoptosis
upon incubation with FasL expressing colon carcinoma cells. However, as in
many other in vitro studies, the possibility of involvement of activation-induced
expression of FasL on Jurkat cells in this type of tumor-induced T-cell death
has not been excluded. Other studies reported that a significant increase in TIL
apoptosis occurred in areas of FasL-expressing tumors (62,63) or was consis-
tently more frequent in FasL-positive tumors. Okada et al. (70) demonstrated
that FasL was detected on the cell surface as well as in cytoplasm of human
colorectal carcinoma cells in 61% of the cases. They also demonstrated that
apoptosis of TIL was consistently more frequent in FasL-positive tumors than
in FasL-negative ones. A similar correlation between FasL expression on tumor
cells and apoptosis of TIL has been demonstrated for gastric cancer (63) and
esophageal cancer (62). Likewise, in angiosarcomas, low FasL expression was
associated with a high level of T-cell infiltration and high FasL expression with
significantly reduced infiltration (69).
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Various animal models have been used to demonstrate the ability of FasL-
expressing tumors to downregulate antitumor immune responses. Tumor growth
of a subcutaneously injected FasL-positive murine melanoma cell line was
faster in wild-type or gld (FasL-deficient) mice than in lpr (Fas-receptor defi-
cient) mice (68). Also, growth of a murine renal cell carcinoma (RCC) trans-
fected with FasL and implanted under the kidney capsule of syngeneic mice
was significantly better than that of control cells (71). Fas expressed on rat histo-
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Fig. 1. Cartoon of the proposed Fas counterattack model for the induction of apoptosis in
T cells by tumors. Lymphocytes enter the tumor via the vasculature and bind to tumor cells
(left). The infiltrating lymphocytes that express Fas receptor are potentially sensitive to apop-
tosis mediated by the tumor cells that express the FasL. Following Fas engagement on the
T cells, they undergo death-receptor mediated apoptosis (right).
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cytoma tumors, which were injected into the peritoneum of mice, killed a pop-
ulation of NK cells that would otherwise destroy the tumor (72). Fas/FasL
involvement in in vivo immunosuppression was also demonstrated in allo-
geneic mice transplanted with FasL-transfected colon carcinoma cells (73).

6.1. Sources of Controversy
6.1.1. USAGE ON NONSPECIFIC FASL ANTIBODIES

Despite the numerous reports and growing evidence in support of the tumor
counterattack model, the validity of the experimental data is highly controver-
sial. Studies have found that several of the anti-FasL antibodies used for detec-
tion of FasL on tumor cells were not specific, leading to the report of
false-positive results in multiple publications (74,75). Rabbit antibodies raised
by Santa Cruz Biotechnology (Santa Cruz, CA) against a C-terminus peptide
of FasL (C-20) were utilized in multiple studies to demonstrate FasL expres-
sion by immunoblotting, immunofluorescence, immunohistochemistry, and
flow cytometry. In contrast to FasL-specific MAbs NOK-1 and Alf1.2, the
C-20 antibodies could not detect by flow cytometry the expression of FasL on
a transfected cell line (74). Also, clone 33 MAb (Transduction Laboratories,
Lexington, KY) has been shown to detect by immunoblotting unidentified pro-
teins with different mobilities than that of FasL (76,77). Clone G247-4 anti-
FasL MAb (PharMingen, San Diego, CA) has been found to be most suitable
for immunoblotting and immunofluorescence detection of FasL (76). A recent
study examined the reliability of 12 anti-FasL Abs for immunohistochemistry
studies using FasL-transfected cells (75). This study determined that G247-4,
NOK-1, NOK-2, 4H9 and MIKE-1 Abs stained FasL-transfected cells, but not
control cells. Clones 33 (Transduction), C-20 and N-20 (Santa Cruz) stained
both transfected and control cells. It was concluded that G247-4 MAb is the
most appropriate to use for immunohistochemistry studies, as FasL detection
by this MAb matched the distribution of FasL mRNA, as analyzed by in situ
hybridization.

6.1.2. INDUCTION OF INFLAMMATION BY FAS/FASL INTERACTION

Further controversy regarding the relevance of the FasL-mediated tumor
counterattack in vivo was contributed by the conflicting results obtained in an
animal model for survival of FasL-transfected tumor cells. In most of the exper-
imental systems, overexpression of FasL in murine tumor cells that are resis-
tant to Fas-mediated apoptosis led to rapid tumor rejection mediated by
neutrophils (78–83). Several mechanisms for the recruitment of the tumor
rejecting neutrophils have been proposed. Two studies suggested that soluble
FasL serves as a chemotactic factor for neutrophils (84,85). However, other
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studies could not detect such chemotactic activity for sFasL in vivo or in vitro
(86,87). Furthermore, membrane-bound FasL, rather than sFasL was found to
be responsible for the observed inflammation. Shudo et al. (87) utilized tumor-
cell lines that express one or both forms of human FasL. When cells that express
both forms or only the membrane-bound form were transplanted into the peri-
toneal cavity of syngeneic mice, neutrophil response was elicited. Conversely,
tumor cells that express only sFasL did not induce neutrophil infiltration.
Accelerated rejection of the tumor was associated with neutrophil response to
the membrane-bound form of the ligand, but not sFasL. Alternatively, it has been
proposed that FasL serves to trigger the production of granulocyte chemoat-
tractants by surrounding cells (88). Engagement of Fas on resident macrophages
or dendritic cells (DC) induces the secretion of proinflammatory cytokines, such
as IL-1β and IL-18 (89,90).

Granulocytosis may also be explained as a response to a supra-physiologic
expression of FasL, as naturally expressed FasL does not induce granulocyto-
sis under physiologic conditions. The expression of Fas on neutrophils was
required to induce the proinflammatory response (18,91). Thus, it is possible
that under certain conditions neutrophils respond to Fas triggering by produc-
tion of inflammatory cytokines, rather than apoptosis. The non-apoptotic
response of neutrophils to FasL may be mediated by activation of caspases
known to be involved in the generation of pro-inflammatory cytokines. Caspase-1
is responsible for processing of IL-1β into its mature form (92), whereas
caspase-3 is involved in activation of the IL-16 and IL-18, two potent pro-
inflammatory cytokines (93,94).

6.1.3. LACK OF DISTINCTION BETWEEN AICD AND TICD
(TUMOR-INDUCED CELL DEATH)

In many of the studies that evaluate the inhibition of tumor counterattack by
neutralizing anti-FasL antibodies or by Fas-Fc fusion protein, there is no attempt
to differentiate between tumor cells or T cells expressing FasL as the initiators
of the attack. Therefore, such studies could not possibly distinguish between
AICD and tumor counterattack as the mechanism responsible for the induction
of the Fas cascade. In the same vein, Zaks et al. (54) reported that melanoma
cells could induce apoptotic death of tumor-specific T cells only upon specific
MHC class I-restricted recognition. Thus, contrary to the prevailing view that
tumor cells cause the death of antitumor T cells by expressing FasL, this study
suggested that FasL was instead expressed by T-lymphocytes upon activation.
Furthermore, in conflict with other studies performed with melanoma cells
(68), those performed by Restifo’s group did not detect FasL expression (includ-
ing reverse transcriptase-polymerase chain reaction [RT-PCR]) in any of the 26
melanoma cell lines tested (54–56). The contradictory findings obtained with

Chapter 6 / Receptor-Mediated Apoptosis 109

CH06,101-118,18pgs  9/22/03 1:42 PM  Page 109



RT-PCR for FasL may be a result of the detection of immature mRNA that does
not give rise to a functional protein, and thus must be resolved by confirming the
identity of the PCR products by either sequencing or appropriate hybridization.

The sensitivity of T cells to Fas-mediated apoptosis has been shown to sig-
nificantly increase following activation. Thus, T cells that are susceptible to
AICD mediated by FasL expressed on the same or neighboring T cells will also
be susceptible to those tumor cells expressing functional FasL. In addition, dif-
ferential sensitivity to Fas-mediated apoptosis has been reported for CD4 and
CD8 T cells (44,95,96). CD4 Th1 cells were found to be more sensitive than
CD4 Th2 or CD8 cells. These findings imply that in the presence of AICD or
tumor counterattack, an antitumor response can still be mediated by cytotoxic
CD8 or CD4 Th2 T cells.

7. INVOLVEMENT OF TRAIL AND TNF
IN IMMUNE ESCAPE MECHANISMS

The death ligand TRAIL has also been demonstrated to downregulate the
antitumor effect of T lymphoctes (97). Mouse mammary adenocarcinoma cells
engineered to express TRAIL on their membranes were better suited to over-
come tumor-specific immunity and grow across minor and major histocom-
patibility barriers than wild-type parental cells. The resistance of these tumor
cells appeared to be mainly the result of TRAIL’s ability to induce apoptosis in
interacting activated lymphocytes. Also, ex vivo morphological evaluations of
the TRAIL-transfected tumors showed a much lower inflammatory reaction
than that elicited by wild-type cells. The expression of TRAIL on tumor cells
has been documented (98), but its involvement in the tumor counterattack
mechanism has not been as exhaustively investigated as that of FasL.

The cytokine TNF-α and its receptor TNF-R1 (p55) are involved in deletion
of activated lymphocytes (36,99–101). Although this type of T-cell deletion may
be mediated by AICD, recent studies suggest that it may be mediated by an
induced expression of FasL on nonlymphoid cells (102,103). Staphylococcal
enterotoxin B (SEB) was shown to induce upregulation of FasL expression and
function in nonlymphoid cells of the liver and small intestine. In severe com-
bined immunodeficiency (SCID) animals, nonlymphoid tissues did not express
FasL in response to SEB, unless transplanted lymphocytes were present (102).
These findings suggest that certain immune responses induce FasL expression
in nonlymphoid tissues, which in turn induce apoptosis of Fas-expressing lym-
phocytes. A recent study examined the role of TNF-α in this feedback regula-
tion (103). Injection of TNF-α into mice caused rapid upregulation of FasL
mRNA in intestinal epithelial cells via an NFκB-dependent mechanism. In
contrast to wild-type animals, TNF-α–/– and TNFR1–/– mice did not demon-
strate an increase in FasL expression on intestinal epithelial cells following

110 Part I / Basic Mechanisms of Immune Evasion

CH06,101-118,18pgs  9/22/03 1:42 PM  Page 110



superantigen-induced activation. These observations suggest a novel mecha-
nism for regulation of the expression of one member of the TNF superfamily
(FasL) by another (TNF-α). Inducible expression of FasL on nonlymphoid
cells may potentially serve as a feedback mechanism for controlling lympho-
cyte infiltration and inflammation in certain tissues.

8. CONCLUDING REMARKS

The debate over the exact role of Fas/FasL system in immune-privilege,
inflammation, and tumor counterattack has not yet been resolved. The current
controversy regarding the relevance of Fas/FasL relates not only to the utiliza-
tion of nonspecific anti-FasL Ab in multiple studies, but also to other factors
involved in the regulation of expression and function of Fas/FasL that have not
yet been elucidated. For example, enforced overexpression of FasL may be asso-
ciated with a different immune response from that induced by the naturally
occurring FasL level. It has been suggested that overexpression of FasL is asso-
ciated with neutrophil-mediated inflammation, whereas a physiological level
of FasL mediates the deletion of immune effector cells as a part of a counter-
attack mechanism. The Fas/FasL response may also be regulated by specific
microenvironmental factors, such as the cytokine milieu. The presence of
immunosuppressive cytokines, such as TGF-β or IL-10, appears to be conducive
to immune counterattack via Fas/FasL, as demonstrated in the anterior cham-
ber of the eye. Release of pro-inflammatory cytokines, such as TNF-α, by acti-
vated lymphocytes may also have a backfire effect on the lymphocytes
themselves. Similar to its effect on intestinal epithelium, TNF-α may induce
FasL expression on tumors. Induction of FasL expression on tumors has been
documented following chemotherapeutic treatments, and therefore, the func-
tion of Fas/FasL may depend on the tumor status in relation to previous thera-
pies. The function of Fas/FasL is also dependent on the susceptibility of
T lymphocytes to such mechanisms of immune evasion. As indicated, T-cell sen-
sitivity to Fas-mediated apoptosis varies widely with the activation status of
these cells, as well as their classification as CD4 or CD8, Th1, or Th2. In sum-
mary, the escape of immune-privileged tissues or tumors from the immune
response involves multiple immunoregulatory factors other than FasL, which
may represent independent immune evasion mechanisms, or alternatively serve
to modulate the function of Fas/FasL.
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1. INTRODUCTION: T-CELL RESPONSES
ARE DIMINISHED IN CANCER PATIENTS

Despite the presence of antigens on tumors, studies suggest that that the anti-
tumor immune response is attenuated. Well-recognized immune dysfunction in
T cells of tumor-bearing hosts is most pronounced in tumor-infiltrating lym-
phocytes (TIL), and is characterized by impaired proliferation and reduced
cytotoxic effector function (1). Some in vivo gene expression studies suggest
that in the tumor microenvironment, there is minimal induction of inflamma-
tory responses involving the expression of IFN-γ and IL-2 mRNA (2,3). In a
subset of patients, diminished T-cell function has also been observed in the
peripheral blood, which is mostly associated with reduced production of TH1
type cytokines (e.g., IFN-γ) following stimulation of peripheral-blood T cells
with mitogens or anti-CD3 antibody (4).

A more global immune dysfunction has been well-described in animal tumor
models and in cancer patients, which is typically associated with more advanced
tumor burden. This dysfunction is characterized by a hyporesponsiveness to
challenge with common recall antigens (5). Associated with the occurrence of
global immune dysfunction in T cells from cancer patients are changes in the
function and expression of the T-cell receptor (TCR), defects in downstream
TCR signaling, and attenuation of the lytic activity of T-cell lines associated
with suppression of NF-κB translocation. Recent studies by several laborato-
ries provide evidence for the presence of apoptotic T cells within the tumor
microenvironment, and even within the peripheral blood of some patients.

The goal of this chapter is to review recent findings that support the concept
that tumors and their products induce immune dysfunction by altering the sen-
sitivity of T cells to apoptosis. This chapter focuses on the mechanisms by which
the tumor microenvironment can either sensitize T cells to activation-induced
cell death (AICD) or directly induce apoptosis via the mitochondrial pathway
of apoptosis. Chapter 6 of this book covers the role of receptor-mediated apop-
tosis in T-cell dysfunction.

2. INCREASED SENSITIVITY OF T CELLS
TO APOPTOSIS IN TUMOR-BEARING HOSTS

Apoptosis is one mechanism that regulates several facets of the immune
response. Apoptosis plays an essential role in maintaining cellular homeosta-
sis during development, differentiation, and pathophysiological processes.
Recent investigations reveal that during the course of T-cell development in
the thymus, negative selection of autoreactive immature T cells occurs via a
typical apoptotic process (6). Apoptosis is also involved in the regulation of
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lymphocyte homeostasis during immune responses (7). Apoptosis of antigen-
specific T cells is considered to be a major mechanism by which T-cell responses
are downregulated following repeated antigen stimulation (7–9). In this setting,
downregulation of lymphocyte expansion occurs via cell–cell interaction in
which T cells expressing Fas receptor undergo apoptosis induced by other T
cells that display FasL (10,11). Apoptosis is also involved in the formation of
immune sanctuaries (10).

Tumor cells appear to take advantage of apoptotic mechanisms to escape
immune detection and destruction. There is growing evidence that apoptosis of
T lymphocytes may be enhanced in tumor-bearing hosts, which can in turn
impair the development of an effective immune response to tumors (12–14).
Apoptotic T cells have been detected in situ in several tumor types, including
renal cell carcinoma (RCC). The measurement of DNA breaks by the terminal
deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) assay using
RCC tissue sections revealed that approximately one-half of the tumors have a
significant number of apoptotic T cells, within the 5–15% range. Although apop-
totic T cells have been reported in several different tumor types, it is unclear
whether the level of apoptosis relates to stage, grade, or clinical outcome. The
majority of the tumor-infiltrating T cells (TIL) do not display DNA breaks, yet
these cells are very sensitive to AICD following stimulation in vitro (13).
Similar findings have been reported in CD8+ T cells infiltrating murine ade-
nocarcinoma, MCA-38 (12). Although the frequency of apoptotic TIL after ini-
tial isolation was low, stimulating these cells in vitro with anti-CD3 antibody
induced Fas-dependent AICD. Likewise, injection of MCA-38 tumor with anti-
bodies to the TCR in situ also caused the TILs to undergo AICD in vivo (12).

The heightened sensitivity of T cells to apoptosis in cancer patients is not
limited to the T cells that infiltrate the tumor. Indeed, spontaneous apoptosis of
a subset of T cells in the peripheral blood of patients with advanced melanoma
and gastric cancer has been observed (15,16). The apoptosis appears to be Fas-
mediated, since the majority of the cells expressing DNA breaks were CD8+
T cells that express FasR (15). In analyzing T cells from RCC patients, no evi-
dence for spontaneous apoptosis in the bulk peripheral-blood lymphocyte pop-
ulation was observed; however, patient T cells showed a heightened sensitivity
to AICD following in vitro stimulation for 24/48 h with either PMA/ionomycin
or anti-CD3 antibody (17).

3. APOPTOTIC PATHWAYS (FIG. 1)

Apoptosis of cells can be mediated by engagement of the TNF family of
receptors or by initiation of the mitochondrial pathway. The caspases, a family
of cysteine proteases, play a critical role in the execution phase of apoptosis
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Fig. 1. In the death-receptor pathway, apoptosis is triggered by ligation of death receptors of the TNF family such as Fas and TNFR1. Fas-
associated death domain (FADD) is directly or indirectly recruited to ligated Fas or TNFR1, leading to procaspase-8 recruitment and autoactivation
of caspase-8. Active caspase-8 activates downstream caspases, initiating the caspase cascade. Caspase 8 activates caspase 3 and BID. Caspase 3 in
turn activates caspase 6. Caspases 3 and 6 have specific roles in the nuclear changes accompanying apoptosis, while truncated BID translocates to
mitochondria, where it disrupts mitochondrial membrane potential, leading to release of cytochrome-c. The death-receptor independent pathway is
controlled by mitochondria. Induction of cell death in response to a variety of apoptotic stimuli, including gangliosides, and 4-HNE is associated
with the generation of reactive oxygen species (ROS), which promotes mitochondrial damage and release of cytochrome-c, an event that is blocked
by antiapoptotic members of the Bcl-2 family. In the cytosol, cytochrome-c, together with dATP, form a complex with APAF-1 that results in acti-
vation of caspase-9 and downstream effector caspases –3 and –6. This figure shows that gangliosides and 4-HNE cannot only induce ROS forma-
tion, but also inhibit NF-κB that downregulates the expression of Bcl-2. The induction of ROS along with the loss of Bcl-2 likely promotes apoptosis.
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for both of these pathways, and are responsible for many of the biochemical
and morphological changes associated with apoptosis (18). Two distinct path-
ways of caspase activation have been delineated—one involving caspase-8 as
the apical caspase for the death-receptor pathway, and the other involving
caspase-9 as the most apical caspase for the mitochondrial pathway.

In the death-receptor pathway, activation of the initiator caspase-8 is trig-
gered upon ligation of death receptors of the TNF family of immune effectors,
including Fas, TNFR1, or death receptor 3, by their respective ligands (FasL,
TNF, TRAIL). Fas-associated death domain (FADD) (19) is recruited directly
to ligated Fas or indirectly to ligated TNFR1, leading to death-receptor
oligomerization and recruitment of a death-inducing complex (DISC) (20–22)
formed by assembly of FADD with procaspase-8, resulting in autoactivation of
caspase-8 (19). Active caspase-8 cleaves and activates downstream caspases,
initiating the caspase cascade. Caspase-8 activates caspase-3 (23) and BID, a
cytosolic proapoptotic member of the Bcl-2 family (24). In turn, caspase-3 acti-
vates caspase-6. Caspases-3 and -6 play specific roles in the nuclear changes
accompanying apoptosis (23), and truncated BID translocates to mitochon-
dria, where it alters mitochondrial membrane potential (24), leading to release
of caspase activators such as cytochrome-c and a caspase-independent death
effector known as apoptosis-inducing factor (AIF) (25).

The second pathway, a death-receptor independent pathway, is essentially
controlled by mitochondria in which caspase-9 has been proposed as the initi-
ating caspase in this pathway (26,27). Induction of cell death in response to a
variety of apoptotic stimuli is associated with mitochondrial release of
cytochrome-c, an event that is blocked by antiapoptotic members of the Bcl-2
family and promoted by proapoptotic members such as Bax and Bak (28–30).
In the cytosol, cytochrome-c, together with deoxyadenosine triphosphate
(dATP), forms a complex with APAF-1 that results in activation of caspase-9
and downstream effector caspases-3, -6, and -7 (26,27,31). Potential mecha-
nisms for the release of cytochrome-c include opening of mitochondrial PT
pores, the presence of specific channels for cytochrome-c release, or mito-
chondrial swelling and rupture of the outer membrane, but without loss of
mitochondrial membrane potential (32). Another group of death-promoting
molecules sequestered by the mitochondria has been identified. The second
group of mitochondria-derived caspase activators (Smac/DIABLO) work by
disrupting the linkage between the antiapoptotic proteins known as inhibitors
of apoptosis (IAP, named XIAP, c-IAP1, cIAP2) and effector caspases.
Smac/DIABLO can interfere with the ability of the IAPs to neutralize the cas-
pases, which in turn facilitates both autoproteolytic cleavage of caspases and
caspase-mediated cleavage of IAP (33,34).
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4. MECHANISMS RESPONSIBLE FOR HEIGHTENED
SENSITIVITY TO APOPTOSIS IN T CELLS

A number of different mechanisms have been observed and described that
could increase the sensitivity of T cells in cancer patients to apoptosis. Because
receptor-mediated apoptosis of the T cell is covered in Chapter 6, we will only
briefly discuss chronic stimulation leading to AICD. The major focus of this
chapter is receptor-independent mechanisms, including the role of oxidative
stress and tumor-derived products such as gangliosides in stimulating the mito-
chondrial pathway of T cell death.

4.1. Chronic Stimulation by Antigen
Generation of an immune response involves a process of activation, prolif-

eration, differentiation, and ultimately, death of effector T cells. Following
TCR ligation, T cells respond in functionally different ways to death signals,
depending on their state of activation and the surrounding circumstances of
inflammation or its absence (35–38). At the peak of an immune response fol-
lowing multiple restimulations, the majority of T cells can undergo AICD
(39,40). CD4+ T cells become more sensitive to Fas-mediated apoptosis, while
at the same time, their counterpart CD8+ T cells are rendered anergic under sim-
ilar circumstances (46). However, under the appropriate conditions, CD8+ cells
are also sensitized to AICD (41–46). AICD is driven by repetitive antigen expo-
sure as well as high doses of persisting antigen or antigens expressed system-
ically (43–45). Most of AICD is mediated by Fas receptors, but there is evidence
that TNF-α receptors can also be involved (41,42). T-cell activation also
includes upregulation of Fas and FasL, and this interaction then activates the
apoptosis program (35,47–50).

FLIP (FLICE-inhibitory protein) is an inhibitor of Fas-mediated apoptosis,
since it is homologous to caspase-8 but without proteolytically active domains
and can regulate the sensitivity of T cells to AICD (38). Memory or primed T
cells are more resistant to apoptosis than naïve T cells, possibly because of their
increased levels of FLIP protein in the earlier hours following antigen restim-
ulation (37). Algeciras-Schimnich et al. (22) demonstrated that sensitization of
resting peripheral T cells to Fas-mediated apoptosis following TCR activation
is caused by a decrease in c-FLIP. They noted that activated T cells arrested in
G1 phase contain high levels of c-FLIP, whereas T cells arrested in S phase show
decreased c-FLIP protein levels. This links regulation of FLIP protein levels
with cell-cycle progression and provides an explanation for the increase in
TCR-induced apoptosis observed during the S phase of the cell cycle (51,52).

Chronic antigen stimulation observed in various disease states is believed to
cause T cells to become increasingly sensitive to apoptosis. Repeated stimula-
tion during chronic viral infection is known to lead to either T-cell anergy or
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the induction of apoptosis, depending on the nature of the epitopes (53). Chronic
stimulation by tumor-associated antigens (TAAs) in cancer patients may con-
tribute to immune dysfunction. It seems likely that cancer patients are chroni-
cally exposed to tumor antigens, resulting in chronic antigen presentation and
ultimately, increased sensitivity to AICD. Such a mechanism may be relevant,
considering the evidence from Hoffman et al. that demonstrates increased spon-
taneous apoptosis of CD8+ T cells in patients with head and neck cancer, and
the finding that the most affected populations also express FasR (54). Future
studies using tetramers combined with staining for apoptosis events to identify
tumor-specific T cells and their sensitivity to apoptosis should provide some
insight into this issue.

4.2. Oxidative Stress
There is growing evidence to suggest that oxidative stress can promote apop-

tosis, or at least sensitize cells to apoptosis. Many agents that induce apopto-
sis are either oxidants or stimulators of cellular oxidative metabolism.
Conversely, many inhibitors of apoptosis have antioxidant activities or enhance
cellular antioxidant defenses. Cells within the tumor microenvironment often
exist in a state of oxidative siege, in which survival requires an appropriate bal-
ance of oxidants and antioxidants (55). Free radicals or reactive oxygen species
(ROS), including superoxide anion (O2

–), hydrogen peroxide (H2O2), and
hydroxyl radical (OH–), play an important role in carcinogenesis. Primary
antioxidant enzymes such as superoxide dismutase, glutathione peroxidase,
and catalase, protect against cellular and molecular damage caused by ROS
production (56). When the antioxidant defense system is no longer capable
of eliminating free radicals, they cause lipid and protein oxidation.
4-hydroxy-2-nonenal (HNE) and malondialdehyde (MDA) (57) are markers of
oxidative stress, and represent aldehyde products of oxidative breakdown
of unsaturated fatty acids, and may thus reflect oxidative membrane breakdown
(57). It is generally believed that following the generation of free radicals, fatty
acid hydroperoxides form as primary products, and decompose to HNE. Lipid
peroxidation products such as HNE also bind to and from adducts with proteins
that can modify their function. These products can cause cellular damage,
including apoptosis (57).

Oxidative stress develops in tumors, and probably plays a role in malignant
growth (58,59). Evidence of ROS formation and the generation of lipid perox-
idized products has been demonstrated in primary tumors including RCC (60).
Blood samples collected from colon cancer patients and healthy controls
demonstrated decreased levels of antioxidant vitamins (61,62) and increased
levels of lymphocyte 8-oxo-2′-deoxyguanosine (62), a marker for oxidative
stress seen in colon cancer patients but not in the healthy controls. In addition,
the determination of total antioxidant status and plasma levels of the lipid per-
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oxidation products MDA and 4-HNE in colon cancer patients demonstrated that
total antioxidant status was significantly decreased and lipid peroxidation prod-
ucts were increased (63). In breast cancer patients, ROS production and lipid
peroxidation were observed to be significantly higher than in a matched cancer-
free cohort (56). Furthermore, the activity level of the antioxidant enzyme cata-
lase was noted to be significantly depressed in the serum of breast-cancer
patients compared to the levels in the cancer-free cohort. This study linked
elevated ROS production and lipid peroxidation with decreased antioxidant
activity (56). Decreased antioxidant vitamin concentrations and enzyme activ-
ity may thus be responsible for the formation of the pro-oxidative environment
in the blood of cancer patients (61,62). Furthermore, cDNA microarray stud-
ies comparing the level of mRNA expression in tumor tissue to that in normal
tissues have demonstrated decreased expression of a number of antioxidative
enzymes in RCC (64) (Table 1).

There is evidence that although cancers elaborate ROS and peroxidized
lipids to create oxidative stress in their microenvironment, select tumors can
express elevated levels of some antioxidant enzymes as a means of response to
ROS formation. Human cancers such as mesothelioma (65), malignant central
nervous system (CNS) tumors (66), gastric and esophageal cancer (67), as well
as a subset of RCCs, (64) have been reported to express high levels of MnSOD.
Manganese superoxide dismutase (MnSOD) is a superoxide anion scavenger
located in mitochondria. Increased expression of MnSOD can diminish oxygen
radical-mediated injuries and the cytotoxic effects of tumor necrosis factor
alpha (TNF-α), ionizing radiation, and certain chemotherapeutic agents (65,66).
Upregulation of MnSOD in cancer tissue most likely serves as a protective
mechanism against endogenous anti-carcinogenic agents such as hepatocyte
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Table 1
Decreased Antioxidative Enzymes in RCC (64)

glutathione S-transferase
aldo-keto reductase family 1, member A1
flavin-containing monooxygenase
glutathione peroxidase 3 (plasma)
glutathione transferases GSTT1, GSTT2
gluathione S-transferase A3
thioredoxin
liver microsomal UDP-glucuronosyltransferase
monoamine oxidase A
carbonyl reductase 1
thioredoxin-dependent peroxide reductase 1
glutathione transferase M3
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growth factor or IL-1, as well as anticancer therapies known to produce super-
oxide radicals as a key component of their tumor-killing activity (67,68).

In various cellular models, ROS formation has been associated with apop-
tosis induced through the mitochondrial pathway. For example, treatment of
undifferentiated pheochromocytoma line PC12 cells with H2O2 resulted in
apoptotic changes, including the induction of cytochrome-c release, the pro-
cessing of procaspase-9 and subsequent activation of caspase-3 (69,70). On the
other hand, Bcl-2 overexpression attenuated apoptosis and decreased caspase-9
and -3 activation as well as cytochrome-c release (70). Treatment of the Jurkat
T-cell leukemia line with H2O2 also resulted in the dissipation of mitochondr-
ial potential, followed by the appearance of cytochrome-c in the cytosol and
subsequent caspase activation (71). Pretreatment with the thiol antioxidant
N-acetylcysteine (NAC), which after uptake, deacylation, and conversion to
lutathione functions as both a redox buffer and a ROS scavanger (55), rendered
Jurkat cells resistant to apoptosis by agonistic anti-Fas antibody (72). These
findings suggest that in some cell types, the death-receptor pathway may also
involve ROS formation through the mitochondria.

In contrast to some tumor types that are somewhat resistant to the toxic effects
of ROS formation, lymphocytes such as T cells are rather sensitive to their
effects, which have been shown to promote apoptosis (73,74). Recent data
from our laboratory indicate that lipid peroxidation products such as HNE that
are present in the tumor microenvironment may be involved in tumor-induced
apoptosis of T cells. Our findings demonstrate that HNE and HNE adducts are
present in renal tumor lines and in supernatants from renal tumor explants cul-
tured in vitro (Derweesh et al., manuscript in preparation; Rayman et al., man-
uscript in preparation). Moreover, out studies and others have shown that HNE
can induce apoptosis in T lymphocytes (Rayman et al., manuscript in prepara-
tion; Kalinich et al., 2000) (75). Data from our laboratory indicates that pre-
incubation of resting T cells from healthy donors with the antioxidants
amifostine or NAC significantly attenuated apoptosis produced by a variety of
HNE containing RCC supernatants, thus suggesting that antioxidants can pro-
tect T cells from the toxic effects of HNE and possibly other oxidized lipid prod-
ucts that are present in the tumor environment (Rayman and Finke, unpublished
data) (Fig. 2).

Tumors may be a source of HNE and other oxidized lipids, and macrophages
may be a source of free radicals such as H2O2 that can impair the function of
immune cells by promoting cellular damage and lipid peroxidation (73). ROS
production is known to attenuate cytokine-induced activation and antitumor
cytotoxicity of effector lymphocytes such as natural killer (NK) cells at the site
of tumor growth (76). Histamine inhibits ROS formation in macrophages via
H2-receptors, and may therefore protect NK cells from ROS-mediated inhibi-
tion (76) and restore their tumor cytotoxicity. Indeed, histamine synergizes with
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IL-2 and IFN-α to induce killing of NK cell-sensitive human tumor cells in
vitro, and also optimizes cytokine-induced activation of several subsets of
T cells by affording protection against macrophage-inflicted oxidative inhibi-
tion (77). The putative clinical benefit of histamine as an adjunct to immunother-
apy with IL-2 and/or IFN-α is currently being evaluated in clinical trials in
metastatic malignant melanoma and acute myelogenous leukemia. A recently
completed Phase III trial of IL-2 vs IL-2/histamine in patients with melanoma
demonstrated a trend toward superior survival benefits for patients with hepatic
metastases IL-2/histamine vs IL-2 alone. Currently, a similar trial is being
developed for acute myelogenous leukemia (AML) patients (77).

4.3. Gangliosides
Another proposed mechanism of tumor escape is the release by tumor cells

of soluble products into their microenvironment, leading to suppression of the
immune response (78). Several groups have suggested that the gangliosides, a
class of biologically active cell-surface glycolipids, may function as soluble
modulators of the immune response in tumor-bearing hosts. Upregulated levels
of ganglioside expression have been identified in several human epithelial can-
cers (79), including neuroblastoma, melanoma, retinoblastoma, and hepatoma,
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Fig. 2. Amifostine can partially block T-cell apoptosis induced by RCC supernatants. T cells
isolated from the peripheral blood of healthy volunteers (>97% CD3+) were co-cultured
with RCC supernatant (40–50% volume) in the presence and absence of amifostine (0.5 µM ).
Amifostine was added to T cells 1 h prior to the addition of tumor supernatant. After 48 h,
T cells were evaluated for DNA breaks with the TUNEL assay. RCC supernatants (001 Ca,
044 Ca, 082 Ca, and 135 Ca) were prepared by culturing tumor explants (3 × 3 mm frag-
ment) for 2–3 d in Dulbecco’s Modified Eagle’s Medium (DMEM) media without serum.
The supernatants were filtered and stored at –70°C. Viability of the tissue fragments was
assessed by the MTT assay.
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as well as RCC (80). Tumor cells that synthesize and shed gangliosides into
their microenvironment have been shown to be highly immunosuppressive in
vitro (78,81–84).

Gangliosides inhibit many steps in the cellular immune response, including
antigen (Ag) processing and presentation (85), lymphocyte proliferation
(86,87), IL-2-induced T-cell proliferation (88), CD4 expression (89), and the
generation of a cytotoxic response (90). Most recently, it has been shown that
gangliosides may shift the balance of the antitumor immune response from a
type 1 cytokine response (IFN-γ) toward a type 2 response (IL-4, IL-5), possi-
bly leading to a reduction in the cellular antitumor immune response that is
critical for tumor elimination (91). More details regarding the impact of gan-
gliosides on immune dysfunction are presented by Dr. Ladish in Chapter 8 of
this book.

4.3.1. GANGLIOSIDES ALTER SENSITIVITY TO APOPTOSIS

There is increasing evidence that select gangliosides are involved in sensi-
tizing cells to undergo apoptosis following subsequent activation. We found that
the product in RCC supernatants that sensitizes T cells to AICD is less than 3000
Daltons in size, a molecular weight consistent with the size of the monomeric
form of gangliosides (92). Moreover, pretreatment of supernatants with neu-
raminidase abrogates the sensitizing activity because ganglosides contain a
sialic acid residue (13,92). Furthermore, gangliosides isolated from specific
RCC supernatants mimic the ability of those tumor-conditioned media to sen-
sitize T cells to AICD (13). Alone, these isolated gangliosides do not induce a
significant level of apoptosis. Only when subsequently activated with PMA/
ionomycin do the sensitized ganglioside-treated cells become TUNEL-positive.
Similar findings (Fig. 3) have been observed with select bovine brain-derived
gangliosides (GD3, GM1, and GD1a), which, when added to T-cell cultures at
50–200 µg/mL, also sensitize the lymphocytes to AICD (Finke et al., manuscript
in preparation). Even at the elevated concentrations of 200 µg/mL, those gan-
gliosides that sensitize T cells to AICD did not directly induce apoptosis within
48 h. The ability to sensitize cells to AICD is not a common property of all gan-
gliosides, since GM3 is not effective at priming T cells for AICD.

Recent evidence in a rat hepatocyte model has identified GD3 as an emerg-
ing ganglioside involved in apoptosis, activating the mitochondrial-dependent
apoptosome by sequential induction of mitochondrial ROS formation, followed
by the mitochondrial permeability transition (MPT), cytochrome-c release, and
caspase activation (93–97). In this model, both ceramide precursor and gan-
glioside GD3 were noted to stimulate a burst of ROS formation at the mito-
chondrial level, which is the distinguishing feature of mitochondrial-induced
apoptosis. Yet hepatocytes were killed only by GD3, which, unlike ceramides,
was able to suppress NF-κB, suggesting that the promotion of hepatocyte-cell
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death involves the lethal combination of mitochondrial ROS generation, followed
by the subsequent release of apoptotic factors (cytochrome-c) and the suppres-
sion of the NF-κB-dependent survival pathway (97). This same group has found
that TNF-α will synergize with GD3 to induce apoptosis in hepatocytes. These
investigators demonstrated that TNF may function in transporting GD3 from the
membrane to the mitochondria via actin cytoskeleton vesicular trafficking. In
the presence of latrunculin A, an actin-disrupting agent, GD3 remains at the cell
surface. This blockage of the TNF-α stimulated loss of GD3 from the plasma
membrane and its movement to mitochondria attenuates TNF-α induced apop-
tosis (74), suggesting a synergistic role for a death ligand with an activator of
the mitochondrial pathway in the induction of apoptosis in hepatocytes.

Recent investigations from our laboratory have demonstrated the ganglio-
side GD3 can induce apoptosis in T cells following activation with either phor-
bol myristate acetate and ionomycin (PMA/Iono) or anti-CD3 antibody. This
ability of GD3 to synergize with PMA/Iono stimulation to induce T-cell apop-
tosis is attenuated by the pan-caspase inhibitor Z-VAD.fmk and the antioxidant
N-acetyl cysteine, suggesting that the mechanism of initiating apoptosis by this
combination is a caspase-dependent process that requires ROS formation
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Fig. 3. GD3 can sensitize T cells to activation-induced cell death (AICD). Peripheral-blood
T cells (>97% CD3+) were incubated with either media or bovine brain-derived GD3
(200 µg/mL) for 24 h prior to stimulating T cells with crosslinked anti-CD3 antibody for
an additional 48 h. As controls, T cells were stimulated with anti-CD3 antibody or GD3
alone. T cells were then tested for DNA breaks by the TUNEL assay. Representative data
from one of five experiments is shown.
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(Derweesh et al., manuscript in preparation). Furthermore, the apoptogenic
effects of GD3 were abrogated in a dose-dependent manner by the addition of
a neutralizing anti-TNF-α antibody. Although TNF-α or GD3 alone could not
induce apoptosis in resting T cells, the combination of TNF-α and GD3 induced
apoptosis in resting T cells, by a process that is caspase-dependent and involves
ROS generation (Derweesh et al., manuscript in preparation). This work in
progress demonstrates the collaborative role of death ligands and gangliosides
in inducing T-cell apoptosis.

We also have evidence that gangliosides from some RCC are apoptogenic.
Isolated gangliosides from several RCC tumors induced DNA breaks in normal
T cells without the need for stimulation. Gangliosides derived from super-
natants of uninvolved kidney tissue did not induce or sensitize T cells to apop-
tosis. The inability of the extract derived from the supernatant of uninvolved
kidney to induce apoptosis was not the result of a decreased level of ganglio-
sides isolated as noted by high-performance thin layer chromagraphy (HPTLC)
analysis, but may be caused by a difference in the types of gangliosides
expressed (Finke et al., unpublished data). Further studies in our lab with the
glucosylceramide synthase inhibitor DL-threo-1-phenyl-2-hexadecanoylamino-
3-pyrrolidino-1-propanol (PPPP) demonstrated abrogation of RCC tumor-
induced apoptosis of activated T cells, as well as the Jurkat T cell line, mediated
by reducing cellular ganglioside content within the tumors (80%). These find-
ings, using a well-established RCC line (SK-RC-45, provided by Dr. Bander,
Cornell University School of Medicine), provide evidence that gangliosides
expressed by the tumor cells themselves can participate in T-cell-mediated
apoptosis, and that downregulating the expression of gangliosides can prevent
apoptosis of lymphocytes (98).

5. TUMORS CAN ALTER NF-κB ACTIVATION IN T CELLS

5.1. NF-κB
NF-κB regulates transcription of a diverse set of genes with products that play

a significant role in T-lymphocyte activation and the development of immunity
(99–101). NF-κB consists of multiple proteins that belong to the Rel family,
which include p105/p50(NFκB1), p65(RelA), p100/p52(Lyt10, NFkB2),
c-Rel, and RelB (99,100). Different family members associate in various homo-
and heterodimeric forms through a highly conserved N-terminal sequence
referred to as the Rel homology region (100,101). The RelA/p50 heterodimer
has been most extensively studied, and is known to have transactivating func-
tion, whereas the p50 homodimer appears to function most often as a tran-
scriptional suppressor (99,100).

NF-κB complexes are sequestered in an inactive form in the cytoplasm
through interaction with one or more inhibitory proteins known as IκBs
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(100,101). The IκBs bind to the Rel homology region, masking the nuclear
localization sequences (NLS) and preventing Rel translocation to the nucleus.
IκBα, IκBβ, and IκBε appear to be the main regulators of NF-κB, since their
degradation parallels NF-κB nuclear translocation (100,101). Localization of
NF-κB to the nucleus is dependent on the phosphorylation and subsequent
degradation of the IκBs (100,101). Phosphorylation of IκBα on serine residues
at positions 32 and 36 mark this protein for ubiquitination and degradation by
the 26S proteasome pathway (100–102). The enzyme responsible for phos-
phorylation is a kinase termed IKK, which contains two catalytic subunits,
IKKα (85 kDa) and IKKβ (87 kDa) (100–102). Following degradation of IκBs,
the active Rel dimers are rapidly transported to the nucleus through het-
erodimeric NLS-receptor complexes (100).

5.2. NF-κB Regulation of Apoptosis
The importance of NF-κB in host survival has been elucidated from studies

using knockout mice with deletions of individual NF-κB family members. Cells
that are deficient in RelA are much more sensitive to TNF-α mediated apopto-
sis as compared to the wild-type (99,103). This increased sensitivity to apop-
tosis is reversed by overexpression of RelA (103). The inhibition of NF-κB
activation in T cells from mice that express a dominant/negative form of IκBα
also leads to a dramatic increase in apoptosis (104). Sensitivity to Fas-mediated
apoptosis is also enhanced in T cells in which NF-κB activation is impaired (105).

The increased susceptibility of NF-κB-defective cells to apoptosis probably
results from the fact that NF-κB regulates the expression of anti-apoptotic
genes (106–109). This includes TRAFs -1 and -2, which associate with the cyto-
plasmic regions of TNF-R family members (106). TRAF-2 interacts with down-
stream signal transducers that activate NF-κB, and TRAF-1 is required for the
recruitment of the NF-κB-inducible cellular inhibitors of apoptosis proteins
(cIAP-1, cIAP-2, XIAP) (110–113). The cIAPs can directly bind and neutral-
ize caspases-3, -7, and -9, and are believed to have other downstream anti-
apoptotic roles as signal transducers (106,112,113). Interestingly, the relative
expression levels of these proteins can also impact on cell survival. Once bound,
TRAF-2 can recruit either TRAF-1 and cIAP for protective responses, or other
pro- apoptotic molecules that are capable of inhibiting TRAF-2-mediated
NF-κB activation (114). Thus, inhibited TRAF-1 expression, notwithstanding
abundant TRAF-2 levels, could itself render T cells sensitive to AICD.
Overexpression of TRAF-1, TRAF-2, cIAP-1, and cIAP-2 can together inhibit
the apoptosis observed when NF-κB activation is suppressed in TNF-sensitive
cells (106). IEX-1L is another NF-κB-dependent gene, whose transfection into
NF-κB- defective mutants also provides protection against apoptosis in some
systems (108). Other anti-apoptotic molecules with NF-κB-dependent expres-
sion include the Bcl-XL (107) and Bfl-1/A1 (109), members of the Bcl family
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of proteins. These molecules are known to protect against apoptosis induced
by mediators of the mitochondrial permeability transition, and have also been
found to inhibit the activation of caspase-9 (115).

5.3. Tumor Alteration of NF-κB in Lymphocytes
Impaired activation of NF-κB has been documented in tumor-bearing hosts.

Studies in animal models (116) have demonstrated that as the tumor progressed,
the ability to activate NF-κB in splenic T cells from these animals was lost. This
impaired activation of NF-κB coincided with decreased production of IFN-γ
from these T cells. Defective NF-κB activation has also been observed in T cells
isolated from patients with renal cancer (92) and breast cancer (117). Impaired
κB-binding activity after T-cell stimulation was noted in TIL and peripheral-
blood-derived T cells. Furthermore, we previously reported that T cells from
less than 5% of patients with no evidence of disease (NED) had defective
NF-κB activation compared to more than 50% with active disease, suggesting
that the presence of a tumor has a negative impact on NF-κB activation (118).
The major problem is in the nuclear accumulation of RelA/p50 dimers follow-
ing T-cell activation, as determined by Western blotting and by κB-binding
activity (gel mobility shift assays).

Data from several different laboratories have demonstrated that tumors or
tumor-derived products are responsible for the defective NF-κB in T cells within
the tumor microenvironment (Table 2). In co-culture experiments, tumor cells
were found to inhibit the lytic activity of tumor-reactive T cells, correlating
with the suppression of NF-κB in these cells (119). We also recently noted in
co-culture experiments that the renal tumor line SK-RC-45 can inhibit NF-κB
activation in peripheral-blood T cells (Thornton et al., manuscript submitted).
Supernatants from renal-tumor explants were found to suppress the activation
of NF-κB in normal peripheral-blood T cells, and one of the products respon-
sible for this suppression appears to be gangliosides (92). Recent findings also
suggest that HNE, at concentrations present in supernatants from renal tumor
explants, can also inhibit the activation of NF-κB in T cells. Further studies by
Batra et al. demonstrated that supernatants from lung-tumor lines would inhibit
NF-κB activation in T cells, although the responsible molecule has not been iden-
tified (120). Finally, Malmberg et al. (2001) suggest that oxidative stress within
the tumor microenvironment may play a role in blocking NF-κB activation in
infiltrating T cells. Increased production of ROS from tumor-infiltrating
macrophages or granulocytes may be responsible for NF-κB suppression. They
demonstrated that hydrogen peroxide inhibited NF-κB primarily in memory
T cells, which correlated with reduced expression of TH1 cytokines (73).

There are at least two mechanisms by which tumors or their products can
inhibit the activation of NF-κB. In one case, IκBα degradation is impaired,
resulting in retention of Rel dimers in the cytoplasm. Supernatants from non-
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small-cell lung cancer (NSCLC) suppressed NF-κB activation by blocking the
stimulus-dependent degradation of the inhibitor IκB. Furthermore, lung tumor
supernatants block IκBα degradation by inhibiting the activation of IKKα via
an unknown mechanism (120). We have found that supernatants from some
renal-tumor explants also suppress NF-κB by blocking IκBα phosphorylation
and the subsequent degradation of the inhibitor (121). Although the tumor-
derived product that can inhibit NF-κB activation by blocking IκBα degrada-
tion has not been identified, HNE present in renal-tumor supernatants may be
partly responsible for this phenotype. HNE has been shown to bind to IKKα,
forming an adduct that can block IκBα degradation and impair NF-κB bind-
ing activity (122). In contrast, other tumor products can suppress NF-κB acti-
vation without affecting the normal stimulus-dependent degradation of IκBα.
We have reported that some RCC tumor supernatants do not impair events
upstream of IκBα degradation, but do prevent the accumulation of NF-κB
complexes in the nucleus. One of the products responsible for this phenotype
of NF-κB inhibition is the gangliosides. We (92) and others (91) have shown
that gangliosides isolated from RCC supernatant or commercial sources of
bovine brain-derived gangliosides (GD3, GM1, and GD1a) can suppress
NF-κB in T cells without blocking IκBα degradation.

Recent reports suggest that NF-κB suppression in hepatocytes by the gan-
glioside GD3 may be mechanistically distinct in comparison to what we have
observed in T cells with gangliosides expressed by tumor supernatants or by
the tumor line, SK-RC-45 (123). Exposing hepatocytes to GD3 alone induced
IκBα to degrade; however, κB binding in the nucleus was not detected. Data
gathered by confocal microscopy confirmed that NF-κB was retained in the
cytoplasm following stimulation by GD3. Thus, in hepatocytes, exogenous
GD3 blocks NF-κB activation by inhibiting the nuclear import of RelA/p50,
preventing NF-κB-dependent transcription (97). We have also investigated the
effects of RCC-derived gangliosides upon T cells, and unlike hepatocytes, gan-
gliosides present in tumor supernatants or expressed by SK-RC-45 alone did
not induce IκBα degradation, and did not induce activation of NF-κB (Finke,
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Table 2
Potential Mechanisms for Tumor-Induced NF-κB Defect in Immune Cells

• Hydrogen peroxide inhibition of NF-κB correlated with reduced expression of
TH1 cytokines (73)

• Ganglioside suppressed NF-κB activation in T cells (92)
• 4-hydroxyneonal suppresses NF-κB by blocking IκBα degradation (122,

Finke et al., unpublished)
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unpublished data). Similar results were observed when T cells were exposed
to GD3 (Ng et al., manuscript in preparation). Additional studies suggest that
suppression of NF-κB in T cells by GD3 and RCC-derived gangliosides involves
RelA degradation. These findings suggest that ganglioside-induced inhibition
of NF-κB activation in T cells results from degradation of RelA/p50 rather than
a nuclear import problem.

5.4. Tumor Microenvironment Products Can Induce Decreased
Expression of Antiapoptotic Genes in T Cells That May

Contribute to Increased Sensitivity of T Cells to Apoptosis
As discussed previously, a number of intracellular proteins may negatively

regulate apoptosis by interfering with the caspase cascade, or alternatively, by
blocking the mitochondrial damage that causes cytochrome-c release. However,
very few studies have been done to document that the T cells within the tumor
microenvironment that are sensitive to apoptotic stimuli are deficient in the
expression of NF-κB-regulated anti-apoptotic genes. Recent work by Johnson
et al. demonstrated that tumor-associated T lymphocytes harvested from patients
with ovarian cancer expressed fragmented XIAP/hIL-P that was not detected
in control T cells purified from the peripheral blood of normal donors (33). This
same group has also shown that the XIAP is cleaved in apoptotic T lympho-
cytes, suggesting that the heightened sensitivity of T cells from ovarian cancer
patients may be related to depressed levels of XIAP. In renal cancer patients,
we have noted that infiltrating T cells from some patients are deficient in the
expression of cIAP1, Bcl-2, and XIAP (Kudo et al., manuscript submitted). We
have also noted a reduced expression of XIAP in RCC patient peripheral-blood
T cells when compared to XIAP levels in normal healthy volunteers (Combs,
C. et al., unpublished data). Additional studies examining Bcl-2 expression in
T cells from RCC patients using immunohistochemistry and immunocytome-
try have demonstrated that TIL from a subset of patients express reduced levels
of Bcl-2 compared to T cells in the peripheral blood (Richmond et al., unpub-
lished data). Tumor-derived products appear to be responsible for the down-
regulation of select anti-apoptotic proteins in T cells isolated from RCC patients.
Supernatant fluids from in vitro cultured RCC explants can decrease the expres-
sion of Bcl-2, XIAP, cIAP-1, and cIAP-2 in normal peripheral-blood-derived
T cells. Gangliosides isolated from these tumor supernatants can also inhibit
the expression of these anti-apoptotic proteins in T cells. We have theorized that
the ability of gangliosides to inhibit the expression of the anti-apoptotic pro-
teins is related to the suppression of NF-κB by this tumor-derived product
(98,123). Whether other products in the tumor microenvironment that can
inhibit NF-κB are involved in suppressing in vivo anti-apoptotic gene expres-
sion has not yet been determined.
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5.5. Clinical Correlative Studies in RCC Patients
With Defective NF-κB and Increased AICD Activity

We recently determined whether impaired NF-κB activation and altered sen-
sitivity of T cells to AICD observed in peripheral-blood T cells of RCC patients
is significantly different than the frequency of these defects observed in T cells
from healthy, normal volunteers (Fig. 4). Patients were tested for AICD as fol-
lows: peripheral-blood T cells were cultured for 24/48 h with or without stim-
ulus (PMA/ionomycin) prior to testing cells for DNA breaks by TUNEL
analysis. TUNEL assay data were available for 51 normal controls, 79 local-
ized RCC patients, and 93 metastatic RCC patients. T cells from normal indi-
viduals displayed little AICD, with less than 5% of the cells displaying DNA
breaks after 24/48 h of stimulation. Whether activation was for 24 or 48 h, the
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Fig. 4. Peripheral-blood-derived T cells from RCC patients show heightened sensitivity to
AICD. T cells, isolated from the peripheral blood of RCC patients (metastatic and local-
ized) and normal volunteers were stimulated or not for 24/48 h with PMA (10 ng/mL) and
ionomycin (0.75 µg/mL). Thereafter, T cells were evaluated for DNA breaks (TUNEL
assay). Each point on the graph represents the percent of T cells from individual patients
that display DNA breaks after in vitro stimulation. The solid horizontal line in each group
(unstimulated cells and stimulated cells) represent the mean plus 2 standard errors of 51
control patients.
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AICD was statistically significantly greater in patients with RCC as compared
to controls (p < 0.001); however, there was no significant difference in AICD
between localized and metastatic patients (p = 0.91). Overall, 59% of RCC
patients had elevated activation-induced apoptosis, defined as TUNEL-positive
results: 2 SD above the normal control values (Fig. 4). Attempts to determine
whether AICD in patient T cells correlated with histology and grade demon-
strated no correlation with histologic type of RCC. However, preliminary find-
ings with a relatively small sample size suggested that AICD may correlate with
grade I and II, p = 0.05, since grade III/IV tumors had significantly less AICD
than patients with lower grades. These findings suggest that T cells from less
aggressive tumors are more sensitive to AICD than those from more aggressive
dedifferentiated tumors.

Although these results are somewhat surprising, it may be that decreased sen-
sitivity to AICD in higher-grade tumors is a function of the overall global immune
hyporesponsiveness that is seen in patients with advanced or aggressive disease.
Conversely, T cells from low-grade, less aggressive tumors may have a greater
ability to develop an immune response compared to those from more aggressive
tumors. The ability to mount an immune response to a tumor may be associated
with increased AICD activity by T cells recognizing and responding to antigens
expressed by tumors. Whether more aggressive tumors are less effective at
inducing a T-cell response, as a result of a more effective immunosuppressive
mechanisms, is a focus of further investigation for our lab group.

NF-κB binding activity was also measured in T cells by evaluating the abil-
ity of nuclear extracts from resting and stimulated T cells (2 h with PMA/ion-
omycin) to bind to radiolabeled κB probe (electrophoretic mobility shift assay,
EMSA). To semiquantitate the EMSA data for analysis, the RelA/p50 transac-
tivating band was desensitized for both unstimulated and stimulated T cells, and
the data for patient T cells was compared to that of a normal individual run at
the same time. NF-κB data was available for 74 localized and 95 metastatic RCC
patients. NF-κB activation was significantly less in patients with RCC, regard-
less of localized or metastatic state (p < 0.001), when compared to normal con-
trols. Correlating EMSA data to histology and grade demonstrated no
relationship to grade, but was linked to histology, with clear-cell tumors show-
ing a marked 66% abnormal NF-κB activity (p = 0.06).

Further questions to address include whether impaired NF-κB activation in
patient T cells correlates with reduced expression of various anti-apoptotic genes
that are regulated by NF-κB, such as Bf1-1/A1, Bcl-2, cIAP-1, c-IAP-2, and
XIAP. It is also unknown whether the heightened sensitivity to AICD in patient T
cells is related to altered expression of either pro-apoptotic or anti-apoptotic genes.
We also plan to test whether the defect in NF-κB activation and increased sensi-
tivity of patient T cells to AICD correlates with decreased patient survival.
However, this analysis remains preliminary.
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1. INTRODUCTION

Tumor formation is a complex multi-step process that is influenced by many
factors. Among these, transformation and tumorigenicity are two phenotypic
characteristics of cells that are under separate genetic control (1) .
Transformation indicates that a cell line is immortalized, and capable of pro-
liferating independently and indefinitely in vitro. In contrast, tumorigenicity
demands that transformed cells proliferate in vivo, resist elimination by the syn-
geneic normal host, and form progressively growing tumors. It is highly likely—
and increasingly recognized—that local tumor cell–host interactions influence
the initial steps of tumor formation.
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These interactions take place in the tumor-cell microenvironment. Although
much progress has been made in understanding the process of transformation,
less is known about the complex tumor cell–host interactions in the in vivo
microenvironment of the tumor, which must result in resistance to elimination
by the syngeneic normal host. An evolution in thought has been the recogni-
tion that the release of soluble circulating factors by tumors can markedly alter
the host immune system (2). The specific tumor–host interaction that is the sub-
ject of this chapter is the process of release, or shedding, of certain soluble
immunosuppressive membrane molecules known as gangliosides. The initial
hypothesis underlying work in this field, schematically depicted in Fig. 1, is
that tumor gangliosides are released into the immediate extracellular microen-
vironment of the tumor cell, where they can bind to infiltrating leukocytes and
inhibit their function (3; Fig. 1).

Evidence from several experimental approaches supports this concept of inhi-
bition of the cellular immune response by tumor gangliosides. Many laborato-
ries have contributed to developing the concept that tumor gangliosides are
biologically relevant immunomodulatory molecules, and this chapter highlights
only several selected recent studies, with the goal of presenting some evidence
for each of the different individual steps depicted by the schema in Fig. 1.

2. GANGLIOSIDE STRUCTURE

Prior to addressing immunomodulatory properties of these tumor-derived
molecules, an understanding of their structure is useful. Marked structural dif-
ferences characterize many gangliosides of tumor origin—a diverse group of
molecules—in comparison with gangliosides of normal tissues (4). Further-
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Fig. 1. The dynamic process of ganglioside shedding-tumor release, microenvironmental
localization, and target-cell binding.
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more, ganglioside immunosuppressive activity is highly dependent upon gan-
glioside molecular structure (5,6).

The ganglioside molecule consists of three elements (Fig. 2): an oligosaccha-
ride core to which one or more sialic acids and a hydrophobic lipid (ceramide) are
attached, consisting of a long-chain base (LCB) and a fatty acid (FA).
Oligosaccharide heterogeneity and sialic acid diversity (either N-glycolyl or
N-acetyl neuraminic acid) are known. Less appreciated has been the structural
diversity of the ceramide portion of the molecule, especially of tumor gangliosides.

Ceramide structural differences may occur both in LCB and in the FA, and
consist of three types of variations: length of the carbon chain, degree of unsat-
uration, and substitution by hydroxyl groups. All these have been shown to
influence ganglioside immunosuppressive activity. The major LBC structures
of normal human brain gangliosides are d18�1 and d20�1, and the major FA
structures are 18�0 and 20�0. The major alteration in tumor ganglioside
ceramide structure is significant variation in fatty acyl chain length (7). This
complexity of structure, especially in tumor gangliosides, has implications for
immunological activity, and the particular importance of ceramide structure is
suggested by studies showing differential immunosuppressive effects of
ceramide subspecies of tumor gangliosides (6).

3. SHEDDING OF TUMOR GANGLIOSIDES

The first step in the interaction of soluble tumor-derived gangliosides with
normal leukocytes is their release by the tumor cell. This is consistent with the
general concept proposed a number of years ago, that the release of molecules
by tumor cells may be important in the evasion of host immune responses by
tumors (8). Shedding of cell-surface gangliosides is a prominent component of
tumor ganglioside metabolism characteristic of numerous types of tumor cells,
including neuroblastoma (9,10), lymphoma (3), melanoma (8), and leukemia
(11). Brain tumor cells have also recently been found to shed gangliosides
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Fig. 2. Schematic depiction of ganglioside structure.
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(12,13). In humans, shedding has been documented in the peripheral circula-
tion (e.g., in neuroblastoma) and most recently in the cerebrospinal fluid of
patients with medulloblastoma and astrocytomas, where a mean threefold ele-
vation of the brain tumor-associated ganglioside GD3 was found (13). The bio-
logical significance of tumor ganglioside shedding has been widely recognized
(14) as shedding of tumor-derived gangliosides have been shown to influence
tumor progression. In patients with neuroblastoma, for example, shedding of
tumor GD2 ganglioside is strongly correlated with the incidence and rate
of tumor progression. Patients with the highest circulating levels (≥568
pmol/mL) had a shorter median progression-free survival time (9 mo) than
patients with the lowest GD2 levels (103 pmol/mL; 28 mo), demonstrating a
direct relationship between quantitative aspects of ganglioside shedding in
human neuroblastoma and tumor progression in vivo (15). Other studies are
consistent with earlier observations of a correlation between increased circu-
lating ganglioside concentrations and tumor burden (16) and the presence of
specific tumor-derived gangliosides in the circulation (9,17). Although correl-
ative, these studies further support the possibility that tumor gangliosides,
because of their intrinsic immunological properties, have a high potential to
develop a mechanism by which tumors escape host immune responses.

4. TRANSPORT OF TUMOR GANGLIOSIDES

Once released by tumor cells, how are shed tumor gangliosides found in vivo?
To address this question, the serum localization of shed GD2, a major ganglio-
side of human neuroblastoma, was traced. Sera from patients with neuroblas-
toma tumors were separated into the lipoprotein fractions (very low-density
lipoproteins [VLDL], low-density lipoproteins [LDL], high-density lipoproteins
[HDL]) and lipoprotein-depleted serum. 73% of the total GD2 was present in
the LDL fraction, VLDL and HDL contained 21% and 6%, respectively.
Significantly, lipoprotein-depleted serum was devoid of GD2. Thus, shed neu-
roblastoma tumor gangliosides are exclusively associated with the serum
lipoprotein (and predominantly LDL) fractions in vivo (18). These findings have
implications for the immunological detection of these molecules, and ulti-
mately for the development of approaches to their removal from the circulation
of patients with cancer. However, ganglioside–lipoprotein binding is relatively
weak, with most of the LDL-bound gangliosides (the major lipoprotein to which
gangliosides are bound) being loosely associated—e.g., adsorbed to rather than
inserted in the lipoprotein particle (19). This makes them easily available to
target cells. Further, melanoma-tumor gangliosides associated with LDL were
as active in suppressing human lymphoproliferative responses as the same gan-
gliosides presented in micellar (unbound) form (20). Thus, both lipoprotein-
associated tumor gangliosides and free tumor gangliosides can inhibit
cellular immune responses in vitro.
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5. HISTORICAL PERSPECTIVE ON IMMUNOSUPPRESSION
BY TUMOR GANGLIOSIDES

The consideration of gangliosides as molecules that may regulate the cellu-
lar immune response originated more than two decades ago with studies of brain
gangliosides. The initial studies documented the inhibition of mitogen and
antigen-induced lymphoproliferative responses by normal brain gangliosides
(21–23). The first studies of the immunosuppressive activity of tumor-derived
gangliosides of the murine YAC-1 lymphoma demonstrated that tumor gan-
gliosides strongly suppressed the antitumor-induced cellular immune response
in vitro (3). These findings were confirmed by others (24), leading to further
development of the concept (3) that tumor-derived gangliosides may adversely
affect host immune responses in vivo (25,26). Once again, this immunosup-
pressive activity is greatly influenced by ganglioside structure (5,6), and cer-
tain ganglioside structures that are only minor components in normal tissue but
are frequently major species in tumors are in fact biologically very active gan-
glioside species (5).

6. MECHANISMS OF IMMUNOSUPPRESSION

Characteristic effects on two leukocyte-cell populations have been reported:
the accessory-cell and the lymphocyte. Briefly, gangliosides inhibit the acces-
sory function (27) tumor necrosis factor (TNF) production (28), and other func-
tions (29) of adherent macrophage-enriched peripheral-blood mononuclear
cells (PBMC). Gangliosides induce a reversible state of unresponsiveness of
antigen-processing cells to antigenic stimulation, and such a mechanism is
likely to be operative in the local environment of the tumor in vivo (27).
Gangliosides impair the responsiveness of human lymphocytes to activation by
a direct interference with the proliferation of mitogen-activated lymphocytes
(30,31). This has been demonstrated to be the result of interference with IL-2-
dependent cell proliferation, probably by direct binding of gangliosides to
IL-2 (32), and by blocking the IL-2/IL-2-receptor interaction (33). Gangliosides
also inhibit cytotoxic effector function (34) and B-cell immunoglobulin pro-
duction (35). Recently, modulatory effects of gangliosides on the expression of
T-cell-surface membrane proteins have been described—e.g., the modulation
of CD4 by exogenous gangliosides (36,37).

Considering the first step in the cellular immune response, the antigen-
presenting cell (APC) function of monocytes consists of effective antigen
processing (intracellular) and presentation (intercellular). Preincubation of
purified human monocytes with gangliosides in vitro, either in free form or in
liposomes, reversibly blocks human PBMC proliferative responses to tetanus
toxoid (27), and this was shown to be by an effect on monocyte antigen pro-
cessing/presentation. To elucidate the cellular mechanism of inhibition, the
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APC function of human monocytes preincubated with human gangliosides was
evaluated in several assays of MHC class II-restricted T-cell proliferation (27).
Monocytes exposed to 100-µM gangliosides for 48 h and then pulsed with
tetanus toxoid (TT) were unable to trigger T-cell proliferation. However, gan-
glioside-exposed monocytes did not act as suppressor cells, since they did not
inhibit T-cell proliferative responses to immobilized anti-CD3 or to antigen-
pulsed control monocytes. If monocytes were first pulsed with TT to allow anti-
gen processing and then exposed to gangliosides, they still failed to trigger T-cell
proliferation, indicating that inhibition was occurring after antigen processing
was complete. Stimulation by a TT peptide fragment that does not require pro-
cessing was also inhibited by exposure of monocytes to gangliosides, as was
the proliferative response of purified T cells to purified ganglioside-exposed
allogeneic monocytes. These results show that exogenous gangliosides bind to
monocytes and interfere with a step in the intercellular process of presentation
(adhesion, antigen-specific recognition, and costimulation) of fully formed
stimulating antigens by monocytes. Flow cytometric analysis revealed that
gangliosides completely inhibit antigen-induced monocyte expression of CD80,
but not of HLA-DR or of the adhesion molecules ICAM-1 or LFA-3 (unpub-
lished results). This suggests that gangliosides, shed by tumor cells and bind-
ing to tumor-infiltrating monocytes in vivo, may inhibit monocyte APC function
in part by interfering with delivery of the costimulatory signal. This concept is
supported by recent findings that neuroblastoma-derived gangliosides inhibit
the generation of the potent APC, dendritic cells (DC), from murine bone-
marrow precursors (38), and that lipopolysaccharide (LPS)-stiumulated DCs
exposed to purified ganglioside GD1a also demonstrate inhibited expression
of costimulatory molecules (39).

Gangliosides also affect cytokine production, and activation of cells by
cytokines. The initial studies in this area were those that identified a relation-
ship between gangliosides and IL-2 (30–32). Subsequently, gangliosides were
found to suppress TNF production by human monocytes (28), and brain-derived
gangliosides have been shown to regulate the cytokine production and prolif-
eration of activated T cells (40). Specifically in this latter case, IL-2 and inter-
feron gamma gene transcription were blocked, without inhibition of production
of IL-4 and IL-10 mRNA. These findings were believed to be attributed to an
interference of gangliosides with the activation of NF-κB in mitogen-stimulated
T cells (40).

The fascinating link between tumor-derived gangliosides and impaired T-cell
activation has been amplified by the exciting recent work of Uzzo et al. (41,42),
which built upon an earlier observation that impaired NF-κB activation char-
acterizes the circulating T cells of patients with renal cell carcinoma (RCC).
The ability to reproduce this impairment by tumor-derived soluble products, and
specifically by purified gangliosides, has linked suppressed NF-κB binding in
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T cells to ganglioside-induced inhibition of expression of IL-2 and interferon
gamma. These findings in RCC (reported in detail in Chapter 7) have thus
identified a specific antitumor immune response in humans to be affected by
gangliosides (41,42), further underscoring the biological importance of shed
tumor-derived gangliosides.

Finally, there is some evidence that certain gangliosides may stimulate, rather
than suppress, some immune responses. For example, enhancement of tumor
necrosis factor-alpha (TNF-α) production, by the ganglioside GM2, was
observed in human monocyte cultures (43). This is in contrast to an inhibitory
effect of the same ganglioside on spontaneous immunoglobulin production (44).
Specific gangliosides, at very low concentrations, have also been shown to
enhance the production of certain cytokines. In human peripheral-blood T cells,
the gangliosides GDlb, GTlb, and GQlb (100 nm), but not other gangliosides,
enhanced PHA-induced IL-2 and IFN-γ secretion of peripheral-blood T cells
several-fold compared with controls, while they decreased PHA-induced IL-4
secretion and IL-5, again compared with controls (45). How these findings relate
to the general observation of suppressive—not stimulatory—activity of higher
concentrations of gangliosides, as well as to the issues of structure/function rela-
tionships has not yet been elucidated, but it is clear that there may be widely
divergent effects of different gangliosides on production and action of different
cytokines, a subject that is currently under intense investigation.

7. BIOLOGICAL SIGNIFICANCE OF TUMOR
GANGLIOSIDE IMMUNOSUPPRESSION

Because of their multiple biological effects, gangliosides can be viewed as
a new class of intercellular signaling molecules. As intercellular signaling mol-
ecules, gangliosides released by tumor cells act through several mechanisms:
they can associate with antigen-processing/presenting cells to inhibit antigen
presentation, interact with lymphokines to inhibit cytokine-mediated lympho-
cyte proliferation, alter the expression of cell-surface-receptor molecules so that
the cell becomes less responsive to proliferative stimuli, or—as most recently
suggested—also affect intracellular signal transduction after insertion into the
target-cell membrane (4). All these lines of evidence make it increasingly likely
that gangliosides that are shed by tumor cells affect host immunologic responses
in vivo. The lack of an unequivocal demonstration of tumor ganglioside-induced
immunosuppression in vivo, and specifically of inhibition of host antitumor
immune responses to a syngeneic tumor, are not fully understood.

The importance of the intact cellular immune response in vivo in the process
of tumor rejection is widely accepted, and underscored by the demonstration
that cytotoxic T lymphocytes (CTL) generated in response to immunization with
specific tumor antigens are capable of eliminating tumor cells in vivo (46).
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Attempts to augment the immune response, such as by the pharmacologic use
of cytokines (47), further emphasize the significance attached to an intact
cellular immune response in patients with cancer. Interference with the prolif-
erative and cytotoxic phases of the cellular immune response at the site of tumor-
cell growth in vivo, such as that caused by gangliosides shed by tumor cells, may
be important in disrupting the local host response and thereby allowing further
tumor growth. Thus, in vivo studies of ganglioside inhibition of immune
responses to syngeneic tumor cells, are a critical next step in determining the
specific role of gangliosides in the alteration of tumor immunity in the host.

8. GANGLIOSIDE IMMUNOSUPPRESSION IN VIVO

The potent in vitro inhibition of human cellular immune responses by tumor
gangliosides has led to studies that determine the inhibitory effects of tumor
gangliosides on the allogeneic immune response in vivo. These studies used a
murine model of the allogeneic immune response developed by Kroczek et al.
(48). This experimental system measures the cellular immune response in the
lymph node draining the injection site of a foreign antigen in the form of allo-
geneic cells. In this model, 4 d after injection of allogeneic (C3H) spleen cells
into the hind footpad of Balb/c mice, the cellular immune response in the drain-
ing popliteal lymph nodes was evidenced as an increase in lymph-node mass
(twofold), lymphocyte number (sixfold) and lymphocyte DNA synthesis (six-
fold). Purified human neuroblastoma gangliosides (10 nmol) co-injected with
the stimulating allogeneic cells significantly suppressed this in vivo immune
response: the increase in the lymph-node mass was reduced by 65%, the
increase in lymphocyte number (4.0 × 106 cells/node) was almost completely
inhibited (1.1 × 106 cells/node), and in vitro [3H]thymidine uptake by the lym-
phocytes recovered in vivo was reduced by 80% (49).

The demonstration of the effect of purified neuroblastoma gangliosides on
the allogeneic response led to further studies of the role of tumor gangliosides
in inhibiting host antitumor immune responses in experimental models in vivo,
and two lines of supporting evidence have been developed. The first was pro-
vided by a comprehensive study to evaluate the role of tumor-derived ganglio-
sides in modifying the host immune response to a tumor in a fully syngeneic
murine tumor model, the FBL-3 lymphoma. The impact of shed gangliosides
on the in vivo antitumor immune response was tested in this fully autochtho-
nous system (FBL-3 erythroleukemia cells, C57BL/6 mice, and highly purified
FBL-3-cell gangliosides). The major FBL-3 ganglioside was identified as GMIb
by mass spectrometry. Substantial ganglioside shedding (90 pmol/108 cells/h),
a requisite for their inhibition of the immune function of tumor-infiltrating
leukocytes (TIL), was detected. Immunosuppression by FBL-3 gangliosides
was potent; 5–20 mM inhibited the tumor-specific secondary proliferative
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response (80–100%) and suppressed the generation of tumor-specific CTLs
(97% reduction of FBL-3 cell Iysis at an E�T ratio of 100�I). In vivo, coinjec-
tion of 10 nmol of FBL-3 gangliosides with a primary FBL-3 cell immuniza-
tion led to a reduced response to a secondary challenge (the increase in the
draining popliteal lymph-node mass, cell number, and lymphocyte thymidine
incorporation were lowered by 70%, 69%, and 72%, respectively). Coinjection
of gangliosides with a secondary tumor challenge led to a 61%, 74%, and 42%
reduction of the increase in lymph-node mass, cell number, and thymidine
uptake and a 63–74% inhibition of the increase of draining lymph-node T cells
(CD3+), B cells (CD19+), and dendritic cells [DC]/macrophages (Mac-3+).
Overall, these experiments provided the first in vivo evidence that tumor-
derived gangliosides inhibit syngeneic antitumor immune responses, and they
implicated these molecules as a potent factors in promoting tumor formation
and progression (50).

The second recent approach has been to attempt to directly link changes in
glycosphingolipid metabolism to tumor formation. This has become possible
with the recent development of inhibitors of glycosphingolipid synthesis, which
have been shown to decrease ganglioside synthesis and shedding (51). Although
they do not directly address the issue of tumor ganglioside induction of immuno-
suppression, these studies tested the hypothesis that the interaction of shed
tumor gangliosides with host cells, in the tumor microenvironment, influences
tumor development. Once again, a syngeneic tumor system was studied (52).

In this study, the ability of tumor cells that were pharmacologically depleted
of gangliosides to form tumors in mice was tested using a ganglioside-rich line
subline of B16 murine melanoma, MEB4. PPPP (D-l-threo-1-phenyl-2-hexa-
decanoylamino-3-pyrrolidino-1-propanol-HCl) (53) was used to deplete the
cells of endogenous gangliosides by inhibiting glucosylceramide synthase.
Tumor formation was evaluated twice a week for 10 wk after the intradermal
injection of tumor cells, and metastatic potential 4 wk after tail-vein injection
of tumor cells. Reduction of the ganglioside content of MEB4 cells (which was
not cytotoxic to cells and did not inhibit cell proliferation in vitro) markedly
reduced the ability of these cells to form tumors; only 40% of mice injected
intradermally with 105 ganglioside-depleted MEB4 cells developed tumors,
compared with 100% of mice injected with 105 control MEB4 cells. In addi-
tion, unmanipulated MEB4 cells were highly metastatic, compared to gan-
glioside-depleted MEB4. When 2 × 105 ganglioside-depleted MEB4 cells were
injected intravenously, a mean of 5 pulmonary metastases were detected per
mouse, vs a mean of 25 for control MEB4 cells (52). Thus, although a link
between inhibition of tumor formation by tumor-cell ganglioside depletion and
a subsequent reduction in ganglioside-induced suppression of the antitumor
immune response has not been definitely established in these studies, the evi-
dence strongly links ganglioside metabolism to tumor formation.
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In conclusion, the compelling evidence from many laboratories implicating
tumor gangliosides in inhibiting host immune responses, and the demonstra-
tion of in vivo immunosuppression by human tumor gangliosides, suggests that
future studies should be undertaken to eliminate these molecules in vivo (e.g.,
removal from the circulation, neutralization by monoclonal antibodies, or ther-
apeutic modification of ganglioside biosynthesis and shedding, as described pre-
viously) as a potential therapeutic approach to the treatment of cancer.
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1. INTRODUCTION

The generation of an effective immune response to tumors and/or non-tumor
antigens requires the presence of an appropriate and recognizable antigen, antigen-
presenting cells (APC) such as dendritic cells (DC), and a supportive cytokine
milieu. Cytokines present at the immunization site—or in the case of tumors,
the tumor site—have been shown to have a marked effect on the magnitude as
well as the nature of the response. They play a role in recruiting appropriate
cells to the site, activating APCs, and directing whether the resultant T-cell
response generates a cell-mediated or humoral event (1,2). Therefore, the com-
bination of cytokines naturally present or provided by immunotherapeutic inter-
vention can be a major factor in determining the success of the resultant immune
response in eliminating tumor or pathogens. In addition to their use in immune
interventions to positively effect immune responses, tumors have exploited the
regulatory actions of certain cytokines such as interleukin (IL)-10, trans-
forming growth factor (TGF)-β, and vascular endothelial growth factor (VEGF)
to escape effective immune recognition. This chapter focuses on tumor-induced
IL-10 and its immunosuppressive effects on adaptive T-cell antitumor responses.
IL-10 was originally described as cytokine synthesis inhibitory factor (CSIF),
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which was produced by mouse Th2 cells and inhibited activation and cytokine
production by Th1 cells (3). IL-10 is known to have multiple mechanisms of
action, which either enhance or inhibit effective antitumor immune responses—
and as our studies and others have demonstrated, the presence of IL-10 at the
tumor site can dramatically effect immune recognition and subsequent devel-
opment of antitumor effector function.

1.1. Cytokines and the Regulation of Cell-Mediated Immunity
There are two basic types of immune responses, which vary in efficacy in an

antitumor response. The humoral or type 2-mediated responses are associated
with defense against extracellular and soluble pathogens, and type 1 or cell-
mediated responses are developed to protect against intracellular pathogens and
malignant cells. Two polarized sets of mouse T-helper (Th) cells, Th1, and Th2,
secrete distinct cytokine patterns that correspond to their associated function
in directing cellular or humoral responses (4). Furthermore, the type 1 and type
2 cytokines are mutually inhibitory for the differentiation and effector function
of the reciprocal phenotype. Although best described and perhaps more mutu-
ally exclusive in murine systems, humans have similar function-associated
cytokine expression. Th1 cells secrete IL-2, IL-12, IL-18, and interferon
(IFN)-γ, which promote cellular immunity. Th2 cells are associated with IL-4,
IL-5, and IL-10 secretion, which promote B-cell proliferation, differentiation,
and Ig class switching. IL-12 is also produced by APCs, including DC and
monocytes, which are inducers of IFN-γ production by T cells (5). Th1 cell-
secreted IL-12-induced IFN-γ suppresses IL-4 and effectively suppresses Th2
cells from proliferating. In contrast, Th2-associated IL-10, also produced by
T cells, monocytes, and macrophages, has antiinflammatory and potent anti-
IFN-γ and anti-IL-12 effects (6,7).

The impact of the modulation of Th1 vs Th2 is arguably best shown in the
Leishmania parasite system in mice. Inbred mouse strains can be divided into
resistant strains that mount an effective cell-mediated response and suscepti-
ble strains that predominantly generate a humoral response and succumb to the
disease. Following infection with the parasite, Th1 cells from resistant mice
were shown to generate IFN-γ associated with the development of host pro-
tection, and in susceptible mouse strains, an ineffective type 2 immune response
characterized by IL-4 and IL-10 production resulted in a terminal infection (8).
Relevant to our goal of “redirecting” antitumor responses, studies from the Scott
laboratory demonstrated that administration of IFN-γ at the time of inoculation
of the parasite in susceptible mice converted them to the resistant phenotype,
and administration of anti-IFN-γ to resistant mice converted them to the sus-
ceptible phenotype (9). Similar to the murine Leishmania findings,
Mycobacterium leprae infection in man also reflects the dichotomy between
mounting a type 1 or type 2 immune response. Individuals who mount a type 1
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response to Mycobacterium leprae develop a milder tuberculoid form of the
disease, and those who generate a type 2 immune response develop the aggres-
sive lepromatomous form (10).

Type 1 cytokines also support the generation of CD8+ cytotoxic T lympho-
cytes (CTL), which are believed to be one of the critical effector cells that medi-
ate antitumor effects. The adoptive transfer of tumor-specific CTL has been
shown to be effective in treating relevant tumor-bearing syngeneic animals
(11). Furthermore, depletion of CD8+ T cells has been shown to prevent
immunotherapeutic vaccine-induced antitumor immunity in a number of sys-
tems (12,13). Just as CD4 T-helper cells have been shown to have a Th1 and
Th2 phenotype, CD8 cytotoxic T cell (Tc) populations can also be distinguished
by their ability to secrete cytokines. Tc1 populations secrete IFN-γ and
TNF-α, and the Tc2 population secretes IL-4, IL-5, and IL-10 (14). Whereas
the in vitro cytotoxicity of Tc1 and Tc2 cells may be similar, only adoptive trans-
fer of Tc1 cells allows antitumor protective immunity (15). CTL populations
generated in tumor-bearing hosts can present a Tc2 cell profile. In a mouse
model, tumor draining LN cells were separated by their TCR-Vβ expression.
A population of TIL that expressed TCR-Vβ5, 7, and 11 were found to secrete
IL-10 and have no in vivo antitumor activity (16). Thus, although the genera-
tion of a tumor-specific cell-mediated immune response is efficacious in tumor
therapy, there is a demonstrable ability for the tumor to skew it toward less effec-
tive mediators. These results, together with those from a number of other sys-
tems, have resulted in the goal of cancer immunotherapy to induce type 1
cell-mediated immune responses.

1.2. Tumor-Associated IL-10 Expression
Studies performed in our laboratory have focused on the role of Th2

cytokines—and IL-10 in particular—on host antitumor responses following our
initial demonstration that tumor biopsies from patients with melanoma (17,18)
followed by bladder carcinoma (19) expressed high levels of IL-10 mRNA, as
did the growth of the murine bladder tumor MB49 that was associated with the
in situ expression of Th2 cytokines (20). Coincident with our biopsy findings,
studies from a number of laboratories that have focused primarily on the analy-
sis of tumor-cell lines demonstrated IL-10 mRNA expression in a wide range
of human tumors (21–26).

Levels of IL-10 in tumors have been reported to be associated with tumor
aggressiveness and survival. As examples, IL-10 was found in basal-cell car-
cinoma lesions, but IFN-γ and TNF-β were found in benign skin lesions (27)
and in melanoma, the amount of IL-10 production was reported to correlate with
progression vs regression (28). Prolonged survival of patients with IL-10-
negative nasopharyngeal carcinomas was nearly 90%, yet only 15% in
IL-10-positive groups (29).
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Subsequent to our demonstration of IL-10 mRNA in tumor tissue and others,
studies from a number of laboratories have examined patient serum for IL-10,
and attempted to correlate tissue and/or serum expression with stage of disease
and/or prognosis. Studies found increased serum IL-10 levels in patients with
various solid tumors, including ovarian, pancreatic, melanoma, and gastric ade-
nocarcinomas (30–32). Although a number of investigators have reported a
prognostic value for serum IL-10 levels, such as the increased serum IL-10 and
decreased IL-2 found to be associated with progression of adenoma to colorectal
carcinoma (33), and a correlation of serum IL-10 with prognosis in renal cell
carcinoma (34,35), other studies found no such correlations (36).

Although it is possible that large tumor burdens may indeed be associated with
increased IL-10 serum levels that may in turn have systemic immune manifes-
tations, the production of IL-10 in the local tumor environment—e.g., at the inter-
face between tumor and the immune response—is more likely to occur early,
and we would suggest a pivotal role in the regulation of antitumor responses.

1.3. IL-10 and the Modulation of Antitumor Immunity
In light of the association of Th2 cytokines, particularly IL-10 with tumors,

studies by our laboratory and others have focused on the hypothesis that pro-
duction of such cytokines in the local tumor environment could result in the
inhibition of an effective antitumor response. Our studies addressed the IL-10
question by comparing tumor growth and the induction of tumor-specific immu-
nity in the presence and absence of IL-10. This was made possible by our find-
ing in the MB49 murine bladder model that although MB49 did not produce
IL-10 or IL-10 mRNA itself, growth in vivo was associated with IL-10 pro-
duction at the tumor site by host cells (37). When grown in syngeneic mice,
MB49 uniformly progressed and failed to prime for immunity to the expressed
tumor-associated HY antigen, as measured in splenic responders. Blockade
and/or elimination of IL-10 production using anti-IL-10- or IL-10-knockout
mice respectively resulted in the generation of a Th1 IFN-γ-producing response
to HY, and in the case of the IL-10 knockouts, rejection of tumor in approx 40%
of mice (37), thus demonstrating the profound effect of IL-10 in suppressing
the development of antitumor immunity. We further demonstrated that the
MB49-associated IL-10 production effected the generation of an immune
response to soluble antigens presented at the tumor site. Although β-galactosidase
is a potent Th1 response-inducing antigen in C57BL/6 mice, immunization at
the IL-10+ MB49 tumor site resulted in a shift to Th2, which was restored in
IL-10-knockout mice (37). These findings are consistent with those from the
Dubinett group using a transgenic mouse with IL-10 driven by the IL-2 pro-
motor, which demonstrated a similar IL-10-based suppression of immunity to
the Lewis lung carcinoma (38). An additional link between Th2 cytokines and
tumor progression was found in studies using the murine B-cell leukemia/
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lymphoma BCL1 that progressed to lethality in mice responding with a Th2
cytokine profile, but was rejected by those expressing a Th1 profile (39).

As depicted in Fig. 1, IL-10 has effects at the APC as well as T-cell compart-
ments that are active in the generation of immune responses. The principal func-
tion of IL-10 as an antiinflammatory molecule (40) may be crucial in allowing
tumors to escape immune recognition. The danger theory emphasizes the need
for danger signals such as those generated in inflammatory responses for the gen-
eration of an immune response (41). IL-10 suppresses the production of inflam-
matory cytokines in activated monocytes and macrophages (42,43). Macrophage
release of tumor necrosis factor alpha (TNF-α), IL-1, IL-6, reactive oxygen
intermediates, and nitric oxide (NO) have all been shown to be suppressed by
IL-10 (44–46). In addition to downregulating production of the pro-inflammatory
cytokines, IL-10 also upregulates the release of IL-1-receptor antagonists and
soluble TNF-receptor proteins from mononuclear cells and fibroblasts, which
may contribute to the suppression of the inflammatory response (47).

1.4. Effects of IL-10 on DCs
Dendritic cells (DCs) are professional APCs that are capable of inducing and

modulating adaptive immune responses (48). Although more closely associated
with their potent induction ability, DCs also play a role in generating tolerance.
This capability of DCs to either induce or tolerize during an immune response
makes them pivotal factors in determining the effectiveness of the response. In
the case of tumors in which immune escape is critical, the effect of tumors and
their products on DC function may be central to the development or lack of
development of effective anti-tumor responses. Multiple tumor-induced
cytokines, including VEGF, PGE2, and TGF-β, have been shown to suppress
DC function in tumor systems (49–52).

DCs typically reside in tissues in an immature form, where they phagocy-
tize antigens. Danger signals in the form of pro-inflammatory cytokines, cells,
and microorganisms then induce the maturation of the DCs that lose the capac-
ity for phagocytosis and migrate to lymph nodes, where they manifest potent
antigen-presenting activity. IL-10 has been shown to suppress DC maturation
and activation as well as migration. IL-10 has been reported to selectively
inhibit maturation of immature DCs, yet it does not affect mature DCs (53). In
vitro studies have shown that IL-10 skews the granulocyte-macrophage colony-
stimulating factor (GM-CSF)-induced differentiation of monocytes from DC
to macrophage-like cells (53) and that pre-incubation with IL-10 inhibits the
GM-CSF maturation of Langerhans cells, thus blocking their ability to prime
for a response to tumor-associated antigens (TAA) (54). In addition, IL-10
selectively induces the apoptosis of CD8α-positive DCs, which are the IL-12-
producing DC subset (55), and impairs the ability of DC to produce IL-12 and
induce a Th1 response in vivo (56).
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Fig. 1. Tumor-associated immunosuppressive effects of IL-10. Tumor-associated IL-10 inhibits the recruitment of DCs to the tumor site. Both
tumor-generated and autocrine levels of IL-10 are involved in the suppression of DC maturation. This prevents the upregulation of costimula-
tory molecules that are critical for the activation of T lymphocytes. The lack of costimulatory molecules by production of IL-10 and other sup-
pressive cytokines are involved in the tolerization of T lymphocytes, inhibition of Th1 cytokine secretion, and the generation of T regulatory
cells (Tr1), which produce both IL-10 and TGF-β.
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An integral part of DC maturation involves the upregulation of the potent
costimulatory molecules CD80 and CD86. IL-10 has been demonstrated to inhibit
this upregulation (57–59). Exposure to IL-10 has also been shown to decrease
expression of major histocompatibility complex (MHC) class II and CD11c,
while increasing phagocytosis (60). The downregulation of the MHC class II mol-
ecule is described to involve an accumulation of the internalized MHC class II
complexes and not inhibition of transciption, protein synthesis, or assembly of
the molecules. This blockade of the upregulation of receptors required for effec-
tive antigen presentation, coupled with a continued ability to phagocytize, would
be consistent with the role of IL-10 in maintaining the immature form of DCs
(61). Lack of expression of such costimulatory molecules has been associated with
lack of responsiveness, and in some cases, anergy to tumor and non-tumor anti-
gens. Exposure to antigen without the proper costimulatory molecules can result
in long-term non-responsiveness, and is considered a mechanism of tumor
immune escape. Recognizing the importance and value of costimulatory mole-
cules, vaccine strategies have incorporated such molecules in their design to
potentially overcome the downregulatory effects of IL-10 (62–64).

Although the majority of studies into the regulation of DC by IL-10 have been
reported in non-tumor systems, our studies and others have linked tumor-
associated IL-10 production with decreased DC function. Studies from our
laboratory using the previously-described MB49 system have shown that in the
presence of IL-10, harvested DCs have a significantly reduced ability to stim-
ulate both allogeneic and tumor antigen-specific responses, and in the absence
of IL-10 (MB49 bearing IL-10-knockout mice), normal levels of DC function
are measured (64a). In addition, Shurin et al. recently demonstrated that ex vivo
generated BM-DCs from colon adenocarcinoma (producing IL-10)-bearing
mice had decreased CD40 expression and IL-12 production (65). Further evi-
dence of the inhibitory effects of IL-10 is the demonstration that overexpres-
sion of IL-10 under control of an IL-2 promoter results in a decreased DC
function phenotype and enhanced growth of the Lewis lung carcinoma (38).

The status of intratumoral DCs may also be relevant to the efficacy of anti-
tumor therapies. The infiltration of DCs in tumors has been reported to have
positive prognostic value in lung, gastric, and breast cancer (66–68). Access to
the tumor may be essential to generate tumor-specific responses. IL-10 was
shown to inhibit the GM-CSF-induced recruitment and accumulation of DCs
to the tumor site (69). Clinically, a lack of DCs in some tumors, including renal
carcinoma (70), has been observed. In addition to inhibition of DC recruitment,
IL-10 has also been shown to promote DC apoptosis, which may also explain
the lack of DCs at the tumor site (71).

Although DC infiltration of tumors is essential for the generation of the
response, the subset of DC-recruited influences the type of immune response
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that is developed. Experiments by Mukherji et al. suggest the presence of both
a stimulatory and inhibitory population of DCs in humans, in which autocrine
levels of IL-10 may bias toward development of functionally inhibitory DCs
(72). In summary, IL-10 clearly impacts the induction of antitumor immune
responses through inhibited development of mature DCs, decreased recruitment
to the tumor site, and the development of inhibitory DC populations.

1.5. IL-10 Effects on T Cells
IL-10-mediated regulation of maturation-associated APC secretion of

cytokines and chemokines ultimately influences T-cell differentiation, prolif-
eration, and migration. Tolerogenic DCs may drive the differentiation of regu-
latory rather than effector T cells from naïve T-cell precursors (73,74). Immature
DCs have also been shown to prime human CD4 or CD8 T cells toward an
IL-10-producing population with suppressive properties (75,76). T-cell prolif-
eration and cytokine production, including IL-2, IFN-γ, IL-6, GM-CSF, and
TNF-α, were all reduced by IL-10 in a human allo-MLR (77). Decreased
cytokine production and reduced frequency of alloantigen-specific cytotoxic
precursors have been associated with IL-10 (78). There is also evidence that
IL-10 directly inhibits proliferation and effector function of peripheral-blood
T lymphocytes by inhibiting IL-2 production at the mRNA level (79,80).

Human CD4 T cells have been shown to maintain long-term antigen-specific
anergy induced by IL-10 (81). Although this anergy could not be reversed by
IL-2 or stimulation by anti-CD3 and anti-CD28 (81), the unresponsiveness of
IL-10-exposed anergic CD4 T cells could be overcome by mature DC stimu-
lation (82). Anergic T cells stimulated by IL-10-treated DCs were found to
upregulate CTLA-4, a negative regulator of T-cell responses (83).

In addition to its putative indirect and direct effects on T-cell function, IL-10
has been associated with the immune-suppressive TGF-β. In mice, IL-10 inhibits
primary allogeneic responses, an effect associated with the production of
TGF-β (84). Tumor-derived TGF-β can induce the production of IL-10, result-
ing in suppression of Th1-dependent antitumor responses (85). The potentially
synergistic effects of IL-10 and TGF-β are also evident in the function of reg-
ulatory T cells (Tr), which play a role in immunological tolerance and suppress
Th1-mediated immune responses (86). IL-10 has been reported to play a role
in both the generation and effector function of Tr1 cells (87,88). Tr1 cells secrete
both TGF-β and IL-10 and in at least one system in vivo, anti-IL-10 blocking
Abs completely prevented their regulatory function (89). Tr1 cells have also been
demonstrated to inhibit Th1-cell-dependent activation of antitumor CTLs (90).

1.6. IL-10-Induced Antitumor Responses
IL-10 is not solely associated with impaired antitumor responses, as studies

from a number of laboratories have demonstrated positive antitumor effects of
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IL-10. IL-10 administration through tumor transfection or systemic adminis-
tration of protein has been reported to inhibit tumor growth in models of breast
cancer, mastocytoma, melanoma, prostate, and colon cancer (91–96). These
antitumor responses have been linked to natural killer (NK) activity, CD8
T cells, and neutrophils (95,97).

The in vivo effects of local IL-10 expression on tumor rejection may depend
on the balance between NK-mediated and CTL-mediated effects. IL-10
decreases the expression of MHC class I presentation potentially through down-
regulation of TAP-1/2 proteins (98). This downregulation of MHC I levels
results in resistance to CTL and increases susceptibility to NK-mediated cyto-
toxicity (99–101). Many of the experiments showing IL-10 gene transfection
to inhibit tumor growth have been conducted in severe combined immunode-
ficiency (SCID) or nude mouse models that demonstrate that a component of
the IL-10-mediated tumor rejection is T-cell-independent (93,102–104), and in
many cases secondary to the production of IFN-γ (105).

In comparing studies such as ours—which demonstrate IL-10-dependent
immune suppression—with the studies showing enhanced antitumor effects, we
have found that the systems that demonstrate enhanced antitumor activity
usually used tumor/tissue transfection or the administration of high levels of
IL-10 protein, and we hypothesize that both of these would result in higher
levels of IL-10 than found as a result of the localized physiologic response to
tumor. To address this question, we have transfected our MB49 tumor with the
cDNA for IL-10, and compared the growth and immune response to the parental
and IL-10 transfectant head to head. As hypothesized, we found that the levels
of IL-10 derived from the tumor transfectants were significantly higher than
the levels found to be associated with the growth of the parental MB49, and
consistent with other studies showing that the IL-10 transfected MB49 was
rejected by the majority of mice, which then manifested immunity to the
parental tumor (106). These studies demonstrate that in well-defined and
controlled systems, one is able to elucidate the activities of cytokines such as
IL-10, yet their activity may be dependent on a number of variables and medi-
ated through a number of mechanisms.

1.7. Implications for Immunotherapy

The suppressive effects of tumor-associated IL-10 on the development of anti-
tumor immune responses, and particularly the mechanistic characterization of this
activity, support a number of putative immunotherapeutic strategies. As noted
here, the best-characterized effects of IL-10 are in the area of suppression of anti-
gen presentation and the skewing of responses toward Th2. Thus, approaches
aimed at enhancing APC function and stimulating Th1 T-cell responses may be
effective in overcoming the negative effects of IL-10 production.
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To this end, a number of laboratories have focused their efforts on modulat-
ing the cytokine environment at the tumor or vaccine immunization site with
the overall goal of enhancing the recruitment of APC and stimulating Th1
responses. Studies using antigen-encoding vaccines have found that the addi-
tion of cytokines such as GM-CSF, IFN-γ, IL-12, and others of this type sig-
nificantly enhance vaccine responsiveness in both preclinical (64,107,108) and
clinical systems (109). Preclinical studies have also shown that tumor trans-
fection with GM-CSF and/or costimulatory molecules enhances the immuno-
genicity of non- or weakly immunogenic tumors (13,110). When taken to the
clinic, this approach has been reported in both renal and prostate patients to
enhance tumor-specific immunity (111,112).

Along these lines, we have examined the effects of in situ tumor transfec-
tion using genes for GM-CSF and other regulatory molecules through local-
ized administration of vaccinia virus recombinants (113). In addition to our
clinical studies, which demonstrate that intratumor (melanoma) and intravesi-
cal (bladder) administration of poxvirus was safe and able to transfer virally
encoded genes to the tumor (114,115), using recombinant vaccinia encoding
human GM-CSF, we have demonstrated long-term remission of melanoma in
a number of treated patients (116). Whether these strategies are capable of over-
coming the tumor-associated production of IL-10 and similar cytokines has not
been determined; however, they do represent first steps in achieving this goal.

2. CONCLUSION

The studies described in this chapter clearly demonstrate that IL-10 produc-
tion is associated with a wide range of tumor types, both preclinical and clini-
cal, and that it has the ability to exert significant regulatory activity both in the
nature and magnitude of immune responses to tumor and non-tumor antigens.
Although studies on the regulatory function of IL-10 demonstrate that its pre-
dominant role is one of immune suppression, a number of systems are charac-
terized by enhancement of discrete cellular function(s). These pleiotropic effects
of IL-10 may be a result of many variables, including the levels of IL-10, whether
the exposure is systemic or local, and finally, whether it occurs during induction
or effector phase of the immune response. With further understanding of the
diverse actions of tumor-associated IL-10, future immunotherapeutic strategies
will be designed to overcome the IL-10-associated immunosuppressive effects,
and potentially, to take advantage of possible IL-10-associated antitumor effects.

REFERENCES
1. Schiller JH, Pugh M, Kirkwood JM, Karp D, Larson M, Borden E. Eastern cooperative group

trial of interferon gamma in metastatic melanoma: an innovative study design. Clin Cancer
Res 1996;2:29–36.

166 Part I / Basic Mechanisms of Immune Evasion

CH09,157-172,16pgs  9/22/03 1:43 PM  Page 166



2. Mocellin S, Wang E, Marincola FM. Cytokines and immune response in the tumor microen-
vironment. J Immunother 2001;24:392–407.

3. Fiorentino DF, Bond MW, Mosmann TR. Two types of mouse T helper cell. IV. Th2 clones
secrete a factor that inhibits cytokine production by Th1 clones. J Exp Med 1989;
170:2081–2095.

4. Mosmann TR, Sad S. The expanding universe of T-cell subsets: Th1, Th2 and more. Immunol
Today 1996;17:138–146.

5. Trinchieri G. Interleukin-12: a cytokine at the interface of inflammation and immunity. Adv
Immunol 1998;70:83–243.

6. Huang M, Wang J, Lee P, et al. Human non-small cell lung cancer cells express a type 2
cytokine pattern. Cancer Res 1995;55:3847–3853.

7. O’Hara RJ, Greenman J, MacDonald AW, et al. Advanced colorectal cancer is associated
with impaired interleukin 12 and enhanced interleukin 10 production. Clin Cancer Res 1998;
4:1943–1948.

8. Howard JG, Nicklin S, Hale C, Liew FY. Prophylactic immunization against experimental
leishmaniasis: I. Protection induced in mice genetically vulnerable to fatal Leishmania
tropica infection. J Immunol 1982;129:2206–2212.

9. Scott P, Pearce E, Cheever AW, Coffman RL, Sher A. Role of cytokines and CD4+ T-cell
subsets in the regulation of parasite immunity and disease. [Review]. Immunol Rev 1989;
112:161–182.

10. Yamamura M, Uyemura K, Deans RJ, et al. Defining protective responses to pathogens:
cytokine profiles in leprosy lesions. Science 1991;254:277–279.

11. Melief CJ. Tumor eradication by adoptive transfer of cytotoxic T lymphocytes. Adv Cancer
Res 1992;58:143–175.

12. Fearon ER, Pardoll DM, Itaya T, et al. Interleukin-2 production by tumor cells bypasses
T helper function in the generation of an antitumor response. Cell 1990;60:397–403.

13. Dranoff G, Jaffee E, Lazenby A, et al. Vaccination with irradiated tumor cells
engineered to secrete murine granulocyte-macrophage colony-stimulating factor stimulates
potent, specific, and long-lasting anti-tumor immunity. Proc Natl Acad Sci USA 1993;90:
3539–3543.

14. Sad S, Marcotte R, Mosmann TR. Cytokine-induced differentiation of precursor mouse
CD8+ T cells into cytotoxic CD8+ T cells secreting Th1 or Th2 cytokines. Immunity
1995;2:271–279.

15. Kemp RA, Ronchese F. Tumor-specific tc1, but not tc2, cells deliver protective antitumor
immunity. J Immunol 2001;167:6497–6502.

16. Aruga A, Aruga E, Tanigawa K, Bishop DK, Sondak VK, Chang AE. Type 1 versus type 2
cytokine release by Vbeta T cell subpopulations determines in vivo antitumor reactivity:
IL-10 mediates a suppressive role. J Immunol 1997;159:664–673.

17. Lattime EC, Mastrangelo MJ, Berd D. Human metastatic melanoma lesions and cell lines
express mRNA for IL-10. Proc Am Assoc Cancer Res 1994;35:489.

18. Lattime EC, Mastrangelo MJ, Bagasra O, Li W, Berd D. Expression of cytokine mRNA in
human melanoma tissues. Cancer Immunol Immunother 1995;41:151–156.

19. Lattime EC, McCue PA, Keeley FX, Li W, Gomella LG. Expression of IL10 mRNA in biop-
sies of superficial and invasive TCC of the human bladder. Proc Am Assoc Cancer Res 1995;
36:462.

20. McAveney KM, Gomella LG, Lattime EC. Induction of TH1 and TH2 associated cytokine
mRNA in mouse bladder following intravesical growth of the murine bladder tumor MB49
and BCG immunotherapy. Cancer Immunol Immunother 1994;39:401–406.

21. Chen Q, Daniel V, Maher DW, Hersey P. Production of IL-10 by melanoma cells: exami-
nation of its role in immunosuppression mediated by melanoma. Int J Cancer 1994;
56:755–760.

Chapter 9 / IL-10-Induced Immune Suppression 167

CH09,157-172,16pgs  9/22/03 1:43 PM  Page 167



22. Huang M, Wang J, Lee P, et al. Human non-small cell lung cancer cells express a Type 2
cytokine pattern. Cancer Res 1995;55:3847–3853.

23. Nakagomi H, Pisa P, Pisa EK, et al. Lack of interleukin-2 (IL-2) expression and selective
expression of IL-10 mRNA in human renal cell carcinoma. Int J Cancer 1995;63:366–371.

24. Venetsanakos E, Beckman I, Bradley J, Skinner JM. High incidence of interleukin 10
mRNA but not interleukin 2 mRNA detected in human breast tumours. Br J Cancer 1997;
75:1826–1830.

25. Hishii M, Nitta T, Ishida H, et al. Human glioma-derived interleukin-10 inhibits
antitumor immune responses in vitro. Neurosurgery 1995;37:1160–1166; discussion
1166–1167.

26. Young MR, Wright MA, Lozano Y, Matthews JP, Benefield J, Prechel MM. Mechanisms of
immune suppression in patients with head and neck cancer: influence on the immune infil-
trate of the cancer. Int J Cancer 1996;67:333–338.

27. Yamamura M, Modlin RL, Ohmen JD, Moy RL. Local expression of antiinflammatory
cytokines in cancer. J Clin Investig 1993;91:1005–1010.

28. Conrad CT, Ernst NR, Dummer W, Brocker EB, Becker JC. Differential expression of
transforming growth factor beta 1 and interleukin 10 in progressing and regressing areas of
primary melanoma. J Exp Clin Cancer Res 1999;18:225–232.

29. Fujieda S, Lee K, Sunaga H, et al. Staining of interleukin-10 predicts clinical outcome in
patients with nasopharyngeal carcinoma. Cancer 1999;85:1439–1445.

30. Pisa P, Halapi E, Pisa EK, et al. Selective expression of interleukin 10, interferon gamma,
and granulocyte-macrophage colony-stimulating factor in ovarian cancer biopsies. Proc Natl
Acad Sci USA 1992;89:7708–7712.

31. Fortis C, Foppoli M, Gianotti L, et al. Increased interleukin-10 serum levels in patients with
solid tumours. Cancer Lett 1996;104:1–5.

32. Bellone G, Turletti A, Artusio E, et al. Tumor-associated transforming growth factor-beta
and interleukin-10 contribute to a systemic Th2 immune phenotype in pancreatic carcinoma
patients. Am J Pathol 1999;155:537–547.

33. Berghella AM, Pellegrini P, Del Beato T, Adorno D, Casciani CU. IL-10 and sIL-2R serum
levels as possible peripheral blood prognostic markers in the passage from adenoma to col-
orectal cancer. Cancer Biother Radiopharm 1997;12:265–272.

34. Philip T, Negrier S, Lasset C, et al. Patients with metastatic renal carcinoma candidate
for immunotherapy with cytokines. Analysis of a single institution study on 181 patients.
Br J Cancer 1993;68:1036–1042.

35. Vassilakopoulos TP, Nadali G, Angelopoulou MK, et al. Serum interleukin-10 levels are an
independent prognostic factor for patients with Hodgkin’s lymphoma. Haematologica
2001;86:274–281.

36. Cortes JE, Talpaz M, Cabanillas F, Seymour JF, Kurzrock R. Serum levels of interleukin-
10 in patients with diffuse large cell lymphoma: lack of correlation with prognosis. Blood
1995;85:2516–2520.

37. Halak BK, Maguire HC, Jr., Lattime EC. Tumor-induced interleukin-10 inhibits type 1
immune responses directed at a tumor antigen as well as a non-tumor antigen present at the
tumor site. Cancer Res 1999;59:911–917.

38. Sharma S, Stolina M, Lin Y, et al. T cell-derived IL-10 promotes lung cancer growth by sup-
pressing both T cell and APC function. J Immunol 1999;163:5020–5028.

39. Lee PP, Zeng D, McCaulay AE, et al. T helper 2-dominant antilymphoma immune response
is associated with fatal outcome. Blood 1997;90:1611–1617.

40. Moore KW, de Waal Malefyt R, Coffman RL, O’Garra A. Interleukin-10 and the interleukin-
10 receptor. Annu Rev Immunol 2001;19:683–765.

41. Gallucci S, Matzinger P. Danger signals: SOS to the immune system. Curr Opin Immunol
2001;13:114–119.

168 Part I / Basic Mechanisms of Immune Evasion

CH09,157-172,16pgs  9/22/03 1:43 PM  Page 168



42. Kambayashi T, Alexander HR, Fong M, Strassmann G. Potential involvement of IL-10 in
suppressing tumor-associated macrophages. Colon-26-derived prostaglandin E2 inhibits
TNF-alpha release via a mechanism involving IL-10. J Immunol 1995;154:3383–3390.

43. de Waal Malefyt R, Abrams J, Bennett B, Figdor CG, de Vries JE. Interleukin 10(IL-10)
inhibits cytokine synthesis by human monocytes: an autoregulatory role of IL-10 produced
by monocytes. J Exp Med 1991;174:1209–1220.

44. Bogdan C, Vodovotz Y, Nathan C. Macrophage deactivation by interleukin 10. J Exp Med
1991;174:1549–1555.

45. Cunha FQ, Moncada S, Liew FY. Interleukin-10 (IL-10) inhibits the induction of nitric oxide
synthase by interferon-gamma in murine macrophages. Biochem Biophys Res Commun
1992;182:1155–1159.

46. Howard M, O’Garra A, Ishida H, de Waal Malefyt R, de Vries J. Biological properties of
interleukin 10. J Clin Immunol 1992;12:239–247.

47. Seitz M, Loetscher P, Dewald B, Towbin H, Gallati H, Baggiolini M. Interleukin-10
differentially regulates cytokine inhibitor and chemokine release from blood mononuclear
cells and fibroblasts. Eur J Immunol 1995;25:1129–1132.

48. Banchereau J, Steinman RM. Dendritic cells and the control of immunity. Nature
1998;392:245–252.

49. Halliday GM, Le S. Transforming growth factor-beta produced by progressor tumors
inhibits, while IL-10 produced by regressor tumors enhances, Langerhans cell migration
from skin. Int Immunol 2001;13:1147–1154.

50. Gabrilovich DI, Chen HL, Girgis KR, et al. Production of vascular endothelial growth
factor by human tumors inhibits the functional maturation of dendritic cells [published erra-
tum appears in Nat Med 1996 Nov;2(11):1267]. Nat Med 1996;2:1096–1103.

51. Kalinski P, Schuitemaker JH, Hilkens CM, Kapsenberg ML. Prostaglandin E2 induces the
final maturation of IL-12-deficient CD1a+CD83+ dendritic cells: the levels of IL-12 are
determined during the final dendritic cell maturation and are resistant to further modula-
tion. J Immunol 1998;161:2804–2809.

52. Vieira PL, de Jong EC, Wierenga EA, Kapsenberg ML, Kalinski P. Development of Th1-
inducing capacity in myeloid dendritic cells requires environmental instruction. J Immunol
2000;164:4507–4512.

53. Allavena P, Piemonti L, Longoni D, et al. IL-10 prevents the differentiation of monocytes
to dendritic cells but promotes their maturation to macrophages. Eur J Immunol
1998;28:359–369.

54. Beissert S, Hosoi J, Grabbe S, Asahina A, Granstein RD. IL-10 inhibits tumor antigen pre-
sentation by epidermal antigen-presenting cells. J Immunol 1995;154:1280–1286.

55. Maldonado-Lopez R, Maliszewski C, Urbain J, Moser M. Cytokines regulate the capacity
of CD8alpha(+) and CD8alpha(–) dendritic cells to prime Th1/Th2 cells in vivo. J Immunol
2001;167:4345–4350.

56. De Smedt T, Van Mechelen M, De Becker G, Urbain J, Leo O, Moser M. Effect of
interleukin-10 on dendritic cell maturation and function. Eur J Immunol 1997;27:1229–1235.

57. Caux C, Massacrier C, Vanbervliet B, Barthelemy C, Liu YJ, Banchereau J. Interleukin 10
inhibits T cell alloreaction induced by human dendritic cells. Int Immunol 1994;6:1177–1185.

58. Steinbrink K, Wolfl M, Jonuleit H, Knop J, Enk AH. Induction of tolerance by IL-10-
treated dendritic cells. J Immunol 1997;159:4772–4780.

59. Chang CH, Furue M, Tamaki K. B7-1 expression of Langerhans cells is up-regulated by
proinflammatory cytokines, and is down-regulated by interferon-gamma or by interleukin-
10. Eur J Immunol 1995;25:394–398.

60. Faulkner L, Buchan G, Baird M. Interleukin-10 does not affect phagocytosis of particulate
antigen by bone marrow-derived dendritic cells but does impair antigen presentation.
Immunology 2000;99:523–531.

Chapter 9 / IL-10-Induced Immune Suppression 169

CH09,157-172,16pgs  9/22/03 1:43 PM  Page 169



61. Koppelman B, Neefjes JJ, de Vries JE, de Waal Malefyt R. Interleukin-10 down-regulates
MHC class II alphabeta peptide complexes at the plasma membrane of monocytes by affect-
ing arrival and recycling. Immunity 1997;7:861–871.

62. Chamberlain RS, Carroll MW, Bronte V, et al. Costimulation enhances the active immuno-
therapy effect of recombinant anticancer vaccines. Cancer Res 1996;56:2832–2836.

63. Bai XF, Bender J, Liu J, et al. Local costimulation reinvigorates tumor-specific cytolytic
T lymphocytes for experimental therapy in mice with large tumor burdens. J Immunol 2001;
167:3936–3943.

64. Hodge JW, Grosenbach DW, Rad AN, Giuliano M, Sabzevari H, Schlom J. Enhancing the
potency of peptide-pulsed antigen presenting cells by vector-driven hyperexpression of a
triad of costimulatory molecules. Vaccine 2001;19:3552–3567.

64a. Yang AS, Lattime EC. Tumor-induced IL-10 suppresses the ability of splenic dendritic cells
to stimulate CD4 and CD8 T-cell responses. Cancer Res 2003;63:2150–2157.

65. Shurin MR, Yurkovetsky ZR, Tourkova IL, Balkir L, Shurin GV. Inhibition of CD40 expre
sion and CD40-mediated dendritic cell function by tumor-derived IL-10. Int J Cancer
2002;101:61–68.

66. Lespagnard L, Gancberg D, Rouas G, et al. Tumor-infiltrating dendritic cells in adenocar-
cinomas of the breast: a study of 143 neoplasms with a correlation to usual prognostic fac-
tors and to clinical outcome. Int J Cancer 1999;84:309–314.

67. Zeid NA, Muller HK. S100 positive dendritic cells in human lung tumors associated with
cell differentiation and enhanced survival. Pathology 1993;25:338–343.

68. Tsujitani S, Kakeji Y, Watanabe A, Kohnoe S, Maehara Y, Sugimachi K. Infiltration of den-
dritic cells in relation to tumor invasion and lymph node metastasis in human gastric cancer.
Cancer 1990;66:2012–2016.

69. Qin Z, Noffz G, Mohaupt M, Blankenstein T. Interleukin-10 prevents dendritic cell
accumulation and vaccination with granulocyte-macrophage colony-stimulating factor
gene-modified tumor cells. J Immunol 1997;159:770–776.

70. Troy AJ, Summers KL, Davidson PJ, Atkinson CH, Hart DN. Minimal recruitment
and activation of dendritic cells within renal cell carcinoma. Clin Cancer Res 1998;4:585–593.

71. Ludewig B, Graf D, Gelderblom HR, Becker Y, Kroczek RA, Pauli G. Spontaneous apop-
tosis of dendritic cells is efficiently inhibited by TRAP (CD40-ligand) and TNF-alpha, but
strongly enhanced by interleukin-10. Eur J Immunol 1995;25:1943–1950.

72. Chakraborty A, Li L, Chakraborty NG, Mukherji B. Stimulatory and inhibitory differenti-
ation of human myeloid dendritic cells. Clin Immunol 2000;94:88–98.

73. Reid SD, Penna G, Adorini L. The control of T cell responses by dendritic cell subsets. Curr
Opin Immunol 2000;12:114–121.

74. Roncarolo MG, Levings MK, Traversari C. Differentiation of T regulatory cells by imma-
ture dendritic cells. J Exp Med 2001;193:F5–F9.

75. Jonuleit H, Schmitt E, Schuler G, Knop J, Enk AH. Induction of interleukin 10-producing,
nonproliferating CD4(+) T cells with regulatory properties by repetitive stimulation with
allogeneic immature human dendritic cells. J Exp Med 2000;192:1213–1222.

76. Dhodapkar MV, Steinman RM, Krasovsky J, Munz C, Bhardwaj N. Antigen-specific
inhibition of effector T cell function in humans after injection of immature dendritic cells.
J Exp Med 2001;193:233–238.

77. Bejarano MT, de Waal Malefyt R, Abrams JS, et al. Interleukin 10 inhibits allogeneic pro-
liferative and cytotoxic T cell responses generated in primary mixed lymphocyte cultures.
Int Immunol 1992;4:1389–1397.

78. Roncarolo MG, Bacchetta R, Bordignon C, Narula S, Levings MK. Type 1 T regulatory cells.
Immunol Rev 2001;182:68–79.

79. Taga K, Mostowski H, Tosato G. Human interleukin-10 can directly inhibit T-cell growth.
Blood 1993;81:2964–2971.

170 Part I / Basic Mechanisms of Immune Evasion

CH09,157-172,16pgs  9/22/03 1:43 PM  Page 170



80. de Waal Malefyt R,Yssel H, de Vries JE. Direct effects of IL-10 on subsets of human CD4+
T cell clones and resting T cells. Specific inhibition of IL-2 production and proliferation.
J Immunol 1993;150:4754–4765.

81. Groux H, Bigler M, de Vries JE, Roncarolo MG. Interleukin-10 induces a long-term
antigen-specific anergic state in human CD4+ T cells. J Exp Med 1996;184:19–29.

82. Chen M, Wang F, Lee P, Lin C. Interleukin-10-induced T cell unresponsiveness can be
reversed by dendritic cell stimulation. Immunol Lett 2001;75:91–96.

83. Chambers CA, Kuhns MS, Egen JG, Allison JP. Ctla-4-mediated inhibition in regulation of
t cell responses: mechanisms and manipulation in tumor immunotherapy. Annu Rev Immunol
2001;19:565–594.

84. Zeller JC, Panoskaltsis-Mortari A, Murphy WJ, et al. Induction of CD4+ T cell alloantigen-
specific hyporesponsiveness by IL-10 and TGF-beta. J Immunol 1999;163:3684–3691.

85. Maeda H, Shiraishi A. TGF-beta contributes to the shift toward Th2-type responses 
through direct and IL-10-mediated pathways in tumor-bearing mice. J Immunol 1996;156:
73–78.

86. Chatenoud L, Salomon B, Bluestone JA. Suppressor T cells—they’re back and critical for
regulation of autoimmunity! Immunol Rev 2001;182:149–163.

87. Groux H, O’Garra A, Bigler M, et al. A CD4+ T-cell subset inhibits antigen-specific T-cell
responses and prevents colitis. Nature 1997;389:737–742.

88. Asseman C, Powrie F. Interleukin 10 is a growth factor for a population of regulatory T cells.
Gut 1998;42:157–158.

89. Groux H, Powrie F. Regulatory T cells and inflammatory bowel disease. Immunol Today
1999;20:442–445.

90. Seo N, Hayakawa S, Takigawa M, Tokura Y. Interleukin-10 expressed at early tumour sites
induces subsequent generation of CD4(+) T-regulatory cells and systemic collapse of anti-
tumour immunity. Immunology 2001;103:449–457.

91. Berman RM, Suzuki T, Tahara H, Robbins PD, Narula SK, Lotze MT. Systemic adminis-
tration of cellular IL-10 induces an effective, specific, and long-lived immune response
against established tumors in mice. J Immunol 1996;157:231–238.

92. Grohmann U, Silla S, Belladonna ML, et al. Circulating levels of IL-10 are critically related
to growth and rejection patterns of murine mastocytoma cells. Cell Immunol
1997;181:109–119.

93. Stearns ME, Fudge K, Garcia F, Wang M. IL-10 inhibition of human prostate PC-3 ML cell
metastases in SCID mice: IL-10 stimulation of TIMP-1 and inhibition of MMP-2/MMP-9
expression. Invasion Metastasis 1997;17:62–74.

94. Gerard CM, Bruyns C, Delvaux A, et al. Loss of tumorigenicity and increased immuno-
genicity induced by interleukin-10 gene transfer in B16 melanoma cells. Hum Gene Ther
1996;7:23–31.

95. Giovarelli M, Musiani P, Modesti A, et al. Local release of IL-10 by transfected mouse mam-
mary adenocarcinoma cells does not suppress but enhances antitumor reaction and elicits
a strong cytotoxic lymphocyte and antibody-dependent immune memory. J Immunol
1995;155:3112–3123.

96. Huang S, Xie K, Bucana CD, Ullrich SE, Bar-Eli M. Interleukin 10 suppresses tumor
growth and metastasis of human melanoma cells: potential inhibition of angiogenesis. Clin
Cancer Res 1996;2:1969–1979.

97. Richter G, Kruger-Krasagakes S, Hein G, et al. Interleukin 10 transfected into Chinese ham-
ster ovary cells prevents tumor growth and macrophage infiltration. Cancer Res 1993;
53:4134–4137.

98. Salazar-Onfray F, Charo J, Petersson M, et al. Down-regulation of the expression and func-
tion of the transporter associated with antigen processing in murine tumor cell lines express-
ing IL-10. J Immunol 1997;159:3195–3202.

Chapter 9 / IL-10-Induced Immune Suppression 171

CH09,157-172,16pgs  9/22/03 1:43 PM  Page 171



99. Salazar-Onfray F, Petersson M, Franksson L, et al. IL-10 converts mouse lymphoma cells
to a CTL-resistant, NK-sensitive phenotype with low but peptide-inducible MHC class I
expression. J Immunol 1995;154:6291–6298.

100. Kundu N, Fulton AM. Interleukin-10 inhibits tumor metastasis, downregulates MHC
class I, and enhances NK lysis. Cell Immunol 1997;180:55–61.

101. Schwarz MA, Hamilton LD, Tardelli L, Narula SK, Sullivan LM. Stimulation of cytolytic
activity by interleukin-10. J Immunother Emphasis Tumor Immunol 1994;16:95–104.

102. Huang S, Ullrich SE, Bar-Eli M. Regulation of tumor growth and metastasis by interleukin-
10: the melanoma experience. J Interferon Cytokine Res 1999;19:697–703.

103. Huang S, Xie K, Bucana CD, Ullrich SE, Bar-Eli M. Interleukin 10 suppresses tumor
growth and metastasis of human melanoma cells: potential inhibition of angiogenesis. Clin
Cancer Res 1996;2:1969–1979.

104. Zheng LM, Ojcius DM, Garaud F, et al. Interleukin-10 inhibits tumor metastasis through
an NK cell-dependent mechanism. J Exp Med 1996;184:579–584.

105. Sun H, Jackson MJ, Kundu N, Fulton AM. Interleukin-10 gene transfer activates inter-
feron-gamma and the interferon-gamma-inducible genes Gbp-1/Mag-1 and Mig-1 in
mammary tumors. Int J Cancer 1999;80:624–629.

106. Halak B, Lattime EC. Disparate effects of interleukin-10 (IL10) on tumor immunity are
determined by gene-transfected vs. physiologic IL10 production. Proc Am Assoc Cancer
Res 2000;41:111.

107. Kass E, Panicali DL, Mazzara G, Schlom J, Greiner JW. Granulocyte/macrophage-colony
stimulating factor produced by recombinant avian poxviruses enriches the regional lymph
nodes with antigen-presenting cells and acts as an immunoadjuvant. Cancer Res
2001;61:206–214.

108. Kass E, Parker J, Schlom J, Greiner JW. Comparative studies of the effects of recombi-
nant GM-CSF and GM-CSF administered via a poxvirus to enhance the concentration of
antigen-presenting cells in regional lymph nodes. Cytokine 2000;12:960–971.

109. Horig H, Lee DS, Conkright W, et al. Phase I clinical trial of a recombinant canary-
poxvirus (ALVAC) vaccine expressing human carcinoembryonic antigen and the B7.1
co-stimulatory molecule. Cancer Immunol Immunother 2000;49:504–514.

110. Hodge JW, Schlom J. Comparative studies of a retrovirus versus a poxvirus vector in whole
tumor-cell vaccines. Cancer Res 1999;59:5106–5111.

111. Simons JW, Mikhak B, Chang JF, et al. Induction of immunity to prostate cancer antigens:
results of a clinical trial of vaccination with irradiated autologous prostate tumor cells engi-
neered to secrete granulocyte-macrophage colony-stimulating factor using ex vivo gene
transfer. Cancer Res 1999;59:5160–5168.

112. Simons JW, Jaffee EM, Weber CE, et al. Bioactivity of autologous irradiated renal cell
carcinoma vaccines generated by ex vivo granulocyte-macrophage colony-stimulating
factor gene transfer. Cancer Res 1997;57:1537–1546.

113. Mastrangelo MJ, Eisenlohr LC, Gomella L, Lattime EC. Poxvirus vectors: orphaned and
underappreciated. J Clin Investig 2000;105:1031–1034.

114. Gomella LG, Mastrangelo MJ, McCue PA, Maguire HC, Mulholland SG, Lattime EC.
Phase I study of intravesical vaccinia virus as a vector for gene therapy of bladder cancer.
J Urol 2001;166:1291–1295.

115. Mastrangelo MJ, Maguire HC, Jr, McCue PA, et al. A pilot study demonstrating the fea-
sibility of using intratumoral vaccinia injections as a vector for gene transfer. Vaccine
Research 1995;4:55–69.

116. Mastrangelo MJ, Maguire HC, Jr, Eisenlohr LC, et al. Intratumoral recombinant GM-CSF-
encoding virus as gene therapy in patients with cutaneous melanoma. Cancer Gene Ther
1999;6:409–422.

172 Part I / Basic Mechanisms of Immune Evasion

CH09,157-172,16pgs  9/22/03 1:43 PM  Page 172



173

10

From: Current Clinical Oncology: Cancer Immunotherapy at the Crossroads:
How Tumors Evade Immunity and What Can Be Done

Edited by: J. H. Finke and R. M. Bukowski © Humana Press Inc., Totowa, NJ

Accentuating Tumor Immunity
Through Costimulation
A Detailed Analysis of OX40 Engagement
and CTLA-4 Blockade

Andrew D. Weinberg, PhD,
Dean E. Evans, PhD,
and Arthur A. Hurwitz, PhD

CONTENTS

REVIEW OF T-CELL COSTIMULATION: ITS IMPORTANCE

AND USE IN PROMOTING ANTITUMOR IMMUNITY

BIOLOGIC FUNCTION OF OX40 (CD134)
ENHANCING ANTITUMOR IMMUNITY THROUGH OX40

ENGAGEMENT IN VIVO

OVERVIEW OF CTLA-4 BIOLOGY: EXPRESSION AND FUNCTION

THE ROLE OF CTLA-4 IN ANTITUMOR RESPONSES:
ACCENTUATING VIA CTLA-4 BLOCKADE

SUMMARY

REFERENCES

1. REVIEW OF T-CELL COSTIMULATION: ITS IMPORTANCE
AND USE IN PROMOTING ANTITUMOR IMMUNITY

T cells recognize foreign- and/or self-antigens through the T-cell receptor
(TCR) interaction with a peptide in the context of “self” major histocompati-
bility complex (MHC) molecules. However, the TCR�MHC interaction is insuf-
ficient to trigger productive activation of T cells. It is now widely recognized
that a second signal known as costimulation is required for the productive acti-
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vation of antigen (Ag)-specific T cells. The interactions between costimulatory
molecules and their ligands are multifaceted, and the outcome depends on the
stage of T-cell maturation. Figure 1 schematically represents some of the
costimulatory molecules that are discussed in this chapter, and their expression
and function on naïve and effector T cells. Naïve T cells require a signal deliv-
ered through CD28 via CD80 or CD86 expressed on antigen-presenting cells
(APC) to induce cell-cycle progression, leading to DNA synthesis and replica-
tion (1). Once the T cell has begun to divide, an activation molecule known as
CTLA-4 is expressed on the surface of T cells that binds CD80 and CD86 with
50-fold greater affinity than CD28 (2). When CTLA-4 is engaged by its ligand
on the cycling T cells, it causes decreased activation, leading to downregula-
tion of effector T-cell function and proliferation (3,4). Several T-cell costimu-
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Fig. 1. Overview of the molecules involved with costimulation on naïve and effector T cells.
Costimulation is considered the second signal required for T-cell activation, proliferation,
and cytokine production following TCR engagement. The costimulatory requirements to acti-
vate naïve T cells are primarily mediated through CD28 and CD80/86 interaction. Once a
naïve T cell becomes activated and divides 2–4 times, it advances to the effector T-cell stage.
During the effector stage, the T cell recognizes antigen, and depending on the costimula-
tory signals delivered by the antigen-presenting cell (APC) will become a memory T cells
and survive or undergo activation-induced cell death (AICD). The majority of effector
T cells will downregulate their function through CD80/86 engagement of CTLA-4 and will
undergo AICD unless survival signals are delivered to the effector T cells (e.g., OX40,
4-1BB). Upon engagement of the “survival” costimulatory receptors, the T cells increase
their lifespan, ultimately becoming long-lived memory T cells.
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latory proteins that are independent of the CD28 pathway are also expressed
after activation of CD4 and CD8 T cells. When engaged, these cell-surface pro-
teins can lead to enhanced effector T-cell cytokine production, increased cell-
cycle progression, and an increase in memory T-cell development and survival
(5,6). Currently, there are strategies in place to enhance individual costimula-
tory pathways or combinations of the pathways to accentuate antitumor immu-
nity in mouse models and for cancer-specific clinical trials. This chapter reviews
costimulation in tumor-bearing hosts with a focus on engagement of CD134
(OX40) and blockade of CTLA-4 to enhance antitumor immunity.

Although antibodies to both OX40 and CTLA-4 have been shown to increase
antitumor immunity, augmenting other costimulatory pathways can also have
potent immune-enhancing effects against cancer. Other molecular costimula-
tory pathways include CD28 or CTLA-4/CD80 and/or CD86, 4-1BB/4-1BBL,
CD27/CD70, and ICOS/B7RP-1 (7–9). CD80 and CD86 are expressed pre-
dominantly on cells known as “professional” APCs, such as dendritic cells
(DC), macrophages, and B cells. They are not typically expressed on cells such
as epithelial cells, and as a result, only “professional” APCs (e.g., DC) are
believed to be capable of fully activating naive T cells. Many solid tumors are
of epithelial origin, and therefore express few or no costimulatory molecules.
This phenotype has been shown to induce T-cell anergy/tolerance by limiting
T-cell activation upon TCR signaling (1). Therefore, attempts have been made
to enhance activation of tumor-reactive T cells by inoculating animals with
tumors that have been modified to express CD80 and/or CD86. This approach
has been used with mixed success. Both CD80 and CD86 have been transfected
into tumor cells in an attempt to make them more effective in activating tumor-
specific T cells. Transfection of CD80/86 has been effective for enhancing
immune responses to immunogenic tumors in a prophylactic vaccine setting
(10–14); however, this strategy has not been effective against tumors of low
immunogenicity (10,12,13). Current evidence suggests that most tumor-
reactive T cells are not stimulated directly by the tumor cells, but by
DC-presenting tumor peptides within tumor-draining lymph nodes (e.g., cross-
priming) (15–19). To target the crossed-primed T cells with costimulatory
ligands, some groups have injected soluble forms of B7 molecules in combi-
nation with irradiated tumor cells (20,21). Soluble B7.1-Ig and B7.2-Ig were
equally effective in curing three murine tumors (MethA, P815, and MB49) (21),
and they also significantly increased the survival of mice implanted with the
poorly immunogenic tumor, B16/F10 (21). The combination of B7.1-Ig and
chemotherapy was more effective than either therapy alone (20). The inherent
problem with using molecules that target CD28 on T cells to enhance costim-
ulation is the ability of these molecules to also target the negative regulator
CTLA-4, which could potentially decrease T-cell function. Current strategies
in tumor immunotherapy have blocked CTLA-4 interaction with CD80/86 via
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an anti-CTLA-4 antibody, and two sections of this chapter are devoted to the
biology of CTLA-4 function and enhancing T-cell function through CTLA-4
blockade.

Other members of the B7 family that have been implicated at the effector
T-cell stage include B7RP-1, B7RP-2, and B7-DC (eliciting positive T-cell
signals) and PDL-1/PDL-2, which are negative regulators of T-cell activation
and function. B7RP-1(B7h), which is expressed on activated B cells,
macrophages, and non-immune tissues, is a type 1 transmembrane protein
with 20% aa identity to CD80 (22,23). The ligand for B7RP-1, known as ICOS
(23,24), is a 50-60-Kd dimer that shares 19% aa identity to CD28. ICOS is
expressed primarily on activated CD4+ and CD8+ T-cells (23). ICOS and
B7RP-1 are a unique receptor/ligand pair; ICOS does not bind B7 and B7RP-1
does not bind to CD28 (23). A B7RP-1-Fc fusion protein can enhance prolif-
eration of anti-CD3 stimulated T cells, but appears to be more important for
effector T-cell responses than naïve T-cell stimulation (24–26). Transfection of
the immunogenic tumor Sa1N with B7RP-1 resulted in rejection of the tumors
within 20 d of subcutaneous (sc) administration, while the parental tumor was
not rejected (27). A similar effect was also observed with the plasmacytoma,
J558, transfected with B7RP-1 (28). Antibody depletion studies showed that
rejection of B7RP-1 tumors was dependent on CD8, but not CD4 T cells.

Members of the TNF-receptor family that play a significant role in T-cell costim-
ulation include 4-1BB, CD27, and OX40 (5). 4-1BB (CD137) is expressed on
activated CD4 and CD8 T cells as well as natural killer (NK), dendritic, and
endothelial cells (5,29–31). Long-term survival of CD8+ T cells (32) and cyto-
toxic T lymphocyte (CTL) generation (33,34) is greatly enhanced upon liga-
tion of 4-1BB in vivo. The 4-1BB ligand (a tumor necrosis factor [TNF]
homolog) is expressed on the surface of activated APC (35), and is a costimu-
latory ligand that is necessary for the optimal development of Ag-specific CD8
memory T cells following viral exposure (36). Engagement of 4-1BB with an
antibody in tumor-bearing hosts causes significant tumor regression, and can
lead to protective immunity in several tumor models (37). Engagement of
4-1BB acts synergistically in combination with CD28 signaling to reject poorly
immunogenic tumors (38). In addition, transfection of CD80 and CD86 were
not sufficient to induce a potent immune response to the B-cell lymphoma A20
in the absence of 4-1BBL expressed on the tumor (39). Therefore, it appears
that 4-1BB bioactivity can be augmented through CD28 signaling, and
combining these two signals in tumor-bearing hosts synergizes to enhance
antitumor immunity.

CD27 is expressed on NK cells and B cells as well as naive CD4 and CD8
T cells (40). The TNF-/TNF-R pair CD70/CD27 will costimulate the priming
of the naive T cell, as determined by proliferation and cytokine production
(41–43). Engagement of CD27 also enhances NK cell function (44). CD27-
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knockout mice showed that CD27 signaling plays an important role in CD4+
and CD8+ T-cell expansion, survival, and lymphocyte homing during a primary
and secondary immune response (45). The ligand for CD27 (CD70) (46) is tran-
siently expressed on T and B cells upon engagement of the antigen receptor
(47,48). Two reports have demonstrated that expression of CD70 on tumors cells
leads to enhanced tumor immunity and tumor rejection (49,50). Although the
CD27/CD70-mediated rejection of tumor was primarily mediated by NK cells,
the antitumor augmentation led to increased CD8 T-cell cytotoxicity against the
parental tumor cell line (49).

2. BIOLOGIC FUNCTION OF OX40 (CD134)

OX40 has a unique pattern of expression—it is for the most part restricted
to lymphoid tissue (51), and is mainly expressed on activated CD4+ T cells (52).
The OX40 ligand (OX40L) is transiently expressed and found on activated
APC such as B cells, macrophage/microglia, DC, and endothelial cells (53–57).
OX40 expression on recently activated naïve T cells peaks within 24–48 h after
TCR engagement by peptide Ag in the context of MHC class II and returns to
baseline levels 120 h later (58). Effector T cells upregulate OX40 expression
more rapidly than naïve T cells, expressing OX40 within 4 h after Ag stimula-
tion (58). Transient expression of OX40 is observed both in vitro and in vivo
(58, 59). OX40+ T cells are found preferentially at sites of inflammation and
OX40 is not normally expressed on peripheral T cells (60). In both autoimmu-
nity and tumor models, sorting for OX40+ T cells enriched for the recently stim-
ulated auto- or tumor Ag-specific T cells (61–63). Therefore, OX40 represents
a convenient target by which the function of Ag-specific T-cell responses can
be modulated in various disease models, even without prior knowledge of the
specific Ag(s) involved (60). In essence, manipulation of OX40+ T cells in vivo
targets the ongoing “endogenous” immune responses, but ignores the remain-
der of the peripheral T-cell repertoire. OX40+ T cells have been detected at the
inflammatory site in several human autoimmune diseases (60) and in the fol-
lowing human cancers: melanoma, breast, colon, head and neck, and most
recently, prostate cancer (60,64,65). Therefore, manipulation of OX40 in
patients with a variety of diseases could have a wide range of clinical benefits.

Engagement of OX40 causes a potent costimulatory response that can lead
to enhanced effector T-cell function both in vitro and in vivo (63,66,67). The
control point for OX40-specific costimulation appears to be at the level of
OX40L expression during an ongoing immune response in vivo. Evidence sup-
porting this theory is drawn from two separate transgenic mouse models that
overexpress the OX40L. When immunized with Ag, the OX40L transgenic
mice had greatly enhanced Ag recall responses when compared to non-
transgenic control mice (68,69). Addition of an agonist OX40 antibody (Ab)
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or soluble OX40L�Ig fusion protein during primary immunization can also
enhance ongoing immune responses that were similar to the transgenic mice
previously described. Mice injected with reagents designed to engage OX40
during an inflammatory response show increased effector T-cell cytokine pro-
duction, increased Ag-specific antibody production, increased memory T-cell
generation, and the ability to overcome peripheral tolerance (58,67,70–72). The
majority of OX40-induced effects on the immune system can be attributed to
enhanced CD4+ T-cell function, although a few studies show that CD8 T cells
can be directly augmented by OX40 engagement (73). An example of the potent
proinflammatory capability of OX40 engagement in vivo is shown in Table 1,
in which TCR transgenic T cells were transferred into naïve hosts and stimu-
lated with Ag in the presence or absence of anti-OX40. These particular TCR
transgenic T cells (D011.10 model) are specific for ovalbumin (ova) and can
be monitered with the anti-T cell-receptor clonotypic Ab, KJ1-26 (74). Table
1 demonstrates that the number of Ag-specific T cells that survived 60 d post-
immunization was increased by the addition of anti-OX40 during the immu-
nization protocol and the addition of a “danger” signal lipopolysaccharide
(LPS) enhanced the effect (72). Table 1 also suggests that engagement of OX40
inhibits activation-induced cell death in vivo, which ultimately leads to
increased memory T-cell development.

Engagement of OX40 has also been shown to break peripheral T-cell toler-
ance both in vivo and in vitro (70). If T cells are presented with Ag in the
context of MHC without “proper” costimulation, they are rendered unrespon-
sive/tolerant upon subsequent encounter with Ag (75,76). This unresponsive-
ness can be visualized in hosts that have encountered Ag in a non-inflammatory
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Table 1
Analysis of Ova-Specific T Cells 62 d Postimmunization

Treatmenta Spleen Cellsb LNb

No OVA 2.62 ± 0.91 1.76 ± 0.17
OVA/IgG 3.21 ± 1.54 1.26 ± 0.59
OVA/anti-OX40 39.63 ± 20.25 7.63 ± 4.67
OVA/LPS/IgG 5.24 ± 0.19 1.88 ± 0.11
OVA/LPS/anti-OX40 191.85 ± 30.92 12.06 ± 2.23

aOn d 1, 3.6 × 106 DO11.10 T cells were injected into thymectomized Balb/c recipients. Five
groups were organized and injected as described in Table 1 using 500 mg of anti-OX40 or rat
IgG and 40 mg of LPS. On d 62 after the initial OVA injection, the LN and spleen T cells were
isolated. Cells were counted, stained with anti-CD4 and KJ1-26 Abs, and analyzed by flow cytom-
etry. These data represent mean numbers ± SEM from one representative experiment of two
involving three mice per group.

bNumber of CD4 KJ1-26+ (Ova-specific) T cells × 104
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environment, such as intravenous (iv) administration of high doses of peptide
in saline or when Ag(s) are expressed on peripheral tissues (74). Engagement
of OX40 during the induction of anergy can prevent T-cell tolerance, while sig-
naling through OX40 can also break an existing state of tolerance in the CD4+
T-cell compartment (70). Several studies have shown that tumor Ag-specific
T cells isolated from tumor-bearing hosts are tolerant to Ag restimulation
(77,78). Therefore, it is possible that engagement of OX40 in tumor-bearing
hosts can break peripheral T-cell tolerance, leading to productive immune
responses that are ultimately responsible for T-cell-mediated tumor regression.
Another mechanism that has been described to limit tolerant T-cell responses
is the blockade of CTLA-4 signaling in vivo during an ongoing immune
response. Both OX40 engagement and CTLA-4 blockade exhibit enhanced
antitumor responses in tumor-bearing mice; therefore, we performed a direct
comparison of their abilities to accentuate CD4 T-cell responses in the D011.10
model. Figure 2 shows that both immune-accentuating Abs administered during
the early stages of Ag-priming were able to increase the numbers of
Ag-specific CD4+ T cells early in the peripheral blood. However, only OX40
treatment increased the survival of long-lasting memory T cells (67). The
combination of anti-OX40 engagement and CTLA-4 blockade was no better
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Fig. 2. Anti-OX40 has a more pronounced effect than anti-CTLA-4 on CD4+ T-cell sur-
vival. One × 106 KJ1-26+ CD4+ spleen cells from D011.10 mice were transferred (iv) into
naïve Balb/c recipients. Three days later (d 0), mice were injected subcutaneously with
500 µg of ova in saline and either 50 µg of anti-OX40, 100 µg of anti-CTLA-4, or the appro-
priate IgG control. (A) Mice were bled via the tail vein on the day indicated, and the blood
was analyzed by flow cytometry for the presence of ova-specific KJ1-26+ CD4+ T-cells.
(B) The percentage of ova-specific KJ1-26+ CD4+ T cells in the spleen, lymph nodes, and
lungs at d 43 in mice. The mean of five mice/group (no LPS) ± one standard error is shown.
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than anti-OX40 alone at generating or maintaining long-term memory T cells
(data not shown). Therefore, it appears that engagement of OX40 during Ag
priming in vivo may be more efficient than CTLA-4 blockade in achieving long-
lasting CD4 T-cell memory.

3. ENHANCING ANTITUMOR IMMUNITY
THROUGH OX40 ENGAGEMENT IN VIVO

OX40 is expressed on both tumor-infiltrating lymphocytes (TIL) and on
tumor-draining lymph-node T cells, and this expression has allowed for targeted
immunotherapy in tumor-bearing mice with specific designs to enhance anti-
tumor immunity (60). A tumor model was developed to test whether engage-
ment of OX40 in tumor-bearing mice would lead to increased antitumor
immunity. Figure 3 shows that OX40 engagement in vivo increased the survival
of mice that received a lethal inoculum of sc tumor (MCA 303). Mice were
treated on d 3 and d 7 post-tumor inoculation with 100 µg of the OX40 ligand�Ig
(OX40L�Ig) fusion protein, a control fusion protein DR3�Ig (another TNF-R
family member) that does not bind OX40, or saline. It was necessary to sacri-
fice saline-treated mice and mice treated with DR3�Ig at approximately a sim-
ilar time because of progressive tumor growth. In contrast, all the mice that
received OX40L�Ig experienced delayed tumor growth, and 60% remained
tumor-free for >70 d (63) (Fig. 3). The OX40L�Ig-treated mice that survived
the initial tumor challenge shown in Fig. 2 were shown to be immune to rechal-
lenge with the same MCA 303 tumor-cell line, suggesting that these surviving
mice had functional T-cell memory to the immunizing tumor (63). Subsequently,
it was shown that a monoclonal antibody (MAb) specific for OX40 had simi-
lar antitumor efficacy to the OX40L�Ig fusion protein (63). Most of the evi-
dence in the literature has implicated CD8 T cells as the ultimate effector that
destroys tumor cells, but some recent studies suggest that CD4 memory T cells
are critical in the maintenance of tumor-free mice in the battle against metasta-
tic disease (79). Because reagents that bind OX40 primarily target CD4 T cells,
we hypothesized that the CD4 memory T cells may have been accentuated in
the OX40-treated mice. To test this hypothesis, we performed adoptive trans-
fers from the spleens of mice that had been cured through OX40 ligation into
naïve recipients. Prior to the adoptive transfer, CD8 T cells were depleted from
the spleens, and the mice receiving the “memory CD4 T cells” were challenged
with the original inoculating tumor. All the mice that received the CD8-depleted
spleen cells were able to resist the tumor challenge, and control mice that
received CD8-depleted spleen cells from naïve mice succumbed to the tumor
challenge. The data suggest that OX40 ligation during the initial tumor chal-
lenge increased the numbers of CD4 memory T cells, and those tumor-specific
T cells were able to confer therapeutic antitumor immunity to naïve hosts.
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Although the data implicate OX40 as helpful target in the immune battle against
cancer, they also suggest that a strong backbone of tumor-specific CD4 memory
T cells is important in order to initiate and maintain antitumor immunity (63,79).

Engagement of OX40 increases cancer-free survival in a number of tumor
models, including sarcomas (MCA 203, 205, 303), glioma (GL261), melam-
oma (F10), mammary cancer (4T1 and SM1), and colon cancer (CT-26).
Although most of the benefits were described in sc tumor models, anti-OX40
treatment has also shown an increased survival benefit when mice were inoc-
ulated intracranially with tumors (80). The role of T-cell subsets in the OX40-
mediated antitumor response was evaluated in the intracranial tumor model
(GL261). Mice were inoculated intracranially with the GL261 glioma and CD4
or CD8 T cells were depleted 3 d prior to OX40 engagment in vivo. The results
showed that both CD4 and CD8 T cells were essential for the OX40-mediated
antitumor response (80). Since the GL261 is MHC class-II negative, we theo-
rize that the termimal effector immune population responsible for tumor-cell
killing was most likely CD8+ T cells. The T-cell depletion studies suggest that
OX40 engagement could have boosted the helper function of CD4+ tumor-
reactive T cells, which in turn may have boosted the antitumor activity of the
CD8+ T cells. Since both CD4 and CD8 TIL express OX40, an alternative expla-
nation is that anti-OX40 directly stimulated both CD4 and CD8 T cells to
enhance antitumor immunity.
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Fig. 3. Therapeutic antitumor immunity after engagement of OX40 in vivo. Mice were inoc-
ulated with a lethal sc dose of MCA 303 sarcoma and injected with OX40L�Ig, DR3�Ig (a
control TNF-R family member), or the same volume of intraperitoneal saline on d 3 and 7
post-inoculation (five mice per group). The mice were then followed for evidence of tumor
growth, and were sacrificed if their tumor reached 200 mm2.
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Adoptive immunotherapy can also be enhanced by treatment with anti-OX40
in both lung and brain metastases tumor models (81). The anti-OX40 therapy
showed tumor-antigen specificity in an MCA 205/207 sarcoma “criss-cross”
experiment (81). MCA 205-specific T cells had no therapeutic effect upon anti-
OX40 administration on MCA 207 lung metastases, and vice versa. Anti-OX40
was only effective when MCA 205-specific T cells were transferred into mice
bearing MCA 205 lung metastases (the same was true for MCA 207). The data
suggest that OX40-mediated tumor therapy directly targets and enhances tumor
Ag-specific T cells. Treatment with IL-2 or anti-OX40 showed similar levels
of enhancement in the adoptive immunotherapy setting in the lung metastases
model. However, anti-OX40 enhancement of adoptive immunotherapy in a
brain metastases model was far superior to in vivo administration of IL-2 (81).
These data show that anti-OX40 can enhance tumor Ag-specific T-cell func-
tion in both brain and lung metastases models, and suggests that OX40-specific
immunotherapy may be able to replace IL-2 injections in the future because of
the toxicity associated with IL-2 in cancer patients (82).

Other new and promising agents associated with immune-therapy for enhanc-
ing tumor regression in cancer-bearing hosts include granulocyte-macrophage
colony-stimulating factor (GM-CSF) secreting tumor vaccines (83), engage-
ment of 4-1BB (37), or blockade of CTLA-4 during tumor priming (84,85).
Most likely, the combination of efficient tumor-specific immune priming in con-
junction with OX40 engagement will prove to be the most effective use of
OX40-specific reagents in the future. The next two sections are devoted to the
immune-enhancing properties of blocking CTLA-4 and how that strategy has
been used in tumor models to increase antitumor immunity.

4. OVERVIEW OF CTLA-4 BIOLOGY:
EXPRESSION AND FUNCTION

Upon activation, T cells express a second receptor for B7 (CD80 and 86)
known as CTL antigen 4 (CTLA-4, CD152). Originally, it was proposed that
CTLA-4 either had a redundant costimulatory function for T-cell activation (86)
or exerted apoptotic effects (87). However, the generation of MAbs directed
against epitopes critical for B7 binding revealed a different function for
CTLA-4 (3,88–90). When used in soluble form, these antibodies enhanced
T-cell activation both in vitro and in vivo. More striking was the effect of these
antibodies when immobilized on plastic surfaces, where they could crosslink
and engage CTLA-4 signaling. In such studies, it was demonstrated that
CTLA-4 ligation inhibited T-cell responses. This inhibitory effect manifests
itself through the inhibition of IL-2 production, loss of proliferation via block-
ade of cell-cycle progression, and decreased cytokine production (91).
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Although it is generally accepted that CTLA-4 delivers an inhibitory signal
during T-cell activation, it is unclear how this occurs. CTLA-4 may serve to
terminate ongoing T-cell responses, or alternatively, it may serve to set a thresh-
old for the initiation of activation of T-cell responses (92). One mechanism by
which CTLA-4 may exert its inhibitory effects is by tightly regulated expres-
sion at the immunological synapse. CTLA-4 appears to be stored in intracel-
lular vesicles, and activation stimulates export to the cell surface (93,94).
However, only low levels of CTLA-4 protein are detected on the extracellular
surface (95). The low level of CTLA-4 expression may be compensated for by
the significantly higher affinity that CTLA-4 has for CD80/86 as compared to
CD28 (96). Accordingly, at low levels of CD80/86 expression, CTLA-4 may
“outcompete” CD28 and inhibitory signals may prevail. However, an emerg-
ing story suggests that lower-affinity TCR ligands may not successfully deliver
CTLA-4 to the immunologic synapse (92). This may prevent CTLA-4 from
regulating T cells with low avidity for MHC/peptide interactions.

The critical biologic role of CTLA-4 is underscored by the phenotype of
ctla-4-deficient mice (97,98). These mice exhibit a severe lymphoproliferative
disorder that is characterized by chronic T-cell activation, infiltration into many
non-lymphoid tissues, and lethality by 6 wk of age. The severity of this
phenotype is lessened when mice are backcrossed onto a TCR transgenic back-
ground or when the T-cell repertoire is rendered chimeric via a single TCR
(through a bone-marrow transplant with TCR transgenic bone marrow)
(99–101). These findings indicate that in the absence of CTLA-4, T cells have
a reduced threshold for activation and may be chronically activated. These
observations also support other findings that demonstrate a key role for CTLA-4
in regulation of autoimmune disease.

Because of the lethality of the phenotype of ctla-4-deficient mice, most stud-
ies that have characterized the role of CTLA-4 in the immune response have
relied on antibodies directed against CTLA-4 that block the interaction with
CD80 and/or CD86. In vitro, these antibodies can be used to crosslink
CTLA-4 and deliver an inhibitory signal. However, these antibodies function
to block antibodies in vivo and enhance T-cell responses. Such reagents have
been used to demonstrate that CTLA-4 can regulate adaptive responses to infec-
tious agents such as Leishmania major (102), Mycobacterium bovis (103),
human immunodeficiency virus (HIV) (104), and Cryptococcus neoformans
(105). Other studies have demonstrated a role for CTLA-4 in restricting autoim-
mune disease progression. CTLA-4 blockade was sufficient to reveal and exac-
erbate type I diabetic responses in both susceptible NOD and resistant Balb/c
strains (106–108). In addition, a role for CTLA-4 in regulating autoimmune
responses in the central nervous system (CNS) was demonstrated using
Experimental Autoimmune Encephalomyelitis, a murine model for multiple
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sclerosis (109–112). In these studies, CTLA-4 was shown to regulate autopath-
ogenicity in both susceptible and resistant strains. As a whole, the studies that
use a reagent to remove CTLA-4-mediated inhibition all demonstrate that
CTLA-4 is a key regulator of T-cell responses in both infectious and auto-
immune disease.

A role for CTLA-4 in regulating tolerance has also been described. It was
initially suggested that ctla-4-deficient mice exhibited signs of autoimmune dis-
ease. However, little evidence exists for tissue antigen-specific autoimmune
disease in these mice. Rather, the pathogenicity may be caused by diffuse
ischemia and necrosis as a result of lymphocytosis. Many studies have exam-
ined the role of CTLA-4 in tolerance induction (113–115). All of these studies
indicate that tolerance induction can be thwarted by blocking CTLA-4�
CD80/86 interactions. However, in most of these studies, delivery of tolerizing
antigen comes in the form of exogenous antigen sensitization. Thus, it is unclear
whether CTLA-4 blockade truly interrupts the tolerization process or whether
CTLA-4 blockade acts on recent thymic emigrants that were not fully tolerized
in the periphery. Alternatively, CTLA-4 blockade may boost third-party
responses that provide help “in trans” during the tolerization process. A more
controversial role for CTLA-4 in tolerance to tumor antigens exists, and is dis-
cussed further in the following section.

5. THE ROLE OF CTLA-4 IN ANTITUMOR RESPONSES:
ACCENTUATING VIA CTLA-4 BLOCKADE

Two studies have examined the role of CTLA-4 in tumor tolerance. Both used
models in which tumors that expressed surrogate tumor antigens were implanted
into mice. Tumor antigen-specific T cells derived from TCR-transgenic mice
were adoptively transferred into tumor-bearing mice. In one study, Levitsky and
colleagues demonstrated that although CTLA-4 blockade enhanced early T-cell
responses to mice challenged with a class II-restricted tumor antigen-expressing
tumor, long-term tolerance was not prevented (116). In contrast, Shrikant et al.
reported that CTLA-4 blockade following tumor challenge can prevent toler-
ance to a class I-restricted antigen in a CD4+ T cell- and IL-2-dependent mech-
anism (117). These two studies differed in the use of different antigens
expressed by various tumors recognized by different T-cell subsets, and thus,
further studies will be required to clarify these opposing findings.

Several studies have exploited the fact that recently activated T cells express
CTLA-4, and have demonstrated a role for CTLA-4 in suppressing antitumor
responses (Table 2). Originally, Leach and colleagues reported that CTLA-4
blockade accelerates regression of a B7+ tumor, and could also promote regres-
sion of unmodified tumors (118). Tumor immunity was dependent on CD8+
T cells, and conferred long-lasting protection to rechallenge. These findings
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were subsequently extended using tumors of other tissue origins in trans-
plantable tumor models (119,120). However, the success of this approach was
restricted to immunogenic tumors. Thus, tumors with little or no inherent
immunogenicity were refractory to CTLA-4 blockade. This approach was also
applied to a model of minimal residual disease, and was successful in elimi-
nating metastases in both lymphoid and non-lymphoid compartments (121).

One tumor in which CTLA-4 blockade had no effect was the murine
melanoma, B16. Interestingly, the combination of CTLA-4 blockade and a B16
cell-based vaccine expressing GM-CSF was sufficient to protect against rechal-
lenge (122) and to treat recently established melanoma tumors as well as pul-
monary metastases (123). In the B16 model, only CD8+ T cells and NK cells
were required for the therapeutic activity of anti-CTLA-4. Somewhat surpris-
ingly, depletion of CD4+ cells actually enhanced tumor immunity. More strik-
ing was the observation that in this melanoma model, immunity to the B16
tumors was also accompanied by immune destruction of normal melanocytes.
This manifests itself as a vitiligo-like depigmentation of the hairs, and is rem-
iniscent of the vitiligo observed in melanoma patients undergoing immunother-
apy (124,125). More importantly, this indicated that the immune response is at
least in part directed against normal tissue antigens and not solely tumor-
specific antigens, as the vitiligo-like depigmentation was only observed in
mice treated with anti-CTLA-4. This finding also suggests that the power of
CTLA-4 blockade, in the context of a cell-based vaccine that expresses both
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Table 2
Effects of CTLA-4 Blockade on Different Tumor Models

Tumor
Model Tumor Type αCTLA-4 Combination*

EL4 Thymoma +/– ND
SAI/N Fibrosarcoma + ND
51BLim 10 Colorectal carcinoma + ND
RENCA Renal carcinoma + ND
K1735 Melanoma +/– ND
TRAMPC Prostatic carcinoma + ND
SM1 Mammary carcinoma – GM*
B16/BL6 Melanoma – GM*
MOPC-315 Plasmacytoma – Mel*
RLÔ1 Leukemia – CD40*
TRAMP Primary prostatic carcinoma – GM*

ND, not determined; +, full rejection (>80%); +/–, partial rejection (40–80%); –, low rejec-
tion (<40%); *, Combination of α-CTLA-4 with GM-CSF-expressing vaccine (GM), melpha-
lan (Mel), or α-CD40 (CD40 resulted in therapeutic tumor immunity)
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tissue-specific antigens and pro-inflammatory signals (GM-CSF), is sufficient
to overcome tolerance to the pigmentation antigens and elicit an autoimmune
response.

A similar approach was also applied to a primary murine model of prostate
cancer (84). The Transgenic Adenocarcinoma of the Mouse Prostate (TRAMP)
model consists of mice that bear the SV40 T antigen under the transcriptional
regulation of the rat probasin promoter, an androgen-regulated promoter that
directs expression to the prostatic basolateral epithelium (126). TRAMP mice
develop prostatic tumors with 100% penetrance, and disease progression is com-
parable to that found in man. To test the efficacy of CTLA-4 blockade in a pri-
mary tumor model, TRAMP mice with early neoplastic lesions were vaccinated
with a TRAMP-derived prostate cancer-cell vaccine and treated with anti-
CTLA-4. This approach reduced both primary tumor incidence and tumor
grade. The antitumor effect of CTLA-4 blockade was dependent on an exoge-
nous source of antigen from the cell-based vaccine. Provision of GM-CSF in
the vaccine appeared to offer some additional protection, but this did not sig-
nificantly differ from those animals treated with the unmodified cell-based
vaccine. The most prominent histological finding in this study was the
accumulation of inflammatory cells in the interductal spaces of prostates of
TRAMP mice treated with GM-CSF-expressing vaccine in combination with
anti-CTLA-4, suggestive of autoimmune prostatitis. A similar vaccination
approach applied to wild-type mice also resulted in prostatitis, suggesting that
like the B16 model, immune-reactivity was in part directed against normal
tissue antigens. The ability of this combinatorial approach to elicit a response
against a tumor model in which the entire organ is undergoing transformation
provided the translational support for the initiation of a clinical trial to test
CTLA-4 blockade in human cancers.

CTLA-4 blockade has also been combined with other cancer therapies, both
immune- and non-immune-mediated. The synergy between CTLA-4 blockade
and GM-CSF-secreting tumor-cell vaccination suggests that activation of APC
by GM-CSF can potentiate the effectiveness of anti-CTLA-4. It was also
reported that in vivo activation of host APCs via the CD40-CD40 ligand path-
way can synergize with CTLA-4 blockade to induce tumor cell-specific CTL
activity (127). In this study, the researcher combined anti-CD40 with anti-
CTLA-4 administration, which resulted in marked increases in antigen-specific
CTL activity following liposomal delivery of tumor-specific peptides.
Moreover, responses raised by vaccination with liposomal tumor Ags and co-
administration of anti-CD40 and anti-CTLA-4 were sufficient to extend the sur-
vival of mice challenged with the RL1 lymphoma. Another approach to increase
the efficacy of CTLA-4 blockade as an antitumor therapy included its use in
combination with low-dose chemotherapy. Low-dose melphalan administration
followed immediately by CTLA-4 blockade was shown to cause enhanced
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tumor regression and improve survival of mice bearing recently established sc
tumors (128). It was suggested that CTLA-4 blockade may enhance the effec-
tiveness of suboptimal melphalan therapy that was previously demonstrated to
promote a shift toward a TH1 environment, thus favoring the generation of
potent tumor-specific CD8+ T cells. However, subsequent studies by the same
group demonstrated that melphalan may upregulate B7 expression on some
solid tumors (129).

6. SUMMARY

In conclusion, the field of T-cell costimulation has merged with the field of
tumor immunology, and has created some promise in helping T cells to eradi-
cate tumors and keeping hosts tumor-free by accentuating long-lasting immu-
nity (“memory”). This chapter describes a number of T-cell costimulatory
targets that have shown therapeutic promise in the field of tumor immunology,
and focuses on blockade of CTLA-4 and OX40 engagement as two of the most
promising targets. Although accentuating the immune system during Ag prim-
ing in basic immunology models through costimulatory ligands and/or anti-
bodies appears to enhance immunity, it is an arduous task to enhance antitumor
immunity in a cancer-bearing host. The tumor environment can be extremely
immune-suppressive, and reversing this suppression may actually require a
combination of costimulatory molecules working together to aggressively
achieve potent antitumor immunity. In the coming years, clinical trials with
cancer patients will be performed to evaluate the efficacy of the individual
costimulatory pathways. Future clinical trials are likely to incorporate the
knowledge of these individual trials to determine the most effective costimu-
latory pathways to be used in combination with cytokines and/or chemothera-
peutics in patients with cancer.
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1. INTRODUCTION

The normal immune system has the capacity to develop tolerant relationships
with strongly antigenic environments, including the placenta and the bacteria-
laden large intestine (1–3). Such chronic tolerance is as important to the immune
system as its capacity to destroy pathogens, since it is essential that the host does
not reject a growing fetus or loops of bowel that house commensual bacteria. A
vast array of physiological immunosuppressive factors, including
interleukin (IL)-10, transforming growth factor-β (TGF-β), and cyclic adenosine
5′ monophosphate (cAMP)-elevating prostaglandins, contribute to the induction
and maintenance of such tolerance, and are variously produced by T lympho-
cytes themselves and/or by ambient host cells such as macrophages (4–12).
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Tumors, whether benign or malignant, represent the pathologic subversion
of physiological tolerance. If human papillomavirus (HPV)-containing warts
can routinely avoid rejection, what are the realistic prospects for far less anti-
genic tumors to be rejected, given the inherent potential of all tumors to mimic
physiologic secretion of immunosuppressive factors? How can the immune
system distinguish a solid tumor from placenta, if the cytokine environment
within the tumor itself is indistinguishable? Thus, it has been proposed that solid
tumors pose a formidable immunosuppressive “barrier” to T-cell-mediated
tumor rejection, epitomized by the observation that within the same mouse host
an allogeneic tumor challenge continues to grow before, during, and after the
successful rejection of a crossreactive allograft of normal skin (13).

Despite the unquestioned validity of such observations, adoptive
immunotherapy (AIT) with appropriately activated effector T cells (TE) can
already overcome this barrier in aggressive mouse tumor models (14,15).
Furthermore, markedly improved therapeutic outcomes in a recent NCI
melanoma AIT trial confirm that this barrier can also be surmounted in the clin-
ical setting (16). The strategy that is currently most successful in mouse models
relies on the following three observations:

1. In its most effective form, AIT employs “stand alone” doses of optimally acti-
vated TE to cure advanced solid tumors without co-administration of adjunct
biologics such as IL-2.

2. Adequate TE dosing and optimum TE activation are essential to successful
therapy, and these are largely determined by culture conditions after TE are
extracorporealized.

3. At the present time, adjunct sublethal irradiation or chemotherapy remains
necessary prior to TE reinfusion to facilitate rejection of extrapulmonary tumor
burdens (14,15).

Although it may ultimately be possible to achieve similar TE expansion and
activation in vivo through vaccine maneuvers, it must be emphasized that recent
culture improvements (notably anti-CD3 stimulation) were directly responsi-
ble for revealing the superior activation state in which TE can reject advanced
tumors (14,15,17–19). That activation state is probably never achieved natu-
rally within the tumor-bearing host, and may only be achieved transiently fol-
lowing most vaccine maneuvers (20–24). Furthermore, current evidence favors
blunting of TE activation as the primary mechanism by which tumors escape
the immune system, rather than a failure of T-cell sensitization. Growth of even
weakly immunogenic tumors is accompanied by sensitization and prolonged
proliferation of tumor-specific pre-effector T cells within tumor-draining lymph
nodes (TDLN) (25,26). Such sensitized T cells naturally redistribute, not only
to distant lymphoid organs such as the spleen, but even into the tumor bed,
where they are known as tumor-infiltrating lymphocytes (TIL) (23,24,27–29).
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Despite such T-cell sensitization and redistribution, spontaneous tumor rejec-
tion is seldom observed in these mouse models. In fact, as already noted, hosts
can competently mediate rejection of normal tissue allografts while challenges
of alloantigen-expressing tumor continue to grow progressively (13).

This failure of tumor rejection despite efficient T-cell sensitization may best
be explained by a regional blunting of the effector response, much as the pla-
centa is spared in otherwise immunocompetent mothers. This blunting is most
likely the result of immunosuppression and/or tepid immunostimulation within
the tumor environment, causing the local effector response to subside into a
tolerant state with elements of split anergy (20–24). Although this usually con-
stitutes the end of any effective antitumor response, many tumor-specific TE may
persist indefinitely within the host, and even intratumorally, in this hypoacti-
vated state. Such persistence is dramatically demonstrated by the ability to
culture-activate gigantic numbers of tumor-specific TIL (>1011) even from the
long-standing, progressively enlarging tumor nodules of melanoma patients
(16,30–32).

The persistence of sensitized TE in the tumor host therefore provides a nat-
ural resource from which to generate T cell-based immunotherapy. Thanks to
recent advances in mouse tumor studies and in clinical trials, for the first time,
strong evidence now exists that the efficacy of tumor-specific TE is not limited
to microscopic disease or to minute tumor burdens. Furthermore, there is no
evidence that any anatomic location in the host constitutes a true sanctuary site
for tumor cells to escape immunological recognition. To the contrary, investi-
gations in aggressive mouse tumor models have proven beyond any doubt that
optimally activated TE given as AIT can achieve rejection of advanced, widely
disseminated tumors, including established brain tumors (14,15,19,33).

This chapter addresses the evidence that points to blunting of the effector
response as a primary avenue of tumor escape (Subheadings 2.1. and 2.2.), as
well as recent clinical evidence that potent TE persist during such blunting, even
in patients with long-standing tumors (Subheading 2.2.). Subheading 3 reviews
we reviews elements of T-cell function, already achievable ex vivo, that can
overcome such tumor evasion, and explains how adjunct chemotherapy/radia-
tion therapy is currently necessary to modulate such curative therapy.

2. TUMOR ESCAPE FROM REJECTION IS TYPICALLY
ASSOCIATED WITH BLUNTING OR FATIGUE
OF THE EFFECTOR T-CELL (TE) RESPONSE

2.1. Mouse Models
Current evidence strongly indicates that T-cell sensitization to tumor-

associated antigen (TAA) often occurs regardless of whether a therapeutic
effector T-cell response ensues. Most typically, sensitization occurs at a site
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removed from the tumor bed itself, namely TDLN. In fact, extirpation experi-
ments have demonstrated that the tumor bed itself must only be present for 3 d
to enable T-cell sensitization, whereas TDLN must remain undisturbed for
almost 2 wk to propagate complete resistance to subsequent tumor challenges.
Such data support the importance of a transient event at the tumor site, followed
by a sustained event at the TDLN, after which sensitized T cells disseminate
more widely in the host (27).

That transient event within the tumor bed often appears to be processing of
tumor-associated antigens (Ag) by transiting host antigen-presenting cells
(APC), which subsequently transport the Ag to TDLN. T-cell sensitization
within TDLN occurs regardless of whether tumor cells themselves actually
metastasize to the lymph nodes. Experiments conducted by several groups con-
firm the capacity of host APC to “cross-present” tumor Ag both to CD4+ and
to CD8+ T cells (14,15,19,33). Dendritic cells (DC) are the host APC that are
best equipped physiologically to accomplish the multiple migrations necessary
in this sequence of events (14,15,19,34,35).

Within the TDLN, proliferative expansion of antitumor T cells proceeds in
the shadow of the growing upstream tumor. Somewhat surprisingly, more
rapidly growing tumor burdens appear to hasten and even enhance the phase of
TE sensitization and proliferative expansion within TDLN, possibly because of
a more robust delivery of tumor Ag to the TDLN by DC (25,26). In fact, chal-
lenges with growing tumor are more effectively sensitizing than challenges with
irradiated (non-growing) tumor cells. Current evidence suggests that prolifer-
ation of the CD8+ component in TDLN is often contingent to activation of the
CD4+ subset (25,26). This is consistent with several studies that have demon-
strated that CD4+ T cells can “condition” DC through CD40-CD40L or other
interactions to promote CD8+ T-cell sensitization (36–39). Nonetheless, at
least a subset of CD8+ T cells is helper-independent, and is effectively sensi-
tized to tumor Ag even in CD4-knockout animals (19).

Although a persistent tumor burden is permissive and even stimulatory for
T-cell sensitization, it also typically inhibits subsequent mounting of the effec-
tor response. At least some of the time, such effector inhibition is not systemic,
but rather confined to the end target—e.g., the tumor bed. As demonstrated by
Wick et al., concomitant challenges of normal skin allografts that are anti-
genically crossreactive with a tumor can still be rejected, confirming the host’s
enduring capacity for an undiminished effector response (13). Therefore, it is
not surprising that upstream tumor progression does not prevent sensitized
T cells from redistributing to extranodal locations, even including the tumor bed
itself. In weakly immunogenic mouse-tumor models, sensitized T cells can be
retrieved from both TDLN and the growing tumor bed, despite the absence of
a therapeutically evident antitumor response (28,29,40). Similarly, the ability
to culture-activate tumor-specific T cells (TIL) from the long-standing nodules
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of melanoma patients demonstrates that even tumor progression does not
preclude T-cell sensitization, redistribution in the host, and long-term accu-
mulation within tumor beds (16).

The ability of a growing tumor to evade immune rejection through effector
fatigue was elegantly demonstrated by Speiser et al. in a rat model of sponta-
neous insulinoma development (20). Mice were rendered transgenic for the the
tumor-promoting SV40 virus TAg expressed under control of the rat insulin pro-
moter (RIP). Resultant “spontaneous” insulinomas were rendered more anti-
genic by crossing these rats with rats that were transgenic for a strongly
antigenic virus glycoprotein (LCMV-GP) also under RIP control. Finally, these
rats were crossed with rats that were transgenic for a T-cell receptor (TCR)
enabling major histocompatibility complex (MHC) class I-restricted recogni-
tion of an LCMV-GP-derived peptide. The latter rats spontaneously developed
insulinomas expressing LCMV-GP, but also possessed CD8+ T cells capable
of recognizing tumor-expressing LCMV-GP. These rats displayed no sponta-
neous tumor rejection, but did display transient partial tumor regressions fol-
lowing vaccine challenges with intact LCMV virus. Such vaccination acutely
increased the anti-LCMV cytolytic activity of CD8+ T cells, but this activity
subsided with recurrent tumor progression. Remarkably, repeated vaccinations
again resulted in transient tumor regressions and cytolytic reactivation of anti-
LCMV CD8+ T cells, indicating that tumor escape did not involve apoptotic
elimination of the anti-LCMV CD8+ T-cell repertoire. Furthermore, the insuli-
nomas continued to express LCMV-GP at each recurrence, demonstrating that
tumor escape was not accomplished through deleted expression of LCMV-GP.
Anti-LCMV CD8+ T cells remained in evidence during subsequent tumor pro-
gressions, but not in a cytolytically activated state (20).

These studies clearly demonstrated that expression of a strong viral Ag by
established tumors was itself insufficient to stimulate a sustained and strongly
activated effector T-cell response. Although the mechanism of effector fatigue
remained unclear, transiently effective activations or reactivations of the effec-
tor response could readily be accomplished by presenting the Ag more potently
and repetitively in the form of virus infection (20).

Similar studies from Shrikant, Deeths et al. have elegantly monitored the
sequence of events that occur when naïve CD8+ T cells are first exposed to an
intraperitoneal tumor challenge (22–24). CD8+ T cells from OT1 transgenic
mice express TCR that recognize an MHC class I-restricted ovalbumin (OVA)
peptide, and enable recognition of syngeneic EL-4 lymphoma transfected to
express OVA (EL-4-OVA). Such T cells are Thy 1.2pos, enabling precise mon-
itoring of their fate when they are adoptively transferred into otherwise syn-
geneic Thy 1.1pos hosts. One day after adoptive transfer of naïve OT1 CD8+
T cells, recipient mice were challenged intraperitoneally with EL-4-OVA or
parent EL-4.
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The adoptively transferred naïve OT1 CD8+ T cells transiently accumulated
at the intraperitoneal site of tumor, increased in numbers, and controlled tumor
growth if the challenge was EL4-OVA, but not parent EL-4. Such T-cell acti-
vation included conversion from a naïve to a memory (CD44pos) phenotype.
However, this activation did not result in a sustained antitumor response. Rather,
the OT1 CD8+ T cells that were activated within the peritoneum spontaneously
migrated away from the tumor challenge to remote lymphoid locations, result-
ing in unfettered tumor progression. When migrated OT1 CD8+ T cells were
later recovered from host spleen, they retained their capacity to specifically lyse
EL4-OVA targets, but had lost their capacity to spontaneously proliferate when
exposed to OVA peptide. This was deemed split anergy, or antigen-induced non-
responsiveness (AINR) (23).

Subsequent studies demonstrated that elements of this AINR reflected a
normal T-cell response to Ag encounter (22). Naïve CD8+ T cells undergoing
primary TCR-stimulation and co-stimulation in vitro displayed transient
IL-2 production, IFN-γ production and acquisition of lytic activity against the
appropriate targets. However, after several days of further culture, proliferation
ceased, resulting in CD8+ T cells that could be restimulated at Ag encounter
to produce IFN-γ or lyse targets, but not to produce IL-2. Addition of exoge-
nous rIL-2 could be used to overcome such split anergy and reinduce prolifer-
ation, after which the CD8+ T cells could again transiently produce IL-2 and
proliferate upon TCR restimulation, even without additional costimulation
(22). In vivo data suggested that following an initial transient burst of IL-2 pro-
duction by CD8+ T cells, CD4+ T cells may normally be required to provide
IL-2 to “reverse” split anergy and free CD8+ T cells for more sustained
autocrine activation with reduced signaling requirements (24). Nonetheless,
similar “split anergy” has also been observed in CD4+ T cells, suggesting a more
complicated phenomenon than simple “helper dependence” (22).

In summary, these mouse studies graphically illustrate the challenge of sus-
taining an effective antitumor response even when initial activation is brisk and
effective, as a result of physiological fatigue or pathological blunting of the
effector response.

2.2. Clinical Studies
A similar phenomenon consistent with regional TE fatigue has been identi-

fied in vaccinated melanoma patients by Kammula et al. (21). HLA-tetramer
and real-time PCR analyses revealed that melanoma patients challenged with
relevant antigenic peptides transiently developed an enrichment of Ag-specific
CD8+ T cells within tumor nodules, and that such T cells produced interferon
(IFN)-γ within the tumor bed as a transient response to the vaccination. Despite
this unequivocal demonstration of vaccine-linked intratumoral TE activation, no
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objective nodule regressions were observed in this study, indicating a failure
in the effector response’s magnitude or sustenance parallel to that repeatedly
observed by Speiser et al. (20).

Common to these studies is a persistence of tumor-specific TE in the host,
even in the absence of a therapeutically effective antitumor response. As shown
by Speiser et al., later reactivation of such TE can result in undiminished ther-
apeutic effects, suggesting that no therapeutic potential has been lost between
initial T-cell sensitization and the later breaking of exhaustion, AINR, or tol-
erance. However, the reality may be considerably more complex in cancer
patients, in whom tumors can exist for many years before immunotherapy is
considered. Even if there are persistent hypoactivated antitumor T cells in
cancer patients, are they truly representative of the originally sensitized T-cell
repertoire? Since T-cell apoptosis is a frequently observed and chronic event
within tumors (41–43), a selection process may theoretically occur in which
there is clonal deletion of higher-affinity antitumor TE, leaving only TE with a
considerably reduced therapeutic potential. This dismal possibility seemed
consistent with the historically disappointing outcome of clinical trials in which
melanoma patients were reinfused with immense numbers of autologous in vitro
expanded TIL (16,30–32).

Fortunately, a recent TIL clinical trial at the National Cancer Institute
strongly suggests that the previous therapeutic deficiencies of TIL were the
result of suboptimal culture activation, rather than to tumor-induced deletion
of the potent TE subset. Dramatic and sometimes sustained body-wide objec-
tive tumor regressions were recently observed in 6 of the first 13 melanoma
patients who received a modified preparation of autologous TIL and conjunc-
tional rIL-2 following nonmyeloablative chemotherapy (16). Ongoing objec-
tive responses (>15–24 mo) have occurred in patients who previously failed
other immunotherapy and chemotherapy regimens, and in several instances,
transferred TIL were found in peripheral blood of patients for many months fol-
lowing transfer (16).

This improved clinical outcome was predicated on two modifications to the
Surgery Branch’s previous strategy. Patients received chemotherapy consisting
of high-dose cyclophosphamide (120 mg/kg) and fludarabine instead of lower
doses of cyclophosphamide alone (25 mg/kg). Nonetheless, the newer
chemotherapy regimen recently proved ineffective when melanoma patients
received traditionally cultured TIL, or hyperexpanded autologous T-cell clones
with high avidity to melanoma cells (16,31,32). Instead, the current trial’s suc-
cess hinged on a distinctive culture modification in which TIL were conven-
tionally established from each patient, screened for strong in vitro antitumor
reactivity, and then, for the first time, further hyperexpanded by anti-CD3/
IL-2 activation prior to adoptive transfer (16). This highlights the pivotal role
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of T-cell culture conditions on therapeutic outcome, since the procedures for
TIL derivation, adoptive transfer, and IL-2 administration were unchanged
from previous NCI TIL trials.

This Surgery Branch report is probably the first compelling clinical demon-
stration that AIT can play a significant role in the treatment of human cancer.
Furthermore, it validates the continuing importance of the weakly and poorly
immunogenic mouse tumor models which have proven to be predictive in the
development, understanding, and troubleshooting of AIT. Ongoing preclinical
studies in these same tumor models corroborate the current clinical success at
the Surgery Branch, and also point to the likelihood of continued clinical
advances as the mechanism of successful AIT is better understood, and reliable
culture techniques for surmounting tumor evasion are further optimized. These
topics are discussed in the following section.

3. ELEMENTS OF T-CELL FUNCTION REQUIRED
FOR SUCCESSFUL AIT OF ADVANCED TUMORS (TABLE 1)

3.1. Tumor-Sensitized TE Are Confined to the
Freely Trafficking L-Selectinlow Subset

Within tumor-bearing hosts, sensitized pre-effectors are concentrated within
the T-cell subset of TDLN with downregulated L-selectin expression (17).
Concentration of pre-effectors within the L-selectinlow subset also follows vac-
cination maneuvers (44). Following ex vivo activation with anti-CD3 or bac-
terial superantigen, this subpopulation constitutes a stand-alone and renewable
effector population (17,19). Because of their enhanced capacity to peripheral-
ize and redistribute into tumor deposits (45,46), such L-selectinlow TE appear to
be analogous to the L-selectinlow “memory effector” T cells recently described
in non-tumor studies (47–49).

For mouse TDLN, isolation of the L-selectinlow T-cell component prior to cul-
ture results in marked enrichment of effector activity. Only TDLN T cells that
have downregulated L-selectin expression prior to extracorporealization, and
which remain L-selectinlow during culture, constitute tumor-specific TE (17–19).
Such stably low L-selectin expression is also consistent with “memory effec-
tor” function (47,49). In contrast, although the great majority of T cells in
TDLN are L-selectinhigh at harvest, this L-selectinhigh subset makes no positive
contribution to AIT, although it largely downregulates L-selectin expression
during culture (17,18,33). It is thus likely that TDLN do not contain tumor-
specific L-selectinhigh “central memory” T cells at this juncture (47).

Although L-selectin downregulation is strongly associated with the capacity
of antitumor TE to redistribute into tumor deposits, this appears to be a general
property of all L-selectinlow T cells, including L-selectinlow normal splenocytes
and even L-selectin downregulated suppressor T cells (33,45,46). Therefore, ini-
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tial entry into tumors is probably a random event for circulating L-selectinlow

T cells, with long-term retention and proliferation of only those L-selectinlow

T cells that recognize relevant Ag within the tumor bed (14,15).
Consistent with their capacity to migrate into tumors at all tested anatomic

locations, optimally culture-activated L-selectinlow TE are able to mediate cura-
tive rejection of advanced established tumors at all tested locations, including
pulmonary, intracranial, hepatic, and subcutaneous (sc) challenges (14,15,19).
This contrasts with earlier T-cell preparations (“in vitro sensitized” T cells and
TIL) prepared from identical TDLN, which were, for example, totally ineffec-
tive against experimental sc tumors, regardless of the T-cell dose, with or with-
out conjunctional IL-2 (14,15). At present, it is unknown whether the therapeutic
deficiencies of such earlier preparations were the result of disparate TE lineage,
or disparate culture activation (e.g., a lack of anti-CD3 stimulation).
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Table 1
Principles of Successful Adoptive T-Cell Immunotherapy

to Overcome Tumor Evasion

1. Tumor-sensitized pre-effector T cells are concentrated within the small
subset of T cells with L-selectinlow expression. Spontaneous reversion to an
L-selectinhigh state has not yet been demonstrated, consistent with “memory
effector” function.

2. Curative tumor rejection depends completely on the dose and activation status
of L-selectinlow effector T cells (TE).

3. Since culture conditions determine TE dose and activation status, culture itself
largely dictates therapeutic outcome.

4. TE preparations with identical Vβ repertoires and similar avidity vary widely
in therapeutic outcome, suggesting that successful culture-activation modifies
other aspects of TE function, such as resistance to apoptosis.

5. Adoptively transferred L-selectinlow TE migrate successfully into tumor
deposits at all tested anatomic locations, and proliferate intratumorally upon
exposure to relevant tumor Ag.

6. The CD4+ and CD8+ subsets of L-selectinlow TE are synergistic
therapeutically, but can each be administered successfully as “stand alone”
therapy, even without adjuncts such as rIL-2.

7. L-selectinlow TE adoptive therapy can be therapeutically subverted by co-
administration of tumor-induced suppressor T cells (TS). Depending on their
activation status, such TS may be L-selectinhigh or L-selectinlow.

8. Adjunct immunosensitizing sublethal irradiation, or more clinically
appropriate chemotherapy, is currently necessary for successful adoptive
therapy of established extrapulmonary tumors. Intratumoral TE proliferation is
heightened by such sublethal irradiation.
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3.2. AIT With L-Selectinlow TE is Highly Dose-Dependent
One striking and consistent observation in all AIT experiments is that thresh-

old doses of L-selectinlow TE must be adoptively transferred to achieve curative
rejection of established tumors (14,15,17–19). These doses differ for individ-
ual tumor models, and even a halving of the TE dose can result in complete ther-
apeutic failure. The particular “impact” that the threshold TE dose must achieve
is unknown. Knockout studies have demonstrated that this impact is not
IFN-γ secretion (50), and it is not linked to very high initial accumulation of TE

within the tumor bed, since established mouse sc tumors have a notoriously low
initial TE accumulation (logs-fold less than pulmonary or intracranial tumors),
yet rejection is still observed (33,45). Although the mechanistic basis of this
“threshold” effect is unknown, it is evident that meeting this threshold by adop-
tively transferring putatively effective doses of culture-activated TE is a much
more straightforward method than providing it through vaccine maneuvers.

3.3. Variable Efficacy of Conjunctional Treatments
Because the capacity of adoptively transferred L-selectinlow TE to mediate

curative tumor rejection is highly dose-dependent, it is important to consider
the capacity of conjunctional treatments to compensate for subtherapeutic TE

doses. Although rIL-2 is often administered as an AIT adjunct, its therapeutic
significance in this context has not been established in randomized clinical
trials. Its original testing was predicated on observations that classically derived
mouse TIL lacked any therapeutic effect in the absence of rIL-2 co-adminis-
tration (28,29).

Since therapeutically superior L-selectinlow TE display no such absolute
dependence upon conjunctional rIL-2 in mouse models, we recently com-
pared the effects of conjunctional treatments upon AIT, using “therapeutic” or
“subtherapeutic” doses of L-selectinlow TE. For the treatment of advanced
(10-d established) pulmonary metastases, co-administration of either rIL-2 or
the costimulatory ligand OX-40R MAb enhanced the therapeutic effect of sub-
optimal doses of L-selectinlow TE. For advanced (10-d) intracranial tumors,
OX-40R MAb was similarly enhancing, but conjunctional IL-2 was non-enhanc-
ing, and also impeded AIT by otherwise curative doses of L-selectinlow TE (51).
rIL-2’s therapeutic blockade was associated with inhibition of TE trafficking into
intracranial tumors (51). Similarly, Shrikant et al. have described undesirable
pro-apoptotic effects of adjunct rIL-2 during AIT of malignant ascites (52).

Importantly, adjunct IL-2 and OX-40R MAb had no significant impact
(enhancement or inhibition) upon the treatment of established 10d hepatic
metastases by L-selectinlow TE. In this virtually pre-terminal treatment model,
untreated mice survive only 1 wk past the day of therapy. Despite this
strikingly brief therapeutic window of opportunity, and the uselessness of
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conjunctional treatments, adoptive transfer of “stand-alone,” adequately dosed
L-selectinlow TE still proved to be curative (manuscript in preparation).

These data clearly demonstrate that the impact of adjunct treatments upon
AIT is vulnerable to major anatomic variances. Although modifying schedules
of adjunct biologic factors may address certain undesirable or paradoxical
effects, the use of such adjuncts is simply unnecessary when adequate doses of
L-selectinlow TE are administered.

3.4. Passenger Suppressor T Cells (TS) Can
Cause Effector T-Cell Blockade

As a purely pragmatic consideration, elimination of the non-therapeutic
L-selectinhigh subset at the beginning of culture markedly reduces the numbers
of T cells that must be propagated and adoptively transferred, and reduces con-
sumption of culture medium and growth-stimulatory factors. However, these
practical incentives have become a near mandate now that it has been deter-
mined that the L-selectinhigh subset can also be a source of therapeutically
ruinous passenger TS (33). In contrast to previously characterized TS that pri-
marily inhibit the afferent limb of the immune response (e.g., CD4+CD25+ TS)
(53), L-selectinhigh passenger TS exert effector blockade. This poses an ultimate
liability to successful AIT, since culture-activated L-selectinlow TE remain fully
vulnerable to L-selectinhigh TS, even when afferent blockade is no longer a
factor (33).

Tumor-induced L-selectinhigh TS appear in TDLN between d 9 and 12 fol-
lowing tumor challenge. They can be isolated, anti-CD3-activated, and co-
transferred with either d 9 or d 12 L-selectinlow TE to prevent tumor rejection.
These TS are predominantly CD8+, but CD4+ participation has not been ruled
out (33).

By purging L-selectinhigh cells prior to culture, freshly harvested d 12 TDLN
can readily be divested of passenger TS. This is only transiently available as a
purging technique, since TS downregulate L-selectin expression during culture-
activation. L-selectin downregulated TS are currently indistinguishable
from L-selectinlow TE, showing equivalent expression patterns for CD25,
CD28, CTLA4 and CD44 (33). L-selectin downregulated TS also resemble
L-selectinlow TE in their superior ability to traffick into tumor beds, providing
favorable stoichiometrics for effector blockade (33).

Separately anti-CD3-activated L-selectinhigh T cells from d 12 TDLN can
already inhibit tumor-specific IFN-γ production by L-selectinlow TE prior to
adoptive transfer. In contrast, when such TS are anti-CD3-activated as a com-
ponent of unfractionated d 12 TDLN T cells, they remain functionally silent
until adoptive transfer, at which time they prevent tumor rejection. A signifi-
cant element of TS activation therefore normally occurs following re-infusion.
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In mouse models, AIT of established sc tumors is particularly vulnerable to
L-selectinhigh TS, corresponding to the relatively low initial accumulation of even
L-selectinlow TE at this experimental challenge site. Remarkably, mice that have
been triply challenged with sc, pulmonary, and intracranial tumors can be cured
by adoptive transfer of purified L-selectinlow TE or unfractionated T cells from
d 9 TDLN, but develop mixed responses and ultimately treatment failure when
treated with unfractionated T cells from d 12 TDLN, because of the latter’s TS

content.
Many features augur the clinical significance of this TS phenomenon.

Historically, adoptive transfer of culture-activated TE to melanoma patients has
typically resulted in nonsustained and/or mixed responses at best, with no
demonstrable survival advantage (30). Even in the recent, generally more
promising NCI Surgery Branch trial, this has remained a problem for the major-
ity of treated patients (16). Such disappointing clinical outcomes have occurred
despite in vitro evidence that many and sometimes all patients received tumor-
specific T cells capable of T1-type cytokine production and direct tumor lysis
(54). The therapeutic discrepancy between in vitro and in vivo performance has
traditionally been attributed to a trafficking failure of cultured T cells, although
such a trafficking defect has never been validated by clinical studies (55–57).

Mouse studies display remarkable reasonance with this clinical performance
discrepancy: when unfractionated T cells from d 12 TDLN are employed as AIT,
mixed tumor responses and ultimate treatment failure is observed, despite the
T cells’ strong capacity in vitro for tumor-specific IFN-γ production prior to
infusion, and their excellent subsequent trafficking proficiency in vivo.

3.5. Relative Roles of CD4+ and CD8+ L-Selectinlow TE Subsets
Knockout mice studies have confirmed that CD8+ L-selectinlow antitumor TE

can be sensitized in the absence of CD4+ T cells, and vice versa (19). Since
each subset is also therapeutically active against tumors as “stand alone” adop-
tive therapy without IL-2 co-administration, it is apparent that L-selectinlow

CD8+ TE constitute “helper-independent” T cells (14,18,45,58).
It is apparent that L-selectinlow CD4+ and CD8+ TE also have significant

functional differences, beginning with different practical requirements for rec-
ognizing tumor Ag. The CD8+ subset produces IFN-γ and granulocyte-
macrophage colony-stimulating factor (GM-CSF) when exposed either to
relevant MHC class I-expressing tumor targets or tumor-associated
macrophages (TAM); in contrast, L-selectinlow CD4+ TE fail to react with rele-
vant, MHC Class IIneg tumor, but produce IFN-γ when exposed to relevant TAM
(19). The ability to interact directly with MHC Class Ipos/IIneg tumor cells may
confer a therapeutic advantage to L-selectinlow CD8+ TE by facilitating direct
perforin-mediated tumor-cell lysis in addition to indirect mechanisms of tumor
rejection (59).
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Despite the capacity of either subset for “stand alone” therapy, it is also
evident that they are not simply interchangeable as adoptive therapy, but rather
play distinctive and complementary roles. For example, adoptively transferred
L-selectinlow CD4+ TE have proven to be relatively more potent on a cell-number
basis for eradicating 3-d sc tumors, whereas L-selectinlow CD8+ TE have proven
to be more effective against 10-d pulmonary metastases (19). Although the ther-
apeutic efficacy of purified L-selectinlow CD8+ TE varies strongly in proportion
to observed accumulation efficiencies at these sites (pulmonary tumors >
intracranial tumors >> sc tumors) (19,45), the therapeutic efficacy of purified
L-selectinlow CD4+ TE appears to be largely independent of such trafficking vari-
ances. This may reflect the superior abilities of L-selectinlow CD4+ TE to pro-
liferate intratumorally, provide APC conditioning, and/or gradually recruit
additional host-effector elements, including CD8+ TE (60–65). Nonetheless,
purified L-selectinlow CD8+ TE display greater efficacy than purified L-selectin-
low CD4+ TE in eradicating advanced (d 10) pulmonary tumors, even without
co-administration of exogenous rIL-2, and are essential for achieving rapid
rejection of sc tumors (19). It has not been determined whether the latter reflects
the L-selectinlow CD8+ T cell’s superior capacity to interact directly with MHC
Class Ipos/Class IIneg tumor cells.

Given the relative insensitivity of L-selectinlow CD4+ T cells to trafficking
variances and the rapid effector impact of L-selectinlow CD8+ T cells even
against advanced tumors, it is not surprising that these subsets are often thera-
peutically superior and even synergistic when administered together, despite
their respective capacities for “stand alone” therapy when administered at
threshold doses.

3.6. Therapeutic Potency of TE Is Ultimately
Dictated by Culture Conditions

Recent studies have confirmed that extended culture does not diminish the
per cell therapeutic potency of L-selectinlow TE, yet provides opportunities for
numeric expansion that can provide TE doses well above the therapeutic “thresh-
old” (66; manuscripts in preparation). Although extended culture per se does
not detectably impact therapeutic potency, certain culture modifications, includ-
ing substitution of mouse serum (MS) for fetal calf serum (FCS) (67) have
proven to have a profoundly enhancing impact on mouse TE. Despite the ther-
apeutic superiority of TE following culture in MS compared to FCS, intracel-
lular cytokine assays at the end of culture demonstrate an similar frequency of
tumor-specific TE with a virtually identical TCR-Vβ-chain repertoire.
Furthermore, higher avidity is not evident in the TE cultured in MS. The major,
consistently observed in vitro distinction between L-selectinlow TE prepared in
MS vs FCS is the former’s superior resistance to apoptosis when restimulated
with anti-CD3 or with whole-cell tumor digests (manuscript in preparation).
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Such data demonstrate that culture itself largely dictates therapeutic outcome,
even in the absence of affinity divergences or avidity modulations. It is now
proving feasible to identify culture modifications that not only generate thera-
peutic doses of L-selectinlow TE, but also proactively confer potent therapeutic
characteristics. Ironically, such data indicate that the already impressive ther-
apeutic potential of L-selectinlow TE had been considerably underestimated when
they were prepared exclusively in FCS.

3.7. Adjunct Irradiation or Chemotherapy
Is Currently Essential to Successful AIT

With the exception of pulmonary metastases, for which TE trafficking is
exceptionally robust, effective AIT has consistently required the adjunct admin-
istration of either sublethal radiation therapy (RT) or chemotherapy prior to
T-cell adoptive transfer (68,69). This is as true for high-performance L-selectinlow

TE as it is for less potent T-cell preparations. Adjunct RT or chemotherapy
enables adoptively transferred, “stand-alone” doses of L-selectinlow TE to reject
advanced poorly immunogenic tumors (intracranial, sc, and intrahepatic), and
is also required for rejection of early tumors at certain anatomic locations (e.g.,
sc and intracranial) (14,15,50).

Experiments performed in the mid-1980s demonstrated that adjunct sublethal
total body irradiation (TBI, 500R) could potentiate AIT of MCA-105 even
when TBI was applied prior to tumor inoculation, 5 d prior to adoptive trans-
fer (70). This indicated that a host alteration rather than a direct antitumor effect
was vital to the observed potentiation. Although it was initially theorized that
this host alteration was ablation of suppressor T cells, this was not validated in
subsequent mechanistic studies that addressed this possibility (69).

The recent melanoma AIT trial at the NCI Surgery Branch incorporated high-
dose chemotherapy as part of its regimen (16), and that trial’s early success will
undoubtedly inspire the continued use of adjunct chemotherapy, even in the
absence of a sure mechanistic rationale. Clarifying the therapeutic mechanisms
of adjunct RT/chemotherapy remains essential to develop less toxic, but equally
effective alternatives. Although chemotherapy is clinically more acceptable
than RT, mechanistic studies in mice are more readily accomplished with RT,
because regional and total body RT can be compared. We recently defined sev-
eral unique effects of adjunct RT upon individual elements of T-cell function:

1. Although adjunct RT itself has no discernible impact upon the trafficking of
adoptively transferred L-selectinlow TE into tumor deposits, it potentiates pro-
liferation of adoptively transferred, fluorescently tagged (CFSE-labeled) TE.
Tumor-specific proliferation within the tumor bed is especially potentiated,
suggesting that adjunct RT enhances intratumoral Ag presentation or costim-
ulation by an unidentified mechanism (71).
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2. Adjunct RT reduces the performance demands upon TE to achieve tumor
rejection. In non-irradiated hosts, we and others have demonstrated that rejec-
tion of early pulmonary tumors requires adoptively transferred TE to produce
IFN-γ. In contrast, in irradiated hosts, TE, or host-cell production of IFN-γ has
proved to be completely unnecessary to tumor rejection, regardless of the site
of tumor implantation (e.g., pulmonary, sc, or intracranial) (50). This obser-
vation was subsequently corroborated by other investigators (72).

Administration of high-dose (100 mg/kg) cyclophosphamide several hours
prior to adoptive therapy has proven to be equally as effective as TBI to enable
adoptively transferred L-selectinlow TE to cure a variety of tumor models (69).
Despite blood–brain barrier concerns, TBI or cyclophosphamide given on the
same day as TE enabled cure of both MCA-105 and MCA-205 tumors, whether
established sc or intracranially (manuscript in preparation). These studies sug-
gest that “same day” adjunct RT or chemotherapy may have broad therapeutic
applicability, and single-agent “high-dose” cyclophosphamide is clinically
preferable to TBI.

Because evidence strongly suggests that the immunosensitizing effect of
these adjuncts reflects host modulation rather than a direct antitumor effect,
better elucidation of their mechanism(s) of action is very likely to reveal less
toxic treatment alternatives.

4. CONCLUSION

Despite the strongly evident capacity of established solid tumors to resist
recognition and rejection by naturally sensitized T cells, extracorporealization
of those TE affords the opportunity to remedy dosing and activation issues that
are critical to successful AIT. The immunosuppressive “barrier” posed by estab-
lished solid tumors is insufficient to prevent curative AIT when TE are optimally
activated and adjunct chemotherapy or RT is provided. Because adjunct
chemotherapy is clinically acceptable, there are no insurmountable barriers to
successful AIT in cancer patients.
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1. MOLECULAR MECHANISMS OF APOPTOSIS
IN CANCER CELLS

Anticancer therapeutic regimens such as chemo-, radiation-, and
immunotherapy may trigger tumor-cell death through the induction of apopto-
sis. Alterations in the apoptotic pathways may determine tumor resistance to
current therapeutic strategies. An understanding of the molecular mechanisms
involved in the regulation of apoptosis and how tumor cells evade apoptotic
death may provide insight into the processes of carcinogenesis and the pro-
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gression of various malignancies, making it possible to use more rational
approaches to antitumor therapy.

Apoptosis is a specific process that causes programmed cell death by acti-
vating evolutionarily conserved intracellular pathways. Apoptotic cell death is
characterized by a series of unique biochemical and morphological events such
as cleavage of multiple proteins, phosphatidyl serine exposure, cell shrinkage,
and condensation and fragmentation of chromatin. Apoptosis can be initiated
through two alternative pathways: death receptors located on a cell surface
(the extrinsic pathway) or mitochondrial mechanisms (the intrinsic path-
way) (Fig. 1). The first pathway involves ligand-induced activation of death
receptors such as CD95/APO-1/Fas, tumor necrosis factor (TNF)-R1, DR4
(TRAIL-R1), and DR5 (TRAIL-R2), which leads to receptor trimerization and
recruitment of adaptor proteins to the intracellular death domain followed by
proteolytic activation of procaspase-8 (1–3). Activated caspase-8 cleaves var-
ious proteins including procaspase-3, which results in its activation and devel-
opment of the apoptotic process (2,4). Interestingly, activation of the cell-death
receptor may occur in the absence of the corresponding ligand. CD95L-
independent oligomerization of CD95 receptor by cytotoxic drugs or ultravio-
let (UV) irradiation is sufficient to activate downstream caspases (5–7). The
relative contribution of death receptor vs mitochondrial pathways may depend
on the dose and kinetics of a particular stress agent, and may also reflect the
existence of two different cell types with respect to CD95 signaling. Type I cells
undergo CD95-mediated apoptosis without the involvement of mitochondria,
whereas type II cells require the release of cytochrome c from mitochondria in
order for CD95 to perform its apoptotic effect (8,9). Tumorigenic disruptions
in the death-receptor pathway occur less frequently than in the intrinsic path-
way. Nevertheless, tumor cells are often resistant to death-receptor-mediated
apoptosis, and various alterations in CD95, TNF, and TRAIL receptors signal-
ing do occur in human malignancies.

Chemotherapy and irradiation can directly activate the mitochondrial path-
way (Fig. 1). The principal role of mitochondria in the regulation of the intrin-
sic cell-death pathway has only recently being recognized when experiments
identified direct involvement of cytochrome c in the initiation of caspase acti-
vation (10). Mitochondria are induced to release cytochrome c in response to
most anticancer drugs and other stress agents, either by the opening of chan-
nels in the outer membrane or because of the mitochondria swelling and rup-
ture that occurs following permeability-transition pore opening (2,11,12). The
release of cytochrome c into the cytosol results in activation of the caspase adap-
tor Apaf-1 and procaspase-9 (13,14). Caspase-9 in turn activates other caspases,
including caspase-3 and caspase-8 (2,15). Mitochondrial-membrane perme-
abilization is regulated by the opposing action of pro- and anti-apoptotic
Bcl-2 family members. The pro-apoptotic Bcl-2 proteins (Bak and Bax) can be
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activated directly following interaction with Bid, another member of this family.
Alternatively, binding of the other pro-apoptotic proteins (Noxa, Puma, Bad,
and Bim) to anti-apoptotic Bcl-2 family proteins (Bcl-2 and Bcl-XL) results in
the activation of Bax and Bak (16–19). Whether Bcl-2 proteins control mito-
chondrial membrane permeability by directly forming pores in the outer mem-
brane or by regulating the opening and closing of permeability transition pores
remains unclear (16,20).
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Fig. 1. A schematic diagram showing some of the known components of the extrinsic and
intrinsic apoptotic pathways.
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Activation of mitochondria-mediated apoptosis represents a major antitumor
response of the p53 molecule. One of the mechanisms for p53 to induce mito-
chondria-mediated cell death events is to activate pro-apoptotic Bcl-2 family
members that are directly involved in the initiation of mitochondria-induced
apoptosis, such as Noxa, PUMA, and Bax. All these proteins have been shown
to be direct targets in p53-mediated apoptosis (21). p53 also represses anti-
apoptotic Bcl-2 proteins (Bcl-2 and Bcl-XL) and inhibitor of apoptosis protein
(IAPs) (16,22–24).

Both extrinsic and intrinsic pathways converge on the activation of caspase
family members organized in a branched proteolytic cascade (25). Active cas-
pases cleave numerous intracellular substrates that activate or deactivate them,
leading to various nuclear and cytoplasmic alterations and culminating in DNA
fragmentation and cell death. Members of the caspase family have long been
considered indispensable executioners of programmed cell death (PCD).
However, recent studies demonstrate that apoptosis can occur in the complete
absence of functional caspase activity. Like classic apoptosis, caspase-
independent PCD is often dependent on activation of non-caspase proteases
such as the calpains, cathepsins B, D, and L, and granzymes A and B (26–29).
These proteases often cooperate with caspases in classic apoptosis, and can also
induce PCD accompanied by morphological changes typical for apoptosis in a
caspase-independent mode (26,28–30). Other proteases that have been associ-
ated with PCD include the recently identified serine protease Omi (also known
as HtrA2), which can induce apoptosis in both a caspase-dependent and
-independent manner (31,32) and apoptotic protease 24 (AP24) (33,34). AP24
was capable of triggering internucleosomal DNA fragmentation in isolated
nuclei and mediating DNA fragmentation in leukemia cells in response to TNF,
ultraviolet (UV) light, and various chemotherapeutic agents (33,34). Apoptosis-
like PCD can also be induced by apoptosis-inducing factor (AIF) (35) and
endonuclease G (36,37), which are released from mitochondria upon death stim-
uli and do not require prior processing by caspases for their DNase activity.

2. CHEMOTHERAPY AND CANCER-CELL
RESISTANCE TO APOPTOSIS

The resistance of cancer cells to multiple chemotherapeutic agents poses a
major problem in the successful treatment of various malignancies. Failure to
activate the apoptotic program represents an important mechanism of tumor
drug resistance. Therefore, the increasing interest in apoptosis has been driven
by the expectation that a better understanding of the molecular pathways that
control cell death will enable us to overcome tumor drug resistance. There is
strong evidence that the sensitivity of various tumor types to current therapeu-
tic methods critically depends on the expression and activation of multiple
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apoptosis-regulatory proteins. Tumors may overcome sensitivity to apoptotic
stimuli by selective defects in the intracellular signaling proteins and caspases
that are central to apoptotic pathways (Table 1). These defects may provide a
selective advantage for transformed cells, thereby rendering them resistant to
various forms of chemotherapy, which depend on the induction of apoptosis in
tumor cells.

Many lines of evidence obtained over the last several years reveal an over-
lap between chemosensitivity of tumor cells and activation of the CD95 system
(38–40). In chemosensitive Hodgkin’s lymphoma, Ewing’s sarcoma, colon car-
cinoma, and small-cell lung cancer (SCLC) cells, induction of CD95, CD95
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Table 1
Genetic Alterations Associated With Apoptosis Resistance in Cancer Cells

Protein Role in Drug Resistance References

CD95/Fas Downregulated and mutated in 146
lymphoid and solid tumors

Caspase family Deficient in the expression or activation 45–47
members of in many types of tumor including 

breast cancer, neuroblastoma, and renal 
cell carcinoma

Bcl-2 Elevated in many tumors. Inhibits 2,57
drug-induced apoptosis

Bcl-XL Determines drug resistance in several tumor 56,89
types, including multiple myeloma

Bak Decreased expression in some 147
tumors, including gastric and colorectal
cancers. Involved in mitochondrial
membrane damage

Bax Decreased expression in some 57,58
tumors. Involved in mitochondrial
membrane damage

p53 Mutated in many types of cancer. 141,148
p53–/– cells are resistant to drug-
induced apoptosis

IAPs Overexpressed in cancer. Downregulation 149,150
of XIAP induces apoptosis in 
chemoresistant tumors.

NF-κB Induces drug-resistance in many tumors. 2,151
Activates expression of anti-apoptotic 
Bcl-2and IAP family members

Apaf-1 Mutated in melanoma and leukemia-cell 152
lines. Apaf–/– cells are drug-resistant
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ligand (CD95L), and caspase activity were identified upon treatment with
doxorubicin (38). CD95-resistant and doxorubicin-resistant leukemia and
neuroblastoma cells display cross-resistance to apoptotic modes of cell death
(41). Resistant cells did not exhibit different drug uptake or drug efflux in com-
parison to drug-sensitive cells, suggesting that non-multidrug-resistant mech-
anisms are involved (41). Drug-resistant cells also fail to upregulate CD95L,
and display complete loss or reduced expression of CD95 (41,42). However,
other studies have disputed this hypothesis, based largely on the inability of
exogenously added anti-Fas/FasL reagents to attenuate drug-induced apopto-
sis in their studies. These data suggest that most anticancer drugs can trigger
apoptosis in the absence of the functional CD95 pathway via alternative death
pathways (7,43,44).

Tumor-cell variants that are deficient in the expression or activation of cas-
pase family members have a significant survival advantage when exposed to
various death stimuli. For example, MCF-7 breast-cancer cells are deficient in
the caspase-3 expression, which determines their resistance to many chemother-
apeutic agents. Reconstitution of caspase-3 renders these cells sensitive to
etoposide and doxorubicin (45). In neuroblastoma, the gene for caspase-8 is fre-
quently inactivated, making caspase 8-null neuroblastoma cells resistant to
doxorubicin-mediated apoptosis. This defect may be corrected by programmed
expression of the enzyme (46). Similarly, resistance to apoptosis in renal cell
carcinoma (RCC) lines is correlated with almost complete loss of caspase-3
expression and variable downregulation of caspases-7, -8, and -10 (47).

The functions of caspases are modulated by a set of proteins known as IAP.
Expression of the IAP family protein survivin was found in most human tumors,
but not in normal cells (48,49). In neuroblastoma, survivin expression corre-
lates with more aggressive and unfavorable disease (50). Expression of a non-
phosphorylated mutant of survivin in a melanoma xenograft tumor model
suppressed tumor growth and reduced intraperitoneal tumor dissemination
(51,52). Another IAP family member, ML-IAP, is expressed at high levels in
melanoma-cell lines, but not in primary melanocytes. Melanoma cells that
express ML-IAP are significantly more resistant to drug-induced apoptosis
than cells that lack ML-IAP (53).

Anticancer drugs can activate the mitochondrial pathway without involve-
ment of upstream caspases. The finding that mitochondrial alterations repre-
sent an irreversible step in the cellular death process has significant implications
for the further development of antineoplastic agents. Cytotoxic agents that are
capable of triggering mitochondrial changes directly may overcome drug-
resistance of tumor cells that results from the deficient expression or activation
of caspase family members. This has been documented in experiments with
caspase-deficient renal carcinoma cells. These cells were almost completely
resistant to apoptosis in response to the intracellular zinc chelator, N,N,N′N′,-
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tetrakis (2-pyridylmethyl) ethylenediamine (TPEN), although TPEN treatment
resulted in a significant increase in the number of necrotic cells in culture (47).

The coexistence of both caspase-dependent and -independent pathways has
been demonstrated in non-small-cell lung carcinoma (NSCLC) cells. NSCLC
cells are cross-resistant to a broad spectrum of apoptotic stimuli, including
receptor stimulation, cytotoxic drugs and gamma-radiation. In contrast to irra-
diation and chemotherapeutic agents, staurosporine induced mitochondrial
dysfunction in NSCLC cells, followed by release of cytochrome c, transloca-
tion of AIF into the nuclei, activation of apical and effector caspases, and mor-
phological changes that were specific for apoptosis. Thus, in NSCLC cells, in
which the caspase-dependent pathway is less efficient, the triggering of an
AIF-mediated caspase-independent mechanism circumvents the resistance of
these cells to cytotoxic treatment (54).

Members of the bcl-2 family represent attractive targets for gene therapy
because the failure of antitumor agents to induce cell death in target cells may
be the result of the altered expression of these proteins in malignant cells. Anti-
apoptotic Bcl-2 and Bcl-XL proteins have been implicated as key elements of
drug resistance in multiple myeloma (55,56) and chronic lymphocytic leukemia
(57), whereas mutation or deletion of the pro-apoptotic bax gene is associated
with resistance to chemotherapy in patients with colon cancer (58). Drug resis-
tance in SCLC was paralleled by strong upregulation of Bcl-2, which dimin-
ished apoptosis by inhibiting the loss of the mitochondrial transmembrane
potential and the release of cytochrome c (59). Excessive expression of anti-
apoptotic proteins can make tumor cells extremely resistant to diverse cytotoxic
insults, including γ-irradiation and cytotoxic drugs, since Bcl-2 and Bcl-XL pro-
teins protect cells from both caspase-dependent and -independent death (12,60).
The downregulation of Bcl-XL in prostate cancer DU-145 cells has led to their
resistance to cytotoxic agents, including docetaxel, mitoxantrone, etoposide,
vinblastine, and carboplatin (59). Reduction of Bcl-2 level using anti-sense
treatment or intracellular expression of anti-Bcl-2 antibody renders tumor cells
susceptible to drug-induced cell death (55,61). In this respect, encouraging
results were obtained in experiments with expression of oncogenically mutate
ras gene in human glioma and gastric cancer-cell lines (62). Oncogenic Ras-
induced cell death occurred in the absence of caspase activation, and was not
inhibited by the overexpression of Bcl-2 protein (62). Considering these results,
it appears that gene therapy may ultimately become a successful component in
the treatment of drug-resistant tumors.

One of key elements controlling apoptosis induction in cancer cells is the
p53 molecule. Disruption of p53 function frequently occurs in human cancers,
and is associated with an unfavorable prognosis. Loss of p53 expression or spe-
cific p53 mutations have been linked to primary chemoresistance and early
relapse in breast, leukemia, testicular, and Wilms cancers (63). Mutant p53 is

Chapter 12 / Tumor Resistance to Apoptosis 221

CH12,215-234,20pgs  9/22/03 2:00 PM  Page 221



also associated with prostate-cancer resistance to cytotoxic agents.
Re-introduction of wild-type p53 into p53 null tumor cells re-establish their
chemosensitivity (64). Wild-type p53 is also known to repress a number of
cellular promoters that may be important for an apoptotic response, cell-cycle
control, and other important biological functions. For example, expression of
the anti-apoptotic Bcl-2 is suppressed by wild-type p53 (65). Therefore, loss
of this repression by p53 mutation or inactivation may lead to an upregulation
of Bcl-2 expression and an impaired apoptotic response to chemotherapeutic
agents. However, certain tumors that possess either mutation or deletion of the
p53 gene are still capable of undergoing apoptosis, such as breast or gastric
cancer cells upon exposure to taxol (66,67).

Multiple studies have established the role of genes controlled by the NF-κB
transcription factor in malignant transformation (68) and progression of cancer
to hormone-independent growth (69–73). Overexpression of anti-apoptotic
proteins controlled by NF-κB family members has been implicated as a key
element of drug resistance in a wide variety of tumors (55–57). Constitutive
activation of NF-κB in androgen-independent prostate-cancer cells explains the
observation that these cells are remarkably resistant to therapeutic agents oper-
ating through the induction of apoptosis (74). Many studies have documented
that the inhibition of NF-κB activity enhances the apoptotic effect of a variety
of death inducers (75–77), whereas pretreatment of cells with NF-κB inducers
confers resistance against apoptosis (78,79). Inhibition of NF-κB activity
enhances TNF-related apoptosis-inducing ligand (TRAIL)-mediated apoptosis
in malignant cells (80), and activation of NF-κB has the opposite effect (81).
Inhibition of NF-κB also sensitizes previously insensitive cancer cells to
TNF-α (82,83) and chemotherapy (84). Downregulation of the NF-κB regulated
anti-apoptotic protein Bcl-XL restores sensitivity to apoptosis in androgen-
independent PC-3 and DU-145 cell lines (85–87).

Considering the importance of apoptosis as a potential outcome of tumor-
cell response to chemotherapeutic regimens, further studies are needed to
identify the contribution of individual components of the complex apoptotic
pathways in the sensitivity to anti-cancer therapy. These may include novel pro-
teomic approaches, analysis of gene-expression profiles and functional in vitro
and in vivo studies of malignant cells from patients who are undergoing cancer
therapy.

3. RADIOTHERAPY AND CANCER-CELL
RESISTANCE TO APOPTOSIS

The genetic composition of cells and their sensitivity to radiation-induced
apoptosis are equally critical as in chemotherapy-induced apoptosis. It appears
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that cells that are resistant to the induction of apoptosis in response to chemo-
therapeutic agents are also resistant to radiotherapy. It has been demonstrated
that tumors with a high apoptotic index prior to the initiation of radiotherapy
are more sensitive to the cytotoxic effects of the radiation, and that these patients
have a significantly longer survival (88,89).

Pathways leading to apoptosis are rather complex, and it is unlikely that resis-
tance of tumor cells to radiotherapy can be ascribed to a single component.
Ionizing radiation can act as a response-enhancing agent for CD95-mediated
cell death. This complementation exists for a wide range of tumor cells.
Therefore, stimulation of antitumor immunity at the completion of radiother-
apy might be beneficial for inducing apoptosis through the CD95/CD95L
system (90). However, a block in intracellular signaling can prevent CD95-
mediated apoptosis, even in cells that express a high level of CD95 (91). A
number of reports have indicated that ionizing radiation triggers activation of
the caspase cascade in susceptible tumor cells. The mechanism by which radi-
ation activates caspases is unclear, although it has been reported that radiation
acts on cellular membranes to generate the apoptosis-inducing molecule
ceramide (92). Indeed, radiation resistance in prostate-cancer cells was reversed
by generation of ceramide via activation of the enzyme ceramide synthase (93).
Ionizing irradiation also triggers the activation of caspase-8 (94,95) and cas-
pase-9 (90,96). Thus, the lack of functional caspase activity in tumor cells can
be responsible, at least in part, for tumor resistance to radiation therapy.
Paradoxically, androgen deprivation reduces radiosensitivity of androgen-
dependent prostate-cancer cells, possibly by triggering cell-cycle delay, which
results in a reduction of post-mitotic apoptosis (97).

Activation of the transcription factor NF-κB is part of the immediate early
response of tissues to ionizing irradiation. There is increasing evidence to sup-
port a central role for NF-κB regulation in cellular intrinsic radiation sensitiv-
ity and apoptosis after exposure to ionizing radiation (98–100). Expression of
a mutant IκB inhibited NF-κB and sensitized head and neck squamous cell car-
cinoma (HNSCC) to radiation (101). Inhibition of NF-κB activation also
increased radiation-induced apoptosis and enhanced radiosensitivity in col-
orectal cancer cells, both in vitro and in vivo (100). However, inhibition of
NF-κB activity in the PC-3 prostate cancer and HD-MyZ Hodgkin’s lymphoma
cells failed to alter their intrinsic radiosensitivity (102). NF-κB exerts its pro-
tective effect by upregulating expression of numerous genes with known anti-
apoptotic activity. Indeed, excessive expression of NF-κB controlled
anti-apoptotic proteins can make tumor cells extremely resistant to diverse
cytotoxic insults, including irradiation, since such proteins protect cells from
both caspase-dependent and -independent death (12,60). A significant associ-
ation between the bcl-2 and bax status of the tumors and histopathologic sub-
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types and grades has been noted in patients with epithelial ovarian
carcinoma (103). Controversially, in patients with advanced esophageal
squamous cell carcinoma who underwent chemotherapy and/or radiation
therapy after surgery, Bax and Bcl-XL expression was not related to clinical
outcome (104).

Although p53 protein plays an important role in the regulation of radio-and
chemosensitivity in many tumors, the role of p53 in the combined management
of tumors that harbor mutations in the p53 gene has not been fully defined. Many
researchers have attempted to link p53 mutation and spontaneous apoptosis to
the effectiveness of radiochemotherapy and with prognosis in several malig-
nancies. Recent studies revealed that p53 status has a significant impact on radi-
ation sensitivity of pancreatic tumors. Tumor cells carrying wild-type p53 are
significantly more radiosensitive than mutant cell lines. When radiation
therapy and 5-fluorouracil were combined, this led only to an additive effect in
wild-type cell lines and to a synergistic effect in mutant cell lines (105). The
induction of wild-type p53 potentiated the cytotoxicity of both irradiation and
5-fluorouracil in colorectal cancer cells (106). A high level of spontaneous apop-
tosis induced by overexpression of bax may increase the sensitivity of
radiochemotherapy, resulting in a good prognosis. p53 mutation may lead to
resistance against radiochemotherapy, resulting in a poor prognosis (107). p53
status in pretreatment biopsies also strongly predicted long-term biochemical
control after radiation therapy in favorable-to-intermediate-risk prostate-cancer
patients, suggesting that abnormal p53 status may favor surgical management,
aggressive dose escalation, or p53-targeted therapy (108).

4. IMMUNOTHERAPY AND CANCER-CELL
RESISTANCE TO APOPTOSIS

The antitumor effect of cytotoxic T lymphocytes (CTL) is executed through
at least two distinct mechanisms. The first pathway depends on crosslinking of
CD95 on target cells by CD95L expressed on a surface of CTL. As discussed
previously, target cell death mediated through the CD95/CD95L pathway is
entirely caspase-dependent. During the process of malignant transformation,
multiple defects along the CD95 signaling complex may provide cells with a
selective advantage that renders them insensitive to CD95-mediated death sig-
nals. The second pathway involves exocytosis of preformed granules that act
as lytic effectors and initiate target-cell death. This mechanism requires the
pore-forming protein perforin (PFN), which is inserted into the target-cell
membrane and facilitates entry and release from endosomal compartments of
the serine proteases, granzymes (Gr), capable of processing caspases and ini-
tiating apoptosis (109; Fig. 1).
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Loss of CD95 expression on tumor cells may contribute to immune evasion.
The expression of CD95 was found to be reduced in hepatocellular carcinoma,
melanoma, and other tumors (110–112). CD95 gene mutations have been
demonstrated in myeloma and adult T cell leukemia (113,114). Recent data sug-
gest that de novo expression of the CD95L in tumors may result in the elimi-
nation of CD95 positive antitumor lymphocytes (115).

An expression of soluble receptors that act as decoys for death ligands by
tumor cells may represent a potential mechanism to escape immune destruc-
tion. High serum levels of soluble CD95 are associated with a poor prognosis
in melanoma (116,117). Secretion of soluble CD95 found in RCC was sug-
gested to contribute to the resistance of this tumor to CD95-mediated apopto-
sis (118). Expression of another CD95L-binding decoy receptor 3 (DcR3) is
increased in several lung and colon carcinomas, glioma cell lines, and glioblas-
tomas (119–121). Ectopic expression of DcR3 in glioma model resulted in
decreased immune-cell infiltration in vivo (121).

Recent studies with caspase inhibitors suggest the presence of non-apoptotic
caspase-independent pathways when target-cell death is induced by CTL gran-
ule exocytosis (122,123). Caspase inhibitors can effectively block tumor-cell
death induced by the cytotoxic drugs camphotecin and cisplatin, but fail to
inhibit lysis of cells induced by the granule exocytosis (122). Caspase-deficient
human RCCs were resistant to apoptosis induced by GrB/PFN; however, despite
this endogenous defect, the addition of PFN and GrB was capable of trigger-
ing non-apoptotic necrotic death in these cells (124). These data demonstrate
that CTL may overcome tumor resistance to apoptotic modes of cell death via
GrB-mediated cellular necrosis. Thus, the ability of cytotoxic lymphocyte gran-
ules to bypass the requirement for caspases in the death pathway may guaran-
tee killing of tumor cells with a caspase pathway that is incomplete or under
strict endogenous control.

Tumor cells can still resist CTL-mediated killing through interference with
the perforin/GrB pathway. This escape mechanism involves expression of the
serine protease inhibitor PI-9/SPI-6, which inactivates GrB. Expression of
PI-9 was observed in a variety of human and murine tumors, and determined
the resistance of tumor cells to CTL-mediated killing both in vitro and in vivo
(125). Tumor cells may also evade immune destruction by causing apoptotic
death in immune cells (126,127).

Interestingly, the exposure of macrophages to necrotic tumor cells causes pro-
nounced stimulation of macrophage antitumor activity, and exposure to apop-
totic tumor cells results in impairment of macrophage-mediated tumor defenses
and may even support tumor-cell growth (128). Therefore, treatment modali-
ties aimed at inducing tumor-cell necrosis rather than apoptosis may result in
final eradication of tumors via nonspecific activation of the immune system.
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5. NEW APPROACHES TO OVERCOMING APOPTOSIS
RESISTANCE IN CANCER CELLS

The heterogeneity of cancer cells with respect to their sensitivity to various
stress agents emphasizes the need for the activation of additional death path-
ways in the therapeutic control of cancer-cell death. Recent studies have pro-
vided new agents that may circumvent defects in apoptotic pathways found in
tumors. One such agent is the death ligand TRAIL, a member of the TNF
family. TRAIL cytotoxic activity was found to be relatively selective to the
human tumor-cell lines with a minor effect on the normal cells. TRAIL imple-
ments antitumor activity without causing toxicity, as shown by studies with sev-
eral xenograft models (129). Chemotherapy and radiation sensitized resistant
cells to TRAIL-mediated apoptosis, both in vitro and in vivo (130,131). The
pro-apoptotic mitochondrial protein SMAC/DIABLO was also shown to sen-
sitize malignant cells to TRAIL-mediated apoptosis. Expression of a cytosolic
Smac/DIABLO allowed TRAIL to bypass Bcl-XL inhibition of death receptor-
induced apoptosis. In addition, SMAC/DIABLO may be used as a selective
agent to downregulate IAP family members in melanoma cells (132).

Molecules that inhibit activation of NF-κB have been the focus of much atten-
tion as potential anticancer agents. NF-κB activation is regulated by phospho-
rylation of IkappaB inhibitor molecules that are subsequently targeted for
degradation by the ubiquitin-proteasome pathway. PS-341 is a specific and
selective inhibitor of the proteasome that inhibits NF-κB activation and
enhances cytotoxic effects of chemotherapy in vitro and in vivo. An 84% reduc-
tion in initial tumor volume was obtained in colorectal cancer xenografts that
received radiation and PS-341 (100). The drug is well-tolerated, has few adverse
side effects, and may be beneficial in combination therapies with reduced doses
of chemotherapeutic agents (16,133).

Anti-sense approaches to decrease expression of anti-apoptotic genes includ-
ing Bcl-2, Ras, XIAP, and Mdm2 are in various stages of preclinical and clin-
ical studies (16,134–139). Experiments, both in vitro and in vivo, have
demonstrated the potential feasibility of such approaches.

The importance of p53 in the regulation of apoptosis, growth arrest, genomic
stability, cell senescence, and differentiation makes it an attractive target for
pharmacological intervention. Reintroduction of wild-type p53 into tumor cells
suppresses tumor growth and potentiates the cytotoxicity of DNA-damaging
drugs (106,140,141). Intratumoral injection with p53-expressing adenovirus
(Ad-p53) in combination with cisplatin is well-tolerated (142).

Other promising therapeutic agents include small-molecule inhibitors of
PI-3 kinase/Akt (143) and farnysyltransferases needed for the activity of ras
(144). These compounds induce apoptosis both in vitro and in vivo, are rela-
tively nontoxic to normal cells, and have been shown to mediate tumor regres-
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sion in mice (16). Interesting results were also obtained with small peptides com-
posed of two functional domains. The “homing” domain was designed to guide
the peptide to targeted cells and allow its internalization. The “pro-apoptotic”
domain was designed to be nontoxic outside cells, but toxic when internalized
into targeted cells by the disruption of mitochondrial membranes. In mice, these
peptides displayed antitumor activity, but no apparent toxicity (145).

6. CONCLUSION

The resistance of tumor cells to anticancer therapies may result from a
failure to activate apoptotic pathways in response to drug treatment. A better
understanding of the molecular mechanisms of cell death in response to chemo-,
radio-, and immunotherapeutic strategies will help to avoid ineffective treat-
ment regimens and provide a molecular basis for the new therapeutic modali-
ties targeting apoptosis-resistant forms of cancer. Finally, an understanding of
such mechanisms may reveal potential targets for one of the most promising
approaches to cancer treatment—gene therapy.
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1. INTRODUCTION

A key question that has remained unanswered in the field of tumor immunol-
ogy is whether the observed tumor-specific immune responses are intrinsically
insufficient to induce cancer rejection or—although adequate for this task—are
most often counteracted by an evolving disease that is capable of escaping them
through continuous phenotypic changes. A combination of the two is probably
at the basis of the relatively rare observation of tumor regression in response
to immune manipulation. However, in this chapter, we emphasize the impor-
tance that the latter possibility may have in influencing the success of most anti-
cancer immunization strategies. We also discuss strategies that may help to
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understand this complex phenomenon, with the ultimate goal of identifying the
true algorithm that modulates the immune rejection of cancer.

During the last decade, impressive advances have been made in the under-
standing of the biology of tumor host interactions in humans. A highly signif-
icant breakthrough was the molecular characterization of tumor antigens (TA)
recognized by the cellular and/or the humoral arm of the immune response
(1–3). This information led to the preparation of clinical trials designed for
the active specific immunization of patients with cancer with single or poly-
epitope vaccines from one or several TA (1,4). This strategy is deemed
feasible because most lineage-specific and tumor-specific TA are non-mutated
molecules with an expression that is shared by a wide variety of tumors and a
large number of patients (5). Although only marginally successful in clinical
terms, immunization with TA has facilitated the understanding of the immuno-
logical response to vaccines by limiting the analysis to one or few human leuko-
cyte antigen (HLA) allele/epitope combination(s), allowing direct analysis of
epitope-specific circulating T cells ex vivo as well as the phenotypic changes
occurring in tumor-cell changes in response to immunization (6).

The implementation of an immunization protocol and respective monitoring
of immunological parameters, together with changes in tumor-cell phenotypes,
has been more productive in raising new questions than in answering old ones
(7). Such questions encompass biological phenomena related to immune
responsiveness and tolerance toward self molecules, as well as a broader appre-
ciation for the genetic instability of the neoplastic process and its heterogene-
ity among different individuals and within the same individual during a period
of time. These variations may in turn be responsible for the immune-escape of
cancer cells from recognition by a competent immune system (8).

There is no question that a dialogue is naturally established between cells of
the innate and adaptive immune system and cancer. The most striking evidence
is the ease with which tumor-infiltrating lymphocytes (TIL) that are capable of
specifically recognizing and killing tumor cells can be expanded from tumor
deposits (9). This observation suggests that within the tumor microenvironment,
tools are available for the recruitment from the systemic circulation of T cells
that are specific for TA expressed by tumor cells or antigen-presenting cells
(APC) that have taken up remnants of the death tumor cell. Intriguingly, the
identification of TA-specific TIL occurs in tumor deposits that are nevertheless
happily growing, suggesting that the naturally occurring immune response is,
for reasons that remain unclear, insufficient to complete its effector function.
The paradoxical observation of the pacific co-existence of tumor cells and their
killers could be explained partly by the fact that the strong cytotoxic activity
of TIL against tumor cells is observed after their in vitro expansion in the pres-
ence of cytokines associated with powerful T-cell activation and proliferation
properties such as interleukin-2 (IL-2). Thus, it is likely that this in vitro potency
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of TIL represents an exaggeration of the immune reactivity in vivo at the tumor
site, where naturally cytokines are not constitutionally expressed in large
amounts (8).

Supporting this hypothesis is the observation that systemic IL-2 administra-
tion, as a single agent or in combination with the adoptive transfer of TIL, can
induce complete regression of metastatic cancer (10,11). In addition, the adop-
tive transfer of TIL combined with IL-2 appeared to increase the rate of cancer
regressions compared to IL-2 alone. Although it remains unclear how IL-2
works when given in pharmacological doses, these observations corroborate the
hypothesis that a second stimulus is necessary to complement the naturally
ongoing immune response for a successful induction of immunologically medi-
ated cancer rejection. We have recently followed changes in the transcriptional
profile of melanoma metastases sequentially biopsied before and during sys-
temic IL-2 administration (12). Surprisingly, IL-2 had no direct effect on T-cell
migration to the tumor site or on their activation or proliferation. Instead, IL-2
affected T-cell function indirectly through powerful activation of innate immu-
nity mechanisms centered on activation of APC with secondary release of potent
chemokines and of natural killer (NK) cell activity. These findings corroborate
the concept that the activity of TIL observed in vitro is not representative of the
in vivo situation in which the tumor microenvironment is not capable of pro-
viding—in natural conditions—the signaling necessary for the maintenance of
a brisk immune response, and additional stimuli must be provided. Thus, it is
possible that tumor-cell co-existence with competent immune cells within the
tumor microenvironment is a default occurrence, and potent stimuli must be
delivered in the target tissue to overcome this indolent relationship.

A cornerstone in the understanding of tumor/host interactions was the iden-
tification of the first TA recognized by T-cells through the characterization of
the immune reactivity of a T-cell clone expanded from circulating lymphocytes
of a long-term cancer survivor (13). Following this identification, a large number
of TA have been identified in association with various tumor types to the point
that a comprehensive list of TA and related epitopes is readily available.
However, for the purpose of this discussion, several TA can be categorized into
conceptually similar subsets according to their genetic origin and tissue distri-
bution (6,14). An important clinical conclusion that can be drawn from a survey
of the TA thus far identified is that a significant number of these are expressed
by a relatively broad range of tumor types and by a large percentage of patients
within each type of tumor. This is particularly true for the cancer/testis antigens
(3), whose expression in normal tissues is restricted to testes, and for the tumor
differentiation antigens (15), which represent remnants of the cellular lineage
of origin of a cancer of a particular histology. One practical implication of these
findings is that many of the TA identified could serve as immunogens to imple-
ment specific immunotherapy in large patient populations.
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The identification of TA has allowed a detailed analysis of the immune reac-
tivity toward them in natural conditions or in response to immunologic manip-
ulation. Surprisingly, non-tumor-bearing individuals naturally demonstrate
acquired cellular immune responses against TA (16,17), although to a lesser
extent than cancer-bearing individuals (16,18–20). As a corollary to this obser-
vation, it became obvious that although individuals may be capable of mount-
ing systemic immune responses toward TA, these are not sufficient in
themselves to prevent tumor occurrence and progression. At the same time,
these observations raised the hope that increasing the intensity of naturally
occurring immune responses against cancer with TA-specific immunization
could improve the survival of patients with cancer. Several clinical trials have
been conducted to test this hypothesis (21–31). The global impression yielded
confidence that most immunization strategies are effective in inducing systemic
tumor-specific T-cell responses, but with few exceptions (29–31), the extent of
the observed immune response is not correlated in the clinical outcome.

An interesting point that can be drawn from a review of these early studies
is that the combination of IL-2 and immunization appears to yield response rates
at higher frequency than could be expected with the administration of either
IL-2 or the vaccine alone (27). This point is far from established, since no ran-
domized study has been performed to demonstrate the effectiveness of this com-
bination. However, based on these preliminary observations and ongoing
clinical experience, it is reasonable to assume as a working hypothesis that the
combination of immunization with nonspecific immune stimulation may be
beneficial. Paradoxically, the higher frequency of clinical responsiveness
observed with the IL-2/vaccine combination is associated with a decreased
ability to identify circulating immunization-induced TA-specific T cells. Some
researchers have suggested that the disappearance of TA-reactive T cells caused
by IL-2 administration could be the result of a surge of CTL migration toward
the extravascular space—and more specifically, the tumor microenvironment—
in response to the increased vascular permeability caused by IL-2 (27,32).
However, in a recent study, we failed to identify such evidence of migration,
as the frequency of various T-cell markers did not change during IL-2 therapy
(12). Another line of evidence suggests that IL-2 is not directly responsible for
the migration of T cells at the tumor site. We serially followed the gene expres-
sion of various cytokines in melanoma metastases undergoing therapy by
obtaining fine-needle aspirates (FNA) before and after treatment. When patients
received TA-specific immunization in the absence of systemic IL-2 therapy, we
observed increased expression of IFN-γ in post-treatment FNA that correlated
with enhanced systemic immune reactivity (33). In addition, increased IFN-γ
transcript was correlated to levels of expression of the TA targeted by the immu-
nization, and was associated with an increased frequency of TA-specific
T cells, as demonstrated by tetrameric HLA/peptide (tHLA)-complexes phe-
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notyping. When patients received the same immunization schedule in combi-
nation with IL-2 administration, we could not document systemic enhancement
of TA-specific immune reactivity. This finding also correlated with a lack of
localization of T cells at the tumor site, as we did not observe increased in
IFN-γ levels in tumor deposits following treatment or an increased number of
tHLA-staining CD8+ T cells. Thus, the addition of IL-2 to immunization does
not seem to enhance response rates by directly facilitating the migration of
T cells to the tumor site, but rather works through different mechanisms.

Thus, the reason(s) why cancer treatments based on active-specific immu-
nization are sporadically successful remain(s) elusive. In addition, the reason(s)
that general immune stimulants such as IL-2 exert antitumor effects in vivo
remain(s) unknown, mostly because little is known about their actual mecha-
nism of action within the tumor microenvironment. Because the ultimate goal
of anticancer vaccines to induce tumor regression has remained elusive and dis-
sociates from the achievement of immune sensitization, two types of logical
explanations have been raised. On the one side, it may be postulated that the
observed immune responses to vaccination are in quantitative or qualitative
terms insufficient to achieve a threshold required for tumor clearance. An alter-
native—and not exclusive—hypothesis suggests that the immune response
elicited by immunization are of an optimal nature, and tumor regression may
not occur because within the tumor microenvironment, a variety of factors may
modulate the sensitivity of tumor cells to the effects of immunization.

IL-2 may fit in both models by being responsible for the enhancement of the
immune response in the former and for overcoming the tumor resistance to
immune cells in the latter by indirectly promoting the migration and activation
of TA-specific T cells at the tumor site or further activating T cells that are already
localized at the tumor site. In addition, IL-2 can overturn immunosuppressive
signals in the tumor microenvironment or induce tumor death through a non-
specific outburst of cytokine production. We favor the second hypothesis based
on our direct ex vivo observations of changes in the genetic profile of melanoma
metastases in patients who are undergoing systemic IL-2 therapy (12).

The study of the mechanism of action of IL-2 as an adjuvant to tumor vac-
cines may have implications beyond the biology of this cytokine, and may be
seen as a model for understanding the complex algorithm governing tumor
rejection by the immune system. The field of human tumor immunology is a
hybrid that combines two different disciplines. One is the study of human
immunology that encompasses the understanding of recognition of self and/or
non-self molecules in the context of human polymorphism. The second field
that we believe has been somewhat neglected in the past is the appreciation of
the extreme heterogeneity and instability of cancer (34). Thus, as some
researchers are aggressively pursuing the optimization of T-cell stimulation in
vivo with the purpose of inducing immune responses of intensity sufficient to
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eradicate a conceptually constant target, others search for reasons why, given
comparable immune responses, different tumors may respond differently.
Indeed, various tumors may differ in their sensitivity to immune recognition,
or may modulate the immune response through paracrine secretion of immune-
regulatory substances. Possibly, systemic treatments such as IL-2 administra-
tion may work not only by increasing the intensity of the immune response, but
also by inducing a tumor microenvironment that is conducive to the recruitment
and maintenance of such a response by overcoming tolerogenic signals released
by tumor cells. We believe that at this crossroad, more resources should be used
in an attempt to identify the reason(s) for the capriciousness of immune-
mediated cancer rejection by analysis of tumor/host interactions directly within
the tumor microenvironment. This may lead to the identification of the para-
meters that truly regulate tumor rejection by the innate and/or adaptive immune
response, and may consequently identify molecular targets that are likely to
achieve this purpose. Therefore, we will discuss both models in this chapter.

2. THE FAILURE OF IMMUNIZATION TRIALS AS A RESULT
OF QUANTITATIVELY OR QUALITATIVELY

INADEQUATE IMMUNE RESPONSES

Various assays have been described that can estimate the intensity of cellu-
lar immune reactivity toward a given epitope, and a recent workshop sponsored
by the Society of Biological Therapy has summarized the pros and cons of most
of them (35). Originally, vaccine-induced immune responses had been demon-
strated and characterized using parallel in vitro sensitization (IVS) of leukaph-
esis products obtained from patients before and at various time-points during
immunization (22). Although IVS provided the first conclusive evidence that
TA-specific immunization could elicit enhancement of systemic anticancer
immune responses, it was criticized because it provided non-quantitative infor-
mation, since the expansion of vaccine-specific T cells was performed under
arbitrary conditions such as, the selection of antigen and cytokine concentra-
tion used for the assay. Thus, assays that could document the extent of the
immune response to immunization ex vivo have gradually taken over IVS.

The ELISPOT assay has enjoyed notable popularity because of its simplic-
ity, accuracy, and sensitivity (36,37). This assay consists in the enumeration of
T-cell colonies spotted on a semi-solid surface producing IFN-γ, or another
cytokine, in response to a cognate stimulus. Similar assay have been described
that include immune phenotyping of TA-reactive T cells through the detection
of specific surface or intracellular cytokine expression by fluorescence-activated
cell sorting (FACS) analysis (38–40). Because of the dependency on cytokine
secretion, “functional” assays may underestimate the actual frequency of vac-
cine-induced T-cell precursors by missing T cells with a threshold for cytokine
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expression/proliferation above the stimulus applied by the assay (41). Thus,
other assays have been proposed that may more directly enumerate the fre-
quency of epitope-specific T cells, such as tetrameric HLA/epitope complexes
(tHLA) (42). Indeed, measurements by these assays reveal CTL precursor fre-
quencies that are considerably higher than those suggested by ELISPOT, lim-
iting dilution analysis, or intracellular FACS analysis (41,43). Levels of
tumor-reactive T cells reached up to 5% of the circulating CD8+ T-cell popu-
lation, yet no correlation was noted between their number in individual patients
and treatment efficacy (43,44). Conceptually, this makes sense, considering the
heterogeneity of tumor cells in different individuals that could be differentially
sensitive to a particularly intensity of immune recognition (6). The lack of a
relationship between immune and clinical response may be related to the fact
that enumeration of vaccine-specific T cells has been predominantly performed
on blood samples obtained several weeks (generally 3–4 wk) after treatment.
This timing of sampling may not reflect the peak of activity of the T cells in
response to the immunogen. Thus, it is possible that this discrepancy may
reflect the survival rate or extravascular distribution of vaccine-induced T cells
rather than a discrepancy between their frequency and effectiveness at the time
of treatment. No information is presenbly available about the short-term kinet-
ics of immune responses to immunization and during combined treatment with
systemic cytokine administration. This information may be critical if future
studies are to confirm the usefulness of this combined approach (27). Evidence
based on the comparison of various vaccination strategies suggests that vacci-
nation protocols that are most effective in inducing immune responses are asso-
ciated with a higher rate of clinical responses, suggesting that a general
correlation may exist between immune and clinical response if patient hetero-
geneity is mitigated by random distribution of tumor phenotypes among random
patient populations (27).

It is possible that the frequency of TA-specific T cells induced by vaccina-
tion may not reach a numerical threshold that is sufficient to initiate and sus-
tain an effective rejection of cancer. At present, no information is available about
the frequency of circulating T cells required to achieve a particular effect on a
target tissue. However, it is clear that a much higher frequency of epitope-
specific T cells than those noted after TA-specific immunization have been
observed in the context of some, but not all, acute and chronic viral infections,
and in the context of autoimmune diseases (41,45–48). Our recent studies sug-
gest that prolonged vaccination schedules may progressively increase the fre-
quency of TA-specific circulating T cells by broadening the recruitment of
T cells bearing diverse and non-overlapping T-cell receptor (TCR) repertoires
(49). These results were similar to those reported by Dietrich et al. (50), who
also provided evidence against the usage of highly restricted TCR-repertoire
utilization in response to a self-differentiation TA. We also noted that the sched-
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ule of administration had marked effects on the number of vaccine-specific
T cells induced, and closer vaccine administrations appeared to be most effec-
tive (49).

The blunted status of activation of tumor-specific T cells may be the cause
of their ineffectiveness (51). TA-specific T cells may be incapable of releasing
IFN-γ or being cytoxic upon encountering relevant tumor-cell targets. This
hypothesis cannot be generalized because it is based on a single patient obser-
vation (51) and has not been confirmed by other investigators. A recent analy-
sis of PBMC from patients with melanoma identified TA-specific T cells with
an effector/memory phenotype capable of IFN-γ release ex vivo upon cognate
stimulation (40). Functional differences in cytokine expression by various sub-
sets of TA-specific lymphocytes in tumor-bearing patients may merely reflect
various functional subsets of naïve/memory/effector T cells (52) (Fig. 1).
Dunbar et al. have shown that different subsets of TA-specific T cells can be
identified in melanoma patients (53). In the context of human T-cell lym-
photropic virus type I infection, symptoms of myelopathy were associated with
a high frequency of CD45RA-CD27-effector cells expressing perforin and
demonstrating cytolytic function (48). A dissociation between cytokine secre-
tion and cytolytic function upon cognate stimulation has been observed in other
human viral models (54) and in the context of TA-specific vaccination (23).
Thus, the observed increase in TA-specific, IFN-γ secreting T cells following
immunization may give the misleading impression of the presence of the cir-
culation of powerful effector cells.

As previously discussed, active specific immunization alone is rarely asso-
ciated with clinical responses. The best results seem to be observed when the
immunogen is delivered in combination with adjuvants such as APC (24,25) or
immune-stimulatory cytokines (27,55). However, the effectiveness of APC has
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Fig. 1. (facing page) Steps supposedly required for immunization-induced tumor regres-
sion. Immunogens may have varying potency in relation to their stability and solubility, the
patient’s histotype and the milieu in which they are delivered (e.g., chemical adjuvants,
cytokines, APC). The induction of an effective local response matures APC that migrate to
draining lymph nodes (LND) to present antigen to naïve/memory T cells (locoregional
response). Upon antigen-exposure, T cells enter the circulation (systemic response), where
various factors may influence their effectiveness, including their frequency, status of dif-
ferentiation, and/or activation. Some T cells can localize in peripheral tissues to exert effec-
tor function (peripheral response). Upon T-cell receptor/epitope engagement, cytotoxicity
occurs. T cells also may release cytokines such as interferons (IFN), tumor necrosis factor
(TNF), granulocyte-macrophage colony-stimulating factor (GM-CSF) and interleukin-2
(IL-2), with potent inflammatory properties capable of sustaining the ongoing or stimulat-
ing a novel immune response. In some circumstances, this could be facilitated by a con-
ducive tumor microenvironment pre-conditioned by cytokines that are constitutively
produced by a tumor or infiltrating normal cells. A deficient clinical response could be
caused by loss of antigen expression or presentation by tumor cells, or production of
immunosuppressive factors.
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not been confirmed by other investigators (56,57). The combination of systemic
immune stimulation with cytokines with immunization also appears to offer an
additional benefit over immunization alone. In particular, anticancer vaccines
in association with IL-2 (27) or granulocyte-macrophage colony-stimulating
factor (GM-CSF) (55) can dramatically increase the frequency of clinical
responses compared with historical controls (58). At present, it is unclear
whether these results represent a true additional benefit of the combination. A
randomized multi-institutional clinical protocol for the treatment of
HLA-A*0201 patients with metastatic melanoma that is currently in progress
may help to answer this question by randomizing patients between an arm
offering systemic high-dose IL-2 and a second arm receiving the combination
IL-2 and an HLA-A*0201-associated gp100-derived epitope.

Based on the working hypothesis that the combination of immunization and
IL-2 therapy may synergistically enhance immune rejection, we have been
interested in investigating the mechanism of action of IL-2 when systemically
administered at high doses (12). It has been suggested that the anticancer effects
of IL-2 are mediated through its ability to expand and activate in vivo CTL of
the NK and T-cell subsets (59). However, it has become quite apparent that
IL-2 at the more than physiologic doses in which it is systemically adminis-
tered has effects beyond the simple activation of cells carrying the IL-2 recep-
tor (32,60). In a recent study (12), we compared early changes in transcriptional
profiles of circulating mononuclear cells with those that occur within the
microenvironment of melanoma metastases following systemic IL-2 adminis-
tration. The results suggested that the immediate effect of IL-2 administration
on the tumor microenvironment is transcriptional activation of genes predom-
inantly associated with monocytic cell function, and minimal effects were noted
on migration, activation, and proliferation of T cells. However, production of
chemokines and markers of adhesion and migration within a few hours of
IL-2 administration may be responsible for a secondary recruitment of immune
cells to the tumor site at a later time-point. The results of this study suggest that
IL-2 administration induces inflammation at the tumor site with three pre-
dominant secondary effects: i) activation of antigen-presenting monocytes;
ii) a massive production of chemoattractants that may recruit other immune
cells to the tumor site including MIG and PARC, specific for T cells; and
iii) activation of lytic mechanisms attributable to monocytes (Calgranulin,
Grancalcin) and NK cells (NKG5, NK4).

Another question that remains to be resolved is whether TA-specific T cells
reach the tumor site, and whether this is a requirement for their effector func-
tion. Pockaj et al. (61), in a conceptually similar study, observed that the local-
ization at tumor site of adoptively transferred 111Indium-labeled TIL was
required for tumor regression. By analogy, vaccine-elicited T cells may not
effectively reach the tissue, where they are supposed to exert their effector func-
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tion, and this may limit their efficacy. For instance, we noted a functional dis-
sociation between systemic and intra-tumoral immune reactivity following vac-
cination (62). Vaccine-elicited T cells could be readily expanded in circulating
lymphocytes, but could not be identified among TIL expanded from a simul-
taneously obtained FNA biopsy (63). This discrepancy may be best explained
by the loss of the TA targeted by the vaccination by the cancer cells during treat-
ment. Others have reported similar findings, as summarized in a recent review
by Yee et al. (64). When tumor variant cases are excluded, localization of CD8+
T cells within tumors may occur, as reported in the context of vaccination with
MAGE-3 (25), MART-1 (30,65), and gp100 (33,65) peptides. Yet, the local-
ization does not correlate with tumor regression. In a recent study, we noted
that IFN-γ messenger RNA expression is increased after vaccination in
melanoma metastases that did not respond to treatment, and this increase is asso-
ciated with expression of the TA targeted by the vaccination, suggesting that
the lack of responsiveness is unlikely to be the result of an antigen-unresponsive
state or to a lack of target TA expression (33). In addition, since all the lesions
studied expressed the relevant HLA class I antigen, lack of HLA expression
could also be excluded in this cohort of patients as the cause for treatment fail-
ure. Overall, our studies and others suggest that vaccine-induced immune
responses can localize within the tumor microenvironment, and that such local-
ization is not sufficient in most cases to induce clinical regression of tumors.

3. IS THE TUMOR MICROENVIRONMENT A POTENT
MODULATOR OF THE IMMUNE RESPONSE

IN THE TARGET ORGAN?

Most studies have monitored the effect of TA-directed immunization in
humans on circulating lymphocytes because of the easy access to patient’s
blood. Although this strategy documents whether a locally administered
immunogen may induce a systemic effect, it does not mention whether the
immunogenic wave induced by the vaccine fades before or as its reaches the
target tissue. Thus, we emphasize the importance of complementing the analy-
sis of systemic immune responses with the study of changes within the tumor
microenvironment induced by the immunization and associated treatments.
This is not easily achievable, for several reasons. Solid tumors cannot be sam-
pled as easily and repeatedly as blood. Therefore, the kinetics of the immune
response to vaccination and the natural history of tumor phenotypes evolving
with time and/or in response to therapy cannot be readily appreciated. Indeed,
in the past, studies involving the tumor microenvironment have largely relied
on excisional biopsies that yield a large quantity of material to study, but do
not allow for serial sampling of the same lesions or for the prospective docu-
mentation of its natural and/or treatment-induced history. Thus, morphologi-
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cal studies based on excisional biopsies infer their relevance to the clinical set-
ting on the assumption that any lesion excised from a given patient is prognostic
of the behavior of those left in situ. However, because of its inherited genetic
instability (34), cancer is a disease that is not likely to satisfy this presumption.
Although in the context of early-stage cancer, genetic profiling has suggested
that primary lesions do not significantly differ from their locoregional metas-
tases or seem to significantly vary in time (66), in the context of advanced
melanoma, our studies and others have found that specific biological markers
may vary significantly among synchronous lesions and/or within the same
lesions in a short observation period (62,67,68). Tumor cells can lose expres-
sion of TA and/or the HLA alleles associated with their presentation
(6,67,69–72), and the kinetics of expression of TA may provide an explanation
for the paradoxical co-existence of cancer cells in the tumor-competent host (6)
as loss or downregulation of epitopes on the surface of cancer sells occurs in
association with TA-specific immunization (67,70–72), and it might explain
tumor survival (73). Thus, analysis of individual lesions frozen into a specific
time-point of a disease process that is continuously in evolution may not ade-
quately address the evolving nature of tumor–host interactions.

In addition to yielding a stationary aspect of an evolving pathophysiology,
excisional biopsies allow only limited analysis of functional parameters through
the semi-quantitative analysis of protein expression in fixed tissues. Expansion
and growth of cells in cultures has been utilized extensively to attempt to link
extensive functional characterization of a pathological situation to the physio-
logic state of the same disease in vivo, but it may not be accurately representa-
tive (74). Thus, until now, very limited information could be obtained by directly
studying the tumor microenvironment both in temporal and functional terms.

We have proposed that dynamic analyses of host–tumor adaptation to
immunotherapy could be most successfully performed by correlating T-cell
induction, activation, trafficking, and survival at the tumor site with the simul-
taneously occurring genetic or immune-mediated alterations of tumor cells
within a given lesion that could be easily accessed by repeated FNA (64,75).
Although this strategy may not be readily applicable to all clinical situations,
the principles learned from some human tumor models, such as subcutaneous
(sc) melanoma metastases or basal cell carcinoma, may exemplify a broader
range of tumor–host interactions that occur in the context of other cancers.

Epitope-specific vaccination is well-suited to the purpose of studying the
dynamics of tumor–host interactions because it restricts the number of variables
to be analysis in effector and target cells to a single epitope–HLA allele com-
bination. Despite this simplification, several other variable remain unexplored
that are unrelated to the direct relationship between the specificity of the
immune reaction elicited by the vaccine and the present of relevant target mole-

248 Part II / Clinical Relevance of Immune Evasion

CH13,235-256,22pgs  9/22/03 1:49 PM  Page 248



cules on the surface of cancer cells. Indeed, several other factors that are inde-
pendent of the specific TCR–HLA–epitope complex interaction may influence
the effector function of T cells. We have previously attempted a categorization
of such variables according to broad conceptual families (6). Direct cell-to-cell
interactions that may increase or decrease the effector function of T cells on
their targets (e.g., adhesion molecule enhancement of cytolytic function,
FAS/FAS ligand, HLA allele interaction with inhibitory receptors on T cells)
may play a prominent role in modulating cellular immune function. In addi-
tion, a wealth of secreted factors may be produced by tumor cells or normal
cells that infiltrate them with potent chemotactic, inflammatory, and angio-
regulatory effects (6). The list of such factors and the complexity of their inter-
action is likely to rapidly increase in the next few years as a result of high-
throughput technology, which has become recently available and allows for a
global view of the pathophysiology of a given disease by identifying their
extended gene-expression profiles (76) or by directly estimating the density of
candidate molecules in various tissues (74,77).

Thus, we advocate a strategy in which the kinetics of expression of relevant
marker molecules could be tested at different time-points within the same
metastasis by the use of serial FNA (62,75). With this approach, we observed
a rapid decrease in TA expression in response to vaccination that preceded tumor
disappearance, and no changes were noted in non-regressing lesions (68). These
observations suggested that when successful, vaccination triggers a broad
inflammatory reaction that can lead to tumor destruction despite immune selec-
tion. More importantly, these findings suggest that a lack of clinical response
is associated with minimal changes in the tumor microenvironment rather than
the selection of tumor-cell variants by an overwhelming immune response.
Loss of TA or HLA molecules may still play a later role in the metastatic
process by allowing TA-deprived cells that have survived the short-term effects
of treatment to grow and reconstitute new lesions (62). However, this line of
research suggests that the tumor microenvironment is usually insensitive to the
immune changes associated with vaccination, and emphasizes the importance
of the studies that address the kinetic nature of tumor–host interactions.

The validation of an RNA amplification method that maintains the propor-
tional expression of various genes (78,79) has recently allowed the utilization
of material obtained from FNA for global transcript analysis studies. With this
strategy, the molecular profile of various disease states could be temporally fol-
lowed, with minimal disturbance of their microenvironment (75). Thus, we have
started a prospective collection of FNA samples from lesions of patients in the
process of undergoing various forms of immunotherapy. The lesions are then fol-
lowed for their clinical behavior so that a direct correlation can be made between
their natural and/or treatment-induced history and their genetic profile.
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4. WHAT CAN BE DONE TO ESCAPE ESCAPE MECHANISMS

We believe that the limited success of immunologic approaches to the treat-
ment of advanced cancer is related to limitations in their design resulting from
a lack of understanding of the biology of tumorhost interactions in humans. The
last decade, although prolific in identifying molecular mechanisms that could
individually be responsible for the modulation of tumor growth in an immune-
competent host, has raised more questions than answers without solving sev-
eral fundamental puzzles related to this field. Although attention to the
identification of candidate molecules expressed by tumor cells that could be tar-
gets of T-cell killing has yielded a large number of alternate immunogens for
immunization, little progress has been made in attempting to understand why
ongoing immunizations are not achieving the desired clinical effect. Some
studies have suggested that the primary reason for tumor escape from immu-
nization is the ability of tumor cells to elude the effects of vaccination by losing
or downregulating the expression of molecules on their surface targeted by the
immunization. For this reason, these investigators recommend vaccines that are
broad in immunogenic potential, which could immunize across the HLA poly-
morphism spectrum through presentation of different peptide sequences derived
from multiple antigens or even whole-tumor-cell preparations (80,81). With this
strategy, loss of individual HLA allele and/or TA expression would have a
lower impact than when a single epitope/HLA allele combination is targeted.
Others believe that the reason that anticancer vaccines are not effective should
be sought in the fine-tuning of the immunization effects on the functional phe-
notype of T cells (23,40,52). Subtypes of effector and memory CD8+ T cells
may predict the outcome of therapy in the future (Fig. 1).

We do not disagree with either of these hypotheses. However, we would like
to introduce another possibility—that the primary reason for failure of
immunotherapy in the majority of patients may be related to the inherent bio-
logic characteristics of individual tumors. Fundamental questions must be
answered in this regard before rational therapies can be designed. For instance,
is it really necessary to individualize immunological treatments to the extent
pursued by present immunization strategies? More fundamentally, are the mech-
anisms that lead to tumor rejection similar in all tumor types, independent of
their histology or their site of occurrence? In addition, is the mechanism lead-
ing to tumor rejection similar for all treatments that modulate the host immune
system, or does the specificity of each treatment play a uniquely significant role?
Finally, is immunologically mediated tumor rejection a phenomenon with over-
lapping biological characteristics with autoimmune and infectious disease,
and if so, to what extent? Should we look more closely at experiences from
these other clinical aspects of immunology to further our insight of cancer
immune biology and its relationship with the host? We believe that the answer
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to these questions are presently buried within the tissues targeted by our
therapies—in our case, the tumor microenvironment—and thus, our efforts
should be aimed at the implementation of the study of these sites as a comple-
ment to the study of systemic individual responses to immunization.
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1. INTRODUCTION

The role of the host immune system in cancer development and progression
has been debated for most of the last century. On the one hand, the concept of
immune surveillance advanced the notion that the immune system protected the
host from insults by infectious agents and played a significant role in elimina-
tion of abnormal cells. On the other hand, evidence indicating that cancer devel-
oped and progressed in subjects with a normally functioning immune system
argued against immune-mediated control of cancer progression. Early experi-
ments with transplantable tumors in syngeneic mice showed that it was possi-
ble to successfully immunize animals against tumors and that immune
protection was mediated by lymphocytes (1,2). Later on, it became clear that
transfer of T lymphocytes, antibodies, or cytokines to tumor-bearing hosts was
often successful in the control of tumor growth in animals (3,4), but frequently
failed in man (5). By then, the field of tumor immunology had evolved, and prin-
ciples of tumor immunity had been established. The central role played by
T-lymphocyte subsets in tumor control has now been widely accepted, although
it remained unclear why T cells were unable to exercise this control success-
fully in cases of tumor progression and metastasis. Although it has been rec-
ognized that the host is not ignorant of the developing tumor, the scientific
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community was reluctant to accept evidence that tumors are able to manipu-
late and subvert the host immune system. The last few years have witnessed a
change in this respect, which was largely brought about by frequent difficul-
ties with achieving therapeutic effects with cancer vaccines, even when highly
sophisticated therapeutic strategies were used in “immunologically respon-
sive” cancers, such as melanoma (6,7). The question of why T cells in tumor-
bearing hosts are unable to prevent or interfere with tumor growth, although
they apparently can control invading pathogens, remains one of the key issues
in tumor immunology today. Clearly, tumor-specific T cells are present in the
circulation of patients with cancer, as demonstrated by using tetramers or
ELISPOT assays (8,9). It may be expected that these T cells would be able
to effectively eliminate the tumor or arrest its metastases. One possible answer
to this dilemma may be that tumor antigen-specific T lymphocytes, although
present, may not be able to exercise their functions in the tumor micro-
environment or, more broadly, in the host bearing the tumor. The goal of this
chapter is to review evidence in support of this possibility and to show that
T lymphocytes in tumor-bearing human hosts are functionally compromised and
thus unable to successfully complete the fundamental molecular pathway that
leads to their activation upon the encounter with a cognate antigen.

1.1. Characteristics of T Lymphocytes in the Blood
and Tumor Tissues of Patients With Cancer

Phenotypic and functional studies of T lymphocytes at the tumor site and in
the peripheral circulation of patients with cancer have revealed that in many
respects, these cells are different from their counterparts in normal subjects
(10,11). As reviewed elsewhere in this volume (e.g., Chapters 1 and 2) tumor-
infiltrating lymphocytes (TIL) are functionally impaired despite the fact that they
have an activation phenotype—e.g., express the activation surface markers usu-
ally associated with functional effector cells (10). The loss or decrease of func-
tional attributes by TIL has been extensively evaluated and ascribed to a variety
of different mechanisms related to or mediated by the tumor (12,13). In marked
contrast, activated T cells that infiltrate inflammatory non-cancerous lesions are
largely able to function normally. Thus, the conclusion that the tumor subverts
TIL functions can be reached. We have also observed that TIL in human solid
tumors contain variable proportions of T cells with fragmented DNA (e.g.,
TUNEL + TIL) (12). Thus, it appeared that TIL undergo apoptosis in situ,
which might be related to expression of FasL, and perhaps other death-related
molecules on the surface of tumor cells (14). Immunostaining performed on sec-
tions of tumor biopsies indicated that FasL+ tumors were infiltrated by Fas+ TIL,
and that many showed evidence of apoptosis (13–15). These observations have
led to a proposal that tumors “counterattack” and eliminate TIL (16).
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Earlier studies in our laboratory and others showed that circulating T cells
in patients with cancer were also functionally impaired, and that they shared
some of the characteristics ascribed to TIL (10,17). For instance, we have
reported that apoptosis of lymphocytes in subjects with cancer is not limited to
the tumor microenvironment, but is also detectable in circulating peripheral-
blood lymphocytes (PBLs) (17,18). These newer data strongly suggested that
the immunosuppressive effects of the tumor extend beyond its microenviron-
ment. To test this hypothesis, we searched for evidence to support a direct asso-
ciation between T-cell dysfunction and the apoptosis seen in TIL and autologous
PBL by comparing TIL with PBL obtained from 28 patients with oral carci-
noma (15). The comparison showed that functional impairments (e.g., low
expression of the T-cell receptor (TCR)-associated ζ chain and low prolifera-
tion in response to anti-CD3 Ab) were concomitantly present in TIL and PBL,
and that low ζ expression correlated with increased proportions of apoptotic
T cells in paired TIL and PBL populations (15). Thus, a link was established
between signaling abnormalities in T cells and spontaneous apoptosis of cir-
culating lymphocytes seen in patients with cancer. This study also confirmed
that low expression of the ζ chain, depressed immune function, and apoptosis
of T cells correlated with high levels of FasL expression on the tumor (15).

The significant associations observed between immune abnormalities and
apoptosis in TIL and PBL suggested to us that lymphocytes are re-circulating
or turning over more rapidly in patients with cancer than in normal controls. A
recently completed evaluation of absolute lymphocyte counts in a large cohort
of more than 90 patients with head and neck cancer (HNC) showed that some
CD3+ and CD4+ T cells, but not CD8+ T cells, were significantly decreased in
these patients compared to normal age-matched controls (19). This result appears
to be in conflict with our other studies, which show that spontaneous apoptosis
in the peripheral compartment selectively targets CD8+ effector T-cell subsets
(17,18). However, the explanation is that the rate of turnover might be different
for CD4+ and CD8+ T-cell subsets, as formally shown for patients with acquired
immunodeficiency syndrome (AIDS) (20). If CD8+ T cells are selectively driven
into the apoptotic pathway, their turnover is expected to be rapid, and their swift
ingress from the bone-marrow stores may be able to maintain homeostasis and
account for the normal CD8+ T-cell number. This appears to be true for most
patients we studied, except for those few with a strikingly low CD8+ T-cell count
in the circulation (unpublished data, I. Kuss and T.L. Whiteside). Although the
clinical significance of this finding is currently under investigation, it is rea-
sonable to suggest that rapid turnover of T cells in patients with cancer exists,
and that it is driven by excessive apoptosis of these T cells (18).

The second suggestion that can be made based on our studies is that in
patients with cancer, TIL and PBL have several features in common, including
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the sensitivity to apoptosis and the presence of signaling defects, which result
in a depressed functional potential of T lymphocytes. These features distinguish
T cells of patients with cancer from their normal counterparts in the circula-
tion of age-matched controls without cancer.

1.2. The TCR-Associated Signaling Complex
The TCR-associated ζ chain is responsible for transduction of signals deliv-

ered via the receptor, and therefore, its expression is essential for activation of
T cells (21). TCR is a complex of several molecules that cooperate in the
process of recognition and binding of the peptide presented by the MHC on the
antigen-presenting cell (APC).

It has been determined that there are six phosphorylation sites or ITAMs
(immune receptor tyrosine-based activation motifs) on each of the two ζ chains
in the TCR (see Fig. 1). The effective TCR signal induces ordered successive
phosphorylation of all six ITAMs. Interactions of correctly assembled TCRs
on the cell surface with the APC present a cognate MHC-peptide complex that
triggers the receptors. The process of T-cell triggering is self-limited, and down-
regulation of triggered TCR involves a loss of ζ protein. The mechanisms
responsible for this loss are unclear, although internalization and lysosomal
degradation of TCR chains, including the ζ chain, have been observed in exper-
iments involving human T-cell clones that are specific for tetanus toxoid pep-
tides (22). The T cells then replace the internalized receptors on the cell surface
and interact again with the immunogenic peptide. However, lysosomal degra-
dation may not be the only mechanism of cellular degradation of ζ, as discussed
here. Nevertheless, it is important to note that chronic antigenic stimulation via
TCR may lead to prolonged or even permanent downregulation of ζ expression
and to partial or complete T-cell anergy. Low or absent ζ chain expression in
circulating lymphocytes is not confined to patients with cancer; it has been also
documented in chronic infections such as leprosy and AIDS (23,24), as well as
autoimmune diseases associated with circulating immune complexes, such
as systemic lupus erythematosus (SLE) (25).

The crucial importance of ζ in T-cell signaling via TCR underscores the atten-
tion attracted by the first report on the low expression of this molecule as well
as p56 lck and p59 fyn in splenocytes of mice bearing established tumors (26,27).
The implication of this finding was that the TCR complex in lymphocytes of
tumor-bearing animals had been altered, and thus was unable to signal with opti-
mal efficiency. Indeed, splenocytes of these mice had depressed effector-cell
functions as compared to animals without tumors (26). Subsequently, similarly
low expression of ζ was observed in TIL and circulating T lymphocytes of
patients with various cancers (28–32). However, considerable variation in the
expression of TCR-associated proteins was being reported, ranging from their
absence in the lymphocytes of some patients with cancer to normal levels of
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expression in others. More consistently, TIL were found to express less ζ than
PBL-T, and this was interpreted as evidence that signaling abnormalities were
induced in T cells by the tumor, and therefore, were more pronounced at the
tumor site than in the peripheral circulation. A survey of tumor-bearing mouse
strains failed to detect decreases in the expression of ζ using Western blots (33).
One report suggests that low or absent expression of ζ in PBL-T may be an arti-
fact induced by granulocyte- or monocyte-derived proteases released during
tissue or blood processing (34) generated skepticism about decreased ζ expres-
sion in tumor-bearing hosts and its biologic significance.

1.3. Measurements of ζ Chain Expression in Lymphocytes
One of the reasons for variabiation in the results for ζ expression in TIL or

PBL-T of patients with cancer or other diseases was the methodology used for
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Fig. 1. Schematic representation of TCR expressed on the surface of T lymphocytes. Note
that the ζ chain homodimer is a signaling component of the complex. A single ζ chain con-
tains three ITAMS, each incorporating two phosphotyrosines. Upon full T-cell activation,
all six tyrosines become phosphorylated. (Reproduced from Immunology for Surgeons,
Andrew P. Zbar, Pierre J. Guillou, Kirby I. Bland, Konstantinos N. Syrigos [eds.], Springer-
Verlag, London, 2002.)
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its detection. The prevailing use of Western blots—which are not quantitative
or sensitive—and the fact that ζ was decreased rather than completely absent
in most cases contributed to difficulties in the interpretation of ζ expression in
T cells of patient with cancer. It was not until quantitative flow cytometry was
applied to the analysis of TCR and ζ that a more consistent picture began to
emerge. Staining for ζ expression requires cell permeabilization; however, and
it is important to ensure that the procedure is performed under optimized con-
ditions, with normal T cells serving as the control. Scoring lymphocytes for
ζ expression by mean fluorescence intensity (MFI) provides a quantitative
measurement in suspensions of cells. The analysis is performed after setting
the lymphocyte gate (FCS/SCC) and backgating to CD3+, CD4+, or CD8+ pop-
ulations in order to determine their MFI. As shown in Fig. 2, the MFI of each
patient’s T cells can be measured in this way relative to that of normal
control tested in parallel. By establishing a normal range of ζ expression in
T lymphocytes obtained from healthy donors, it is possible to determine the
deviation of patients’ T cells from this range. In addition to MFI, the percent-
age of ζ-negative cells in the gate can be determined based on the cutoff level
established by using the MFI value for an isotype control. The use of fluores-
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Fig. 2. A representative flow cytometry histogram, showing MFI of the ζ chain in effector
T cells of a patient and a normal control. The gate was set on CD8+CD45RO–CD27–
effector T cells. Note the substantial decrease of ζ MFI in the patient’s T cells. (Reproduced
from ref. 61.)
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cent beads (e.g., Quantum 27 beads) as a standard allows for even more precise
quantification of the ζ chain in appropriately stained lymphocyte populations.

In tissues, ζ expression in T lymphocytes is measured by immunocyto-
chemistry, using cryosections of tumor biopsies embedded in ornithine car-
bamyl transferase (OCT) medium. We have also used paraffin specimens, but
only after determining that anti-ζ antibodies are able to bind to the denatured
ζ protein. In tumor tissue sections, staining intensity for ζ is graded as either
reduced or normal relative to staining of T lymphocytes that infiltrate the adja-
cent non-tumor tissue or of T lymphocytes that are present in normal tissues
used as controls. To avoid bias in interpretation, it is best to use an optical device
to measure staining intensity, or to have more than one investigator perform the
evaluation and use the mean score.

The use of quantitative flow cytometry facilitated the ζ chain analysis in
T cells and highlighted its deficient expression in T cells of patients with cancer,
including those with melanoma and ovarian, prostate, and oral as well as renal
cell carcinomas (RCCs) (28,29,32,35–37). Usually, the lowest ζ expression was
seen in TIL and tumor-associated lymphocytes (TAL), in lymphocytes isolated
from tumor-involved lymph nodes and in PBL-T obtained from patients with
advanced metastatic disease (38). Analysis of ζ expression by immunohisto-
chemistry in cryosections of human tumors confirmed that this abnormality
existed in situ, and thus could not result from release of enzymes during tissue
processing (39). In addition to low or absent ζ expression, that of the ε chain
was often lower in T cells obtained from patients with cancer relative to
PBL-T of normal donors (39). In our experience, the loss of ζ expression was
generally greater than that of CD3ε, and it was always greater in TIL or TAL
than in the paired PBL-T (38,39). Furthermore, this decrease in expression of
the components of the TCR complex seemed to correlate with functional dys-
functions of the isolated T cells, including proliferation, cytotoxicity, or
cytokine production (38–40).

Most of the available data on ζ expression in T cells of patients with cancer
have been obtained in cross-sectional studies that examined either PBL or TIL
in cohorts of patients with a particular type of cancer and compared the phe-
notype and/or functions to those of PBL obtained from normal donors. Few
studies have attempted to directly compare features of TIL with those of autol-
ogous PBL (41). Yet, if the presence of the tumor contributes in some way to
dysfunction of T cells, then a gradient of functional impairments extending from
TIL to PBL in individual patients with cancer should be demonstrable.
Therefore, we examined the ζ-chain expression, ability to proliferate ex vivo,
and the frequency of apoptosis in paired TIL and PBL obtained from a cohort
of 28 patients with oral cancer (15). The results clearly showed that such a gra-
dient exists, reinforcing the conclusion that the presence of the tumor has
significant inhibitory effects on functions of the immune cells, and that these
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effects are both local and systemic. As shown in Table 1, reduced expression
of ζ in TIL was observed in 9 of 28 patients (32%), and in PBL in 12 of 28 (43%)
of the patients. Concordant reduction of ζ in paired TIL and PBL was seen in
8 of 28 (29%) of the patients (p < 0.0012). Thus, ζ expression was reduced in
only a subset of patients with oral cancer, but when present, the defect in sig-
naling was usually detectable in both TIL and PBL (15). The subset of 12
patients with low ζ expression in PBL was also found to have depressed pro-
liferative responses to anti-CD3 Ab (p < 0.0012). Similarly, responses to anti-
CD3 Ab of PBL-T obtained from patients whose TIL had low ζ expression were
also significantly depressed, as would be predicted from a significant correla-
tion established between concomitant low ζ expression in TIL and PBL. If TIL
expressed normal levels of ζ, responses of PBL to anti-CD3 Ab were equal to
those of normal T cells (15). Interestingly, as shown in Table 2, we observed a
significant correlation in both TIL and PBL between reduced expression of ζ
in CD3+ cells and apoptosis (p = 0.0015 and p = 0.0019, respectively). This
significant association between decreased ζ expression in autologous TIL and
PBL and spontaneous apoptosis was not surprising, as it was consistent with
the evidence reported by us earlier that ζ-chain degradation could be a mani-
festation of apoptosis.

1.4. Mechanisms Responsible for ζ-Chain Alterations in Cancer
In aggregate, our studies of TIL and PBL obtained from patients with vari-

ous tumors showed that decreased expression of ζ in T cells was associated with
significant functional defects, as manifested by reduced or absent Ca++ flux,
decreased tyrosine kinase activity after TCR crosslinking with anti-CD3 Abs,
an altered cytokine profile in TAL and TIL that reflected a significant decrease
in IL-2 and IFN-γ (type 1 cytokines) at the RNA and protein levels, and by a
increased propensity for spontaneous apoptosis (reviewed in ref. 38). We
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Table 1
Expression of the ζ Chain in Paired TIL and PBL

of Patients With Oral Carcinomaa

TIL - ζ

Reduced Normal Total

Reduced 8 14 12
PBL – ζ Normal 1 15 16

Total 9 19 28

aThe data indicate the numbers of patients. Expression of ζ in paired TIL and PBL-T was
determined by immunohistochemistry. Reduction of ζ expression in both TIL and PBL is sig-
nificant at p = 0.0012.
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considered the possibility that the tumor induced signaling aberrations in
T lymphocytes, because co-incubation of cultured or freshly isolated tumor cells
with normal allogeneic or semi-allogeneic PBL-T resulted in a substantial
reduction of ζ expression in T cells (37,39). Furthermore, in vitro activated
T lymphocytes were found to be highly susceptible to tumor-induced down-
regulation of ζ expression. Pre-incubation of T cells with inhibitors of lysoso-
mal or proteasomal peptidase activity prevented degradation of the ζ chain in
these lymphocytes upon co-incubation with tumor cells. The results suggested
that the tumor induced activation of intracellular peptidases in T cells, leading
to enzyme-mediated protein cleavage, which included ζ (38). This interpreta-
tion appeared to support findings indicating the presence of normal levels of
mRNA for the ζ chain observed in our studies and others in TIL and TAL
(39,42). It was also consistent with the possibility that post-translational mod-
ifications in signaling molecules are present in these cells. Similar modifica-
tions could be induced in normal T cells co-incubated with the tumor (43).

The tumor may contribute to ζ downregulation by secretion of soluble fac-
tors, as exemplified by the ζ inhibitory protein (ZIP) recently purified from
ascites of women with ovarian carcinoma by Taylor et al. (42). This 14-Kd pro-
tein selectively suppressed TCRζ without affecting lck or ZAP-70 in normal
T cells by interfering with ζ-specific mRNA synthesis. The presence of this
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Table 2
Associations Between Apoptosis and ζ Expression in PBL and TIL

of Patients With Oral Carcinomaa

ζ Expression in PBL

Reduced Normal Total

<5% 14 3 17
PBL apoptosis ≥5% 2 9 11

Total 16 12 28

ζ Expression in TIL

Reduced Normal Total

None 13 1 14
TIL apoptosis Present 5 8 13

Total 18 9 27

aζ expression in PBL or TIL was measured by immunocytochemical staining and apoptosis
by TUNEL staining. Significant associations were observed between reduced ζ expression and
apoptosis in PBL (p = 0.0015) and in TIL (p < 0.0019).
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inhibitory factor in the sera of women with ovarian carcinoma was associated
with a loss of ζ and diminished functional responses of T cells. However, the
identity of the factor remains a mystery, as it has only been partially sequenced
to date.

In addition to secreting factors that are capable of a direct inhibition of ζ pro-
duction, the growing tumor is a source of multiple antigens, which are being
processed and presented to T cells. Perhaps the simplest explanation for ζ
downregulation in T-cells of patients with cancer is the state of chronic anti-
genic stimulation, which develops as a result of tumor progression. It has been
shown that ex vivo T-cell activation by a specific antigen results in a rapid down-
regulation of CD3ε and ζ, which is followed by a restoration of these mole-
cules on the cell surface in the course of a normal response (22,44). However,
when the stimulus is chronic—e.g., TCR is repeatedly triggered by an antigen
or antigen-Ab complexes, a long-lasting depression or absence of ζ expression
may be a result of its lysosomal degradation, which is not followed by suffi-
ciently rapid recycling to ensure its re-expression. It has been shown that an
inhibitor of lysosomal degradation (folimycin) markedly reduces ζ downregu-
lation (22). Thus, it is possible that in diseases characterized by chronic
antigenic stimulation—e.g., infections, autoimmune syndromes, and cancer—
reduced expression of ζ reflects its extensive utilization and processing with-
out a concomitant recycling of the protein to the cell surface. This process has
been referred to as immune “exhaustion.”

Another mechanism that has been implicated in downregulation of ζ expres-
sion is mediated by reactive oxygen intermediates (ROI) released by activated
monocytes or granulocytes in the tumor microenvironment. Kiessling and col-
leagues reported that tumor-derived or in vitro activated macrophages induced
a decrease in ζ expression accompanied by functional impairments in T cells
during co-incubation, which was totally abrogated in the presence of catalase,
a scavenger of H2O2 (45). The mechanism involving activation of granulocytes
and oxidative stress mediated by H2O2 produced by ganulocytes in the circu-
lation of patients with advanced cancer was described by Schmielau and Finn
(46). The sera of these patients contained elevated levels of 8-isoprostane, a
product of lipid peroxidation and a marker of oxidative stress (46).

A mechanism that links ζ expression to the availability of L-arginine has been
investigated by Ochoa’s group (47,48). Jurkat cells cultured in the absence of
L-arginine show a selective decrease in ζ expression and decreased prolifera-
tion. The effects of L-arginine depletion are mediated at the post-transcriptional
level, as it appears that a decreased ζ mRNA half-life is related to the de novo
synthesis of a regulatory protein. The process is completely reversed by the
restoration of L-arginine (47). There are indications that in the tumor microen-
vironment, activated macrophages or myeloid suppressor cells (MSC) described
in mice (49) consume L-arginine in the process of nitric oxide (NO) genera-
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tion mediated by inducible nitric oxide synthase (iNOS). This molecular path-
way bridges the earlier observations of macrophage activation by the tumor with
a decrease of ζ in T cells.

The tumor can influence signaling of immune cells in another way. Our
studies and others have described the presence of FasL on tumor cells in cul-
ture and in situ (14,16,50). TIL at the tumor site and the activated Fas+ T cell
co-incubated with tumor cells contain activated caspases and DNA breaks, as
demonstrated using (TUNEL) or JAM assays (39,51). We showed earlier that
the pan-caspase inhibitors Z-VAD-FMK and Z-DEVD-FMK cause a complete
inhibition of apoptosis in T lymphocytes co-incubated with human tumor cells
(14). Conversely, a human tumor-cell line genetically modified to secrete FasL-
induced apoptosis in activated T cells during a short-term co-incubation (14,51).
These apoptotic T cells, or T lymphocytes induced to initiate the apoptotic path-
way by Fas-crosslinking Ab (CH-11) in another series of experiments, were
characterized by low or absent expression of ζ (43). Thus, both in situ and ex
vivo experiments indicated that ζ degradation is a part of apoptosis that occurs
spontaneously or is induced via the Fas pathway, respectively. Subsequent
computer-assisted analysis of the amino acid sequence of the ζ chain showed
the presence of sites that were sensitive to cleavage by caspases 3 and 7, con-
firming that the ζ chain is a suitable substrate for caspase-mediated degrada-
tion (52). The conclusion we have drawn from these data suggests that
tumor-induced activation of caspases is at least partially responsible for low or
absent expression of ζ in T lymphocytes that are present in the tumor.

In light of these findings, the question arises about the identity of the mech-
anism triggering the apoptotic pathway in T cells of patients with cancer.
Although Fas/FasL interactions are clearly implicated, and there is consider-
able evidence to support this mechanism, as reviewed elsewhere (50), it does
not adequately explain the phenomenon of spontaneous apoptosis of T cells
seen in the circulation of patients with cancer. Although the great majority of
circulating T cells are Fas+, levels of sFasL are not elevated, but rather are
decreased in the sera of these patients (15,17). More recently, an explanation
has been provided by the discovery that FasL-containing vesicles, which orig-
inate from the surface membrane of tumor cells, are present in the sera of
patients with ovarian carcinoma, and are able to induce Fas-mediated apopto-
sis as well as ζ degradation in activated T cells (53). Similar vesicles contain-
ing FasL that were able to trigger Fas-dependent apoptosis of lymphocytes were
recently described as being produced by melanoma (54). Thus, the receptor
(Fas)-initiated /FasL pathway has gained relative importance as the mediator
of apoptosis-mediated downregulation of ζ in lymphocytes in cancer patients.

It is important to note that ζ is the target of simian immunodeficiency virus
(SIV) Nef, which binds to the ζ chain at two different sites on its cytoplasmic
domain (55). The direct interaction of between SIV Nef and TCR ζ leads to
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downmodulation of the TCR/CD3 complex and to reduced availability of CD3ε
for crosslinking with anti-CD3 Ab to induce T-cell proliferation (55). In addi-
tion, nef targets two peptides, which represent portions of the first and second
of three ITAMs that are essential for signaling via the ζ chain (55).

The fact that many different mechanisms are being proposed to account for
low/absent ζ expression emphasizes the importance of this signaling molecule
for the integrity of the immune system in host defense. It is very likely that most
or all of these mentioned mechanisms operate in the tumor microenvironment.
In order to be successful, the tumor must fool or disable the immune system.
The redundant attack by several distinct mechanisms at the key signaling mole-
cule responsible for T-cell and natural killer (NK)-cell functions may be one
example of how the tumor orchestrates its escape from the immune system.

1.5. Prognostic Importance of the ζ-Chain
Expression in Patients With Cancer

Considering the key role ζ plays in TCR signaling, it may be expected that
biologic consequences of its low/absent expression are considerable, as
reflected in depressed antitumor immunity, poorer prognosis, and shorter over-
all survival. To address this issue, we performed a retrospective study in which
ζ expression was measured in TIL present in biopsies of oral carcinoma obtained
from 138 patients who underwent curative surgery and for whom a follow-up
of >5 yr was available (56). Absent or low expression of ζ in TIL was detected
in 32% of tumors, and was significantly associated with a high tumor stage (T3
or T4) as well as nodal involvement. In oral carcinoma patients with advanced
disease, normal expression of ζ in TIL was predictive of significantly better
5-yr survival independent of other established prognostic parameters (56). Thus,
expression of ζ was identified as an independent prognostic marker in oral car-
cinoma. In a more recent study using the same biopsy material, we reported that
the number of tumor-infiltrating DCs (TIDCs) is also a highly significant prog-
nostic parameter in patients with oral carcinoma. The absence or paucity of DC
was strongly linked to abnormalities in the ζ chain expression in TIL (57). Low
density of DC and low or absent expression of ζ in TIL correlated with each
other and predicted the poorest survival and the greatest risk in this cohort of
patients with oral carcinoma (Fig. 3). These findings strongly suggest that a link
exists between ζ expression in T cells accumulating at the tumor site and tumor
progression, and that ζ expression in TIL may serve as a biomarker of survival.

Although decreased ζ expression in PBL-T is frequently seen in cancer, as
discussed previously, aberrations in ζ are not detected in all patients with
cancer, and when present, may be measurable in only a subset of T cells. For
this reason, low expression of ζ expression may be missed completely if a small
number of patients is studied (see ref. 58). In a study comparing the presence
of local (TIL) vs systemic (PBL) signaling defects in lymphocytes of patients
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with oral carcinoma, we observed that low ζ occurred in a subset of patients,
including some that did not have advanced disease (15). Thus, it is important
to determine the significance of local vs systemic defects in ζ expression for
patients with cancer. It is possible that patients with concomitant local and sys-
temic T-cell dysfunction have a poorer prognosis than those with only local
immune dysfunction. Also, the presence of such defects in early stages of dis-
ease or in patients with recurrent disease (36) may be a poor prognostic sign.
Although speculative, these considerations suggest that the presence and degree
of immune dysfunction in TIL and PBL may reflect the aggressiveness of
the tumor and its ability to induce immune suppression. Low ζ expression in
PBL-T has been shown to have significance in regard to survival and progno-
sis in patients with cancer. Thus, Zea and colleagues observed a marked decrease
in ζ expression in PBL-T of 19/44 (43%) patients with metastatic melanoma
(35). Importantly, overall survival of melanoma patients with low ζ expression
in PBL-T was found to be significantly shorter than that of melanoma patients
with normal ζ expression in circulating T cells (35).
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Fig. 3. Survival by S-100 status (S-100 is an antigen expressed on DC, and was used as a
“marker” of DC) and ζ (Zeta) expression in TILs (p =1 × 10–11). The numbers of TIL are
described as follows: 1, low numbers of S-100-positive DCs; 2, intermediate numbers of
S-100-positive DCs; and 3, high numbers of S-100-positive DCs. TILs are described as fol-
lows: 1, lymphocytes with no or low ζ expression; and 2, lymphocytes with normal ζ-chain
expression. (Reproduced from ref. 57 .)
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In a study including 22 women with cervical carcinoma, 23 with cervical
intraepithelial neoplasias (CIN) and 21 normal controls, Kiessling and col-
leagues observed significant decreases in ζ expression in PBL-T obtained from
both patient cohorts relative to controls (59). This signaling impairment also
correlated with significantly decreased ability of lymphocytes to produce
TNF-α in response to TCR crosslinking by anti-CD3 Ab (59). Furthermore,
these aberrations were greater in women with cancer than those with CIN, an
indication that they may be related to disease progression (59). The data sug-
gest that both the downregulation of ζ expression and cytokine production
become impaired early in the disease progression. The implication of these find-
ings is that ζ expression may be a biomarker of disease progression in those
patients who exhibit immune abnormalities early in disease.

Our own cross-sectional studies of patients with HNC indicated that in
patients who underwent curative surgery and had no evidence of disease (NED)
at the time of blood collection, ζ expression in PBL-T was significantly
decreased (p < 0.0001) relative to that measured in age- and sex-matched
normal controls tested in the same assays as the patients (36). Among these
patients, those who had developed new primary tumors or recurrence of the pri-
mary disease since surgery had significantly lower ζ than patients who remained
NED status. Also, patients with more aggressive types of carcinoma, such as oral
carcinoma—which has a poor prognosis compared to laryngeal carcinoma—had
markedly depressed ζ in PBL-T (36). Again, these observations suggest that
low ζ in PBL-T in patients with HNC may be a marker of aggressive disease
with poor prognosis.

In our laboratory, which is strongly committed to the study of apoptosis of
PBL-T in cancer, we have repeatedly linked ζ aberrations in T cells to apopto-
sis in patients with HNC and melanoma (17,18). Our studies indicate that spon-
taneous apoptosis of T-cell subsets is accompanied by downregulation of ζ and,
not surprisingly, that both high apoptosis and low ζ in PBL-T accurately dis-
criminate between patients with cancer and normal controls—although the
discrimination between patients with active disease and those with NED has
been more difficult to confirm and is under current investigation (ref 18). Our
preliminary observations of preferential apoptosis in CD8+ T cells in patients
with cancer (17) are of great interest, and they suggest that ζ expression may
also be lower in this lymphocyte subset. When ζ expression in T cells of a cohort
of patients with prostate carcinoma studied in our laboratory was compared with
that found in normal controls, both the percentage of ζ -negative cells and the
MFI for ζ were significantly lower for CD3+ T cells of patients vs controls.
However, CD4+ T cells unexpectedly showed reduced ζ expression, and CD8+
T cells did not (60). Thus, the relationship between apoptosis and low or absent
ζ expression is not straightforward, and requires further investigation. This is
underscored by our recent observations that although the subset of CD8+ effec-
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tor T cells (e.g., CD8+ CD45RO- CD27- ) was significantly expanded in the
circulation of patients with HNC relative to age-matched controls, these cells
were found to have significantly decreased or absent ζ expression (p < 0.0001)
compared with the same subset of CD8+ cells in controls (61). Despite their
expansion in the peripheral compartment, these effector cells had compromised
signaling via TCR. Expression of the ζ chain was also found to be depressed
in the naïve and memory subsets of CD8+ T cells in these patients (61). The
data suggest a complex picture of ζ downregulation in T-cell subsets of patients
with cancer, possibly mediated by more than one mechanism, as discussed pre-
viously, and certainly are worthy of further examination.

1.6. ζ-chain Expression in Monitoring of Clinical Trials
Preliminary studies suggest that ζ may also be a marker of response to bio-

logic therapy. Using samples of lymphocytes collected immediately before the
start of a phase II trial for patients with ovarian carcinoma treated with intraperi-
toneal interleukin-2 (IL-2), we measured ζ expression in circulating T cells (62).
Of 19 patients with ovarian carcinoma who received intraperitoneal IL-2, 9 clin-
ical responders to therapy had normal ζ expression in circulating T cells prior
to therapy, yet in 10 non-responders to IL-2, ζ expression was significantly
decreased (62). This observation reinforces our initial belief that in patients with
cancer, ζ may be a marker of immune competence in individuals most likely
to respond favorably to biotherapy, and it emphasizes the need for further stud-
ies that will explore this intriguing possibility.

A related question concerns the restoration of ζ expression in circulating
T cells following immunopotentiating therapies. Normalization in the level of
ζ expression in melanoma TIL cultured in the presence of 1000 IU of IL-2 for
48h has been observed in our laboratory (63). Although this normalization may
represent selection in the culture of T cells that are not yet in the apoptotic path-
way and thus are able to respond to IL-2 rather than “restoration” of ζ, in vivo
effects of IL-2 in patients with cancer suggest that this cytokine can modulate
ζ expression. In patients with metastatic melanoma who participated in a multi-
institutional phase II study of the combination therapy with IL-2 and histamine
dihydrochloride, ζ expression increased significantly in circulating lymphocytes
of patients who completed at least two cycles of therapy (64). Also, patients
with stable disease following this therapy had a significantly higher percent-
age of ζ+ CD56+ NK cells than patients with progressive disease (64). These
results suggest that modulation of ζ expression may be a correlate of increased
immunologic activity of effector cells (T and NK) and, by extension, of an
improved clinical status. Others have reported that nonspecific immunotherapy
with cytokines or adoptively transferred autologous lymphocytes plus IL-2
results in a recovery of ζ-chain expression in PBL-T of some of the treated
patients with cancer (65–67). In contrast, Farace and colleagues, who studied
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ζ expression in PBL-T obtained from patients with advanced cancers, includ-
ing RCC, HNC, hepatic colon metastases, and others, reported no evidence for
the upregulation of ζ after IL-2 therapy (68). Again, these conflicting results
indicate a need for further examination of in vivo effects of IL-2 or other
cytokines on ζ expression in the T cells of patients with cancer.

To investigate the possibility that active, specific immunotherapy can nor-
malize ζ-chain expression in the T cells of patients with prostate cancer and lead
to improved T-cell functions, we studied a cohort of patients who had received
PSA-based vaccines (60). We have previously shown that the administration of
a PSA-based vaccine resulted in the generation of PSA-reactive T cells in this
cohort of patients, who had surgically incurable prostate cancer (69). We eval-
uated lymphocytes that were obtained from the same patients prior to and after
vaccination, to determine changes in ζ-chain expression in conjunction with
monitoring the frequency of prostate-specific antigen (PSA)-reactive T cells in
the peripheral circulation and cytokine profiles of the T cells. Our results indi-
cate that in some of these patients, PSA-based vaccination resulted in the restora-
tion of impaired ζ-chain expression and generation of PSA-reactive circulating
T cells (69). Figure 4 shows treatment-related changes in ζ expression in T cells
of all the patients on this study. After the PSA vaccine, recovery of ζ was
observed in 50% of the patients. In this study, no significant correlations could
be established between ζ-chain expression before or after therapy and delayed-
type hypersensitivity (DTH) responses to PSA or an increase in the frequency
of PSA-reactive T cells after therapy and progression-free survival (69).
Nevertheless, some interesting insights were obtained. Three patients showed
significant upregulation of ζ expression, as well as a substantial increase in PSA-
reactive T cells after therapy. All three had strong positive DTH to PSA prior
to therapy. The only patient who had a documented partial response to the vac-
cine was in this subgroup. However, the two patients with progressive disease
had relatively normal ζ expression before and after therapy. Of the 15 patients
with stable disease, there were eight with progression-free survival (PFS)
>20 mo and seven with PFS <20 mo. In the former group, six of eight (75%)
showed significant ζ upregulation after vaccination vs three of seven (42%) in
the latter. This type of data suggest that ζ expression may have a relationship
to clinical responses, and that larger prospective studies should be designed to
determine the significance of ζ upregulation after cancer biotherapies.

2. CONCLUSIONS

The loss or decreased expression of the ζ chain in T cells of patients with
cancer has been documented in many laboratories. Mechanisms that lead to this
phenomenon seem to vary, and to be related to the presence of a tumor or its
consequences. Newer, quantitative methods of ζ detection now permit more
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precise monitoring of changes in ζ expression in lymphocytes. There are indi-
cations that monitoring for ζ expression may be useful in the evaluation of
immune competence of patients, and following changes in immunocompetence
during therapies. Furthermore, ζ is emerging as a clinically relevant signaling
molecule, because its expression may be related to prognosis and survival in
patients with cancer. Thus far, only preliminary data have linked ζ expression
to clinical assessments or prognosis. If ζ-chain expression in PBL-T—a marker
of immune function—can be validated and then consistently used for patient
monitoring, it may prove to be a promising criterion for stratifying patients for
immunotherapy trials as well as a measure of disease progression, and ulti-
mately of survival. Clearly, more work is needed before this signaling mole-
cule can be considered to be a correlate of prognosis or of survival in patients
with cancer.
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1. INTRODUCTION

Once metastatic, the prognosis of patients with metastatic renal cell carci-
noma (RCC) is extremely poor. Chemotherapy is usually ineffective, and radio-
therapy is typically reserved for palliative purposes. Although most would
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consider RCC to be an “immunoresponsive” solid tumor, the vast majority of
patients treated with systemic immunomodulators fail to manifest a disease
response. Nevertheless, kidney cancer remains one of the few solid tumors to
manifest evidence of intrinsic vulnerability to immune attack. As a result, con-
siderable efforts have been made to develop methods to direct the immune
system against RCC, including treatment with cytokines (e.g., interleukin [IL]-2,
IL-12, interferons), the adoptive infusion tumor-infiltrating lymphocytes (TIL)
or lymphocytes activated by cytokines (lymphokine-activated killer cells
[LAK]) and tumor vaccine-based approaches. More recently, investigators have
begun to pursue an alternative immune-based strategy in patients who fail to
respond to conventional cytokines—namely, immune enhancement via total
immune replacement following “low-intensity” nonmyeloablative allogeneic
stem-cell transplantation (NST). NST has recently been shown to produce
potent immune-mediated antitumor responses against a variety of chemotherapy-
refractory hematologic malignancies, and has been associated with lower
morbidity and mortality rates than conventional “mega-dose” myeloablative
regimens. Because RCC may be regulated by the immune system, testing
allogeneic-based immunotherapy in this malignancy seemed logical. Pilot allo-
geneic transplant trials were initiated based on the hypothesis that graft-
vs-tumor (GVT) effects, analogous to the graft-vs-leukemia (GVL) effect seen
in hematological malignancies, might be generated against RCC following the
transplantation of allogeneic lymphocytes from healthy human leukocyte anti-
gen (HLA) matched siblings. The recent observation of regression of metasta-
tic RCC following NST has provided proof of concept of the susceptibility of
RCC to allogeneic immune attack. In this chapter, we discuss some of the intri-
cacies of GVT and NST for cancer, and highlight the results of pilot trials that
have applied allogeneic immunotherapy to patients with treatment-refractory
metastatic kidney cancer.

2. THE FAILURE OF CONVENTIONAL CHEMOTHERAPY
FOR TREATMENT OF RCC

Renal cell carcinoma remains a significant contributor to worldwide cancer
mortality. In the United States, approx 30,000 new cases of RCC are diagnosed
yearly (1,2). At initial diagnosis, nearly 25% of patients with RCC will have
metastatic disease, and an additional 25% will go on to develop metastatic dis-
ease despite apparent localized disease at time of therapy (4). The long-term
prognosis is abysmal once disease becomes metastatic with median survival of
1 yr or less and only a 1–2% survival at 5 yr (5).

Conventional chemotherapy and radiotherapy for treatment of locally
advanced and metastatic disease has been largely unsuccessful. Despite in vitro
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activity, Vinblastine and fluorouracil have response rates of 4% or less, and do
not appear to provide a survival advantage (6). Although responses to gem-
citabine given alone or in combination with fluorouracil or cytokines have
recently been described, complete responses have rarely been observed (7,8).
The failure of such cytotoxic therapy to improve survival has provided at least
some of the motivation to explore alternative therapeutic approaches, includ-
ing immunotherapy-based regimens for patients with metastatic RCC.

3. RATIONALE FOR IMMUNOTHERAPY

The peculiar natural history of RCC, with its occasional prolonged periods
of stable disease, has perplexed investigators for decades. The first spontaneous
regression of metastatic RCC after nephrectomy was first described in the late
1920s, and was attributed to an antibody-mediated immune response (9). Since
then, nearly 100 cases of spontaneous regression of metastatic RCC have been
reported in the literature (10). Evenson and Cole observed that RCC has the
highest incidence of this phenomenon among all solid tumors (11). The fre-
quency of spontaneous regression is estimated to be 0.3% (10–12), but in a ran-
domized study comparing recombinant IFN-γ to placebo, a 6.6% objective
response rate was noted in the placebo arm, suggesting a higher rate of spon-
taneous regression than had been previously reported (13). The immune system
has been hypothesized to be responsible for the disease regression observed in
the absence of systemic treatment. The existence of spontaneous regression of
metastatic tumors has been proposed to be one of the rationales for the utiliza-
tion of immunologic approaches in the treatment of RCC.

The presence of TILs in kidney-cancer lesions that are lytic to tumor cells
in vitro and the identification of tumor-associated antigens (TAA) on renal
cancer cells all further support the notion that immune-based therapies for
RCC are worthy of exploration (14,15).

However, variables exist that significantly limit the ability to enhance autol-
ogous immunity against RCC. Indeed, recent observations suggest the presence
of immune dysregulation and T-lymphocyte dysfunction in RCC patients.
T-cell receptor (TCR) abnormalities, abnormal NF-κB activation, and enhanced
apoptosis of T lymphocytes, both in peripheral blood and in the tumor, have
been noted (16–18). Allogeneic blood-cell transplantation thus could potentially
provide a more potent immune system than the patient’s own depressed immu-
nity. However, even with complete immune replacement, tumors might still have
mechanisms to avoid immune attack, including the induction of T-lymphocyte
apoptosis mediated through the Fas/Fas-ligand-receptor system. Indeed, it was
recently observed that RCC tumor cells expressing Fas-L could induce apop-
tosis in activated T cells from RCC patients (18).
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4. CYTOKINE THERAPY FOR METASTATIC RCC

Since the recognition of its immunologic responsiveness, immunotherapy
for RCC has undergone a significant evolution since its inception more than
two decades ago. The first attempts were aimed at reinforcing the immune
system through the administration of cytokines such as IL-2, interferon-α
(IFN-α), interferon-γ (IFN-γ), or various combinations with or without LAK
or TIL.

IFN-α and IL-2 induce tumor regression in 10–15% of patients with metasta-
tic disease. Responses appear to occur most frequently in patients with pul-
monary metastasis and a good performance status (19,20). Median response
duration is 6–10 mo; however, durable complete responses have occasionally
been seen (20).

IL-2 remains the only US Food and Drug Administration-approved treatment
for metastatic RCC. Controversy exists as to its best route of administration
(high vs low dose), method of infusion (bolus vs continuous), and synergy with
other cytokines such as IFN-α or LAK/TIL. A recent review of single-agent
IL-2 administered to more than 1900 patients in a series of phase I and II clin-
ical trials demonstrated an overall response rate of 15%, with complete
responses in 3–5% of patients (21,22).

Preclinical data suggested possible synergistic effects when IL-2 and
IFN-α were combined (23). A recent review of results of combination therapy
from a series of phase I and II trials including more than 1400 patients demon-
strated response rates of approx 20%, with complete responses in 5% of patients
(21). Negrier et al. published their results of the largest randomized trial com-
paring cytokine monotherapy vs combination therapy with IL-2 and IFN-α (24).
Although the overall response rates and event-free survival in patients who
received combination therapy were statistically superior when compared to
monotherapy with either agent, no improvement in survival was demonstrated.

It is clear from these studies that a subset of patients with metastatic RCC
respond favorably to cytokine-based therapy. Unfortunately, the vast majority
of patients with metastatic kidney cancer fail to benefit from conventional
interferon/IL-2-based regimens. The poor results of the cytokine-based trials
and the recent observation of disease responses seen following dendritic cell
(DC)-based tumor vaccination strategies has provided at least some of the moti-
vation for investigators to pursue new immune-based investigational approaches
such as allogeneic transplantation (21,25).

5. ALLOGENEIC TRANSPLANTATION: CONVENTIONAL
“HIGH-DOSE” TREATMENT

Allogeneic bone-marrow transplantation offers many patients with
chemotherapy-resistant leukemia the only chance for cure. More than 35 yr have
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passed since allogeneic stem-cell transplantation (SCT) was first applied as a
treatment modality for cancer. Unfortunately, the toxicity associated with the
procedure may at times be severe and even life-threatening. Despite a number
of recent clinical advances, complications leading to mortality following fully
myeloablative “high-dose” regimens remains in the range of 25–35%. It was
previously believed that in order for an allogeneic transplant to be effective,
“mega-dose” conditioning (chemotherapy with or without total body irradia-
tion [TBI]) was required to eradicate all neoplastic cells. As a result of such
intensive chemo/radiotherapy, the recipient’s bone marrow and immune system
are also eradicated. The allogeneic hematopoietic-cell allograft is infused intra-
venously following chemotherapy from a HLA-matched donor consisting of
hematopoietic stem cells (typically procured from the donor’s blood by an
apheresis procedure following granulocyte-colony-stimulating factor [G-CSF]-
mobilization). The allograft serves as a new source of bone-marrow stem cells,
rescuing the patient from marrow aplasia and replacing the patient’s immune
system with donor natural killer (NK), B, and T cells that were eradicated by
the conditioning regimen. Patients are usually placed on immunosuppressive
agents such as cyclosporin (CSA) or tacrolimus for 6–12 mo following the pro-
cedure to prevent the engrafted donor immune cells from attacking normal host
tissues such as the GI tract, liver, or skin, a process referred to as graft-vs-host
disease (GVHD). GVHD ranges from mild and self-limiting to severe and life-
threatening, and occurs in 15–50% of patients following the procedure.
Toxicities directly related to the “mega-dose” conditioning regimen and acute
GVHD are the major contributors to transplant-related morbidity and mortal-
ity (TRM) following conventional allogeneic transplant. Despite these limita-
tions, myeloablative SCT has been shown to be capable of curing patients with
a variety of relapsed hematological malignancies that would otherwise be uni-
formly fatal.

6. IMMUNE EFFECTS AGAINST CANCER FOLLOWING
ALLOGENEIC TRANSPLANTATION

Although hypothesized from its inception, it was not until about 20 yr ago
that investigators began to appreciate the anti-neoplastic effects that were gen-
erated by donor immune cells following allogeneic SCT. The observation that
intensive conditioning regimens frequently failed to eradicate all leukemic cells
in patients that were ultimately cured by SCT, and the association of a decreased
risk of leukemia relapse in patients with a history of GVHD gave rise to the
appreciation of the donor immune-mediated anti-malignancy effect known as
GVL or the GVT effect. Evidence now exists that the GVL effect is the criti-
cal component required to cure hematological malignancies after an allotrans-
plant (26) (Table 1). About 15 yr ago, it was demonstrated that donor
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lymphocyte infusions in the absence of any cytoreductive chemotherapy could
induce complete and durable remissions in patients with leukemia who relapsed
after allogeneic bone-marrow transplantation (27). Results such as these show-
ing the GVT effect to be a potent and effective form of immunotherapy for
hematologic malignancies (28–31) brought into question the need for toxic
“high-dose” myeloablative conditioning regimens. Reduced-intensity condi-
tioning regimens were subsequently tested as a less toxic alternative to the tra-
ditional myeloablative SCT (32,33). These low-intensity or NST were designed
to provide sufficient immunosuppression to allow engraftment of the donor
immune system while minimizing toxicities associated with high-dose condi-
tioning. NST relies on the GVT effect to eradicate cancer rather than dose-
intensive conditioning agents. Clinical results utilizing NST in the treatment
of hematologic malignancies have demonstrate that such regimens are gener-
ally well-tolerated, have a decreased incidence of TRM, and result in high
levels of donor immune-system engraftment sufficient to achieve sustained
remissions in some hematologic diseases (34–38). Key principles related to NST
are summarized in Table 2.

7. APPLYING ALLOGENEIC IMMUNOTHERAPY
TO KIDNEY CANCER

The high risk of death associated with traditional myeloablative SCT has
deterred investigators from applying this form of therapy to non-hematological
malignancies. The lower risk of TRM associated with NST allotransplants
now provides investigators with a method to more safely evaluate whether
GVT effects may be generated against incurable solid tumors. Immunologic
replacement with a healthy donor immune system following an allotransplant
seems to be a potentially attractive approach, considering the observation of a
systemic immunosuppressed state in patients with metastatic RCC (39–41).

The transplant scheme currently used by the National Institutes of Health
(NIH) to treat patients with cytokine-refractory RCC is shown in Fig. 1. Patients
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Table 1
Evidence to Support the Existence of a Donor Immune-Mediated

GVT Effect Following Allogeneic Blood or Marrow Transplantation

Relapse rate lower after transplant in patients with acute and/or chronic GVHD
Relapse rate higher in patients receiving a transplant depleted of donor T cells
Relapse rate higher when syngeneic (identical) twin used as marrow donor
Remission of leukemia following DLI in patients with relapsed disease after

transplantation
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receive a low-intensity conditioning regimen of cyclophosphamide (120 mg/kg)
and fludarabine (125 mg/m2) followed by the infusion of a G-CSF mobilized
blood hematopoietic-cell allograft collected from an HLA-identical sibling
that is transfused intravenously on transplant d 0. CSA and low-dose methotrex-
ate are given in the post-transplant period to prevent acute GVHD. Peripheral
blood is collected at multiple intervals after transplantation to determine, the
percentage of donor engraftment in the T-lymphocyte and myeloid lineages,
using a polymerase chain reaction (PCR)-based analysis of microsatellites that
are polymorphic between the patient and donor. Patients with mixed T-cell
chimerism (both patient and donor cells detectable) are tapered off CSA rapidly,
and may receive transfusions of donor lymphocytes (DLI) in an attempt to
enhance an immune effect. In contrast, patients with early full-donor T-cell
chimerism are at higher risk of having acute GVHD, and are tapered off their
CSA more slowly. The rate and degree of engraftment of the donor immune
system varies among patients, and is facilitated by factors such as prior expo-
sure to chemotherapy and the dose of CD34+ hematopoietic progenitor cells
infused in the allograft (42). Because many patients with metastatic RCC
patients have not received pre-transplant chemotherapy, engraftment of the
donor hematopoietic system is delayed compared to patients with hematologic
malignancies who are undergoing the same procedure.

Although allogeneic SCT remains an investigational approach for the
treatment of metastatic RCC, evidence for susceptibility of this tumor to a
GVT effect has recently been described by several groups (43–47; Table 3).
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Table 2
NST: Principles

Conditioning Regimen
Lower intensity of conditioning compared to conventional myeloablative 

transplant
Better toxicity profile
Immunosuppression from conditioning will allow donor immune engraftment

Mixed chimerism
May induce tolerance to normal host tissues as well as tumor and prevent a 

GVT effect
Withdrawal of cyclosporine or infusion of donor lymphocytes may covert to 

full donor chimerism
Allogeneic (donor) T cells

Capable of inducing immune responses against: -Normal tissues (GVHD)
-Recipient bone-marrow cells
-Tumor cells (GVT)
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Although results vary among transplant regimens, all have been reported to be
well-tolerated.

Ten of the first 19 patients treated at the NIH with this approach had radi-
ographic evidence of disease regression, including three complete responders
and seven partial responses. Two patients died from complication of transplant-
related events. More recently, a total of 58 patients have been treated, and 23
patients (40%) had radiographic evidence of disease regression consistent with
a GVT effect. The first patient to achieve a complete response remains in remis-
sion 5 yr after transplantation. Although regression of metastasis has been
observed in multiple locations, pulmonary responses have been observed most
frequently (Fig. 2). Regression of metastatic disease typically does not occur until
4–8 mo following the transplant, and often follows tumor growth that occurred
in the first few months following the procedure. As has been observed with hema-
tological malignancies, regression of RCC may be delayed until T-cell chimerism
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Fig. 1. The nonmyeloablative allogeneic blood SCT scheme currently utilized at the
National Institutes of Health (NIH) to treat patients with cytokine-refractory RCC.
Decisions regarding how rapidly CSA is tapered are dictated by the rate of donor T-cell
engraftment and disease status.
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has become predominantly donor and after CSA tapering. Furthermore, a prior
history of acute GVHD has been favorably associated with achieving a disease
response. Transplant-related events, as well as the engraftment kinetics and their
relationship to clinical outcome in patients with RCC following cyclophos-
phamide/fludarabine-based conditioning, are shown in Fig. 3.

Rini and colleagues recently published their experience with NST in the
treatment of metastatic RCC. Because of an unacceptably high rate of graft
rejection (3/4 patients), their conditioning regimen was subsequently “dose-
intensified.” Overall, 4 of 9 patients (44%) who engrafted had radiographic evi-
dence of a partial response. Acute and chronic GVHD occurred in two and six
patients respectively, with a 30% incidence of transplant-related mortality.

Bregni and colleagues recently reported the results of their allogeneic trans-
plant regimen, which used thiotepa, fludarabine, and cyclophosphamide with
CSA and methotrexate for GVHD prophylaxis. Four of seven RCC patients had
partial regression of metastatic disease. The regimen was reported to be well-
tolerated, with a low incidence of acute GVHD (47). Pedrazzoli and colleagues
also recently published their experience of reduced-intensity transplantation in
seven patients with cytokine-refractory RCC conditioned with 120 mg/m2 of
fludarabine and 60 mg/kg of cyclophosphamide (45). Following treatment with
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Table 3
Published Experience of Allogeneic Transplantation for Metastatic RCC

GVHD
Investigator Conditioning regimens prophylaxis Other

Childs et al. (43) Cyclophosphamide 120 mg/kg Cyclosporine Regression of RCC 
Fludarabine 125 mg/m2 in 10/19 patients.

High incidence
of GVHD

Rini et al. (44) Cyclophosphamide 2 g/m2 FK 506 and MMF 4/9 engrafted 
Fludarabine 90 mg/m2 patients had a

GVT effect
Bregni et al. (47) Thiotepa 10 mg/kg Cyclosporine + Delayed disease 

Fludarabine Methotrexate regression 
Cyclophosphamide observed  in 4/7

treated patients
Pedrazzoli (45) Cyclophosphamide 60 mg/kg Cyclosporine + No responses in 7 

Fludarabine 120 mg/m2 Methotrexate patients. Patients
had advanced
disease and died
early after
transplant
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this regimen, they observed that complete donor chimerism was only achieved
in patients with a history of more intensive prior chemotherapy treatment. None
of their RCC patients achieved full-donor chimerism, and all seven died from
rapid disease progression shortly after the transplant.
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Fig. 2. Regression of multiple pulmonary metastases in a patient with IL-2-refractory RCC
(clear-cell type) following a nonmyeloablative transplant.

Fig. 3. Timeline of events observed after nonmyeloablative transplantation.
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8. TOXICITY AND OTHER RISKS
OF ALLOGENEIC IMMUNOTHERAPY

Although early evidence supports the susceptibility of RCC to allogeneic
lymphocytes, transplant-related toxicity and other factors currently limit a
broader application of this approach (Table 4). Although most patients can be
expected to tolerate the conditioning regimen well, the risk of dying as a result
of a transplant-related event runs in the range of 10–30%. Complications related
to acute GVHD and infections are the two greatest contributors to TRM.
Because some patients who receive IL-2 and IFN may achieve a durable com-
plete response (albeit a low percentage), most investigators have reserved this
procedure for patients with progressive metastatic disease who have failed con-
ventional cytokine-based immunotherapy (Table 5). Also, given the substantial
lag time of 4–8 mo between transplantation and the induction of a GVT effect,
patients with rapidly progressing disease or poor performance status should be
precluded from this form of therapy. When feasible, surgical debulking of the
tumor in select patients may be used as a method to prolong survival to allow
time for a GVT effect to occur.
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Table 4
Factors That Currently Limit Allogeneic

Transplant for Patients With Metastatic RCC

Toxicity Incidence (%)

Acute GVHD 40–60
Chronic GVHD 30–60
CMV reactivation 20–40
Graft rejection 15–10
Regimen-related morality 10–20

Responses not observed until months after the transplant.
Patients with rapidly progressive unlikely to survive long
enough to see benefit. Need for an HLA-matched sibling.

Table 5
Candidates for NST

Failed cytokine therapy
Progressive metastatic disease
Expected survival >6 mo
No CNS involvement
No hypercalcemia
HLA-compatible sibling
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Sound clinical judgment of the patient’s prior clinical course, tumor-growth
kinetics, and anticipated survival must be factored into the decision to treat
patients with this form of therapy. Finally, in order to decrease the risk of fatal
GVHD, most centers that investigate NST have required patients to have an
HLA-matched sibling to serve as an allograft donor. This limits the application
of this procedure to only 25–30% of patients with metastatic RCC. Whether
NST can be performed safely and effectively in patients using HLA-matched
unrelated donors is only now being investigated (46).

9. MECHANISMS OF GVT RESPONSE TO ALLOGENEIC
IMMUNOTHERAPY IN METASTATIC RCC

The observation that disease regression is associated with GVHD, is delayed
in onset, and does not occur until CSA has been tapered in the setting of full
donor T-cell chimerism strongly implicates the donor immune system as medi-
ating tumor regression Recently, our studies and others have isolated cytotoxic
CD8+ T-cell populations that kill RCC cells in vitro from the peripheral blood
of patients obtained after transplant during periods of disease regression
(48–50). In vitro studies show that many of these T-cell populations kill patient
tumor cells and patient hematopoietic cells, strongly implicating minor histo-
compatibility antigens—disparate between the patient and the donor—as a
potential target for a GVT effect. However, disease regression observed in the
absence of acute GVHD as well as the isolation of a number of donor T-cell
clones with a tumor-restricted cytotoxicity pattern (expanded from a respond-
ing patient) also suggest that tumor-specific immune effects may be generated
against RCC in some patients after allogeneic transplantation. It is also possi-
ble that RCC cells may be more susceptible to allogeneic NK cells than autol-
ogous NK cells as a result of mismatching between NK-cell killer Ig-like
inhibitory receptors (KIR) and their inactivating ligands (51). Further studies
to delineate the exact cells that mediate GVT effects in RCC, as well as char-
acterization of their target antigens, might lead to more efficacious regimens
in the future that “tailor” the donor immune system to the patient’s tumor.

10. CONCLUSION AND FUTURE DIRECTIONS

The low efficacy of chemotherapeutics, radiotherapy, and conventional
cytokine-based immunotherapy has catalyzed enthusiasm for investigating NST
as a novel form of immunotherapy in patients with metastatic RCC. The obser-
vation that cytokine-refractory metastatic RCC may sometimes regress fol-
lowing allogeneic transplantation has provided proof of concept that attests to
the powerful nature of the GVT effect. Although toxicity remains a major lim-
iting factor, early pilot trials have provided preliminary clinical data that clin-
ically meaningful regression of a metastatic RCC may occur in some patients
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who follow this approach. Further advances in methods to prevent opportunis-
tic infections and acute GVHD, as well as methods to target the allogeneic
immune system to the tumor, will hopefully improve the safety and efficacy of
this promising investigational therapy.
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1. INTRODUCTION

Therapeutic efforts to activate the immune system as a treatment for cancer
were started more than 100 yr ago (1,2). However, the concept of immunosur-
veillance of cancer was only introduced in 1967 by Burnet (3). The importance
of immunosurveillance appears to be most obvious in malignancies of the
immune system itself. In the first part of this chapter, we describe clinical
examples that support this concept. First, the introduction of immunosuppres-
sive agents and the spread of human immunodeficiency virus (HIV) gave rise
to an increasing incidence of lymphoma in these patients, providing special
insight into lymphomagenesis. Second, chronic stimulation of the immune
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system, as present in chronic Helicobacter pylori-positive (HP) gastritis, is asso-
ciated with an increased incidence of lymphoma development. In the second
part of this chapter, we explore the specific interactions between lymphoma cells
and the various cellular players of the immune system. An understanding of this
interaction will lead to the third part of this chapter, in which we describe
efforts made to manipulate the immune system in order to mount a clinically
relevant antitumor immune response.

1.1. Suppression of the Immune
System as a Risk Factor for Lymphoma Development:

Findings in Organ Transplant Recipients and AIDS Patients
The extensive use of immunosuppressive agents—especially in the field of

transplantation and for autoimmune diseases—and the spread of HIV has given
rise to an increasing incidence of lymphoma in these immunosuppressed
patients. In HIV patients, a 60–100-fold higher incidence of non-Hodgkin’s
lymphoma (NHL) has been observed, which increases dramatically as immune
function declines (4–6). Similarly, in patients with post-organ transplantation
and subsequent immunosuppressive treatment, a 30–50-fold increase in lym-
phoma incidence has been documented (7). Even in patients with rheumatoid
arthritis or inflammatory bowl disease after low-dose immunosuppression (8,9)
or patients with rare congenital immunodeficiencies (e.g., Ataxia teleangi-
ectatica, Wiskott-Aldrich syndrome, common variable immunodeficiency) (10)
an, increased risk of lymphoma development is apparent. Lymphomas that
develop in these patients share some common features, as they tend to present
in extranodal sites, are of B-cell origin, and are associated with the presence of
Epstein-Barr virus (EBV). Whereas reduction of immunosuppressive agents
prevents lymphoma development in organ-transplant patients (7), the intro-
duction of highly active antiretroviral therapy) (HAART) in the treatment of
HIV was not followed by a strong reduction in lymphoma development, prob-
ably because of the additional pathogenetic effects of the virus itself (11). One
possible mechanism is chronic B-cell stimulation, which was shown to be a risk
factor for lymphoma development in HIV patients (12).

1.2. Chronic Immune Stimulation As a Risk
Factor for Lymphoma Development:

Helicobacter pylori in MALT-Lymphoma
Lymphoma arising from the mucosa-associated lymphoid tissue (MALT)

comprises about 8% of NHL were first described in 1983. Several lines of evi-
dence suggest a pathogenetic role of Helicobacter pylori in MALT-lymphoma.
MALT lymphoma develops in the gastric mucosa, where lymphocytes are not
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normally present. Only the preceding H. pylori infection acquires the MALT.
In the early stage MALT lymphoma, H. pylori can be found in nearly all spec-
imens (13) with a decreasing incidence as the lymphoma evolves from chronic
gastritis to high-grade lymphomas (14). Pathologic findings further support the
interaction between the immune system and the pathogen. Individual gastric
glands are invaded by lymphoma cells that form lymphoepithelial lesions, and
a plasma-cell differentiation as well as transformed B-cell blasts are found in
the tumor, resembling germinal centers (14). The individual B-cell clone that
causes MALT lymphoma is regularly found in HP gastritis specimens several
years before the lymphoma develops (15). In vitro MALT lymphoma cells are
stimulated by H. pylori specific T-cells in the presence of the pathogen. Finally,
the eradication of HP by antibiotics results in regression of MALT lymphoma
in up to 75% of cases (13). These data support the hypothesis that HP may lead
to a chronic antigenic stimulation of B cells during gastritis preceding MALT
lymphoma, and that H. pylori may also provide the antigenic stimulus that sus-
tains lymphoma growth. Nevertheless, many patients with HP gastritis do not
develop lymphoma, and it is widely accepted that further transforming events
play a role in gastric lymphoma—e.g., translocations involving Bcl-10 or cIAP2
have been described in MALT lymphoma, and may be involved in the trans-
forming events (16). Recently, HCV has been associated with the development
of splenic lymphoma with villous lymphocytes by inducing chronic B-cell pro-
liferation, finally resulting in B-cell lymphoma. Similar to MALT lymphoma,
splenic lymphomas are also derived from the marginal zone of lymphatic fol-
licles. Interestingly, a complete remission is obtained by eliminating hepatitis
C virus (HCV) in these patients (17).

1.3. Clinical Findings in Lymphoma-Bearing Patients Demonstrate
the Immunosuppressive Action of the Malignant Cells

As studies have shown, a balanced immune system is crucial for the pre-
vention of lymphoma development, but the lymphoma cells themselves have
the ability to modulate the function of the immune system. Patients who suffer
from multiple myeloma, for example, are typically at risk for bacterial infec-
tions (18–20). Furthermore, they have a disturbed ability to mount primary anti-
body responses, and show an inadequate humoral response to secondary antigen
challenge in the setting of vaccination against standard pathogens such as pneu-
mococcus or influenza (21,22). This impaired humoral immune response has
been known for many years and is caused not by a lack of specific B cells, but
by an extrinsic inhibition of antigen-specific B cells. This finding has been asso-
ciated with an increased number of immunoregulatory CD5+ B cells, which can
be found in the spleen even prior to clinical manifestation of the disease (23,24).
Pilarski and colleagues have shown that the number of specific B cells for
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recall antigens such as tetanus toxoid are not reduced in these patients, but the
ability to secret antigen-specific antibodies or to differentiate into antibody-
secreting B cells is severely impaired. This is further highlighted by the
increased number of pre-B cells found in circulation of multiple myeloma
patients and a decreased absolute number of B cells (25).

An inhibitory influence of lymphoma cells on the immune system is also
reflected by the detection of soluble immune-inhibitory factors in the serum of
lymphoma patients. Interleukin (IL)-10, a cytokine known to inhibit Th1
responses, has been established as a prognostic factor in lymphoma patients (26).
Moreover, serum levels of transforming growth factor β (TGF-β) in lymphoma
patients were shown to correlate with immunoparesis (determined by the amount
of polyclonal immunoglobulins in the serum) in multiple myeloma (27).
Adhesion molecules such as soluble intracellular adhesion molecules (sICAM)
are also shown to be elevated in lymphoma patients. It has been suggested that
sICAM may bind to its receptor and inhibit binding of cells to the ICAM recep-
tor, thereby inhibiting important functions of the immune system (28).

2. VARIOUS BRANCHES OF THE IMMUNE SYSTEM
AFFECTED IN LYMPHOMA PATIENTS

2.1. Impairment of the T-Cell Function
Several mechanisms responsible for the inability of tumor-infiltrating T cells

(TIL) to eliminate lymphoma cells have been described, including ignorance,
anergy/tolerance, and systemic immune inhibition (Fig. 1). It is most likely that
all these mechanisms may interact and play a role at different time-points
during lymphomagenesis and for different lymphoma subtypes. Ignorance is
characterized by the presence of tumor antigen-specific T cells in vivo without
immune activation, despite the presence of the particular tumor antigen. These
specific T cells are naïve, and can easily be activated in vitro by optimal anti-
gen presentation. Ignorance may be a particular mechanism of tolerance or may
be seen independently. A classical definition of tolerance is the inability of the
whole antigen-specific T-cell repertoire to mount an effective immune response
to an antigenic challenge. In vivo tolerance is achieved by deletion of antigen-
specific T cells (e.g., systemic tolerance) or induction of anergy (a mechanism
of peripheral tolerance) in a specific T-cell clone. Downregulation of the entire
immune system by the lymphoma is defined as immune inhibition (29).

B-cell NHL are invaded by CD4+ and CD8+ T cells that are believed to have
antitumor activity. CD4+ as well as CD8+ cells are mainly of memory type
(80% CD45RO+), and are found with a CD4/CD8 ratio ranging between 0.17
and 13 (30). Although about 13% of these T cells express the activation marker
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CD25 and 38% of the cells are HLA-DR positive (31–33), tumor cells are not
eliminated. Although these TIL recognize NHL cells in a major histocompati-
bility complex (MHC)-restricted manner (34,35) they show functional impair-
ment in vitro (36). Reduction of TCRζ expression observed in many tumors as
well as in follicular lymphoma (29) and the hypophosphorylation of down-
stream kinases may explain this functional impairment (37). Cytotoxicity of
activated T cells is mediated by two systems: first, the release of perforin and
granzymes, and second, the interaction of Fas with its ligand (FasL) (38). T cells
that infiltrate follicular lymphoma show no or a very weak expression of
granzymeB and perforin (29). Furthermore, B-cell lymphoma cells protect
themselves against perforin and granzymeB-mediated apoptosis by expressing
the serine protease inhibitor PI9 (39). Fas ligand is expressed not only on
tumor-infiltrating T cells, but also on the lymphoma cell itself, thereby induc-
ing apoptosis of tumor-infiltrating T cells (40,41).

Ignorance has been shown to be one reason for an impaired antitumor
immune response in several tumor entities (42–44). Antigen silencing has been
described as a mechanism for ignorance. Using the murine lymphoma model
EL4, it was demonstrated that despite the expression of several different CTL
epitopes, only one epitope was recognized by T cells, and the other epitopes
were silenced (45). Reduced expression of the MHC is another possibility of
antigen silencing (46–49). For B-cell lymphoma, the idiotype can serve as
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tumor antigen, but is silenced in several entities by methylation of the promo-
tor regions as yet another mechanism (47,50). Compartmentalization within the
secondary lymphoid organs has also been suggested as a possible mechanism
of ignorance. For non-malignant B-cells, this tight regulation of B-cell traf-
ficking has been clearly shown (51–54). Further studies are needed to provide
evidence for compartmentalization of lymphoma cells in vivo.

Tolerance in vivo against tumor antigens was demonstrated in several lym-
phoma models. In the spontaneous B cell lymphoma model of transgenic mice
that express human HOX11 in B lymphocytes, Rosic-Kablar and colleagues
demonstrated an antigen-specific tolerance of host T cells against lymphoma
cells. Because the immune response against non-tumor-related antigens was not
diminished, a general immune suppression was excluded (55). The induction
of this antigen-specific tolerance was shown to be an early event in the devel-
opment of lymphoma (56), and bone marrow-derived antigen-presenting cells
(APC) play a key role in this process (57). Reduction of costimulatory mole-
cules is a key element in the induction of tolerance (58–63). Induction of periph-
eral tolerance caused by T-cell deletion was directly demonstrated in a murine
TCR-transgenic plasmocytoma model. Furthermore, deletion of T cells corre-
lated with tumor burden (64). This deletion of antigen-specific T cells may be
mediated by Fas-FasL interactions between the tumor cells and T cells (65), or
centrally in the thymus by still unknown mechanisms (66,67). Until recently,
it was still unclear in the human whether an innate defect in the T-cell reper-
toire may account for an impaired tumor-specific immune response or whether
the tumor itself inhibits the immune system. Assuming that the T-cell repertoire
of monozygotic twins shows no major difference, we recently showed that
inhibitory mechanisms during tumor growth—rather than a defective T-cell
repertoire—are responsible for the impaired T-cell response in lymphoma (68).

It is now well-documented that during the progression of disease, lymphoma
induces a general immune suppression, which is phenotypically associated in
T cells by downregulation of TCRζ (69) and functionally by a decreased
response to recall antigens in vivo and in vitro. As shown in a murine plasmo-
cytoma model, soluble factors account for general immune inhibition (70).
Cytokines such as TGF-β and IL-10, which are expressed by malignant B cells
(29,71,72) and exert a direct or indirect suppressive effect on T cells (73–76),
may partially explain this immune inhibition.

Together, numerous mechanisms can contribute to the impaired host-immune
response against lymphoma. In some lymphoma entities, tumor-infiltrating
T cells even promote tumor growth. In MALT lymphoma malignant B cells
grow in vitro only when stimulated by autologous tumor-infiltrating T cells.
Interestingly, these T-cells are stimulated by H. pylori, the pathogen leading to
MALT lymphoma (77–78). An intense interaction of these mainly Th2 cells
with the malignant B-cells in low-grade gastric MALT lymphoma via
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CD40/CD40L, IL-4, and IL-10 was demonstrated to be responsible for the pro-
motion of lymphoma growth (79).

2.2. Impaired Humoral Immune Responses in Lymphoma Patients
Antibodies are an important part of the humoral immune response, and can

in principle inhibit tumor growth via binding of complement (complement-
mediated lysis) or via activation of natural killer (NK) cells or macrophages
(antibody-dependent cell-mediated cytotoxicity). Furthermore, using the
SEREX (serological analysis of autologous tumor antigens by recombinant
cDNA cloning) method, natural antitumor antibodies have been detected in a
variety of cancer patients including lymphoma patients (80). However, the bio-
logical importance of these naturally occurring antibodies for protection against
cancer is unclear. In contrast, humoral dysfunction secondary to lymphoma
development is better understood. In chronic lymphocytic leukemia and mul-
tiple myeloma, hypogammaglobulinemia is associated with infectious compli-
cations in these patients. In particular, the quantitative loss of immunglobulin
function, low mucosal IgM, and IgA and low-serum IgG subclasses may explain
the occurrence of recurrent bacterial and herpesvirus infections (81). In sum-
mary, impaired humoral dysfunction reflects a dysfunction of clonal and non-
clonal B lymphocytes in lymphoma patients that is secondary to tumor
progression.

2.3. Role of Professional APC in Antitumor Immunity
Although the role of APC in tumor-bearing hosts has not yet been extensively

studied initial findings indicate an alteration in number and function: dendritic
cells (DC) isolated from prostate cancer fail to show signs of increased recruit-
ment and activation (82). Similarly, DC in renal cell carcinoma display the same
phenotype as DC from adjacent normal tissue and CD1a+ DC from transitional
cell carcinoma show no signs of activation (83). Gabrilovich showed that APC
function of DC was reduced in breast cancer, yet patient T cells responded nor-
mally to mitogenic stimuli or DC from healthy donors (84), and older studies
indicate that DC frequencies correlate with prognosis (85,86). Tumors secrete
IL-10, TGF-β, and vascular endothelial growth factor (VEGF) that have been
demonstrated to alter DC function (87–88). The differentiation status of the DC
also seems to be of importance since mature, murine blood-derived DC are
impaired in their capacity to induce antitumor T-cell responses and marrow-
derived DC are fully functional (89). Few studies have investigated APC in lym-
phoma, and have focused mainly on morphology that demonstrate an altered
network of follicular denritic cells (FDC) (90–93). Ongoing efforts by our own
group are currently addressing whether the function of such professional APC
in lymphoma is altered.
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2.4. Defects in the Innate Immune System: The Role
of NK Cells in the Host Defense Against Lymphoma

In recent years, the role of several cell-surface receptors for the activation
and inhibition of NK cell activity has been elucidated. The fate of NK-cell
activity is ultimately regulated by the interaction of MHC class I and class I-
like molecules on NK target cells and NK receptors such as killer-cell
immunoglobulin-like receptors (KIR), C-type lectins, and natural cytotoxicity
receptors (NCR). A number of other NK-cell (co)receptors such as CD40 ligand
or CD69 are known, but the importance for NK-cell activity and the interac-
tion with the previously mentioned receptors has not been described in detail
(94). In general, one of the major immunological functions of NK cells is to
identify and destroy autologous cells that have altered or lost their self-MHC
class-I molecules. It therefore may be theorized, that NK cells may play a role
in host defense against MHC class-I-deficient tumor cells that are found, for
example, in EBV-positive post-transplantation lymphoproliferative diseases.
However, the precise role of NK cells in lymphoma is still not understood.

3. STRATEGIES TO OVERCOME IMMUNE DEFECTS
IN LYMPHOMA PATIENTS AND ELICIT
AN ANTITUMOR IMMUNE RESPONSE

3.1. Using the Potential of the Innate Immune
System to Eliminate Lymphoma Cells

Evidence for the effectiveness of NK cells for treatment of malignancies has
come from studies using ex vivo generated lymphokine-activated killer cells
(LAK) or in vivo cytokine therapy (e.g., IL-2) to enhance autologous NK-cell
activity (95). Promising results from clinical phase III studies are mostly
reported for renal cell carcinoma (RCC), but not for lymphoma patients. More
recently it was demonstrated, that allogeneic NK cells exert a strong graft-vs-
leukemia (GVL) effect in patients treated with HLA haplotype-mismatched
hematopoietic stem cell transplantation for hematological malignancies (96).
In this study, alloreactive KIR-mismatched NK cells effectively killed malig-
nant cells in acute and chronic myeloid leukemia but less effectively in acute
lymphatic leukemia. In addition to showing a strong GVL effect, alloreactive
KIR-mismatched NK cells also prevented the development of graft-vs-host
disease (GVHD) in these patients. In a very recent mouse model, mice were
protected from GVHD by the pre-transplant infusion of alloreactive NK cells
and allowed subsequent transplantation of a higher amount of T cells, which in
turn are known to exert an important antitumor effect themselves (97). It is
intriguing to speculate that in the near future new insights into the biology of
NK cells will help to develop novel therapeutic strategies for the treatment of
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malignant disease, including lymphomas. Nevertheless, we ultimately must
await the results of clinical trials testing activated NK-cell therapies in lym-
phoma patients in order to evaluate the postulated benefit of NK cell-based
therapeutic strategies.

3.2. Exploiting the Antibody Specificity to Target Lymphoma Cells
The most advanced immunotherapy for B-cell lymphoma is the use of mono-

clonal antibodies (MAbs) targeting the CD20 cell-surface molecule of B cells.
First attempts to use antibodies as a therapy for lymphoma were initiated in 1979
by Nadler (98), demonstrating tumor-cell killing. Even patient-specific anti-
bodies were administered, and lymphoma regression was demonstrated (99).
Further refinement of the antibodies by humanizing the constant regions lead
to widely applicable MAbs such as the anti-CD20 antibody rituximab (100).
Several further antigens on B cell lymphomas were used as targets for anti-
bodies. CD22, CD52w, and HLAII are examples that found their way into clin-
ical application (101–103). These MAbs are believed to induce tumor-cell
killing via three different mechanisms: Complement-mediated cell death,
antibody-dependent cellular cytotoxicity, and activation of apoptosis (104).
Further modification of MAbs were applied to increase lymphoma killing.
Antibodies coupled to different radioactive nucleotides, such as Y90, I131, or
Cu-67, were demonstrated to be safe and effective in the treatment of different
lymphoma entities (105–107).

3.3. Improved Antigen Presentation
by Tumor Cells to Break Tolerance

Tumor cells have been demonstrated to present antigen poorly (108). For suc-
cessful T-cell induction, sufficient expression of adhesion, MHC, and costim-
ulatory molecules is necessary. Among the costimulatory molecules, the B-7
family seems to be particularly important, since B7/CD28 interaction is nec-
essary and sufficient to prevent anergy (58–59). Several tumor models support
the relevance of the B-7 pathway for the induction of antitumor immunity
(109–111). The majority of B-cell tumors express MHC class I and II, but fail
to express B-7 family members, as well as important adhesion molecules (112).
Transfection of single key molecules, such as B7, would represent a rather lim-
ited strategy to overcome APC dysfunction in lymphoma. Simultaneous upreg-
ulation of several of these key molecules appears to be a more attractive goal.
CD40 crosslinking is an important pathway involved in the activation of pro-
fessional APC such as DC, for significant improvement of APC function (113).
CD40 is expressed by normal as well as malignant B cells. Ranheim and Kipps
first demonstrated that CD40-activation of chronic lymphocytic leukemia (CLL)
cells induces efficient presentation of antigen by the malignant B-CLL cells
(114). Similarly, expression of costimulatory and adhesion molecules and APC
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function of other B-cell tumors can be improved (115–116). The potential clin-
ical value of this approach was demonstrated by Wierda in a gene-therapy trial
using CD40 ligand (CD40L [CD154])-transfected CLL cells (117). As demon-
strated by ELISPOT analysis and mixed lymphocyte reaction, B-CLL-specific
T cells increased in frequency post-vaccination. Even more intriguing, a reduc-
tion of leukemia-cell counts as well as lymph-node size was observed, with no
sign of induction of autoimmunity (117).

3.4. Identification of Novel Lymphoma Antigens
Several potential targets for immunotherapy have been discovered in lym-

phoma (Table 1). The idiotype (Id) of the malignant B-cell clone represents a
patient-specific tumor marker as well as a lymphoma-specific antigen (118).
Id is present on the cell surface, and Id-derived peptides have been shown to
be presented in the context of MHC class I and II (119–122). Id has therefore
been targeted in vaccination approaches in mice and men (123–125). Although
this represents a highly targeted approach with little risk of autoimmunity and
the potential for the induction of a significant immune response, clinical appli-
cation will be limited because of technical difficulties and high costs. We have
previously shown that framework-derived peptides can be used to induce tumor-
specific immunity in B-cell malignacies (126). These epitopes are shared by
a subgroup of patients, and thus represent a less “customized” strategy.
Nevertheless, they hardly meet the criteria of a broadly applicable vaccination
approach, and a further search for tumor antigens that are shared by many
patients, possibly beyond lymphoma, is warranted.

Although classical approaches focus on the dissection of pre-existing
immune responses in cancer patients, novel strategies intend to use the vast
information generated in the fields of proteomics and genomics to discover can-
didate tumor antigens that are ignored in cancer patients (127–134). Using
gene-expression profiling and reverse immunology, we have identified candi-
date epitopes from three potential tumor antigens in follicular lymphoma (von
Bergwelt-Baildon, unpublished results). This strategy potentially circumvents
the problem of boosting an apparently insufficient pre-existing antitumor
immune response. Nevertheless, only extensive and well-monitored clinical
trials will make it possible to determine the therapeutic potential of the candi-
date tumor antigens currently being studied (Table 1).

3.5 Targeting Effector and Helper Cells
to the Lymphoma Site Through Chemokines

A major obstacle of any tumor-immunotherapy that specially uses adoptive-
cell transfer is the recruitment of the effector and helper cells to the tumor site.
Several attempts have been made to overcome this problem. In 1993, Luster
and colleagues first used IP-10 (CXCL10)-transformed plasmocytoma cells in
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a murine model. Tumor growth was clearly inhibited because of a strong
immune response demonstrated by the infiltration of lymphocytes, neutrophils,
and monocytes (135). The role of the innate immune system in tumor rejection
was highlighted by the study of Laning and colleagues, which described the
antitumor activity of CCL1 in attracting only non-lymphocytes to the tumor site
(136). Many different chemokines were used to enhance tumor immunity (137).
Special attention was given to lymphotactin, which protected from established
lymphoma, especially in combination with IL-2 (138–139). The positive impact
of inflammation at the tumor site further supports the important role of
chemokines in attracting effector and helper cells to the tumor site (140). Even
the enhancement of tumor immunity by B7.1 transfection is partly the result of
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Table 1
Different Antigens in Lymphoma May Serve as Targets

for Antigen-Directed Immunotherapy

Target Antigen Immune-induction Entity Reference

Idiotype Idiotype DNA vaccine, Lymphoma, 144
cellular myeloma

Idiotype Adenoviral, A20 model 145
cellular

Idiotype Protein NHL 125
Ig Ig Framework ? cellular B-NHL 126
TCR TCR DNA vaccine, T-cell 146

cellular lymphoma
Viral antigens EBV Adoptive transfer PTLD 147

of T cells
Mutated p53 148

proto-oncogenes
Products of NPM/ALK ? cellular Anablastic 149

chromosomal large-cell
translocations lymphoma

Specifically Sperm protein17 cellular MM 150
overexpressed genes

CD20 Antibody Low grade 151,152,153
NHL

DLBCL 154
CD52w Antibody CLL 101
HLAII Antibody NHL 102
CD22 Antibody Low- and high- 103

grade NHL
NHL

B1 Antibody 155

Here we summarize some examples derived from different biological pathways. New antigens
are expected by the use of proteomics and genomics.
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the chemotactic effect of chemokines such as MIP1α (141). Apart from tar-
geting effector cells to tumor sites efforts were made to target antigens to helper
cells, which clearly enhanced tumor immunity (142,143).

4. SUMMARY

A balanced immune system is crucial for the prevention of lymphoma devel-
opment. This is demonstrated by the increasing incidence of lymphoma in
patients with an impaired immune system—namely, organ transplant recipients,
patients infected by HIV, and patients suffering from rare congenital immune
defects. In those patients, an increase up to 100-fold in lymphoma incidence
has been noted. Uncontrolled B-cell stimulation may be the underlying patho-
mechanism. This pathomechanism is also found in MALT lymphoma, in which
the chronic infection with H. pylori is crucial for the lymphoma development.

Different members of the immune system interact with the lymphoma cells.
Impairment of this interaction has been shown in various studies. Evidence for
ignorance, as well as anergy/tolerance and systemic immune suppression, has
been shown to prompt the interaction of T-cells with lymphoma cells. The
humoral response is also alterated, which may explain the occurrence of recur-
rent bacterial and herpesvirus infections. The function of APC in the interac-
tion with lymphoma cells has not been extensively studied, but an impaired
network of follicular DC within the lymphoma has been demonstrated. An
understanding of the intense interaction between the immune system and the
lymphoma has allowed the development of different strategies to overcome
the impaired immune system. The specificity of the antibody response was used
to target lymphoma cells that already yield excellent clinical results. The recog-
nition of lymphoma cells by the immune system was further enhanced by
improving antigen presentation on the tumor cells itself, and by targeting the
effector cells to the lymphoma site. In any case, new tumor antigens are needed
for future therapeutic strategies.
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1. INTRODUCTION

Immunological mechanisms play a major role in the pathogenesis of
Hodgkin’s lymphoma (HL), which in terms of the multitude of interactions
between different cell types is probably the most complex of all neoplasms. HL
is distinct from almost all other malignant tumors because of its unique cellu-
lar composition: a minority of neoplastic cells in an abundant inflammatory
background. This background consists of varying amounts of T and B lym-
phocytes, plasma cells, eosinophilic granulocytes, and histiocytes, and usually
comprises more than 99% of the tumor mass.
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The formation of this infiltrate is not a simple antitumor-cell response of the
immune system. The Hodgkin and Reed-Sternberg (HRS) cells, the neoplastic
cells in HL, actively influence their microenvironment through production of
cytokines and chemokines (chemoattractant cytokines) and by communication
through cell-surface receptors. HRS cells make use of mechanisms to evade the
immune response, as do tumor cells in most other neoplasms. However, HRS
cells also seem to require the presence of the reactive infiltrate to survive. This
chapter explores these seemingly contradictory phenomena and discusses the
potential application of immunomodulatory approaches.

2. CHARACTERISTICS OF HRS CELLS

The classical Reed-Sternberg cell is a very large cell with a moderate amount
of amphophilic cytoplasm, and it contains two nuclei or nuclear lobes, each with
a large nucleolus. This cell type, named after Dorothy Reed and Carl Sternberg,
is considered to be the hallmark of HL. Mononuclear variants and so-called
lacunar cells are members of the same neoplastic population. The Reed-Sternberg
cells, together with the variants, are known as HRS cells. These cells are typical
for the classical HL (CHL) subtypes: nodular sclerosis (NS), mixed cellularity
(MC), lymphocyte depletion (LD), and lymphocyte rich (LR) (1) (Table 1).

There is a non-CHL subtype, the nodular lymphocyte predominant type,
which has a strikingly different immunophenotype of the neoplastic cells and
lymphocytes in the inflammatory background and a more indolent clinical
course as compared to the CHL subtypes. For these reasons, the nodular lym-
phocyte predominant subtype is considered to be a different entity. This chap-
ter will only address the classical subtypes of HL that account for approx 95%
of HL cases worldwide (2).

The cellular origin of HRS cells has long been debated. Immuno-
histochemical studies showed rare and variable expression of B-cell and/or
T-cell antigens with additional expression of markers typical for dendritic cells
(DC) or other cell lineages (3). The problem was resolved by single-cell poly-

316 Part II / Clinical Relevance of Immune Evasion

Table 1
World Health Organization Histological Classification

of Hodgkin’s Lymphoma

Nodular lymphocyte predominant HL
Classical HL

Nodular sclerosis classical HL
Mixed cellularity classical HL
Lymphocyte-rich classical HL
Lymphocyte-depleted classical HL
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merase chain reaction polymerase chain reaction (PCR)-based approaches for
immunoglobulin gene-rearrangement analysis using laser-guided microma-
nipulation of HRS cells from frozen sections of primary CHL biopsies. In the
vast majority of cases, the HRS cells were found to have monoclonal
immunoglobulin gene rearrangement and a high load of somatic hypermuta-
tions, indicating that they are derived from a germinal-center B lymphocyte (4).

Somatic hypermutations in the germinal-center reaction are an important
mechanism that results in increased affinity of the B-cell receptor to the anti-
gen presented by follicular dendritic cells (FDC). Since the mutations occur at
random, they can also result in lower affinity or truncation of immunoglobu-
lin, and in these instances the B cell undergoes apoptosis within the germinal
center. Positively selected high-affinity immunoglobulin-bearing B cells are res-
cued from apoptosis by induction of bcl-2 expression. The somatic hypermu-
tations found in HRS cells are nonproductive (“crippling”) in a proportion of
cases, and prevent antibody expression.

Absence of surface immunoglobulin can also be explained by a lack of
expression of the immunoglobulin transcription factors Bob-1 and/or Oct-2,
both in cases with and without crippling somatic hypermutations. Aside from
Bob-1 and Oct-2, low expression or absence of B-cell transcription factors
Pax-5 and PU.1 also may account for the loss of the B-cell phenotype of HRS
cells (5–8). Because the HRS cell and its precursor do not express immunoglob-
ulin, these cells require an alternative mechanism to escape apoptosis during
the germinal-center reaction.

This alternative mechanism is believed to involve the transcription factor
NF-κB (RelA/p50). In its inactivated state, NF-κB is present in the cytoplasm,
and is repressed by IκB that prevents transport of NF-κB into the nucleus.
Activation of NF-κB can be initiated by signaling through cell-surface recep-
tors of the tumor necrosis factor (TNF)-receptor family. The signal is transduced
by TNF-receptor-associated factor (TRAF) which, together with other proteins
in the signaling cascade, recruits and activates IκB kinase complex (IKK).
Active IKK phosphorylates IκB and induces ubiquitinization and subsequent
degradation of this inhibitor. The activated NF-κB dimer then translocates to
the nucleus, where it activates transcription of a variety of genes. These genes
encode cytokines, cell-adhesion molecules, acute phase-response proteins, and
anti-apoptotic proteins that are involved in survival, proliferation, and inflam-
mation. Nuclear localization of active NF-κB can be detected in the majority
of HRS cells in all CHL cases and cell lines, but not in cases of non-Hodgkin’s
lymphoma (NHL) (9).

A few mechanisms may induce constitutive activation of NF-κB. First, HRS
cells express several TNF-receptor family receptors, including CD30. This
receptor is present on the HRS cells in virtually all cases of CHL, and the
demonstration of CD30 is even used as an immunohistochemical marker to con-

Chapter 17 / Immune Dysfunction in Classical HL 317

CH17,315-334,20pgs  9/22/03 1:52 PM  Page 317



firm the diagnosis. Other TNF receptors such as CD40, receptor activator of
NF-κB (RANK), TNFRI (TNF receptor I), and TNFRII each are expressed in
a proportion of cases (10). Moreover, the signal-transducing molecules TRAF1
and TRAF2 are commonly expressed in HRS cells (11,12).

Another mechanism that results in constitutive activation of NF-κB involves
inactivation of the IκB gene by somatic mutations, resulting in absence or dys-
function of this inhibitor. IκB mutations have been shown in only a few CHL
cases and are usually monoallelic (13–15). A third proposed mechanism
involves aberrant and persistent activation of IKK complex, resulting in con-
tinuous degradation of IκB (16).

In a considerable proportion of CHL cases, the Epstein-Barr virus (EBV) is
involved. The EBV viral genome persists as multiple circular episomes that gen-
erally do not integrate into the host genome. The presence of these episomes is
representative for latent EBV infection. In EBV-involved cases, each and every
HRS cell harbors multiple copies of a monoclonal EBV genome, strongly sug-
gesting that EBV infection of the HRS-cell precursor must have been an early
step in transformation. The expression of EBV-latent genes in CHL resembles
that of nasopharyngeal carcinoma, but differs from the expression pattern of
EBV-related Burkitt lymphoma and lymphomas arising in immune-
compromised individuals. Only EBV nuclear antigen 1 (EBNA1), latent mem-
brane protein1 (LMP1), and LMP2 are expressed at the mRNA and protein
level. This expression pattern is referred to as latency type II (17). The EBNA1
protein binds to viral DNA and allows the EBV genome to be maintained in
the B cell as a circular DNA episome (18). A pathogenetic role for the abun-
dantly expressed EBV-encoded small RNAs (EBERs) 1 and 2 is not apparent.

Cell-surface expression of the LMP1 protein alone can mediate B-lymphocyte
growth transformation. This potent oncogene product mimics a constitutively
activated CD40 molecule, and can protect B cells from apoptosis by activation
of NF-κB (19). The LMP2 gene encodes two distinct proteins: LMP2A and
LMP2B. The LMP2A protein contains two immunoreceptor tyrosine-based
activation motifs (ITAMs). LMP2B is similar to LMP2A but lacks the ITAMs.
LMP2A is essential for blocking B-cell-receptor-mediated signal transduction
by negatively regulating protein tyrosine kinase activity (20). The latter pre-
vents reactivation of EBV from latently infected cells (21). However, it has been
suggested that in the absence of B-cell-receptor signaling, LMP2A can drive
the proliferation and survival of B cells.

Although EBV infection of the HRS precursor cell probably acts as a trans-
forming event, this probably is not the only mechanism of transformation. In
the Western world, more than 50% of CHL cases are EBV-negative, and it is
possible that transforming events unrelated to viral infection are involved.
Alternatively, it has been proposed that in some cases EBV negativity may be
caused by a possible “hit and run” behavior of the virus, meaning that it leaves
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the host cell after it has transformed it. More likely, another viral agent is
involved, and this has been the subject of many investigations. However, no
alternative viral candidate has consistently been detected to date (17,22).

3. CHARACTERISTICS OF THE INFLAMMATORY INFILTRATE

The cell population surrounding the HRS cells is variable, especially in the
most common subtypes, NS and MC. CD4-positive T lymphocytes are invari-
ably present in considerable-to-large numbers. However, irregular nodules of
small B lymphocytes are also common. In addition, varying amounts of plasma
cells, eosinophilic granulocytes, and histiocytes are typically involved, and in
some cases, large numbers of neutrophilic granulocytes are prominent.
Macrophages and mast cells can also be found in the infiltrate. The general
architecture of CHL-affected lymph nodes is nodular, with sclerotic bands sep-
arating individual nodules in the NS subtype, and in MC, the background is dif-
fuse and devoid of sclerotic bands.

Interestingly, the polyclonal CD4-positive T lymphocytes have a peculiar
mode of activation. They express early activation markers CD38 and CD69 and
are CD45RO+/CD45Rbdim, consistent with a Th2 population. Upon restimu-
lation in vitro, these lymphocytes produce IL-4, IL-5, and IFN-γ but not IL-2.
Except for the IFN-γ production, this cytokine profile also suggests a Th2-like
phenotype. CD8-positive T lymphocytes and natural killer (NK) cells are scarce
in the reactive infiltrate. However, activation marker and costimulatory mole-
cule CD26 is absent in the CD4-positive lymphocytes, and this may be an indi-
cation for anergy (23–25).

4. COMMUNICATION BETWEEN HRS CELLS
AND OTHER CELL TYPES

The HRS cells consistently produce and express a variety of cytokines,
chemokines (cytokines with chemoattracting properties), and cell-surface mark-
ers. Expression levels of the cytokines and chemokines are much higher than
in reactive lymph nodes and tonsils (Fig. 1). This is presumably a result of the
constitutive activation of NF-κB in the HRS cells. The expression of cell-
surface molecules is restricted, and many lymphoid markers that are normally
expressed on B cells are missing. For several of the molecules that are present
on HRS cells, an important role in tumor biology has been proposed (Fig. 2).

4.1. Chemokines
HRS cells produce a multitude of chemokines that are likely to be involved

in recruitment of the reactive cells (Table 2). Using serial analysis of gene
expression (SAGE) and immunohistochemistry, it has been shown that the CC
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chemokine CCL17 or TARC (thymus and activation-related chemokine) is
strongly expressed in the neoplastic cells of CHL. It is not detected in NLP HL
or NHL (26). TARC binds specifically to the CC chemokine receptor CCR4 that
has the highest level of expression in activated Th2 cells. However, activated
Th1 cells express CCR5. The influx of lymphocytes with a Th2-like phenotype
may thus be explained by the production of TARC by HRS cells (27).

CCL22 or MDC (macrophage-derived chemokine) is a chemokine that maps
to the same genomic region as TARC, 16q13. Like TARC, it binds the CCR4
receptor on Th2 lymphocytes; however, unlike TARC, it is also variably
expressed in NLP HL and NHL cases. MDC production is stimulated by Th2
cytokines IL-4 and IL-13, and may serve to reinforce the attraction of Th2 lym-
phocytes initiated by TARC (28–30).

Many chemokines are also produced by HRS cells that can attract Th1 lym-
phocytes and NK cells—for example, IP-10 (CXCL10), MIP-1α (CCL3), and
RANTES (CCL5). These chemokines are expressed more consistently and at
higher levels in EBV-positive CHL than in EBV-negative CHL (28,31).

The source of some of the chemokines that may play an important role in
CHL is outside the HRS cell. Eotaxin (CCL11) is produced by fibroblasts in
the reactive infiltrate in response to TNF-α secreted by HRS cells, and is
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Fig. 1. Chemokines and cytokines in classical HL. Some of the major communications
between the HRS cells and cells in the reactive infiltrate are depicted. Chemotaxis is medi-
ated by chemokines (gradient triangles). Cytokines induce proliferation and activation
(black arrows) as well as inhibition of activation (white arrows).
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Fig. 2. Cell-surface receptors and ligands in both EBV-negative (A) and EBV-positive (B) classical HL. TNF receptors CD30, CD40,
TNFRI, TNFRII, and RANK as well as the EBV protein LMP1 transduce signals to activate transcription factor NF-κB. Most EBV-
positive HRS cells express the MHC class I molecule, yet EBV-negative HRS cells do not. Supposing that MHC molecules present anti-
gens, the HRS cells should be able to trigger CD4 and CD8 T lymphocyte responses. Costimulatory molecules on the T lymphocytes
can either reinforce (CD27 and CD28) or dampen (CTLA-4) TCR-transduced signals. LFA-1 and ICAM-1 are major cell-adhesion mol-
ecules that mediate contact between the HRS cells and potentially all cell types in the reactive infiltrate. Fas and Fas ligand molecules
are not shown.
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involved in eosinophil recruitment (32). IL-8 (CXCL8) attracts neutrophils and
is produced by macrophages and neutrophils, but not by HRS cells (33).

Several chemokines—including MDC, RANTES, IP-10, and eotaxin—may
be natural substrates of CD26. This glycoprotein has intrinsic dipeptidyl-
peptidase IV activity and can truncate its substrates, resulting in products with
reduced chemotactic activity. Since the T lymphocytes surrounding the HRS
cells lack CD26 expression, they are incapable of modulating the chemotaxis
exerted by the HRS cells, in contrast to CD26-positive cells, such as Th1 cells
and cytotoxic cells that are thus less sensitive to these chemokines (28).

4.2. Cytokines
HRS cells produce a spectrum of cytokines that have a profound effect on

the composition and state of activation of surrounding cells in the reactive infil-
trate (Table 3). Two major immunosuppressive cytokines involved are IL-10 and
transforming growth factor-β (TGF-β). IL-10 is a growth and differentiation
factor for B cells, but more importantly, it inhibits Th1 responses by blocking
IFN-γ and IL-2 production by Th1 lymphocytes. This cytokine is expressed
more frequently and in higher amounts in EBV-positive CHL. The EBV BCRF1
protein shares 70% of its amino acid sequence with human IL-10 and exerts
the same effects. However, this viral protein is not expressed in latent EBV
infection, and the higher IL-10 level observed in EBV positive CHL is of
human origin. Expression of human IL-10 is presumably stimulated by
LMP-1 signaling and subsequent NF-κB activation (34). IL-10 expression
by the surrounding lymphocytes is also higher in EBV-positive cases (35).
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Table 2
Chemokines Involved in Classical HL

Chemokine Source in CHL Receptor(s) Main Target cells

TARC (CCL17) HRS cells CCR4 Th2 cells
MDC (CCL22) HRS cells CCR4 Th2, NK, and 

dendritic cells
IP-10 (CXCL10) (EBV+) HRS cells CXCR3 Stimulated T and 

NK cells
MIP-1α (CCL3) (EBV+) HRS cells CCR5 T and NK cells
RANTES (CCL5) T lymphocytes CCR1,3,5 Monocytes,

T lymphocytes,
and eosinophils

Eotaxin (CCL11) Fibroblasts CCR3 Eosinophils and 
Th2 cells

IL-8 (CXCL8) Monocytes, macrophages, CXCR1,2 Neutrophils
and neutrophils
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TGF-β is also a cytokine with strong immunosuppressive potency. It inhibits
IL-2-dependent T-cell proliferation and blocks upregulation of the IL-2 recep-
tor (CD25). Moreover, TGF-β inhibits the cytolytic activity of NK cells, and
suppresses proliferation and immunoglobulin secretion by B lymphocytes.
TGF-β secreted by HRS cells may in turn induce TGF-β production by lym-
phocytes, resulting in an autocrine-suppressed state of these lymphocytes (36).
Eosinophils in the reactive infiltrate are another source of TGF-β (37).

In addition to being strongly immunosuppressive, TGF-β also induces fibrob-
last proliferation and synthesis of collagen. High TGF-β levels are especially
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Table 3
Cytokines Involved in Classical HL

Cytokine Source in CHL Target Cell Biological Activity

IL-1 HRS cells and cells in T-lymphocytes Activation
reactive infiltrate Fibroblasts Proliferation

Induction acute-phase proteins
IL-5 HRS cells Eosinophils Growth and differentiation
IL-6 (EBV+) HRS cells and B lymphocytes Plasma cell differentiation

surrounding lymphocytes Production of IL-1, TNF-α,
and acute-phase proteins

IL-7 HRS cells T lymphocytes Growth and survival
IL-9 HRS cells HRS cells Autocrine growth
IL-10 (EBV+) HRS cells and Th1 lymphocytes Blocks IFN-γ and IL-2

surrounding lymphocytes production
B lymphocytes Growth and differentiation

IL-12 Reactive cells, mainly in Th1 lymphocytes Differentiation
EBV+ cases

IL-13 HRS cells HRS cells Autocrine growth
MDC production

Fibroblasts Tissue fibrosis
IL-17 HRS cells HRS cells Autocrine growth
TGF-β HRS cells, lymphocytes, T lymphocytes Inhibits activation

and eosinophils NK cells Inhibits cytolytic activity
B lymphocytes Inhibits proliferation
Fibroblasts Tissue fibrosis

IFN-γ Reactive cells and HRS Macrophages Activates phagocytosis and 
cells; more in EBV+ cases production of TNF-α,

TGF-β and IL-1
TNF-α HRS cells and cells in HRS cells NF-κB activation

reactive infiltrate Fibroblasts Eotaxin production
LT-α HRS cells HRS cells NF-κB activation
bFGF HRS cells and reactive Fibroblasts Tissue fibrosis

cells in NS CHL
M-CSF HRS cells Macrophages Growth and differentiation
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found in NS HL and are believed to be responsible for the formation of the col-
lagen bands in this subtype (38). Other factors that are involved in tissue fibro-
sis are IL-13 and basic fibroblast growth factor (bFGF). The latter, like TGF-β,
is expressed at higher levels in NS HL than in MC HL (39).

HRS cells also secrete a number of cytokines that are not immunosuppres-
sive, but do influence other cell types in the inflammatory infiltrate. IL-5 is
essential for the growth and differentiation of eosinophilic granulocytes, and
its expression correlates with tissue eosinophilia in CHL (40). IL-5 can also act
as a B-cell growth factor for some B cells, in man as well as in mice. IL-6 is
produced by HRS cells in EBV-negative cases, and in higher amounts in EBV-
positive cases. It is also occasionally expressed by lymphocytes in the reactive
infiltrate and induces the maturation of B cells into plasma cells (41). IL-7 may
act as a growth factor for T lymphocytes. This cytokine may increase reactiv-
ity of surrounding cells to the HRS cells (42).

Finally, HRS cells produce cytokines that act as autocrine growth factors.
IL-9, IL-13, IL-17, and their respective receptors are expressed by HRS cells.
These cytokines have been shown to stimulate growth in various CHL cell
lines. IL-13 has multiple effects, and as already mentioned, also stimulates the
synthesis of MDC and tissue fibrosis (10).

Other cytokines that can be produced by cells in the reactive infiltrate are
IL-12 and IFN-γ, which are both Th1-type cytokines. IL-12 can promote a
Th1-type immune response and induce IFN-γ secretion, but its effects are inhib-
ited by IL-4 and IL-10. IL-12 is especially expressed in EBV-positive CHL with
highly variable expression levels (43). IFN-γ enhances the ability of
macrophages to phagocytose and kill microorganisms, and stimulates secretion
of TNF-α, TGF-β, and IL-1. TNF-α can bind to the TNFRI and TNFRII recep-
tors on HRS cells, and can activate NF-κB.

4.3. Cell-Surface Receptors
HRS cells express a large number of TNF-receptor-family glycoproteins,

such as CD30, CD40, RANK, TNFRI, and TNFRII. Cells in the surrounding
infiltrate express cell-surface-bound ligands for these receptors; reactive T cells
express CD40L, and eosinophils and mast cells express CD30L. RANK-
positive HRS cells co-express RANK ligand. The TNFRI and TNFRII ligands
TNF-α and lymphotoxin-α (LT-α) both are secreted by HRS cells. TNF-α is
also produced by the surrounding lymphocytes and macrophages (10) (Table
4). As mentioned previously, EBV-positive cases additionally express LMP1
that mimics a constitutively activated CD40 receptor.

HRS cells show cell-surface expression of the major histocompatibility com-
plex (MHC) class II (HLA-DR) and a number of costimulatory and adhesion
molecules—most notably, CD40, CD70, CD80, CD86, ICAM-1 (CD54), and
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LFA-3 (CD58). HRS cells thus have characteristics of professional antigen-
presenting cells (APC). It is remarkable that the HRS cells have generally lost
the majority of B-cell markers (CD19, CD20, CD22, and CD79a), but consis-
tently express antigen presentation and costimulatory molecules. This suggests
that antigen presentation must play an important role in the pathogenesis of
CHL. One possibility is that expression of a superantigen results in the attrac-
tion of a polyclonal population of lymphocytes. However, there is evidence that
endogenously generated antigenic peptides may not be correctly loaded onto
the MHC II molecule. Proper loading displaces the CLIP (class II-associated
invariant-chain peptide protein) from the MHC II antigen-binding groove, but
in fresh CHL lymph node biopsies, a subset of HRS cells express a substantial
number of surface MHC II-CLIP complexes (44). It is not clear whether the
remaining MHC II dimers express antigenic peptides.
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Table 4
Cell Surface Receptors and Ligands in Classical Hodgkin’s Lymphoma

Receptor on Cells in
HRS Cell Ligand CHL-Expressing Ligand

TNF Receptor Family
TNFRI/TNFRII TNF-α HRS cells, reactive infiltrate

LT-α HRS cells
CD30 CD30L Eosinophils, mast cells
CD40 CD40L Surrounding T lymphocytes
RANK RANKL HRS cells

Adhesion
LFA-3 (CD58) CD2 T lymphocytes
ICAM-1 (CD54) LFA-1 (CD11a/18) T lymphocytes, granulocytes,

macrophages
CD43 All cells in reactive infiltrate

Antigen Presentation
MHC class I TCR/CD3 complex + CD8 Occasional T lymphocytes
MHC class II TCR/CD3 complex + CD4 Majority of T lymphocytes

Costimulation
CD70 CD27 T lymphocytes
CD80/CD86 CD28 T lymphocytes

CTLA-4 Activated T lymphocytes
Other

CD95 CD95L HRS cells, occasional 
lymphocytes

CD95L CD95 HRS cells, occasional 
lymphocytes
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The MHC class I molecule is expressed less frequently than MHC class II.
In fact, in most EBV-negative cases, it is entirely absent, and this may help the
HRS cells escape cytotoxic T lymphocyte (CTL) responses. However, lack of
MHC class I molecules on tumor cells generally leads to recognition and sub-
sequent lysis by NK cells. EBV-positive HRS cells do express MHC class I in
more than 75% of cases. LMP1 can induce expression of MHC class I and
enhance antigen presentation (45). It has also been shown that EBV antigenic
peptides actually are presented, at least in CHL cell lines (46). The antigens
presented can evoke EBV-specific CTL responses in CHL patients (47).
Therefore, HRS cells need mechanisms to effectively evade these responses.

HRS cells express CD95L (FASL) and can act as veto cells. Thus, any cell
that expresses CD95 (FAS) and that is in contact with a HRS cell is threatened
to die from FAS-mediated apoptosis. Because activated Th1 cells and CTLs are
more sensitive to this mechanism than Th2 cells, FAS-mediated apoptosis is
yet another way for the HRS cells to shape the immune response in the reac-
tive infiltrate (48). HRS cells also express CD95 themselves but they appear to
be resistant to FAS-mediated apoptosis. This resistance is caused by FAS muta-
tions in a minority of cases. Overexpression of c-FLIP (cellular FLICE
inhibitory protein) that can block the downstream FAS signaling pathway is
probably the major mechanism (49,50).

HRS cells in a large proportion of cases express CD15, but its pathogenetic
relevance is unclear. CD15 is usually present in the non-sialylated form on HRS
cells, and in this form has no known ligand. However, when CD15 is sialylated,
it is able to bind to selectins. Sialylated CD15 on granulocytes is important in
leukocyte rolling and subsequent diapedesis through endothelial cells.
Sialylation of CD15 may confer the capacity to metastasize on the HRS cells,
most notably to the bone marrow (51).

HRS cells themselves are activated, as shown by the expression of activa-
tion markers CD25 (the IL-2 receptor) and CD71 (the transferrin receptor). The
latter is necessary for internalizing iron, and its high expression in HRS cells
correlates with the high iron demand of proliferating cells.

5. EVASION OF IMMUNE RESPONSES

As in any other malignancy, the HRS cells of CHL need mechanisms to evade
immune responses. It should be clear that HRS cells employ a multitude of strate-
gies to achieve this. First, HRS cells influence their microenvironment in order
to shield themselves from CTLs and NK cells. They establish a Th2-like reac-
tive infiltrate through secretion of the Th2 lymphocyte-attracting chemokines
TARC and MDC. This Th2-like infiltrate suppresses Th1 responses and hinders
interactions of Th1 lymphocytes, CTLs, and NK cells with the HRS cells.
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In addition, the HRS cells also suppress Th1 activation directly by produc-
ing IL-10, especially in EBV-positive cases. Moreover, when an activated Th1
lymphocyte or CTL reaches a HRS cell, it can be killed by FAS-mediated apop-
tosis. In EBV-positive CHL, EBV specific CTL responses are largely evaded
by not presenting the immunodominant EBNA3 antigenic peptide or, in a
smaller number of cases, through the absence of or abnormal expression of the
MHC class I molecule. LMP1 and LMP2, however, are subdominant targets for
EBV-specific CTL responses, and are restricted to common MHC haplotypes
(52,53). Thus, less common MHC haplotypes in CHL patients may contribute
to ineffectiveness of recognizing HRS cells.

Finally, the T lymphocytes in the reactive infiltrate are influenced in such a
way that they cannot become fully activated. Attenuation of activation is caused
by TGF-β, and there may be another contributing mechanism. This other mech-
anism requires that HRS cells do present a still unidentified MHC class II
restricted antigen. Signals that are transduced through the T-cell receptor need
a costimulatory signal to induce full activation. This costimulation can be pro-
vided through the CD80 and CD86 that are present on HRS cells. Usually,
T cells are positively costimulated through CD28. However, when the T cell
expresses CTLA-4 instead of CD28, costimulation leads to inhibition of the
T-cell-receptor signal cascade. CTLA-4 is indeed expressed on CD4-positive
lymphocytes in the reactive infiltrate in CHL (54, 55). It has also been shown
that lymphocytes from peripheral blood in CHL express more CTLA-4 upon
stimulation than controls (56).

6. REVERSE IMMUNE SURVEILLANCE

Although evasion of immune responses is clearly important for the survival
of HRS cells, a trophic effect of the immune response is probably even more
critical in the pathogenesis of CHL. The concept of reverse immune surveil-
lance implies that recognition of tumor-cell antigens and a response by the host
immune system constitute a requirement for tumor growth (57).

One very important characteristic of HRS cells is the constitutive activation
of NF-κB. TNF receptor signaling is likely to be responsible for this activation
in the majority of cases. Assuming that constitutive activation of NF-κB is cru-
cial for the survival of the HRS cells, constitutive TNF-receptor engagement is
then a prerequisite. Cells in the reactive infiltrate (e.g., CD40L on lymphocytes)
provide cell-surface-bound ligands for the TNF receptor as well as soluble lig-
ands (TNF-α by lymphocytes and macrophages). Although HRS cells also pro-
duce TNF-receptor ligands themselves, this is often insufficient for continuous
stimulation. Consequently, HRS cells really are critically dependent on the
reactive infiltrate.
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A practical observation underscoring the importance of reverse immune sur-
veillance in CHL is the difficulty to establish HRS cell lines. When trying to
culture a primary CHL affected lymph-node cell suspension, we will find that
cells can be maintained for only a limited number of weeks. As soon as the lym-
phocyte numbers in the culture drop to a critical level, the HRS cells die. Many
attempts in the past only resulted in establishment of lymphoblastoid cell lines
from EBV transformed bystander B lymphocytes that are unrelated to the HRS
cells. Indeed, the 15 CHL cell lines that have been established to date, all orig-
inated from advanced stage and vigorously treated CHL cases, mostly from
pleural effusions or from peripheral blood (58). The HRS cells obtained
from these sites are likely to have progressed to grow independent of reactive
cells. A major criticism on the use of HL cell lines as an in vitro model for the
disease is that these cell lines may not be fully representative of HRS cells.

7. IMMUNOTHERAPEUTIC APPROACHES

HL was the first malignant lymphoma for which effective radiation and
chemotherapy treatment was available. Advances in radiation therapy and a
later combination with polychemotherapy have improved survival rates in HL
dramatically. Today, the cure rate approaches 80%, and HL is the lymphoma with
the best prognosis. Nevertheless, there is still room for improvement.
Conventional treatment regimens have high rates of late adverse effects, such as
occurrence of second malignancies and cardiovascular disease. Also, for patients
with a relapse of CHL the long-term prognosis is poor (59). Clinical trials with
various immunotherapeutic approaches have demonstrated some clinical
response in patients with advanced-stage (Ann Arbor stages III and IV in which
multiple lymph nodes on both sides of the diaphragm or extranodal sites respec-
tively are affected) and relapsed CHL. In most trials, complete remissions are
rare and partial remission rates usually lie within the range of 5–20%. It is con-
ceivable that the clinical efficacy in these trials is reduced by high tumor load.
Immunotherapeutic approaches may be more effective in eradicating residual
HRS cells after primary conventional treatment of bulky disease (60).

Most immunotherapeutic strategies that have been explored focus on target-
ing the HRS cells. Antibodies that are specific for markers on HRS cells have
been fused to toxins such as Pseudomonas exotoxin A, ricin A, angiogenin, and
ribosome-inactivating proteins. In most approaches, these so-called immuno-
toxins are directed at CD30, because this molecule has a high expression on HRS
cells in virtually all CHL cases. Moreover, only a minority of non-neoplastic cells
expresses CD30, most notably a small number of activated T or B lymphocytes.
Other molecules that have been occasionally targeted are CD25 and CD80 (61).

Also epitopes outside the HRS cells have been targeted. Ferritin is a tumor
marker associated with CHL and is present in the tumor interstitium, especially
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when tumor size exceeds 1 cm. Application of radiolabeled anti-ferritin anti-
bodies reduces lymphomatous mass by radiation-induced damage and not by
immunologic effects, as unlabeled antibodies do not reduce tumor size (62).
Another approach has been used in mice that bear a CHL cell line tumor and
has been directed at the vasculature of the tumor. The target antigen vascular
cell adhesion molecule (VCAM-1) is expressed on endothelium and is upreg-
ulated by TNF-α and IL-1. A murine VCAM-1 antibody covalently linked to
human tissue factor was found to specifically target to a CHL cell line tumor
in mice. The human tissue-factor component of this so-called coaguligand
induces thrombosis and subsequent infarction of the tumor, resulting in retarded
tumor growth (63).

These immunotherapeutic approaches use specific targets to deliver locally
damaging agents. However, given the role of the reactive infiltrate in CHL, the
immune system itself can also be used to damage the HRS cells (64).

7.1. Potentiation of the Immune Response
Bispecific monoclonal antibodies (MAbs) for example with specificity for

both CD30 and CD16, can specifically potentiate immune responses. CD16 is
the Fcγ receptor IIIA, and is present on NK cells, macrophages, and activated
monocytes. Application of the CD30/CD16 bispecific antibodies recruits these
cells to the HRS cells, and CD16 engagement induces the direct release of cyto-
toxic molecules by these cells (65). A similar approach utilizes a combination
of CD30/CD3 and CD30/CD28-bispecific antibodies. When administered
simultaneously, these antibodies can activate and properly costimulate lym-
phocytes in the direct environment of the HRS cells, resulting in proliferation,
increased IL-2 production, and antigen-specific cytotoxicity (66,67).

In EBV-positive CHL, EBV-specific CTLs can be applied (68). Autologous
EBV-specific CTLs are activated in vitro to recognize LMP1- and/or LMP2-
derived antigenic peptides. This can be achieved by stimulating these CTLs in
the presence of autologous EBV-infected lymphoblastoid cell lines or in the
presence of antigen presenting DC (69–72). Results with this approach have
been suboptimal, and this has been ascribed to the evasion strategies observed
in CHL. Therefore, attempts have been made to equip the EBV-specific CTLs
with additional mechanisms to escape from the immunomodulating influences
of the HRS cells. For example, EBV-specific CTLs have been transduced to
express the dominant-negative TGF-β type II receptor, thus escaping the sup-
pressing effect of TGF-β (73).

7.2. Attenuation of the Immune Response
To date, no attempts have been made to specifically attenuate the immune

response in CHL. However, a portion of the effect of classical radiotherapy and
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chemotherapy may involve disruption of the inflammatory background, since
activated T cells are extremely sensitive to low doses of irradiation and steroids.
The relative importance of this effect is impossible to measure.

Although attenuation of the immune response theoretically may be as effi-
cient as potentiation of the immune response, it is difficult to determine which
targets are most appropriate for immunotherapy. One possibility is to neutralize
the effects of the chemokines TARC and MDC by neutralizing antibodies or anti-
bodies directed at the CCR4 receptor. Alternatively, the immunosuppressive
cytokines TGF-β and IL-10 may be blocked with antibodies or anti-sense probes.
Yet another approach might involve blocking of the supposed antigen presenta-
tion by HRS cells. Finally, interfering with TNF receptor and TNF-receptor
ligand interactions may break the cycle of constitutive NF-κB activation.

8. SUMMARY

CHL is a hematological malignancy in which an intricate network of immuno-
logical interactions appears to be crucially involved. The neoplastic HRS cells
use a variety of strategies to evade immune reactions, but also shape the immune
response to their own benefit. Immunotherapeutic approaches can be used to
potentiate the immune response and direct this response to the HRS cells.
Theoretically, attenuation of immune responses should also be effective. It is
difficult to predict which of both immunotherapeutic approaches will be most
effective in the end. Immunotherapy in CHL is indeed at the crossroads, and the
paths have only partially been explored. Many potential immunotherapeutic
strategies have not been investigated properly or are not yet developed. Improved
knowledge about the pathogenesis of CHL is needed to set the horizon. The
development of reliable models of human HL in severe combined immunode-
ficiency (SCID) mice is an important prerequisite to test such strategies.
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1. THE PROBLEM OF LUNG CANCER

Lung cancer accounts for more than 28% of all cancer deaths each year, and
is the leading cause of cancer-related mortality in the United States (1). Despite
focused research in conventional therapies, the 5-year survival rate remains at
14%, and has improved only minimally in the past 25 years. Newly discovered
molecular mechanisms in the pathogenesis of lung cancer provide novel oppor-
tunities for targeted therapies of non-small-cell lung cancer (NSCLC) (2,3).
Immune-based targeted therapies have focused on the elicitation of specific
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tumor antigen-directed responses. Although various methods of immune stim-
ulation have been attempted for the treatment of lung cancer, none have proven
to be reliably effective (4). In contrast, immune-based therapies have proven
more successful in melanoma and renal cell carcinoma (RCC) (5,6), leading
to the misconception that thoracic malignancies are nonimmunogenic and are
not amenable to immunologic interventions. However, protective immunity is
now known to be generated against non-immunogenic murine tumors (7,8).
These studies suggest that a tumor’s apparent lack of immunogenicity indicates
a failure to elicit an effective host response rather than a lack of tumor antigen
(TA) expression (9,10). Accordingly, a new paradigm has emerged that focuses
on generating antitumor responses by therapeutic vaccination (11,12). In this
setting, vaccination refers to an intervention that unmasks TAs, leading to gen-
eration of specific host-immune responses against the tumor. 

Despite the identification of a repertoire of TAs, hurdles persist in the path-
way to finding successful immune-based therapies. First, an immune response
to a malignancy may not develop as a result of tolerance (13). It has been sug-
gested that the single most important determinant of tumor rejection antigen
potency is the avidity of the cognate cytotoxic T lymphocyte (CTL) (14). The
tolerogenic response appears to eliminate high-avidity T cells, but spares the
low-avidity CTL effector populations (15). Thus, the most effective cancer
immunotherapies may be those interventions that significantly activate the low-
avidity T-cell populations. A second major problem, well-documented in thoracic
and other malignancies, is the active immune suppression induced by the tumor
itself (13). Here, we review tumor-induced immune dysfunction in lung cancer. 

2. CYTOKINE NETWORKS IN IMMUNE
DYSFUNCTION IN LUNG CANCER

The effective elicitation of specific immune responses requires the regulated
balance of cytokine production that serves to direct both antigen presentation
and effector responses. Lung-cancer cells elaborate immunosuppressive medi-
ators, including type 2 cytokines, PGE2 and transforming growth factor β
(TGF-β) that may interfere directly with cell-mediated antitumor immune
responses (16–19). In addition to producing their own suppressive factors,
tumor cells may also direct surrounding inflammatory cells to release sup-
pressive cytokines in the tumor milieu (17,20). It has previously been demon-
strated that NSCLC cells express a Th2 cytokine pattern (18). In particular,
interleukin (IL)-10 is the predominant Th2 cytokine expressed by the tumor
cells. Effective cell-mediated immune responses depend on IL-12 and IFN-γ
to mediate a range of biological effects that facilitate anticancer immunity. In
contrast, Type 2 cytokines inhibit Type 1 cytokines, and can suppress cell-
mediated antitumor immune responses (21). In both patients and murine tumor
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models, progressive tumor growth has often been associated with a marked lim-
itation in Type 1 cytokine production, along with upregulated IL-10 and other
Type 2 cytokines (22–26). IL-10 inhibits a broad array of immune parameters
in vitro, including pro-inflammatory cytokine production by macrophages (27),
antigen (Ag) presentation (28), Ag-specific T-cell proliferation (29,30), and type
1 cytokine production by T cells (31,32). Therefore, elevated IL-10 production
at the tumor site in vivo may potently suppress Ag presentation, enabling the
tumor to escape immune detection (18,33). In addition to secreting their own
suppressive mediators, tumor cells may also signal surrounding inflammatory
cells to release suppressive cytokines, such as IL-10 (34). To evaluate the impact
of enhanced T cell-derived IL-10 on antitumor immunity in vivo, Sharma et al.
(21) and Hagenbaugh et al. (35) utilized a novel transgenic mouse model in
which IL-10 is expressed under the control of the IL-2 promoter. Lewis lung
carcinoma cells (3LL) grew more rapidly in IL-10 transgenic mice compared
with their control littermates (35). Transfer of T cells from IL-10 transgenic
mice to control littermates transferred the IL-10 immunosuppressive effect and
led to enhanced 3LL tumor growth. In addition to changes in T cell-mediated
immunity, professional APC from IL-10 transgenic mice were found to have
significantly suppressed capacity to induce major histocompatibility complex
(MHC) alloreactivity, CTL responses, and IL-12 production. Tumor Ag-pulsed
dendritic cells (DC) from IL-10 transgenic mice also failed to generate antitu-
mor reactivity. These results suggest that increased levels of T-cell-derived
IL-10 severely impair antitumor immunity in vivo because of defects in both
T cell and APC function (21). These preclinical investigations are consistent
with findings from clinical studies. For example, Hidalgo et al. found increased
PGE2 levels and enhanced monocyte derived IL-10 in NSCLC patients (36).
Studies suggest that IL-10 may be a poor prognostic factor in human NSCLC
(37–39). This has been postulated to be the result of immune suppression
(16,17,40) or promotion of angiogenesis (41). Therapeutic immunosuppression
has long been known to cause a marked increase in non-melanoma skin cancer
(42). More recently, increased incidence of several epithelial tumors, includ-
ing lung cancer has also been linked to immunosuppression (43).

3. TUMOR COX-2-DEPENDENT REGULATION
OF IMMUNE SUPPRESSION IN LUNG CANCER

Cyclooxygenase (also referred to as prostaglandin endoperoxidase or
prostaglandin G/H synthase) is the rate-limiting enzyme for the production of
prostaglandins (PGs) and thromboxanes from free arachidonic acid (44). The
enzyme is bifunctional, with fatty acid cyclooxygenase (producing PGG2 from
arachidonic acid) and PG hydroperoxidase activities (converting PGG2 to
PGH2). Two forms of cyclooxygenase (COX) have now been described: a con-
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stitutively expressed enzyme, COX-1, that is present in most cells and tissues,
and an inducible isoenzyme, COX-2 (also known as PGS-2), expressed in
response to cytokines, growth factors, and other stimuli (44–47). COX-2 has
been reported to be constitutively overexpressed in a variety of malignancies
(47–53); our studies and others have reported that COX-2 is often constitutively
elevated in human NSCLC (16,54–57). Mounting evidence from several stud-
ies indicates that tumor COX-2 activity has a multifaceted role in conferring
the malignant and metastatic phenotypes. Multiple genetic alterations are nec-
essary for lung-cancer invasion and metastasis, COX-2 may be a central ele-
ment in orchestrating this process (16,55–58). Studies indicate that
overexpression of COX-2 is associated with resistance to apoptosis (59–62),
angiogenesis (50,63–65), decreased host immunity (16,40), and enhanced inva-
sion and metastasis (66). In the first report of COX-2 overexpression in human
lung cancer, it was observed that the tumor-derived, high-level PGE2 produc-
tion mediated dysregulation of host immunity by altering the balance of inter-
leukins 10 and 12 (16). Indeed, specific inhibition of COX-2 led to significant
in vivo tumor reduction in murine lung-cancer models (40,64). Tumor-cell
overexpression of COX-2 strongly upregulates lymphocyte and macrophage
IL-10 in a PGE2-dependent manner (16,17) (Fig. 1). Recently, other studies
have corroborated and expanded on these initial findings documenting the
importance of COX-2 expression in lung cancer (54–57,67,68). COX-2 activ-
ity can be detected throughout the progression of a pre-malignant lesion to the
metastatic phenotype (55). Markedly higher COX-2 expression was observed
in lung-cancer lymph-node metastasis and compared to primary adenocarci-
noma (55). In addition to these direct effects on immune function, it was recently
reported that stable overexpression of COX-2 in NSCLC results in upregula-
tion of CD44, the cell-surface receptor for hyaluronate (69). A CD44-
dependent increase in invasion in Matrigel matrix assays was also documented.
In contrast, abrogation of tumor-COX-2 expression results in decreased PGE2
production, diminished CD44 expression, and decreased invasion (69). Khuri
et al. recently reported that COX-2 overexpression appears to portend a shorter
survival among patients with early-stage NSCLC (70). COX-2 expression in
specimens from 160 patients with stage I NSCLC was evaluated. The strength
of COX-2 expression was associated with a decreased overall survival rate
( p = 0.001) and a diminished disease-free survival rate ( p = 0.022).
These reports, together with studies documenting an increase in COX-2 expres-
sion in precursor lesions (56,57), suggest the involvement of COX-2 overex-
pression in the pathogenesis of lung cancer. Epidemiological studies showing
a decreased incidence of lung cancer in subjects who regularly use aspirin also
support this hypothesis (71–73). In human lung-cancer cell lines, tumor COX-2
strongly dysregulates host cell-mediated antitumor immunity by creating an
imbalance in interleukins 10 and 12 (Fig. 1). Inhibition of tumor COX-2 or inhi-

338 Part II / Clinical Relevance of Immune Evasion

CH18,335-350,16pgs  9/22/03 1:52 PM  Page 338



bition of the COX-2 metabolite PGE2 restored the normal balance (16). In
murine models of established lung cancer, specific genetic or pharmacological
inhibition of COX-2 in vivo led to significant tumor regression. COX-2 inhi-
bition was accompanied by a significant decrement in the immunosuppressive
cytokine IL-10 and a concomitant restoration of IL-12 production in vivo (40).
Subsequent studies in which COX-2-knockout mice were challenged with 3LL
tumor were consistent with these findings: tumor growth was markedly atten-
uated in COX-2-knockout mice (46). Thus, tumors as well as host-derived
COX-2 expression could contribute to COX-2-dependent suppression of
immunity. These intriguing preclinical and clinical studies have led to the ini-
tiation of chemoprevention trials utilizing COX-2 inhibitors in patients at high
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Fig. 1. (A) PGE2 serves as an important regulator of the Th1/Th2 cytokine balance in
normal host cells by inhibiting the production of IL-12 by antigen-presenting cells (APC)
while potently inducing IL-10 production by lymphocytes and macrophages. IL-10 in turn
is known to potently suppress COX-2 in normal cells such as macrophages. Thus, the capac-
ity of IL-10 to down regulate COX-2 expression and PGE2 production in normal host cells
constitutes an important homeostatic regulatory loop in the maintenance of normal cytokine
balance. (B) In contrast, IL-10 does not have the capacity to downregulate COX-2 in NSCLC
cells. This appears to be caused by the lack of lung cancer-cell-surface expression of the
IL-10 receptor α. Deficiency of the IL-10-mediated COX-2 regulatory feedback loop in
NSCLC cells may contribute to COX-2 overexpression and maintenance of high-level PGE2
in the lung cancer microenvironment. In addition to suppression of immune responses, the
persistent elevation of tumor COX-2 may cause enhanced angiogenesis, tumor-cell apop-
tosis resistance, and invasion, leading to the promotion of tumorigenesis.
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risk for lung cancer, as well as several trials for early and advanced-stage dis-
ease in which COX-2 inhibitors are combined with surgery, chemotherapy, or
radiation.

4. ANTIGEN-PRESENTING CELL
AND LYMPHOCYTE DYSFUNCTION

Antitumor immune responses require the coordinated activities of lympho-
cyte effectors and professional antigen-presenting cells (APC) (74). Dendritic
cells (DCs) are professional APC that are pivotal participants in the initiation
of T-cell responses (75). DCs acquire Ag in the periphery and subsequently
transport it to lymphoid organs, where they prime specific immune responses
(75). The tumor microenvironment can adversely affect DC maturation and
function (76). Tumor-derived cytokines that have been shown to mediate DC
dysfunction include IL-10, vascular endothelial growth factor (VEGF),
macrophage colony-stimulating factor (M-CSF), IL-6 (77–79) and PGE2 (80).
Recent studies indicate that murine bone marrow-derived DC reveal altered mat-
uration when exposed to tumor supernatants during their in vitro differentia-
tion with GM-CSF and IL-4 (81). Functional analyses indicated that tumor
supernatant caused a decrease in DC capacity to i) process and present anti-
gens, ii) induce alloreactivity, and iii) secrete IL-12. These limitations in DC
activity were prevented when DC were cultured in tumor supernatant from
COX-2 inhibited tumors. Whereas tumor supernatant-exposed DC showed a
significant reduction in cell-surface expression of CD11c, DEC205, MHC class
I, MHC class II, CD80, and CD86 as well as a reduction in the transporter-asso-
ciated proteins, TAP1 and TAP2, these changes were not evident when DCs
were cultured in supernatant from COX-2-inhibited tumors. Antibody-mediated
depletion of PGE2 also abrogated the deleterious effects of the tumor super-
natant. Although pulsed with tumor-specific peptides, the tumor supernatant-
exposed DCs were incapable of generating antitumor immune responses in vivo.
When injected into established murine lung cancer, DCs generated in tumor
supernatant caused immunosuppressive effects that correlated with enhanced
tumor growth (81). These findings support the studies of Almand et al. (82),
who found that immature myeloid cells generated in large numbers in cancer
patients can directly inhibit Ag-specific T-cell responses.

Tumor-derived factors can subvert effective antitumor immunity (16,21,
40,83) and incapacitate cytotoxic T-cell mediators of cell death through induced
apoptosis or signaling defects (84). Inhibition of effector-cell NF-κB-
activation has been described as a pathway that leads to impairment of T-cell
survival in the tumor milieu (85–87). The renal cell cancer-induced alterations
in T-cell NF-κB-activation also appear to be mediated by soluble factors, and
have provided a rationale to investigate whether similar alterations were pre-
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sent in lung cancer (85–87). The role of NF-κB as a survival factor has been
extensively described (88,89), and this ubiquitous factor has been implicated
in the transcriptional regulation of many inhibitors of apoptosis (90,91). Batra
et al. found that NSCLC tumor supernatant significantly enhanced apoptosis
in PMA/ionomycin and anti-CD3-stimulated lymphocytes (92). Enhanced lym-
phocyte apoptosis was associated with an impairment of NF-κB nuclear translo-
cation and diminished IκBα degradation. In lymphocytes that were stimulated
following exposure to tumor supernatant, cytoplasmic IκBα persisted as a
result of alterations in IκB-kinase (IKK)-activity. Accordingly, although there
were no apparent differences in the amount of IKK-component concentrations,
lymphocytes that were pre-exposed to tumor supernatant exhibited markedly
reduced IKK activity. It was concluded that NSCLC-derived soluble factor(s)
promote apoptosis in activated lymphocytes through an IKK-dependent path-
way (92).

5. REGULATORY T CELLS IN LUNG CANCER

Regulatory T cells have been shown to function as suppressor cells, and may
play a role in the progression of cancer (93,94). A variety of T-regulatory sub-
sets have been identified (95). Failure of tumor immunosurveillance or
enhanced tumor growth could be caused by an increase of these regulatory
T cells, which produce inhibitory cytokines such as TGF-β and IL-10, or
directly inhibiting immunity via specific cellular interactions at the tumor site
(96). In mice, CD4+CD25+ regulatory cells have been shown to inhibit T-cell
proliferation (97). The Carl June laboratory recently documented an increase
in the CD4+CD25+ regulatory T-cell population at the tumor site in NSCLC
(94,98). These studies clearly demonstrated that greater than one third of the
CD4+ TIL from NSCLC consisted of CD4+CD25+ regulatory cells, and these
cells were capable of exerting inhibition of autologous T-cell proliferation
(94,98). These findings are consistent with recent studies in murine models,
which demonstrate that the depletion of CD4+CD25+ T cells can significantly
augment the efficacy of cancer vaccination (99). Together, these studies assist
in the understanding of T regulatory cells in the lung-cancer environment.
These findings also provide a basis for the development of clinical strategies
to address the suppressive effects of regulatory T cells in lung cancer. 

6. NONCLASSICAL HUMAN LEUKOCYTE ANTIGEN (HLA)
EXPRESSION IN LUNG CANCER

In addition to inducing limitation in effector-cell survival, lung-tumor cells
may specifically interfere with lymphocyte and natural killer (NK)-cell func-
tions. It has previously been demonstrated that lung-tumor cells have limited
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MHC class I and II expression (100). Coupled with the paucity of classical MHC
expression is the concomitant overexpression of nonclassical MHC molecules
such as HLA-G that have been implicated as inhibitors of cellular immune
responses. The HLA-G gene has been observed to have a limited polymorphism,
and the alternative transcription of spliced mRNAs encode at least seven dif-
ferent isoforms (101). Three of these isoforms are membrane-bound, and the
remainder are soluble. HLA-G cell-surface expression may limit cytotoxicity
and antigen presentation by binding inhibitory receptors (101–104). Soluble
HLA-G molecules can suppress alloreactivity (105), limit peripheral-blood
NK activity (102), and induce CD95 ligand-mediated apoptosis in CD8+ T cells
(106). Moreau found that IL-10 selectively induces HLA-G expression in
human trophoblasts and monocytes (107). Although IL-10 selectively upregu-
lates HLA-G in these cells, it also downregulates classical MHC class I expres-
sion. In keeping with these findings, Urosevic found that upregulation of
HLA-G expression in lung cancer is associated with high-grade histology and
loss of HLA class I and IL-10 production (108). Pengault et al. noted that
HLA-G expression in pulmonary macrophages and DC infiltrating lung can-
cers. It was therefore suggested that in addition to tumor-cell expression, host-
cell expression of HLA-G could also limit immune responsiveness, and thus
favor tumor progression (109).

7. CAN IMMUNE-BASED THERAPIES REVERSE
TUMOR-DEPENDENT IMMUNE SUPPRESSION

IN LUNG CANCER?

Several clinical strategies are being developed to specifically address the
defined immune deficits in lung cancer. One example of this is the therapeutic
use of professional APC to augment tumor-specific responses. Lung-cancer
cells have defects in antigen processing and diminished MHC expression
(110,111), rendering them ineffective as APC. Thus, as defined in elegant stud-
ies by Huang and colleagues (74), professional APC play a major role in the
immune response against cancer. This has led to the recent emphasis on the use
of professional APC as the major source of tumor antigen presentation in vivo
in genetic immunotherapies. DCs are highly specialized, professional APCs
with a strong capacity to capture, process, and present antigen to T cells (75).
Unfortunately, tumor cells interfere with host DC maturation and function
(77,112). To circumvent the in vivo inhibition of DC maturation and function,
protocols have been developed that enable DC to undergo cytokine-stimulated
maturation ex vivo. These cells can then be used to generate antigen-specific
CTL responses in a variety of models, as well as in clinical trials (113,114). In
this context, delivery of tumor antigens by ex vivo-stimulated DC may be supe-
rior to purified peptides in avoiding CTL tolerization (115), and vaccination
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with multiple tumor antigens may be superior to the use of a single epitope
(115,116). Thus, another method of exposing the DC to a wide range of tumor
antigens is the administration of DC intratumorally after ex vivo maturation.
The introduction of immune-potentiating cytokine genes into these DC further
enhances the antitumor response. For example, intratumorally administered,
cytokine gene-modified DC were found to take up antigen at the tumor site, traf-
fick to regional and systemic lymph nodes, and generate systemic antitumor
responses and long-term immunity (117). Intratumoral therapy with cytokine
gene-modified DC yielded systemic antitumor effects that were comparable to
those achieved with specific tumor-antigen-pulsed DC. This finding may have
important implications in human lung cancer, for which specific tumor antigen-
based therapies are difficult to achieve at this time (12). Although additional
specific tumor antigens may be identified, immunization with individual pep-
tides may contribute to tolerance (115). Peptide-induced tolerization of CTL
has resulted in the inability of animals to reject antigen-expressing tumors
(115), and strong evidence has been presented to support immunoselection of
antigen-loss variants in human cancer (6,118). These limitations may be cir-
cumvented by the use of intratumoral DC-based genetic immunotherapies in
which the tumor provides an array of immunogenic epitopes in situ. The effec-
tive use of activated DC administered intratumorally without antigen pulsing
ex vivo implies that cross-presentation—the MHC class I-restricted presenta-
tion of exogenous antigens leading to CD8+ T-cell responses (119)—is opera-
tive. In fact, DC have been implicated as the APC predominantly effective in
cross-presentation (120). In agreement with these findings, novel tumor anti-
gen-delivery systems using cytokine gene-transduced tumor cells and DC
(114,121), or fusion of tumor cells with DC, have resulted in the induction of
antitumor immunity (122,123).

Other approaches for the use of DC in lung cancer have been suggested (124).
NKT lymphocytes have been implicated in host resistance to tumor formation
(125,126). Numerous NKT-cell subsets have been described but important reg-
ulatory properties have been ascribed to those that express a conserved T-cell
(TCR), receptor encoded by the Vα24–JαQ gene segments in human cells and
Vα14–Jα281 segments in murine cells (127). Vα24 NKT cells are activated
by α-galactosylceramide (αGalCer) in a CD1-dependent manner (128–130).
αGalCer is a synthetic glycolipid derived from mollusks, originally identified
as having potent antitumor properties in murine models (131). αGalCer pre-
sented to NKT cells results in significant activation and cytokine release.
αGalCer-loaded DC can induce prolonged IFN-γ production by NKT cells.
Toura et al. have documented inhibition of experimental metastasis by DC
pulsed with αGalCer (11). Motahashi et al. found that although reduced in
number, the function of Vα24 NKT cells were preserved (124). The capacity
for αGalCer presentation by lung-cancer patients’ DC was also preserved.

Chapter 18 / Lung Cancer and Immune Dysfunction 343

CH18,335-350,16pgs  9/22/03 1:52 PM  Page 343



These findings suggest that αGalCer-pulsed DC could be applicable in immu-
notherapy of human lung cancer (124).

Despite the recent advances in identification of tumor antigens and the
technical advances in genetic immunotherapy, our understanding of the host’s
failure to respond to these antigens is in its infancy. The pathway to successful
clinical application of immunotherapy for lung cancer will require further stud-
ies that contribute to a more complete picture of the complex tumor–host inter-
actions that foster progressive tumor growth.
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1. INTRODUCTION

Although primary malignant brain tumors are rare among the general pop-
ulation, accounting for less than 2.4% of all cancer deaths, they are the second
leading cause of cancer deaths among individuals under 34 yr of age, and rank
fourth among cancer deaths for men between 35 and 55 yr of age. Glioblastoma
multiforme represent 30% of all primary malignant tumors and 50% of all
astrocytomas, and are the most common primary malignant tumor in middle-
aged men. Despite significant advancements in therapy over the past 30 yr, the
outcome for most patients who harbor these tumors remains poor, with an aver-
age mean survival of approx 62 wk after diagnosis and treatment. Several fac-
tors play a significant role in the poor prognosis for patients who harbor these
tumors. One factor can be attributed to the aggressive growth characteristics
and the highly invasive nature of gliomas. Although gliomas rarely metastasize
outside of the brain, they often migrate along nerve tracks across the corpus
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callosum to seed secondary/tertiary sites in the brain, which frequently result
in recurrences. Another factor involves the sequestration of gliomas away from
aggressive immune attack in an immunologically privileged site. Finally, many
studies suggest that glioma-derived soluble factors suppress immune-effector
cells at the tumor site and systemically contribute to the broad-based immuno-
compromised state that has been observed in patients with gliomas. Thus, this
tumor model offers an excellent opportunity to define mechanisms that are
involved in immune modulation by soluble tumor-derived products.
Furthermore, the model may provide insight into the mechanisms that contribute
to immune privilege in the brain. This chapter reviews significant studies that
have contributed to the characterization of the impaired immune status of
patients with gliomas and the role of glioma-derived factors in the modulation
of immune function in these patients. 

2. IMMUNE DEFECTS IN PATIENTS WHO HARBOR GLIOMAS

2.1. Quantitative and Qualitative Defects in Peripheral-Blood
Lymphocytes Obtained From Patients

Impaired immune responsiveness has been extensively documented in
patients with primary central nervous system (CNS) neoplasia since the 1970s.
These early studies demonstrated that patients with gliomas exhibit profound
T-lymphopenia and suppressed in vivo responsiveness to common recall and
neoantigens when compared to normal healthy age-matched controls, head
trauma patients, and patients with other types of brain tumors (1–6). In the 1970s
and 1980s, a series of in vitro studies further elucidated the mechanisms that
contributed to the immunocompromised status of patients with brain tumors.
These studies demonstrated that peripheral-blood lymphocytes (PBL) obtained
from patients exhibit decreased responsiveness to a number of T-cell mito-
gens and antigens (7), which could not be attributed to decreased binding
of the mitogens (8–10) or increased suppressor-cell activity (8). The decreased
proliferative response is the result of both quantitative and qualitative defects
in PBL obtained from patients (8,11,12). This is evidenced by reduced per-
centages of CD3+, and CD4+ T-lymphocyte populations in PBL isolated from
patients when compared to normal values (12). Moreover, limiting dilution
analysis demonstrated that PBL from patients contain sixfold fewer phyto-
hemagglutinin (PHA)-responsive cells when compared to similar numbers of
cells obtained from normal healthy individuals. In the same study, cytokinetic
analysis using colchicine synchronized cells suggested that the decreased
responsiveness of PBL obtained from patients results from a block in G1 to
S cell-cycle progression and the subsequent failure of these cells to expand into
a pool of proliferating cells. However, the diminished proliferative response to
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mitogens observed in these cells cannot be attributed solely to T-cell lym-
phopenia, as mitogen responsiveness is equally diminished in purified popula-
tions of T cells (7,11). Although PBL from patients who exhibit decreased in
vitro antibody production in response to the T-cell-dependent B-cell mitogen,
pokeweed mitogen (PWM), further evidence suggested that the diminished
humoral response observed in these patients could be attributed to deficient
T-helper-cell activity (12). This was supported by the observation that PBL from
patients contained normal levels of B cells (4) and that T cells obtained from
patients could not provide helper activity in allogenic PWM cultures (12). In
addition, the PBL obtained from patients displayed normal levels of respon-
siveness to the T-independent B-cell mitogens, Staphylococcus aureus Cowen
strain (SAC) as well as phorbol-12, 13-dibutyrate (PDBu) plus anti-IgM (13).
As a whole, these data suggest that the immunocompromised state of patients
who harbor gliomas is confined primarily to the T-cell compartment, and defi-
ciencies in humoral immunity can be attributed to insufficient T-cell help. In
contrast, this broad T-cell deficiency was not observed in patients with head
trauma or other types of brain tumors (1,8,13).

2.2. Intrinsic Defects in T-Helper Cells
Obtained from Patients

With the discovery that immune dysfunction in patients with brain tumors
was confined primarily to T-helper-cell populations, studies were initiated to
determine the mechanisms involved. The data from these studies indicated that
PHA-activated PBL obtained from brain-tumor patients secreted significantly
reduced amounts of interleukin 2 (IL-2) when compared to similarly stimulated
PBL from normal individuals (11). Moreover, the depressed PHA responsive-
ness of PBL from patients was not restored to normal levels with the addition
of exogenous recombinant IL-2 (rIL-2). Together with the observation that
PHA activated PBL obtained from patients contain significantly fewer numbers
of CD25 (alpha chain of the IL-2R)-positive cells (10), these data suggest that
the reduced proliferative capacity of stimulated T cells from patients is linked
to the inability of these cells to secrete and respond appropriately to IL-2.
RNase protection assays demonstrated that IL-2 mRNA peaks early after stim-
ulation with anti-CD3 monoclonal antibodies (MAbs) in T cells obtained from
patients, but is completely absent by 8 h after stimulation, as opposed to normal
T cells, which maintain IL-2 mRNA synthesis throughout (L. Morford, unpub-
lished observation). Subsequent binding assays with radiolabeled rIL-2 con-
firmed that purified T cells from patients that were stimulated for 48 h with PHA
express fivefold fewer high-affinity (Kd 8.3 pM) IL-2R than normal T cells
treated similarly (14). Expression of intermediate-affinity IL-2Rs (Kd 83 pM)
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is within the normal range. Fluorescence-activated cell sorting (FACS) analy-
sis revealed that the relative density of CD25 is significantly decreased on
PHA-activated PBL from patients. In contrast, Northern analysis demonstrated
normal steady-state levels of mRNA for the IL-2R alpha chain in purified PHA-
activated T cells from patients. Because the appropriate translation and post-
translational modification of the alpha chain appear to occur normally,
decreased expression of p55 on the cell surface was believed to reside in events
that involved insertion of the alpha protein into the cell membrane and its sub-
sequent association with components of the intermediate IL-2R. Alternatively,
reduced expression of CD25 on the surface of T cells could result from rapid
shedding of the alpha chain from the T-cell surface after stimulation (13). These
studies were completed before the complete elucidation of the structure of the
functional high-affinity IL-2R, which exists as a heterotrimeric complex con-
taining an alpha chain (CD25), beta chain (CD122), and gamma chain (CD132)
(15). The intermediate-affinity IL-2R, which consists of the beta and gamma
chain, is constitutively expressed on resting T cells. Activation of T cells by
mitogens or via the T-cell receptor (TCR)/CD3 complex stimulates the expres-
sion of the IL-2 alpha chain and the subsequent production of high levels of
CD25, which then associate with intermediate IL-2R to form high-affinity
IL-2R that is functional at physiological concentrations of IL-2 (16). The
IL-2R binding studies performed with T cells obtained from patients (14) were
completed before the discovery of the gamma chain, and thus, the role played
by this important subunit in assembly of functional high-affinity receptors on
patient T cells has not been addressed. 

Because expression of the IL-2 gene is dependent upon the generation of
appropriate TCR/CD3-coupled biochemical activation signals, studies were
initiated to determine whether decreased IL-2 synthesis was associated with
anomalies in TCR/CD3-induced signaling events. Perturbation of the TCR/CD3
complex by antigens or mitogens results in the activation of at least two inter-
related second-messenger systems; one mediated by the activation of protein
tyrosine kinases (PTK) and the other initiated by phospholipase Cγ1 (PLCγ1)-
catalyzed hydrolysis of membrane polyphosphoinositides (17–20). Activation
of the PTK pathway results in tyrosine phosphorylation of a number of protein
substrates, including the zeta chain of CD3, PLCγ, and several PTKs—namely,
p56lck, and p59fyn—that are involved in the initiation of downstream signaling
events such as the Ras activation pathway (21–24). Phosphorylation of PLCγ
results in the activation of this membrane-associated hydrolase and the subse-
quent cleavage of membrane phosphoinositol-4, 5-bisphosphate (PIP2) to dia-
cylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3) (18,24). These
products act as second messengers with DAG, directly activating protein kinase
C (PKC) and IP3 mediating the release of calcium into the cytosol from intra-
cellular stores (25,26).
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Anomalies in early transmembrane signaling events were discovered in
peripheral-blood T cells obtained from patients, as evidenced by reduced tyro-
sine phosphorylation of a number of substrate proteins after stimulation with
PHA or anti-CD3 MAbs when compared to T cells from control individuals
(27). In particular, phosphorylation of pp100 and PLCγ are markedly decreased
in anti-CD3-stimulated T cells from patients. Although the function of pp100
has not been identified, its phosphorylation has been well-documented in acti-
vated T cells, and it does not appear to be vav (18,28,29). Reduced tyrosine
phosphorylation of PLCγ and pp100 in patient T cells is correlated with reduced
protein levels of p56lck (27), while p59fyn protein levels are not reduced.
Association of p56lck with the zeta chain of CD3 is a key requirement for the
induction of activation signals in stimulated T cells (20,22,30), and there are
reports that link the induction of anergic signals to the association of p59fyn with
the zeta chain (31). Further evidence for a signaling defect in T cells obtained
from patients comes from the observation that calcium mobilization is impaired,
as revealed both by spectrophotometric and FACS analysis (27). Although the
temporal increase in intracellular calcium is not altered in mitogen- or iono-
mycin (IONO)-stimulated T cells obtained from patients when compared to
normal T cells, the magnitude is significantly reduced. Reduced calcium mobi-
lization may be attributed to decreased PLCγ activity. However, stimulation of
glioma patient T cells with PMA and IONO, which should bypass the require-
ment for PLCγ activation and directly activate the p21Ras signaling pathway,
does not restore the proliferative capacity of these T cells (27). These findings
support the theory that additional defects exist in more distal biochemical
events after PKC activation or in the p21Ras activation pathway. Together, these
studies suggest that the decreased responsiveness of T cells from patients with
gliomas is associated with multiple defects in TCR/CD3-coupled signaling
events, which result in the induction of an anergic state in these T cells. This
T-cell anergy shares many characteristic features with other models of anergy,
namely altered substrate tyrosine phosphorylation patterns after stimulation
(31–34), reductions in PTK levels (35), decreased calcium mobilization (33),
inability to secrete and respond to IL-2, and altered IL-2R expression (36,37).
Unlike other models of T-cell anergy, T cells from patients cannot be rescued
from their unresponsive state with the addition of exogenous IL-2 alone or
together with appropriate costimulation via CD2 or CD28 (A.R. Dix and
L. Morford, unpublished observation).

2.3. Apoptosis of T Cells in Brain-Tumor Patients

T-cell lymphopenia, most notably in the T-helper-cell subpopulation, is a
prominent hallmark of patients with gliomas (3,4,12). One probable explana-
tion for this deficiency can be attributed to increased apoptosis in the CD4+
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T-cell populations associated with the generation of anergic signals. Engage-
ment of the antigen receptor on normal quiescent T cells initiates a cascade of
activation signals that induce the cell to enter Gap 1 (G1) of the cell cycle (38,
39,40). However, additional costimulatory signals via the engagement of CD28
with B71/B72 on professional antigen-presenting cells (APC) as well as the
interaction IL-2 with high-affinity IL-2R are required to drive the T cell into
S and subsequently through the cell cycle (41). The absence of appropriate
costimulatory signals via CD28 and the IL-2R is associated with the induction
of an anergic state and increased sensitivity to apoptosis (41). In fact, the induc-
tion of apoptosis in antigen-activated T cells serves as an important homeosta-
tic mechanism to remove activated T cells late in the immune response when
they are no longer needed, and as a mechanism to guard against the generation
of autoimmune responses (42–44). Activation-induced apoptosis has also been
implicated as an important mechanism for the prevention of potentially detri-
mental inflammatory responses in immunoprivileged sites such as the interior
chamber of the eye and the brain (44).

Apoptotic elimination of antigen-stimulated T cells is generally mediated by
specific surface receptors that, upon appropriate engagement, generate “death
signals” into the cell (44). Prominent among these receptors is Fas/APO-1,
which is a 43-kDa transmembrane glycoprotein that is a member of the tumor
necrosis factor (TNF)-receptor family of proteins (45). The natural ligand for
Fas (FasL or CD95L), is a 40-kDa transmembrane protein that is a member of
the TNF family (46). There is increasing evidence that Fas-mediated apopto-
sis of tumor-specific T cells is a potential mechanism used by tumors to escape
the immune system. In fact, gliomas have been demonstrated to express both
Fas and FasL (47,48), and CD95-dependent killing of Fas-positive T-cells by
gliomas has been implicated as an important mechanism for immune evasion
(48). In support of this hypothesis, cultured FasL-positive glioma-cell lines kill
murine Fas-transfected P815 targets and human Jurkat T-cells via Fas/FasL
interactions (48,49).

In our studies, we found that the level of Fas/APO-1-positive T cells is
normal or slightly elevated when compared to control T cells (AR Dix, unpub-
lished observation), but there is a significant increase in the percentage of apop-
totic peripheral blood T cells obtained from patients with gliomas (50).
Stimulation of peripheral T cells from patients in vitro with anti-CD3 MAb fur-
ther elevates the level of apoptotic cells when compared to similarly treated
T cells from normal individuals. Also, CD28 expression is significantly
decreased in T-cell populations from patients, and FasL/APO-1 expression
appears to be selectively elevated on the CD28-negative T-cells (AR Dix, unpub-
lished observation), which is not surprising, as the absence of CD28-coupled
costimulated signaling is associated with an increase in apoptosis of T cells.
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Further analysis using freshly isolated peripheral T cells from patients indicated
that resting T cells or T cells in the early stages of activation after stimulation
with anti-CD3 are targeted for apoptosis (50). The observation that peripheral
T cells from patients exhibit increased levels of Fas/Apo-1-associated apopto-
sis suggests that direct contact with FasL-expressing glioma cells is not required
for the induction of apoptosis in T cells obtained from patients. In fact, there
is evidence to suggest that glioma-derived factors play a major modulatory role
in the induction of T-cell anergy and apoptosis in patients by shifting the pat-
tern of immune cytokine secretion from a Th-1 to Th-2 profile (50,51). The data
indicate that although Th-1 cytokines, particularly IL-2 and interferon γ
(IFN-γ) rescue T cells from programmed cell death (52), Th-2 cytokines—
namely IL-4 and IL-10—promote apoptosis of T cells in a number of tumor
models (53). Thus a glioma-induced cytokine shift to a Th-2 environment would
promote loss of T cells and, in turn, promote tumor growth and survival. 

2.4. Cytokine Dysregulation in Patients With Gliomas
Induction of the appropriate cytokine network, Th-1 or Th-2, is a critical com-

ponent for the production of a protective immune response to pathogens and
tumors. It is becoming more apparent that one mechanism used by pathogens
and tumors to evade the immune response is to shift the cytokine profile in their
environment from one that inhibits the induction of a protective immune
response to one that favors growth and survival of the pathogen or tumor. In
fact, the induction of an inappropriate immune response as the result of cytokine
dysregulation has been shown to play a major role in a variety of diseases
including, cancer, acquired immunodeficiency syndrome (AIDS), leshmania-
sis, leprosy, and lupus (51,53–59). There is increasing evidence to suggest that
gliomas escape immune destruction by inducing a shift from a protective
Th-1 cytokine environment (IL-2, IL-12, IFN-γ) to a Th-2 cytokine profile
(IL-10, IL-4), which alters macrophage and T-cell function to promote tumor
growth (refs. 27,51; A.R. Dix, unpublished observation). This theory is sup-
ported by several observations. First, mitogen- or antigen-stimulated PBL
obtained from patients secrete significantly reduced levels of the Th1 cytokines,
IL-2 (10,11) and IFN-γ (60,61). Second, PBL obtained from patients when stim-
ulated in vitro with the SAC 1 produced significantly more IL-10 and decreased
amounts of IL-12 and IFN-γ when compared to similarly treated PBL from
healthy controls (ref. 51; A.R. Dix, unpublished observation). Third, tumor-
infiltrating leukocytes isolated from gliomas secrete predominantly Th-2
cytokines (62). Finally, glioma-cell lines secrete Th-2 cytokines, including
TGF-β, IL-6, and IL-10, and other factors such as PGE2, which favor a shift to
a Th-2 cytokine environment that is favorable to tumor growth (51,58,63–65).
There is significant evidence to suggest that tumor-derived moieties alter
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macrophage function to promote tumor growth (58), and that the cytokine shift
observed in PBL obtained from patients is mediated by glioma-derived factors
via alterations in monocyte activity (ref. 51; AR Dix, unpublished observations).

2.5. Alterations in Monocyte/Macrophage
Function in Patients With Gliomas

Macrophages represent a critical component of host immunity to tumors,
both directly and indirectly. In addition to presenting tumor antigens to T cells
and providing the necessary costimulatory signals for T-cell activation,
macrophages secrete a variety of soluble factors that are directly cytotoxic to
tumors and can modulate immune function of T helper cells, cytotoxic T-cells,
and natural killer (NK) cells. However, in addition to their positive roles, it is
well-established that macrophages can also exert negative regulatory influ-
ences on the immune system (58). Furthermore, there is increasing evidence
that macrophage function can be redirected by tumors to alter the immune
response and promote tumor growth (51,58). Although our data indicate that
immune defects in patients with gliomas are confined primarily to the T-cell
compartment (7,10,50), recent observations suggest that glioma-induced altered
monocyte/macrophage function plays a significant role in the induction of the
intrinsic defects observed in patients with gliomas. For example, CD14+ mono-
cytes isolated from patients express reduced levels of HLA-DR class II mole-
cules and secrete decreased amounts of IL-1β upon stimulation with
lipopolysaccharide (LPS) when compared to normal controls and patients with
low-grade astrocytomas (65). The percentage of human leukocyte antigen
(HLA)-DR positive cells, but not the density of expression and secretion of
IL-1β by LPS-stimulated monocytes is partially restored when the tumor mass
is debulked (65). These observations, together with the evidence that partially
purified culture supernatant from glioma cell lines downmodulate expression
of MHC Class II molecules as well as B71/B72 (CD80/86) (51), suggests that
gliomas directly alter macrophage activity and reduce their capacity to func-
tion as professional APC, which in turn would contribute to the induction of
T-cell anergy and promotion of apoptosis. In fact, purified monocytes from
patients can facilitate apoptosis of unstimulated normal autologous T-cells in
vitro (A.R. Dix, unpublished observation). This is further supported by studies
showing that macrophages kill target cells by multiple mechanisms that result
in the induction of apoptosis (66).

Further evidence that gliomas can redirect monocyte/macrophage function
to promote tumor growth is supported by several observations. For example,
the shift from a Th-1 to Th-2 cytokine profile by gliomas is modulated by alter-
ations in the secretion patterns of monokines (51). Thus, stimulation of mono-
cytes isolated from patients with Staphylococcus aureus Cowan strain 1 (SAC)
induces a prolonged shift from Th-1 to Th-2 profiles over 96 h in culture when
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compared to similarly treated cells from normal individuals (ref. 51; A.R. Dix,
unpublished observation). Moreover, supernatants collected from SAC-
stimulated patient PBL inhibit the proliferative response of T cells obtained
from normal individuals to immobilized anti-CD3 MAb (A.R. Dix, unpub-
lished observation), suggesting that monocyte-derived factors may be directly
involved in the induction of T-cell anergy. Finally, some monokine-derived
growth factors may theoretically augment tumor growth. For example, tumor-
infiltrating monocytes secrete epidermal growth factor (EGF) (67,68) and
IL-1β (69,70). Since gliomas express receptors for both of these growth
factors, these monokines could further support growth of the tumor. 

3. IMMUNE MODULATION BY GLIOMA-DERIVED
SOLUBLE FACTORS

3.1. Evidence for Immune Modulation by Glioma-Derived Factors
Because gliomas rarely metastasize outside of the brain, the systemic

immunosuppression observed in these patients suggests that the release of
glioma-derived soluble factors into the periphery may play a significant role in
modulating the immune response of the host (reviewed in ref. 71). This is sup-
ported by the following observations. First, T-cell anergy is directly correlated
with the size, but not the location, of the tumor (27). Second, mitogen respon-
siveness of peripheral T cells obtained from patients returns to near normal
levels after surgical resection of the tumor, but diminishes again upon tumor
recurrence (72). Third, autologous and homologous lymphocyte reactivity in
vitro is suppressed by sera, cerebral spinal fluid, and tumor cyst fluid (1,73–76).
Fourth, partially purified culture supernatants (GCS) from cloned glioma-cell
lines, when added to normal T-cells, reproduce many of the immunologic anom-
alies noted in patients (51,77,78). Finally, gliomas secrete growth factors,
cytokines, and other soluble factors that are known immune modulators (50,51).

3.2. Survey of Soluble Immunomodulatory
Factors Secreted by Gliomas

Gliomas are known to secrete several growth factors and cytokines, includ-
ing IL-1, IL-6, Il-10, TGF-β1, and CGRP, as well as other immunomodulatory
compounds such as prostaglandin E2 (PGE2) and gangliosides (51,69,77–79).
Although the secretion of soluble factors that are capable of immune modula-
tion is well-documented in gliomas, the role these factors play in vivo in redi-
recting the immune response and promoting tumor growth in patients has not
been completely defined. 

PGE2 is a product of the cyclooxygenase pathway of arachidonic acid metab-
olism that is primarily produced by activated monocytes/macrophages, endothe-
lial cells, platelets, and mast cells. As a potent inflammatory mediator, many
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of the cardinal signs of inflammation—including fever, pain, and increased vas-
cular permeability—can be attributed to the direct action of prostaglandins on
endothelial cells (80–82). However, PGE2 also has inhibitory effects on T-cell
activation, presumably by promoting a shift from Th-1 to Th-2 cytokine pro-
files. Thus, PGE2 inhibits the synthesis of IL-12 and enhances the production
of IL-10 by monocytes (83). Studies using naïve T-cell precursor cells isolated
from cord blood demonstrate that PGE2 inhibits the differentiation of IL-2-
producing Th-1 cells, but promotes the development of Th-2 cells (84). PGE2

selectively inhibits the synthesis of IL-2 and IFN-γ by Th-1 effector cells, but
has no effect, or even slightly enhances, the production of IL-4 and IL-5 by
Th-2-effector cells (85). Although increased levels of PGE2 production by
gliomas has been noted and proposed to contribute to the T-cell dysfunction in
patients (86,87), some studies suggest that there is not a prominent role for PGE2

in the T-cell anomalies noted in these patients. Thus, the concentration of
PGE2 observed in glioma-cell supernatants does not correlate with the con-
centration required to inhibit T-cell activation or alter cytokine profiles (51,88).
Moreover, the addition of naproxin and indomethacin—potent inhibitors of
PGE2 synthesis—to glioma cell lines does not abrogate the production of
glioma-derived suppressor factors by these cells (77).

TGF-β was one of the first growth factors to be isolated and cloned from
glioma-cell lines known to possess immunomodulatory capabilities (79,89). The
modulatory effects of TGF-β can both augment and suppress the immune
response, by regulating downstream activation signals involved in progression
through the cell cycle (89). Some of the reported inhibitory effects of TGF-β
on the immune response are: i) inhibition of the proliferative responses of thy-
mocytes, T cells, and B cells to mitogens and specific antigens; ii) blockage of
the generation of cytotoxic T cells and LAK activity; iii) suppression of cytokine
release by monocytes/macrophages; iv) downregulation of surface MHC Class
II expression on monocytes/macrophages; and v) induction of apoptosis in
T cells (reviewed in ref. 89). Despite the plethora of immunomodulatory effects
of TGF-β on the immune response, the role this cytokine plays in contributing
to the immune defects observed in patients with gliomas is unclear. In fact,
recent evidence suggests that TBF-β plays only a marginal role in this tumor
model. For example, the concentration of TGF-β measured in culture super-
natants from glioma-cell lines does not correlate with the concentration of this
cytokine required to inhibit T-cell function in vitro (65,88). Moreover, neu-
tralizing antibodies to TGF-β do not reverse the inhibitory effects of glioma-
derived factors on T-cell function (refs. 64,90, L. Morford, unpublished
observation). Likewise, the glioma-induced cytokine shift from Th-1 to Th-2
profiles cannot be attributed to TGF-β, as evidenced by the fact that addition
of TGF-β to PBMC, either alone or in combination with IL-6, does not induce
such a shift; nor does neutralization or removal of TGF-β from glioma-culture
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supernatants abrogate the ability of the supernatant to stimulate a TH-1-to-
Th-2 cytokine shift in normal PBL (51). Together, these studies suggest that
although TGF-β possesses potent immunomodulatory capacities and is secreted
at high levels by some gliomas, other glioma-derived moieties in addition to
TGF-β play substantial roles in the generation of the immune anomalies noted
in patients who harbor gliomas.

IL-10 is a 17-kDa type II Th-2 cytokine produced primarily by activated
monocytes, T cells, and B cells (reviewed in ref. 91). It is an immunomodula-
tory cytokine that plays a significant role in regulating the balance between
Th-1 and Th-2 profiles. IL-10 inhibits the production of a number of Th-1
cytokines, including IL-2, IL-12, TNF, and IFN-γ and thus is a major inhibitor
of the generation of Th-1-mediated responses. Suppression of T-cell activation
and IL-2 production by IL-10 has been attributed to the direct inhibition of
macrophage-mediated antigen presentation. Thus, IL-10 directly inhibits
macrophage activation as well as the subsequent upregulation of MHC class II
expression and secretion of proinflammatory mediators by specific subsets of
macrophages (91). The expression of IL-10 by gliomas appears to be directly
related to the grade of the tumor as 88% of grade III-IV astrocytomas (gliomas)
express significant levels of steady-state IL-10 mRNA, and only 4% of Grade
II astrocytomas are positive for IL-10 mRNA (65). Moreover, highly invasive
gliomas express greater levels of IL-10 than localized tumors (63). However,
not all glioma-cell lines secrete detectable levels of IL-10, but partially puri-
fied GCS from these negative cell lines can induce the expression and secre-
tion of IL-10 by SAC-stimulated monocytes from normal donors (51).
Moreover, SAC-stimulated monocytes from patients secrete higher levels of
IL-10. Interestingly, SAC-stimulated monocytes from patients secrete decreased
levels of IL-12, and supernatant from glioma-cell lines mimic these observa-
tions by inhibiting the expression of IL-12 by SAC-stimulated monocytes.
Together, these observations suggest that monocytes play an intermediary role
in the observed glioma-induced cytokine shift from Th-1 to Th-2 profiles. The
studies also indicated that the inhibitory effect of glioma-derived factors on
IL-12 secretion occurs partly by an IL-10-independent mechanism, as neutral-
izing antibodies to IL-10 do not restore IL-12 secretion levels of GCS-treated
SAC-stimulated monocytes to normal levels. This is supported by the obser-
vation that addition of IL-10-neutralizing antibodies does not alleviate the
direct inhibitory effect of GCS on T-cell responsiveness to anti-CD3 MAb
(L. Morford, unpublished observation). Thus, although some of the immune
anomalies observed in patients with glioma can be attributed to increased
production of IL-10 by monocytes or the glioma tumor itself, other IL-10-
independent mechanisms are also operant. 

Gangliosides are glycosphingolipids that are primarily anchored in the outer
leaflet of cell membranes, but can be shed into the extracellular environment
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at especially high levels by malignant cells (92). These have been detected in
culture supernatants of cloned tumor-cell lines, including gliomas, as well as
in the serum of cancer patients (92,93). Gangliosides that are shed into extra-
cellular fluids can bind to lipids and proteins (94), but can also be picked up by
adjacent cells and inserted into their membranes (92). As ubiquitous membrane
components, gangliosides function primarily in cellular adhesion, recognition,
signaling, and growth regulation (92), but have also been demonstrated to pos-
sess potent immunosuppressive activities that affect APC and T-cell function
(92,95–100). These observations, together with the fact that they are expressed
at high levels in the CNS (101–103), make gangliosides potential candidates
for the maintenance of immunoprivilege in the brain, as well as likely media-
tors of immune evasion by tumors. This is supported by studies that demon-
strate that brain-derived gangliosides inhibit murine T-cell function in vitro, as
evidenced by impaired dose-dependent proliferative responses to mitogens and
decreased gene expression of IL-2 and IFN-γ (92). Interestingly, expression of
the Th-2 cytokines IL-4 and IL-10 are not suppressed by gangliosides. The inhi-
bition of T-cell proliferation is associated with a block in T-cell signaling down-
steam of early transmembrane signaling events that are required for the
activation of NF-κB transcription factor. Furthermore, the proliferative response
cannot be restored with the addition of exogenous IL-2, and persists because
the entry into the cell cycle is blocked. Gangliosides inhibit expression of
CD4 on human and murine T-cells and block the generation of both cytotoxic
T lymphocytes (CTL) and NK cell activity (95,98,104).

3.3. In Vitro Correlates of Glioma-Induced Immune Suppression
Studies from our laboratory suggest that the immunocompromised state of

patients with gliomas—which is correlated with a Th-1-to-Th-2 cytokine pro-
file shift and intrinsic T-cell defects—results from direct and/or indirect effects
of tumor-derived immunosuppressive factors (reviewed in revs. 71 and 105).
In these studies, we demonstrate that glioma-culture supernatant (GCS) from
freshly explanted gliomas as well as the cloned glioma-cell lines, SNB-19,
SNB-56 (106), and U251 (107) when added to T cells isolated from normal
donors, reproduce many of the T-cell anomalies that we have previously
observed in patients with gliomas (50,77,78). These studies, which used GCS-
treated normal T cells as an in vitro correlate to our tumor model, have pro-
vided us with the opportunity to better define the inherent cellular and molecular
defects mediated by glioma-derived immunosuppressive factors, and to develop
a model for the glioma induced T-cell anergy and increased sensitivity to apop-
tosis observed in patients with gliomas (Fig. 1).

The results of these in vitro studies demonstrated that GCS collected from
freshly explanted gliomas obtained from patients and cloned glioma-cell lines
inhibit mitogen responsiveness of both CD4- and CD8-positive T cells in a dose-
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dependent manner, as evidenced by decreased DNA (77) and RNA (L. Morford,
unpublished observation) synthesis, and induce apoptosis of mitogen activated
T cells 72–96 h post-exposure to GCS (50). The block in T-cell activation appears
to occur in early activation events, as GCS must be added within the first 24 h
of culture in order to cause maximal inhibition (77). The studies also indicated
that GCS-induced T-cell anergy is correlated with suppression of IL-2 secretion
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Fig. 1. Immune modulation by gliomas. Immunomodulatory factors secreted by gliomas
(GCS) directly or indirectly, via monocyte actions, suppress T-cell function in patients.
Suppression of immune function of monocytes and/or T cells by GCS results in alterations
in the cytokine profile from a protective Th-1 response to a nonprotective Th-2 response
that ultimately contributes to tumor progression.
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as well as a block in the expression of high-affinity IL-2 receptors (78). GCS-
induced T-cell anergy cannot be rescued with the addition of an exogenous
source of rIL-2 alone (78), or in the presence of additional costimulation via CD2
or CD28 accessory molecules (AR Dix, unpublished observation). 

Although GCS appears to have some direct effects on T-cell function of puri-
fied T cells, recent data suggest that monocytes also play a definitive role in
mediating the immunoregulatory effects of GCS (51). As previously discussed,
these data indicate that GCS induces a shift in cytokine production of SAC-
stimulated monocytes, inhibiting IL-12 and stimulating IL-10. GCS also
reduces the antigen-presenting capabilities of monocytes by decreasing the
expression of MHC class II molecules as well as B7.1 and B7.2. The interme-
diary role of monocytes and monocyte-derived factors in this tumor model
(Fig. 1) is further supported by data collected from recent experiments using
purified monocytes from normal donors as well as the monocyte cell lines,
THP-1 and U947. In these studies, the GCS pretreated monocytes were placed
in the upper chamber of a transwell culture system, and T-cells obtained from
normal donors were stimulated with immobilized anti-CD3 MAb in the lower
chamber. The studies indicate that GCS pretreated monocytes secrete soluble
factors, which block the proliferative response of normal T cells to anti-CD3
mAb (AR Dix, unpublished observation). 

In an attempt to identify potential immunoregulatory moieties in the GCS,
enzyme-linked immunosorbent assays (ELISAs) were used to screen six dif-
ferent lots of supernatants collected from SNB-19 for the presence of known
immunomodulatory cytokines and growth factors (51). These studies indicated
that GCS collected from SNB-19 contain significant amounts of IL-6, trans-
forming growth factor (TGF)-β1, calcitonin gene-related peptide (CGRP) and
very low levels of PGE2 (<7 pg/mL). The culture supernatant does not contain
detectable levels of IL-10, IL-12, TNF-α, or IFN-γ. However, IL-6, TGF-β,
CGRP, or PGE2 do not appear to play significant roles in the immunomodulatory
activity of GCS obtained from SNB-19. PGE2 is not a likely candidate, because
the concentration found in SNB-19 is less than that reported to modulate
cytokine production by PBL (51), and the addition of naproxin or indomethacin
to the cell lines does not block secretion of factors, which block the mitogen
responsiveness of normal T cells (77). A potential role for IL-6, TGF-β, and
(CGRP) in GCS modulation of cytokine production was ruled out when neu-
tralizing antibodies to these cytokines or removal by immunoprecipitation did
not alter the immunomodulatory capacity of SNB-19 GCS (51). These data sug-
gest that other unknown glioma-derived moieties are involved in the GCS
induced immune modulation of T cells and monocytes. 

Attempts to purify the unknown suppressor factor(s) contained in the GCS
from the cloned glioma-cell lines studied in our laboratory have been unsuc-
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cessful thus far, but the moieties that mediate the immunomodulatory activi-
ties of GCS have been partially characterized (51,77,78). Thus, GCS was
exposed to a variety of physical and chemical treatments before assaying its
activity in two biological assays: i) inhibition T-cell proliferation to PHA;
ii) modulation of cytokine production by SAC-stimulated monocytes. The data
suggest that multiple factors or complexes of factors are involved in the mod-
ulation of T cells and monocytes. For example, GCS-mediated inhibition of
T-cell proliferation is sensitive to heating at 56°C and 100°C for 30 min and
treatment with immobilized trypsin for 15 min, but stable to both alkaline (to
pH 11.0) and acidic (to pH 2.0) exposure. On the other hand, GCS modulation
of monokine secretion is resistant to heating at 56°C as well as acid and alkali
exposure, but sensitive to heating at 100°C. Both biological activities are
retained by anion-exchange columns (Q and DEAE Sepharose) but not cation-
exchange columns (SP and CM Sepharose), and have a minimum molecular
mass of 45 kDa. However, both activities are eluted at higher molecular masses
(68 kDa and 150 kDa), suggesting that the factors form large aggregates with
other proteins or lipids (L Morford, unpublished observation).

Together, these data support a model of immunosuppression by glioma-
derived factors, which involves numerous pathways and targets (Fig. 1). Thus,
GCS can act directly on T helper cells, inducing anergy and increasing sensi-
tivity to apoptosis. T-cell anergy is coupled to defects in early transmembrane
signaling that block the expression of IL-2, and high-affinity receptors. As a
result, clonal expansion of stimulated T cells does not occur, and the concur-
rent induction of apoptotic signals contributes to the T-cell lymphopenia
observed in these patients. However, the data also suggest an intermediary role
for monocytes in this tumor model. Thus, GCS downmodulates the expression
of Class II MHC and B7 accessory molecules on monocytes, severely block-
ing their antigen-presenting capability, which could in turn contribute to the
induction of T-cell anergy and apoptosis. Furthermore, soluble mediators
elicited by GCS-treated monocytes can also impair T-cell function and induce
apoptosis of T cells. Finally, GCS can redirect monocyte cytokine production
to modulate the shift in cytokine profiles from Th-1 to Th-2, as evidenced by
increased secretion of IL-10 and decreased expression of IL-12 by monocytes,
which in turn contributes to the decreased production of IFN-γ by T cells.
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