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Series preface

Tumor immunology has been a conflicting area of investigation for several decades, and has
been characterized by a succession of excitements and disappointments. However, three
major discoveries have been instrumental in causing a resurgence of interest in the field.
First, the understanding of molecular steps of antigen recognition, processing and presen-
tation for both HLA classes I and II restricted antigens; second, the milestone event of
cloning genes encoding the T-cell recognized human melanoma antigens; and third, the
identification of stimulatory and now inhibitory receptors of NK and T lymphocytes.
Furthermore, the availability of vectors that allow the genetic engineering of most immune
cells and of tumor cells significantly widened the possibility of understanding mechanisms
of immune recognition and of manipulating, for therapeutic purposes, the immune system
of tumor-bearing individuals. But also previous reagents, like monoclonal antibodies, appar-
ently inefficient as a magic bullet in early therapeutic approaches, have now found new
applications and remain the focus of intensive research in tumor immunology.

Tumor immunology is therefore, once again, enjoying a remarkable popularity and could
lead to future successes in the immunotherapy of cancer, though several crucial questions
need to be answered that require a concomitant effort of both pre-clinical and clinical inves-
tigators. We are not only continuing our quest for molecules that make tumor cells diverse
from normal counterparts and foreign to the body but we have now to face the unexpected
finding and understand how normal proteins and peptides can be recognized by the immune
system and whether they can serve as targets of the immune response against growing 
neoplastic cells.

This new series of books in tumor immunology reflects the increased interest in this area
which requires a multidisciplinary approach. It will attract the attention of molecular biolo-
gists, immunologists, gene therapists, and experimental and clinical oncologists. It intends to
offer a forum of discussion in tumor immunology covering the latest results in the field.

Giorgio Parmiani and Michael T. Lotze





Preface

Historic immunization experiments with irradiated tumor cells have clearly demonstrated
the existence of rejection antigens expressed by carcinogen induced murine tumors (Foley,
1953). This led Burnett to postulate that a major function of the immune system was early
recognition and elimination of transformed cells, thus preventing the development of overt
malignancies (Burnet, 1970). This concept of immunological surveillance is clearly relevant
for virus-associated malignancies, such as EBV lymphomas, which frequently develop in
immune suppressed individuals. Furthermore, recent experiments demonstrated a hugely
increased incidence of adenomas and adenocarcinomas in mice lacking functional RAG
recombinase required for rearrangement of antigen receptors of B and T lymphocytes
(Shankaran et al., 2001). These mice are devoid of mature B and T lymphocytes, resulting
in an inability to recognize and destroy tumors at an early stage of development. These
observations indicate that antigen-specific immune recognition by B and T cells are critically
important for protective tumor immunity.

A major focus of this book is the molecular nature of tumor antigens that can be recog-
nized by antibodies, helper T lymphocytes and cytotoxic T cells in humans (Chapters 3–12).
In addition Chapters 1 and 2 describe murine tumor models suitable to explore mechanisms
underlying immune responses against tumor antigens.

Although helper T cells are critically important in the generation and maintenance of
effective tumor immunity, only a relatively small number of “helper antigens” have been
molecularly cloned to date. Unlike the well-established technologies for identification of
antigens recognized by antibodies and CTL, the strategies for cloning helper T cell-recognized
antigens are relatively new and have been used successfully in a limited number of research
laboratories. It is anticipated that the technologies will mature and lead to the identification
additional “helper antigens” in the next few years. Chapters 8 and 9 of this book provide an
overview of currently identified tumor antigens recognized by helper CD4 T cells in humans.

Chapters 10–12 describe a powerful technology, SEREX, that has been developed
recently and led to the identification of tumor antigens recognized by antibodies present in
the serum of cancer patients. Interestingly, some of the antibody-recognized antigens are
also targets for tumor-reactive cytotoxic T cells (Chapter 12).

The cloning of tumor antigens recognized by autologous CTL in melanoma patients was
successfully achieved for the first time in 1989 (van der Bruggen et al., 1991). This seminal
work was followed by the identification of a large number of CTL-recognized human tumor
antigens, some of which are now in clinical vaccination trials. Tetrameric MHC class I mol-
ecules folded around CTL-recognized peptide epitopes have revolutionized the analysis of
tumor-specific immune responses in cancer patients at the single cell level (see Chapter 7).



The immunological properties of CTL-recognized antigens in melanoma and squamous cell
carcinoma are described in Chapters 4 and 5, and the exciting observation that heat shock
proteins isolated from tumor cells can be used as vaccine to stimulate tumor-protective CTL
responses is discussed in Chapter 2.

In most cases the CTL-recognized tumor antigens are encoded by genes expressed at high
levels in tumor cells, but also at lower levels in normal tissues. The expression in normal tis-
sues is likely to establish immunological tolerance, affecting primarily high avidity CTL spe-
cific for these antigens. This may explain why tumor-reactive CTL isolated from melanoma
patients are frequently of low avidity. One strategy to improve the quality/avidity of the
CTL response is based on altered peptide ligands that differ by single amino acid substitu-
tions from the native peptides derived from the tumor antigens (Chapter 6). Another strat-
egy is the circumvention of immunological tolerance by directing allogeneic CTL of
HLA-mismatched donors against peptide epitopes that are expressed at elevated levels in
tumor cells (Chapter 3).

The knowledge of tumor antigens recognized by all component of the adaptive immune
system, together with the ability to generate high avidity CTL responses against specific anti-
gens provides an exciting platform for innovative clinical studies in the next decade.

Hans J. Stauss
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Part 1

Animal models 





Summary
Accompanying the clinical introduction of tumor vaccines has been an increasing awareness
for the need of suitable preclinical mouse tumor model systems to guide some of the poten-
tially critical analogous issues and concerns that arise in the design and implementation of
clinical protocols. Due to the increased ability to manipulate the murine germline, the
mouse has become a primary organism in which to investigate some of the concepts and
mechanisms involved in tumor immunology. Several murine homologs of human tumor
antigens have been identified, but there is a noticeable lack of comparable naturally pro-
cessed murine T-cell defined tumor antigens for a major class of currently defined human
tumor antigens, namely the cancer/testis (CT) antigens. For the past 50 years, carcinogen-
induced or spontaneous arising tumors in inbred mice were the major source for the identi-
fication of murine tumor antigens. More recently, advances in genetic engineering
technologies have opened up new possibilities to study and discover new tumor antigens
using transgenic and/or knockout mouse models with translational potential for the human
system. This chapter focuses on preclinical murine tumor models involving murine antigen
homologs of human tumor antigens, and the relevancy of their use in the development of
cancer vaccines and strategies for immunotherapy of cancer.

Introduction
The studies of the immunogenicity of experimentally induced tumors of inbred mice pro-
vided the basis for many of the fundamental concepts of tumor immunology, in particular,
tumor antigens and the their use in vaccines for immunotherapy of cancer (Old, 1981).
Following a nearly twenty-year quest to confirm the existence of these determinants, the
demonstrated immunogenicity of a chemically induced tumor in the primary host provided
the foundation for pursuing the molecular identification of these determinants (Klein et al.,
1960). The intention was that this information would facilitate the molecular characteriza-
tion of human homologs.

Advances in molecular biology and immunology over the past two decades revolutionized
tumor immunology. The demonstrated role of T cells in tumor rejection coupled with a bet-
ter understanding of the mechanisms involved in T lymphocyte recognition of antigenic
determinants have enhanced the potential of a vaccine approach to the treatment of can-
cer (Sogn, 1998). The methodologies developed for identification of the first tumor rejection
antigen, the P1A determinant of the murine P815 mastocytoma, provided the basis for the
subsequent identification of T-cell defined human tumor antigens (Van den Eynde et al., 1991).

Chapter 1

Mouse models in the recognition 
of tumor antigens

Vito R. Cicinnati, Susanne Beckebaum and 
Albert B. DeLeo



The subsequent rapid pace in successfully identifying human cancer antigens and their 
clinical introduction have reduced the need, per se, to identify murine tumor antigens in 
order to facilitate the identification of their human homologs. Instead, the emphasis 
has been on identifying relevant preclinical murine tumor model systems for use in guiding
the development of cancer vaccines and clinical strategies for their use. The “ideal” murine
tumor models being sought need to reflect the various classes of cancer antigens 
recognized by the host’s immune system, as well as the genetic events associated with malig-
nant transformation at specific tissue/organ sites. In those instances where homologs of
genes encoding human tumor antigens are not expressed in inbred strains of mice, basic
molecular biological technologies have been applied to develop genetically modified strains
of mice that can express the targeted gene product.

A recent listing of the human tumor antigens defined by T cells based on their pattern of
distribution rather than origin or function classified these determinants into four groups,
three of detailing class I HLA-restricted epitopes derived from non-mutated, “self ” epitopes,
while the fourth comprizes mutated epitopes (Renkvist et al., 2001). The largest group of
“self ”: tumor antigens is the “CT” antigen group. These determinants are derived from pro-
teins expressed in tumors but not normal tissues, with the exception of testis. The other
groups of “self ” tumor antigens are derived from lineage-specific or differentiation antigens
or proteins overexpressed in tumors relative to normal cells. Regardless of their category,
these “self ” determinants are shared, tumor-associated antigens and suitable for use in the
development of broadly applicable vaccines. In contrast, the “mutant tumor-specific” epi-
topes (Mumberg et al., 1996) are expressed on tumors derived from individual patients. In 
a sense, these antigens correspond to the highly restricted or “unique” tumor-rejection 
antigens expressed by most murine tumors (Old, 1981). Most of these antigens have been
identified as mutant epitopes derived from unrelated gene products. Due to their restricted
nature, “custom made” vaccines would be required for targeting this class of tumor antigen.
Although, these vaccines would probably be the most effective in inducing tumor rejection,
identifying members of this class of tumor antigens is most difficult and considered imprac-
tical due to their limited applicability.

The “self ” nature of most T-cell defined human tumor antigens has linked tumor
immunology to autoimmunity to the extent that a critical concern of immunotherapy is
whether the induction of effective anti-tumor immune responses can be achieved in the
absence of deleterious autoimmune side effects (Gilboa, 2001). This review focuses on stud-
ies utilizing transplantable as well as primary murine tumor antigen model systems, involving
wild type (wt) and genetically modified mice, in which the targeted epitopes are homologous
to defined human tumor antigens, and the conditions under which they are expressed are 
relevant to the clinical situation and, therefore, have optimal translational relevancy.

Animal tumor models

Transplantable tumor models

Murine homologs of human tumor antigens are listed in Table 1.1. All of the listed determi-
nants are being used in preclinical murine studies that focus on development of vaccine 
vehicles, as well as immunization strategies. Most involve the use of stable, transplantable
tumors to evaluate the efficacies of immunization protocols in the protection as well as 
therapy settings. Although murine tumor models have and can continue to provide investigators
with valuable insights into tumor immunotherapy, they do have critical shortcomings relative to

4 Cicinnati et al.



the clinical situation (Sogn, 1998). Primarily, these are the distinct differences in tumor hetero-
geneity and immune status of the hosts that exist between murine tumor model systems and the
clinical presentations of human cancers. As a result, interpretations and conclusions drawn
from the results of vaccination studies employing murine tumor models, in particular, trans-
plantable tumors, need to be guarded.

Cancer/testis tumor antigens. The human CT antigens comprise a large group of determinants
expressed on tumors, as well as testis. Included in this group are the MAGE and NY-ESO
antigens. The murine homologs of MAGE genes ( Jurk et al., 1998; De Plaen et al., 1999;
Lee et al., 2000; Osterlund et al., 2000), have been identified, along with an NY-ESO
homolog (Alpen et al., 2002). Relative to murine CT models, Bueler and Mulligan (1996) and
Van Pel et al. (2001) used MAGE-transfected tumors to evaluate vaccines in mice. Recently,
Sypniewska et al. (2002) identified Mage b gene expression in mammary carcinomas in trans-
genic mice, a finding that should greatly facilitate murine studies of CT-based vaccines and
strategies for their use.
Widely expressed murine tumor antigens. The second class of shared tumor antigens listed in
Table 1.1 are non-mutated “self ” epitopes expressed by a wide range of tumors. Most of
these determinants are derived from either oncogenes, such as mdm2, cyclin D1, Her-2/neu, ras
and WT1, the p53 tumor suppressor gene, or oncofetal genes, such as AFP and CEA.

The immunotherapeutic targeting of p53 in mice has been and continues to be a parti-
cularly active area of investigation. p53 was initially identified as a transformation-related
antigen in chemically induced sarcomas and other transformed cells of the mouse (DeLeo 
et al., 1979). Its subsequent classification as a tumor suppressor gene product, which is 
frequently mutated in human tumors made it an attractive candidate for development of
cancer vaccines (Hollstein et al., 1991). While the mutations represented ideal targets for
tumor-specific vaccines (Yanuck et al., 1993), the constraints imposed by antigen presentation
highlighted the limited applicability of such vaccines. The frequent accumulation or “over-
expression” of mutant p53 molecules in tumors, however, suggested that non-mutated epi-
topes derived from the mutated p53 molecules accumulating in tumors might result in their
enhanced presentation by the tumor for immune recognition (Houbiers et al., 1993). To date,
a number of CTL and Th-defined wt sequence epitopes of murine p53 have been identified.

The identification of H-2d and H-2b restricted wt and mutant mouse p53 CTL-defined
epitopes permitted studies aimed at developing peptide-based as well as DNA vaccines and
immunization strategies targeting wt p53 epitopes. Noguchi et al. (1994) first characterized
p53 epitopes recognized by CD4� and CD8� T cells. They immunized BALB/c or
(BALB/c � C57BL/6)F1 mice with p53 peptides using complete Freund’s adjuvant (CFA)-
based vaccines and tested the peptide-specificity of splenocytes obtained from these mice.
They could show that cytotoxic CD8� as well as CD4� T cells recognizing the H2-Kd-
restricted p53232–240 epitope harboring a mutation at codon 234, but not the wt sequence

Mouse models in the recognition of tumor antigens 5

Table 1.1 Murine homologs of human tumor associated antigens

Class I MHC-restricted tumor antigens Murine tumor antigens with existing human counterparts
Cancer/testis MAGE, NY-ESO
Widely expressed p53, mdm2, cyclin Dl, Her-2/neu, ras, WT1 CEA, AFP, muc-1,

EGP-2
Melanoma differentiation Gp100, TRP1, TRP2, MART-1



epitope could be induced. The CTL were able to lyse mutant p53 transfected target cells,
whereas CD4� T cells showed a proliferative response with broader specificity to this 
epitope region. The use of these vaccines in the protection setting, however, induced only 
a marked, but not a significant inhibition of tumor growth. A Meth A mutant p53 peptide-
based vaccine using the QS-21 adjuvant co-administered with IL-12 was subsequently
shown to induce rejection of Meth A in protection and therapy settings, as well as induced
higher mutant peptide-specific CTL activity (Noguchi et al., 1995). Mayordomo et al. (1996)
were able to show that vaccines consisting of either the wt or Meth A mutant p53232–240
peptide pulsed onto bone marrow-derived dendritic cell (DC) induced CTL specific these
epitopes, as well as rejection of tumors expressing either the mutant or wt p53 epitope in the
prevention and therapy settings without inducing autoimmunity. In addition to DC-based
vaccines, a variety of p53-based DNA vaccines employing viral as well as non-viral plasmid
vectors have also been evaluated. Tüting et al. (1997) transfected DC with a non-viral plas-
mid encoding a wt p53 sequence and were able to inhibit tumor growth of the chemically
induced CMS4 sarcoma in BALB/c mice. A bioballistic “gene gun” immunization using
cDNA encoding the Meth A mutant p53232–240 epitope was also shown to be effective in pro-
tecting mice from subsequent tumor challenge (Tüting et al., 1999a). Ishida et al. (1999)
showed that immunization of mice with DC transduced with an adenoviral construct encod-
ing the highly homologous human wt p53 increased the resistance of the mice to a subse-
quent lethal Meth A sarcoma challenge.

A major concern related to targeting the widely expressed “self ” tumor antigens, such as
the wt p53 epitopes, is the potential of inducing deleterious autoimmune responses in addi-
tion to anti-tumor responses. In the case of p53, which is expressed by all nucleated cells,
modeling studies comparing the affinities of the anti-p53 CTL responses induced in p53
knockout (null) mice with those induced in normal mice have demonstrated that high affin-
ity anti-p53 CTL are induced in the null mice but tolerization or deletion of these CTLs
occurs in normal mice. As a result, the anti-p53 CTL response in normal mice consists of
intermediate/low affinity anti-p53 CTL (Theobald et al., 1997). This observation raises the
question of whether the “intermediate/low” affinity anti-p53 CTLs that survive in normal
individuals are capable of inducing/participating in effective anti-tumor immune responses.
The administration of anti-CTLA-4 monoclonal antibodies (mAb) was recently employed
by Hernandez et al. (2001) as a means of up-regulating the anti-p53 immune response as well
as reduce tolerance to this antigen in HLA-A2.1 transgenic mice. This antibody has been
shown to significantly reduce tolerance in mice, presumably by blocking the down-regulation
of T cells following their activation. The anti-CTLA-4 mAb treatment resulted in an enhanced
expansion of anti-p53 CTL in the mice, but the avidity of these T cells for the HLA-
A2-restricted mouse p53261–269 epitope was not increased. Vierboom et al. (1997) showed
tumor eradication in normal C57BL/6 mice following adoptive transfer of high affinity
CTL specific for the H2-Kb-restricted wt p53158–166 epitope that were generated in H2b p53
knockout mice. The potential of using high affinity anti-human p53 CTL generated in mice
for immunotherapy of humans was also studied by Liu et al. (2000). Following the genera-
tion of anti-human p53149–157 CTL in HLA-A2.1 transgenic mice, human Jurkat (TCR�) 
T cells were transfected with cDNAs of the TCR �/� chains expressed by the murine CTL.
The transfected Jurkat cells recognized a variety of HLA-A2.1� human tumor cells, but not
normal cells.

Preclinical murine tumor models are also being recruited to study the processing and pres-
entation of wt p53 epitopes in murine and human tumors, which is more complicated than
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originally thought. The mere accumulation of genetically altered p53 molecules in a tumor
does not appear to be the sole prerequisite for processing and presentation. Apparently, the
site of a missense mutation or extent of deletion/alterations in p53 impact on processing and
presentation of epitopes derived from the altered gene products in the tumor as well as the
product of the wt gene, when it too is present in that tumor. In this regard, the high affinity
anti-p53 induced in p53 null mice have been used as a probe for investigating the molecular
characteristics of altered p53 which may influence the processing of epitopes derived from
these molecules (Vierboom et al., 2000).

The cyclin D1 and mdm2 oncogenes are “overexpressed,” primarily as a result of gene
amplification, in a high percentage of human cancers, such as melanoma, leukemia, sar-
coma and epithelial tumors (Watanabe et al., 1996; Donnellan and Chetty, 1998). Dahl et al.
(1996) investigated whether class I MHC-restricted mdm2 and cyclin Dl epitopes could rep-
resent potential targets for tumor-reactive CTL. Murine dendritic cells pulsed with several
H2-Db or H2-Kb-binding wt cyclin Dl peptides were shown capable of in vitro induction of
peptide-specific CTL, only the H2-Kb-restricted mdm2441–449 peptide was shown to be 
a naturally presented epitope. In addition, mdm2 epitopes have been used to demonstrate
the potential of allogenic-derived anti-tumor peptide-specific CTL in tumor eradication
(Sadovnikova and Stauss, 1996). The H2-Kb-restricted mdm2100–107 peptide was shown
capable of inducing allogeneic BALB/c CTL that had specificity for H2-Kb-melanoma and
lymphoma cells. Upon engraftment in bone marrow-transplant recipients, these CTL were
viable up to 14 weeks following administration and did not induce deleterious side effects.

The ras p21 proto-oncogenes encode a family of cellular guanosine triphosphate (GTP)
binding proteins important for cellular differentiation (Grand and Owen, 1991; Satoh and
Kaziro, 1992). In mammalian cells, the ras proto-oncogenes consist of three highly homolo-
gous members, K-ras, H-ras and N-ras (Bos, 1989). A key genetic event in the ontogeny of
many tumors is mutation of ras at codons 12, 13 or 61. In mice, the majority of the ras muta-
tions are found at codon 61, while in humans, they occur primarily at codon 12. Because of
the limited spectrum of ras “hot spot” mutations coupled with the lack of “accumulation”
of altered ras products in tumors, the development of ras-based vaccines has focused pri-
marily on the targeting of mutant tumor specific epitopes rather than wt epitopes. However,
since the mutant ras epitopes are “widely expressed,” vaccines targeting them have a poten-
tially broader applicability than a vaccine targeting an infrequently occurring mutant 
tumor-specific epitope (Disis and Cheever, 1996). Nonetheless, the applicability of mutant
ras-based vaccines is limited by the inherent constraints of antigen presentation, namely that
the mutations at codons 12, 13 or 61 occur within or create epitopes capable of being 
presented by the host. As a result, preclinical murine studies targeting ras have required 
the selective use of inbred strains of mice as well as modification of ras-derived peptides to
generate T-cell defined epitopes.

Peace et al. (1991) were the first to show that immunization of mice with mutant ras pep-
tide elicited ras-specific T-cell responses. Immunization of C57BL/6 (H2b) mice the ras5–16
peptide containing the G12R mutation induced ras-specific CD4� T cells. These T cells
recognized the mutated but not wt sequence ras peptide in vitro. In a follow up study, Peace
et al. (1993) demonstrated that immunization of mice of a different haplotype, C3H/
HeN(H2k), with a mutant ras protein expressing the Q61L mutation induced a ras mutation-
specific T-cell response. These investigators were also able to induce in C57BL/6 mice 
an H2-Kb-restricted-CTL response to the ras Q61L mutation using a combination of
6–17 mer peptides incorporating this missense mutation (Peace et al., 1994). The most 
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effective H2-Kb binding target peptide was defined as ras60/61–67, and these effectors were
reactive against fibroblast cell line transformed with ras expressing the Q61L mutation indi-
cating that the epitope was naturally presented. Fenton et al. (1993) showed the immuno-
genicity of the ras G12R mutation in BALB/c (H-2d) mice. Mice were immunized with either
the wt or mutant ras proteins encoding either the G12R or G12V missense mutations, but
only the G12R mutant ras-immunized mice showed an increase resistance to a challenge
with a tumor expressing that ras mutation. This response correlated with the induction of
mutant ras specific-CD8� T cells in these mice that were reactive against tumor cells
expressing the mutation. Abrams et al. (1995, 1996) demonstrated the immunogenicity of
the ras G12V mutation in BALB/c mice by immunizing them with a 13-mer ras4–16 peptide
containing the G12V mutation. Since Iad-restricted CD4� as well as H2-Kd-restricted
CD8� mutant ras-specific T-cell lines were obtained from splenocytes of these immunized
mice, this peptide sequence apparently expresses overlapping class I as well as class II MHC
epitopes. In a subsequent study from this group, Bristol et al. (2000) showed that immuniza-
tion of BALB/c mice with mutant ras4–16 peptide containing the G12V mutation or a non-
viral plasmid based DNA vaccine encoding this sequence was effective in inducing class I
and class II restricted mutant ras specific T cells. Mice immunized with the wt ras4–16 pep-
tide did not generate a T-cell response. Skipper and Stauss (1993) is the only report identi-
fying mutant as well as wt ras epitopes. In this study, two CTL-defined ras epitopes were
identified following immunization of C57B1/10 (H-2b) mice with recombinant vaccinia
viruses expressing either wt ras or ras expressing the Q61K missense mutation. Interestingly,
CTL from mice immunized with the mutant ras lysed only cells expressing the mutated
ras4–16 epitope, whereas T cells induced with virus encoding wt ras were able to recognize
transfected tumor cells overexpressing wt ras. A second CTL-defined epitope, wt ras152–159,
was also identified in this study.

The Wilm’s tumor gene encoded transcription factor (WT1) is primarily expressed during
embryogenesis and at low levels in some adult cells. It is, however, critically involved in 
leukemogenesis. It is overexpressed in nearly all types of leukemia in humans, and many
types of solid tumors as well. In humans, WT1 can serve as a target for CTL and these cells
have a high specificity for leukemic progenitor cells (Gao et al., 2000). Recently, the results of
two preclinical WT1 immunization studies in mice were reported. The results reflect the
variances and subtleties that differences in the immunogenicities of peptides and polypep-
tides together with the choice of adjuvant can have on inducing T-cell mediated anti-tumor
responses, and could have clinical relevancy. Gaiger et al. (2000) demonstrated that the wt
WT1117–139 peptide admixed with CFA as the adjuvant induced in C57BL/6 mice CTL
with anti-tumor reactivity against SV40-transformed mouse cells, as well as an anti-WTl
antibody response. In this study, WT1130–138 sequence was concluded to encode the immuno-
dominate H2-Db-restricted CTL epitope. This vaccine, however, did not increase tumor
resistance in mice. In contrast, Oka et al. (2000) demonstrated that a vaccine consisting of
the WT1126–134 peptide pulsed onto LPS-stimulated splenocytes induced H2-Db-restricted,
anti-tumor CTL in C57B1/6 mice as well as tumor rejection in the protection setting.
Furthermore, neither immunization protocol induced any observable evidence of autoim-
munity. In these studies, reflecting the choices that need to be made in devising clinical pro-
tocols, the choice of peptide, vaccine vehicle as well as tumor target cells selected for analysis
impacted on whether tumor resistance could be achieved. The use of DNA vaccines in the
WT1 model has also been evaluated. Tsuboi et al. (2000) immunized C57BL/6 mice with
plasmid DNA encoding murine full-length WT1. The immunized mice generated CTL that
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specifically killed WT1-expressing tumor cells in an MHC class I-restricted manner, rejected
WT1-expressing tumor cells and survived with no signs of autoimmunity.

Most of the preclinical murine studies targeting the Her-2/neu oncogene involve the use
of transgenic mice (see later section), but two interesting reports by Shiku and colleagues
have investigated the immunogenicity of the endogenously expressed murine Her-2/neu.
Nagata et al. (1997) identified H2-Kd-restricted CTL-defined peptides derived from human
as well as murine Her-2/neu. The peptides, human Her-2/neu63–71, mouse Her-2/neu63–71
and the common Her-2/neu780–788, were shown to be naturally presented by murine sarco-
mas transfected with the appropriate Her-2/neu gene. Furthermore, growth of a murine 
Her-2/neu transfected sarcoma was inhibited in mice immunized with either of the murine
Her-2/neu peptides encoded by codons 63–71 or 780–788. Recently, Ikuta et al. (2000) and
Okugawa et al. (2000) demonstrated that the DC pulsed with mouse Her-2/neu63–71 or 
Her-2/neu780–788 peptide were capable of inducing HLA-A24-restricted CTL from PBMC
obtained from healthy donors and cancer patients as well. These effectors were cytolytic
against human ovarian carcinoma cell line transfected to express the HLA-A24 restriction
element. This finding represents a unique preclinical/clinical system for developing 
Her-2/neu-based vaccines and strategies for their use.

The other group of widely expressed, non-lineage-specific epitopes to be discussed con-
sists of MUC-1 and three “oncofetal” proteins, namely alpha-fetoprotein (AFP), carcino-
embryonic antigen (CEA) and the epithelial cell adhesion molecule, EGP-2. Murine 
studies involving these tumor-associated antigens included immunization of mice with
cDNA encoding the human proteins or recombinant human proteins combined with the use
of mouse tumor target cells genetically modified to express the human proteins. Therefore,
the immune responses of the mice to these immunogens were “non-self ” rather than “self.”
These reports are discussed here because they did provide the basis for subsequent preclini-
cal murine studies that involve the mouse gene products or mice transgenic for the human
genes.

The AFP is produced in fetal liver cells and is the major serum protein produced during
fetal and embryonal development. In adults, it is produced only by hepatocellular carcino-
mas and cancers derived from embryonal cells, such as testicular carcinoma. Grimm et al.
(2000) demonstrated induction of AFP-specific CTL in C57L/J (H-2b) mice following
immunization of these mice with vaccinia virus encoding murine AFP co-administered with
plasmids encoding cytokines, such as IL-12, GM-CSF and interleukin 18 (IL-18).
Immunization of mice bearing the syngeneic Hepa 1–6 hepatoma induced significant tumor
regression as compared to relative controls. To date no MHC-restricted AFP epitopes have
been identified.

The epithelial cell adhesion molecule, EGP-2 (Ep-CAM), is also identified as the 17-1A
antigen, based on its identification and characterization by the 17-1A mAb. EGP-2 is a 
40-kDa glycoprotein that mediates Ca2�-independent homotypic cell–cell adhesions. This
oncofetal antigen is a human pan carcinoma-associated antigen that is abundantly expressed
in colorectal carcinomas. Its expression is related to increased epithelial proliferation and
negatively correlates with cell differentiation. A regulatory function of EGP-2 in the mor-
phogenesis of epithelial tissue has been demonstrated for a number of tissues, in particular
pancreas and mammary gland. Nelson et al. (1996) demonstrated that gp40, a molecule pre-
viously shown to be expressed by thymic epithelial cell lines in vitro and by thymic epithelial
cells in vivo, is the murine homolog of human EGP-2. In a murine system, Xiang et al. (1997)
showed recruitment of CD8� T cells as well as natural killer (NK) cells after immunization
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with an anti-human EGP-2 antibody-IL-2 fusion protein (huKSl/4-IL2) in BALB/c mice
bearing the human EGP-2-transfected CT26 colon cancer, CT26-EpCAM. Recently,
Imboden et al. (2001) used the cell line, CT26-Ep21.6, a subclone of CT26-EpCAM
expressing low levels of MHC class I, and reported that the anti-tumor activity involved
recruitment of NK cells rather than T cells, an observation consistent with the “no-self ”
nature of the functional activities of NK cells (Karre, 1995).

Elevated levels of the third oncofetal antigen listed, CEA, as well as the underglycosylated
form of MUC-1 are expressed on gastrointestinal cancers as well as breast and non-
small-cell lung cancers. Although the murine homologs from CEA and the MUC-1 genes
have been cloned (Beauchemin et al., 1989; Vos et al., 1991), most immunization studies in
mice have employed the human genes and proteins. Kantor et al. (1992) were first to show
anti-CEA cellular immune responses in mice immunized with a vaccinia virus vector encod-
ing human CEA. They could show tumor growth inhibition of a murine colon carcinoma
cell line transfected to express human CEA as well as concomitant humoral and cellular
human CEA-specific responses.

Graham et al. (1996) immunized C57BL mice intramuscularly with naked MUC1 cDNA
and were able to achieve protection against a syngeneic MUC-1 expression tumor in a dose-
dependent manner in 80% of mice. They reported the induction of a humoral as well as 
a cellular anti-MUC-1 immune response, but the antibody response did not correlate with
tumor rejection. Recently, Xing et al. (2001) studied the effect of murine MUC1 in a parti-
cular mouse strain (C3H/HeOuj) prone to develop breast tumors expressing this antigen.
The MUC1 was administered in the form of a mannan–muc1 fusion protein containing 10
tandem repeats. The murine muc1 immunization together with administration of cyclophos-
phamide, was required to enhance the anti-tumor immune response in these mice. Koido 
et al. (2000) immunized mice with MUC1 RNA-transfected DC and showed effective pre-
vention as well as therapy against tumors expressing MUC l. In transgenic mice tolerant to
this antigen, however, the same vaccine was only successful when co-administered with IL-12.

Melanoma differentiation antigens. A large number of T-cell defined tumor antigens identified in
humans over the past decade are shared determinants derived from lineage-specific or tissue-
differentiation antigens expressed on melanomas. These are gp100, MAR-1, tyrosinase,
TRP-1 and TRP-2 and the expression of their murine homologs has been confirmed.
Nearly all preclinical murine studies involving these antigens have employed the sponta-
neously arising C57BL/6 BL6 melanoma and sublines derived from it, such as B16 and
F16F10. In general, these tumor cells expressed little to no class I MHC (Gorelik et al., 1991)
and most of the immunization studies involving CTL-defined epitopes focus on inhibiting
the growth of experimentally induced lung metastases rather than a locally growing subcu-
taneous tumor. A process highly dependent on NK-cell activity, furthermore, the level of
pigmentation and other parameters of melanoma differentiation, including in vivo metasta-
tic potential, of B16 cell lines have been shown to be influenced by the tissue culture
medium used for its in vitro culture; tumor cells grown in DMEM medium showed an
increased level of pigmentation and potential to colonize compared to cells grown in RPMI-
1640 medium (Prezioso et al., 1993). The use of RPMI-1640 medium to culture B16, there-
fore, may also influence its initial immunogenicity and antigenicity when used to challenge
mice. Bloom et al. (1997) were first to clone the tissue-differentiation antigen tyrosinase-
related protein 2 (TRP-2) in the mouse and identified the TRP-2181–188 peptide as an 
H2-Kb-restricted epitope. They could show that CTL recognizing this epitope were able to
eradicate established B16 pulmonary metastasis in the mouse. Similarly, Zeh et al. (1999)
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generated anti-TRP-2 CTL from splenocytes of mice immunized with GM-CSF transduced
B16 melanoma cell line and resistant to a parental B16 challenge. In vitro re-stimulation of
these splenocytes in the presence of a low concentration of TRP-1180–188 peptide (1 �10�9 M)
yielded higher avidity CTL than those generated in the presence of 1 � 10�5 M peptide.
Overwijk et al. (1999) immunized normal mice with recombinant vaccinia virus (rVV)
encoding murine TRP-2, gp100, MART-1 or tyrosinase and detected no autoimmune
responses, in particular no loss of pigmentation. In contrast, immunization of normal mice
with rVV encoding TRP-1 did induce autoimmune vitiligo. This vaccine was also effective
in inducing immunity against the B16 melanoma. T-cell depletion experiments and immu-
nization of MHC class II knockout mice revealed that the anti-tumor effect was CD4�T cell-
dependent. In contrast, Bronte et al. (2000) immunized mice (i.m.) with plasmid DNA encoding
TRP-2 and showed that an anti-B16 melanoma response was induced in the absence of
vitiligo. This response was shown by immunodepletion to be mainly dependent on CTL and
NK-cell activity. Xiang et al. (2000) showed that oral application of a plasmid DNA vaccine
consisting of the murine ubiquitin gene fused to mini genes encoding H2-Db-restricted
murine gp10025–33 and H2-Kb-restricted TRP-2181–188 epitopes was able to confer protection
in mice and rejection of a B16-tumor growing subcutaneously. The ubiquitination of the
antigens seems to be crucial for the efficacy of the construct, since a construct expressing only
the epitopes was ineffective. Tüting et al. (1999b) have used a variety of viral and non-viral
plasmid DNA vaccines encoding TRP-2 and delivery systems for preclinical murine tumor
model studies. Tüting et al. (1999b) used “gene gun” immunization with plasmid DNA encod-
ing TRP-2 to delay the outgrowth of B16 melanoma. Co-administration of a plasmid encod-
ing IL-12 further enhanced the anti-tumor effect of the gene gun TRP-2 vaccine. In a related
later study, gene gun immunization of mice with a plasmid encoding the highly homologous
human TRP-2 gene was shown to be more effective than the murine TRP-2 gene immuniza-
tion (Steitz et al., 2000). The human gene-based vaccine induced depigmentation as well 
as significant protection against metastatic growth of B16. The enhanced immunogenicity of
human TRP-2 relative to murine TRP-2 in mice was also evident when the efficacy 
of recombinant adenovirus encoding either murine or human TRP-2 was studied (Steitz et al.,
2001). In other studies, a vaccine consisting of ex vivo genetically modified DC expressing
TRP-2 was employed in immunization studies. Mice were immunized with DC transduced
with an adenoviral vector expressing murine TRP-2. They were able to achieve prevention of
metastatic disease in the B16-melanoma model and demonstrated that the anti-tumor effect
was due to both CD8 and CD4 T-cell activity (Tüting et al., 1999c).

Genetically engineered mouse models

The development of genetically altered mice for studying and manipulating the primary host’s
immune response to tumor antigens and tumorgenesis has become an increasingly important
research objective in recent years. The ability to manipulate the murine germline is based prin-
cipally on the advances in genetic engineering technologies that permit deletion or insertion of
genes. (Smithies et al., 1985; Thomas et al., 1986). Several distinct types of genetically modified
mice are available for use in analyzing various aspects of vaccine development and strategies
for their use. Mice expressing HLA allelic transgenes are being used to facilitate the identifica-
tion of naturally presented T-cell defined tumor antigens. The most applicable of these strains
express the HLA-A2.1 allele, the most common allele among Caucasians with nearly 50% of
the population expressing this haplotype (Lee, 1990). Many new T-cell epitopes have been
identified in this way, Bernhard et al. (1988) and Theobald et al. (1995) being two examples in
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a period spanning nearly a decade of how transgenic mice expressing HLA-A2.1 allele were
used to identify T-cell defined tumor epitopes. The fact that, in general, these mice can gen-
erate high affinity T cells to human tumor associated “self ” antigens provides a novel approach
to overcome tolerance to “self ” tumor antigens. As previously mentioned, Liu et al. (2000) gen-
erated a high affinity, HLA-A2-resticted, anti-p53 CTL by transducing a human T-cell line
with cDNA encoding the TCR expressed by a high-affinity, anti-human p53 CTL that was
induced in an HLA-A2.1transgenic mouse. Recently, Stanislawski et al. (2001) extended this
approach for overcoming tolerance to another human “self ” tumor associated antigen, the
HLA-A2.1-restricted, human mdm281–88 epitope.

The more prevalent types of transgenic mice used for developing immunotherapy of can-
cer are those expressing human tumor associated antigens, such as CEA and Her-2/neu.
Although these transgenes are foreign to the mouse, the fact that they are not expressed in
a “time and tissue specific” manner in these mice permits them to be “self ” in nature. Adult
mice that are transgenic for the human CEA gene express the transgene in the tongue,
esophagus, stomach, small intestine, cecum, colon and trachea, and at low levels in the lung,
testis and uterus. This model makes it possible to analyze negative side effects due to immu-
nization against human CEA (Hasegawa et al., 1991; Eades-Perner et al., 1994; Clarke et al.,
1998). Kass et al. (1999) administered mice CEA as a whole protein in adjuvant or immu-
nized mice with a recombinant vaccinia virus encoding CEA. Only mice immunized with
rVV expressing CEA generated relatively strong anti-CEA IgG antibody titers and demon-
strated evidence of immunoglobulin class switching, whereas the whole protein immuniza-
tion failed to elicit an immune response. The development of Th 1-type CEA-specific CD4�

T-cell responses and a CEA peptide-specific cytotoxicity correlated with protection of the
transgenic CEA mice against a challenge with CEA-expressing tumor cells. They could not
observe any autoimmunity related to CEA-based immunization. Xiang et al. (2001) showed
that peripheral T-cell tolerance toward CEA could be broken in CEA-transgenic C57BL/6J
mice by an oral CEA-based DNA vaccine delivered by the live, attenuated AroA-strain of
Salmonella typhimurium. The vaccine-induced anti-tumor protection mediated by MHC class I-
restricted CD8� T cells after a lethal challenge with murine MC38 colon carcinoma 
cells double transfected with CEA and the human epithelial cell adhesion molecule 
(Ep-CAM)/KSA. Boosts with the antibody–IL2 fusion protein KS1/4–IL2 markedly increased
the efficacy of the tumor-protective immune response resulting in more effective tumor
rejection. Activation of T cells was indicated by increased secretion of proinflammatory
cytokines IFN-gamma, IL-12 and granulocyte/macrophage-colony stimulating factor, as
well as specific tumor rejection and growth suppression in vaccinated CEA-transgenic mice.

Another type of transgenic mice useful in vaccine development are mice in which a trans-
formation agent, such as simian virus 40 (SV40) large T, has been targeted for expression in
a “time and tissue specific” manner, usually in breast and prostate tissues. Originally con-
ceived as a useful tool for studying tumorigenesis, these mice also represent ideal models for
evaluating therapies that target widely expressed transformation related antigens, such as
p53, as well as lineage/tissue specific tumor associated antigens. In the case of the large T
antigen, one must consider that the T antigen does represent a “non-self ” antigen that may
be contributing to the overall host’s mediated tumor immune response.

Her-2/neu transgenic mice are being employed to evaluate a wide range of vaccines and
immunization strategies for immunotherapy of breast cancer. In these mice, the oncogene is
under the control of the MMTV promoter to induce its expression in a “time and tissue spe-
cific” manner in breast tissue. Amici et al. (1998) immunized transgenic FVB/neu mice with
a plasmid DNA encoding neuNT leading to reduced outgrowth of mammary neoplasms as
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well as their metastatic penetrance. Booster immunizations skewed to a Th1 phenotype
immune response and led to necrosis of established tumors. Subsequently, they immunized
FVB/N neu transgenic mice by i.m injection of DNA encoding either full length rat neu
oncogene or neu extracellular domain or neu extracellular and transmembrane domains
(Amici et al., 2000). They found that immunization against the transmembrane domain 
conferred the best protection against spontaneously arising mammary tumors. The co-
administration of IL-12 encoding DNA enhanced this anti-tumor effect. In recent reports,
Rovero et al. (2000, 2001) showed that the plasmid Her-2/neu DNA vaccination of trans-
genic BALB/c mice was more effective in blocking the spontaneous induction of tumors in
these mice than the growth of a transplanted breast carcinoma, and that this effect was
augmented by co-administration with a nonapeptide derived from IL-l�. Chen et al. (1998)
immunized FVB/N neu transgenic mice with DNA expression vectors encoding either the
full-length neu cDNA, the neu extracellular domain or the neu extracellular and transmem-
brane domains. Although all of these plasmids could induce protective immunity in FVB/N
mice against Tgl-1 cells, a neu-expressing tumor cell line generated from a mouse mammary
tumor that spontaneously arose in an FVB/N neu transgenic mouse, the full length Her-2/
neu p185 cDNA was the least effective. The transmembrane expression plasmid was the
most effective in inducing a humoral response, but induction of a humoral response did not
correlate with tumor protection in this model system.

Cefai et al. (1999) induced an anti-Her-2/neu immune response in transgenic FVB mice
using a cell-based vaccine consisting of allogeneic fibroblasts expressing Her-2/neu. The vac-
cination induced an anti-tumor immune response in these mice that prevented tumor forma-
tion of transplanted breast-tumor cells, and also protected the mice from spontaneous tumor
formation. T-cell-mediated and humoral immune responses were detectable in the vaccinated
mice. In contrast, the vaccine failed to protect against established spontaneous tumors.

Esserman et al. (1999) immunized neu-transgenic mice with a vaccine consisting of
the recombinant extracellular domain of p185neu admixed with CFA. Immunized mice
developed Her-2/neu-specific humoral immune responses, as measured by circulating anti-
Her-2/neu antibodies in their sera, and cellular immune responses, as measured by lym-
phocyte proliferation to the antigen in vitro. In addition, the subsequent development of
mammary tumors was significantly lower in immunized mice than in controls and vaccine
treatment was associated with a significant increase in median survival.

The final type of genetically engineered mice to be discussed consists of mice that have
been modified to yield tumors at specific sites, namely gastrointestinal carcinomas. All p53
homozygous mutant mice (p53�/�) develop tumors about nine months of age (Donehower
et al., 1992), with lymphomas accounting for nearly 75% of observed tumors, with a variety
of solid tumors comprising the rest. Heterozygous mutant mice (p53�/�) usually develop
tumors at a later timepoint, similar to the Li–Fraumeni syndrome in humans, in which
patients heterozygous for constitutional mutations of p53 have sarcomas and tumors of the
brain and breast (Malkin et al., 1990; Jacks et al., 1994). Recently, a congenic mouse strain
lacking T-cell receptor beta chain (TCR�) and p53 (TCR��/�:Trp53�/�) has been 
established (Funabashi et al., 2001). Deficient for both genes, the occurrence of adenocarci-
nomas especially in the cecum is observed with high frequency in these mice. The Min (mul-
tiple intestinal neoplasms) mice express the dominant mutation in the Min gene in mice,
which occurs in mice treated with the chemical ethylnitrosourea (Moser et al., 1990). Min
mice develop multiple tumors throughout their intestinal tract resembling those found in
patients with familial adenomatous polyposis. Later on, the APC gene was identified in these
patients as the gene responsible for this particular phenotype and it became clear that APC
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represents the human counterpart for the murine Min, which is now identified as APCMin (Su
et al., 1992). Whereas animals derived from induction of homozygous APC mutants
(APCMin�/�) do not survive embryogenesis, heterozygous mutant mice (APCMin�/�)
develop intestinal adenomas similar to those found in humans (Oshima et al., 1995).
Consistent with findings in humans affected from colon carcinoma, adenomatous cells have
lost the wt APC allele already at the microadenoma stage, suggestive of the mutation in the
APC gene being an early event during colon carcinogenesis (Oshima et al., 1997). Newer
approaches involving methodologies targeting specific loci of recombination (lox) that at first
do not interfere with the expression of the targeted gene result in generation of homozygous
knockout mice. Subsequently, an adenoviral vector encoding the enzyme cre recombinase,
capable of deleting the sequences between the lox sites, was introduced into the intestine of
APC knockout mice, leading to development of intestinal adenomas derived from adenovi-
rally infected cells (Shibata et al., 1997).

Recent studies in SMAD knockout mice revealed that SMAD gene products, which are
involved in transducing signals from the transforming growth factor � (TGF-�) receptor, are
often deleted in human colon carcinoma (Gryfe et al., 1997). Double heterozygotes mutant
mice for Smad4 and APC�716 develop more malignant tumors than were observed in sim-
ple APC�716 heterozygotes (Takaku et al., 1998). Targeting another SMAD gene, Smad3, gives
rise to Smad3�/� mice that develop metastatic colorectal disease, representing another
interesting mouse model to study potentially existing tumor antigens associated with intes-
tinal neoplasia (Zhu et al., 1998).

The EGP-2 transgenic FVN mouse strain was constructed by McLaughlin et al. (2001) to
study immunotherapy targeting this pan-carcinoma antigen. Using parental and EGP-2
transfected B16 tumor cell lines, their initial investigations using anti-EGP-2 antibody for
anti-tumor therapy showed specific localization of the antibody to the tumor site but not to
normal epithelial tissues expressing the transgene. Collectively, these genetic modified mouse
strains represent potentially clinically relevant murine models for future studies aimed at
antigen discovery, as well as development of cancer vaccines and immunotherapy.
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Summary
Searching for tumor-specific transplantation antigens for chemically induced tumors in
rodents have led to uncovering the immunological properties of heat shock proteins (HSPs).
Known best for their roles in protein folding and chaperoning, HSPs are now found to,
(a) chaperone antigenic peptides, (b) modulate the functions of professional antigen present-
ing cells (APCs) and, (c) mediate presentation and cross-presentation of antigens to MHC
molecules for T-cell activations. Thus, the roles of HSPs have extended beyond tumor
immunity. This article summarizes the general immunological principles associated with
HSPs. Features of specific HSPs including gp96, HSP90, HSP70, calreticulin (CRT),
HSP110 and GRP170 are discussed in detail in the context of anti-tumor immune responses.

Introduction: discovery of HSPs in chaperoning 
anti-tumor immunity
According to the concept of immunosurveillance first proposed by Burnet, one of the major
functions of the adaptive immunity is to patrol and protect the host against malignancies due
to the constant risk of somatic mutations and transformations (Burnet, 1970). Over the years,
there has been a large collection of evidence for and against this theory. Nevertheless, it is
increasingly appreciated that the immune system does play a critical role in the interaction
between the host and malignancy. This is reinforced by the recent demonstration that an
adequate immune system is critical in preventing the onset of clinically detectable tumors
induced by carcinogens, or developed spontaneously (Shankaran et al., 2001). Therefore,
understanding the mechanism of anti-tumor immune response is essential for generating
immunotherapeutic approaches against cancer, and for realizing the dream that one day
tumors can be prevented by a simple “shot” of tumor vaccines.

Tumor-specific immunity was convincingly demonstrated by a series of transplantation
experiments of syngeneic tumors as early as in the 1950s (Gross, 1943; Baldwin, 1955; Prehn
and Main, 1957; Klein et al., 1960; Old et al., 1962). Inactivated tumor cells were shown to
immunize syngeneic animals against the subsequent challenge by the same, but live tumors.
This phenomenon is not restricted to tumor types or hosts. Serological and biochemical
studies have linked the activity of “tumor rejection antigens” to a number of HSPs includ-
ing HSP90, HSP70, CRT and an endoplasmic reticulum (ER) residential HSP90 paralog
gp96 (reviewed by Li, 1997; Srivastava et al., 1998), and most recently HSP110 and GRP170
(Wang et al., 2001). HSPs are a family of proteins that are essential for all the cellular func-
tions involving the folding/unfolding of the polypeptide chains (Lindquist and Craig, 1988;
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Hartl, 1996). It was surprising initially, that HSPs were “tumor rejection antigens” since HSPs
are among the most conserved molecules in evolution (see a review by Srivastava and Heike,
1991). Indeed, after an extensive cloning and sequencing work, the tumor-associated struc-
tural mutations were never found in the case of the gp96 gene (Srivastava and Maki, 1991).

Close scrutiny has led to the conclusion that HSPs are not immunogenic per se, but rather
act as carriers for small molecular weight peptides (Li and Srivastava, 1993; Udono and
Srivastava, 1993; Isshi et al., 1999; Nair et al., 1999). Thus, HSPs exist as HSP–peptide com-
plexes (HSP–PC), and immunization with HSP–PC induces T-cell immunity against the
peptides, but not against HSPs themselves. The basis for specific immunity elicited by
tumor-derived HSPs, but not HSPs from normal tissues, is because of the tumor-specific
peptides associated with HSPs of the tumor origin. Moreover, purified tumor-derived
HSP–PCs are potent vaccines for pre-established cancers or subsequent tumor challenges 
in a wide variety of tumor models such as lung, melanoma, lymphoma, fibrosarcoma,
adenocarcinoma of the colon, sarcoma, prostate or breast cancers (see reviews by Li, 1997;
Srivastava et al., 1998).

While the peptide-binding property of HSP is predictable in light of the protein chaper-
oning function of HSPs in general, the recent discovery of the immunomodulating proper-
ties of HSPs was entirely unexpected. It was found that gp96, HSP90, HSP60, CRT, HSP70
can all bind to the surface of APC in a receptor-dependent manner. In the case of gp96,
HSP70, HSP90 and CRT, one of the receptors on APCs is CD91 (Binder et al., 2000; Basu
et al., 2001). The interaction of HSPs with APCs results in two functional consequences: the
activation of APC to increase the expression of antigen presenting and co-stimulatory mol-
ecules, and the cross-presentation of HSP-associated peptides to MHC class I molecules on
the surface of APCs for the priming of cytotoxic T lymphocytes (CTL).

Therefore, HSPs themselves are not tumor antigens. They bind to peptides, and are
involved in modulating the function of APCs. Since APC is important in bridging innate
and adaptive immunity, HSPs are now sitting at the intersection between these two arms of
immunity. Thus the roles of HSPs are now extending beyond tumor immunity. To keep with
the scope and spirit of this book, a detailed description of each HSPs in the context of
tumor immunity ensues. A model will be provided to unify what we know about HSPs in
immune responses and to perspectively illustrate what lies ahead in the de-coding of this
class of mysterious but fascinating immunomodulating molecules.

Roles of major mammalian HSPs in immune responses

gp96

Gp96 stands for glycoprotein of 96 kDa. In humans, only one true gene locus has been
mapped and was nomenclatured as tra-1 (Maki et al., 1993). In literature, gp96 is also 
referred as GRP94, Erp99, endoplasmin, etc. (Csermely et al., l998; Argon and Simen, 1999).
The first report to link gp96 with tumor immunity came from Srivastava and Das who
showed that in a Wistar rat Zajdela ascitic hepatoma model, a homogenous preparation of
an ~100 kDa protein (named ZAH-TATA) was able to immunize against the challenge by
the parental tumors (Srivastava and Das, 1984). Although ZAH-TATA was not molecularly
defined in this report, the biochemical property of it suggests that ZAH-TATA is a rat
homolog of gp96.
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Using methylcholanthrene (MCA)-induced fibrosarcoma (Meth A) as a model in BALB/c
mice, a series of papers in 1980s described the identification of a glycoprotein of 96 kDa
(gp96) in its ability to immunize naïve mice against the challenges from the tumor where
gp96 was purified (Srivastava et al., 1986, 1987; Palladino Jr et al., 1987). Gp96 was found to
be ubiquitously expressed in both normal and tumor cells and turned out to be identical to
Erp99, an abundant protein of the ER (Mazzarella and Green, 1987), although surface
expression of gp96 was also demonstrated. Subsequently, gp96 was found to be a bona fide
protein chaperone or HSP because of heat or stress inducibility (Altmeyer et al., 1996),
adenosine nucleotide binding and ATPase activity (Li and Srivastava, 1993), and apparent
unselective binding to unfolded proteins (Csermely et al., 1998). There are no tumor associ-
ated structural mutations of gp96 (Srivastava, personal communication). It became clear
that gp96 was not a tumor-rejection antigen per se but is a protein carrier for peptides including
tumor-specific peptides.

The function of gp96 as carriers for antigenic peptides has now been validated by both
structural and immunological studies in multiple systems. This is largely achieved by identi-
fying known peptides such as viral antigens, minor histocompatibility antigens and other
model antigens that are present in the gp96–PCs (Srivastava et al., 1998). For example, gp96
purified from vesicular stomatitis virus (VSV)-infected cells, but not uninfected cells, was
associated with an 8-mer VSV-derived peptide as revealed by both structural and immuno-
logical assays (Nieland et al., 1996). Similarly, it was shown that highly purified gp96 from
cells expressing �-galactosidase (�-gal), minor histocompatibility antigens (Arnold et al.,
1995), ovalbumin (Breloer et al., 1998; Nair et al., 1999) and murine leukemia Rl male sym-
bol antigens (Ishii et al., 1999), was found to associate with respective peptides derived from
these proteins. In all these systems, immunization with gp96–PCs in the absence of any
exogenous adjuvant, primed MHC class I-restricted CTLs against the corresponding anti-
gens, but not against gp96 itself. Moreover, compared with peptide alone, gp96–PCs immu-
nization is several orders of magnitudes more efficient, in both sensitization of target cells
for CTL recognition in vitro (Suto and Srivastava, 1995) and in the priming of naïve CTLs
in vivo (Blachere et al., 1997). This data implies that gp96 could serve as both a peptide car-
rier and an adjuvant. Recently, it was found in patients with hepatitis virus B-associated
hepatocellular carcinomas that a virus-specific peptide is associated with gp96 in three out
of three patients (Meng et al., 2001).

The binding of gp96 to peptides in vitro has no apparent bias towards the sequence 
and length of the peptides (Blachere et al., 1997; Li, unpublished). Therefore, if a tumor-
associated peptide is defined, it can be easily complexed with gp96 in vitro by a simple heat-
dependent refolding assay. The reconstituted gp96–PC is more efficient than the peptide
alone to prime CD8� T cells (Blachere et al., 1997). The peptide-binding property of gp96
has also been supported by a number of elegant biophysical and structural assays (Wearsch
et al., 1998; Sastry and Linderoth, 1999). Recently, by protease mapping and cross-linking
approaches, the minimal peptide-binding site of gp96 was mapped to amino acid residues
624–630 in a highly conserved region (Linderoth et al., 2000).

The cellular mechanism for gp96-elicited immunity has been studied. It was shown that
depletion of APCs during immunization phase abolished the vaccination effect of gp96
(Udono et al., 1994). Moreover, macrophage-like cells in the peritoneal exudates can re-
present or cross-present peptides from gp96–PCs to MHC class I for T-cell recognition (Suto
and Srivastava, 1995). The unexpected potent efficiency of gp96–PC vaccination and the
dependence on APCs led Srivastava et al. (1994) to suggest the presence of a receptor for
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gp96 on APCs. By immunofluorescence and electron microscopy, multiple groups have
indeed provided convincing evidence for a receptor-like molecule on APCs for gp96
(Arnold-Schild et al., 1999; Wassenberg et al., 1999; Binder et al., 2000a; Singh-Jasuja et al.,
2000a). Furthermore, by using affinity purification with gp96-conjugated column, Binder 
et al. (2000b) have purified the cell surface ligand (receptor) for gp96 from a macrophage cell
line, RAW 264.7 to its homogeneity. A polyclonal antibody raised against this protein can
block the re-presentation of gp96 chaperoned peptide to MHC class I. Microsequencing by
mass spectrometry of this molecule, confirmed it to be CD91, a protein known as �2-
macroglobulin receptor or the low-density lipoprotein-related protein. CD91 as a receptor
for gp96 was further supported by the evidence that �2-macroglobulin, a previously known
CD91 ligand, inhibited re-presentation of gp96 chaperoned antigenic peptides by
macrophages, as did antibodies against CD91 (Binder et al., 2000b; Basu et al., 2001). In
addition, gp96 can activate immature dendritic cells (DCs) in a peptide-independent man-
ner to secrete cytokines and to induce the surface expression of co-stimulatory molecules
such as CD80, CD86 and MHC class II molecules (Basu et al., 2000; Singh-Jasuja et al.,
2000b). Thus, the dual properties of gp96 in chaperoning antigenic peptides and modulating
the function of APCs have been established.

The therapeutic roles of tumor-derived autologous gp96 against malignancies are cur-
rently under clinical testing. Thus far, it was found that gp96 vaccination is well tolerated and
shows no or minimal toxicity. In some cases, tumor-specific T-cell responses can be detected
in the peripheral blood ( Janeztki et al., 2000). Whether or not gp96 is effective in the treat-
ment of cancers awaits further phase III testing (Caudill and Li, 2001).

HSP90

HSP90 is an abundant cytosolic HSP that is essential in the folding, activation, and assem-
bly of proteins that are particularly involved in signal transduction, cell cycle control and
transcriptional regulations (Csermely et al., 1998). HSP90 and gp96 are structurally related,
and it is thought that gp96 gene is perhaps duplicated from the HSP90 gene and has been
evolved to perform specific functions related to the ER. Not surprisingly, HSP90 purified
from tumor cells was also shown to be a “tumor rejection antigen” (Ullrich et al., 1986).
HSP90 has two isoforms: the inducible HSP90� (HSP84) and the constitutively expressed
HSP90� (HSP86). Immunization with the mixture of both isoforms purified from Meth A
fibrosarcoma induced protection against subsequent Meth A challenge (Ullrich et al., 1986).
The two HSP90 isoforms are 76% homologous as a result of gene duplication about 500
million years ago (Moore et al., 1989; Krone and Sass, 1994). They probably perform simi-
lar functions, although direct comparison of the immunological properties of these two iso-
forms on the equal molar basis has never been performed. It is unclear, therefore, which
form is associated with more peptides, and therefore which one is more immunogenic. The abil-
ity of HSP90 to act as “tumor rejection antigen” was subsequently confirmed by Udono 
et al. (1994) who directly compared the efficiency of HSP90 with gp96 and HSP70 in elicit-
ing immunity against Meth A (Udono and Srivastava, 1993). It was found that gp96 and
HSP70 were equally immunogenic, whereas the immunogenidty of HSP90 was approxi-
mately 10% of that of gp96 or HSP70 on equal molar basis. However, since HSP90 is abun-
dant (estimated to be 1% of the total cytosolic proteins) and could be released in large
quantities upon cell death, the relative contribution of HSP90–PCs in priming T cells in vivo
is expected to be more significant.
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The peptide-binding property of HSP90 was confirmed both functionally and biochem-
ically in an RLmale1 mouse leukemia model, in which the tumor-rejection antigen was
known to be the octamer epitope (IPGLPLSL or pRL1a), which was derived from 
a mutated akt gene product (Ishii et al., 1999). This epitope was recognized by a CTL clone
in Ld-restricted manner. To demonstrate that HSP90 associated with this epitope, HSP90
was purified from Rlmale1 cells to its homogenicity. Small molecular weight peptides were
then stripped by acid extraction, size enriched and resolved by a reverse phase HPLC
according to the methodology developed for analyzing peptides associated with MHC 
molecules (Falk et al., 1990; Van Bleek and Nathenson, 1990). Mass of the peptides 
was determined by mass spectrometry, and further confirmed by the ability of peptides 
to pulse an antigen-negative target cell for lysis by a pRL1a-specific CTL clone. It was 
found that HSP90 not only associated with the final 8-mer CTL epitope, but it also associ-
ated with two other longer precursor peptides, one of which was larger than 10-mer (Ishii 
et al., 1999).

The immunomodulating function of HSP90 is not as well studied compared to gp96,
although HSP90 clearly binds to CD91 on the surface of APCs (Basu et al., 2001). The cel-
lular mechanism underlying the immunological property of HSP90 is also unclear.
Interestingly, two immunoregulatory drugs namely taxol and geldanomycin seem to elicit
their functions on direct binding to HSP90 (Byrd et al., 1999). Taxol is a microtubule-
stablizing plant-derived antitumor agent. It appears to induce cell signals in a manner 
indistinguishable from bacterial lipopolysaccharide (LPS). Using biotin-labeled Taxol,
avidin-agarose affinity chromatography and peptide mass fingerprinting, two Taxol targets
from mouse macrophages and brain were identified as HSP70 and HSP90 (Byrd et al.,
1999). Geldanamycin is a specific inhibitor of the HSP90 family by binding directly to the
adenosine nucleotide binding site of HSP90 at its N-terminus (Stebbins et al., 1997). It was
found that geldanamycin blocked the nuclear translocation of NF-kappaB and the expres-
sion of tumor necrosis factor in macrophages treated with Taxol or LPS.

HSP70

HSP70 is a family of multiple members with high sequence homology to each other. It is
one of the best-studied protein chaperones. While the roles of HSP90 and gp96 in chaper-
oning tumor peptides was discovered serenpediously, the ability of tumor-derived HSP70 to
behave operationally like “tumor rejection antigen” was correctly predicted (Udono and
Srivastava, 1993) on the basis of well-known properties of HSP70 to bind to peptides (Flynn
et al.,1989, 1991). HSP70 purified from Meth A, but not from normal livers and spleens
could immunize BALB/c mice against challenge with live Meth A cells. It is well known that
ATP binding and hydrolysis by HSP70 causes the release of HSP70-associated proteins or
peptides. As predicted, treatment of an antigenically active HSP70 preparation with ATP,
followed by removal of low molecular weight material, resulted in loss of antigenicity in
tumor rejection assays. However, HSP70 purified by ADP affinity chromatography retained
activity (Peng et al., 1997), consistent with the notion that HSP70 adopts a more favorable
substrate binding conformation when complexed with ADP. Moreover, free peptides 
can be loaded to HSP70 non-covalently in vitro in the presence of ADP, but not ATP.
Immunization with HSP70 complexed with viral peptides elicited virus-specific CTLs
(Blachere et al., 1997; Ciupitu et al., 1998). In addition, HSP70 isolated from cells that
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express ovalbumin (Breloer et al., 1998) or leukemia antigen (Isshi et al., 1999) was found to
associate with respective antigens. The peptide-binding property of prokaryotic HSP70,
DnaK has also been confirmed by the presence of definite peptide-binding pockets within
the N-terminal substrate binding domain as revealed by X-ray crystallography (Zhu et al.,
l996). The above experiments confirmed unequivocally that HSP70 is a peptide-binding
protein, and that the specific immunity elicited by HSP70–PC is towards HSP70-associated
peptides, not HSP70 itself.

There is one example, that HSP70 mutation does occur and the mutated HSP70 can
serve as a tumor antigen (Gaudin et al., 1999). A CD8� T-cell clone was obtained from 
T cells that were infiltrating renal cell carcinoma RCC-7. This clone recognized only the
autologous RCC-7 tumor cell line in the context of HLA-A*0201. The antigen was identi-
fied by expression cloning and is encoded by a mutated form of the HSP70 gene found in
the tumor cells, but not in autologous lymphocytes, nor in 47 other tumors.

Recombinant mycobacterium tuberculosis HSP70, fused covalently with a model peptide
has also been found to be highly immunogenic against the peptide (Suzue and Young, 1996;
Suzue et al., 1997; Liu et al., 2000). Using this system, it was found that the immunogenicity
associated with HSP70 fusion protein was dependent on a discrete 200-amino acid protein
fragment at the N-teriminal ATP-binding domain (Huang et al., 2000). The implication for
the function of HSP70 is unclear, since the fusion protein may have adopted a totally 
different conformation.

Clinical development in using autologous tumor derived HSP70 or HSP70 fused with 
a tumor antigen for the treatment of human malignancies are ongoing. Studies have indeed
shown that HSP70 purified from human melanoma can activate T cells to recognize
melanoma differentiation antigens such as MART-1, gp100 and TRP-2 in the MHC
restricted manner (Castelli et al., 2001). Moreover, HSP70 isolated from an allogeneic
melanoma cell line can pulse target cells for specific recognition by anti-gp100 CTL clones,
indicating that peptide binding by HSP70 is not restricted by MHC haptotypes.

The immunomodulating effect of HSP70 has also been confirmed. It was found that
expression of an inducible HSP70 in tumor cells led to increased T-cell dependent tumor
immunity (Menoret et al., 1995; Melcher et al., 1998). Indeed, when soluble HSP70 is added
to APCs such as DCs, surface binding occurs in a saturable, competitive manner, implying
that there is a receptor for HSP70 on the surface of APCs (Asea et al., 2000; Binder et al.,
2000a). This binding does not seem to be dependent on whether or not HSP70 is associated
with peptides (Moroi et al., 2001). This property of HSP70 was referred as chaperokine
(Asea et al., 2000) to reflect the dual roles of HSP70 as a chaperone and cytokine. It was
found that HSP70 bound with high affinity to the plasma membrane of human monocytes,
elicited a rapid intracellular calcium flux, activated nuclear factor (NF)-kappaB and up-reg-
ulated the expression of pro-inflammatory cytokines tumor necrosis factor (TNF)-�, IL-1�
and IL-6 in human monocytes. Furthermore, two different signal transduction pathways were
activated by exogenous HSP70: one dependent on CD14 and intracellular calcium, which
resulted in increased IL-1�, IL-6 and TNF-�; and the other independent of CD14 but
dependent on intracellular calcium, which resulted in an increase in TNF-� but not IL-1�
or IL-6. These findings indicate that CD14 is a co-receptor for HSP70-mediated signaling
in human monocytes. The binding of HSP70 with APCs can lead to the presentation of
HSP70-associated peptides to MHC class I molecules on the surface of APCs. This 
process can be inhibited by anti-CD91 antibody, indicating that CD91 is involved in the 
re-presentation pathway.
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Calreticulin

Calreticulin is an abundant lumenal protein of the ER (Michalak et al., 1999). It is known to
be a component of MHC class I/transporter associated with antigen presentation (TAP)
complex (Cresswell et al., 1999). The ability of tumor-derived CRT to serve as tumor rejec-
tion antigen was almost simultaneously and independently reported by two groups (Basu
and Srivastava, 1999; Nair et al., 1999). This was stimulated in part by findings that CRT is 
a major peptide acceptor for peptides translocated through TAP (Spee and Neefjes, 1997),
and the fact that CRT is also an HSP. Indeed, when mice are immunized with purified CRT
from Meth A tumors, they became resistant to subsequent CRT challenge in a dose-
restricted manner. Moreover, CRT can be readily charged with antigenic peptides in vitro.
Immunization with CRT complexed with a VSV antigen, elicited VSV-specific CD8�
T-cell responses (Basu and Srivastava, 1999). Similarly, immunization with CRT purified
from B16/F10.9 melanoma, or E.G7-ova induced tumor-specific CTL responses against the 
corresponding antigens (Nair et al., l999).

The relative efficiency of CRT in generating protective immunity was compared with
gp96 and HSP70 in A20 murine leukemia/lymphoma tumor model (Graner et al., 2000).
BALB/c mice were immunized with 20 	g of HSP70, gp96 or CRT twice at weekly inter-
vals (i.e. day-14 and day-7). Seven days after the last immunization (day 0), mice were 
challenged via tail vein injection with 1 � 106 viable A20 or BDL-2 B-cell leukemia/
lymphoma cells. It was found that HSP70, gp96 and CRT all provided significant improve-
ment in survival over controls, with A20-derived HSP70 being the most effective chaperone
protein followed by grp94/gp96 and CRT. It is unclear as to the basis for the differential effi-
ciency of HSPs. In a different system, it was shown that both gp96 and CRT were released
after cell lysis induced by lethal infection of cells with rVV ES-OVA(Met258–265), a recom-
binant, ovalbumin epitope-expressing vaccinia virus or mechanical cell death (freeze/thaw
of ovalbumin-expressing cells). For both cell death scenarios, released gp96 contained 
ovalbumin epitope, as demonstrated by the ability to sensitize for the activation of an 
ovalbumin-specific T cell-hybridoma (B3Z). In contrast, CRT-derived from rVV ES-OVA
(Met258–265)-infected cell extracts did not stimulate B3Z activity, which suggest that the
peptide pool associated with each HSP is not identical.

It is unclear if CRT can modulate the function of APCs, however, CRT has been shown
to be a cell surface molecule. Pulsing of APCs with CRT–PCs resulted in cross-presentation
of CRT-associated peptides to T cells (Nair et al., 1999; Basu et al., 2001). The significance
of cell surface expression of CRT is unclear. One report found that a panel of anti-DNA
monoclonal antibodies specifically recognized CRT on the surface of multiple cell types,
suggesting that CRT may mediate the penetration of anti-DNA antibodies into the cells and
play an important role in lupus pathogenesis.

HSP110

HSP110 is perhaps the third most abundant cytosolic HSP in mammanlian cells, next only
to HSP90 and HSP70 (Easton et al., 2000). Structurally, it is related to HSP70, although it
does not seem to have ATPase activity. Interestingly, even the chaperoning function of
HSP110 has only just been appreciated probably due to the fact that it is cloned more
recently. The substrate binding property is different between HSP70 and HSP110; the lat-
ter seems to bind to the peptide chain more efficiently (Oh et al., 1997, 1999). In examining
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the native interactions of HSP110, it was observed that HSP110 resided in a large molecu-
lar complex that contained the constitutive form of HSP70 and HSP25. When examined 
in vitro, purified HSP25, HSP70 and HSP110 were observed to spontaneously form a large
complex and directly interact with one another (Wang et al., 2000).

The ability of HSP110 to potentially serve as a chaperone for tumor antigens was pur-
sued based on the same reasoning that correctly predicted antigen-chaperoning property for
HSP70 (Wang et al., 2001). It was found that immunization of naïve mice with highly puri-
fied HSP110 from Meth A cells, conferred tumor protection against subsequent challenge
with Meth A. Further, HSP110 derived from CT-26 carcinoma, but not from normal liver
vaccinated successfully against both CT-26 challenge and established CT-26. Moreover,
immunization with tumor-derived HSP110 generated tumor-specific CTLs. Additionally,
bone marrow-derived DCs pulsed with HSP110 purified from CT-26 cell led to protection
against CT-26 challenge.

Given the functional and structural similarities to HSP70, HSP110 most likely also bind
to surface receptors on APCs. It will be interesting to test whether or not HSP110 possesses
modulating properties on the function of DCs.

GRP170

GRP170 is another homolog of HSP70 and resides in the lumen of the ER (Easton et al.,
2000). The expression of GRP170 is induced less by thermal stress, but more pronounced
by metabolic conditions that disrupt the functions of the ER such as glucose starvation and
depletion of calcium. The studies of the chaperoning functions and immunological proper-
ties of GRP170 parallel with the study of HSP110. GRP170 appears to form a large com-
plex with two other residential ER proteins gp96 and GRP78, which are all induced by
glucose starvation (Lin et al., 1993). The peptides that were translocated into the lumen of
the microsomes in vitro were shown to bind to GRP170 in an in vitro translocation assay (Spee
et al., 1999). Such peptide-binding property is ATP-independent.

The ability of GRP170 to chaperone tumor peptides to generate tumor-specific immu-
nity has been confirmed in Meth A and CT-26. Similar to HSP110, immunization of mice
with tumor derived GRP110 conferred tumor protection as well as induced tumor-specific
CTLs (Wang et al., 2001). Tumor protection can also be achieved by vaccination with DCs
pulsed with tumor derived GRP170, underscoring again the generality of HSPs to transfer
tumor immunity most likely due to their ability to chaperone tumor-specific peptides, and
their ability to modulate the function of APCs.

Conclusion: immunological principles 
associated with HSPs
In summary, four principles of HSPs in anti-tumor immune responses have emerged. Each
HSP may have just one, or all four properties (Table 2.1).

Principle one: HSPs per se are rarely tumor antigens. HSPs are well-conserved molecules in evo-
lution. Polymorphism has not been described between individuals in the same species.
Although HSP expression can be down-regulated and up-regulated in relationship to can-
cers, no cancer specific “hotspots” of mutations have been described. In only one example,
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mutation of HSP70 occurred in RCC, and the mutated HSP70 served as the target for
tumor-specific CTL (Gaudin et al., 1999). This is an exception rather than a rule.

Principle two: HSPs are molecular carriers or chaperones for tumor antigens or peptides. This princi-
ple has been confirmed structurally and immunologically. However, it is important to real-
ize that it is unclear whether peptide-binding features of HSPs simply reflect the ability of
HSPs to bind polypeptides, or whether it represents yet undefined functions of HSPs in reg-
ulating important biological functions of peptide biogenesis such as in antigen presentation.
There is apparent limited specificity regarding the length or the sequence of the peptides
that can associate with HSPs. There is certainly no structural basis for selectivity for tumor-
specific peptides. Therefore, the difference of HSPs between normal and cancer cells lies
only in the composition of peptides associated with HSPs.

Principle three: HSPs are immunomodulators. HSPs can interact specifically with APCs such as
DCs through receptor-dependent mechanisms. This kind of interaction results in DC acti-
vation in producing cytokines, and up-regulating surface molecules. Most of the attention is
currently focused on the role of HSPs in productive immune responses. It should be kept 
in mind that HSPs could also play roles in tolerance induction by inducing DCs to pro-
duce anti-inflammatory cytokines. For example, it has been reported that small molecular
weight HSPs such as HSP27 could stimulate human monocytes to produce IL-10, an anti-
inflammatory cytokine (De et al., 2000).

Principle four: HSPs are involved in cross-presentation of tumor antigens. This principle remains
speculative, although circumstantial evidence is strong. It has been argued that tumor anti-
gens have to be cross presented from tumor cells to the class I molecules of MHC on APCs
for the priming of CD8� T cells due to lack of co-stimulatory molecules on tumor cells.
Since the default pathway for the presentation of exogenous antigens is to MHC II for 
activation of CD4� T cells, mechanism might exist for cross-presentation of exogenous
antigens to CD8� T cells. The candidate molecules responsible for such a mechanism are
expected to have the following features: universal expression in all somatic cells, binding
non-selectively to tumor antigens, specific interaction with APCs, and capacity to target
exogenous tumor antigens to MHC class I on APCs. As evident from this chapter, HSPs pos-
sess all of these features and are the best candidate molecules for mediating cross-presenting
MHC class I-associated antigens.

Perspectives
Although the immunological features of HSPs are discovered in the context of defining
tumor antigens, it is now clear that HSPs play far-reaching roles in the immune responses.
The story of HSPs is somewhat analogous to that of MHC molecules. MHC was discovered
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Table 2.1 Four principles of the immunological roles associated with HSPs

Principles HSPs

gp96 HSP90 HSP70 CRT HSP110 GRP170

1 As mutated antigens � � �rare � � �
2 As peptide carriers � � � � � �
3 As immunomodulators � � � � ? ?
4 In cross-presentation � � � � � �



as a major transplant barrier, its “natural” role actually lies in antigen presentation. Different
from HSPs, the function of MHC is almost exclusively immunological with a few exceptions
(Ober et al., 1997; Huh et al., 2000), which permits the creating of innovative animal mod-
els and sophisticated genetic studies. The study of HSPs so far still relies on biochemistry,
that is, purification of HSPs and testing the immunological properties of purified materials.
This situation must change so that the fundamental roles of HSPs can be addressed more in
the physiological context. Many questions remain unanswered. For example, what are the
roles of HSPs in antigen presentation? Are HSPs involved in cross-presenting peptides to
thymic T cells for positive or negative selections? What are the contributions of HSPs to
peripheral tolerance? The recent availability of tools such as the heat shock factor-1 knock-
out mice which lack the expression of inducible HSPs (Xiao et al., 1999) should facilitate
research effort to answer these questions.

The clinical development of HSPs in the treatment of malignancies must continue not
only because there are limited arsenals for most human cancers, but also due to the need to
understand how human immune responses are modified by HSPs. Detailed knowledge of
immune responses initiated by HSPs in humans would allow better design of preventive 
or therapeutic protocols for human malignancies.
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Summary
The Wilms tumor antigen 1 (WT1) is expressed at elevated levels in most leukemias 
compared with normal hematopoietic cells. Furthermore, WT1 is also activated in a variety
of solid cancers, while the corresponding normal cells do not express this protein. Hence,
WT1 is an attractive target molecule for tumor immunotherapy. However, low levels of
expression in normal tissues is likely to cause immunological tolerance, which may lead to
the inactivation of high avidity T lymphocytes. The allo-restricted strategy was developed to
avoid tolerance and to isolate high avidity cytotoxic T lymphocytes (CTL) specific for self-
proteins, such as WT1. In vitro studies have shown that allo-restricted CTL kill WT1 express-
ing tumor cell lines and leukemic progenitor cells isolated from patients. The expression level
in normal hematopoietic cells is insufficient to trigger killing by WT1-specific CTL.
However, a major drawback of immunotherapy with allo-restricted CTL is the HLA 
mismatch between CTL and tumor patients, leading to rejection of infused CTL in
immunocompetent recipients. To overcome this limitation, the transfer of cloned T cell
receptors (TCR) into patients CD8� T cells provides a strategy to equip autologous CTL
with high avidity receptors specific for defined tumor-associated proteins.

WT1 structure
WT1 is an intracellular protein involved in activation and repression of gene expression, and
in the regulation of post-transcriptional RNA processing (Hastie, 2001). Up to 24 different
isoforms of the WT1 protein can be generated by alternative splicing, alternative translation
initiation and RNA editing (Hastie, 2001; Scharnhorst et al., 2001) (Figure 3.1). To date,
most of the WT1 research has focused on four isoforms referred to as WT1�/�,
WT1�/�, WT1�/� and WT1�/�. This nomenclature indicates the presence or absence
of two alternative splice sequences. The first is a 17-amino acid sequence encoded by exon 5
of the WT1 gene, and the second is the three-amino acid KTS sequence generated by 
alternative splice donor site used at the end of exon 9. All WT1 isoforms have four zinc fin-
ger domains at the carboxyl terminus of the protein, which are involved in binding to DNA
motifs in the promoter region of genes that are regulated by WT1 (Nakagama et al., 1995).
Insertion of three amino acids (KTS) in the zinc finger domains by alternative splicing
decreases the DNA binding properties, and produces a WT1 isoform that is primarily
involved in RNA processing. In addition to DNA and RNA binding properties, WT1 can
also bind to itself and undergo homodimerization, which is mediated by the first 180 amino
acids of the protein (Reddy et al., 1995). Assuming that all WT1 isoforms can associate with
each other to form dimers, there is scope for up to 300 dimeric combinations, which may
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have overlapping but also distinct functions. It is clear from these considerations that WT1
function is not only determined by its expression levels, but also by the relative ratios of the
isoforms produced. This is most clearly demonstrated in patients with Frasier syndrome,
where a mutation in one allele prevents production of the KTS-containing isoform, whereas
the other WT1 allele is normal and capable of producing all isoforms (Barbaux et al., 1997).
The resulting imbalance of WT1 isoform production leads to a glomerulopathy, character-
ized by focal and segmental glomerular sclerosis, and male to female sex reversal in these
patients.

WT1 function during embryogenesis
During embryogenesis, WT1 expression is required for undisturbed organogenesis of the
kidney and spleen, as revealed by the analysis of the embryonic lethal phenotype of WT1-
knockout mice (Kreidberg et al., 1993; Herzer et al., 1999). In kidney development WT1 is
postulated to trigger the differentiation of mesenchymal stem cells to become epithelial cells
required for nephron formation (Davies et al., 1999). In addition, WT1 also exerts anti-
apoptotic functions as revealed by the enhanced apoptosis in the metanephric mesenchyme
of WT1-knockout mice (Kreidberg et al., 1993; Donovan et al., 1999). Recently, transgenic
mice expressing only the KTS-positive or KTS-negative WT1 isoform have been created
(Hammes et al., 2001). Unlike WT1-deficient mice, these mice are born to term, demon-
strating some functional overlap of the two WT1 isoforms during embryogenesis. However,
functional complementation by each isoform is incomplete, since the mice display severely
impaired kidney function leading to death soon after birth. Interestingly, the phenotype of
the KTS-negative-WT1 mice is similar to that of Frasier patients with renal dysfunction and
male to female sex reversal. Together, the phenotype of mice with WT1 deletions or selec-
tive expression of KTS-positive/negative isoforms, illustrate that WT1 has anti-apoptotic
functions and plays a central role in the regulation of renal development and female–male
sex differentiation.

WT1 function in post-natal life
After birth WT1 expression is switched off in most cells except renal podocytes, Sertoli cells
of the testis, granulosa cells of the ovary, myoepithelial progenitor cells and CD34�

17AA KTS
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–73

Met 
1

Met 
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Leu/ 
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Figure 3.1 Different WT1 isoforms are generated by alternative splicing of 17 amino acids encoded
by exon 5 of the WT1 gene and three amino acids (KTS) generated by alternative splice
site usage in exon 9. Additional isoform are produced by alternative translation initia-
tion at position �73 and �127, and by RNA editing changing leucine to proline.



hematopoietic cells (Scharnhorst et al., 2001). Most of the information about WT1 function
in adult tissues comes from studies of normal CD34� hematopoietic progenitor/stem cells.
Within the CD34� population WT1 is expressed in early, uncommitted CD34�CD38�
and in committed CD34�CD38� cells (Baird and Simmons, 1997). Studies with 
5-fluorouracil treated CD34�CD38� cell populations have shown that WT1 expression is
particularly prominent in a small subset of non-cycling quiescent cells, which are highly
effective in producing myeloid and lymphoid lineage progeny (Ellisen et al., 2001). This has
suggested that WT1 plays a role in the maintenance of the uncommitted, quiescent pheno-
type of these hematopoietic stem cells. In the committed CD34�CD38� progenitor cells
WT1 expression is switched off when these cells differentiate to become mature hematopoi-
etic cells (Menssen et al., 1997). Retroviral over-expression of WT1 in CD34�CD38� cells
can accelerate their maturation, indicating that WT1 can trigger the differentiation of nor-
mal hematopoietic progenitor cells (Ellisen et al., 2001). Hence, WT1 appears to play a dual
role in normal hematopoiesis: (i) maintenance of uncommitted stem cells and (ii) induction
of differentiation toward more mature cells.

WT1 function in tumors
Over-expression of WT1 has been described in various hematological malignancies, includ-
ing chronic and acute myeloid leukemia (CML, AML), acute lymphocytic leukemia and
myelodysplastic syndrome (Inoue et al., 1994; Patmasiriwat et al., 1999; Tamaki et al., 1999).
A high level of over-expression has been correlated with poor disease prognosis in AML
patients. The mechanisms by which WT1 over-expression contributes to leukemogenesis are
not fully understood, although experimental evidence indicates that WT1 can contribute to
the enhanced proliferation and defective differentiation of leukemia cells. WT1 antisense
constructs can inhibit the growth of clonogenic progenitor cells isolated from AML and
CML patients (Yamagami et al., 1996), and they can also inhibit proliferation of human
leukemia cell lines (Algar et al., 1996). In the murine hematopoietic cell line 32D it was found
that introduction of WT1 by retroviral transfer inhibited differentiation and resulted in
enhanced proliferation in response to granulocyte colony stimulating factor (G-CSF) (Inoue
et al., 1998). G-CSF stimulated activation of stat-3 molecules was prolonged in the presence
of WT1, suggesting that alteration in the stat-3 signaling pathway may be involved in the
defective differentiation and enhanced proliferation in leukemia cells.

The analysis of solid tumors has revealed activation of WT1 expression in cell lines estab-
lished from glioblastoma, cancer of the lung, colon, stomach, breast, ovary, uterus, liver and
thyroid gland (Oji et al., 1999; Menssen et al., 2000). However, in one of these studies the
incidence of WT1 expression in fresh tumor tissue was lower compared with cell lines
(Menssen et al., 2000). This led to the concern that activation of WT1 expression might be
an effect of the in vitro adaptation of cell lines derived from tumor specimens, but may not
necessarily reflect WT1 expression in patients. To address this concern, a recent study exam-
ined WT1 expression in fresh tumor tissue of patients with carcinoma of the breast (Loeb 
et al., 2001). The analysis of RNA and protein revealed WT1 expression in 27/31 patients
with breast cancer. In contrast, WT1 was detected in only 1/20 normal breast samples
obtained from women undergoing reduction mammoplasty. These data are similar to stud-
ies in our laboratory, showing that WT1 RNA is detectable in a large proportion of freshly
isolated breast cancer tissues, but not in adjacent normal tissues isolated from the same
patients (unpublished). It is likely that WT1 is also involved in other solid cancers, although
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a systematic analysis using fresh tumor material and normal tissue is required to determine
the incidence and level of WT1 expression.

The mechanisms by which activation of WT1 expression may contribute to tumorigene-
sis are not clear. Detailed analyses are complicated by the large number of WT1 isoforms
that can be produced within one cell, and by the observation that disturbance of the isoform
balance can change WT1 function (e.g. Frasier syndrome). Thus, transfection studies with
individual isoforms are limited, although they illustrate isoform-specific functional proper-
ties. For example, stable transfection of an adenovirus-transformed baby-rat kidney cell line
with the WT1�/� isoform increased the tumorigenicity in nude mice (Menke et al., 1996).
In contrast, transfection of the same cells with the WT1�/� isoform strongly inhibits
tumor formation (Menke et al., 1995). An additional complexity is that the function of WT1
is dependent upon the cell type in which it is expressed. It appears that even closely related
cells provide a distinct set of intracellular molecules capable of modifying WT1 function.
For example, the described tumor enhancing effect of WT1�/� described above is not
observed in a closely related adenovirus-transformed baby-rat kidney cell line (Scharnhorst
et al., 2000). One possible explanation is that proteins that associate with WT1 to enhance
its tumorigenic potential are present in one but not the other baby-rat kidney cell line.

A number of intracellular molecules have been shown to associate with WT1. These
include proteins involved in RNA splicing, HSP70 and others (Scharnhorst et al., 2001). The
most interesting partners of WT1 are p53 and its relatives p63 and p73. Binding of WT1 to
p53 can inhibit p53-mediated apoptosis in response to ultraviolet irradiation (Maheswaran
et al., 1995). The functional consequences of WT1 binding to the other p53-like molecules
have not yet been determined. The question which target genes are regulated by WT1 and
its partners has been primarily explored using transient transfection assays. The predomi-
nant observation in these assays was that WT1 co-transfection resulted in inhibition of
reporter gene activity. In most cases, the effect of WT1 on the regulation of endogenous
gene expression has not yet been examined. Using DNA microchip technology, a recent
report demonstrated activation of endogenous gene expression in human osteosarcoma 
cells containing a tetracylin inducible WT1�/� construct (Lee et al., 1999). The microchip
analysis did not reveal any suppression of endogenous gene expression, suggesting that it
might be an effect of un-physiological conditions of transient transfection assays. Amphiregulin,
a member of the epidermal growth factor receptor (EGF-R) family, was strongly upregu-
lated in response to WT1. In addition, enhanced expression of the acidic fibroblast growth
factor was detectable in this study. In an independent study, WT1-induced expression of
endogenous EGF-R has been demonstrated (Liu et al., 2001), although previous studies
showed suppression of EGF-R expression in different cells (Englert et al., 1995), once again
demonstrating cell type dependent WT1 function. Bcl-2 is another endogenous target gene
that is up-regulated in response to WT1 (Mayo et al., 1999). Together, the interaction of
WT1 with the p53 family of molecules and the activation of expression of genes encoding
growth factors, their receptors and anti-apoptotic molecules may account for the ability of
WT1 to display transforming activity in certain cell types.

WT1-based immunotherapy
WT1 is an attractive target for tumor immunotherapy because its normal expression pattern
in adult life is restricted to a few tissues, and its expression is activated in most leukemias and
in a variety of solid tumors. Hence, WT1-based immunotherapy may provide a treatment
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option for many human malignancies. The necessity to overcome immunological tolerance
is particularly important when stimulating CTL responses against antigens such as WT1
that are expressed at low level in normal tissue. HLA class I MHC/self-peptide complexes
are likely to represent thymic and peripheral tolerogens preventing immune responses.
Using RT-PCR assays in mice, it has been shown that WT1 is not expressed in the thymus
(unpublished observation). Therefore, immunological tolerance would be expected to be 
the result of “peripheral” not “central” (i.e. intrathymic deletion) mechanisms. In general,
the level of peripheral tolerance is affected by the cell type expressing the antigen and by the
amount produced. If expressed in few cells outside the lymphoid system, the antigen may be
ignored (Ohashi et al., 1991). If expressed at higher levels, antigen may leak into the lym-
phoid organs and trigger functional inactivation or physical deletion of high avidity CTL
(Kurts et al., 1998). Hematopoietic stem cells (including WT1-expressing CD34� cells) do
recirculate at low frequency in the peripheral blood and are also found in secondary lym-
phoid tissues such as spleen (Wright et al., 2001), a suitable site for peripheral tolerance
induction. Peripheral tolerance of high avidity CTL has been documented in a transgenic
model where the CTL recognized antigen, which was expressed by pancreatic islet cells,
drained into local lymph nodes (Lo et al., 1992; Morgan et al., 1999). Similarly, tolerance due
to tyrosinase expression in normal melanocytes has been shown to blunt CTL responses
against this tumor-associated melanoma antigen (Colella et al., 2000). In this model high
avidity tyrosinase-specific CTL responses were absent in normal mice, but easily detectable
in tyrosinase-deficient mice. Residual intermediate avidity CTL were detectable in normal
mice after vaccination with a peptide analog that differed by a point mutation from the
native tyrosinase sequence. Together, these murine studies demonstrate that extrathymic
antigen expression in a relatively small number of cells in peripheral tissues is sufficient to
cause partial immunological tolerance by inactivating high avidity CTL, resulting in residual
immune responses by intermediate/low avidity CTL. Hence, it is likely that the described
WT1 expression in peripheral tissues and hematopoietic CD34� cells leads to the purging
of high avidity CTL, and that residual intermediate/low avidity CTL may mount an 
ineffective attack against patient leukemia cells.

Avoiding immunological tolerance
In the past few years the allo-restricted CTL approach has been developed to circumvent
immunological tolerance to self-proteins (Sadovnikova and Stauss, 1996; Stauss, 1999). It is
based on the finding that tolerance is self-MHC-restricted. Therefore, individuals expressing
HLA-A2 are tolerant to peptide epitopes presented by the A2 molecule, but not other HLA
alleles. Similarly, the T cells of individuals who do not express A2 have never been exposed
to A2-presented peptides and are consequently not tolerant to such epitopes (Figure 3.2).
In vitro conditions have been developed whereby responder T cells from A2-negative, healthy
donors are stimulated with A2-positive stimulator cells. The stimulator cells have a defect in
the genes encoding the transporter for antigen presentation (TAP) molecules, and can be
conveniently loaded with synthetic A2-binding peptides. These peptides have been identi-
fied in proteins that are over-expressed in tumors, such as WT1, using in vitro binding assays.
After several rounds of stimulation, bulk CTL are plated under limiting dilution conditions
to identify CTL that specifically recognize the immunizing peptide epitope presented by A2
class I molecules. Such allo-restricted CTL are then used to determine their avidity and abi-
lity to recognize tumor cells expressing the target antigen endogenously. In the past, this
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approach has been used to isolate high avidity CTL against the human tumor associated
antigens cyclinD1, mdm2 and WT1 (Sadovnikova et al., 1998; Gao et al., 2000; Stanislawski
et al., 2001).

Anti-WT1 CTL in leukemia
To date most of the WT1 studies have been performed with samples from CML patients,
and clinical trials with WT1-specific CTL populations will be performed in these patients in
the next few years. The analysis of subpopulations of normal and leukemia CD34� cells
showed higher levels of WT1 expression in uncommitted (CD38�, DR�) and committed
(CD38�DR�) populations of leukemia cells compared to normal counterparts (Inoue et al.,
1997). We have used high avidity, HLA-A2-allo-restricted CTL with specificity for the pep-
tide epitope WT126 (RMFPNAPYL) derived from the WT1 protein to test if such CTL can
discriminate between normal and leukemic CD34� cell populations. The study of a panel
of cell lines indicated that the WT126-specific CTL killed WT1-expressing leukemia cell
lines in an A2-restricted fashion (Gao et al., 2000). The colony forming units (CFU) were
measured to assess the ability of WT126-specific CTL to kill committed CD34� clonogenic
progenitor cells freshly isolated from CML patients. The results indicated that the CTL
eliminated 80–100% of CFU progenitors of A2-positive leukemia patients, whilst CFU pro-
genitors of A2-negative control patients were unaffected. Most importantly, the CTL did not
inhibit the CFU progenitors of normal A2-positive individuals (Gao et al., 2000). These data
indicated that the WT1-specific CTL were able to distinguish between leukemia and nor-
mal progenitor cells. The described WT1-specific CTL are similar to CTL against an 
A2-presented peptide of proteinase-3 (Molldrem et al., 1997). These CTL inhibited the CFU
activity of bone marrow cells from CML patients by 34–98%, without affecting CFU of

Figure 3.2 The allo-restricted approach can be used to generate CTL against peptides to which
autologous CTL are tolerant. Allogeneic HLA molecules have distinctly shaped pep-
tide binding grooves. This leads to the presentation of distinct peptide epitopes from
the same self-molecules. As a consequence, the CTL of an allogeneic donor are not
tolerant to the self-peptides presented by HLA-A2 class I molecules. Bulk stimulation
of T cells from A2-negative allogeneic donors followed by limiting dilution plating,
allows identification of rare CTL that are specific for the immunizing peptide 
presented by A2 molecules.
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normal bone marrow. The selective killing of CML bone marrow correlated with increased
levels of proteinase-3 expression compared with normal bone marrow. Proteinase-3 is a dif-
ferentiation antigen that is expressed in hematopoietic cells of the myeloid lineage. Hence,
proteinase-3-specific CTL would be expected to be particularly effective in the killing of
mature myeloid cells and committed CFU progenitors, but less effective against more imma-
ture cells. In contrast, unpublished experiments have shown that the WT126-specific CTL
can also discriminate between leukemic and normal stem cells (unpublished). The selective
killing of leukemic progenitor and stem cells by WT1-specific CTL was superior to that
observed with STI572 (Deininger et al., 1997).

Can self-restricted CTL protect against WT1 
expressing tumors?
Two reports of human CTL and two reports of murine CTL indicate that tolerance to WT1
is incomplete. In the human experiments, self-HLA-restricted CTL against the WT235 and
WT126 peptides presented by HLA-A24 and A2, respectively, were generated by repeated
in vitro peptide stimulation (Ohminami et al., 2000; Oka et al., 2000a). The obtained CTL
lines required nanomolar peptide concentrations for target cell recognition. In the murine
experiments, CTL lines were isolated after repeated in vivo immunizations with the WT126
peptide (Gaiger et al., 2000; Oka et al., 2000b). Again, the isolated CTL lines required
nanomolar peptide concentrations for target cell recognition. In contrast, the allo-HLA-
restricted CTL specific for WT126 were capable of recognizing target cells pulsed with pico-
molar peptide concentrations (Gao et al., 2000), suggesting that they were of higher avidity
than the self-restricted CTL. It will be important to determine whether the decreased avi-
dity of self-restricted CTL is sufficient for recognition of CD34� progenitor/stem cells,
which is an essential requirement for their use in immunotherapy in leukemia patients.

Immunotherapy via TCR transfer
The HLA-mismatch between CTL donor and recipient is a major drawback of
immunotherapy with allo-restricted CTL, since alloantigens expressed by CTL are likely to
stimulate immune rejection by recipient T cells. In order to overcome these limitations,
TCR-based gene transfer provides an excellent opportunity to take advantage of the unique
specificity and high affinity of the TCRs of allo-restricted CTL. We have recently shown
that retroviral transduction can be used to transfer TCRs into human CD8� T cells, and
that the transduced cells display the same specificity and avidity as the CTL from which the
TCR was isolated (Stanislawski et al., 2001). This strategy should allow us to equip autolo-
gous human CD8� T cells with the specificity of TCRs derived from allo-restricted CTL.
This new technology is not free of problems. For example, transfer of TCR � and � chains
into T cells that already express endogenous chains may create novel specificities with 
a potential autoimmune risk. Transfer of modified TCR constructs that do not pair with
endogenous TCR chains may overcome this problem. At present, retrovirus-based TCR
transfer requires in vitro activation of T cells, which may change their functional properties
and their ability to develop into long-lived memory cells. New viral vectors or transfection
protocols capable of introducing TCR genes into resting T cells needs to be explored. An
attractive option avoiding concerns of unwanted pairing and ineffective T-cell memory is
the introduction of TCR chains into CD34� hematopoietic stem cells. In these cells, which



do not express CD3 molecules, the introduced TCR chains would not be expressed on the
cell surface and would therefore not interfere with the normal function of the CD34� cells.
Once these cells arrive in the thymus, differentiation towards the T-cell lineage leads to the
expression of CD3 molecules, permitting surface expression of the introduced TCR chains
while suppressing rearrangement of endogenous chains. This is expected to lead to the
maturation of single positive naïve T cells expressing only the introduced TCR. Thus,
conceptually, TCR transduced hematopoietic stem cells are an attractive proposition, since
it may serve as a permanent supply of high frequency naïve CTL with defined specificities
for tumor antigens, such as WT1, or for virus antigens, depending upon the TCR construct
used for stem cell manipulation.
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Summary
Melanoma is a relatively immunogenic cancer and responds to various immunotherapies.
Clinical and immunological observations obtained from patients received various
immunotherapy protocols indicate that CD8� T cells are involved in in vivo tumor rejection,
and melanoma reactive CD8� T cells with various antigen specificity were generated from
the patients. Using these T cells and cDNA expression cloning techniques, various
melanoma antigens recognized by CD8� T cells were identified. The representative anti-
gens are tissue (melanocyte)-specific proteins (e.g. gp100), cancer–testis antigens that are
preferentially expressed in various cancers and normal testis (e.g. MAGE) and tumor specific
mutated peptides (e.g. �-catenin) and others. These antigens can also be isolated using var-
ious methods including cDNA expression cloning with patients’ sera (SEREX) and cDNA
subtraction with RDA, SAGE, DNAChip and EST databases. Analysis of T-cell epitopes in
these antigens revealed the mechanisms for generation of tumor antigens recognized by
CD8� T cells and the nature of anti-tumor T-cell responses. The identification of antigenic
peptides also allowed us to analyze anti-tumor T-cell responses in more detail particularly
using the histocompatibility leukocyte antigen (HLA) tetramer technique as well as to
develop new types of immunotherapy. In addition, modified antigens with higher immuno-
genicity can be generated for effective immunotherapy. These results obtained from the
melanoma research may be useful for development of immunotherapy for patients with 
various cancers.

Introduction
Melanoma is a highly metastatic cancer and resistant to chemotherapy and radiotherapy,
however, it responds relatively well to various immunotherapies. Administration of high dose
IL2 resulted in about 15% response rate (PR � CR) for patients with metastatic melanoma
(Rosenberg et al., 1994). Immunohistochemical study in biopsied tissues from regressing tumor
after the treatment demonstrated massive infiltrates of T cells and macrophages (Rubin 
et al., 1989). In some cases, dominant CD8� T-cell infiltrates were observed. Adoptive trans-
fer of cultured tumor infiltrating T lymphocytes (TIL) along with IL2 resulted in about 35%
response rate (Rosenberg et al., 1995). In this clinical protocol, accumulation of the injected
T cells in tumor tissues and melanoma recognition by these T cells appeared to associate
with tumor regression. In many cases, the cultured TIL were dominantly CD8� T cells and
contained cytotoxic T cells (CTL) against autologous melanoma cells. Since most melanoma
cells express MHC class I, but not always express MHC class II, tumor reactive CD8� CTL
appear to play an important role in in vivo immunological rejection of melanoma. These
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CTL demonstrate various antigen specificity. Some recognize only autologous melanoma
cells, some also recognize allogeneic melanoma and cultured melanocytes, some recognize
allogeneic melanoma and other types of cancers, and some recognize only melanoma cells
(Table 4.1). Identification of melanoma antigens recognized by these CD8� CTL enabled
us to evaluate T-cell immune responses to melanoma in more detail as well as to develop
more effective immunotherapies. In this chapter, identification and characterization of
human melanoma antigens recognized by CD8� T cells will be discussed particularly in the
aspect of anti-tumor immune responses and development of immunotherapy.

Methods for the identification of antigens 
recognized by CD8� T cells

DNA expression cloning using melanoma reactive T cells

Functional DNA expression cloning methods using tumor reactive CD8� T cells was first
developed by Boon and his colleagues (De Plaen et al., 1988; Van der Bruggen et al., 1991),
then, various modifications were added to improve the cloning efficacy (Brichard et al., 1993;
Kawakami et al., 1994). Most of the identified melanoma antigens were isolated by this way
(Table 4.2). cDNA cloning methods that use transient cDNA expression system with highly
transfectable cell lines such as COS cells, 293 cells, and VO cells, are frequently used
(Brichard et al., 1993; Robbins et al., 1994). However, isolated antigens should be carefully
evaluated whether they were truly tumor antigens, since cross-reactive unrelated antigens
can be isolated in this high expression system. Retroviral cDNA library has recently been
used to isolate NY-ESO-I (Wang et al., 1998c). It allows us to utilize autologous antigen pre-
senting cells (APCs) such as fibroblasts, without determining antigen presenting MHC for
the cloning, although it appears to be less sensitive for screening antigens than the conven-
tional methods using COS cells. It is particularly valuable for the isolation of unique anti-
gens that are only expressed in autologous tumor cells. It is sometimes difficult to determine
MHC restriction for unique antigens unless MHC blocking mAb or various MHC loss
tumor variants from the same tumor are available.

Direct identification of antigenic peptides on melanoma cells

Direct identification of epitope peptides bound to HLA on tumor cells is an invaluable
method to identify naturally presented epitopes (Skipper et al., 1999). It is sometimes diffi-
cult to identify natural epitopes using synthetic peptides, particularly in the case of epitopes
with posttranslational modification (Skipper et al., 1996a; Kittlesen et al., 1998). One of the
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Table 4.1 Antigen specificity of melanoma reactive CTL

Specificity Autologous  Melanocyte  Cancer Melanoma 
melanoma specific shared specific shared specific shared
specific T cells Ag T cells Ag T cells Ag T cells

Autologous melanoma cells � � � �
Allogeneic melanoma cells � � � �
Other types of cancer cells � � � �
Cultured melanocytes � � � �



gp100 epitopes was isolated by this way from HPLC fractions of HLA bound peptides using
electrospray ionization triple quadrupole tandem mass spectrometer (Cox et al., 1994).

Isolation of melanoma antigens using sera 
from patients (SEREX)

A number of melanoma antigens recognized by CD8� T cells, including tyrosinase, TRP-1,
gp100, MAGE-1 and NY-ESO-I, were also isolated using cDNA expression cloning using
IgG in patients’ sera, a technique called SEREX (serological analysis of recombinant cDNA
expression libraries) (Sahin et al., 1995). Presence of IgG responses indicates activation of
CD4� helper T cells specific for the same antigens. In addition, some antigens were found
to be also recognized by CD8� CTL (Tureci et al., 1997; Old and Chen, 1998). It has
recently been reported that IgG and CD8� T-cell responses correlate positively in the
immune response to NY-ESO-1 ( Jager et al., 2000b).

Systematic isolation of candidates for melanoma antigens 
by cDNA subtraction and DNA databases

Using various methods described above, melanocyte specific proteins, testis specific proteins
and overexpressed proteins in tumor cells were found to be representative melanoma 
antigens recognized by CD8� CTL. These antigens can be systematically isolated by vari-
ous mRNA/cDNA subtraction methods among various tissues and cancer cells. The classi-
cal cDNA subtraction and differential hybridization methods that actually hybridize cDNA
or mRNA from different tissues are relatively difficult to optimize experimental conditions.
PCR differential display is a relatively easy technique, but it may miss many differentially
expressed genes. Representational differential analysis (RDA) is a superior technique to 
isolate genes expressed at low frequency. MAGE-C1, a candidate cancer–testis antigen, was
isolated using RDA by subtracting cDNAs among testis, melanoma and other normal tissues
(Lucas et al., 1998).

Alternatively, cDNA databases that have recently been increasing under the human
genome projects may be utilized for the identification of candidates. XAGE was identified
from the cDNA databases by searching homology with known cancer testis antigens
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Table 4.2 Isolation methods for melanoma antigens and candidates recognized by CD8� T cells

Criteria for isolation Methods

Immunogenicity cDNA expression cloning with patient’s serum (SEREX database)
cDNA expression cloning with tumor reactive T cells

Specific expression (tissue specific, tumor specific, tumor overexpressed )
mRNA cDNA subtraction (RDA)

cDNA profile comparison (DNA chip, SAGE, EST database)
Protein Protein expression profile comparison (2D EP, MS, protein database)
HLA bound peptide HLA binding peptide isolation by HPLC and MS

Notes
SEREX: Serological analysis of autologous tumor antigens by recombinant cDNA expression cloning; SAGE: 
Serial Analysis of Gene Expression; RDA: representational differential analysis; EP: electrophoresis; MS: mass 
spectrometry; HPLC: high pressure liquid chromatography.



(Brinkmann et al., 1999). However, cDNA databases containing sufficient number of genes
have not yet been available for melanoma. We have recently analyzed cDNA profiles of
various cancer cells and normal tissues, including melanoma and melanocytes using serial
analysis of gene expression (SAGE) and DNAChip, and have identified many candidate
genes for melanoma antigens. One of the newly identified melanocyte specific proteins 
by SAGE and DNAChip analysis, KU-MEL-1, was also identified as a melanoma antigen
by SEREX (Table 4.3) (Kiniwa et al., 2001).

Induction of melanoma reactive CTL using candidate molecules

Effective methods for the evaluation of candidate molecules identified by the methods
described above have not yet been developed. Unless established tumor reactive T cells rec-
ognize the candidates, tumor reactive T cells need to be induced by stimulation with the can-
didate molecules. One of the methods is in vitro CTL induction by stimulation with many
peptides synthesized based on HLA allele specific binding motifs and proteasome cleavage
prediction from PBMC or TIL of cancer patients or healthy individuals (Celis et al., 1994;
Rivoltini et al., 1995; Kessler et al., 2001). In vitro induced CTL that recognize only target cells
incubated with high concentration of peptides (more than 1 	M) has a tendency not to rec-
ognize tumor cells that present endogenously processed tumor peptides at relatively low den-
sity on the cell surface possibly due to low avidity of TCR binding to the peptide/MHC
complex (Yee et al., 1999). CTL induced by stimulation with HLA-A2 binding MAGE-3
peptide (FLWGPRALV) recognized target cells incubated with nanomolar concentration of
the peptide and recognized COS cells transfected with a minigene encoding the MAGE-3
peptide. However, this CTL did not lyse COS cells transfected with full length MAGE-3
because of ineffective cleavage of COOH terminus of the peptide by proteasomes (Valmori
et al., 1999). Thus, it is important to confirm that the peptide induced T cells are actually able
to recognize tumor cells.
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Table 4.3 Comparison of cDNA tag expression of known melanoma antigens among various 
tissues using SAGE

Antigens TAG sequence Melanoma Melanocytes Other tissues

Melanocyte-specific antigens
gp100 CCTGGTCAAG � � �
Tyrosinase GAGAAAGAGG � � �/�
TRP1 AAATATATTT � � �
TRP2 CCTTACCTAA � � �
MART-1 TGAGGAAATG � � �
KU-MEL-1 ACCAACACGG � � �/�

Cancer testis antigens
MAGE-1 AGGCCCATTC � � �
MAGE-3 AGATAACTCA � � �

Others
PRAME TAGGAGTTAA � � �
SART-1 AACGCGAACA � � �

Note
Other tissues include brain, colon and testis tissues, and brain and colon cancer tissues.



It is cumbersome to set up in vitro CTL induction for many peptides from many candidate
molecules. Alternatively, APC transfected with cDNA or RNA of candidate proteins can be
used as stimulator cells. Recombinant virus including adenovirus, retrovirus and vaccinia
virus were used for the efficient transduction of tumor antigen genes into APC including
dendritic cells (DCs) and B cells (Kim et al., 1997; Butterfield et al., 1998; Perez-Diez et al.,
1998). HLA transgenic mice can also be used to identify immunogenic peptides presented
by HLA. One of the problems on the use of transgenic mice is different sequence of the cor-
responding antigens in mice. If amino acid difference exists in epitopes between human and
mouse, human peptides are highly immunogenic in the HLA transgenic mice. However, if
the sequence is identical, it is relatively difficult to induce T cells against those peptides
(Overwijk et al., 1998; Irvine et al., 1999; Bullock et al., 2000).

Characteristics of the identified melanoma antigens 
recognized by CD8�T cells and their implications 
to development of immunotherapy
Using various techniques described above, many human melanoma antigens recognized by
CD8� T cells have been identified and their biological and immunological characteristics
were investigated (Table 4.4).

Melanocyte specific antigens

Some melanoma reactive CTL recognize autologous and allogeneic melanoma cells and
cultured melanocytes sharing antigen presenting MHC class I, but do not recognize other
types of cells, suggesting that these CTL recognize non-mutated peptides derived from
melanocyte specific proteins. Melanosomal proteins including tyrosinase, TRP-1, TRP-2,
gp100, MART-1/Melan-A (MART-1), and AIM-1 were isolated as melanoma antigens by
cDNA expression cloning with melanoma reactive CTL. MSH receptor M1CR was identi-
fied as an antigen using in vitro CTL induction by stimulation with HLA-A2 binding syn-
thetic peptides. The reasons for the relatively high immunogenicity of melanosomal proteins
are not well understood. Since melanin pigments and melanosomal proteins are transferred
to keratinocytes from melanocytes in skin, they may also be taken by antigen presenting DC
in the skin, Langerhans cells, around melanoma and these DC move to draining lymph
nodes and efficiently sensitize specific T cells. Trafficking of melanin to draining lymph
nodes by TGF� dependent cells, possibly Langerhans cells, has been demonstrated using
transgenic mice with melanocytosis (Hemmi et al., 2001).

Tyrosinase, an enzyme that has tyrosine hydroxylase activity involved in the melanin 
synthesis, was identified as a melanoma antigen recognized by HLA-A2 restricted CTL by
cDNA expression cloning (Brichard et al., 1996). Numbers of epitopes presented by various
HLA alleles including HLA-A1, -A2, -A24, and -B44 have been identified (Robbins et al.,
1994; Wolfel et al., 1994; Brichard et al., 1996). The HLA-A2 binding epitope, YMDGTMSQV,
was found to have posttranslational deamidation of asparagine (Skipper et al., 1996a). The
HLA-A1 binding epitope, DAEKCDICTDEY, contains two cysteines and the sulfohydryl
group of the second one appears to be oxidized (Kittlesen et al., 1998). Adoptive transfer of
one of the HLA-A24 restricted, tyrosinase reactive TIL along with IL2 into the autologous
patient resulted in complete regression of tumor (Robbins et al., 1994), and immunization
with HLA-A2 binding tyrosinase epitopes, MLLAVLYCL and MDGTMSQV, with GM-CSF

Melanoma antigens recognized by CD8� T cells 51



Table 4.4 Human melanoma antigens recognized by CD8� T cells

Antigen Ag presenting MHC Epitope

Possibly autoreactive antigens
Melanosomal proteins

gp100 HLA-A2 KTWGQYWQV
HLA-A2 AMLGTHTMEV
HLA-A2 MLGTHTMEV
HLA-A2 ITDQVPFSV
HLA-A2 YLEPGPVTA
HLA-A2 LLDGTATLRL
HLA-A2 VLYRYGSFSV
HLA-A2 SLADTNSLAV
HLA-A2 RLMKQDFSV
HLA-A2 RLPRIFCSC
HLA-A3 ALLAVGATK
HLA-A3 LIYRRRLMK
HLA-A3 ALNFPGSQK
HLA-A11 ALNFPGSQK
HLA-A24 VYFFLPDHLa

HLA-Cw8 SNDGPTLI
MART-1/Melan-A HLA-A2 AAGIGILTV

HLA-A2 EAAGIGILTV
HLA-A2 ILTVILGVL
HLA-B45 AEEAAGIGIL
HLA-B45 AEEAAGIGILT

TRP1 (gp75) HLA-A31 MSLQRQFLRb

TRP2 HLA-A2 SVYDFFVWL
HLA-A2 SLDDYNHLV
HLA-A2 YAIDLPVSV
HLA-A31 LLGPGRPYR
HLA-A33 LLGPGRPYR
HLA-A33 EVISCKLIKRa

HLA-A68 EVISCKLIKRa

HLA-Cw8 ANDPIFVVL
Tyrosinase HLA-A1 DAEKCDKTDEY

HLA-A1 SSDYVIPIGTY
HLA-A2 MLLAVLYCL
HLA-A2 YMDGTMSQV
HLA-A24 FLPWHRLF
HLA-B44 SEIWRDIDF

AIM-1 HLA-A2 AMFGREFCYA
MC1-R HLA-A2 TILLGIFFL

HLA-A2 FLALIICNA
HLA-A2 AIIDPLIYA

Tumor specific shared antigens
Cancer–testis antigens

MAGE-1 HLA-A1 EADPTGHSY
HLA-A3 SLFRAVITK
HLA-A24 NYKHCFPEI
HLA-A28 EVYDGREHSA
HLA-B37 REPVTKAEML
HLA-B53 DPARYEFLW
HLA-Cw2 SAFPTTINF
HLA-Cw3 SAYGEPRKL
HLA-Cw16 SAYGEPRKL

(Continued)
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Table 4.4 (Continued)

Antigen Ag presenting MHC Epitope

MAGE-2 HLA-A2 YLQLVFGIEV
HLA-A24 EYLQLVFGI
HLA-B37 REPVTKAEML

MAGE-3 HLA-A1 EVDPIGHLY
HLA-A2 FLWGPRALV
HLA-A2 KVAELVHFL
HLA-A24 IMPKAGLLI
HLA-A24 TFPDLESEF
HLA-B37 REPVTKAEML
HLA-B44 MEVDPIGHLY
HLA-B52 WQYFFPVIF

MAGE-4 HLA-A2 GVYDGREHTV
MAGE-6 HLA-B34 MVKISGGPR

HLA-B37 REPVTKAEML
MAGE-10 HLA-A2 GLYDGMEHL
MAGE-12 HLA-CW7 VRIGHLYIL
MAGE-B2 HLA-A2 FLWGPRAYA
BAGE HLA-Cw16 AARAVFLAL
GAGE-1,2,8 HLA-Cw6 YRPRPRRY
GAGE3,4,5,6,7B HLA-A29 YYWPRPRRY
NY-ESO-1 HLA-A2 SLLMWITQC

HLA-A2 SLLMWITQCFL
HLA-A2 QLSLLMWIT
HLA-A31 ASGPGGGAPR
HLA-A31 LAAQERRVPRb

GnT-V HLA-A2 VLPDVFIRCa

p15 HLA-A24 AYGLDFYIL
PRAME HLA-A24 LYVDSLFFL

Tumor specific unique peptides
�-catenin HLA-A24 SYLDSGIHF*
CDK4 HLA-A2 AC*DPHSGHFV
MUM-1 HLA-B44 EEKL*IVVLFa

MUM-2 HLA-B44 SELFRSG*LDSY
HLA-Cw6 FRSG*LDSYV

MUM-3 HLA-A28 EAF*IQPITR
MART-2 HLA-A1 FLE*GNEVGKTY
Myosin class I HLA-A3 K*INKNPKYK

Notes
a Peptides from intron sequences.
b Peptides from alternative ORFs.
* Mutation.

administration resulted in tumor regression in some patients, suggesting that tyrosinase may
function as a tumor rejection antigen ( Jager et al., 1998).

Other tyrosinase family proteins, TRP-1 and TRP-2, enzymes involved in melanin syn-
thesis as DHI-2-carboxylic acid oxidase and DOPA chrome tautomerase, were recognized
by CD8� TIL (Wang et al., 1995). A TRP-1 epitope, MSLQRQFLR, recognized by HLA-A31
restricted CTL, was derived from a short 24 amino acid peptide encoded by an alternative



open reading frame (ORF) different from the ORF encoding the functional TRP-1 (Wang
et al., 1995, 1996b). TRP-2 was isolated by cDNA cloning with HLA-A31 restricted TIL
(Wang et al., 1996a). It has been shown to be recognized by HLA-A2, -A33, -A68 and -Cw8
restricted CTL (Castelli et al., 1999; Sun et al., 2000; Harada et al., 2001). One of the TRP-2
epitopes, LLPGGRPYR, was recognized by CTL restricted by both HLA-A31 and 
HLA-A33, members of the HLA-A3 superfamily (Wang et al., 1998a). The other epitope,
EVISCKLIKR, that was derived from the intron 2 sequence in the incompletely spliced
mRNA, was also recognized by both HLA-A*68011 and HLA-A33 restricted CTL (Lupetti
et al., 1998). In contrast to the other intron derived gp100 epitope, VYFFLPDHL, that 
was expressed in both melanoma and melanocytes (Robbins et al., 1997), this TRP-2 intron
2 peptide was present in about 50% of melanoma cell lines and tissues, but not in
melanocytes. HLA-A2 restricted epitope, SVYDEFVWL, was identified by in vitro CTL
induction with peptides synthesized based on the HLA-A2 binding motif (Parkhurst et al.,
1998). This epitope was found to have the same sequence as the mouse TRP-2 epitope that
was isolated using H-2Kb restricted, B16 melanoma reactive TIL (Bloom et al., 1997).
Administration of TIL that was used for the gene cloning of TRP-1 and TRP-2, along with
IL2 into the autologous patient resulted in tumor regression, suggesting possible involvement
of TRP-1 and TRP-2 in anti-tumor immune responses (Topalian et al., 1988).

MART-1 (Melanoma Antigen Recognized by T-cells-1)/Melan-A (MART-1) was isolated
by cDNA expression cloning with HLA-A2 restricted melanoma reactive CTL from TIL
and PBMC (Coulie et al., 1994; Kawakami et al., 1994c) and is a membrane protein in
melanosomes (Kawakami et al., 1994c). Its biological function has not yet been identified.
MART-1 was found to be an immunodominant antigen recognized by the majority of
melanoma reactive TIL in HLA-A*0201 patients (Kawakami et al., 1994b, 1995, 2000b).
Two peptides, AAGIGILTV and EAAGIGILTV, were found to be responsible for this
immunodominance (Kawakami et al., 1994c; Romero et al., 1997; Valmori et al., 1998). Many
MART-1 specific CTL recognize both peptides, and some recognized either of them. The
9 mer peptide has been proved to be a naturally presented epitope on melanoma cells by
mass spectrometry analysis on HPLC fractions from HLA-A2 bound melanoma peptides
(Skipper et al., 1999). This peptide could induce CTL only in HLA-A*0201 individuals
among many HLA-A2 subtypes tested (Bettinotti et al., 1998). Although preferential usage
of TCRVA2 and TCRVB14 genes in TIL containing HLA-A2 restricted MART-1 specific
CTL was reported in some patients (Sensi et al., 1995), a variety of V� were utilized in 
a single MART-1 peptide stimulated CTL and in the MART-1 peptide/HLA-A2 tetramer
sorted CTL (Cole et al., 1994; Valmori et al., 2000a; Dietrich et al., 2001).

These peptides have relatively low (intermediate) binding affinity to HLA-A*0201, likely
because of the presence of non-optimal amino acid, alanine, at the primary anchor position
(P2) for HLA-A*0201 binding (Kawakami et al., 1995). Characteristics of the identified
HLA-A2 binding epitopes in various melanocyte specific antigens are shown in Table 4.5
(Kawakami et al., 1995). It should be noted that epitopes identified using CTL generated by
stimulation with tumor cells, not with APC pulsed with synthetic peptides, have tendency to
contain non-optimal amino acids (Table 4.5). Despite of their low HLA affinity, these pep-
tides are immunogenic in in vitro induction of melanoma reactive CTL. MART-1 specific
CTL could be induced even from PBMC of healthy individuals, although it is easier to
induce T cells from patients (Marincola et al., 1996). Analysis using HLA tetramers revealed
that MART-1 specific T cells were frequently detected in HLA-A2� individuals, with naïve
phenotype (CD45RA�, CD45RO�, CCR7�) in healthy individuals and with the increased
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memory phenotype (CD45RA�, CD45RO�, CCR7�) in patients with melanoma (D’Souza
et al., 1998; Pittet et al., 1999). Upon in vitro stimulation with the antigen, MART-1/HLA-A2
tetramer positive T cells with native phenotype did not secrete IFN
, but those with 
memory phenotype secreted IFN
 (Pittet et al., 2001b). One possible explanation for this
high precursor frequency of the MART-1 specific CTL in healthy individuals was that these
T cells were primed with cross-reactive antigens derived from self or microbial proteins,
because these MART-1 specific CTL were found to recognize homologous peptides derived
from other proteins including microbial proteins (Loftus et al., 1996). However, the fact that
MART-1 specific T cells have naïve phenotype in healthy individuals suggest the other pos-
sibility that immunological tolerance was not induced in these T cells. In HLA-A2 trans-
genic mouse study, incomplete tolerance to tyrosinase specific CTL with high avidity TCR
and induction of depigmentation after transfer of these activated CTL were demonstrated
(Colella et al., 2000). One of the mechanisms for the incomplete tolerance may be explained
by relatively cryptic nature of the melanoma epitopes due to low HLA binding or low anti-
gen processing. These epitopes may not be presented at high density on the cell surface of
melanocytes and APC. Other possible mechanism is the inefficient processing of the
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Table 4.5 HLA-A*0201 binding affinity of T-cell epitopes derived from
melanosomal proteins

Antigen Length Sequence Natural HLA-A2binding
(aa) peptidea affinityb

gp100 9 KTWGQYWQVc Yes High
10 AMLGTHTMEV n.e. Intermediate
9 MLGTHTMEV n.e. High
9 ITDQVPFSVc Yes Intermediate
9 YLEPGPVTAc Yes Intermediate

10 LLDGTATLRLc n.d. Intermediate
10 VLYRYGSFSVc yes High
10 SLADTNSLAV n.e. Intermediate
9 RLMKQDFSVc n.e. High

MART-1 9 AAGIGILTVc Yes Intermediate
10 EAAGIGILTVc n.d. Low
9 ILTVILGVLc n.d. Intermediate

Tyrosinase 9 MLLAVCYLL n.e. Intermediate
9 YMDGTMSQVc Yes High

TRP-2 9 SVYDFFVWL n.e. High
9 SLDDYNHLV n.e. High
9 YAIDLPVSVc n.e. n.e.

AIM-1 10 AMFGREFCYAc n.e. n.e.

Notes
n.d.: not detected; n.e.: not examined; underline: non-optimal primary anchor amino

acids.
a Peptides that were proved to be naturally presented by HLA-A2 on melanoma

cells by mass spectrometry.
b High affinity �50 nM (IC50), intermediate affinity �50 nm �500 nM, low affinity

�500 nM in competitive inhibition assay.
c Epitopes that were identified using CTL generated by stimulation with melanoma,

not with peptide pulsed APC.



MART-1 epitopes by immunoproteasomes in professional APC such as DC, resulting in
inefficient priming of T cells in vivo. It was shown that some epitopes from MART-1 and
gp100 were not efficiently processed by immunoproteasomes induced by IFN
, while they
were processed by constitutively expressed proteasomes in melanoma cells (Morel et al.,
2000). These may be the reasons for the high frequency of naïve MART-1 CTL precursors
in healthy individuals.

In patients with melanoma, increase of MART-1 specific CD8� CTL with memory 
phenotype (CD45RA�, CD45RO�) was observed in peripheral blood, metastatic lymph
nodes and tumor tissues (Romero et al., 1998; Anichini et al., 1999; Pittet et al., 1999), sug-
gesting that T cells were sensitized with melanosomal proteins in vivo in melanoma patients 
and accumulated in tumor tissues. These T cells are likely involved in melanoma regression
occurred spontaneously or after treatments. Various changes occurred in melanoma
patients, including increase of HLA expression, increase of peptide loading into MHC class I
antigen processing pathway through aberrant transport of melanosomal proteins (Halaban
et al., 1997), increase of total antigen supply, and inflammatory conditions, may lead to prim-
ing of T cells specific for the melanoma epitopes. In vitro culture of these T cells with IL2
may further expand and activate melanoma reactive T cells.

Although MART-1 specific CTL are accumulated in tumor tissues and lyse melanoma
cells after in vitro culture with IL2, tumor rejection does not usually occur without treatment,
suggesting the presence of inhibitory mechanisms against anti-tumor immune responses.
These inhibitory mechanisms remain to be investigated. The recent HLA tetramer study
demonstrated possible development of T cells with an unusual phenotype (CD8�
low, CD45RA�, CD45RO�, CD16�), which were specifically unresponsive to tyrosinase
(Lee et al., 1999). Although tumor regression was observed in a small number of patients
who received MART-1 reactive CTL or who were immunized with the MART-1 peptide in
incomplete Freund’s adjuvant (IFA) in the clinical trials in the NCI Surgery Branch, further
investigation is necessary to clarify the role of MART-1 in in vivo melanoma rejection
(Cormier et al., 1997). It was recently reported that VB16� oligoclonal MART-1 specific 
T cells were detected in PBMC, vitiligo site and DTH site in patients who responded to i.d.
immunization with MART-1, tyrosinase, and gp100, suggesting the involvement of MART-1
in the vitiligo development and tumor regression ( Jager et al., 2000a).

Gp100 was identified as a melanoma antigen recognized by T cells using three different
methods, cDNA expression cloning, direct epitope identification and screening candidate
molecules using melanoma reactive CTL (Bakker et al., 1994; Cox et al., 1994; Kawakami 
et al., 1994a). It was reported to have a melanin polymerase activity in melanosomes
(Chakraborty et al., 1996). Three immunodominant peptides, gp100–154 (KTWGQYWQV),
gp100–209 (ITDQVPFSV) and gp100–280 (YLEPGPVTA), that were recognized by many
HLA-A2 restricted TIL were identified (Cox et al., 1994; Kawakami et al., 1995). Adoptive
transfer of TIL that responded strongly to these gp100 epitopes into the autologous patients,
correlated significantly with tumor regression (Kawakami et al., 1995, 2000b). Many other
HLA-A2 binding peptides were identified by in vitro CTL induction with synthetic peptides
predicted by the HLA-A*0201 binding motif (Tsai et al., 1997). One of the HLA-A2 binding
epitope, RLPRIFCSC, contained two cysteines. Substitution of either cysteine by �-amino
butyric acid that has a similar size to the side chain of cysteine, but cannot be oxidized, led
to enhancement of the CTL recognition, suggesting that this CTL recognized unoxidized
peptide on melanoma cells (Kawakami et al., 1998). Since cysteines in synthetic peptides may
easily be oxidized in medium, modification of cysteine residues may be effective for use of
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these peptides in clinical trials. Gp100 epitopes presented by various HLA including 
HLA-A1, -A3, -A11, -A24 and –Cw8 have been identified (Skipper et al., 1996b; Robbins 
et al., 1997; Kawakami et al., 1998; Castelli et al., 1999). The HLA-A24 binding epitope,
VYFFLPDHL, was encoded by an intron sequence of an incompletely spliced mRNA 
present in both melanoma cells and cultured normal melanocytes (Robbins et al., 1997).

Immunization with gp100–209 and –280 in IFA resulted in augmentation of melanoma
reactive CTL precursors in PBMC of patients, but immunization with gp100–154 that had
high HLA-A2 binding affinity did not augment immune response. It may be explained by
different degree of tolerance induction. The augmentation obtained with gp100–209 and
–280, however, was relatively weak. CTL precursor frequency measured by a limiting 
dilution analysis was only increased to less than 1/30,000 even after the immunization.
gp100–209 and –280 have relatively low (intermediate) HLA binding affinity possibly
because of non-optimal amino acids in primary anchor positions (Table 4.5) (Kawakami 
et al., 1995). Replacement of thereonine at the second position or alanine at the C-terminus,
to optimal anchor amino acids, methionine or valine respectively, increased 10-fold their
HLA-A2 binding affinity. These modified peptides were demonstrated to be more immuno-
genic in both in vitro and in vivo induction of melanoma reactive CTL (Table 4.6) (Parkhurst
et al., 1996; Rosenberg et al., 1998). The immunization with gp100–209(210M) along with
IFA increased CTL precursors specific for the native gp100–209 peptide in PBMC in 10 of
11 patients, whereas the immunization with gp100–209 augmented immune response in two
of eight patients. The immunization with gp100–209(210M) could increase CTL precursor
frequency up to about 1/3,000 in PBMC. Although the immunization with the modified
peptide alone lead to only mixed response in some patients, co-administration of high dose
IL2 resulted in either CR or PR in 13 of 33 (42% response rate) patients with metastatic
melanoma. IL2 might be effective through various mechanisms, including changing
endothelial cell structure allowing T-cell migration into tumor tissues, in vivo activation 
and expansion of T cells, and cascade production of various cytokines. However, increase
of the gp100 specific CTL precursors in PBMC was not observed when the peptide was
administered simultaneously with high dose IL2 at the same time (Rosenberg et al., 1998,
1999). gp100 specific CTL might not always be detected in biopsied tumor tissues after the
immunization (Lee et al., 1998). This anti-tumor effect needs to be confirmed in further 
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Table 4.6 Immunogenicity and anti-tumor activity of the modified gp100 peptide with high HLA
binding affinity

Peptidea Epitope HLA-A*0201 CTL precursor In vivo immune Clinical response
sequence binding frequency after augmentationc (CR � PR)d

affinity immunizationb (No. of (No. of patients 
(IC50) patients) (response rate)) (IL2

co-administration)

gp100-209 ITDQVPFSV 172 nM �1/30,000 2/8 (25%) 1/9 (11%) (�IL2)
gp100-209(210 M) IMDQVPFSV 19 nM 1/3,000 10/11 (91%) 0/11 (0%) (�IL2)

13/31 (42%) (�IL2)

Notes
a gp100–209; native peptide with intermediate HLA-A*0201 binding affinity, gp100–209(210 M); modified 

peptides with high HLA-A*0201 binding affinity.
b CTL precurssor frequency in PBMC measured by limiting dilution analysis.
c Peptides were injected subcutenously with incomplete Freund’s adjuvant.
d Response rate with IL2 alone in the other trial was about 15%.



clinical trials and the mechanisms for the tumor regression should be investigated by ana-
lyzing T cells infiltrating in regressing tumors. Nevertheless, gp100 is an attractive antigen
for development of immunotherapies.

Antigen isolated from immunoselected melanoma-1 (AIM-1) was isolated by HLA-A2
restricted CTL generated from PBMC by stimulation with MART-1 negative, gp100 nega-
tive autologous melanoma cell line that was immunoselected with CTL specific for these
immunodominant antigens (Harada et al., 2001). The use of immunoselected tumor cells
may facilitate isolation of subdominant antigens. AIM-1 has 12 transmembrane domains
with sycrose transporter signature sequence and is homologous to plant sucrose transporters.
It is preferentially expressed in melanocytes and melanoma cells. It has recently been
reported that AIM-1 homologous gene is involved in melanin synthesis and their mutations
cause oculocutaneous albinism in medaka fish (b-locus mutant), mouse (underwhite) and
human (OCA4 ) (Fukamachi et al., 2001; Newton et al., 2001).

Role of melanocyte specific antigens in the immunotherapy

The melanocyte specific antigens can be applied in the immunotherapy for many patients,
since melanoma reactive T cells could be induced from patients with diverse HLA types.
The significant correlation between vitiligo development and tumor regression in patients
who received the IL2-based immunotherapies (Rosenberg and White, 1996), and the induc-
tion of melanocyte reactive T cells from the patients, suggest the involvement of melanocyte
specific antigens in in vivo melanoma regression. Progressive growth of metastases that lost
expression of melanocyte specific antigens has been observed, while other multiple metas-
tases regressed ( Jager et al., 1996), and decrease of gp100 expression after the immunization
of the gp100 peptide was reported (Riker et al., 1999) in clinical trials. These observations
also suggest that melanocyte specific antigens may be useful as tumor rejection antigens in
the immunotherapy, although tumor rejection ability may not be so potent because of relatively
low immunogenicity and low expression on tumor cell surface.

Melanocyte specific antigens including MART-1, gp100 and tyrosinase, express hetero-
geneously even in a single metastasis (Cormier et al., 1998; de Vries et al., 2001), and emer-
gence of antigen loss variants appear to increase in metastatic melanoma, compared to
primary melanoma lesions (Kageshita et al., 1997). Since these melanocyte specific antigens
are not necessary for growth of tumor cells, tumor cells may easily escape from T-cell recog-
nition through loss of the antigens. Metastasis that lost expression of MART-1 or gp100 were
found in 5–20% of patients with metastatic melanoma particularly in patients after the
immunotherapy (Cormier et al., 1998). Various other mechanisms for tumor escape from T-
cell recognition, including loss of HLA, or molecules necessary for antigen processing, have
been reported (Marincola et al., 2000). Use of multiple antigens may be effective against
antigen loss variants. Other types of treatments including chemotherapy are probably 
necessary for the eradication of the MHC loss variants, although they may be eliminated 
by other immune mechanisms including NK cells, NKT cells and macrophages.
Immunological tolerance specific for melanoma antigens, including anergy and deletion
may be induced in patients as described above (Lee et al., 1999). It is important to extensively
analyze these tumor escape mechanisms for further improvement of immunotherapies.

Immune responses against melanocyte specific antigens may cause autoimmune destruc-
tion of melanocytes. Development of vitiligo was observed in some patients who received
IL2-based immunotherapies in the Surgery Branch, NCI (Rosenberg et al., 1996). However,
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no ophthalmic problem due to destruction of melanocytes in uvea or pigmented epithelial
cells in retina has been observed. Immune responses against self-peptides, particularly cryptic
and subdominant epitopes, may not develop autoimmune adverse effects, since the suscep-
tibility to T cells may be different between normal cells and tumor cells because of difference
in tissue structure, inflammatory status and epitope density on the cell surface. However,
these antigens may also be involved in autoimmune diseases against melanocytes, including
autoimmune vitiligo, sympathetic ophthalmia and Vogt–Koyanagi–Harada (VKH) disease
in certain conditions (Kawakami et al., 2000a). Latter two diseases highly correlate with
HLA-DR4 type, particularly HLA-DRB1*0405. Tyrosinase specific CD4� T cells and IgG
antibody specific for KU-MEL-1 that have recently been isolated from a melanoma patient
with vitiligo, were frequently detected in patients with VKH disease (Gocho et al., 2001;
Kiniwa et al., 2001). MART-1 specific CTL was induced from anterior chamber of eye in
VKH disease (Sugita et al., 1996). MART-1 specific CTL expressing skin homing receptor
cutaneous lymphocyte associated antigen (CLA) were frequently present in autoimmune
vitiligo (Ogg et al., 1998) Thus, immunization with melanocyte specific antigens of patients
having autoimmune prone background including HLA-DRB1*0405 type, should be carefully
performed, although HLA-DRB1*0405 is expressed in only 1.5% of Caucasian population.

Cancer–testis antigens

MAGE-1, one of the large MAGE family, was first identified as a melanoma antigen recog-
nized by CTL using cDNA expression cloning (Van der Bruggen et al., 1991). MAGE-1 and
MAGE-3 are expressed in approximately 40% and 70% of melanoma, respectively (Gaugler
et al., 1994). NY-ESO-1 that expresses approximately 34% of melanoma, was isolated by
cDNA expression cloning using tumor reactive T cells as well as patient’s serum (Chen et al.,
1997; Wang et al., 1998c). These antigens expressed in various cancers, including melanoma,
adenocancers, squamous cell cancers and sarcoma, but do not express in normal tissues in
the exception of testis. Numbers of tumor antigens with the similar expression pattern were
identified and named as “cancer–testis antigens” (Chen et al., 1999) (Table 4.4). Many of
them were isolated using melanoma reactive CD8� CTL. They were also isolated by
SEREX using sera from patients with various cancer and cDNA subtraction methods
(Tureci et al., 1997; Chen et al., 1998; Lucas et al., 1998; Old et al., 1998; Brinkmann et al., 1999).
Many of the identified cancer testis antigens were located in X chromosomes and their bio-
logical function has not been known except synaptonemal complex protein 1 (SCP1) that is
involved in the pairing of homologous chromosomes in meiosis (Tureci et al., 1998). The
mechanism for their expression in tumor cells has not been well understood, although
hypomethylation appears to be associated with their expression (de Smet et al., 1996).

In testis, MAGEs express in spermatogonia and spermatocytes that do not express MHC
class I, so that MAGE specific T cells do not recognize normal testis cells, indicating that
MAGEs are tumor specific shared antigens (Takahashi et al., 1995). Although induction of
MAGE specific CTL from PBMC of patients was rather difficult (Salgaller et al., 1994), the
second dominant T-cell clones infiltrated in primary melanoma lesion that spontaneously
regressed, was found to recognize MAGE-6 (Zorn and Hercenda, 1999a). MAGE-12 was
also isolated from a melanoma metastasis that lost gp100 expression after the immunization
with the modified gp100 peptide (Panelli et al., 2000a). IgG response to NY-ESO-1 positively
correlated to CTL responses in patients with NY-ESO-1 positive tumor ( Jager et al., 2000b).
Using HLA tetramer, NY-ESO-I specific T cells with memory phenotype were detected in
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cancer patients (Valmori et al., 2000b). These observations suggest that immune responses to
cancer testis antigens occur in vivo, and may be involved in tumor regression in some cases.
Thus, cancer–testis antigens may be useful targets for immunotherapy for a broad popula-
tion of patients with various cancers. Tumor regression has been observed in some patients
immunized with the MAGE-3 HLA-A1 binding peptide, EVDPIGHLY, by either adminis-
tration of the peptide alone or the peptide pulsed DC, suggesting that MAGE-3 might be 
a tumor regression antigen (Marchand et al., 1999; Thurner et al., 1999).

Tumor specific antigens with mutated amino acids 
derived from genetic alteration in tumor cells

Molecules derived from genetic alterations in tumor cells have long been expected to be
tumor specific antigens recognized by immune system as foreign molecules. However, most
melanoma antigens isolated with CD8� CTL were rather self-peptides derived from
melanosomal proteins and cancer–testis antigens, although presence of CTLs specific for
unique tumor antigens were indicated. Attempts to demonstrate that the known mutated
molecules, including products of an oncogene, ras, and a tumor suppressor gene, p53, could
be targets for T cells, was not so successful. Only several unique antigens derived from
abnormal sequences in tumor cells have so far been identified using autologous melanoma
specific CTL.

�-catenin with a mutation was isolated as a melanoma antigen recognized by HLA-A24
restricted TIL (Robbins et al., 1996). A single C to T transition that may be the result from
UV-induced DNA damage generated an HLA-A24 binding epitope, SYLDSGIHF, by
replacing S to F at the N-terminus. Administration of cultured TIL containing CTL specific
for this mutated �-catenin to autologous patient resulted in complete tumor regression.
�-catenin interacts with the adhesion molecule E-cadherin and the APC tumor suppressor
gene product. The �-catenin protein was increased in 7 of 25 melanoma cell lines tested due
to either mutations or unusual splicing of �-catenin or inactivation of APC (Rubinfeld et al.,
1997). These mutations are located in the phosphorylation sites by glycogen synthase kinase-
3� (GSK-3�). The same mutation, S to F at residue 37, was found in three melanoma cell
lines. �-catenin and APC are involved in the Wnt signaling pathway important in embry-
onic development and their alterations resulted in tumorigenesis. Thus, similar to colon 
cancer, abnormal Wnt signaling appears to be involved in development of melanoma.

A mutated peptide in the cyclin dependent kinase 4 (CDK4) was identified as an antigen
recognized by HLA-A2 restricted CTL (Wolfel et al., 1995). This mutation was also a C to
T transition, and generated an HLA-A2 binding epitope, ACDPHSGHFV. The mutated
CDK4 had decreased binding activity to CDK4 inhibitor p16INK4a. Mutations in CDK4
were found in familial melanoma (Zuo et al., 1996). Alterations of CDK4/p16INK4a

regulation have been observed in various cancers including melanoma. These observations
suggest that the mutation of CDK4 is involved in melanoma development in some 
patients.

Three mutated antigens, melanoma ubiquitous mutated (MUM)-1, -2 and -3, were iso-
lated from patient LB33 who was disease-free more than 10 years after the treatment.
MUM-1 was isolated using HLA-B44 restricted CTL. The MUM-1 gene was expressed in
various normal tissues and its biological function is not known (Coulie et al., 1995). The iso-
lated cDNA was derived from an incompletely spliced mRNA. An epitope, EEKLIVVLF,
was derived from a region spanning the exon–intron boundary that contained a point 
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mutation within the intron. Since the mutation in the MUM-1 gene was not found in 300
tumor samples tested, it dose not appear to generally associate with melanoma phenotype.

MUM-2 was isolated using both HLA-B44 and HLA-C6 restricted CTL (Chiari et al.,
1999). Two overlapped peptides, SELFRSGLDSY and FRSGLDSYV, containing the same
mutated residue were identified as epitopes presented by HLA-B44 and -C6. The mutation
in the MUM-2 gene was not found among 150 tumor samples tested. MUM-2 is ubiqui-
tously expressed and homologous to yeast gene bet5 that is involved in vesicular transport of
protein from endoplasmic reticulum to Golgi apparatus. Since both wild type and the
mutated MUM-2 could complement for the bet 5 function, this mutated MUM-2 may not
contribute to particular phenotype of LB33 melanoma cells.

A mutated peptide, EAFIQPITR, derived from MUM-3 that is homologous to RNA heli-
case, was isolated with HLA-A28 restricted CTL (Baurain et al., 2000). A mutated helicase
p68 was previously identified as an antigen recognized by CTL in an UV-induced murine
sarcoma (Dubey et al., 1997). High precursor frequency (1.2% of blood CD8� T cells) of
CTL specific for this mutated MUM-3 peptide was demonstrated using the HLA tetramer,
suggesting the role of the MUM-3 specific CTL in the unusual favorable prognosis of this
patient. Since mutations in helicases that are involved in DNA repair mechanisms were
found in cancer-prone syndromes such as xeroderma pigmentosum, Bloom’s syndrome,
Werner’s disease, X-linked mental retardation associated with �-thalassemia and Cockayne’s
syndrome, the mutated MUM-3 may be involved in tumorigenesis of the melanoma.

MART-2 containing a mutated residue was isolated by HLA-A1 restricted, autologous
melanoma specific TIL from patients in whom some metastasis regressed after administra-
tion of TIL in combination with chemotherapy (Kawakami et al., 2001). The mutation sub-
stituted G to E at the third position of the 11 mer peptide and generated HLA-A1 binding
epitope, FLEGNEVGKT. The negative charged amino acid at the third position is an
important anchor residue for the HLA-A1 peptide binding. MART-2 has recently been
found to be a human homolog of Skinny Hedgehog (Ski) acyltransferase that add palmitate
to amino-terminus of Hedgehog protein in Drosophila (Chamoun et al., 2001). Hedgehog
protein is � secreted protein with both palmitate and cholesterol modification, and involved
in Hedgehog signaling that is important in the embryonic and post-embryonic patterning.
Abnormality of Hedgehog signaling, such as a mutation in the Hh receptor, Patched, was
associated with tumorigenesis in basal cell carcinoma and medulloblastoma. Acyltransferase
activity of the mutated MART-2 has not yet been evaluated. However, the mutation resulted
in loss of important reside G in the motif for phosphate binding loop (P-loop: GXXXGKT),
and the isolated MART-2 with the mutation had actually lost GTP binding ability. Since
oncogenic activity of ras with P-loop mutations was reported, ability of the mutated 
MART-2 to transform NIH3T3 was evaluated. Although transforming activity on NIH3T3
cells was not detected by transfection of the mutated MART-2 alone, the mutated MART-2
that lost GTP binding activity may still be involved in some of the melanoma phenotype.
Possible mutations in MART-2 were also found in other cancers including lung cancer and
teratocarcinoma.

The peptide, KINKNPKYK, derived from mutated myosin class I gene was identified to
be recognized by dominant T-cell clones expressing TCRVB16 infiltrated in primary
melanoma lesion that was spontaneously regressing, suggesting the involvement of T-cell
response to this tumor specific antigen in the melanoma rejection (Zorn and Hercend,
1999b). This HLA-A*0301 restricted CTL did not recognize 17 allogeneic melanoma cell
lines transfected with HLA-A3, suggesting that this was a relatively unique mutation.
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Role of tumor specific mutated antigens in the immunotherapy

Mutated antigens are tumor-specific and antigen loss variants may not be easily developed
if mutations are important for tumor cells to survive and proliferate. Mutated tumor anti-
gens appear to be potent rejection antigens in murine tumor models (Srivastava, 1996). In
human melanoma, mutated antigens were isolated using T cells from patients who had rel-
atively good prognosis after the treatment, suggesting that immune responses to these
mutated peptides might be involved in the tumor regression and maintenance of tumor free
status. Thus, these antigens appear to be ideal targets for immunotherapy.

However, immunogenic mutated peptides may not always be presented on melanoma
cells, since various requirements, including appropriate antigen processing and MHC bind-
ing, should be fulfilled for these mutated peptides to be presented by MHC on tumor cell
surface. In addition, tumor cells that expressed highly immunogenic peptides may have
already been eliminated before tumors were clinically detected. Observations that memory
T-cell response was detected against mutated ras peptide that was not present in the autol-
ogous tumor cells (Gedde-Dahl et al., 1992), and that p53 mutations were located signifi-
cantly outside the region encoding HLA-A2 binding peptides in HLA-A2 lung cancers
(Wiedenfeld et al., 1994), may support this immunosurveillance theory. While most CD8�
CTL established from TIL in the Surgery Branch, NCI recognized normal self-peptides,
most melanoma reactive CD4� TIL appeared to recognize unique mutated peptides. These
observations may suggest that CD8� T cells are capable of eliminating tumor cells that
expressed immunogenic mutated peptides, and that CD4� T cells alone may not be sufficient
to reject tumor cells.

It may be difficult to apply unique mutated epitopes for immunotherapy unless mutations
are common, or more rapid antigen identification techniques can be developed. However,
mutated peptides may practically be used for relapsed melanoma, since patients with
immunogenic mutated peptides have relatively good prognosis. Alternatively, methods that
do not require identified antigens, including immunization with DC pulsed with tumor cell
derived products and immunization with immunogenic modified tumor cells, may be useful
for the induction of immunity to unique antigens. Immunization with melanocyte specific
antigens may also trigger immune responses to unidentified unique antigens expressed on the
same tumor through antigenic spreading. This may explain the difficulty to detect specific
CTL for the immunized peptides in regressing metastasis in some patients, and different 
clinical outcome of the immunization with shared tumor antigens among patients.

Other melanoma antigens

PRAME was isolated by cDNA cloning using an HLA-A24 restricted CTL clone that was
generated from PBMC by stimulation with an HLA-A24� melanoma cell line (Ikeda et al.,
1997). This cell line established from a patient after immunotherapy, lost most HLA mole-
cules including HLA-Cw7 possibly by in vivo immunoselection. PRAME is expressed in 
various cancers and some normal tissues including testis, ovary and endometrium. Since 
this CTL clone expressed killer inhibitory receptors (KIR) that bind to HLA-Cw7 on the
patient’s cells, it could lyse only HLA-Cw7 lost melanoma cell variants. It has not been 
successful to induce PRAME specific CTL without expressing KIR that could recognize the
original HLA-Cw7 positive melanoma cells. Although various trials to induce PRAME spe-
cific CTL was unsuccessful, a recent report demonstrated the induction of PRAME specific
melanoma reactive CTL from PBMC of healthy donors by in vitro stimulation with HLA-A2
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binding peptides that were synthesized based on HLA-A2 binding motifs and evaluation of
proteasome cleavage sites (Kessler et al., 2001). However, only allogeneic melanoma cells
were tested in this study, thus, these CTL may still express KIR and not recognize autolo-
gous melanoma cells. Nevertheless, PRAME may be a useful target for immunotherapy of
various cancers including melanoma.

A non-mutated transcript of the ubiquitously expressed N acetylglucosaminyl-transferase-V
(GnT-V ) gene was isolated using HLA-A2 restricted, melanoma specific CTL (Guilloux 
et al., 1996). This transcript was initiated from a cryptic promoter in the intron, which was
activated in about a half of melanoma. An epitope was encoded by this intron, so that the
antigen was melanoma specific. A non-mutated peptide derived from p15, the transcript of
which was expressed in various normal tissues, was identified using HLA-A24 restricted TIL
(Robbins et al., 1995). Since this CTL did not recognize normal cells expressing the p15
mRNA, post-transcriptional regulation may be responsible for the differential presentation
of this epitope on melanoma cells. Induction of melanoma specific T cells from additional
patients should be evaluated for GnT-V and p15.

Survivin, a new member of the inhibitor of apoptosis proteins (IAP) gene family, was
identified as melanoma antigens recognized by HLA-A2 restricted CTL (Andersen et al.,
2001a,b). Two peptides, LTLGEFLKL and ELTLGEFLKL, among 10 peptides synthesized
based on the HLA–A*0201 binding motif were able to induce the peptide specific CTL
from PBMC of melanoma patients. T cells reactive to these peptides were detected by
ELISPOT assay in PBMC from 7 of 14 HLA-A2 patients, but not from healthy individuals.
These peptides had relatively low affinity to HLA–A*0201. One of the peptides, LTLGEFLKL,
was modified to increase MHC binding affinity by replacing T to M at position 2, and this
modified peptide was used to generate multimeric peptide/MHC complexes. Using the
FITC conjugated multimeric peptide/MHC complexes, survivin specific T cells were visu-
alized in frozen sections of primary melanoma and sentinel lymph nodes. T cells isolated
from metastatic lymph nodes with the magnetic beads coated survivin-peptide/HLA-A2
complex could lyse HLA-A2� surviving positive melanoma cells, suggesting that this 
peptide was presented on melanoma cells. Since survivin preferentially expresses in a wide
variety of tumors, it is an attractive target for immunotherapy.

Implication of the identification of MHC class I 
restricted melanoma antigens for the understanding 
of immune responses to melanoma cells and 
the development of immunotherapy
Molecular nature of human melanoma antigens recognized by CD8� T cells have been
revealed in the past 10 years as described above. Mechanisms for the generation of T-cell
epitopes on melanoma cells are summarized in Table 4.7. The identification of these 
T-cell epitopes enabled us to perform a more detailed analysis of anti-tumor T cell responses
in humans. Following investigations were mostly performed with the identified MHC class I
restricted melanoma antigens. In vivo immunological status of melanoma specific T cells was
evaluated using HLA tetramers, not only quantitatively, but also qualitatively such as naïve
or memory phenotype, expression of adhesion/co-stimulatory molecules, cytokine produc-
tion and cytotoxic machinery (Romero et al., 1998; Lee et al., 1999). The use of peptides,
instead of tumor cells, enabled us to reliably measure anti-tumor T cells quantitatively.
Immunization effects can be easily monitored using various methods, including DTH skin
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reaction, in vitro CTL induction, limiting dilution, ELISPOT assay and HLA tetramer
(Salgaller et al., 1995; Jager et al., 1996; Scheibenbogen, 1997; Pass et al., 1998; Romero et al.,
1998; Pittet et al., 2001a). Even in the immunotherapies that do not use the identified anti-
gens, mechanism for the tumor regression may be analyzed with the identified peptides.
Modified peptides with higher immunogenicity may be useful for efficient measurement in
these assays (Salgaller et al., 1996; Pass et al., 1998). However, results should be carefully eval-
uated with adequate controls including native peptides with titration as well as tumor cells,
since T cells that are only reactive to the modified peptides or the native peptides at high
concentration may arise in the culture for the assay. T-cell recognition of peptides at low
concentration usually indicates the ability to recognize tumor cells (Yee et al., 1999).
Although immunomonitoring during immunotherapy has mainly been performed with
PBMC, no clear correlation has been observed between the immune response in peripheral
blood and tumor rejection (Cormier et al., 1997). It is important to analyze immune
responses in tumor tissues (Panelli et al., 2000). The HLA tetramer or other multimeric 
peptide/HLA complex may be useful for the detection of tumor reactive T cells in tumor
tissues (Skinner et al., 2000; Andersen et al., 2001a).

To induce strong immune responses, it is important to administer antigens in optimal con-
ditions. The identification of tumor antigens allowed us to administer sufficient amounts of
antigens in various forms in appropriate sites with controlled timing for immunotherapy.
A variety of immunotherapies using the identified melanoma antigens have been developed
and clinical trials have been conducted (Table 4.8). The immunization with peptides from
MART-1, gp100 and tyrosinase, along with IL2 or GM-CSF resulted in tumor regression in
some patients ( Jager et al., 1996; Rosenberg et al., 1998). Since tumor antigens have relatively
low immunogenic nature due to various reasons caused by host–tumor relationship. Strategy
for effective induction of immune responses against tumor antigens is important as shown
in Table 4.9. One of them, the modification of tumor antigens, could be performed through
the identification and characterization of T-cell epitopes. Immunization with the modified
gp100 peptide with higher MHC binding and immunogenicty along with IL2 administra-
tion resulted in tumor regression in more patients as described above (Parkhurst et al., 1996;
Rosenberg et al., 1998), although T-cell clones that only recognize the modified peptide arose
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Table 4.7 Mechanisms for generating T-cell epitopes on melanoma cells

Mechanism Antigen

Translation of functional genes
Tissue specific proteins Melanosomal proteins (e.g. gp100)
Cancer–testis antigens MAGEs, NY-ESO-1, etc.

Mutation �-catenin, CDK4, MUM-1, -2, -3, MART-2
Translation of alternative ORF TRP-1, NY-ESO-1
Translation of intron

Incomplete splicing gp100, TRP-2, MUM-1
Transcription from cryptic promoter N-acetyl glucosaminyl transferase-V

Post translational modification
Deamidation Tyrosinase
Cysteine oxidation Tyrosinase

Different processing by immuno-proteasomes MART1, gp100, MAGE-1, MAGE-3,



by repetitive stimulation with the modified peptide (Clay et al., 1999; Bullock et al., 2000;
Dudley et al., 2000). Immunization protocols using DCs pulsed with melanoma lysates or
synthetic peptides including MAGE-1, MAGE-3, MART-1, gp100 and tyrosinase, were
reported to result in tumor regression in some patients (Nestle et al., 1998; Thurner et al.,
1999; Banchereau et al., 2001). Direct administration of recombinant viruses or plasmids
containing melanoma antigen genes has also been performed. In the clinical trials in the
Surgery branch, NCI, recombinant vaccinia virus, fowlpox virus and adenovirus containing
MART-1 or gp100 have been used (Rosenberg et al., 1998). However, high titer neutralizing
antibodies against viruses that were detected in patients appeared to reduce the efficacy of
immunization against tumor antigens. Immunization with plasmids containing the modified
gp100 cDNA that produced two high HLA-A2 binding modified epitopes did not induce
efficient anti-tumor effects. Melanoma reactive CTL could be generated from PBL of
patients by in vitro stimulation with the identified melanoma peptides (Celis et al., 1994;
Rivoltini et al., 1995). These T cells could be generated more efficiently from the patients
pre-immunized with tumor antigens (Salgaller et al., 1996). Tumor reactive T cells can be
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Table 4.8 Reported immunotherapy protocols for patients with melanoma

Treatment Investigator (institution) PR � CR / total
(response rate)

High dose IL2 alone Rosenberg (NCI) 27/182 (15%)
TIL � IL2 Rosenberg (NCI) 29/86 (34%)
MAGE3 peptide alone Marchant (Ludwig Inst. Cancer Res) 5/25 (20%)
Tyrosinase, gp100, MART-1 Jager (Nordostrand West)
peptides � GM-CSF

MART-1 peptide � IFA Rosenberg (NCI)
Modified gp100 peptide � IFA � IL2 Rosenberg (NCI) 13/31 (42%)
Adenovirus MART1 � IL2 Rosenberg (NCI) 4/20 (20%)
DC � peptides/tumor lysates Nestle (Univ. Zurich) 5/16 (31%)
DC � peptides (MAGE-3) Schuler (Univ. Erlangen-Nuremberg)
BM-DC � peptides (MART-1, Banchereau (Baylor Inst 3/17 (18%)
gp100, MAGE-3) for Immunol Res)

Table 4.9 Methods to improve immunization efficacy against melanoma antigens

Modification of epitopes
High MHC binding peptides, superagonists, increased localization, increased stability

Association with other molecules
Liposomes, lipoproteins, cholesterol-polysaccharides
Conjugation with multiple peptides, helper epitope, stress protein, leader sequence

Use of dendritic cells
Adjuvants

IFA, synthetic adjuvants
Cytokines

IL2, GM-CSF, IL12, IFN-




selectively expanded using HLA tetramers (Dunbar et al., 1999; Yee et al., 1999), and used in
adoptive immunotherapy.

Concluding remarks
Melanoma has been the most advanced system to analyze anti-tumor immune responses in
human and to evaluate the possibility of immunotherapy against cancer. The identification
of many melanoma antigens extended our ability to analyze anti-tumor T-cell responses in
further detail and to develop new types of immunotherapy. Although tumor regression has
already been observed in some patients in various clinical trials that utilized the identified
melanoma antigens, anti-tumor effect is still limited, and immune response leading to tumor
regression has not been completely understood. The role of the most identified antigens in
in vivo tumor rejection remains to be evaluated through clinical trials. Many subjects, includ-
ing identification of additional antigens, further analysis of immune responses particularly
at tumor sites, understanding of systemic and local tumor escape mechanisms and develop-
ment of more effective immunization methods, should be addressed for the development of
more effective immunotherapy.
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Summary
Recent advances of molecular immunology allowed us to identify genes encoding human
tumor-associated antigens (TAAs) and peptides that are recognized by CD8� cytotoxic 
T lymphocytes (CTLs) of patients with various types of cancers. In this chapter we review
the current status of TAAs and their CTL epitopes expressed in epithelial cancers and intro-
duce our recent data concerning seven new TAAs. The first TAAs to be described are 
cancer–testis antigens which were mainly cloned from melanoma cDNA libraries but were
reported to be expressed in various types of epithelial cancers. The second TAAs are 
non-mutated self-antigens that are over-expressed in both cancer cells and proliferating nor-
mal cells. Most TAAs which were identified at out laboratory belong to this group. The third
TAAs to be described are mutated antigens which are expressed only in cancer cells but not
in normal tissue. The fourth TAAs are some viral antigens which are selectively expressed in
tumor cells. In the latter of this review, we introduce six new TAAs that were identified from
pancreatic cancer cells. We also introduce that multidrug resistance-associated protein 3
(MRP3) can be a new TAA capable of inducing tumor-reactive CTLs from HLA-A24�

patients with epithelial cancers. The majority of human malignant tumors consists of
epithelial cancer. We hope that this chapter could provide the update information of molec-
ular basis for CD8� T cell-mediated recognition of epithelial cancer cells, and thereby 
promote the development of specific cancer immunotherapy.

Introduction
Recent advances of molecular immunology allowed us to identify genes encoding human
TAAs and peptides that were recognized by the CD8� CTLs of patients with various types of
human cancers, including melanomas and epithelial cancers. The majority of human malig-
nant tumors consist of epithelial cancers (squamous cell carcinoma (SCC) or adenocarcinoma).
This chapter at first reviews the current status of TAAs and their CTL-epitopes expressed in
SCC and adenocarcinoma, and then describes six recently defined TAAs of pancreatic cancer
and an MRP3 as new TAAs, both of which were recognized by HLA-A2- and -A24-restricted
CTLs, respectively. The main objective of this chapter is to provide updated information on the
molecular basis of CD8� T cell-mediated recognition of epithelial cancer cells, and thereby to
promote the development of new treatment modalities of specific cancer immunotherapy.

TAAs of SCC and adenocarcinoma
Most HLA-class I-restricted TAAs have been identified by the cDNA-expression cloning
method originally developed by Boon and his colleagues [1]. Alternatively, peptides have
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been eluted from tumor cells, loaded on target cells bearing an appropriate HLA molecule
followed by testing their ability to stimulate IFN-� production by the CTLs [2]. With these
approaches, approximately 50 TAAs and more than 100 CTL-directed peptide antigens
derived from SCC and adenocarcinomas have been identified as far as searched at the liter-
ature levels (Table 5.1) [3–70]. It has been thought for a long time that TAAs would be either
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Table 5.1 Tumor-associated antigens recognized by HLA-class 1-restricted CTLs

Tumor-associated antigen HLA-restriction Reference

Shared cancer–testis antigens
MAGE-1 A1 [3]
MAGE-1 A3, A28, B53, Cw2, Cw3 [4]
MAGE-1 A24 [5]
MAGE-1, MAGE-2, MAGE-3, MAGE-6 B37 [6]
MAGE-1 Cw1601 [7]
MAGE-2, MAGE-3, Her2/neu, CEA A2 [8]
MAGE-2 A24 [9]
MAGE-3 A1, B35 [10]
MAGE-3 A2 [11]
MAGE-3 A24 [12]
MAGE-3 A24 [13]
MAGE-3 B44 [14]
MAGE-A10 A2 [15]
MAGE-12 Cw7 [16]
BAGE Cw1601 [17]
GAGE-1 Cw6 [18]
NY-ESO-1 A2 [19]
NY-ESO-1 A31 [20]
PRAME A24 [21]
PRAME A2 [22]

Non-mutated self antigens over-expressed in epithelial cancers
(Widely-expressed)

SART1 A26 [23]
SART1 A24 [24]
SART2 A24 [25]
SART3 A24 [26]
SART3 A2 [27]
ART1 A24 [28]
ART4 A24 [29]
Cyclophilin B A24 [30]
Cyclophilin B A2 [31]
Lck A24 [32]
Lck A2 [33]
EIF4E-BP, ppMAPkkk, A2 [34]
WHSC2, UBE2V, HNRPL
MDR3 A24 [35]
Her2/neu A24 [36]
Her2/neu A2 [37]
Her2/neu A2 [38]
Her2/neu A2 [39]
Her2/neu A2 [40]
Her2/neu A2 [41]
Her2/neu, CEA A3 [42]

(Continued )



tumor-specific antigens or mutated-self-antigens. However, the majority of TAAs defined by
the methods mentioned above have been non-mutated self-antigens, and only a few of TAAs
are mutated self-antigens or viral antigens.

The first TAAs to be described were shared cancer–testis antigens [3–19]. These antigens
were originally cloned from melanoma cDNAs, and reported to be expressed in various
types of cancer cells including in SCC and adenocarcinomas. Several families of these 
cancer–testis antigens are also expressed in various types of cancer cells and in the testis but
not in either the other normal cells or normal tissues [1, 3–18]. The second TAAs to be
described were non-mutated self-antigens that are over-expressed in both cancer cells and
proliferating normal cells. These non-mutated self-antigens (SART1 to SART3, ART1,
ART4 and the others listed in Table 5.1) were mostly cloned from cDNA libraries of epithelial
cancers (esophageal SCC, lung and pancreatic adenocarcinomas and bladder transitional
adenocarcinoma) (23–48). Among these TAAs, SART1, SART3, HNRPL and EIF4EBP1
are known as RNA- or DNA-binding proteins that are involved in cellular proliferation in
the nucleus. Cyclophilin B, lck, HER2/neu, and ppMAPkkk might also be involved in 
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Table 5.1 (Continued)

Tumor-associated antigen HLA-restriction Reference

P53 A24 [43]
P53 A2 [44]
hTERT A24 [45]
hTERT A2 [46]
M-CSF B35 [47]
Survivin A2 [48]
(Selectively-expressed)

CEA A24 [49]
CEA A24 [50]
�-fetoprotein A2 [51]
MUC-1 A2 [52]
MUC-2 A2 [53]
PSA A2 [54]
PSM A2 [55]
PSCA A2 [56]
PAP A24 [57]
Recoverin A24 [58]
G250 A2 [59]
RAGE B8 [60]
Intestinal carboxyl esterase B7 [61]

Mutated antigens
Caspase-8 B35 [62]
�-actinin-4 A2 [63]
Malic enzyme A2 [64]
hsp 70-2 A2 [65]

Viral antigens
Human papilloma virus type 16(E6/E7) A2 [66]
EBV(LMP-1) A2 [67]
EBV(LMP-2) A2 [68]
EBV(EBNA-3) B27 [69]
EBV(EBNA-3) B7 [70]



cellular proliferation. These growth-related proteins would be vigorously synthesized, utilized
and then processed in cancer cells. Subsequently, the processed peptides might be loaded
onto HLA-class I molecules over the level of immunological tolerance or ignorance, and
these molecules in turn be possibly recognized by HLA-class I-restricted and tumor-reactive
CTLs. MUC1, CEA, PSA, PAP and several others listed in Table 5.1 have a characteristic
of antigens selectively expressed in epithelial tissues or cells [49–61].

In contrast to these non-mutated self-antigens, caspase 8 and several others listed in 
Table 5.1 have been described as mutated forms of TAAs, and thus represent antigens
expressed only on cancer cells and not on normal cells [62–65]. The use of these antigens
in the development of generally applicable cancer vaccines could be limited, since each of
them is unique to the individual patient or individual cells in one patient. Several viral anti-
genic epitopes are known to be expressed on tumor cells and therefore to be recognized by
the CTLs. TAAs in this category include antigens from Epstein–Barr virus, and E6 and E7
proteins from human papillomavirus type 16 [66–70].

HLA-class I-A alleles capable of presenting these TAA-directed peptides include HLA-
A1, -A2, -A3, -A11, -A24, -A26 and -A31 alleles (Table 5.1). These HLA-class I-A alleles are
commonly found in various ethnic populations. For example, HLA-A2, -A24 and -A26 alle-
les are expressed in 40%, 60% and 22% of Japanese, 50%, 20% and 20% of Caucasians,
and 22%, 12% and 14% of Africans, respectively. In addition, several HLA-class I-B and C
alleles capable of presenting TAA-directed peptides have been reported (Table 5.1). With
regard to origins of cancers, these TAAs are highly expressed in the majority of SCC and
adenocarcinomas from various organs, including lung, esophagus, stomach, pancreas, colon,
breast, prostate, ovary and uterine. Therefore, these TAAs and peptides could be applicable
for almost all epithelial cancer patients in the world.

Tumor-associated antigens of pancreatic cancer
Pancreatic cancer continues to be a major unsolved health problem in the world. The prog-
nosis of pancreatic cancer is extremely poor with a median survival of 3–4 months and the
5-year survival being 1–4%. This poor prognosis is primarily due to lack of effective thera-
pies, and thus development of new treatment modalities is needed. One of these treatments
could involve specific immunotherapy, for which elucidation of the molecular basis of T cell-
mediated recognition of cancer cells is required. We have recently reported 6 different genes
and 19 immunogenic epitopes from pancreatic adenocarcinoma cells, and T-cell receptor 
� usage of HLA-A2-restricted CTL clones reacting to some of these epitopes [34]. Sixteen
of 19 epitopes were found to possess the ability to induce HLA-A2-restricted CTL activity
in the peripheral blood lymphocytes of patients with pancreatic and also colon adenocarci-
nomas. For the cloning of these genes, the HLA-A2-restricted and tumor-specific CTL line
(OK-CTL) that was established by a long-term incubation of tumor-infiltrating lymphocytes
(TILs) from a patient (HLA-A0207/3101) with colon adenocarcinoma was used as indica-
tor cells. The details of characteristics of the OK-CTL line were reported elsewhere [34].

After repeated experiments, six cDNA clones, no. 1 to no. 6, were identified (Figure 5.1).
The nucleotide (nt) sequence of cDNA clones no. 1 or no. 2 was almost identical to that of
the ubiquitin-conjugated enzyme variant Kua (UBE2 gene) (no. 1) or the heterogeneous nuclear 
ribonucleoprotein L gene (HNRPL gene) (no. 2), respectively. UBE2 gene encodes one of the hetero-
geneous nuclear ribonucleoprotein complexes providing a substrate for the processing 
events that pre-mRNAs undergo before becoming functional and translatable mRNAs in the
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Figure 5.1 Six genes coding for tumor epitopes. One-hundred ng of each of cDNA clones (no. 1 to 
no. 6) derived from Panc-1 tumor cells and 100 ng of HLA-A0207, -A2402, or -A2601 cDNA
were co-transfected into COS-7 cells, incubated for 48 h, and then tested for their ability
to stimulate IFN-� release by the OK-CTLs. The background of IFN-
 release by the CTLs
in response to COS-7 cells (under 100 pg/ml) was subtracted from the value in the figure.
cDNA clone 7 represents the irrelevant clones that were not recognized by the OK-CTLs.

cytoplasm [71–73]. The nt sequence of cDNA clone no. 3 was identical to that of the
Wolf–Hirschhorn syndrome candidate 2(WHSC2) gene. The WHSC2 seems to play a role in the
phenotype of WHS, a multiple malformation syndrome characterized by mental and deve-
lopmental defects resulting from a partial deletion of the short arm of chromosome 4 [74].
The nt sequence of cDNA no. 4 was identical to that of eIF-4E-binding protein 1 gene
(EIF4EBP1). This protein is known as a translation initiation factor that initiates insulin-
dependent phosphorylation of 4E-BP1, making it available to form an active cap-binding
complex [75]. The nt sequence of cDNA clone no. 5 or no. 6 was almost identical to that of
the partial putative mitogen-activated protein kinase kinase kinase ( ppMAPkkk) gene with unreported
function or identical to that of the 2�,5�-oligoadenylate synthetase 3 gene (2–5 OAS3), respectively.



The 2–5 OAS3 is known as an IFN-induced protein, that plays an important role in
immuno-protection from microbacterial infection [76, 77]. These six genes, except with
ppMAPkkk, were ubiquitously expressed in both cancer and normal cells, and their expres-
sion levels in cancer cells, including Panc-1, SW620, and CA9-22 tumors, were significantly
higher than those in the normal cells, including PHA-blastoid T cells and EBV-B cells (data
not shown). mRNA expression of ppMAPkkk was scarcely detectable under the employed
conditions as reported previously [34].

Three-hundred CD8� CTL clones were established from the parental OK-CTL line 
by a limiting dilution culture. Eighty CTL clones among them showed HLA-A2-restricted
and tumor-specific CTL activity. All these 80 CTL clones expressing CD3�CD4�CD8�

and TCR ��� phenotypes were tested for their reactivity to the six gene products. Among
them, 2, 3, 1, 3, 2 and 4 CTL clones were reactive to UBE2V, HNRPL, WHSC2, EIF4EBP1,
ppMAPkkk and 2–5 OAS3 gene products, respectively. Each of 27, 17, 21, 5, 19 or 39 different
synthesized peptides with HLA-A2 molecules-binding motifs derived from the six gene prod-
ucts, respectively, was loaded onto the T2 cells followed by testing for their ability to induce
IFN-� release by the OK-CTLp and its CTL clones. Five peptides of UBE2V at positions
43–51, 64–73, 85–93, 201–209 and 208–216 were recognized by the OK-CTLp, while the
two peptides at positions 43–51 and 64–73, but not any of the other 25 peptides, were
strongly and dimly recognized by the CTL clone 2-2-H3, respectively (Figure 5.2, upper left
column). Four peptides of HNRPL at positions 140–148, 404–412, 443–451 and 501–510
were recognized by the OK-CTLp, while one peptide at positions 140–148, but not any of
the other 16 peptides, was recognized by the CTL clone 1-2-D12 (Figure 5.2, middle left col-
umn). Similarly, the peptides recognized by the OK-CTLp were as follows; four peptides of
WHSC2 at positions 103–111, 141–149, 157–165 and 267–275, two peptides of EIF4EBP1
51–59 and 52–60, three peptides of ppMAPkkk 290–298, 294–302 and 432–440, and one
2–5 OAS3 peptide 666–674. Further, CTL clones, 4-2-A11, 4-2-B3, 0.5-1-H2, and 1-2-D1
recognized a WHSC2 peptide 103–111, an EIF4EBP1 51–59, a ppMAPkkk 432–440, and
a 2–5 OAS3 666–674, respectively (Figure 5.2).

To confirm a different TCR usage in each CTL clone with different specificity, TCR V�
usage of these peptide-specific CTL clones was determined by amplification of the TCR V�
chain by the RT-PCR method using the specific primer sets of TCR V�1-20 and 
TCR C�1-2 [78, 79]. Two each of the CTL clones reacting to a UBE2V, an HNRPL and 
a 2–5 OAS3 peptide used the TCR V� 8.1, V� 3.2 and V� 14, respectively (Table 5.2).
Each CTL clone recognizing a WHSC2, an EIF4EBP1, and a ppMAPkkk peptide used
TCR V� 13.1, V� 8.1 and V� 18, respectively. These amplified products were further pro-
vided for direct sequencing of the TCR � chain to address if these CTL clones reacting to
different tumor epitopes possess similar or different complementarity-determining regions 3
(CDR3), an element responsible for binding to antigenic epitopes on the groove of HLA-
class I molecules [80]. Two each of CTL clones recognizing a UBE2V, an HNRPL or a 2–5
OAS3 peptide used the different CDR3, respectively (Table 5.2). Similarly, each CTL clone 
reacting to a WHSC2, an EIF4EBP1 or a ppMAPkkk peptide used the different CDR3,
respectively.

Because of its wide reactivity to tumor cells with different HLA-A2 subtypes and with 
different histologies, the OK-CTLp used for the study likely consisted of a mixture of
CTL clones recognizing the shared tumor epitopes capable of binding to the HLA-A2 sub-
types, and were expressed on various cancers originating from different organs. Indeed, the
six genes and 19 immunogenic epitopes were identified with this CTL line. Further, the
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UBE2V 36–44 ALYSPGKRL
UBE2V 43–51 RLQEWCSVI
UBE2V 55–64 SLIAHNLVHL
UBE2V 64–73 LLLLARWEDT
UBE2V 65–73 LLLARWEDT
UBE2V 66–75 LLAR WEDTPL
UBE2V 77–86 ILG VVAGALI
UBE2V 84–93 ALIADFLSGL
UBE2V 85–93 LIADFLSGL
UBE2V 89–98 FLSGLVHWGA
UBE2V 140–148 CLVTLLPLL
UBE2V 143–151 TLLPLLNMA
UBE2V 147–156 LLNMAYKFRT
UBE2V 164–172 QLYPWECFV
UBE2V 166–174 YPWECFVFC
UBE2V 171–180 FVFCLIIFGT
UBE2V 173–182 FCLIIFGTFT
UBE2V 174–182 CLIIFGTFT
UBE2V 176–185 HFGTFTNQl
UBE2V 194–202 GLPRWVTLL
UBE2V 198–207 WVTLLQDWHV
UBE2V 199–207 VTLLQDWHV
UBE2V 200–208 TLLQDWHVI
UBE2V 201–209 LLQDWHVIL
UBE2V 208–216 ILPRKHHRI
UBE2V 232–241 WLNYPLEKI
UBE2V 245–253 RLEDLIQGL

WHSC2 95–103 ALMEIIQLA
WHSC2 103–111 ASLDSDPWV
WHSC2104–112 SLDSDPWVL
WHSC2 129–138 LELEEQNPNV
WHSC2 141–149 ILGELREKV
WHSC2 156–165 AMLPLECQYL
WHSC2 157–165 MLPLECQYL
WHSC2 164–172 YLNKNALTT
WHSC2 172–181 TLAGPLTPPV
WHSC2 208–216 QQLKRSAGV
WHSC2 224–232 GLLRKMDTT
WHSC2 267–275 TLLRKERGV
WHSC2 276–284 KLLDISELDM
WHSC2 277–286 LLDISELDMV
WHSC2 345–353 YLPSTPSVV
WHSC2 428–436 TQTPPVAMV
WHSC2 453–461 SLTREQMFA
WHSC2 464–472 EMFKTANKV
WHSC2 502–510 KLSEHTEDL
WHSC2 520–529 TMLVDTVFEM
WHSC2 521–529 MLVDTVFEM

HNRPL 108–116 GLIDGVVEA
HNRPL 123–131 QEFGPISYV
HNRPL 133–141 VMPKKRQAL
HNRPL 140–148 ALVEFEDVL
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HNRPL 195–203 LLFTILNPI
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HNRPL 393–402 KMNCDRVFNV
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HNRPL 404–412 CLYGNVEKV
HNRPL 443–451 FMFGQKLNV
HNRPL 459–467 IMPGQSYGL
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Figure 5.2 Determination of CTL epitopes. Each of the 27 UBE2V-derived peptides, 17 HNRPL-
derived peptides, 21 WHSC2-derived peptides, 5 EIF4EBP1-derived peptides, 19
ppMAPkkk-derived peptides and 39 2–5 OAS3- derived peptides (9–11 mer) were loaded
onto T2 cells at a concentration of 10 	M for 2 h. The OK-CTLp or its CTL clones were
then added at an E/T ratio of 10 or 2, respectively, and incubated for 18 h followed by 
collection of the supernatant for measurement of IFN-
. Values indicate the mean of 
triplicate assays. The background of IFN-
 release by the CTLs (under 100 pg/ml) in
response to the T2 cells alone was subtracted from the values in the figure.
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results provide clear evidence that different CDR3 of the CTL clones are responsible for 
the recognition of different epitopes from the six gene products. There have been conflicting
reports regarding the usage of TCR of CTLs reacting to melanoma cells in the early 1990s.
Several studies have resulted in the observation of clonal usage [81, 82], whereas others,
including our study [79], have observed polyclonal usage of CTLs [83, 84]. However, recent
studies utilizing HLA-class I-restricted and peptide-specific CTL clones have found evidence
of multiple specificities in the repertoire of tumor-reactive CTLs [85, 86]. Therefore, CTLs
at the tumor sites would consist of a mixture of CTLs with many different TCR usages
reacting to many different epitopes on HLA-class I-A alleles of tumor cells.

Nineteen peptides recognized by the OK-CTLp were then tested for their ability to
induce HLA-A2-restricted and tumor-specific CTLs from the autologous PBMCs (OK) and
two HLA-A0201� patients (one with pancreatic cancer and one with colon cancer). These
PBMCs produced significant levels of IFN-� in response to HLA-A2� SW620, CA9-22 and
Panc-1, but not to the HLA-A2� tumor cells, when stimulated three times in vitro with the
following 13 peptides; UBE2V 43–51, 85–93 and 208–216, HNRPL 140–148, 443–451 and
501–510, WHSC2 103–111, 141–149 and 267–275, EIF4EBP1 51–59 and 52–60,
ppMAPkkk 294–302 and 432–440. These CTL activities were inhibited by anti-HLA-class I,
anti-CD8, or anti-HLA-A2 mAb, but not by any of the other mAbs tested. Similar results
were obtained for all three patients, and representative results from the autologous PBMCs
are shown in Table 5.3. An HNRPL 404–412 or a WHSC2 157–165 peptide induced the
CTLs reactive to only SW620 or Panc-1 tumor cells, respectively. A ppMAPkkk 290–298
induced the CTLs reactive CA9-22 and Panc-1, but not SW620 tumor cells (Table 5.3). In
contrast, the UBE2V 64–73 and 201–209 and 2–5 OAS3 666–674 peptides induced no
CTL activity. The levels of binding affinity for these 19 peptides, though different from each
other, did not correlate well with the ability to induce CTLs (Table 5.3).

Among the six identified gene products, HNRPL and EIF4EBP1 are known as RNA and
DNA-binding proteins, respectively, both of which are involved in cellular proliferation
[71–73, 75]. A ppMAPkkk gene might also be involved in cellular proliferation if involved in
the regulation of the MAPk gene [87]. A mutated MAPk gene encodes tumor epitopes recog-
nized by the CTLs in a murine model [88]. We have reported other growth-related proteins
(cyclophilin B, SART1, SART3), all non-mutated forms that also include immunogenic 
epitopes recognized by the HLA-A24-restricted CTLs [23, 26, 30]. These growth-related
proteins would be vigorously synthesized, utilized and then processed in cancer cells.
Subsequently, the processed peptides might be loaded onto HLA-A2 molecules from tumor
cells over the level of immunological ignorance, with these molecules in turn possibly being 
recognized by the T cells.

Collectively, this study reported six genes and 16 immunogenic epitopes capable of induc-
ing HLA-A2-restricted and tumor-specific CTLs in PBMCs from pancreatic and/or colon
cancer patients. These results suggest that pancreatic and colon cancers share the same
tumor epitopes recognized by the host CTLs. The incidence and number of cancer deaths
from colon cancer are 5–6 times and 2–3 times higher than those of pancreatic cancers 
[89, 90]. Although resection for cure is possible in 70–75% of all colon cancer patients, 50%
still die from their disease regardless of the many different treatments, and thus, the deve-
lopment of new treatment modalities is needed. The HLA-A2 allele is found in 23% of
African Blacks, 53% of Chinese, 40% of Japanese, 49% of Northern Caucasians and 38%
of Southern Caucasians [91]. The information presented in this chapter should provide 
a better understanding of the molecular basis of T cell-mediated recognition of pancreatic
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cancer cells and also of colon cancer cells. Further, these peptides could be applicable in use
for peptide-based specific immunotherapy of these cancers.

Multidrug resistance-associated protein 
3 (MRP3) is a new TAA
We have recently determined that MRP3 is a new TAA recognized by HLA-A2402-
restricted CTLs established from T cells infiltrating into lung adenocarcinoma [35].
Although the details of the results are reported elsewhere [35], this chapter briefly presents
the results and discusses the potential usefulness of these antigens and peptides as cancer
vaccines. Four dominant MRP3-derived antigenic peptides recognized by the CTLs have
been identified, each possessing in vitro immunogenicity (Figure 5.3). Further, these four pep-
tides (MRP3-503, MRP3-692, MRP3-765, and MRP3-1293) can induce peptide-specific
CTLs after stimulation by these peptides in PBMCs of HLA-A24� cancer patients, with the
CTLs expressing cytotoxicity against HLA-A2402� MRP3� tumor cells but not against
either HLA-A2402� or MRP3� target cells. Widespread MRP3 expression in various tumor
cell lines and tumor tissues at the mRNA level was confirmed (Figure 5.4). Furthermore,
reactivity of the MRP3-peptide-induced CTLs against tumor cells correlated with MRP3
expression in the tumor cells (Figure 5.5). These results suggest that MRP3 and its peptides
shown above are potential candidates for cancer vaccines in regard to HLA-A24� patients
with various tumors, particularly for those tumors that show anti-cancer drug resistance.

The MRP family consists of at least seven ATP-binding cassette (ABC) transporters, sev-
eral of which have been demonstrated to transport amphipathic anions and to confer in vitro
resistance to chemotherapeutic agents [92–95]. Two prominent members of the ABC super-
family of transmembrane proteins, MDR1 P-glycoprotein (ABCB1) and MRP1 (ABCC1),
can mediate the cellular extrusion of xenobiotics and anti-cancer agents from normal and
tumor cells [92–94, 96, 97]. The roles of other members (MRP2-6, ABCC2-6) of the MRP
family in MDR have been reported [98–100]: MRP2 has been shown to confer low-level
resistance to the anticancer drug cisplatin, etoposide, vincristine and methotrexate
[101–103], MRP3 to etoposide, vincristine and methotrexate [98, 104], MRP4 to acyclic
nucleotide phosphonates, such as 9-(2-phosphonylmethoxyethyl) guanine, and anti-HIV
drug 9-(2-phosphonylmethoxyethyl) adenine [105], and MRP5 to thiopurine drugs,
6-mercaptopurine and thioguanine and 9-(2-phosphonylmethoxyethyl) adenine [106].

The expression of several MRP genes at mRNA levels can be up-regulated after selection
by anticancer drugs [92–94]. Up-regulation of MRP3 expression has been observed in sev-
eral cell lines after selection with doxorubicin, regardless of the apparent lack of correlation
of the mRNA levels with resistance to either doxorubicin or cisplatin [98]. We have demon-
strated that MRP3 was expressed in most cell lines derived from lung cancers, ovarian can-
cers and renal cancers at the mRNA levels. In contrast, the MRP3 message was very low in
non-tumorous cell lines (COS-7, VA13, 293T) or EBV-transformed B cells. MRP1 and
MRP5 are ubiquitously expressed in normal tissues, whereas MRP3 expression in normal
tissues is restricted to the liver, duodenum, colon and adrenal gland at relatively high levels
and to the lung, kidney, bladder, spleen, stomach, pancreas and tonsil at low levels [99]. The
MRP3 shall be a unique target molecule for cancer vaccines since the expression of MRP3
is associated with MDR, the most important problem in chemotherapy. These results 
suggest that immunotherapy with MRP3-derived peptide vaccine is advantageous for
tumors with acquired MDR. Patients with renal cancer may be particularly suitable subjects
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for the MRP3-peptide vaccine, since renal cancer is generally resistant to chemotherapy and
radiation therapy. Indeed, our results regarding CTL induction by MRP3-peptides in the
PBMC cultures of patients with renal cancer supported this suggestion. Namely the MRP3-
peptides induced HLA-A24-restricted and tumor-reactive CTLs in the PBMC from three
out of four patients with renal cancer tested. Furthermore, immunotherapy with MRP3-
peptides in combination with chemotherapy might be possible, if the immunosuppression
induced by the chemotherapeutic agents is not severe in the patient. The effectiveness of the
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Figure 5.3 Identification of MRP3-derived antigenic peptides recognized by the GK-CTLs. Each of the
31 different MRP3-derived peptides was loaded onto C1R-A2402 cells at a concentration
of 10 	M. The GK-CTLs were cultured with the peptide-loaded C1R-A2402 for 18 h, and
the culture supernatant was harvested to measure IFN-
 production using ELISA. Values
represent the means of triplicate assays. The background of IFN-
 production by 
the GK-CTLs in response to peptide-unloaded C1R-A2402 cells was subtracted from the 
values. The two-tailed Student’s t test was used for the statistical analysis between the IFN-
� production by the GK-CTLs in response to peptide-loaded C1R-A2402 cells and that in
response to unloaded C1R-A2402 cells. * indicates P � 0.05. The A24-binding score shows
estimated score of half time of dissociation of each peptide for HLA-A24 molecules.
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Figure 5.4 Northern blot analysis of MRP3 expression in various tumor cell lines and tissues. Total
RNA was separated on formaldehyde-agarose gel and transferred to nylon membranes.
The membranes were further hybridized with 32P-labeled fragment of clone 5 and control
�-actin cDNA. Representative results are shown in the figure.
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combination of humanized mAb-mediated immunotherapy in accompaniment with
chemotherapy for treatment of breast cancer and B-cell lymphoma has already been
reported [107, 108].

Conclusion
As shown in the previous section, a large number of genes encoding tumor antigens and
peptides recognized by CTLs were identified from cDNAs of SCC and adenocarcinoma
cells in the past decade. These scientific advances in the field of cancer immunology allowed
the specific-immunotherapy of cancer. Indeed, the preceding peptide-based immunother-
apy for melanoma patients induced the increased CTL responses in the post-vaccination
PBMCs in the majority of melanoma patients [109–114]. However, those immunotherapies
rarely resulted in tumor-regression in these patients. Consequently, how to get tumor-
regression by peptide-based specific cancer immunotherapy is one of the most important
issues to be addressed. A main goal of vaccine protocol to virus or the other infectious dis-
eases is the development of “preventive vaccine,” whereas that to cancer is the development
of “therapeutic vaccine.” Consequently, translational studies of clinical studies shall be
needed to develop the protocol of therapeutic vaccine.

From this point of view, many translational studies are in progress in the world. Some of
our peptides with the ability to induce CTLs from PBMCs of cancer patients are also under
clinical trials as peptide vaccines at our Kurume University Hospital by Dr Yamana and
other clinicians. SART3 peptides have been used as cancer vaccines for HLA-A24�colon
cancer patients, and significant levels of increased CTL responded to both HLA-A24�colon
cancer cells and the vaccinated peptide were observed in the post-vaccination PBMCs in the
majority of patients (Miyagi et al., manuscript under submission). Significant levels of
increased CTL responded to both HLA-A24� lung cancer cells and the vaccinated peptide
CypB91–99 peptide (Gouhara et al., manuscript under submission). The currently ongoing
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Table 5.4 A panel of peptides in use for CTL precursor-oriented peptide vaccine at Kurume
University

HLA-A24 binding peptide Reference HLA-A2 binding peptide Reference

SART1690 EYRGFTQDF [24] SART3302 LLQAEAPRL [27]
SART293 DYSARWNEI [25] SART3309 RLAEYQAYI [27]
SART2161 AYDFLYNYL [25] Cyp B129 KLKHYGPGWV [31]
SART2889 SYTRLFLIL [25] Cyp B172 VLEGMEVV [31]
SART3109 VYDYNCHVDL [26] lck246 KLVERLGAA [33]
SART3315 AYIDFEMKI [26] lck422 DVWSFGILL [33]
CypB84 KFHRVIKDF [30] EIF4E-BP51 RIIYDRKFL [34]
Cyp B91 DFMIQGGDF [30] ppMAPkkk294 GLLFLHTRT [34]
lck208 HYTNASDGL [32] ppMAPkkk432 DLLSHAFFA [34]
lck486 TFDYLRSVL [32] WHSC2103 ASLDSDPWV [34]
lck488 DYLRSVLEDF [32] WHSC2141 ILGELREKV [34]
ART1170 EYCLKFTKL [28] UBE2V43 RLQEWCSVI [34]
ART413 AFLRHAAL [29] UBE2V85 LIADFLSGL [34]
ART475 DYPSLSATDI [29] UBE2V208 ILPRKHHRI [34]

HNRPL141 ALVEFEDVL [34]
HNRPL501 NVLHFFNAPL [34]



trial is the-peptide-specific CTLprecursor-oriented peptide vaccines for HLA-A24 and -A2
cancer patients with 14 and 16 different peptides, respectively. A list of peptides is given in
Table 5.4. An important clinical endpoint of these translational studies will be determining
the correlation between immune response and overall survival to clarify whether augmented
peptide-induced immunity can provide a clinical benefit in order to develop an appropriate
protocol of therapeutic cancer vaccine.
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Summary
T lymphocytes can specifically recognize tumor cells, but this interaction is known to 
be rather inefficient in vivo. Among other mechanims, the inadequacy of tumor destruction
by T cells could stem from suboptimal activation by antigenic determinants expressed by
melanoma cells. T-cell receptor (TCR) is in fact a very flexible structure capable of inter-
acting with a broad spectrum of ligands (i.e. HLA/peptide complexes) through a versatile
signaling complex. T lymphocytes have thus no single ligand specificity, but recognize a large
array of HLA/peptide complexes, termed “Altered Peptide Ligands” (APL). These APL 
can mediate a number of different outcomes in interacting T cells, ranging from inducing
selective immunological functions ( partial agonist) to completely turning off their functional
capacity (antagonist). In addition to suboptimal ligands, TCR can also be triggered by 
superagonists, which are analogs that enhance T-cell stimulation by inducing immunologi-
cal functions not detected with the cognate ligand. In this chapter we will discuss the rational
for the usage of APL, that is, modified peptides from tumor antigens, to boost a potent 
anti-tumor T-cell reactivity cross-reacting with the native epitope expressed by cancer cell.
Clinical results obtained with vaccination based on the usage of APL from tumor antigens
will be additionally described. Finally, we will discuss the potential role of APL in inducing
heterogeneous immune responses, including suppressive cytokine profiles, T-cell anergy and
antigen-driven T-cell apoptosis, in anti-tumor lymphocytes.

Introduction
Due to the limited efficacy and the high toxicity of conventional treatments in certain
human cancers, scientists have focused their efforts over the last two decades on the study of
the interactions between cancer cells and immune system, in order to identify new and more
“physiological” tools for controlling cancer growth in vivo. It is becoming clear that tumors,
especially melanoma, do express antigens that can be recognized by T lymphocytes. These
antigens have been recently identified as belonging to different protein families, including
tumor-specific antigens, differentiation antigens and unique, mutated proteins (Renkvist 
et al., 2001). With variations depending on their nature and immunogenicity, these antigens
have been shown to be targets of specific anti-tumor T cells that can be found in tumor
lesions, invaded or tumor-free lymph nodes and peripheral blood of cancer patients. Several
data now support the evidence that melanoma patients have significantly higher frequency
of such lymphocytes as compared to healthy donors (Marincola et al., 1996b), thus suggest-
ing that the immune system has been able to recognize neoplastic cells and to respond with
specific T-cell expansion. What is still unclear is, however, the reason(s) why such immune
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reactions are, or become during the course of the disease, ineffective in mediating a significant
impairment of in vivo tumor development. The limited results in terms of clinical efficacy
obtained with the first attempts to vaccinate cancer patients with molecularly defined tumor
antigens (see following section) further underline the possibility that interfering with cancer
cell growth in vivo may not be as easy as it could be predicted from in vitro studies.

One of the new strategies recently tested in the search of more effective cancer
immunotherapies is represented by the use of “modified peptides” for improving either
HLA binding or TCR interaction (Parkhurst et al., 1996; Valmori et al., 1998a; Rivoltini 
et al., 1999). Since most of the tumor antigens are self-proteins, low affinity T cells recog-
nizing such antigens should be “turned off ” by peripheral tolerance. The aim of any 
vaccine treatment is thus to break tolerance state and trigger powerful and effective immune
responses able to control tumor growth in vivo.

This chapter will report about the rational for the usage of APL, that is, modified pep-
tides from tumor antigens, that can boost a potent anti-tumor T-cell reactivity cross-reacting
with the native epitope expressed by cancer cells. While once APL referred to “analogues of
immunogenic peptides in which the TCR contact sites have been manipulated” (Evavold 
et al., 1993), this term is currently used for indicating any modified peptide that can lead to
modulation of T-cell activity. In vitro results available in different tumor antigen systems and
preliminary clinical data will be discussed. On the basis of studies performed mostly by our
group on the melanoma antigen MART-1, we will also discuss the possibility that APL may
be involved in T-cell anergy induced in situ by tumor cells and the potential implications of
such findings in the development of new and more effective strategies of immune interven-
tion in cancer treatment.

The TCR: a flexible and tunable structure 
for antigen recognition by T cells
T cells are engaged in target recognition by the interaction of their TCR with a specific 
ligand composed by peptide-complexed HLA molecules. Classes I and II HLA are molecules
responsible for binding peptides from endogenously or exogenously synthetized proteins and
displaying them on the cell surface, for T-cell detection. Specific T cells can then respond to
this interaction by producing various cytokines, killing antigen-bearing targets and/or 
activating other immune cells.

T-cell recognition was once considered as an “all or nothing” type event, but recent 
studies have shown that indeed T cells can respond to TCR triggering with several types of
activation. TCR is in fact a very flexible structure capable of interacting with a broad spec-
trum of ligands (i.e. HLA/peptide complexes) through a versatile signaling complex
(Hennecke and Wiley, 2001). Thus, the degree of T-cell responses ranging from full activa-
tion to partial activation, anergy or even apoptosis, is tuned by the fine structure of
HLA/peptide complexes presented to the specific lymphocyte on target-cell surface.
Antagonist, partial agonist and full T-cell agonist peptides define HLA-presented protein
fragments capable of hierarchical recruitment of T-cell functions ranging from anergy
induction to optimal T-cell response (Figure 6.1).

TCR flexibility has been found to play a central role in T-cell development (Kersh and
Allen, 1996). The fate of developing thymocytes depends in fact on their level of avidity for
HLA/peptide complexes expressed at thymic level. Developing T cells will undergo cell
death if expressing TCR with no ( positive selection) or high (negative selection) affinity for
HLA/peptide ligands. The intrathymic negative selection process ensures the removal of
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high-avidity self-specific T cells from the T-cell repertoire, allowing thus immune tolerance
to normal determinants. However, tolerance state is not complete but must be kept under
control by different peripheral mechanisms (Marincola et al., 2000). Powerful antigenic 
challenges, such as the ones occurring in the presence of strong inflammatory reactions,
can then break peripheral tolerance and trigger low-avidity self-specific T cells, which may
cause autoimmunity. Indeed, tumor immunotherapy is perhaps the one clinical setting in
which the induction of an autoaggressive cellular response appears to be desirable (Parmiani,
1993). In fact, given the self-nature of most tumor antigens recognized by T cells, the possi-
bility of breaking tolerance and activating immune responses against self-proteins over-
expressed by tumor cells through vaccine-based strategies is being extensively evaluated.

Interaction between T cells and their targets: 
structure of the HLA/peptide complex
T cells interact with precise complexes expressed on tumor cell-surface, represented by short
peptides ( products of specific protein cellular processing) displayed on the binding groove of
surface-expressed HLA molecules. CD8� T cells recognize peptides of 8–10 amino acids in
length, digested in proteasomes and presented via the endoplasmic reticulum on cell-surface
class I HLA molecules. CD4 T cells interact with longer (13–20 aa) peptides mostly deriv-
ing from extracellular proteins digested at endosome level and presented on cell-surface in
the context of HLA class II molecules.

HLA/peptide complex thus represents the minimal structure required to initiate, regulate
and sustain a specific immune response and the peptide allocated inside the binding groove
of a given HLA allele is the molecular determinant specifically recognized by the TCR of
CD8 and CD4 T cells (Ruppert et al., 1993; Sette et al., 2001). The immunogenicity of
a given peptide, that is, the capacity to stimulate a T-cell-mediated response in vitro and 
in vivo, is therefore directly affected by both its ability to bind the presenting HLA allele and
by its capacity to stabilize the HLA/peptide complex with the TCR expressed by the T cells.

Amino acid sequencing of naturally processed peptides eluted from a given HLA allele
revealed that each particular allelic variant efficiently binds only a subset of peptides 
sharing conserved amino acid residues in specific fixed positions (Ruppert et al., 1993).
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The position and the chemical nature of the amino acid directly affecting the ability of
a given peptide to bind the corresponding HLA allele are defined as “peptide binding
motif.” The crystallographic structure of MHC molecules together with the allele polymor-
phism of HLA molecules provides the direct structural explanation for the existence of the
peptide-binding motif (Ruppert et al., 1993). In fact, the peptide binding groove of each
MHC allele does contain a variable number of pockets differing in their chemical nature
and ability to allocate distinctive side chains of the antigenic peptides. A network of multi-
ple hydrogen bonds fastens the peptide backbone to the main groove of the MHC mole-
cules, while the side chains of the anchor residues establish specific chemical links with the
HLA positioned inside the binding pockets. In this field, HLA-A2.1–peptide binding
requirements have been widely investigated and may represent a model for peptide/HLA
interactions (Ruppert et al., 1993). As shown in Figure 6.2, features required for binding to
this allele of a putative nonamer include defined amino acid at anchor positions (P2 and P9)
and only peptides with permissive residues (e.g. L, M at P2 or L, V, I at P9) at these positions
have optimized HLA-A2.1 binding. Other residues, however, can modulate the efficacy of
this interaction; for example, Y, F or W in P1 or P3 usually increase binding affinity.

The interaction between T cells and targets, which is regulated by the affinity of binding
between the ligand (HLA/peptide) and its specific TCR, represents the other face of pep-
tide requirements for immunogenicity. For the MHC class I presented peptides, the residues
directly involved in the TCR triggering lay in the center of the peptide sequence, in amino
acid positions included between P3 and P7. However, examples of amino acid substitutions
at other positions (e.g. P1) have been shown to affect affinity of TCR binding, possibly
through indirect effects of the tridimensional epitope structure (Rivoltini et al., 1999). All the
TCR studied so far have been found to bind to peptide–MHC complexes in a similar way,
positioned across the HLA/peptide complex at an angle between 45º and 80º (Hennecke
and Wiley, 2001). The similarity in binding mode is apparently achieved without using 
conserved contacts, which suggests its crucial importance in initiating signaling events in the
responding T cells.

The functional outcome of T-cell interaction with HLA/peptide complex seems to be
strictly related to half-life or dwell-time of TCR/HLA/peptide contact more than to macro-
scopic structural differences. Studies have shown that peptide substitutions inducing minor
conformational refitting of the TCR/HLA/peptide complexes lead to very different func-
tional outcomes, and no major differences in crystallographic structures of TCR/HLA/
peptide interfaces of weak and strong agonist peptides can always be detected (Hennecke
and Wiley, 2001; van der Merwe, 2001).
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The recent identification of the so called “immunological synapse,” the specialized junc-
tion between T cells and targets whose stability is a determinative event for T-cell activation,
provides further confirmation to this hypothesis (Grakoui et al., 1999; Lanzavecchia and
Sallusto, 2001).

APL for finely tuning anti-tumor T-cell reactivity
T lymphocytes have thus no single ligand specificity, but recognize a large array of
HLA/peptide complexes, termed “APL” (Loftus et al., 1996, 1998; Sloan-Lancaster et al.,
1996). These APL can mediate a number of different outcomes in interacting T cells, rang-
ing from inducing selective immunological functions ( partial agonist) to completely turning off
their functional capacity (antagonist). In addition to suboptimal ligands, TCR can also be 
triggered by superagonists, which are analogs that enhance T-cell stimulation by inducing
immunological functions not detected with the cognate ligand (Figure 6.2) (Rivoltini 
et al., 1999).

During the last few years different approaches have successfully led to the definition of
tumor-associated antigens and to the identification of immunogenic peptides recognized by
tumor-specific T cells (Rosenberg, 2001). The tumor-associated, T-cell defined epitopes
known up to now include peptides mostly derived from normal proteins either selectively
expressed or over-expressed by tumor cells. However, the role of tumor-derived antigenic
peptides in inducing specific T-cell responses depends on various factors that altogether con-
trol what is termed “immunogenicity.” It is a general belief that the failure of the immune
system to control cancer growth in vivo stems, among other reasons, from the poor immuno-
genicity of natural epitopes expressed by tumor cells. With the only exception of the immun-
odominant MART-127–35 peptide, which has been shown to readily induce specific T-cell
reactivities both in vitro and in vivo (Kawakami et al., 1994a,b), most tumor-derived epitopes
require in fact repeated in vitro stimulations for boosting T-cell responses and show limited
immunogenicity when used for patient vaccination (Salgaller et al., 1995, 1996; Parkhurst 
et al., 1996; Rivoltini et al., 1996). This phenomenon has been associated to several mecha-
nisms, including a limited HLA-binding ability of tumor-derived peptide or a low TCR
affinity of anti-tumor T cells for the HLA/peptide complex (Marincola et al., 2000).

In order to overcome the reduced immunogenicity, and thus the limited clinical efficacy,
of natural tumor-derived peptides, the strategy consisting on slight modifications of peptide
sequence at amino acid residues crucial for the interaction either with the HLA molecule or
with the specific TCR has been recently evaluated both in vitro and in vivo (Table 6.1).

Peptide optimized for HLA binding or bioavailability

Most of the natural tumor-derived epitopes (including those derived from the melanoma
antigen Melan A/MART-1 and other differentiation antigens) do not bind with high affin-
ity to HLA-class I molecules, mainly due to the lack of optimal amino acidic residues at
anchor positions (Parkhurst et al., 1996; Valmori et al., 1998a,b). Despite the fact that self-
protein-derived peptides are believed to be specifically selected for intermediate binding
affinity during immune system development (Sloan-Lancaster and Allen, 1996), attempts to
improve HLA/peptide interaction by introducing single amino acid substitutions at anchor
positions have thus been performed with the intent of increasing peptide immunogenicity
(Ruppert et al., 1993; Parkhurst et al., 1996; Valmori et al., 1998).
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The MART-126–352L analog (where the more hydrophobic Leu in pos 2 replaces the
native Ala) (Valmori et al., 1999) has been shown to display much improved HLA-A0201
binding and consequently more efficient generation of melanoma-specific T cells from
peripheral blood of melanoma patients. 2L modified analog, as a consequence of the M
introduction at P2, associates a better binding with a “zig-zag” HLA-A2.1–peptide complex
configuration. This conformation probably reproduces native epitope-binding mode and
contributes to cross-reactivity between MART-127–35 family peptides (Sliz et al., 2001).
Functionally, T cells generated with this modified epitope display improved induction of
MART-1 specific T cells from patient PBMC in terms of lysis and IFN
 release. The 2L
modification of MART-1 epitope has additionally provided advantages for the in vitro
generation of immunological tools such as HLA-tetramers. These reagents, which allow
cytofluorimetric detection of antigen-specific T cells by mimicking the HLA/peptide 
complex, can in fact be synthetized only in the presence of peptides with high and stable
binding affinity for the HLA-molecule (Pittet et al., 1999).

One of the HLA-A2-binding epitopes of the differentiation melanoma antigen
gp100(209–217) has been also modified in P2 (modified at pos 2 with a Met substituting 
a Thr) (gp100–209/2M) for ameliorating binding affinity (Parkhurst et al., 1996). As 
compared to the native peptide, gp100–209/2M mediates more efficient in vitro generation
of melanoma-specific T cells, requiring shorter culture times for eliciting from peripheral
blood of melanoma patients, T cells releasing IFN
 in response to gp100-expressing targets.

Using computer-prediction programs, modified epitopes with increased HLA-A2.1 bind-
ing have been identified also for the epithelial antigen EP-CAM. Introduction of a V at P9
in three EPCAM-derived HLA-A2.1-restricted peptides (YQLDPKFIT, ILYENNVIT and
ILYENNVITI) increased HLA-binding affinity and ameliorated the generation of T cells
with lytic activity against HLA-A2.1�/EPCAM� tumor cell lines (Trojan et al., 2001).

Another potential approach, aimed to improve antigenicity of low-affinity peptides and
possibly identify cryptic epitopes of tumor antigens, consists in the introduction of an aro-
matic amino acid, such as Tyr, in the secondary anchor position 1 (P1Y), which has been
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Table 6.1 Strategies for improving peptide immunogenicity by identifying altered peptide ligands

Approach Modifications Examples

Increase binding to HLA P2, P9 (P1)a MART-126–352L
gp100–209/2M

Improve fitting with TCR P3, P5, P7 (P6, P1)b CEA.691/5H
MAGE-A3.112/5I, 7W
MAGE-A2.157/5F, 5I
CEA-CAP1/6D
MART-127–351L

Enhance bioavailability
Reduce degradation by seric peptidases C-terminal aminidation MART-1/MAGE

C-terminal PEGylation
N-terminal acetylation

Improve peptide biostability e.g. substitution of C residues NY-ESO-1

Notes
a Primary anchor positions are in P2 and P9. P1 is a secondary position.
b “Odd-numbered position” rule refers to modifications at P3, 5 or 7. Other positions (such as P6 or even P1)

can generate superagonist analogs when modified.



proved to enhance HLA-A2 binding and stability in several tumor peptides, including those
derived from her2-neu (Tourdot et al., 2000).

Enhanced immunogenicity could additionally be achieved by improving bioavailability
and stability in vivo. For example, MART-1 and MAGE1-derived peptides were modified by
introducing terminal modifications (C-terminal aminidation or PEGylation and N-terminal
acetylation) designed to inhibit proteolytic degradation by seric peptidases and thus enhance
in vivo peptide stability, without interference with CTL recognition (Brinckerhoff et al., 1999).
Similar increases of peptide stability and thus immunogenicity have also been reported to
occur through substitution of cystein residues (known to easily dimerize with consequent
reduction of bioavailability) in peptides derived from the tumor antigen NY-ESO-1 (Chen
et al., 2000).

Peptide optimized at TCR contact residues

A more efficient interaction of the HLA/peptide complex with specific T cells can further-
more be achieved by modifying individual amino-acidic residues not involved in the peptide-
MHC bond and thus expected to directly or indirectly interact with the TCR. This strategy,
though more complex to be applied due to the difficulty of predicting crucial residues for
TCR/peptide MHC complexes, allows the identification of heteroclitic peptides also called
“enhancer agonist” or “superagonist” analogs, that is, epitopes capable of fully triggering spe-
cific T cells to optimally recognize native peptides expressed by tumor cells. This approach,
which is not due to better HLA binding, has the theoretical advantage of inducing qualita-
tively improved immune responses that can include production of cytokines, such as IL-2,
crucial for in vivo lymphocyte survival and expansion (Tangri et al., 2001). In experimental
models, heteroclitic analogs have been shown to break/overcome tolerance by reversing 
a state of T-cell anergy or recruiting new T-cell specificities (Zugel et al., 1998; Wang et al.,
1999). In addition, heteroclitic variants may allow to finely modulate cytokine production
profiles in response to certain antigen, and thus be useful in several disease, such as cancer,
where generation of specific subsets of Th cell response is required (Slanky et al., 2000).

More recently, some discrete structural features associated with heteroclicity have been
identified and used for rational design of heteroclitic analogs of known HLA-A2.1 restricted
tumor epitopes (Tangri et al., 2001). It has been proven that the occurrence of conservative
or semiconservative substitutions at odd-numbered positions (P3, P5 and P7) in the middle
of peptide is a feature associated with heteroclitic effects for HLA-A2.1 epitopes. Since 
heteroclicity is ultimately dependent on the orientation of specific peptide side chains in the
structure of the trimeric complex (TCR/peptide–MHC), insertion of substitutions at odd-
numbered positions represents an empirical guide for identification of superagonist analogs
that enhance T-cell activation. These observations are in agreement with the report 
that minor structural changes at TCR/peptide MHC interface are responsible for major dif-
ference in TCR triggering. Such rational approach to heteroclitic analog design have been
useful for identification of six HLA-A2.1 tumor epitope heteroclitic analogs, including M3
and H5 variants for CEA.691 peptide, I5 and W7 for MAGE-A3.112, F5 and I5 for MAGE-
A2.157 (Tangri et al., 2001).

Although this strategy appears to be very efficient in detecting superagonist variants of
given HLA-A2.1 epitopes, the role of “central odd positions” should not be considered as
exclusive since other substitutions, such as the ones in P1 or P6 may result in heteroclitic
activity as well (Zaremba et al., 1997; Rivoltini et al., 1999).
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Indeed, the heteroclitic analog of CAP1 peptide (CAP1-6D) has been obtained from the
CEA-derived HLA-A2 binding peptide 605–613 by introducing an Asp in P6 that results in
as much as a 1000-fold increase in the levels of cytokine released as compared to the native
peptide (Zaremba et al., 1997). This peptide shows clear superagonist activity, mediating 
significantly improved potency in the generation of CTL recognizing CEA� targets as 
compared to the native peptide.

We have described a superagonist variant of the immunodominant peptide MART-127–35,
which contains a Leu in pos 1, replacing an Ala (27–35/1L). This modification, though not
directly involving TCR/peptide contact residue, induces qualitatively and quantitatively
improved anti-MART-1 T-cell response, without any enhancement in HLA-binding affinity
or stability, and it is thus believed to improve immunogenicity through a more efficient inter-
action at TCR level (Rivoltini et al., 1999). Specific T cells generated by in vitro sensitization
with the 27–35/1L superagonists were also found to release high amounts of IL-2 in
response to MART-1� melanoma cells, a feature that could not be observed in T cells raised
with the native peptide.

Potential limitations to the use of 
tumor antigen-derived APL
The strategy of utilizing optimized peptide analogs for up-regulating and potentiating 
anti-tumor T-cell responses is thus considered a new tool for the identification of more
immunogenic and therapeutically effective cancer vaccines. However, the TCR is a very 
sensitive structure that can be finely tuned by the HLA/peptide complex, with multiple and
heterogeneous functional effects, ranging from optimal activation to T-cell anergy and 
antigen-driven T-cell apoptosis (Hennecke and Wiley, 2001).

A common assumption about peptide binding to class I MHC is that each residue binds
independently. In addition, it is frequently assumed that anchor substitutions do not affect
TCR contact residues. However, crystal structures of Her2-neu peptide APL showed that
the central residues change position depending on the identity of the anchor residue(s).
Thus, it is clear that subtle changes in the identity of anchor residues may have significant
effects on the positions of the TCR contact residues, and on T-cell function (Sharma et al.,
2001). Results obtained analyzing clonal T-cell responses induced by the modified
gp100–209/2M (analog with increased HLA binding) showed in fact high variability both
in terms of avidity toward the peptide and recognition of tumor cells (Dudley et al., 1999).
This evidence suggests that modifications at HLA contact residues can indeed alter TCR
contacts and lead to the potential expansion of T-cell populations not necessarily able to
homogeneously cross-react with the native epitope expressed by tumor cells.

Single amino acid substitution can not only induce improved T-cell responses, but also
trigger a vast array of immunological functions, which may influence negatively the final
outcome of a certain immune response. Specific substitutions aimed to improved HLA bind-
ing of MART-1 immunodominant peptides (e.g. E to F at pos 26 of the MART-126–35) 
have been shown to enhance production of type 2 cytokines (such as IL-10 and IL-13),
whose effects on the in vivo generation and activation of anti-tumor T cells may result as
detrimental (Nielsen et al., 2000). T-cell production of IL-10 by naturally occurring altered
peptide ligands have been indeed reported as likely utilized by malaria parasite to escape
immune recognition and to mediate T-cell immunosuppression in patients affected by
Plasmodium falciparum (Plebanski et al., 1999). These and other findings suggest some caution
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in the usage of modified epitopes, in order to avoid the in vivo induction of unwanted
responses, which can unfavorably influence the ability of the immune system to control
tumor growth.

In vivo efficacy of APL-based vaccine 
in neoplastic disease
Several experimental studies have been performed in mouse models for testing the actual
benefits in terms of immunogenicity and anti-tumor efficacy of optimized peptides. From
data raised in different tumor and viral systems, it has been proved that vaccination with
higher affinity ligands (to improve stability of the MHC/peptide/TCR complexes) pro-
motes in vivo expansion of specific T cells without affecting their antigen specificity or sensi-
tivity (Slanky et al., 2000). This phenomenon, mainly tested with “self ” antigens, could be
related to the ability of optimized peptides to break peripheral tolerance and activate low-
affinity T cells to efficiently destroy target cells bearing the parental epitope. Animal models
have also shown that optimizing peptide interaction with the TCR, by using “superagonist”
variants, leads to the additional advantage of triggering qualitatively improved T-cell func-
tions (e.g. IL-2 release) which can further help overcoming the anergic or tolerant state often
affecting tumor-specific T lymphocytes in vivo (Overwijk et al., 1998).

The possibility of increasing in vivo immunogenicity and thus anti-tumor efficacy of
peptide-based vaccination by using optimized tumor epitopes has been also evaluated in
clinical trials (Table 6.2).

An experimental protocol has been tested in melanoma patients consisting in the vacci-
nation with an analog of the gp100/HLA-A2.1 peptide, modified in position 2
(gp100–209/2M) for better HLA binding (Rosenberg et al., 1998). Treatment with this opti-
mized epitope mediated much improved clinical activity as compared to the native peptide,
in terms of tumor regressions of metastatic lesions. The addition of high dose IL-2 therapy
was however needed to achieve clinical efficacy. This raises, among others, the hypothesis
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Table 6.2 Clinical results of vaccination trials with APL of tumor peptides

Tumor N. patients Vaccine Clinical Immunological Assayb

responses responsesa

Melanomac 8 gp100/209 � IFA 1 PR 2/8 IFN
 ELISAd

11 gp100/209-2M � IFA — 10/11
31 gp100/209-2M 1 CR, 12 PR 3/19

� IFA � L-2

Colon ca. 12 DC � CAP1-6D 2 CR, 1 PR, 1 MR 7/12 Lysise

and NSCLCf � KLH
5/12 HLA tetramer

Notes
a Number of patients showing immunological responses to the vaccine.
b Immunological assay used for in vitro immune monitoring.
c From Rosenberg et al., Natl. Med. 4, 321–7 (1998).
d Immune responses were detected as IFN
 release (by ELISA) after repeated in vitro peptide stimulations.
e Immune responses were measured by 51Cr release assay on fresh PBMC (detecting lytic activity on CEA posi-

tive cells), and by cytofluorimetric staining with fluorocrome-labeled HLA/CAP1-6D tetramers.
f From Fong L. et al., Proc. Natl. Acad. Sci., 98, 8809–14 (2001).



that peptide analogs with improved HLA-binding affinity may not provide sufficient T-cell
triggering for production of this crucial cytokine at tumor site. Additionally, at difference
with animal studies, no clear evidence of powerful peptide-specific T-cell responses was
indeed detectable in the peripheral blood of vaccinated patients (Rosenberg et al., 1998).

Data concerning a second clinical trial based on vaccination with optimized tumor pep-
tides have been recently published, showing a good clinical efficacy of immunotherapy with
autologous DC pulsed with a superagonist variant of the HLA-A2 binding peptide CEA-
CAP1 (Fong et al., 2001). This modified epitope, containing a D in position 6 (CAP1-6D),
has been shown to exert “superagonist” activities, that is, more powerful induction of CEA-
specific T cells through improved interactions with the TCR, as compared to the natural
CEA epitope. Potentiated T cells raised in vitro with CAP1 retain strong and efficient ability
to lysed tumor cells expressing native CEA (Zaremba et al., 1997; Fong et al., 2001), sup-
porting the possibility that CAP1-6D is able to overcome peripheral immune tolerance
toward this self molecule. The effect of vaccination with CAP1-6D has been recently tested
in a clinical trial performed in patients with CEA-expressing metastatic carcinomas (colon
carcinoma and NSCLC) (Fong et al., 2001). The vaccination protocol used consisted of
peptide-pulsed autologous DC expanded in vivo by treatment with the hematopoietic growth
factor Flt3. The vaccine was given in conjunction with local KHL, a powerful CD4 non-
specific activator often used as adjuvant in cancer immunization therapies. More than 50%
of patients developed significant increase of CEA-specific CD8� T cells in PBMC, as
detected by in vitro lysis of CEA-expressing tumor cells or by staining with HLA-A2
tetramers bearing CAP1 peptide (as native and modified form). Tetramer-stained CD8�
lymphocytes in PBMC possessed an “effector cytotoxic” phenotype (CD27�, CD45RA�,
CCR7�), suggesting the in vivo expansion of lytic T cells by the vaccine. Such immune
responses seemed to correlate with clinical regressions (detected in 5 out of 12 patients
treated), including two complete and long-lasting tumor regressions.

Role of APL in tumor-induced T-cell 
anergy and immune escape
Self-peptides play a more direct role in immune function when serving as target epitopes of
autoimmune or autoreactive T-cell responses. Included in this latter category are the
descriptions of CTL reactivity to unmodified self-epitopes present on tumors in melanoma
patients (Parmiani, 1993). Although autoreactive CD8� cells may be recovered from tumor-
infiltrating lymphocytes (TIL) or peripheral blood of patients, direct evidence about their
functional anti-tumor activity at tumor site has yet to be obtained. Among HLA-A2.1�

patients in particular, CTL reactivity to the peptide (MART-127–35) derived from
melanocyte/melanoma differentiation protein MART-1 is frequently and readily observed
in ex vivo cultured TIL (Kawakami et al., 1994a). CTL reactivity to this epitope can be addi-
tionally enhanced by in vivo administration of peptide (Kawakami et al., 1996; Marincola 
et al., 1996a,b; Skipper et al., 1999). However, this CTL activity does not appear to lead to
tumor regression. The co-existence of tumor with apparently robust CTL reactivity to the
MART-127–35 epitope, at least as isolated and characterized ex vivo, has thus to be viewed as
a sort of paradox (Rivoltini et al., 1998).

We found that CTL nominally specific for the MART-127–35 epitope might be expanded
in vivo by the encountering with MART-127–35-like sequences derived from environmental
antigens (Loftus et al., 1996). The general motif embodied in the MART-127–35 sequence,

106 Rivoltini et al.



AAGIGILTV, indeed occurs frequently within a variety of foreign and endogenous proteins.
Several naturally occurring peptides can in fact sensitize HLA-A2.1� cells for lysis by
melanoma patient-derived CTL. This observation prompted us to speculate that endoge-
nous MART-127–35-like peptides might also play a role in shaping this CTL response by con-
tributing to tolerance, acting as APL (Loftus et al., 1996, 1998) and perhaps negatively
modulating CTL function. Although other factors may affect the anti-tumor CTL response
to MART-127–35, our results suggest that MART-1 analogs derived from self-proteins act as
partial agonist or antagonist of anti-MART-1 T cells, by mediating suboptimal activation
and partially triggering anti-tumor functions in such T cells. This phenomenon may not only
contribute to the maintenance of MART-127–35-reactive CTL but can also have a net nega-
tive influence on anti-MART-127–35 T-cell functional efficacy, possibly accounting for the 
paradoxical nature of this response in melanoma patients.

Additionally, more recent data (Carrabba and Rivoltini, manuscript in preparation) suggest
that peptides with partial agonist or antagonist functions can also be found in HPLC peptide
fractions eluted from HLA-A2� melanoma cells, that induce in vitro T-cell anergy in tumor-
specific lymphocytes. This phenomenon can be overcome by generating anti-MART-127–35
T cells using the superagonist peptide analog 1L (described in the previous section). These
latter data suggest that the usage of modified tumor peptide analogs could thus 
represent a promising approach for overcoming tumor-induced immunosuppression and
possibly designing more successful vaccinations in cancer patients.

Conclusions
Significant and durable tumor regressions can be achieved in metastatic cancer patients
refractory to conventional therapies, by boosting anti-tumor T-cell responses in vivo through
specific tumor vaccines. However, clinical efficacy of the immunological approaches tested
thus far must be improved by identifying new strategies based on more effective immuniza-
tion protocols. The usage of altered peptide ligands derived from tumor epitopes, that can
quantitatively and qualitatively improve anti-tumor T-cell responses, may represent a valu-
able clinical approach. The search for more powerful immunization tools must however be
paralleled by ex vivo studies leading to the identification of immunological mechanisms used
by tumor cells to escape immune recognition. In this view, vaccination with peptide analogs
with superagonist features may result more effective, thanks to their additional ability of
generating immune responses potentially able to resist immunosuppression and anergy
induction mediated by tumor cells.
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Summary
MHC tetramer analysis has revealed pronounced spontaneous and therapy-induced expan-
sions of tumor-specific T cells in cancer patients. This allows the coupling of T-cell
responses to clinical course, and has, in particular for hematological malignancies, provided
significant evidence for a role of these T-cell expansions in tumor control. A limitation of
the currently available data is its focus on CD8� immunity, ignoring the possible contribu-
tion of CD4� T cells. However, with the increasing availability of multimeric MHC class II
reagents this is likely to change in the foreseeable future. A second limitation is formed by
the fact that T-cell responses have primarily been monitored in peripheral blood. The devel-
opment of technology to monitor T-cell responses in small amounts of tissue material by
CLSM or by other means will be essential for our understanding between T-cell immunity
and clinical course for solid tumors. On a similar note, in future studies it will be important
to establish not only the magnitude of (vaccine-induced) tumor-specific T-cell responses,
but also the functional activity and migration of these cells, and T-cell phenotypes that 
correlate with this behavior. Finally, the use of MHC tetramers to selectively isolate 
naturally occurring or in vitro-generated TCRs may give us the tools to induce sufficiently
strong tumor-specific T-cell immunity in cases in which the natural T-cell repertoire has
failed.

Detection of antigen-specific T-cell immunity with 
multimeric MHC technology
Since the discovery of MHC-restricted recognition of peptide antigens by T cells, one of the
main aims of immunologists has been to visualize disease- and vaccine-induced T-cell
immunity. Traditional approaches for the quantification of antigen-specific T-cell immunity
monitored functional responses of T cells upon antigen encounter. This involved either antigen-
driven proliferation (as measured by 3H-thymidine uptake or limiting dilution assays), or 
T-cell effector functions such as antigen-induced cytokine secretion or cytolysis. However, by
definition these methods could only monitor T cells that were active in a particular func-
tional assay and could therefore only provide a relative measure of the magnitude of
a T-cell response. Consequently, aspects such as the phenotype, temporal and spatial distri-
bution of antigen-specific T cells, but also the absolute magnitude of T-cell immunity could
not readily be addressed. Early attempts to directly visualize antigen-specific T cells by flow
cytometry focused on the detection of antigen-specific T-cell responses that were character-
ized by a very homogenous V�-V� usage, and that could therefore be detected by a com-
bination of V�-V�-specific antibodies. These experiments provided a first glimpse of the
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development and magnitude of antigen-specific T-cell responses (McHeyzer-Williams and
Davis, 1995). However, the value of this approach was limited by the fact that in the vast
majority of T-cell responses, V�-V� usage is highly diverse. The real breakthrough came
when John Altman in the lab of Mark Davis prepared multivalent complexes of HLA-A2.1
molecules complexed with HIV-derived epitopes and showed that these polyvalent
MHC–peptide reagents could bind with sufficient avidity to HIV-specific CD8� T cells to
allow their detection by flow cytometry (Altman et al., 1996). Since then MHC tetramers and
other types of MHC multimers (Altman et al., 1996; Walter et al., 1998; Malherbe et al.,
2000; Schneck, 2000) (here all referred to as MHC tetramers for the sake of simplicity) have
been used extensively to visualize antigen-specific T-cell immunity in humans and in animal
model systems. The main advantage of MHC tetramers is that their use allows detection of
antigen-specific T-cell responses without any requirement for in vitro proliferation, or pro-
duction of cytokines. The importance of this property has become very clear over the past
years. Already the very first experiments using MHC tetramer technology in the study of
murine and human infectious diseases demonstrated that prior analyses of antigen-specific
T-cell responses by limiting dilution analysis had provided a very large underestimate of the
magnitude of such responses (Callan et al., 1998; Murali-Krishna et al., 1998). In the current
chapter we will describe the use of MHC tetramers in the study of tumor-specific T-cell
immunity.

Production of MHC class I tetramers and detection 
of antigen-specific CD8� T cells
At present the NIH provides MHC class I tetramers at no cost to researchers upon request
(see http://www.niaid.nih.gov/reposit/tetramer/overview.html). In addition, several com-
panies in Europe and in the United States have started the production of MHC class I
tetramers/ MHC dimers on a commercial scale. However, most MHC class I tetramers that
are currently used in research are still produced by researchers themselves. The technology
that is used to produce MHC tetramers in most labs is very similar to the strategy first
worked out in the Davis lab ((Altman et al., 1996), see Figure 7.1). In this strategy, the MHC
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class I heavy chain and �2m (MHC class I light chain) are expressed separately in Escherichia
coli. Both chains lack the signal peptide normally required for ER import and the MHC class I
heavy chain is further modified by the removal of the transmembrane/cytoplasmic domain
and COOH terminal addition of a recognition site for the enzyme biotin ligase (the biotag).
Purified MHC class I heavy chain and light chain are folded with antigenic peptide to form
monomeric MHC class I complexes. Conditions for folding can vary considerably between
different MHC class I molecules, and although conditions have been established for 
a significant number of MHC class I alleles, some alleles remain problematic. Folded 
MHC-peptide monomers are purified and the complex is biotinylated by the enzyme BirA.
Following removal of the biotin and biotin ligase, fluorochrome-labeled streptavidin or
avidin is added. Since both streptavidin and avidin have four biotin binding sites, this results
in the formation of tetravalent complexes of MHC molecules. Since BirA only couples
biotin residues to lysine sidechains that form part of a defined peptide sequence present in
the biotag, biotinylation of MHC complexes in this manner is strictly site-specific. As a con-
sequence, all MHC molecules associate with streptavidin through the biotin residue present
at the COOH terminus of the class I heavy chain, allowing the part of the MHC–peptide
complex seen by the T-cell receptors (TCR) to remain freely available for binding. A detailed
protocol for the preparation of MHC class I tetramers by this method is available at the
NIAID tetramer site (http://www.emory.edu/WHSC/TETRAMER/protocol.html).
Plasmids that encode �2m, different MHC class I heavy chain alleles and biotin ligase are
all freely available from several labs. In addition to this standard protocol, several other for-
mats have been put forward. However, at present no systematic comparison has been made
between different types of MHC multimers with respect to background issues, or sensitivity
of detecting T cells with low affinity TCRs (see next paragraph).

The detection of antigen-specific T cells with MHC class I tetramers is at least in theory
extremely straightforward. Cell suspensions are incubated with MHC tetramers in combi-
nation with lineage markers and following a few brief washes, samples are analyzed by flow
cytometry. However, because the binding of MHC tetramers to cells displays a number of
unusual characteristics as compared to antibody binding, additional care is required.
Furthermore, in most situations the frequency of tumor-specific T cells will be low, often
below 1% of CD8� T cells. Therefore, any strategy that can help distinguish between low
frequencies of antigen-specific T cells and background binding is of importance.

Conditions of binding

Binding of MHC class I-restricted T cells to MHC–peptide complexes on target cells is
mediated not only by the TCR, but also by the CD8 co-receptor. Likewise, binding of MHC
class I tetramers to CD8� T cells also in part involves the interaction between MHC
tetramers and CD8 molecules, and depending on the situation, this TCR-nonselective com-
ponent can be favorable or unfavorable. Similar to its role in T-cell–target-cell encounter,
interaction of CD8 molecules with MHC tetramers lowers the threshold for TCR binding.
CD8 co-receptor binding leads to significant binding of H-2Kb tetramers to CD8� T cells
independent of their TCR specificity and this background binding can be reduced by inclu-
sion of certain anti-CD8 antibodies (see http://www.niaid.nih.gov/reposit/tetramer/
overview.html). Likewise, a significant CD8-binding component has been observed 
for human MHC tetramers at high tetramer concentrations, and this can be reduced
through the use of mutant tetramers in which CD8 binding is decreased as a consequence
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of a mutation in the MHC class I heavy chain �3 domain (Bodinier et al., 2000). At the other
side of the spectrum, CD8 co-receptor binding appears essential for the binding of MHC
tetramers to certain murine antigen-specific T cells (Daniels and Jameson, 2000) and a
human T-cell clone specific for the melanoma antigen gp100 (Denkberg et al., 2001).
Likewise, we have observed that binding of A2.1-Tyr368 tetramers to polyclonal populations
of tyrosinase-specific T cells in melanoma patients is CD8-dependent (van Oijen et al., Ms
submitted). In all these cases inclusion of (certain) anti-CD8 antibodies is sufficient to abro-
gate MHC tetramer binding. This negative effect on MHC tetramer binding can be avoided
either through the use of anti-CD8 antibodies that do not block (Daniels and Jameson,
2000), or by defining CD8� T cells by exclusion of other cell lineages, using a panel of lin-
eage marker antibodies (van Oijen et al., Ms submitted). It may be speculated that the low
tetramer binding observed for certain T-cell populations that recognize self-antigens such as
tyrosinase (Yee et al., 1999; van Oijen et al., Ms submitted) is due to the effects of self-tolerance.
A number of studies in transgenic and knockout mouse strains have directly demonstrated that
in many cases T-cell tolerance towards self-antigens results in the deletion of high avidity 
T cells while low avidity T cells are spared (de Visser et al., 2000; Hernandez et al., 2000;
Nugent et al., 2000). These low avidity self-specific T cells show reduced levels of MHC
tetramer binding, and antigen-specific effector function is only observed at high antigen 
concentrations. TCR expression level on these cells is indistinguishable from TCR 
levels of antigen-specific T cells from non-tolerant animals, implying a reduced affinity of
the encoded TCRs for the self peptide–MHC complex as the mechanism involved. It is 
currently unclear to what extent or under which conditions such low avidity T cells can
mediate significant anti-tumor effects. However, approaches to circumvent the deleterious
effects of self-tolerance on the tumor/self antigen-specific T-cell repertoire are likely to be
beneficial and will be discussed in one of the following sections.

As first pointed out by Cerundolo, Sewell and coworkers, the binding of MHC class I
tetramers to antigen-specific T cells is a temperature-sensitive process (Whelan et al., 1999).
MHC tetramers bind with greater selectivity at higher temperature (i.e. 37 
C versus 4 
C),
as significant binding of MHC tetramers complexed with partial agonist ligands is observed
at reduced temperatures. This temperature dependency of MHC class I tetramer-binding
fits well with a previous thermodynamic analysis of TCR–MHC interactions (Willcox et al.,
1999) and can probably be extrapolated to MHC class II tetramers (see further). It is possi-
ble that the observed temperature dependency of the specificity of MHC tetramer binding
is also related to the propensity of TCRs to localize in lipid rafts upon antigen-specific T-cell
activation. It has been observed that MHC tetramer binding is affected by disruption of
lipid raft integrity (Drake and Braciale, 2001). Furthermore, confocal laser scanning
microscopy of MHC tetramer binding to T cells reveals a pronounced punctate staining 
pattern, and this TCR clustering occurs more rapidly at higher temperatures (Haanen 
et al., 2000). Further evidence for an effect of TCR–lipid raft interaction on MHC multimer
binding comes from the observation that the binding of MHC dimers to antigen-specific T
cells is influenced by the T-cell activation state (Cameron et al., 2001). Upon activation, T
cells bind MHC dimers at lower concentrations and this process can be mimicked by mem-
brane cholesterol. Collectively, these experiments indicate that binding of MHC multimers
to T cells is not a simple multivalent interaction between MHC molecules and TCRs,
but is a dynamic process that is sensitive to alterations in membrane organization that 
affect TCR localization and can be significantly influenced by temperature and the CD8 
co-receptor.
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Data acquisition and analysis

In most clinically relevant settings the frequency of antigen-specific T cells is very low. It is
therefore of importance to optimize MHC tetramer flow cytometry in order to reduce back-
ground binding as much as possible. In addition, in MHC tetramer analysis of human 
T-cell responses it is useful to define criteria that can help distinguish a true antigen-specific
T-cell response from background binding.

To help increase signal to noise ratio and to distinguish true staining of antigen-specific 
T cells from background staining a set of simple rules can be helpful. (1) Count as many cells
as possible. To reliably visualize CD8� T-cell frequencies in the range 0.1–0.5% it is neces-
sary to count ~5 � 105 peripheral blood lymphocytes. (2) Set both a well-defined life gate
(i.e. select for propidium-iodide (PI) negative cells) and lymphocyte gate. Careful data analy-
sis helps to significantly reduce background staining, and in some cases can prevent false pos-
itives. In particular early apoptotic cells that are PI-low, but have a slightly reduced forward
scatter appear to contribute significantly to the background. (3) Background staining varies
between tetramers and can be over 0.2% of CD8� T cells for certain tetramers and below
0.02% for others. Consequently, it is not good practice to rely on staining with control
tetramers to set the background. Rather, levels of background staining should be deter-
mined by staining lymphocytes from a panel of healthy individuals, preferably matched 
for the relevant MHC allele. (4) The presence of a population of tetramer-positive cells is
insufficient to document the existence of an antigen-specific T-cell response in the absence
of any supporting data. There are still a number questions surrounding MHC tetramer
technology that preclude its use as definitive proof for the existence of a T-cell response.
Additional evidence may come from (lack of ) staining of lymphocytes of healthy individu-
als, expansion of the tetramer-reactive population upon antigen encounter (which can read-
ily be visualized by CFSE labeling (Novak et al., 1999)), or functional responses, such as
cytokine secretion or CD69 up-regulation.

Detection of naturally occurring tumor-specific CD8�

T-cell immunity by tetramer flow cytometry

Magnitude of tumor-specific T-cell responses

Shortly after MHC tetramers had started to revolutionize our understanding of the size and
kinetics of pathogen-specific immunity, this technology was employed for the detection of
tumor-specific CD8� T cells. To date, the majority of studies has been on melanoma-
specific T-cell immunity. In the past decade a large set of antigens that are recognized by
melanoma-specific T cells has been identified (see Chapter 4 by Kawakami). The shared
melanoma antigens identified in these studies can be divided into two groups. A first group
is formed by the family of melanocyte differentiation antigens (MDA), and includes 
MART-1/MelanA, gp100, tyrosinase and the tyrosinase-related proteins 1 and 2 (TRP-1, 2).
These antigens are lineage-specific proteins that are expressed in normal melanocytes and
in most melanomas. A second, large group of antigens expressed in melanomas is derived
from so-called Cancer/Testis genes. This group of antigens is expressed in testis and pla-
centa and in a variety of different tumors. This group includes the MAGE family of anti-
gens identified by Boon and colleagues, and antigens such as NY-ESO-1 that were identified
by SEREX technology (see Chapter 10 by Pfreundschuh).
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The first striking thing that emerged from MHC tetramer analysis of spontaneous 
tumor-specific T-cell immunity in melanoma patients is that – at least for certain antigens –
tumor-specific T cells are not few and far between. Others and we have documented the
presence of high numbers of T cells with specificity for MDA (Romero et al., 1998; Lee 
et al., 1999b, van Oijen et al., Ms submitted). In more than 40% of stage IV melanoma
patients, MART-1-specific T cells are detectable directly ex vivo in peripheral blood,
sometimes in very high numbers. As a dramatic example, in one patient greater than 10%
of peripheral blood CD8� T cells was found to be specific for a single HLA-A2.1-restricted
epitope of MART-1 (van Oijen et al., Ms submitted). In these patients T cells specific 
for tyrosinase or gp100 can be detected as well, although in fewer cases and at a lower 
frequency.

CT antigens have always been considered immunologically non-self, because in healthy
individuals expression is limited to immunologically privileged sites (testicular germ cells and
placenta). Remarkably, however, the immunogenicity of these antigens appears quite lim-
ited. NY-ESO-1, a CT antigen that was originally identified in esophageal carcinoma, and
that is expressed in 20–30% of melanomas is the only antigen in this group that induces
readily detectable T-cell responses in a significant fraction of patients. Several groups have
reported naturally occurring T-cell immunity against this antigen ( Jager et al., 2000; Valmori
et al., 2000), although the frequency amongst HLA-A2� melanoma patients seems to be
lower than for MART-1. Strikingly, with only few exceptions (MAGE-A10) (Valmori et al.,
2001) T-cell reactivity against melanoma-associated antigen gene (MAGE) family members
is weak (Traversari et al., 1992; van der Bruggen et al., 1994; Gaugler et al., 1994; Zorn and
Hercend, 1999).

The available data therefore suggest a hierarchy in spontaneous tumor-specific T-cell
immunity. MART-specific T-cell immunity is clearly dominant and MDA-specific immunity
appears somewhat more prevalent than immunity against CT antigens. This hierarchy is not
only observed in MHC tetramer analysis of peripheral blood, but also in cultures of tumor-
infiltrating lymphocytes (Kawakami et al., 2000). The factors that determine this hierarchy
are currently unclear. Factors such as intracellular processing, MHC affinity of peptide anti-
gens and the frequency of antigen-specific T cells within the naïve T-cell repertoire have
previously been shown to determine immunodominance in a mouse model system (Chen 
et al., 2000). These factors are likely to affect also the immunodominance of melanoma anti-
gens. In addition, because all these antigens are (at least genetically) self-antigens, a varying
degree of self-tolerance to different antigens may also affect the magnitude of responses.
Despite the fact that some of the CT antigens are overexpressed in melanomas (Gibbs et al.,
2000), T-cell reactivity has remained a rare finding. It has been argued that whereas expres-
sion of MDA decreases as the tumor dedifferentiates – MDA expression is a remnant of the
melanocytic origin of the tumor – expression of CT antigens remains the same or increases
(Coulie et al., 1997). Interestingly, in a patient with decreased MDA expression, tumor-
infiltrating lymphocytes were collected with specificity for MAGE-12, which was interpreted
as an indication of a “cryptic” or subdominant nature of this antigen compared to MDA
(Panelli et al., 2000). Finally, perhaps the most likely explanation for the skewing of sponta-
neous T-cell immunity towards the MART-1 antigen in melanoma patients is the observa-
tion that low numbers of MART-1-specific T cells have also been detected in a significant
fraction of healthy individuals. It has been argued that these expansions may occur as a con-
sequence of cross-reactivity of MART-1-specific T cells with pathogen-derived epitopes,
such as from HSV-1. However, it was subsequently shown that MART-1-specific T cells in
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healthy individuals that can be identified by MHC tetramer staining have a naïve phenotype
(Pittet et al., 1999) (see following section), strongly suggesting that these cells are not the prod-
uct of a cross-reactive T-cell response. It should be pointed out that dominance of certain
antigen specificities in spontaneous melanoma-specific T-cell immunity does not indicate
that these antigens will be superior tumor rejection antigens. The role of MART as a tumor
rejection antigen is highly dubious (see below) and it remains possible that if strong T-cell
responses would be induced against CT-derived epitopes that such T cells could mediate
anti-tumor effects. The positive results recently obtained in a clinical study with MAGE-3
peptide vaccination support this notion, although also in this trial, MAGE-specific immunity
remained difficult to detect (Marchand et al., 1999).

The massive T-cell expansions found in melanoma patients correlate with the abundant
presence of MDA antigens upon tumor growth or spreading. Strong expansions are only
observed in the peripheral blood or tumor-infiltrated lymph nodes from stage III (regional
lymph node involvement) and particularly stage IV (distant metastases) patients. In patients
with tumors that are confined to the primary site (i.e. stage I and stage II melanoma),
tetramer-reactive T cells have been found, but at significantly lower frequencies (Palermo 
et al., 2001).

The reasons for the relative weak T-cell response towards locally confined melanoma 
are likely to be manifold. In early stage tumors only small numbers of tumor cells will drain
to the lymph nodes where T-cell activation takes place. Consequently, the antigen load as
perceived by the immune system will be limited. In addition, the absence of a profound
inflammatory environment in tumor sites will not promote maturation of antigen-presenting
cells (APCs) and subsequent cross-presentation of melanoma antigens. Nevertheless, it is
clear that in at least a fraction of patients, the immune system is not fully ignorant of
primary melanomas as evidenced by a variable degree of T-lymphocyte infiltration of these
lesions. Furthermore, the degree of T-cell infiltration is an independent positive prognostic
indicator in primary melanoma, providing indirect evidence for immune control (Clark et al.,
1989; Clemente et al., 1996). Collectively, these data suggest that, the induction of
(increased) MDA-specific T-cell immunity is most likely to be beneficial in stage I and stage
II patient groups, both because of this indirect evidence for T-cell control and because spon-
taneous melanoma-specific immunity is weak and may easily be improved by vaccination.

To date, little has been published on naturally occurring T-cell immunity in other tumors.
We speculate that the scarcity of published data on tetramer analysis of spontaneous T-cell
immunity in other tumor types is at least in part due to the fact that tumor-specific T-cell
expansions are of a much smaller magnitude in tumor types other than melanoma. In a lim-
ited set of experiments we screened peripheral blood samples of HLA-A2.1-positive
metastatic renal cell carcinoma (RCC) patients with an array of MHC tetramers containing
CD8� T-cell epitopes of G250, MAGE-3, WT-1 (Wilms tumor derived antigen) and
hTERT (human telomerase reverse transcriptase), antigens that are all expressed by a pro-
portion of RCC. In 2/17 patients low numbers of hTERT-specific CD8� T cells and in
1/17 patients a low number of WT-1-specific T cells was detected. However, the relevance
of these MHC-tetramer-identified T-cell expansions remains to be further established.

Phenotype and function of melanoma-reactive T cells
As discussed in the preceding section, the most striking observation made in MHC tetramer
analysis of melanoma-specific T cells is the magnitude of the MDA-specific T-cell responses
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in some patients. Despite these significant tumor-specific T-cell responses, spontaneous
regression of melanoma remains a very rare event. Therefore, the question arises how in the
majority of cases, these tumors can grow in the presence of such strong melanoma-specific
T-cell responses. Explanations for this have been found both at the level of the tumor and
at the level of the responding T-cell populations.

Correlation of MDA-specific T cells and melanoma progression

In a retrospective analysis of blood samples from 37 HLA-A2.1� stage IV melanoma
patients drawn before treatment, naturally occurring CD8� T-cell immunity towards MDA
(MART-1, tyrosinase and gp100) was determined. In over 40% of patients antigen-specific
CD8� T cells for one or more of the MDA were detectable. All patients were subsequently
treated in a phase II clinical trial with combined chemo-immunotherapy modality consist-
ing of temozolomide and low dose IL-2, IFN-� and GM-CSF administered sequentially.
After two courses, patients were evaluated for response to treatment. 50% of patients had
progressive disease (PD). Surprisingly, in the vast majority (14/19) of patients with progres-
sive disease MDA-specific T cells were detectable in peripheral blood by MHC tetramer
analysis, sometimes in extremely high numbers. Statistical analysis of these data revealed 
a highly significant correlation between the presence of MDA-specific T cells and rapid 
disease progression despite immunotherapy-based treatment. Although MDA- and in par-
ticular MART-1-specific T-cell immunity is also found in healthy HLA-A2.1� individuals,
the frequencies found in patients with advanced melanoma are much higher, indicating that
these T-cell expansions are disease related and not a reflection of the normal distribution of
MDA-specific T cells in HLA-A2.1� individuals (Romero et al., 1998; Pittet et al., 1999,
van Oijen et al., Ms submitted).

Phenotype and function of tumor-specific T cells

Examination of the phenotype of MDA-specific T cells from melanoma patients also pro-
vides evidence for a disease-related immune response. MART-1-specific T cells in healthy
individuals display a naïve phenotype with high CD45RA, CCR7 and CD27 expression and
low CD45RO expression. In contrast, MDA-specific T cells in about 50% of melanoma
patients have an effector/memory phenotype based on high expression of CD45RO, and
reduced expression of CD45RA, CD27 and CCR7 (D’Souza et al., 1998; Romero et al.,
1998; Lee et al., 1999b; Dunbar et al., 2000; van Oijen et al., Ms submitted), indicating 
that these cells are antigen-experienced. Furthermore, the extent of this phenotypic shift
correlates with the magnitude of the MDA-specific T-cell response and with the ability of
these cells to mediate ex vivo effector function (Dunbar et al., 2000; van Oijen et al., Ms 
submitted). Lee et al. (1999b) described one patient with high numbers of circulating (oligo-
clonal) tyrosinase-specific T cells (1 in 40 CD8� T cells was specific for tyrosinase) with 
a different cell surface phenotype. These cells expressed high levels of CD45RA, but no
CD45RO, CD27 and CD28. This pattern of cell surface marker expression is thought to
represent the phenotype of T cells that have fully differentiated towards effector cells
(Hamann et al., 1997). Despite this phenotype, these tyrosinase-specific T cells lacked
cytolytic activity against peptide-pulsed or tyrosinase-expressing target cells, and did not pro-
duce IFN-
 or TNF-� upon activation. It seems however that the existence of this type of
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anergized melanoma-specific T cells is the exception rather than the rule. In most other
cases in which the functional properties of melanoma-specific T cells were studied, these 
T cells behaved as classical memory/effectors with ex vivo antigen-induced cytokine produc-
tion and cytolytic activity. Collectively, these data indicate that as based on the observed
antigen-specific T-cell expansions, the phenotype of these cells and their functional proper-
ties, tumor-induced T-cell deletion or anergy is unlikely to be a dominant factor in advanced
stage melanoma.

Clinical significance of tetramer-identified 
melanoma-specific T-cell responses

It is currently unclear how ex vivo effector function of tumor-specific CD8� T cells relates to
their in vivo function. To date, little clinical benefit from the presence of melanoma-specific
T cells has been observed. On the contrary, our data on the presence of MDA-specific 
T-cell immunity in stage IV melanoma patients indicate a negative correlation between the
presence of MDA-specific T cells and clinical outcome. However, there is mounting 
evidence that MDA-specific T cells can be functionally active in vivo.

First, as discussed above the presence of TIL could be correlated with a better clinical
outcome for primary cutaneous melanomas and regional lymph node metastases.
Furthermore, a small fraction of patients with melanoma develop vitiligo, an auto-immune
skin disease that is caused by destruction of skin melanocytes. Although not proven formally,
it is suggested that tumor-reactive T cells recognizing a self-antigen expressed by both
melanocytes and melanoma are responsible for this phenomenon. In line with this, MART-1-
specific CD8� T cells with homing capacity for the skin through expression of the skin 
homing receptor CLA were recently detected in the peripheral blood of vitiligo patients by
MHC tetramer staining (Ogg et al., 1998). Elegant work from Yee et al. (2000) has recently 
provided direct evidence for T-cell mediated vitiligo. In this study, MART-1-specific T cells
were adoptively transferred to a stage IV melanoma patient in combination with 
IL-2. Adoptive transfer resulted in homing of infused T cells to both melanoma metastases
and pigmented areas of the skin and subsequent destruction of MART-1-positive
melanocytes. The frequencies of MART-1-specific T cells observed in peripheral blood of
this patient post infusion were similar to the frequencies observed in some untreated
melanoma patients. However, in the latter group of patients vitiligo remains uncommon.
Collectively, these data indicate that although the presence of melanoma/melanocyte-
specific T cells is an obvious prerequisite for tumor and melanocyte destruction by MDA-
specific T cells, there are additional requirements. One of these factors may be the (lack of )
expression of skin homing receptors. In addition, many of the cases of immunotherapy-
induced vitiligo in melanoma patients are associated with the administration of IL-2
(Rosenberg and White, 1996). IL-2 may exert this effect either through an effect on T-cell
activation state or by increasing vascular permeability. Clearly, in addition to simply count-
ing T cells by MHC tetramer staining, it will be crucial to define the (patho-) physiological
conditions and/or T-cell phenotype required for the in vivo function of these tumor/
self-specific T cells.

Additional evidence for a role of melanoma-specific T cells comes from the observation
that, in particular, in advanced stage disease, tumor cells have often become insensitive to 
T-cell attack. This has been shown to occur through loss of antigen expression, down-
regulation of transporters associated with antigen processing (TAP) (Thor Straten et al., 1997),
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and loss of HLA expression (Maeurer et al., 1996; Cormier et al., 1998; Hicklin et al., 1998;
Jimenez et al., 1999). Recently, loss of expression of MART-1 antigen in primary cutaneous
melanoma was shown to be a negative prognostic indicator for disease-free and overall sur-
vival (Berset et al., 2001), perhaps suggesting that selection of immune escape variants is
already an early phenomenon in the development to metastatic melanoma (Kageshita 
et al., 1997; Geertsen et al., 1998). In our own study on MDA-specific immunity in advanced
stage melanoma patients loss of HLA-A expression was observed in about 50% of patients
with rapid disease progression. Interestingly, in the majority of these patients MDA-specific
T cells were detectable, suggesting that MHC class I-deficient tumors can induce or at 
least maintain tumor-specific T-cell responses, possibly through cross-presentation of tumor-
derived antigens by professional APCs. In a mouse model in which T-cell responses against
experimental tumors can be monitored directly, we have recently demonstrated that induc-
tion of tumor-specific CD8� T-cell immunity can indeed occur independent of MHC
expression by the tumor, through cross-presentation of tumor-derived proteins (Wolkers 
et al., 2001). This provides a somber view of the battle between the immune system and
tumors, in which the body is mounting an increasingly strong T-cell response against 
a tumor that is completely insensitive to this attack.

Therapy-induced T-cell responses
A number of studies have used MHC tetramer technology to visualize the effects of
immunotherapeutic interventions on T-cell responses against solid tumors in cancer patients
(Lee et al., 1999a; Fong et al., 2001; Jonuleit et al., 2001; Lau et al., 2001; Pittet et al., 2001).
In a recently published paper by Fong et al. (2001) autologous DC pulsed with an APL of
carcino-embryonic antigen (CEA) induced T cells that recognized tumor cells expressing
endogenous CEA. In this study, the expansion of CEA-specific CD8� T cells correlated with
clinical response. In melanoma, the currently available results have not revealed any clear
correlation between increases in tumor-specific T cells in peripheral blood and clinical
responses. In studies performed in the lab of S. Rosenberg and F. Marincola, vaccination of
melanoma patients with an altered peptide ligand (APL) of a gp100 epitope resulted in an
increase in the number of circulating gp100-specific T cells up to 2.5% (Lee et al., 1999a).
Although immunization was successful in 91% of patients, no clinical responses were
observed. In contrast, patients that also received high dose IL-2 did show clinical responses,
however, in this patient group an increase in gp100-specific T cells was found in only few
cases. The authors suggest that in the latter patient group gp100-specific T cells may have
extravasated to the tumor site. Although there are currently no data that directly support this
hypothesis, it is becoming increasingly clear from mouse studies that T-cell migration pat-
terns are highly regulated throughout T-cell activation and an important factor in T-cell
function. In addition, we have observed that T-cell populations with different specificities may
not be distributed equally over different sites. In a patient in which significant frequencies of
gp100-, MART-1- and tyrosinase-specific T cells could be observed in peripheral blood, the
latter cells were conspicuously absent from a tumor-infiltrated lymph node (Figure 7.2).
Thereby these studies also point to one of the major limitations of MHC tetramer analysis
of peripheral blood samples for T-cell responses against human solid tumors. Ideally the effi-
cacy of vaccination protocols should be assessed not by determining the number of T cells
induced, but rather by the number of T cells induced at the desired location. In particular
the efficacy of vaccination protocols that affect T-cell distribution, for instance, through
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inclusion of cytokines, may be misinterpreted by only monitoring the magnitude of T-cell
responses in peripheral blood.

Allogeneic bone marrow transplantation (BMT) is increasingly used as an immunothera-
peutic strategy for hematological malignancies and more recently also solid tumors. The anti-
tumor effect of allogeneic transplants is mediated by minor histocompatibility antigen- and/or
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Figure 7.2 MHC tetramer staining of peripheral blood lymphocytes and tumor-infiltrated lymph node
lymphocytes from a melanoma patient. Mononuclear cells isolated from peripheral blood
and tumor-infiltrated lymph nodes were stained with HLA-A2.1 tetramers containing 
peptides gp100280–288, tyrosinase368–374 and MART-126–35. Cells were counterstained 
with a panel of monoclonal antibodies for lineage antigens CD4, CD13, CD14, CD16 and
CD19, and thereafter analyzed by flow cytometry. MDA-specific CD8� T cells appear in
the upper left quadrant. Note the absence of tyrosinase-specific T cells in the tumor-
infiltrated lymph node.



tumor antigen-specific T cells that are present in the transplant, and is strongly correlated
with the development of Graft versus Host Disease (GvHD) (Appelbaum, 2001). MHC
tetramer technology has recently been used to couple the development of antigen-specific
T-cell responses to clinical course in BMT recipients, and these first studies have 
provided some very interesting insights.

Goulmy and coworkers reported a retrospective study of 17 allogeneic BMT recipients,
using MHC tetramers complexed with minor histocompatibility antigens (Mutis et al., 1999).
This study shows that the development of mHag-specific T-cell responses that can be
detected with MHC tetramers correlates with clinically evident GvHD. Furthermore, the
effect of GvHD treatment on the magnitude of these T-cell responses could be correlated
to the development of chronic GvHD.

Patients with chronic myelogenous leukemia (CML) that relapse after allogeneic bone
marrow or peripheral stem cell transplantation have an 80% chance of complete remission
(CR) upon donor lymphocyte infusion (DLI). Responses to DLI are often accompanied by
GvHD and minor histocompatibility antigen-specific T cells are thought to mediate both
GvHD and graft-versus-leukemia. Marijt et al. (2000) performed MHC tetramer analysis of
blood samples prior to and weekly after DLI in a patient with relapsed CML after allogeneic
stem cell transplantation. Their study revealed a transient but profound increase in both
mHag HA-1 and HA-2-specific T-cell populations starting at week 5 after DLI and lasting
about 3–4 weeks. This increase in circulating mHag-specific T-cell pool was associated with
conversion to full donor chimerism and molecular CR of the disease.

In a separate study, Champlin and colleagues examined the development of T-cell 
immunity against the CML antigen proteinase 3 (Molldrem et al., 2000). This antigen is 
a non-mutated self-protein that is modestly overexpressed in CML cells. No proteinase 
3-specific T cells could be detected by MHC tetramer staining of PBL from CML patients
that were treated with chemotherapy. In contrast, upon treatment of patients with interferon-
alpha, and in particular upon allogeneic BMT, large numbers of MHC-tetramer-reactive 
T cells appeared. Interestingly, these expansions of proteinase 3-specific T cells correlated
well with tumor response.

These studies reveal the value of MHC tetramer staining for our understanding of the
clinical effects of immunotherapeutic interventions. MHC tetramers can be applied to cou-
ple expansions of specific T-cell populations to the development of either GvHD or tumor
regression. It is noted though that these correlations do not formally prove a causal rela-
tionship between T-cell expansion and clinical manifestations. As an example, the presence
of significant numbers of proteinase 3-specific T cells in patients with CML regression may
in theory also be explained as a T-cell expansion that occurs as a consequence of increased
antigen liberation upon tumor cell death. Definitive proof for a causal relationship may in
this case come from clinical trials in which such T-cell responses are enhanced, for instance
by vaccination of BMT donors.

Additional technologies

Detection of tumor-reactive T cells by tetramer-CLSM

Although MHC tetramer analysis of T cells by flow cytometry has been extremely valuable
for the visualization of antigen-specific T-cell responses, it does not provide information on
the spatial distribution of T-cell immunity in lymphoid organs or at effector sites.
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Information on the distribution of antigen-specific T cells in tumor sites would be particu-
larly interesting in view of the documented correlation between the nature of T-cell infil-
trates and prognosis, as has been documented for primary melanoma (Clemente et al., 1996).
To extend MHC tetramer technology to the in situ visualization of polyclonal antigen-
specific T-cell responses we have recently developed a strategy that permits the use of MHC
tetramers in tissue sections. In a first set of experiments we tested a large number of con-
ventional immunohistochemical techniques for the detection of TCR-transgenic cells in tis-
sue sections by MHC tetramer staining. These experiments established that an optimized
immunohistochemistry protocol using acetone-fixed cryosections showed low but detectable
MHC tetramer staining of T cells in organs of TCR-transgenic mice. However, in spite of
numerous attempts, this technique fails to reveal physiological T-cell responses, such as those
following viral infections. The poor results obtained with conventional immunohistochemi-
cal techniques are not surprising. Binding of MHC tetramers requires TCRs in their native
conformation and it is unclear to what extent this conformation is retained in conventional
IHC techniques. In addition, MHC tetramer binding appears a dynamic process that
depends on TCR reorganization (Drake and Braciale, 2001), a process that is undoubtedly
lost in fixed tissue material. In an attempt to retain the TCR structure and mobility that
seems to be required for MHC tetramer binding, we have examined the use of fresh, unfixed
tissue sections. Noelle and coworkers previously showed that incubation of viable sections of
secondary lymphoid organs with fluorochrome-labeled monoclonal antibody results in 
sufficient penetration to provide bona-fide staining when analyzed by confocal laser 
scanning microscopy (CLSM) (Gonzalez et al., 1998). This type of fresh, non-manipulated
sections can be prepared from most organs through the use of a vibrating blade microtome.
MHC tetramer staining of organs of TCR-transgenic mice but also of non-transgenic mice
infected with influenza A virus reveals an antigen-specific staining of T cells in spleen and
lymph nodes. In addition, MHC tetramer CLSM can visualize polyclonal, antigen-specific
tumor-infiltrating T cells in an experimental tumor model (Haanen et al., 2000). In line with
the proposed reorganization of TCRs upon MHC tetramer binding, we find that MHC
tetramer-positive cells show a distinct, punctate staining pattern that is suggestive of TCR
clustering. As compared to MHC tetramer flow cytometry the background of MHC
tetramer CLSM is somewhat higher (approximately five-fold). In addition, because – unlike
MHC tetramer flow cytometry – the number of events that can be analyzed in tetramer-
stained CLSM sections is low, only T-cell responses of a sufficiently strong magnitude can
be visualized.

Haase and colleagues have also obtained evidence for the feasibility of MHC tetramer
staining of non-fixed tissue sections, using TCR-transgenic T cells (Skinner et al., 2000). In
these experiments, antigen-specific TCR-transgenic cells could also be visualized in lightly
fixed and frozen tissues. The ability to stain antigen-specific T cells in previously archived
material would clearly enhance the value of this method. Although our current under-
standing of the nature of the interaction between MHC tetramers and T cells (p. 114) might
suggest limitations to the use of MHC tetramer CLSM for the detection of physiological 
T-cell responses, a recent murine study indicates that this technology can in fact be used to
dissect in situ T cell responses (McGavern et al., 2002).

We have not yet been able to apply this new tool for the in situ analysis of human tumor-
specific T-cell responses. The reasons for this are two-fold. First of all, the technology
requires fresh material. Second, the T-cell frequencies present within these sections must be
significant, in part because the background of this technique is somewhat higher than for
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tetramer flow cytometry, but more importantly, because only a small number of events can
be analyzed. Based on MHC tetramer flow cytometry data, the analysis of sections of lym-
phoid organs of patients with acute infectious mononucleosis may form a useful starting
point (Callan et al., 1998). In collaboration with Drs A. Dickinson and E. Goulmy we have
however, used this technology for the in situ analysis of T-cell infiltration in a skin explant
model (Dickinson et al., 2002). In this assay, skin biopsies taken from transplant recipients
prior to transplantation are incubated with CTL specific for minor histocompatibility anti-
gens (mHag) and the degree of GvH reaction is later determined by histopathological analy-
sis of skin sections. To gain insight into the migration patterns of CTLs, we have studied the
infiltration of mHag-specific CTL in these human skin biopsies. These experiments reveal
CTL infiltration in the dermis and epidermis of skin sections as evidenced by MHC
tetramer CLSM and this infiltration is correlated to the degree of GvHD. These studies
document that MHC tetramer CLSM can be applied to the study of clinically significant 
T-cell responses in a human setting, albeit if still for an ex vivo manipulated CTL response.

MHC class II tetramers

In the past years, mouse model systems have highlighted the role of tumor-specific CD4�

T-cell responses both in CD8� T-cell activation and in the orchestration of immune
responses mediated by cell types such as macrophages and eosinophils. In addition, in 
certain settings, tumor-specific CD4� T cells can mediate direct effector functions that sup-
press tumor growth (reviewed in Pardoll and Topalian, 1998; Toes et al., 1999). These data
have led to a renewed interest in the role of antigen-specific CD4� T cells in human tumor-
specific immunity. However, as compared to the large number of MHC class I-restricted 
epitopes from tumor antigens that have been identified, only a small number of MHC class II-
restricted epitopes has been defined to date (see Chapter 9 by Wang). Furthermore, part 
of these epitopes for CD4� T cells has been defined by “reverse immunology” and it is
unclear to which of these epitopes T-cell responses occur in cancer patients.

The production of MHC class II tetramers is significantly more complex than that of
MHC class I tetramers. Approaches for both the in vitro refolding of bacterially expressed
MHC class II chains and expression of MHC class II heterodimers in eukaryotic cells have
been developed (Crawford et al., 1998; Gutgemann et al., 1998; Cochran and Stern, 2000).
Although the yield of both methods is low as compared to the production of MHC class I
complexes, the resulting MHC class II tetramers stain antigen-specific CD4� T cells in spe-
cific fashion. Conditions of staining may be even more important than for MHC class I
tetramers. As has been observed for MHC class I tetramers, staining of CD4� T cells with
MHC class II tetramers is highly temperature-dependent. However, contrary to MHC class I
tetramers, staining of CD4� T cells generally requires prolonged incubation of T cells with
MHC class II tetramers. MHC class II tetramer-binding can be blocked by drugs that dis-
rupt clustering of membrane proteins and may involve internalization of MHC complexes
(Cameron et al., 2001). Finally, CD4� T cells with lower antigen sensitivity do not always
stain with the current generation MHC class II tetramers, and this could in some cases lead
to an underestimate of T-cell frequencies (Rees et al., 1999; Glaichenhaus, personal com-
munication; Schepers, unpublished observations).

Notwithstanding these problems, several labs including ours have started the production
of human MHC class II tetramers complexed with human tumor antigens. While no data
are available yet on the analysis of human tumor-specific T-cell responses with these
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reagents, we have recently analyzed the antigen-specific CD4� T-cell response by MHC
tetramer technology in a murine retrovirus-induced sarcoma model. Comparison of the
antigen-specific CD4� and CD8� T-cell responses by MHC tetramer technology in this
model reveals that the retrovirus-specific CD4� T-cell response is of a significantly smaller
magnitude than the antigen-specific CD8� T-cell response (Schepers et al., 2002).
Interestingly, the wave of antigen-specific CD4� T cells appears to precede the antigen-
specific CD8� response both in the lymphoid organs and at the effector site. These data sug-
gest an important role of early CD4� T-cell responses in this murine sarcoma model and
CD4� T-cell depletion studies support this notion. Although these experiments make an
evaluation of human tumor-specific CD4� T-cell immunity with MHC class II tetramers all
the more attractive, the observed low frequency of antigen-specific CD4� T cells in this
highly immunogenic model suggests that this may be a difficult task. In line with this, avail-
able data with MHC class II tetramers in human models of viral disease and autoimmune
disease show low frequencies of antigen-specific CD4� T cells. In human Lyme arthritis and
autoimmune arthritis only very small numbers of tetramer-reactive CD4� T cells were
found in synovial fluids (Kotzin et al., 2000; Meyer et al., 2000). Likewise, in humans previ-
ously infected with HSV or influenza A, MHC class II tetramer-reactive cells could be visu-
alized, but only after in vitro restimulation (Novak et al., 1999; Kwok et al., 2000). Collectively,
these data suggest that in many clinical settings, the applicability of current generation
MHC class II tetramers in the study of human tumor-specific T-cell immunity may be 
limited as compared to MHC class I tetramers. However, with ongoing optimization of both
the multimeric MHC technology and the equipment for detection, this may well change in
the future.

Use of tetramers to select (high affinity) tumor-specific T cells

Apart from the use of MHC tetramers for the visualization of antigen-specific T-cell
responses, these reagents are also becoming of significant use in the manipulation of tumor-
specific T-cell responses. Although MHC tetramer binding appears to activate antigen-
specific T cells (Smyth et al., 1999), T-cell viability is not affected. Consequently, MHC
tetramer staining can be used to isolate antigen-specific T cells from heterogeneous T-cell
populations either by flow cytometry (Dunbar et al., 1998, 1999; Molldrem et al., 1999;
Youde et al., 2000) or by magnetic bead sorting (Bodinier et al., 2000). Cerundolo and
coworkers first demonstrated that MHC tetramer-based T-cell isolation can be used to rap-
idly obtain T cells with a desired antigen specificity that were present at low frequency in the
starting population (Dunbar et al., 1998). In addition, MHC tetramer-based sorting can be
used to selectively isolate tumor-specific T-cell populations with higher activity. As discussed
above, for at least some of the human tumor antigens, most of the T cells that can be
detected by tetramer technology appear to have a low avidity for the relevant peptide–MHC
complex. In an elegant series of experiments, Greenberg and colleagues showed that by sort-
ing MART-1 or tyrosinase tetramerhi T cells, tumor-specific T-cell populations could be
obtained that recognized antigen-expressing melanoma cells. In contrast, MART-1 or tyrosi-
nase tetramerlo T cells isolated from these patients recognized peptide-loaded target cells but
not tumor cells (Yee et al., 1999). These experiments extend prior studies that showed that
MHC tetramer binding correlates well with TCR affinity (Crawford et al., 1998) and show
that optimal tumor-reactive T cells can be isolated by MHC tetramer-based sorting. It seems
likely that this type of approach in which tumor-reactive T cells are isolated with the aid of
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MHC tetramers, are subsequently expanded in vitro and infused into patients will be tested
in clinical trials in the forthcoming years.

Use of tetramers to select allo MHC-restricted or 
in vitro-modified TCRs

Although the tetramer-selection approach discussed above is valuable for the isolation of
self-specific T cells for which small numbers of high affinity T cells are present naturally, it
has become clear that for a significant fraction of self-antigens the high affinity repertoire
has been deleted in its entirety (de Visser et al., 2000; Hernandez et al., 2000; Nugent et al.,
2000). A number of approaches have been put forward to circumvent the limitations of the
naturally occurring T-cell repertoire in those cases, and MHC tetramer-based sorting is
becoming an essential part of these strategies.

As first suggested by Stauss and colleagues, the effects of self-tolerance can be circum-
vented by using T-cell populations from MHC-mismatched individuals (Sadovnikova and
Stauss, 1996). The induction of self-tolerance requires the presence of both the self-antigen
and the relevant MHC molecule. By virtue of the fact that allogeneic T cells have not been
exposed to the tolerizing peptide–MHC complex during thymic selection, the deletion of
TCRs with the desired tumor-specificities has not taken place. To date, this approach for CTL
generation has successfully been used to generate human and murine allo-MHC restricted
T cells for a number of antigens (reviewed in Stauss, 1999). MHC tetramer-based T-cell
sorting should be useful to selectively isolate peptide-specific allo-restricted T cells from T-cell
cultures that also contain significant number of alloreactive T cells that show a slighter pep-
tide dependence (Moris et al., 2001). Furthermore, this selective isolation of T cells with 
a desired fine specificity can be facilitated by dual MHC tetramer staining (Haanen et al.,
1999).

An independent approach for the generation of TCRs with desirable tumor specificities
is the selection of TCRs from in vitro generated libraries of TCRs. Expression systems that
can be used to display libraries of TCRs have been developed in yeast and in T cells and
have been used to select variant TCRs with either an increased affinity (Holler et al., 2000),
or altered specificity (Kessels et al., 2000). It will be interesting to establish whether these
approaches can be used to obtain improved tumor-specific TCRs, for instance by convert-
ing low affinity melanoma-specific TCRs into more potent TCRs.

The successful generation of a set of high affinity TCRs specific for human tumor anti-
gens with any of the above-described methods may provide an effective way to circumvent
the limitations of the physiological T-cell repertoire. Resulting high affinity TCRs could be
used to redirect the specificity of T-cell populations by gene transfer of TCRs, thereby 
leading to strong and instantaneous immunity towards the antigen of choice. To test the fea-
sibility of TCR gene therapy we have set up a murine model system for TCR gene transfer.
A murine �� TCR was introduced into peripheral T cells by retrovirus-mediated gene trans-
fer and the effects of the resulting “redirected” T cells upon reintroduction into mice were
established. T cells redirected by TCR gene transfer can be followed directly ex vivo by MHC
tetramer technology. These T cells expand dramatically (approximately 3-log) upon in vivo
antigen encounter and efficiently home to effector sites. In this model, TCR gene transfer is
not associated with any significant autoimmune pathology. Furthermore, small numbers of
TCR-transduced T cells can promote the rejection of antigen-expressing tumors in vivo.
These data suggest the redirection of T cells by TCR gene transfer as a feasible strategy for
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the rapid induction of tumor-specific immunity (Kessels et al., 2001). An important next step
will be to establish the feasibility of TCR gene transfer as a therapeutic strategy in a human
setting. It will be of particular interest to examine the value of this approach in conditions
such as post-transplant lymphoproliferative disorder, in which infusion of antigen-specific 
T cells has previously been shown to be effective (Rooney et al., 1997).
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Summary
Initial studies on the characterization of tumor-specific antigens have been focused on 
CD8-mediated immune responses. However, it is now established that CD4� lymphocytes
have a central role in the generation of effective immune response against tumors.
Identification of tumor antigens recognized by CD4� T cells in an HLA class II restricted
fashion, are indeed the subject of several research studies. In particular, the identification of
CD4� epitopes encoded by genes of the MAGE family, will allow to perform clinical trials
of vaccination with synthetic peptides corresponding to MAGE epitopes recognized by both
CD8� and CD4� T cells. The additional use of peptides corresponding to the CD4� epi-
topes would increase the effectiveness of the current peptide-based vaccination strategy.

Introduction
Several studies have demonstrated the existence of T lymphocytes recognizing autologous
tumor cells. In the last years, many tumor associated antigens (TAAs) recognized by CD8 T
cells have been identified in melanomas and in tumor of various histological types
(Traversari, 1999). These findings have led to the development of clinical trials of vaccina-
tion based on the use of antigenic peptides derived by such TAAs, in patients affected by
melanomas and other neoplastic diseases (Nestle et al., 1998; Rosenberg et al., 1998;
Marchand et al., 1999).

However, increasing evidence has suggested that optimal cancer vaccination strategies
need the active role of both CD4� and CD8� T cells. Indeed, CD4� T cells exert helper
activity to enhance the induction and to extend the persistence of anti-tumor CD8� T cells
(Pardoll et al., 1998). Recently, the target antigens of CD4-mediated responses have been
identified at molecular level by the use of molecular (Wang et al., 1999), biochemical (Pieper
et al., 1999) as well as reverse-immunology approaches (Chaux et al., 1999; Manici et al.,
1999; Kobayashi et al., 2001; Schultz et al., 2000).

CD4� specific epitopes have been identified in the sequence of antigens belonging to all
the four classes of TAAs. The different classes, which have distinct degrees of tumor speci-
ficity and clinical relevance, have been defined according to the expression pattern in neo-
plastic and normal tissues (Traversari, 1999). The first class comprises antigens that are
expressed in tumors of various histological origins but not in normal tissues other than testis
and placenta; such antigens are now referred to as cancer–testis antigens. The second class
contains differentiation antigens expressed by the tumor cells and by the normal tissues from
which the tumors derive. The antigens belonging to the third class are generated by point

Chapter 8

Antigens of the MAGE family 
recognized by CD4� T cells

Catia Traversari



mutations of genes that are ubiquitously expressed. The fourth class encodes ubiquitous
genes that are overexpressed in certain tumors relative to normal cells.

This chapter describes the current knowledge on the CD4� immune response against 
a gene family of the first class of tumor antigens.

The MAGE gene family
The MAGE-type gene family belongs to the class of antigens that has been designated as
“cancer/testis antigens” because TAAs belonging to this group are expressed in variable
proportions of a wide array of different cancers, but not in normal tissues except for testis
and placenta. Four clusters of MAGE genes with a high degree of homology have been
identified, namely MAGE-A, -B, -C and -D (Chomez et al., 2001). Their function is yet
unknown, however, a role in embryonic development has been suggested by the expression
of some of the murine homologous genes (De Plaen et al., 1999) in blastocysts and embry-
onal stem cells. The only normal adult cells that express MAGE genes are male germ-line
and placental trophoblast cells. Both of the tissues, however, do not express HLA molecules
and therefore cannot present the relevant antigens. The activation of the MAGE genes in
tumor cells, usually results from demethylation of their own promoters (De Smet et al., 1995),
which correlates with the occurrence of an overall genomic demethylation in tumors.
Indeed, the same mechanism seems to be involved in the activation of other members of the
cancer–testis group. Among tumors, a frequent expression was detected in melanomas, lung
carcinomas, head and neck, bladder and esophagus carcinomas.

The MAGE-A family is the most characterized, indeed, the first human tumor antigen
identified, MAGE-A1, belongs to this family (van der Bruggen et al., 1991; Traversari et al.,
1992). The MAGE-A family consists of 12 different genes (MAGE-A1–A12) located in the
q28 region of chromosome X (De Plaen et al., 1994). Among them, at least seven (i.e. MAGE-
A1, -A2, -A3, -A4, -A6, -A10 and -A12) encode T-cell defined epitopes that are 
presented by HLA class I and II molecules on the surface of a variety of tumors.

More than 20 peptides derived from MAGE-A antigens have been identified so far by the use
of anti-tumor CTLs, or by reverse immunology approaches (http://www.istitutotumori.mi.
it/menurisorse/listing/pdf/tables%201–7.pdf ). The large majority is encoded by MAGE-A1
and MAGE-A3; however, several antigenic peptides have also been isolated from MAGE-A2,
-A4, -A6, -A10 and -A12. Some of these peptides are currently utilized in experimental pro-
tocols of active immunotherapy (Nestle et al., 1998; Marchand et al., 1999; Thurner et al.,
1999). The existence of CD4� T-cell epitopes derived from MAGE-A proteins, had been
strongly suggested by the observation that some cancer patients produce anti-MAGE IgG
antibodies in vivo (Sahin et al., 1995) and indeed, peptides presented by HLA class II mole-
cules have been recently identified.

Experimental approaches for the identification of 
HLA class II-restricted tumor antigen epitopes
Tumor-specific T cells recognize a trimolecular complex exposed on the cell surface of
tumor cells. The association of an antigen-derived peptide with the invariant �2-microglobulin
and the HLA class I heavy chains generates the class I-restricted “antigenic complex.”
Whereas, peptide association with HLA class II � and � chains yields class II-restricted
TAAs. The peptides are produced inside the cell by an active mechanism of processing.
Usually the class II pathway favors the presentation of exogenous proteins or endogenous
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antigens containing lysosomal targeting sequences (e.g. melanocyte-specific proteins), or 
a signal peptide (e.g. membrane associated and secretory proteins). However, there are clear
indications that also cytosolic proteins can gain access to the class II presentation pathway
(Lich et al., 2000). After binding to HLA class I or class II molecules, the complexes are
exposed on the cell surface of tumor cells or antigen presenting cells (APCs) where they are
recognized by specific T-cell effectors.

All the experimental protocols utilized so far for the identification of class II-restricted
MAGE epitopes rely on the “reverse immunology” strategy. In this approach, APCs (i.e.
monocyte-derived dendritic cells or total PBMCs) are loaded with either synthetic peptides
or recombinant proteins and then are utilized to elicit antigen-specific CD4� T cells.

Reverse immunology based on synthetic peptides

First step in this strategy is the screening of the amino acid sequence of a known or poten-
tial TAA, for peptides carrying binding motifs for defined HLA class II molecules. General
methods have been developed to facilitate the search for such peptides. Indeed, in spite of
the very high degree of polymorphism in the human population, MHC molecules can be
grouped in a relatively limited number of groups showing similar HLA-binding specificity.
In particular, for HLA class II molecules the existence of peptides able to bind several dif-
ferent HLA molecules and to induce peptide-specific immune responses has been demon-
strated since 10 years (O’Sullivan et al., 1991; Alexander et al., 1994; Malcherek et al., 1995).
The identification of binding motifs common to the worldwide predominant HLA-DR 
molecules have allowed the development of algorithms for the identification of broadly
degenerated HLA class II binding peptides (Southwood et al., 1998).

More recently, a T-cell epitope prediction software, TEPITOPE, has been developed,
which is able to scan a defined protein sequence for the presence of promiscuous HLA-DR
binding sites (Sturniolo et al., 1999). The software incorporates both a large number of
in vitro determined HLA-DR pocket profiles, and the derived virtual matrix data, which 
represent the majority of the HLA-DR binding specificities. While the ligand prediction
algorithms usually assign a score to each peptide sequence present in a given protein, major
advantage of TEPITOPE is the possibility of evaluating the predicted peptides in compari-
son with natural binding peptides, thus allowing the users to define a threshold for their
analysis (Sturniolo et al., 1999).

Following the identification and synthesis of the predicted peptides, CD4� cells are
elicited by multiple rounds of in vitro stimulation by appropriate peptide-pulsed APCs.
Proliferation or cytokine release assays, in the presence of the synthetic peptide are usually
utilized to evaluate the specificity of the induced effector cells. The ability of these CD4�
T cells to recognize the processed peptide on the surface of cells expressing the HLA restric-
tion element and the antigen reveals whether or not the peptide is actually endogenously
processed.

There are two major drawbacks in this approach. All the studies performed clearly
showed that none of the tested donors or patients reacted with all the potential binding pep-
tides. Moreover, some peptide-specific T cells do not recognize APCs and tumor cells
expressing the protein endogenously. There are several explanations for this unexpected
result, besides the obvious possibility that the predicted peptide is not actually processed and
presented by the tumor cells. Since high amounts of peptide are used in the induction phase,
low affinity effectors could be generated that are unable to recognize tumor cells expressing
small amounts of peptide. In addition, differences in the access to the exogenous and
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endogenous presentation pathway could account for the lack of recognition of the antigen
expressing cells (Schultz et al., 2000).

Reverse immunology-based on recombinant proteins

Some of the limits of the previous approach can be overcome by using APCs loaded with
the recombinant protein as stimulators (Chaux et al., 1999; Schultz et al., 2000). Indeed,
uptake and processing of the entire protein, rather than pulsing with synthetic peptides, may
allow APCs to present all the relevant peptides and thus to induce CD4� populations that
may, indeed, have a role in the tumor immune response. The stimulation schedule and the
read-out systems are the same as utilized in the synthetic peptide approach (i.e. proliferation
or cytokine release assays). Once the antigen-specific effectors have been isolated, the HLA
restriction element is characterized by cross-recognition experiments with target cells shar-
ing defined HLA class II molecules. To identify the antigenic epitope, small subfragments of
the protein or sets of peptides covering the entire protein sequence (i.e. peptides of 16 aa
that overlapped by 12 aa) are screened with the induced CD4� T cells (Chaux et al., 1999).
The major disadvantage of this approach is related to the scarce purity of the recombinant
proteins utilized for the stimulation. A large number of the CD4� clones isolated were,
indeed, directed against contaminants of the protein preparations (Chaux et al., 1999). To
avoid this limit, recombinant proteins from different sources or cells endogenously express-
ing the protein must be utilized during the induction phase and the final screening for 
specificity (Schultz et al., 2000).

MAGE-A3 encoded epitopes recognized by CD4� T cells
As already mentioned, the existence of MAGE-A epitopes recognized by CD4� T cells has
been strongly suggested by the detection of MAGE-specific IgG antibodies in vivo, in cancer
patients (Sahin et al., 1995).

The search for class II restricted MAGE-A3 epitopes has been focused on the MAGE-A3
antigen, because of the promising results obtained in clinical trials of cancer vaccination
with tumor-peptides (Nestle et al., 1998; Marchand et al., 1999; Thurner et al., 1999).

The presence of CD4� epitope within MAGE-A3 was assessed by both of the experi-
mental procedures described (i.e. synthetic peptides and recombinant protein). Consistent
results were reported, which are summarized in Table 8.1.

Analysis of the 314 aa of the MAGE-A3 protein with the TEPITOPE software program
(Manici et al., 1999), allowed for the prediction of 11 promiscuous peptides with the threshold
set at 5% (Protti, personal communication). The 11 predicted sequences have been synthe-
sized and analyzed for their ability to actually bind seven of the most commonly found DR
alleles (i.e. DR*0101, *0301, *0401, *0701, *0801, *1101 and *1401) in competition assays
with allele-specific indicator peptides (Manici et al., 1999; Consogno et al., in press). Five pep-
tides with the higher degree of promiscuity (i.e. M3141–155, M3146–160, M3156–170, M3171–185
and M3281–295) were pooled and utilized to propagate CD4� T cells from the blood of a
healthy donor typed as DRB1*1101/*1104. After few rounds of stimulation with the peptides
pool, the polyclonal T-cell line specifically proliferate in response to M3281–295 and to a lesser
extent to M3141–155, and M3146–160, (Table 8.1). When the analysis was extended to all the
eleven peptides, four immunodominant regions (residues 111–125, 146–160, 191–205 and
281–295), encoding naturally processed epitopes presented in association with 3 to 4 different
HLA-DR alleles were identified (Consogno et al., in press).

136 Catia Traversari



The antigenicity and the stimulating properties of the peptide M3146–160 have been
recently confirmed by another study (Kobayashi et al., 2001), which analyzed the response
of three healthy individuals typed as DR1/13, DR4/15 and DR7/17. Along with
M3146–160, also the peptide M322–36 was analyzed. Both the peptides had been predicted to
bind promiscuously to HLA-DR*0101, *0401 and *0701 (Southwood et al., 1998), however,
presentation by only the last two alleles was detected. Indeed, CD4� T-cell clones specific
for the peptide M3146–160, presented in the context of HLA-DR4 and -DR7 were isolated,
while peptide M322–36 was recognized only in association with HLA-DR4 molecules.
Neither peptide was able to elicit T-cell responses in the HLA-DR1/DR13 donor.

Utilizing recombinant MAGE-A3 protein as source of antigens, and monocyte-derived
dendritic cells as stimulators, van der Bruggen has identified three peptides, namely
M3114–127, M3121–134 and M3247–258, which are presented by HLA-DR*1301/*1302 and
DP*0401 molecules (Table 8.1). Noteworthy, the MAGE-A3121–134 epitope was also encoded
by MAGE-A1, -A2, and -A6. Localization of the seven antigenic peptides within the
MAGE-A3 sequence is reported in Figure 8.1. Recently utilizing the same procedure 
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Table 8.1 MAGE-A epitopes recognized by CD4� T cells

HLA restriction Residues Peptide sequence Reference

MAGE-A3
DRB1*1301/1302 114–127 AELVHFLLLKYRAR Chaux (1999)
DRB1*1301/1302 121–134 LLKYRAREPVTKAE Chaux (1999)
DRB1*1101/1104 281–295 TSYVKVLHHMVKISG Manici (1999)
DRB1*1101/1104 141–154 GNWQYFFPVIFSKA Manici (1999)
DRB1*1101/1104 146–160 FFPVIFSKASSSLQL Manici (1999)
DR4 Kobayashi (2001)
DR7 Kobayashi (2001)
DR4 22–36 ALGLVGAQAPATEEQ Kobayashi (2001)
DPB1*0401 247–258 TQHFVQENYLEY Schultz (2000)
MAGE-A1
DR15 247–258 EYVIKVSARVRF Chaux (2001)

Figure 8.1 Localization of MAGE-A3 epitope recognized by CD4� effectors. The amino acid sequence
of MAGE-A3 is reported. Amino acid residues corresponding to the seven MAGE-A3 
peptides studied are boxed. Two couples of peptides, namely M3114–127/M3121–134 and
M3141–154/M3146–160, partially overlap.

MPLEQRSQHCKPEEGLEARGEALGLVGAQAPATEEQEAASSSSTLVEVTLGEVPAAESPDPPQSPQG

ASSLPTTMNYPLWSQSYEDSSNQEEEGPSTFPDLESEFQAALSRKVAELVHFLLLKYRAREPVTKAE

MLGSVVGNWQYFFPVIFSKASSSLQLVFGIELMEVDPIGHLYIFATCLGLSYDGLLGDNQIMPKAGL

LIIVLAIIAREGDCAPEEKIWEELSVLEVFEGREDMLGDPKKLLTQHFVQENYLEYRQVPGSDPACY

EFLWGPRALVETSYVKVLHHMVKISGGPHISYPPLHEWVLREGEEZ

M3.247–258

M3.141–154 

M3.114–127 M3.121–134

M3.22–36

M3.281–295 

M3.146–160



a MAGE-A1 encoded epitope (i.e. M1281–292) presented by HLA-DR15 has been identified
(Chaux et al., 2001).

In addition to the induction of peptide-specific CD4� effectors, other factors such as
actual antigen processing and transport on the cell surface, are fundamental to determining
whether a predicted peptide can, indeed, function as an effective T-cell antigen. Apart from
the three MAGE-A3 and the MAGE-A1 epitopes identified by the use of the recombinant
protein (Chaux et al., 1999; Schultz et al., 2000), whose processing by dendritic cells is a pre-
requisite for the generation of CD4� effector cells, clear indications on the natural pro-
cessing of the other peptides have been reported only for M3146–160 and M3281–295 (Manici
et al., 1999; Kobayashi et al., 2001) (Table 8.2).

Surprisingly, a disparity in the endogenous versus exogenous class II presentation 
pathway of MAGE-A3 epitopes was observed (Table 8.2). While peptides M3247–258 and
M3281–295, were naturally processed and presented by MAGE-A3� melanomas expressing
the appropriate restriction alleles (i.e. DP*0401 and DR*1101), the DR13-restricted pep-
tides (i.e. M3114 –127, M3121–134) were exposed on the surface of melanoma cells only when
the tumor was genetically modified to express an invariant chain-MAGE-A3 fusion protein
(Ii-MAGE-A3) (Table 8.2). These results suggest that the endogenously synthesized MAGE-
A3 protein should be at least partially digested, likely in the cytoplasm, before entering the
endosomal compartment. Indeed, peptides M3114 –127 and M3121–134, which are presented
on the cell surface when MAGE-A3 is directly targeted to the endosomes, are absent when
the cells express the natural cytoplasmic form of the MAGE-A3 protein. Even more compli-
cated is the presentation pathway of M3146–160, which is presented through the endogenous
pathway of class II by HLA-DR7, but not by HLA-DR4 molecules (Kobayashi et al., 2001).
Presentation by DR4 seems to occur only via the exogenous pathway (i.e. by uptake of the
recombinant protein).

Regardless, of the possible speculations on the molecular mechanisms responsible for the
different processing of MAGE-A3 epitopes by the same cells, it appears evident that not only
APCs but also tumor cells can directly present MAGE-A3 epitopes to CD4� effector cells.
This discovery has profound implications in the definition of the role that CD4� cells have
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Table 8.2 Actual processing of MAGE-A3 epitopes recognized by
CD4� T cells

Residues HLA-restriction Class II presentation pathways

Exogenousa Endogenous

M322–36 DR4 ? ?
M3114–127 DR13 Yes No
M3121–134 DR13 Yes No
M3141–154 DR11 ? ?
M3146–160 DR7 Yes Yes
M3146–160 DR4 Yes No
M3281–295 DR13 Yes Yes
M3247–258 DP4 Yes Yes

Note
a Access to the exogenous pathway of class II presentation was assessed by use

of the recombinant MAGE-A3 protein (Chaux et al., 1999; Manici 
et al., 1999; Kobayashi et al., 2001; Schultz et al., 2000) and of the endosome-
target fusion protein Ii-MAGE-A3 (Chaux et al., 1999; Schultz et al., 2000).



in controlling tumor growth. Indeed, it is now clear that CD4� cells may act both in prim-
ing and effector phases of systemic anti-tumor immunity. During the priming phase, occur-
ring within lymph nodes draining a tumor lesion, the major role of CD4� cells is to activate
dendritic cells through recognition of class II-restricted tumor-derived peptides and trigger-
ing of the CD40/CD40L system. In the effector phase, at the tumor site, CD4� cells can
be specifically activated by both resident macrophages and tumor cells expressing HLA class
II molecules. Indeed, in the tumor mass inflammatory and immune reactions produce
cytokine (i.e. IFN-
) able to induce or to up-regulate class II expression on the tumor cells.
Therefore, CD4� cells may directly affect tumor growth by releasing cytokines, such as
TNF, or by direct killing (Manici et al., 1999; Schultz et al., 2000).
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Summary
The identification of tumor antigens has generated a resurgence of interest in cancer
immunotherapy. However, recent studies from both human and animal models indicate that
therapeutic strategies mainly focusing on the exclusive use of CD8� T cells (and MHC class I-
restricted tumor antigens) may not generate effective immunity against cancer cells. Thus,
the identification of MHC class II-restricted tumor antigens, which are capable of stimulat-
ing CD4� T cells, might provide opportunities for developing effective cancer vaccines. This
chapter will discuss the latest progress in identifying melanoma antigens recognized by
CD4� T cells.

Introduction
Host immune system plays an essential role in immunosurveillance and destruction of
cancer cells. The concept of immune surveillance of tumor was proposed three decades ago,
but direct evidence to support the role of immune system in inhibiting spontaneous tumor
growth was not provided until recently in animal systems (Shankaran et al., 2001; Smyth et al.,
2001). More importantly, adoptive transfer of autologous tumor-infiltrating lymphocytes
(TILs) along with interleukin 2 (IL-2) is associated with objective tumor regression in
melanoma and renal carcinoma patients (Rosenberg et al., 1988; Rosenberg, 2001). It is now
widely accepted that immune targets on cancer cells can be recognized by both antibody and
tumor-reactive T cells. Identification of immunogenic tumor antigens has significantly
advanced our understanding of tumor immunity and provides unprecedented opportunity
for the development of effective cancer therapy. This chapter will discuss the current
progress in identification of MHC class II-restricted melanoma antigens recognized by
CD4� T cells.

The need for identification of MHC 
class II-restricted tumor antigens
Since CD8� cytotoxic T lymphocytes (CTLs) are capable of lysing tumor cells directly and
destroying large tumor masses in vivo, much attention has been given to the role of CD8�

T cells in the immunotherapy of cancer in the last 10 years. As a result, a number of MHC
class I-restricted tumor antigens have been defined using tumor-reactive CD8� T cells
derived from peripheral blood mononuclear cells (PBMCs) or TILs that exhibit antitumor
activity in vivo (Boon et al., 1994; Rosenberg, 1999; Wang and Rosenberg, 1999). These anti-
gens can be divided into several different classes based on their patterns of gene expression.
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The tissue-specific differentiation antigens, which include tyrosinase, MART-1, gp100,
TRP-1/gp75 and TRP-2, are expressed in melanoma as well as normal melanocytes
(Brichard et al., 1993; Kawakami et al., 1994a, b; Wang et al., 1995, 1996). Tumor-specific
shared antigens such as MAGE-1 and NY-ESO-1 are expressed in a wide variety of tumors
such as breast cancer and lung cancer (Van der Bruggen et al., 1991; Jager et al., 1998; Wang
et al., 1998). The expression of these products is limited to cancer cells and normal testis.
Tumor-specific unique or mutated antigens such as CDK4, �-catenin and caspase 8 have
also been described (Wolfel et al., 1995; Robbins et al., 1996; Mandruzzato et al., 1997). Of
particular interest is gp75/TRP-1 and NY-ESO-1 in that both proteins were first detected
by serum antibodies (Mattes et al., 1983; Chen et al., 1997) and were found to encode two
gene products from alternative open reading frames recognized by T cells (Wang et al.,
1996b, 1998). Recently, several additional examples such LAGE and M-CSF also encode
two gene products, one of which functions as immune targets recognized by T cells
(Aarnoudse et al., 1999; Rimoldi et al., 2000; Probst-Kepper et al., 2001).

Identification of these antigens has set the stage for developing cancer vaccines. Since the
majority of MHC class I-restricted tumor antigens identified to date are non-mutated self-
proteins (Boon et al., 1994; Rosenberg, 1999; Wang and Rosenberg, 1999), a potential con-
sequence of active immunization with self-peptides is the development of autoimmune
diseases. For instance, depigmentation or vitiligo has been found to be correlated with good
prognosis or clinical responses to immunochemotherapy and TIL therapy in melanoma
patients (Bystryn et al., 1987; Richards et al., 1992; Rosenberg and White, 1996). Animal
studies using differentiation antigens suggest that induction of anti-self immunity may era-
dicate cancer cells, but at the same time it may cause normal tissue destruction as manifested
by the development of vitiligo (Hara et al., 1995; Yee et al., 2000). Clinical studies conducted
in several institutions have shown some evidence for a therapeutic effect on tumor growth
inhibition and regression using peptides or peptide-pulsed dendritic cells (DCs) as vaccines
( Jager et al., 1996; Nestle et al., 1998; Rosenberg et al., 1998; Marchand et al., 1999; Thurner
et al., 1999; Lau et al., 2001), suggesting that immunization of patients with MHC class I-
restricted self-antigens can generate antitumor immunity, leading to tumor regression.
However, the objective complete clinical responses were sporadic, even though CTL reac-
tivity was clearly evident after one round of stimulation in vitro of PBMC from the majority
of vaccinated patients (Rosenberg et al., 1998). Interestingly, transient CTL activity detected
in vitro is not correlated with clinical responses observed in patients (Rosenberg et al., 1998;
Marchand et al., 1999; Jager et al., 2000a). Similar results were obtained when patients were
immunized with DCs pulsed with MHC class I-restricted peptides (Dallal and Lotze, 2000).
It is possible that tumor-reactive CD8� T cells traffic to tumor sites in clinically responding
patients, while, in non-responding patients, these antigen-specific T cells remain in periphe-
ral blood. Although the mechanism is unknown at the present time, T-cell trafficking to
tumor lesions is an important issue that requires further investigation.

The studies described above demonstrate the potential and feasibility of immunotherapy
of cancer using tumor antigens recognized by CD8� T cells, the overall immune responses,
however, are weak and transient. One possible reason is that a lack of tumor-specific CD4� T-
cell responses contributes to this failure. Indeed, a growing body of evidence suggests that
CD4� T cells play a central role in initiating and maintaining immune responses against
cancer (Toes et al., 1999; Cohen et al., 2000). Thus, optimal vaccination might require the
participation of both CD4� and CD8� T cells to generate a strong and long-lasting anti-
tumor immunity. However, a major obstacle for the development of optimal cancer vaccines
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is the lack of effective methods for identifying MHC class II-restricted tumor antigens, which
are capable of stimulating CD4� T cells. Identification of such antigens would provide new
opportunities for developing effective cancer vaccines and improve our understanding of the
mechanisms by which CD4� T cells regulate the host immune system.

The role of CD4� T cells in immune response
Although the role of CD4� T cells in antitumor immune responses was reported in the
1980s, little attention has been given to CD4� T cells in the area of tumor immunology
(Pardoll and Topalian, 1998; Cohen et al., 2000). There are at least two reasons for this: first,
CD4� T cells recognize peptides presented by MHC class II molecules, and most tumors
express MHC class I, but not MHC class II molecules, and second, few MHC class II-
restricted tumor antigens have been identified due to technical difficulties (see below).
However, increasing evidence from animal studies and clinical trials indicates that CD4�

T cells play a central role in orchestrating host immune responses against cancer and infec-
tious diseases as well as in autoimmunity (O’Garra et al., 1997; Kalams and Walker, 1998;
Pardoll and Topalian, 1998; Zajac et al., 1998). The role of CD4� T cells in modulating
immune responses against cancer is described in the next section.

Initiation of immune responses

CD4� T cells can be divided into T helper 1 (Th1) and Th2 cells based on their cytokine
secretion profile (Morel and Oriss, 1998). CD4� Th1 cells help prime CD8� T-cell
responses (Toes et al., 1999). For example, depletion of CD4� T cells by anti-CD4 antibo-
dies or the use of CD4-knockout animals has demonstrated that CD4� T cells are essential
in the induction of antigen-specific CD8� T cells (Hung et al., 1998). It was proposed that
CD4� Th cells and CD8� T cells must recognize an antigen on the same antigen-present-
ing cell (APC) such that CD4� T cells can provide help in the priming of CD8� T-cell
responses. Although the mechanism(s) by which CD4� T cells provide help for priming
naive CD8� T cells and activate memory CD8� T cells is not fully understood, several
recent studies have demonstrated that CD40–CD40 ligand (L) interactions between DCs
and CD4� T cells activate DCs for effective priming and activation of CD8� T cells
(Bennett et al., 1998; Ridge et al., 1998; Schoenberger et al., 1998). CD4� T cells recognize
an antigen presented by professional APCs such as DCs and, in turn, activate antigen-
bearing DCs (Banchereau and Steinman, 1998). Once activated, DCs become competent to
prime CTLs that recognize an MHC class I-restricted determinant on the same APC. Thus,
activation of APCs by CD4� T cells through antigen-specific recognition and CD40–
CD40L engagement is essential to prime CD8� T cells (Bennett et al., 1998; Ridge et al.,
1998; Schoenberger et al., 1998). The lack of properly activated DCs in the absence of
CD4� T helper cells can induce tolerance rather than activation of CD8� T cells.

Maintaining CD8� T-cell function and proliferation

In addition to their important role in priming CD8� T cells, CD4� T cells are also essential
in the maintenance of CD8� T-cell effector functions by secreting cytokines such as IL-2
required for CD8� T-cell growth and proliferation (Greenberg, 1991; Rosenberg et al.,
1998). Progressive loss of CD8� T cells has also been observed in the CD4-deficient mice
or in the absence of CD4� T cells, resulting in diminished resistance to subsequent virus
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challenge (Zajac et al., 1998). These findings may have important implications in cancer
therapy since complete tumor regression requires a prolonged antitumor immunity (Thurner
et al., 1999).

Inhibition of tumor growth in the absence of CD8� T cells

CD4� T cells are also able to mediate tumor regression in the absence of CD8� T cells as
shown by adoptive transfer of tumor-specific CD4� T cells (Greenberg, 1991). Their role
has been documented in many other tumor models (Cohen et al., 2000), including CD4-
knockout animals which fail to control tumor outgrowth (Hung et al., 1998). Since most
tumors do not express MHC class II molecules, CD4� T-cell-mediated antitumor immunity
does not require direct contact between T cells and tumor. The mechanisms by which CD4�

T cells mediate tumor eradication are not clear, but several studies suggest that cytokines
such as interferon 
 (INF
) secreted by CD4� T cells might be involved in antitumor and
anti-angiogenic activities (Mumberg et al., 1999; Qin and Blankenstein, 2000). Other stud-
ies have proposed that CD4� T cells eliminate tumors through activation and recruitment
of effector cells including macrophages and eosinophils (Greenberg, 1991; Hung et al., 1998).

Providing help for B-cell activation

While Th1 provide help for cellular immunity, Th2 cells activate B cells to become antibody-
secreting plasma cells. These activated B cells produce tumor-specific antibodies that might
contribute to therapeutic antitumor immunity (Old, 1996; Glennie and Johnson, 2000).
Serological screening of cDNA expression libraries with patient sera has identified many
antibody-mediated antigens (Pfreundschuh, 2000).

Approach to identification of tumor antigens 
recognized by CD4� T cells
Although MHC class II-restricted tumor antigens are clearly important, little is known about
them. A major obstacle is the lack of effective methods for identifying an unknown MHC
class II tumor antigen recognized by tumor-specific CD4� T cells (Wang and Rosenberg,
1999). Several strategies have been developed for this purpose, including peptide elution
from the cell surface of tumor cells (Halder et al., 1997), biochemical purification of tumor cell
lysates (Monach et al., 1995; Pieper et al., 1999), genetic targeting expression system (Wang
et al., 1999a; Wang and Rosenberg, 1999), and “reverse immunology” approach (Touloukian
et al., 2000; Zeng et al., 2000). These methods and related rationales will be discussed in this
section.

Peptide elution

T cells recognize a peptide bound to the MHC class II molecule. Tumor-specific peptides
can be eluted with acid from either the tumor cell surface or purified peptide–MHC com-
plexes, and subsequently separated by high pressure liquid chromatography (HPLC). The
eluted peptide fractions are then tested for their ability to stimulate cytokine secretion from
CD4� T cells when pulsed onto MHC matched APCs. A naturally processed tumor specific
peptide recognized by CD4� T cells can be directly identified. The peptide sequence can
then be used to search databases in order to find the gene encoding the antigenic 
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peptide. This approach has been successfully used to identify several MHC class I-restricted
peptides (Cox et al., 1994; Skipper et al., 1996; Meadows et al., 1997), but it did not work well
for the identification of MHC class II-restricted peptides. Only successful example is the
gp100 peptide (Halder et al., 1997). A major problem is the limiting amounts of MHC class
II peptides and representation of antigenic peptides as nested sets with heterogeneous
lengths (15–25 aa), which is different from MHC class I-restricted T-cell peptides with
restricted peptide length (usually 9 or 10 aa).

Biochemical approach

Exogenous proteins are preferentially processed and presented to T cells through the MHC
class II pathway. Thus, purified fractions or proteins from tumor cell lysates can be pulsed
onto APCs such as B cells and DCs, and tested for the ability to stimulate CD4� T cells. In
each step of purification, positive fractions are identified with antigen-specific CD4� T cells.
After several purification steps, relatively pure protein fractions will be obtained, and ana-
lyzed by SDS-PAGE. Each protein band can be isolated for amino acid sequence determi-
nation. With this information at hand, one could search Databases to determine the identity
of antigen, and design specific primers to amplify cDNA from tumor as well as normal 
cells for sequence analysis. This approach has been used to identify two murine antigens 
and one human melanoma antigens (Monach et al., 1995; Pieper et al., 1999; Matsutake and
Srivastava, 2001). Interestingly, all these proteins are abundant ones, two of which are ribo-
somal proteins L9 and L11 containing unique point mutations. Thus, this method is useful
to identify a tumor antigen with a high level of expression level in tumor cells. Similar to
peptide elution, this method remains very laborious and slow compared with far more pow-
erful targeting expression system. In addition, it has been difficult to identify tumor antigens
with a low level of expression, and cannot be used to identify a tumor antigen when CD4�

T cells fail to recognize B cell or DCs pulsed with tumor cell lysates.

A genetic targeting expression system

CD4� T cells recognize a peptide bound to MHC class II molecules on the cell surface of
APCs. The formation of MHC class II–peptide complexes on the cell surface is a compli-
cated, multistep process that favors presentation of antigens derived from exogenous pro-
teins. This is distinct from antigen presentation by MHC class I, which favors endogenous
proteins. Assembly of the MHC class II � and � chains, along with the associated invariant
chain (Ii) begins in the endoplasmic reticulum (ER) (Germain, 1994; Cresswell, 1996). Ii
association prevents an antigenic peptide from binding to the �� dimers and stablizes the
�� complexes. Ii contains an endosome-targeting sequence at the N-terminus and CLIP
peptide between amino acids 81–104. This targeting sequence in the cytoplasmic tail of Ii
is responsible for the transport of nonameric (�� Ii)3 complexes from the ER to intracellu-
lar compartments with endosomal/lysosomal characteristics and ultimately to acidic endo-
somal and lysosomal-like structures called MHC class II compartments (MIIC) (Germain,
1994; Cresswell, 1996). HLA-DM molecules in this compartment facilitate disassociation of
residual Ii peptide (CLIP) from the peptide-binding grooves of the MHC class II molecules
and replacement with antigenic peptides (Cresswell, 1996). Thus, MHC class II antigen pro-
cessing and presentation requires at least five genes (DR�, DR�, Ii, DMA and DMB) and the
specialized MIIC compartments.
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Since Ii fusion has a critical role in enhancing presentation of antigens through the MHC
class II pathway (Sanderson et al., 1995b; van Bergen et al., 1997; Fujii et al., 1998), we deve-
loped a genetic targeting expression (GTE) approach that allows the screening of an Ii-fused
cDNA library for the identification of MHC class II-restricted antigens based on the
endogenous antigen presentation pathway (Wang et al., 1999b). Since professional APCs are
poorly transfectable, we generated HEK293IMDR cells by introducing cDNAs encoding
DR�, DR�, DMA, DMB and Ii into HEK293 cells, which have the same or similar capa-
city to process and present antigens as professional APCs (Wang et al., 1999b). Hence, this
system comprises of two essential components: generation of a highly transfectable
HEK293IMDR cell line, and creation of an Ii fusion library such that the Ii fusion proteins
are targeted to the endosomal/lysosomal compartment for efficient antigen processing and
presentation (Wang et al., 1999a,b). Three MHC class II-restricted tumor antigens including
mutated triosephosphate isomerase (TPI), mutated CDC27 and a fusion protein derived
from a chromosomal DNA rearrangement have been identified by this approach (see 
following section), and several others are under investigation (Wang et al., 2002).

Alternative approach to the GTE system described above is to express recombinant pro-
teins either in bacteria (Mougneau et al., 1995) or mammalian cells (Scott et al., 2000), and
to allow recombinant proteins to be captured by macrophages or DCs for presentation to 
T cells restricted to MHC class II. Although these strategies have been used to clone genes
encoding bacteria antigens and transplantation HY antigens (Mougneau et al., 1995;
Sanderson et al., 1995a; Scott et al., 2000), it has not been reported of successful use for the
identification of tumor antigens.

Defining MHC class II-restricted peptides from 
candidate antigens

The strategies described in the previous section are useful for identifying new MHC class II-
restricted tumor antigens with tumor-specific CD4� T cells. However, in many cases, tumor-
specific CD4� T cells are not available, especially, for prostate and breast cancers. With
advanced technologies, such as DNA microarrays, it is possible to identify cancer-
specific antigens from weakly immunogenic tumors. In addition, serological analysis of
recombinant cDNA expression libraries of human tumor with autologous serum (SEREX)
has been used to isolate several putative human tumor antigens (Sahin et al., 1997; Old and
Chen, 1998). Among them are tyrosinase (Sahin et al., 1995), MAGE (Sahin et al., 1995), NY-
ESO-1 (Chen et al., 1997), SSX2 (Tureci et al., 1996), SCP1 (Tureci et al., 1998) and CT7
(Chen et al., 1998). The key question is how to determine whether these antigens are
immune targets recognized by T cells. DCs pulsed with peptide or protein for in vitro stimu-
lation of PBMCs are useful in defining CD4� T-cell epitopes from a known putative tumor
antigen (Chaux et al., 1999; Manici et al., 1999; Jager et al., 2000b; Schultz et al., 2000; Zarour
et al., 2000a).

We have recently used HLA-DR4-transgenic (Tg) mice to identify CD4� T-cell epitopes
from candidate antigens (Touloukian et al., 2000; Zeng et al., 2000). This approach has been
successfully used to define MHC class II-restricted T-cell peptides from autoantigens, which
may trigger the immune system to cause autoimmune diseases (Gross et al., 1998;
Sonderstrup and McDevitt, 1998; Abraham and David, 2000). HLA-DR-Tg mice might
have advantages for identifying putative peptides since they should have a high precursor
frequency of specifically reactive T cells after immunization. Once candidate peptides are
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identified, CD4� T cells can be generated from human PBMCs stimulated with synthetic
candidate peptides. Therefore, the combined use of Tg mice immunized with the intact pro-
tein antigen and stimulated with the peptides predicted by a computer-assisted algorithm
may avoid the need to stimulate human PBMCs with a large number of peptides and 
several rounds of stimulation in vitro. Furthermore, candidate peptides identified using 
the immunized Tg mice are likely to be peptides that are naturally processed and presented
on the cell surface. This may increase the likelihood that peptide-specific CD4� T cells also
recognize the antigen-positive tumor cells.

MHC class II-restricted melanoma antigens

Class I-restricted antigens can contain 
class II-restricted T-cell epitopes

Data from studies of differentiation antigens indicate that MHC class I-restricted antigens
also contain CD4� T cell-epitopes (Table 9.1). T-cell lines derived from a patient with
melanoma has been shown to recognize T-cell peptides from tyrosinase in the context of
HLA-DR4 and HLA-DR15, respectively (Topalian et al., 1996; Kobayashi et al., 1998b).
Vogt–Koyanagi–Harada’s disease is regarded as an autoimmune disorder of multiple organs
containing melanocytes. A T-cell line from the peripheral blood of a patient with this 
disease was also reported to respond to the tyrosinase p193–203 peptide when presented 
by the HLA-DR4 molecule (Kobayashi et al., 1998b). In addition, using in vitro stimulation,
T-cell lines generated from PBMCs of melanoma patients recognized MART-1 in the 
context of HLA-DR4 (Zarour et al., 2000a). The use of HLA-DR4-Tg mice identified 
an HLA-DR4-restricted T-cell peptide from gp100, that is identical to the peptide originally
isolated by peptide elution of tumor cells (Li et al., 1998; Touloukian et al., 2000). This 
suggests that murine CD4� T cells generated from Tg mice after immunization can 
recognize the same peptides as human CD4� T cells (Touloukian et al., 2000; Zeng et al.,
2000).

Similarly, MAGE-3 possesses CD4� T-cell peptides presented by either HLA-DR11,
HLA-DR13 or DP4 (Chaux et al., 1999; Manici et al., 1999; Schultz et al., 2000). More
recently, several peptides from NY-ESO-1 were also shown to be recognized by CD4�

T cells in the context of DR�1*0401 and DR�4*0101 ( Zeng et al., 2000; Jager et al., 2000b;
Zarour et al., 2000b). NY-ESO-1 is a potent immunogen recognized by both antibody and
T cells (Chen et al., 1997; Jager et al., 1998; Wang et al., 1998). Of particular interest 
is that 10–13% of patients with advanced cancer developed a high titer of antibody
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Table 9.1 Tumor antigens recognized by CD4� T cells

Antigens MHC class I restrictions MHC class II restrictions

Tyrosinase A1, A2, A24, B44 DR4
MART-1/Melan-A HLA-A2, B45 DR4
gp100 A2, A3 DR4
MAGE-3 A1, A2, B44 DR11, DR13, DP4
NY-ESO-1/CAG3 A2, A31, Cw DR4, DP4
Eph DR11



(Stockert et al., 1998; Zeng et al., 2000). This cannot be explained by the predicted frequency
(3%) of antibody production in patients based on the frequencies of NY-ESO-1 (20%) in
tumors and HLA-DR4 (15%) in the population. In the search for an explanation for this
paradox, we identified a T-cell epitope presented by HLA-DP4, a predominant allele
expressed in 40–70% of the population. Eleven out of twelve (92%) patients who developed
high titers of antibody expressed the DP4 molecule, while only one out of seven who did not
develop antibody against NY-ESO-1 expressed DP4. Furthermore, antigen-specific CD4�

T cells could be generated from PBMCs of patients with NY-ESO-1-specific antibody, but
not from PBMCs of patients without specific antibody (Zeng et al., 2001). Identification of
DP4-restricted T-cell peptides from MAGE-3 and NY-ESO-1 could be of great benefit for
more than 50% of patients with cancer.

In addition, an antigenic peptide presented by DR11 was recently identified from Eph3,
a member of the Eph family of tyrosine kinase receptors (Chiari et al., 2000).

Taken together, these studies suggest that CD4� T-cell peptides are present in the known
MHC class I-restricted tumor antigens, and thus might provide a critical help to antigen-
specific CD8� T cells. Since these antigens as well as their T-cell peptides are non-mutated,
an advantage is that both CD4� and CD8� T-cell peptides can be used for clinical applica-
tion in a large population. On the other hand, however, these self-peptides might not be
effective in breaking immune tolerance for generating potent antitumor immune responses.
In any event, identification of these CD4� T-cell peptides has provided new opportunities
for evaluating their usefulness in clinical trials.

Mutated or fusion proteins give rise to 
class II-restricted tumor antigens

Three MHC class II-restricted tumor antigens have been identified using the genetic tar-
geting expression system described above (Table 9.2). One of these antigens is the fusion
gene product LDFP recognized by HLA-DR1-restricted CD4�TIL. DNA sequencing
analysis indicated that LDFP was generated by fusing a low-density-lipid receptor (LDLR)
gene at the 5� end to a GDP-L-Fucose : �-D-Galactoside 2-�-L-Fucosyltransferase (FUT) in
an antisense orientation at the 3� end (Wang et al., 1999b). Therefore, the fusion gene
encodes the first five ligand-binding repeats of LDLR in the N-terminus followed by a new
polypeptide translated in frame with LDLR from the FUT gene in an antisense direction.
Two overlapping minimal peptides (PVIWRRAPA and WRRAPAPGA) were identified
from the C-terminus of the fusion protein (Wang et al., 1999b).

The second MHC class II-restricted tumor antigen is a mutated form of TPI identified
by both biochemical and GTE approaches (Pieper et al., 1999; Wang et al., 1999a). The point
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Table 9.2 MHC class II-restricted T-cell peptides resulting from
fusion or mutated antigens

Antigens HLA restrictions Peptides

LDFP HLA-DR1 PVIWRRAPA (312–323)
HLA-DR1 WRRAPAPGA (315–323)

TPI HLA-DR1 GELIGILNAAKVPAD (23–37)
CDC27 HLA-DR4 FSWAMDLDPKGA (760–771)



mutation, which results in an amino acid substitution of Ile for Thr, creats an HLA-DR1-
restricted peptide recognized by CD4� T cells. The Thr to Ile conversion increases CD4�

T-cell reactivity by 5 logs compared with the wild-type peptide (Pieper et al., 1999).
The third antigen identified by this genetic approach is a mutated human CDC27, an

important component of the anaphase promoting complex involved in cell cycle regulation.
This mutated CDC27 gives rise to a melanoma target antigen recognized by CD4� HLA-
DR4-restricted TIL1359 cells (Wang et al., 1999a). Interestingly, in this case, the mutation
itself does not constitute a T-cell epitope. Instead, the Ser to Leu mutation in a putative
phosphorylation site allows a non-mutated peptide within CDC27 to be presented to T cells
by MHC class II molecules. While wild-type CDC27 is predominately localized in the
nucleus, the mutated form of the protein is found in the cytoplasm, and thereby gains the
ability to access the MHC class II pathway. Therefore, the location or trafficking of protein,
rather than its expression level, can determine whether it is processed and presented for 
T-cell recognition. It should be noted that CD4� TIL1359 cells are capable of recognizing
the intact DR4-positive autologous tumor cells, but fail to respond to DR4-positive EBV B
cells pusled with autologous tumor lysate. These findings suggest that although antigen
“cross-priming” is an important mechanism for activating CD4� T cells through DCs that
have captured antigens from tumor cells, direct antigen presentation by tumor cells to CD4� T
cells occurs in tumor lesions when inflammatory responses and infiltrating immune cells 
produce cytokines such as IFN-
 that induce MHC class II molecules on tumor cells.

In summary, several mutated and fusion antigens have been identified as MHC class II-
restricted tumor antigens recognized by CD4� T cells using the genetic targeting expression
system. Of particular interest is that the mutation in CDC27 does not constitute a T-cell
peptide, in stead, the mutation alters the ability of the mutated form of protein to enter
MHC class II pathway. This represents a new mechanism of how a non-mutated MHC class
II-restricted peptide can be processed and presented to CD4� T cells through the alteration
of protein trafficking. To our surprise, the majority of MHC class II-restricted tumor anti-
gens identified by tumor-reactive CD4� T cells are mutated or fusion antigens. Although
their biological significance remains to be determined, one possibility is that these antigen-
specific CD4� T cells might initiate cancer-specific immune responses since they are not 
tolerated in patients with cancer.

Development of cancer vaccines based on 
molecularly defined tumor antigens
Given the central role of CD4� T cells in initiating and maintaining immune responses
against cancer, it is important to incorporate both MHC class I and II T-cell epitopes in
tumor vaccines to generate potent antitumor immunity aimed at eradicating cancer cells.
This notion is supported by studies showing that immunization with a virus-derived MHC
class II T-cell peptide or adoptive transfer of tumor-reactive CD4� T cells results in antitu-
mor immunity against MHC class II-negative tumors (Greenberg, 1991; Ossendorp et al.,
1998). Identification of MHC class II-restricted tumor antigens, as described above, opens
new avenues for developing new vaccination strategies for cancer patients. Nonetheless, it is
still necessary to address whether an MHC class II-restricted tumor antigen functions as 
a good tumor rejection antigen and how these antigens can be used effectively in cancer 
vaccines. With the availability of MHC class II-restricted tumor antigens, it is possible to
develop specific immunotherapy based on attacking tumor cells bearing the identified 
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antigens. A variety of clinical approaches utilizing these genes or gene products are possible.
For example, peptide- and protein-based immunogens, DNA- and virus-based whole gene
or minigene encoding a single or multiple T-cell epitopes and DC-based vaccines are being
investigated in both animal and human clinical trials.

Vaccine strategies

Peptide-based vaccines Active immunotherapy involves the direct immunization of cancer
patients with cancer antigens in an attempt to boost immune responses against the tumor.
Vaccination of patients with peptides derived from MART-1, gp100, tyrosinase, MAGE-3
and NY-ESO-1 demonstrated significant induction of T-cell responses against melanoma
(Cormier et al., 1997; Rosenberg et al., 1998; Marchand et al., 1999; Jager et al., 2000a,b).
The immunodominant peptides derived from tumor antigens could readily be synthesized
in vitro and used for immunization either alone or in a form intended to improve their
immunogenicity, such as in combination with adjuvant, linkage to lipids/liposomes or helper
peptides, or pulsed onto APC. Modification of the immunodominant peptides to improve
binding efficiency to MHC antigens can potentially increase immunogenicity and induce
stronger antitumor activity (Parkhurst et al., 1996; Valmori et al., 1998; Chen et al., 2000).
Clinical studies have indicated that peptide vaccines using a modified gp100 peptide 
combined with high doses of IL-2 result in a 42% of clinical response rate in HLA-A2�

melanoma patients (Rosenberg et al., 1998). Since multiple tumor antigens and multiple epi-
topes have been identified from melanoma, it is likely that the use of multiple epitope pep-
tides including MHC class II-restricted T-cell peptides would enhance an antitumor activity.

Dendritic cell-based vaccines Dendritic cells are potent APC and play an important role in
priming and maintenance of an antitumor immunity (Banchereau and Steinman, 1998).
DCs pulsed with MHC class I-restricted peptides or proteins have been shown to induce
potent antitumor immunity (Timmerman and Levy, 1999; Dallal and Lotze, 2000). It has
recently been reported that patients treated with DCs pulsed peptides or tumor lysates
resulted in an objective clinical regression of tumor in 5 of 16 patients evaluated (Nestle 
et al., 1998). Vaccination of patients with DCs pulsed with MAGE-3 peptide showed tumor
regressions of individual metastases (skin, lymph node, lung and liver) in 6/11 patients
(Thurner et al., 1999). Clinical and immunological responses were also observed when
patients were treated with DCs pulsed with different peptides (Mackensen et al., 2000). In 
a recent study, 16 melanoma patients were treated with the use of intravenous infusions of
DCs derived by incubation of plastic-adherent peripheral blood mononuclear cells (PBMC)
with IL-4 and GM-CSF for eight days in serum-free AIM-V medium, followed by overnight
pulsing with peptides. Five of sixteen patients had an immune response to gp100 or tyrosinase
in cytokine release assay; four of five were clinically stable or had tumor regression (Lau 
et al., 2001). Although T helper peptides were used in some studies, these T helper peptides
were not tumor-specific. Thus, tumor-specific T helper peptides should be tested in cancer
vaccines in the future studies. Alternatively, genetically modified DCs could be used to stimu-
late both CD4� and CD8� T-cell responses, leading to potent antitumor immunity (Kirk
and Mule, 2000).

Recombinant viruses/nucleotide acid-based vaccines One of the most effective cancer vaccines
may involve the incorporation of genes encoding tumor antigens into recombinant plasmid
or viruses such as vaccinia, foxlpox or adenovirus (Tang et al., 1992; Ulmer et al., 1993;
Restifo, 1996; Gurunathan et al., 2000). The major problem associated with the use of
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recombinant viruses is that patients develop strong antibody responses against virus, resulting
in inefficient low infection activity (Rosenberg et al., 1998b). The use of nucleic acid as anti-
cancer vaccines (DNA or RNA that contain sequences coding for tumor antigens) has drawn
much attention due to its obvious advantages such as simple, safe and cost effective. It has
been demonstrated that nucleic acid vaccination can elicit a full range of immune responses,
including antibodies, MHC class I-restricted CD8� CTL and class II-restricted helper 
T-cells response (Tang et al., 1992; Ulmer et al., 1993; Gurunathan et al., 2000). Many 
methods have been used to improve nucleic acid vaccination, including the use of better pro-
moters, intron and enhancer elements, polyadenylation sequences and immunostimulatory
sequences (ISS), which are non-methylated, palindromic DNA-sequences containing 
CpG-oligodinucleotides (Krieg, 2000).

Recently, alphavirus self-replicons of Sindbis virus and Semliki Forest virus (SFV) have
been used for improving antitumor immune responses (Kohno et al., 1998; Ying et al., 1999).
To increase the stability of the construct and to facilitate the production and handling of the
vaccine, the self-replicating RNA can be encoded by a DNA-plasmid where a CMV-
promoter “jump-starts” the production of the self-replicating RNA. The alphavirus repli-
case functions in a broad range of host cells (mammalian, avian, reptilian, amphibian and
insect cells), making it a very attractive delivery vehicle. Both RNA vaccine and DNA repli-
cons encoding a model tumor antigen under the control of alphaviral RNA replicase have
been demonstrated to be effective in the treatment of an experimental tumor (Ying et al., 1999).

Monitoring CD4� T-cell response by MHC 
class II-peptide tetramers

The development of MHC class I-peptide tetramers has extended our ability to monitor
CD8� T-cell response to immunization or virus infection and advanced our understanding
of antigen-specific T cells (Altman et al., 1996). To explore the role of CD4� T cells in anti-
tumor immunity, MHC class II-peptide tetramers are badly needed. Two systems were
recently developed for preparing MHC class II-peptide tetramers. The first is to link peptide
epitopes to the amino terminus of the � chain using a short flexible linker to produce HLA-
DR4 tetramers (Kotzin et al., 2000). The second approach is to express HLA-DR4 in the
empty form in insect cells, with the two chains linked at their carboxy termini by a leucine
zipper. The purified HLA-DR4 were then incubated with a peptide to produce a stable 
molecule that could be biotinylated and used to stain peptide-specific CD4� T cells (Novak
et al., 1999). With the availability of such reagents, we are able to address the important
questions regarding the role of CD4� T cells in tumor immunity. Thus, the combined use
of MHC class I and II-restricted tumor antigens, co-stimulatory molecules and cytokines/
chemokines that can be used to enhance immune responses and the powerful tools to 
monitor T-cell responses represent an unprecedented opportunity for the development of
effective cancer vaccines.
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Summary
The analysis of the B-cell repertoire against tumors using tumor cDNA expression cloning
and autologous serum by serological analysis of antigens by recombinant expression cloning
(SEREX) revealed that many, if not all, human tumors express multiple antigens which are
recognized by the patient’s immune system. There are different antigen specificities:
(1) shared tumor antigens, (2) differentiation antigens; products of (3) mutated, (4) viral,
(5) overexpressed and (6) amplified genes, as well as (7) splice variants of normal genes,
(8) widely expressed autoantigens, the immunogenicity of which is restricted to cancer
patients, (9) common autoantigens, to which antibodies are found in the sera from patients
with other than malignant diseases; and finally (10) products of genes which are underex-
pressed in the autologous tumor compared to normal tissues. Our results indicate that the
context of presentation of a molecule is more important for its immunogenicity than its
more or less restricted expression in tumors. This implies that only immunotherapeutic
approaches based on specific antigens are likely to induce tumor-specific reactions, whereas
whole-tumor cell approaches would rather induce tolerance and/or autoimmune disease.
CD8� as well as CD4� responses could be demonstrated against SEREX antigens and the
relevant antigenic peptides have been defined. With the availability of specific antigens for
the majority of human cancers, carefully designed trials have to be performed to determine
the value of our knowledge about these antigens for immuno- and genetherapeutic
approaches in patients with malignant disease.

Introduction
The identification and molecular characterization of tumor antigens, which are able to elicit
specific immune responses in the tumor-bearing host, has become a major effort in tumor
immunology. In the 70s and 80s of the 20th century, the hybridoma technology was
exploited for the identification of molecules on tumor cells which could be used as diagnos-
tic markers or as target structures for immunotherapeutic approaches with monoclonal 
antibodies. While some of these efforts have yielded new therapeutic tools, such as the 
anti-CD20 antibody rituximab which shows considerable activity and has been licensed 
for the treatment of follicular lymphomas (Maloney et al., 1997), approaches of active
immunotherapy require the identification of target structures which are immunogenic in the
autologous tumor-bearing host.

The analysis of humoral and cellular immune responses against such antigens in cancer
patients had indicated for a long time that cancer specific antigens do indeed exist which are
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recognized by the patient’s immune system (Old, 1981). To disclose the molecular nature of
these antigens, cloning techniques were developed that used established CTL clones (van der
Bruggen et al., 1991) or circulating antibodies (Sahin et al., 1995) as probes for screening
tumor-derived expression libraries. While the molecular characterization of the first human
tumor antigens was accomplished with cloning techniques that used established CTL clones
(van der Bruggen et al., 1991), it is now commonly accepted that immune recognition of
tumors is a concerted action. Thus, high-titered circulating tumor-associated antibodies of
the IgG class may reflect a significant host–tumor interaction and may identify such gene
products to which at least cognate T cell help, but also specific cytotoxic T cells should exist.
This rationale made us design a novel strategy using the antibody repertoire of cancer
patients for the molecular definition of antigens. Serologically defined antigens could then
be subjected to procedures of “reverse” T-cell immunology for the definition of epitopes
which are presented by MHC class I or II molecules, respectively, and are recognized by 
T-lymphocytes. The serological cloning approach for the identification of tumor antigens
recognized by antibodies in the serum of cancer patients was designated SEREX. SEREX
allows a systematic and unbiased search for antibody responses against proteins and the
direct molecular definition of the respective tumor antigens based on their reactivity with
autologous patient serum (Sahin et al., 1997; Türeci et al., 1997).

Material and methods
The study had been approved of by the local ethical review board (“Ethikkommission der
Ärztekammer des Saarlandes”). Recombinant DNA work was done with the official per-
mission and according to the rules of the State Government of Saarland. All healthy donors
and cancer patients gave informed consent.

Sera and Tissues. Sera and tumor tissues were obtained during routine diagnostic or therapeutic
procedures. Normal tissues were collected from autopsies of tumor-free patients.

Construction of cDNA expression libraries. Out of total RNA isolated from fresh tumor 
biopsies, 5–8 	g poly(A) � RNA was prepared with an mRNA isolation kit (Stratagene).
cDNA expression libraries were directionally cloned into �-ZAP Express vector using a com-
mercially available adaptor ligation system according to the manufacturer’s instructions
(Stratagene, Heidelberg, Germany). After packaging into phage particles these cDNA-
expression libraries were transfected into XLI MRF� bacteria for one round of amplification.
In other experiments, testis-derived expression libraries were used.

Immunoscreening for antigens expressed by human tumors. XLI MRF� bacteria transfected with
recombinant �-ZAP Express phages were plated onto Luria–Bertani agar plates. Expression
of recombinant proteins in lytic phage plaques on the bacterial lawn was induced with
IPTG. Plates were incubated at 37
C until plaques were visible and then blotted onto nitro-
cellulose membranes. The membranes were blocked with 5% low-fat milk in Tris-buffered
saline and incubated with a 1 : 500 dilution of the patient’s serum, which had been preab-
sorbed with transfected Escherechia coli. Serum antibodies binding to recombinant proteins
expressed in lytic plaques were detected by incubation with alkaline phosphatase-conjugated
goat anti-human IgG and visualization by staining with 5-bromo-4-chloro-3-indolyl 
phosphate and nitroblue tetrazolium. For screening of testis-derived libraries allogeneic 
sera of patients with different tumor types were used. Positive clones were isolated and 
monoclonalized by repeated rounds of immunoscreening followed by plaque elution.
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Sequence analysis. Positive clones were subcloned to monoclonality and submitted to in vivo
excision of pBK-CMV phagemids. The nucleotide sequence of cDNA inserts was deter-
mined using Excel cycle sequencing kit (Epicentre) on a LICOR automatic sequencer.
Sequencing was performed according to the manufacturers’ instructions starting with the
vector specific primers. Insert-specific primers were designed as the sequencing proceeded.
Sequence alignments were performed with DNASIS (Pharmacia Biotech) and BLAST 
software on EMBL, Genbank and PROSITE databases.

Northern blot analysis. Northern blots were performed with RNA extracted from tumors
and normal tissues. Integrity of RNA was checked by electrophoresis in formalin/MOPS-
gels. Gels containing 10 	g RNA per lane were blotted onto nylon membranes. After pre-
hybridization the membranes were incubated with the specific 32P-labeled insert-specific
full-length cDNA probes overnight at 42
C in hybridization solution (50% formamide,
6 � SSC, 5 � Denhardt’s, 0.2% SDS). The membranes were then washed at progressively
higher stringency, with the final wash in 1 � SSC and 0.2% SDS at 65
C. Autoradiography
was conducted at 70
C for upto seven days using Kodak X-OMAT-AR film and intensify-
ing screen. Northern blots were used to assess expression levels of transcript in a panel 
of normal tissues and tumors and particularly to compare the tumors with their normal
counterpart tissue from the same patient.

Reverse transcription PCR. Total cellular RNA was extracted and primed with a mixture of
dT(18) oligonucleotide and random hexamer primers and reverse-transcribed with
Superscript RT (Gibco, Eggenstein, Germany). cDNA thus obtained was tested for integrity
by amplification of ß-actin transcripts in a 30-cycle PCR reaction. For each clone positive in
the SEREX screening specific primers located in different exons were designed and a panel
of normal tissues was screened for expression.

Detection of antigen-specific antibodies in allogeneic sera. Monoclonalized phages from positive
clones were mixed with non-reactive phages of the cDNA-library as internal negative con-
trols at a ratio of 1 : 10 and used to transfect bacteria. IgG antibodies in the 1 : 200 diluted
E. coli-preabsorbed sera from allogeneic patients and healthy controls were tested with the
above-described immunoscreening assay to assess for tumor-associated antibody-responses.

Results
Immunoscreening for human tumor antigens. Expression libraries were constructed and analyzed by
SEREX from a variety of different neoplasms, including three different renal cell carcinomas
of the clear cell type, two melanomas, one ovarian carcinoma, one hepatocarcinoma, three
gliomas, two colorectal cancers, one pancreatic cancer, two breast cancers, two Hodgkin’s
lymphomas, two acute T-cell leukemias and two acute myelogenous leukemias. Primary
libraries with at least 1 � 106 independent clones were established. The screening of at least
1 � 106 clones per library revealed multiple reactive clones in each library. Some transcripts
were detected repeatedly, indicating that they were multiply represented in the library. In
order to bias for the detection of antigens of the cancer testis class, libraries were constructed
from normal testis tissue and screened with allogeneic tumor patients’ sera.

Molecular characterization of SEREX antigens. To select clones of potential biological or 
clinical interest for more in-depth analysis, a three-step strategy was pursued. This included:
(1) the comparison of the sequence data with databases to reveal identity or homologies 
with known genes and to identify domains or motifs informative for a putative function or
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cellular localization; (2) the analysis of the expression pattern of the respective antigen in
normal tissues and tumors by reverse transcription polymerase chain reaction (RT-PCR), by
Northern blot hybridization with specific probes and by analysis in expressed sequence tag
containing databases; and (3) an initial survey for antibodies in the sera from healthy con-
trols and allogeneic tumor patients to evaluate the incidence of serum antibodies to the
respective antigen.

Four different groups of genes coding for antigens were identified. The first group codes
for known tumor antigens such as the melanoma antigens MAGE-1, MAGE-4a and tyrosi-
nase. A second group encodes known classical autoantigens for which immunogenicity is
associated with autoimmune diseases, for example, anti-mitochondrial antibodies or anti-
bodies to U1-snRNP. When patients known to have autoimmune or rheumatic disorders 
are excluded from SEREX analysis, the incidence of such antigens is not higher than 1%.
A third group codes for transcripts that are either identical or highly homologous to known
genes, but have not been known to elicit immune responses in humans. Examples are restin
which had originally been identified by a murine monoclonal antibody specific for Hodgkin
and Reed–Sternberg cells and lactate dehydrogenase, an enzyme overexpressed in many
human tumors. The fourth group of serologically defined antigens represents products of
previously unknown genes.

Specificity of SEREX antigens. According to their expression pattern in normal and malig-
nant tissues, several classes of tumor antigens can be distinguished (Table 10.1): (1) shared
tumor antigens, (2) differentiation antigens; products of (3) mutated, (4) viral, (5) overex-
pressed, and (6) amplified genes as well as (7) splice variants, (8) widely expressed, but 
cancer-associated autoantigens, the immunogenicity of which is restricted to cancer patients,
(9) common autoantigens to which antibodies are found in sera from patients with other
than malignant diseases; and finally (10) products of genes which are underexpressed in the
autologous tumor compared to normal tissues.

Shared tumor antigens. A variable proportion of human tumors, ranging from 10% to
70% depending on the type of tumor, express a given shared tumor antigen. Interestingly,
all human shared tumor antigens identified to date are expressed in a variety of human can-
cers, but not in normal tissues, except for testis; therefore, the term cancer–testis antigens has
been coined for them. The prototypes of this category, MAGE (van der Bruggen et al., 1991),
BAGE (Boel et al., 1995), and GAGE (van den Eynde et al., 1995), were initially identified 
as targets for cytotoxic T cells. The HOM-MEL-40 antigen, which was detected in 
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Table 10.1 Specificity of tumor antigens detected by SEREX

Specificity Example Source

Shared tumor antigens HOM-MEL-40 Melanoma
Differentiation antigens HOM-MEL-55 (tyrosinase) Melanoma
Mutated genes NY-COL-2 (p53) Colorectal carcinoma
Splice variants HOM-HD-397 (restin) Hodgkin’s disease
Viral antigens HOM-RCC-1.14 (HERV-K10) Renal cell cancer
Overexpression HOM-HD-21 (galectin-9) Hodgkin’s disease
Gene amplifications HOM-NSCLC-11 (eIF-4
) Lung cancer
Cancer-related autoantigens HOM-MEL-2.4 (CEBP) Melanoma
Cancer-independent autoantigens NY-ESO-2 (U1-snRNP) Esophageal carcinoma
Underexpressed genes HOM-HCC-8 Hepatocellular carcinoma



a melanoma library, is the first cancer/testis antigen identified by SEREX. It is encoded by
the SSX-2 gene (Türeci et al., 1996). Members of the SSX gene family, SSX1 and SSX2, have
been shown to be involved in the t(X;18)(p11.2; q11.2) translocation which is found in the
majority of human synovial sarcomas (Clark et al., 1994) and fuses the respective SSX gene
with the SYT gene from chromosome 18. Using homology cloning, additional members of
the SSX-family were identified (Güre et al., 1995) revealing at least five genes, of which four
(SSX-1, 2, 4 and 5 ) demonstrate a CT antigen-like expression (Türeci et al., 1998a). Using
SEREX, Chen et al. (1997) identified NY-ESO-1 as a new CT antigen. NY-ESO-1 mRNA
expression is detectable in a wide array of human cancers, including melanomas, breast 
cancer, bladder cancer and prostate cancer. A homologous gene, named LAGE-1 was subse-
quently isolated by a subtractive cloning approach (Lethe et al., 1998) demonstrating that
NY-ESO-1 belongs to a gene family with at least two members. NY-ESO-1 as well as its
homologue LAGE-1 were discovered by independent groups using tumor specific CTL or
tumor-infiltrating lymphocytes (TIL) derived from melanoma patients as probes, thus dis-
closing several HLA-A0201 and HLA-A31 restricted epitopes ( Jäger et al., 1998) and
demonstrating that NY-ESO-1 is a target for both antibody and CTL responses in the same
patient ( Jäger et al., 1998, 1999). IgG antibody responses directed against NY-ESO-1 are
present in upto 50% of antigen-expressing patients indicating that this antigen may also be
a frequent target for CD4� T-lymphocytes (Stockert et al., 1998). Another new CT antigen
is HOM-TES-14 (Türeci et al., 1998b) which is encoded by the gene coding for the synap-
tonemal complex protein-1 (SCP-1).

Differentiation antigens. They demonstrate a lineage-specific expression in tumors, but
also in normal cells of the same origin; examples are tyrosinase and glial fibrillary acidic pro-
tein (GFAP) which are antigenic in malignant melanoma and glioma, but are also expressed
in melanocytes or brain cells, respectively.

Antigens encoded by mutated genes. They have been demonstrated only rarely by the
serological approach, with mutated p53 being one example (Scanlan et al., 1997). For
SEREX-detected antigens proof of an underlying mutation is technically challenging since
antibody responses induced by a mutation may be directed to the wild-type backbone of the
molecule and thus the wild-type allele may be picked up during the immunoscreening, so
that sequencing of several independent clones from the same library as well as exclusion of
polymorphisms is mandatory.

Viral genes. A virus-encoded antigen that elicits an autologous antibody response is the
env protein of the human endogenous retrovirus HERV-K10, which was found in a renal
cell cancer and in a seminoma.

Overexpressed genes. These code for many tumor antigens identified by SEREX, which
has an inherent methodological bias for the detection of abundant transcripts. The mem-
bers of this class are expressed at low levels in normal tissues (usually detectable by 
RT-PCR), but are upto 100-fold overexpressed in tumors. An example is HOM-RCC-3.1.3,
a new carbonic anhydrase which is overexpressed in a fraction of renal cell cancers (Türeci
et al., 1998c).

Amplified genes. They may also code for tumor antigens. The overexpression of a tran-
script resulting from a gene amplification has been demonstrated for the translation initia-
tion factor eIF-4
 in a squamous cell lung cancer (Brass et al., 1997).

Splice variants of known genes. They were also found to be immunogenic in cancer
patients. Examples are NY-COL-38 and restin, which represents a splice variant of the 
formerly described cytoplasmic linker protein CLIP-170 (Pierre et al., 1992).
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Cancer-related autoantigens. These are expressed ubiquitously and at a similar level in
healthy as well as malignant tissues. The encoding genes are not altered in tumor samples.
However, they elicit antibody responses only in cancer patients, but not in healthy individu-
als. This might result from tumor-associated post-translational modifications or changes in
the antigen processing and/or presentation in tumor cells. An example is HOM-MEL-2.4,
which represents the CCAAT enhancer binding protein.

Non-cancer-related autoantigens. These are also expressed ubiquitously in most human
tissues; in contrast to cancer-related autoantigens antibodies against these antigens are found
in non-tumor bearing controls at a similar frequency as in tumor patients. An example is
HOM-RCC-10, which represent mitochondrial DNA, and HOM-TES-11, which is identical
to pericentriol material-1 (PCM-1).

Products of underexpressed genes. An antigen was detected during the SEREX analysis
of a hepatocellular carcinoma, which was underexpressed in the malignant tissue when 
compared to normal liver (Stenner-Lieven et al., 2000).

Incidence of antibodies to SEREX antigens and clinical significance. The analysis of sera from
patients with various malignant diseases and from healthy controls showed that different 
patterns of seroresponses against SEREX antigens exist. Clinically most interesting is the
group of antibodies which occurs exclusively in patients with cancer. Such strictly tumor-
associated antibody responses are detected with varying frequencies only in the sera of
patients with tumors that express the respective antigen. Examples are antibodies against
HOM-TES-14/SCP-1, HOM-HD-21/galectin-9 (Sahin et al., 1995; Türeci et al., 1997),
NY-ESO-I (Stockert et al., 1998), and against several antigens cloned from colon cancer
(Scanlan et al., 1997). The incidence of tumor-associated antibodies in unselected tumor
patients ranges between 5% and 50% depending on the tumor-type and the respective 
antigen. For many antigens identified by SEREX, antibodies are only detected in the 
patient whose serum was used for the SEREX assay. A third group of antibodies occurs in
cancer patients and healthy controls at a similar rate. While most of these antibodies are
directed against non-cancer-associated, widely expressed autoantigens, for example, poly-
adenosyl-ribosyl transferase, antibodies of this category are also found to be directed against
antigens with a very restricted expression pattern, for example, restin. Restin represents 
a differentiation antigen, since its expression is limited to Hodgkin- and Reed–Sternberg
cells and immature dendritic cells.

There is little information as to the significance of antibody responses and their correla-
tion with the clinical course of the malignant disease. Well-designed prospective studies are
necessary to identify those antibodies that might be (alone or in combination with others) 
a valuable tool for the diagnosis and therapeutic evaluation of malignant diseases. From
anecdotal observations we have the impression that for antibodies to be present in the
patient’s serum, the tumor must express the respective antigen. Antibody titers drop and
often disappear when the tumor is removed or the patient is in remission. Why only a minor-
ity of the patients with an antigen-positive tumor develops antibodies to the respective 
antigen also remains an open question.

Functional significance of SEREX antigens. Antigens with a known function identified by
SEREX include HOM-RCC-3.1.3 (Türeci et al., 1998c), which was shown to be a novel
member of the carbonic anhydrase (CA) family, designated as CA XII. Overexpression of
this transcript was observed in 10% of renal cell cancers (RCC), suggesting a potential 
significance in this tumor type. In fact, the same transcript was cloned shortly thereafter 
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by another group based on its downregulation by the wild-type von-Hippel-Lindau tumor
suppressor gene, the loss of function of which is known to be associated with an increased
incidence of RCC (Ivanov et al., 1998). Since the invasiveness of RCC cell lines expressing
CA XII has been shown to be inhibited by acetazolamide (Parkkila et al., 2000), CA XII
might be exploited therapeutically.

The first cancer testis antigen to which a physiological function could be ascribed is
HOM-TES-14 which is encoded by the SCP-1 gene (Türeci et al., 1998b). SCP-1 is known
to be selectively expressed during the meiotic prophase of spermatocytes and is involved in
the pairing of homologous chromosomes, an essential step for the generation of haploid
cells in meiosis I. The aberrant expression of this meiosis-specific gene product in the
somatic cells of human tumor cells may be involved in the induction of chromosomal 
instabilities in cancer cells.

Reverse T-cell immunology. The main idea of cancer vaccination is to induce an effective
specific cytolytic and/or T-helper immune activity against tumor cells. Serologically defined
antigens are most suitable candidates for determination of such epitopes, since the isotype
switching and the development of high-titered IgG in vivo requires cognate CD4� T-cell
help. Therefore, SEREX can be instrumentalized to analyze the CD4� T-cell repertoire
against tumor antigens. Several CD4 binding epitopes of the NY-ESO-1 antigen have been
identified by us (manuscript in preparation) and by others ( Jäger et al., 2000). With regard
to CD8� T-lymphocytes that recognize SEREX antigens, CTL responses have been demon-
strated for HOM-MEL-40 and NY-ESO-1 ( Jäger et al., 2000; own unpublished results).

Discussion
The SEREX approach is technically characterized by several features: (1) There is no need
for established tumor cell lines and pre-characterized CTL clones; (2) the use of fresh tumor
specimens restricts the analysis to genes that are expressed by the tumor cells in vivo and
avoids in vitro artifacts associated with short- and long-term tumor cell culture; (3) the restric-
tion of the screening to clones against which the patient’s immune system has raised high-
titered IgG or/and IgA antibody responses implies the presence of a concomitant T-helper
lymphocyte response in vivo; (4) Since both the expressed antigenic protein and the coding
cDNA are present in the same plaque of the phage immunoscreening assay, identified anti-
gens can be sequenced immediately; (5) sequence information of excised cDNA inserts can
be directly used to determine the expression spectrum of identified transcripts by Northern
blot and RT-PCR to determine the specificity of the respective antigen.

SEREX allows for the identification of an entire profile of antigens using the antibody
repertoire of a single cancer patient. The analysis of a variety of neoplasms demonstrated
that all hitherto investigated neoplasms are immunogenic in the tumor-bearing host and that
immunogenicity is conferred by multiple antigens. For the systematic documentation and
archivation of sequence data and immunological characteristics of identified antigens an
electronical SEREX database was initiated by the Ludwig Cancer Research Institutes,
which is accessible to the public (www.licr.org/SEREX.html). By June 2001, about 2,000
entries have been made into the SEREX database, the majority of them representing inde-
pendent antigens. The SEREX database is not only meant as a computational interface for
discovery information management, but also as a tool for mapping the entire panel of gene
products which elicit spontaneous immune responses in the tumor-bearing autologous host,
for which the name “cancer immunome” has been coined by Old (LICR, New York Branch).
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The cancer immunome which is defined by using spontaneously occurring immune effectors
from cancer patients as probes gains increasing interest, since it has been shown that many
antigens may be valuable as new molecular markers of malignant disease. The value of each
of these markers or a combination of them for diagnostic or prognostic evaluation of
cancer patients has to be determined by studies which correlate the presence or absence 
of these markers with clinical data.

The multitude of tumor-specific antigens identified by the SEREX approach has revealed
that there is ample immune recognition of human tumors by the autologous host’s immune
system. Together with the identification of T lymphocyte epitopes a picture of the immuno-
logical profile of cancer is emerging. The knowledge of the cancer immunome provides 
a new basis for understanding tumor biology and for the development of new diagnostic and
therapeutic strategies for cancer. The specificities of the antigens expressed by human
tumors and detected by SEREX vary widely, ranging from the shared tumor antigens the
expression spectrum of which is confined to tumors (and normal testis) to products of genes
overexpressed in tumors, normal autoantigens, which are immunogenic in patients with
other than malignant diseases, and antigens encoded by genes that are underexpressed in the
malignant tumor compared to the benign tissue counterpart. This surprising finding
together with the observation that some ubiquitously expressed antigens elicit immune
responses only in cancer patients, suggest that the context in which a protein is presented to
the immune system (e.g. the context of “danger”) is more decisive for its immunogenicity
(and breaking of tolerance) than its more or less tumor-restricted expression. Our results
obtained with the SEREX analysis of many human tumors also show that, besides the rare
tumor-specific antigens, there is a great majority of widely expressed autoantigens which are
presented by the tumor and recognized by the immune system. The presentation of com-
mon autoantigens by a given tumor (presumably in the context of “danger”) induces a
broad range of autoimmunity, and it is only if the tumor happens to present tumor-specific
molecules that tumor-specific autoimmunity can occur: specific tumor immunity is just a
small part of broad autoimmunity that is commonly induced by malignant growth. The fact
that tumors present a majority of molecules that are also expressed in normal tissue and only 
a minority of tumor-specific molecules in the context of their MHC molecules also implies
that vaccines using whole tumor-cell preparations are rather unlikely to be successful, since
the induction of tumor-specific immunity by such vaccines would be a quantité negligible
compared to the majority of immune responses (or tolerance) induced to normal autoanti-
gens by such a strategy.

The main goal of cancer vaccination is the induction of an effective specific cytolytic
response against tumor cells which spares the cells of normal tissues. With respect to 
specificity several classes of antigens may be suitable targets; they include the CT antigens,
differentiation antigens, tumor-associated over expressed gene products, mutated gene prod-
ucts and tumor-specific splice variants. Clinically the most interesting class of antigens is that
of the shared tumor antigens or cancer–testis antigens. To cope with the rapidly growing
number of CT antigens, a new nomenclature has been suggested for them (Old and Chen,
1998). According to the order of their initial identification the individual genes are desig-
nated by enumeration. Since individual CT antigens are expressed only in a variable 
proportion of tumors, only the availability of several CTA could significantly enlarge the
proportion of patients eligible for vaccination studies. In this regard it is interesting that
members of a given gene family tend to be expressed in a co-regulated fashion whereas 
different gene families are preferentially expressed in other sets of tumors. It is therefore 
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reasonable to choose antigens from different CT families to cover as many tumors as possible.
Despite the fact that SEREX enlarged the pool of available tumor antigens, the proportion
of tumors for which no tumor antigen is known, is still high, particularly in frequent neo-
plasms such as colon and prostate cancer. Moreover, immunohistological investigations for
MAGE antigens have demonstrated a heterogeneity of antigen expression even in the same
tumor specimen (Hofbauer et al., 1999). Thus, the combined or sequential use of a whole set
of several antigens in a patient would have the potential of reducing or even preventing the
in vivo selection of antigen loss tumor-cell variants and would also address the problem of
a heterogeneous expression of a given antigen in an individual tumor specimen.

For the development of molecular vaccine strategies, the knowledge of antigen-derived
peptide epitopes which are capable of priming or activating specific CTL or T-helper cells
is an indispensable prerequisite. Due to the diversity of peptides presented by the highly
polymorphic HLA alleles, the definition of these epitopes by “reverse T-cell immunology”
represents an enormous challenge for each individual antigen. However, we and others have
demonstrated that by using straightforward strategies, the identification of epitopes from
SEREX defined antigens which bind and activate either CD8� or CD4� is feasible and has
been successful for each SEREX antigen for which the definition of such epitopes has been
pursued.

The knowledge and availability of a large number of human tumor antigens and their
MHC binding epitopes has opened the perspective for the development of polyvalent vac-
cines for a wide spectrum of human cancers using pure preparations of antigenic proteins
or peptide fragments. Additionally, the study and long-term follow-up of large numbers 
of patients will help to determine the diagnostic and prognostic relevance of tumor-
related/specific autoantibodies in patients’ sera and of antigen expression in tumors, as well
as the correlation with CTL responses and specific T-helper cells. Finally, the knowledge of
immunogenic products of cancer-associated genes will provide us with a more profound
insight into genetic and molecular alterations that might be of enormous relevance for the
pathogenesis and growth of cancer.
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Summary
Antibody immunity to a number of oncogenic proteins has been identified over the last 
several years. While investigators are using the presence of antibody immunity as an 
indicator for a potential T-cell response, and, thus, identification of T-cell antigens that may
be exploited for therapy, antibody immunity in and of itself may have great utility in the
diagnosis and management of human malignancy. Antibodies directed against the p53
oncogenic protein have been the most completely studied. A p53 specific antibody response
may eventually be developed as a diagnostic or prognostic tool in monitoring the therapy 
of many types of cancers. A human antibody response directed against a growth factor
receptor, such as HER-2/neu, may actually have some therapeutic importance. Human
antibodies directed against a number of oncogenic proteins have been defined. As we
progress the assessment of antibody immunity from a laboratory to a clinical tool, assays
must be better refined to allow wide scale measurement of the cancer-specific humoral
immune response.

Introduction
Malignant transformation is increasingly being ascribed to the aberrant function of a set of
defined cell-growth related genes. These genes, termed oncogenes, encode for proteins that
are qualitatively and/or quantitatively aberrant in tumor cells relative to normal cells.
Therefore, detection of these proteins, many of which are involved in the initiation of can-
cer, may allow for early detection of the malignant state. Many oncogenic proteins are
immunogenic, that is, patients whose tumors express a particular oncogenic protein can
have detectable antibody immunity directed against the protein. Over the last decade, anti-
body immunity directed against proteins involved in the malignant transformation has been
described for almost every human tumor. Studies have progressed from observational assess-
ments describing the ability to detect immunity to investigations designed to determine
whether the measurement of tumor-specific antibody immunity might be helpful in the diag-
nosis and management of human cancer.

Cancer is potentially curable if diagnosed when localized. Unfortunately, many cancers
are diagnosed at an advanced stage. Despite aggressive surgery and chemotherapy, the over-
all survival of advanced-stage cancer patients is poor. Early diagnosis is essential to make
progress in the treatment and, ultimately, the survival of patients with cancer. Serologic
markers, most of which are circulating cancer proteins such as carcinoembryonic antigen
(CEA) and CA-125, can potentially indicate the presence of cancer. These proteins, how-
ever, are shed from the surface of growing tumors and, in general, are associated with 
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bulky or advanced disease. A serologic marker that is prevalent in early-stage disease would
be a more optimal candidate to develop as a diagnostic tool. Antibody immunity to 
tumor-associated proteins may be a more appropriate serologic measure of cancer exposure.
The assessment of an antibody immune response to a protein is quite different from the
direct measurement of the protein itself because; (1) antibody responses can be generated
against proteins that are expressed on the surface of cells and do not circulate, (2) antibody
responses can be detected even when small amounts of the immunogenic protein are pres-
ent and (3) antibody responses can indicate exposure to tumor-related protein. Antibody
immunity has been used for decades to identify individuals exposed to infectious disease 
proteins. The immune system can respond to minimal amounts of protein by mounting an
amplified antibody response that is readily detected in serum. Immunogenic tumor antigens,
such as p53, are common to a number of different cancers and, therefore, provide a logical
starting point for serological studies of cancer diagnosis. Tumor antigens such as HER-2/
neu have biologic relevance in the malignant transformation and offer a model system for
assessing the role of antibody immunity in identifying patients at a high risk for cancer.
Indeed, proteins that are aberrantly expressed in the unregulated growth of a cancer cell,
such as ras and c-myc, can stimulate an antibody response. In addition, established immuno-
logical techniques are now available to improve the ability of immunologic diagnostics to
discern patients with cancer from non-affected individuals.

As the detection of immunity to oncogenic proteins becomes more routine, studies, such
as those described in this chapter, have evolved to begin to address specific clinical questions
such as the role of antibody immunity as a marker for patients exposed to cancer, as a tool
to monitor therapy, or as an indicator of disease prognosis. These clinical experimental ques-
tions now shift the experimental design of investigations from the laboratory to the clinic
and underscore the problems that must be overcome in defining appropriate patient popu-
lations for study and issues surrounding obtaining well-characterized specimens for analysis.
Furthermore, once antibody assays are being used to analyze multiple samples the analytic
methods must be validated and have a level of reliability that will assure confidence in the
interpretation of the clinical data.

The human antibody response to 
p53 in cancer patients
The antibody immune response to p53 has received the most attention, in part, because
mutations in the p53 gene are common, occurring in approximately 50% of all human can-
cers. p53 is a tumor suppressor gene, and mutations that occur in the gene cause inactiva-
tion of encoded p53 protein. Although the malignant changes in a cell due to p53 are related
to a loss of the protein’s function, p53 is most likely immunogenic because mutant p53 pro-
tein accumulates in the cancer cell cytosol and nucleus due to altered intracellular traffick-
ing. Indeed, both the wild type and mutated forms of the protein can be found in abundance
in the cytosol of a cell bearing p53 gene mutations. The p53 gene has multiple mutational
“hot spots.” The majority of patients with p53-specific antibodies have associated p53 mis-
sense mutations and p53 accumulation in their tumors. Furthermore, the antibody response
is directed to immunodominant epitopes common for both wild type and mutant p53 pro-
tein (Soussi, 2000). Antibody immunity to the p53 protein has been reported for nearly every
human tumor with which p53 mutations are associated: colon, breast, ovarian, lung and gas-
tric cancer to name a few (Soussi, 2000). The incidence of antibodies directed against p53
in the serum of patients with cancer ranges from 10% to 50% of patients evaluated in an
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individual study. Clinical investigations of the antibody response to p53 have evolved from
merely defining the incidence in a particular patient population to the development of the
assessment of p53 antibodies as a clinical tool. The use of the antibody response to p53 has
been proposed to aid in diagnosis and to determine prognosis and response to therapy.
Studies have focused on the evaluation of antibodies to p53 as a diagnostic tool due to early
reports which indicated antibody responses to p53 can occur early in the course of a cancer
and predict undetected malignancy or premalignancy. The first report described the evolu-
tion of the p53-antibody response in patients at high risk of developing lung cancer, such as
heavy smokers (Lubin et al., 1995). Although study subjects were free of cancer at the time
antibody assessment started, rising titers of p53 antibodies preceded the development of
early stage lung cancers bearing p53 mutations in two patients. The second indication that
antibody responses to p53 may be developed as a diagnostic or screening tool lay in a report
of the detection of a higher incidence of antibodies to p53 in women without breast cancer
who have a significant family history of breast cancer (11%) compared to controls (1%)
(Green, 1994). These two provocative early studies stimulated more detailed investigation of
p53 antibodies as a cancer diagnostic.

p53 antibodies as a cancer diagnostic tool

Several recent studies highlight both the potential as well as the problems associated with
using antibodies to p53 as a cancer diagnostic. Head and neck cancer is a good model for
testing the utility of a biomarker, as premalignant precursor lesions are easily assessable and
well characterized. Mutations in p53 have been reported in 53–93% of head and neck squa-
mous cell carcinoma. In addition, it has been shown that p53 protein is overexpressed in
both primary and recurrent oral cancers as well as premalignant lesions (Ralhan et al., 1998).
Ralhan and colleagues evaluated sera from 183 patients with premalignant and malignant
oral lesions and normal controls for circulating p53 antibodies (Ralhan et al., 1998). The
results of the serum antibody assays were correlated with accumulation of p53 protein in
patients’ matched oral specimens. Circulating p53 antibodies were detected in 34% of
cancer patients and 30% of patients with premalignant lesions. There was a significant asso-
ciation of the presence of p53 antibodies with increased tumor size and the anaplastic
nature of the tumor, both factors indicative of a poor prognosis. The expression of p53 was
analyzed in 43 matched tissue specimens, 18 premalignant and 25 oral cancers. All 18
patients with p53 antibody seropositivity, 7 premalignant and 11 cancer cases, showed p53
accumulation in their oral lesions. However, the total number of patients positive for p53
antibodies was less than that of patients with detectable p53 protein in their lesions. These
data highlight one of the problems with the development of p53 antibodies as a single sero-
logic test to diagnose malignancy: although the specificity of the approach can be high, the
sensitivity is generally low. However, detection of circulating p53 antibodies in patients with
premalignant oral lesions suggests that humoral immune response against p53 protein is an
early event in the pathogenesis of oral cancer.

Ovarian cancer represents a tumor in which no premalignant lesions have been identified.
Early diagnosis of ovarian cancer is critical in making an impact on the overall survival of
the patient. Over two-thirds of all cases of ovarian cancer are diagnosed in advanced stage,
and the risk of relapse after standard treatment is high. If ovarian cancer were diagnosed at
an early stage when the disease could be completely surgically resected more patients could
be cured. Studies have evaluated patients with ovarian cancer, borderline ovarian tumors
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and benign ovarian tumors for the presence of antibodies to p53 (Angelopoulou et al., 1996).
The prevalence of p53 antibodies in patients with invasive cancer was 19%, whereas no 
circulating p53 antibodies were detected in patients with borderline or benign lesions. p53
antibodies were detectable only in patients with p53 protein overexpression in their tumors,
and presence of p53 antibodies correlated with tumor stage and grade and shortened over-
all survival and relapse-free survival. Thus, this initial study suggests that antibodies directed
against p53 may have some clinical utility in identifying patients with ovarian cancer. Larger
prospective studies are needed to validate p53 antibodies as an ovarian cancer biomarker.

Patients with both colorectal and lung cancer have detectable p53 antibodies which cor-
relate with a high rate of p53 mutation in these cancers. Alterations in the p53 gene are
found in about 60% of both colorectal and lung cancer, and the prevalence of p53 anti-
bodies in both cancers are in the range of 25–30% (Lubin et al., 1995; Hammel et al., 1997;
Zalcman et al., 1998; van der Burg et al., 2001). The use of p53 antibodies as a diagnostic
test in lung cancer has shown limited success due to the low sensitivity (Soussi, 2000).
Rosenfeld and colleagues (Rosenfeld et al., 1997) found p53 antibodies to be present in only
27 (16%) of 170 patients with small cell lung cancer (SCLC). However, none of the 50 con-
trol sera was positive for p53 antibodies, and all patients were studied at the time of SCLC
diagnosis, demonstrating that p53 antibodies can be detected relatively early in the course
of the disease. Investigations in colon cancer have found 14 (26%) of 54 patients with col-
orectal cancer to have detectable serum p53 antibodies (Hammel et al., 1997). There were
no detectable p53 antibodies in the 24 control patients who had non-malignant digestive dis-
ease. In this study both CEA and CA 19.9, tumor markers used to follow the course of colon
cancer, had a higher sensitivity (37% and 28%, respectively) for the diagnosis of colorectal
cancer than p53 antibody measurements. Of note, there was a simultaneous increase in
CEA, CA 19.9 and p53 antibodies in only 20% of patients (Hammel et al., 1997).
Furthermore, 30% of patients with normal CEA and CA 19.9 had significant p53 antibody
concentrations, suggesting that CEA, CA 19.9 and p53 antibody testing may be comple-
mentary methods in identifying patients with colorectal cancer. Indeed, the use of antibodies
to p53 to detect cancer may be of greater benefit as a member of a panel of biomarkers
than as a “stand alone” test.

The concept of panels of markers to diagnose malignancy, including the use of antibody
response to p53, is being tested in hepatocellular carcinoma (HCC) where mutations in the
p53 tumor suppressor gene are present in up to 37% of cases (Raedle et al., 1998). Alpha-
fetoprotein (AFP) is the only established tumor marker with reasonable specificity for the
detection of HCC. However, the sensitivity of this screening test is low at 60–69% (Edis 
et al., 1998; Raedle et al., 1998). Two recent studies have evaluated the use of p53 antibody
testing in combination with AFP in detection of HCC. Raedle et al. (1998) found p53 
antibodies to be present in 22% of HCC-positive patients with corresponding 
elevated AFP levels in 69% of HCC patients. By combining the two measurements, sero-
logical HCC screening was improved to 76% sensitivity, however there was a decrease in
specificity from 96% to 88%. Edis et al. (1998) found p53 antibodies in 13% of HCC-
positive patients with corresponding elevated AFP levels in 33% of patients. In this study,
adding the p53 antibody test to AFP screening of patients with HCC induced by viral hep-
atitis increased the sensitivity from 60% to 80%. In both these studies, p53 antibodies were
found in patients with chronic liver disease but without detectable HCC, 4% and 21%,
respectively. The high levels of p53 antibodies in these patients without evidence of cancer
might be secondary to liver cirrhosis and an increased HCC risk, or possibly these patients
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may have had a clinically undetectable cancer. This observation raises the possibility that the
presence of p53 antibodies may precede the clinical manifestation of cancer by several
months.

p53 antibodies for prognostic use and monitoring 
response to therapy

The use of serum p53 antibodies as a prognostic tool in various cancers has had mixed
results. In SCLC, the presence of p53 antibodies in patients with newly diagnosed disease
was not associated with any clinical characteristics or prognostic markers (Rosenfeld et al.,
1997). In univariate analysis, Angelopoulou, et al. (1996) found p53 antibody-positive
patients with ovarian cancer to be at increased risk for relapse but not death. In multivari-
ate analysis, however, the difference in disease-free and overall survival between patients who
were p53 antibody-positive or negative was not statistically significant. Vogl et al. (2000) found
the presence of p53 antibodies in patients with ovarian cancer to positively correlate with
tumor stage and grade, as well as, decreased relapse-free and overall survival. These results
were statistically significant suggesting that p53-antibody testing does have prognostic value
in the clinical management of patients with ovarian cancer.

The presence of p53 antibodies in patients with colon cancer has been shown to be an
indicator of poor prognosis. Two of the three studies found an association between p53
antibodies and shortened survival (Soussi, 2000). One investigation found the presence of
p53 antibodies correlated with several prognostic factors including histological differentia-
tion, grade, shape of tumor and tumor invasion into blood vessels (Houbiers et al., 1995).
Patients with p53 antibodies were shown to have both decreased disease-free and overall 
survival. In breast cancer, several studies have demonstrated the presence of p53 antibodies
to be indicative of worse prognosis (Lenner et al., 1999; Soussi, 2000). A recent population-
based epidemiological study showed the presence of p53 antibodies to be significant for 
both the risk of having breast cancer and decreased overall survival suggesting that p53 anti-
bodies be regarded as a marker for more aggressive disease (Lenner et al., 1999). The asso-
ciation between p53 antibodies and shortened survival in oral cancer has been demonstrated
in several studies (Soussi, 2000). A recent study by Ralhan and colleagues (Ralhan et al.,
1998) in the evaluation of oral cancers, demonstrated an association of p53 antibody
seropositivity and increase in tumor size and poor differentiation of tumors, both factors
indicative of poor prognosis. There was also significant decreased overall survival in the
patients with p53 antibodies compared to the seronegative patients with oral cancer sug-
gesting that detection of p53 antibodies may be a useful marker for identifying oral tumors
having poor prognosis.

These studies suggest an association between p53 antibodies and poor prognosis, specifi-
cally in tumors with poor differentiation. There is also a suggestion that p53 antibodies may
be of value in determining both disease-free and overall survival, however, this has not been
clearly established. One of the problems with interpretation of many of these retrospective
analyses is that the patient populations evaluated are associated with diseases that, in general,
have an overall poor prognosis. For example, in ovarian cancer, most women are diagnosed
in advanced stages of disease. Although their tumors are initially responsive to standard
treatment, the majority of patients will relapse within five years and eventually succumb to
their cancer. Thus, to have the statistical power to truly stratify patients for prognosis 
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based on the p53-antibody response, the absolute number of the total population must 
be quite large to include a significant number of patients who do not die of their disease.
The same problem occurs in the evaluation of p53 as a prognostic marker in other 
malignancies that are associated with an overall poor prognosis such as SCLC and oral 
carcinomas.

The use of p53 antibodies for monitoring cancer patients during their therapy has been
studied in several types of cancer. Zalcman et al. (1998) monitored 32 patients with lung can-
cer, 16 individuals positive for p53 antibodies and 16 negative, over a period of 30 months.
A decrease greater than 50%, compared to the initial titer, in p53 antibodies was seen in 12
of 16 antibody-positive patients during chemotherapy that led to partial or complete remis-
sion of disease. The specificity of these p53 antibodies was confirmed by two different
ELISA procedures and immunoprecipitation. Of the patients with a decrease in antibody
titer, eight had a complete response to therapy and four obtained a partial response. Of the
five patients without any variation in their antibody titer, two showed a partial response and
no response was seen in the other three. No patient with a complete response had a stable
level of p53 antibodies, whereas patients without response always maintained an unvarying
level of p53 (Zalcman et al., 1998). The correlation between the specific evolution of p53
antibody titer and response to treatment suggests that p53 antibodies could be a useful tool
in monitoring response to therapy and relapse before it is clinically detectable. Other stud-
ies have found the ratio of p53 antibodies in patients with colon cancer to decrease within
the first months after surgery, including those with Dukes’ C cancer and hepatic metastasis
who underwent palliative resection (Hammel et al., 1997). In two patients the variations in
p53 antibody ratio strongly correlated with tumor relapse or progression suggesting that
monitoring of p53 antibodies may help in the early diagnosis and treatment of relapse in
asymptomatic patients (Hammel et al., 1997). In breast cancer, the reappearance of p53 anti-
bodies can be detected two years after initial therapy. These increases in p53 antibodies have
been detected several months before the detection of relapse (Soussi, 2000). Thus, p53 anti-
bodies appear to be a useful tool in monitoring the response to therapy as well as monitor-
ing for early relapse before it becomes clinically evident in lung, colon and breast cancer.

The human antibody response to HER-2/neu 
in cancer patients
The HER-2/neu protein is a member of the epidermal growth factor receptor family and
consists of a cysteine rich extracellular domain which functions in ligand binding, a trans-
membrane domain, and an intracellular domain with kinase activity. HER-2/neu is a self-
protein that is expressed by some normal tissues but is often overexpressed by a variety of
cancer cells (Cheever et al., 1995). The HER-2/neu gene is present as a single copy in normal
cells; however, amplification of the gene and resultant protein overexpression is seen in var-
ious cancers including breast, ovarian, colon, uterine, gastric, prostate and adenocarcinoma
of the lung (Ward et al., 1999; McNeel et al., 2000). Overexpression of this oncogenic pro-
tein is associated with more aggressive disease and higher risk of relapse in breast cancer
patients (Slamon et al., 1987; Press et al., 1997). In colorectal cancer, overexpression of the
HER-2/neu oncogenic protein is seen in 30–50% of cases. The presence of endogenous
HER-2/neu-specific antibodies has been identified in breast, ovarian, prostate and colorectal
cancer patients (Ward et al., 1999, Disis et al., 2000; McNeel et al., 2000).
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Investigations of the antibody response to HER-2/neu in patients with cancer are less
developed than studies of the antibody response to p53. However, similar to investigations
of antibody response to p53, endogenous humoral immunity to HER-2/neu directly corre-
lates to overexpression of the protein by the patient’s tumor. Similarly, antibody responses to
the HER-2/neu protein can be detected in patients with early stage disease indicating that
the presence of antibodies are not simply a reflection of tumor burden. HER-2/neu anti-
bodies at titers of �1 : 100 were detected in 12 of 107 (11%) breast cancer patients versus 0
of 200 (0%) controls ( p � 0.01) (Disis et al., 1997). Detection of antibodies to HER-2/neu
also correlated to overexpression of HER-2/neu protein in the patient’s primary tumor.
Nine of 44 (20%) patients with HER-2/neu-positive tumors had HER-2/neu-specific anti-
bodies, whereas 3 of 63 (5%) patients with HER-2/neu-negative tumors had detectable anti-
bodies ( p � 0.03). The presence of HER-2/neu-specific antibodies in breast cancer patients
and the correlation with HER-2/neu-positive tumors implies that immunity to HER-2/neu
develops as a result of exposure of patients to HER-2/neu protein expressed by their own
cancer. A later study evaluated 45 patients with advanced stage (III/IV) HER-2/neu-
overexpressing breast and ovarian cancer for detection of pre-existent humoral immunity to
HER-2/neu (Disis et al., 2000). All patients were documented to be immune competent prior
to study by DTH testing. Three of 45 patients (7%) had detectable HER-2/neu-specific IgG
antibodies suggesting that patients with advanced-stage HER-2/neu-overexpressing breast
and ovarian cancer can mount an antibody immune response to their tumor, however this
endogenous immune response was found only in a minority of patients.

Similarly, antibodies to HER-2/neu have been found in the sera of patients with colon
cancer; and, again, their presence correlates with overexpression of protein in the primary
tumor ( p � 0.01) (Ward et al., 1999). Most recently, HER-2/neu was demonstrated to be 
a shared tumor antigen in patients with prostate cancer. Antibody immunity to HER-2/neu
was significantly higher in patients with prostate cancer (15.5%, 31/200) compared with
controls (2%, 2/100, p � 0.0004), and titers greater than 1 : 100 were most prevalent in the
subgroup of patients with androgen-independent disease (16%, 9/56) (McNeel et al., 2000).
Studies such as those described here provide the basis for evaluating antibodies to HER-2/
neu as a potential tool for cancer diagnostics, but also underscore the questionable utility of
antibodies to stand alone as a single marker. Although the specificity of the approach may
be significant, that is, few responses are found in non-cancer bearing individuals, the sensi-
tivity of antibodies to identify all patients with HER-2/neu-overexpressing tumors is low.

HER-2/neu antibodies as a cancer diagnostic tool

Of note, the HER-2/neu protein may be a unique immunologic target in which to evaluate
antibody immunity as a cancer diagnostic tool. Extensive studies of antibodies to the 
HER-2/neu protein have not been reported in patients with ductal carcinoma in situ (DCIS).
While the HER-2/neu oncogenic protein is overexpressed in 30% of invasive breast can-
cers, it is overexpressed in 60–80% of DCIS. If antibody responses are proved to occur at
the in situ stage of breast cancer, the detection of HER-2/neu antibodies could serve as an
early indicator of exposure to the malignant phenotype. Thus, the detection of pre-existent
human antibody responses against HER-2/neu protein in patients with DCIS might be 
clinically beneficial in early diagnosis and therapy.

As stated, the prevalence of HER-2/neu-specific antibodies in DCIS and their use in
early diagnosis of breast cancer has not been established. However, many studies have 
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evaluated the amplification and/or overexpression of the HER-2/neu oncogenic protein,
itself, in DCIS (Allred et al., 2001). HER-2/neu is overexpressed in 60–80% of DCIS 
with protein overexpression seen in approximately 10% of non-comedo subtypes and 
60% of comedo subtype (Allred et al., 2001). Histologic studies have evaluated the role of
HER-2/neu in the development and progression of breast cancer by measuring its 
overexpression in a series of hyperplastic, dysplastic and malignant neoplastic lesions 
(Allred et al., 1992, 2001). The neoplasms evaluated included DCIS and infiltrating 
ductal carcinoma (IDC). The latter were stratified into IDC combined with or not 
combined with DCIS. Overexpression of HER-2/neu was not detected in the hyperplastic
or dysplastic lesions, however it was present in 56% of the pure DCIS (77% of the comedo
subtype). Only 15% of the IDC overexpressed HER-2/neu, yet 22% of the IDC with 
combined DCIS had HER-2/neu protein overexpression. This observation suggests 
that HER-2/neu plays a more important role in the initiation of ductal carcinoma than 
it does in progression, an ideal characteristic for a diagnostic marker. HER-2/neu protein
overexpression is associated with DCIS and unfavorable prognostic factors that include 
a tendency for high nuclear-grade and comedo-type necrosis. Therefore, the evaluation 
of HER-2/neu overexpression in DCIS lesions may prove beneficial in being able to 
stratify patients into low-risk groups which can be followed conservatively or high-risk
groups that may require more extensive post-biopsy surgical procedures to prevent 
recurrence. As antibody responses to the HER-2/neu protein have been shown to correlate
with protein overexpression by the tumor it remains to be shown whether the detection 
of serum antibody response can aid in the identification and monitoring of patients 
with DCIS.

Amplification of the HER-2/neu oncogene and overexpression of HER-2/neu protein
have also been studied in benign breast disease (BBD). A recent investigation of women with
benign breast biopsies demonstrated both HER-2/neu gene amplification and a proliferative
histopathologic diagnosis that suggested an increased risk for subsequent breast cancer. In
this case control study, 6,805 women who were diagnosed with BBD were followed and
observed for the development of breast cancer for a median period of 10 years between
1967 and 1981 (Stark et al., 2000). Benign breast parenchyma with fibrosis and fibroade-
noma were two of the most common conditions. Archival tissue blocks, both benign and
tumorous, were studied. HER-2/neu gene amplification occurred more often in the malig-
nant tumors if the corresponding prior biopsies exhibited amplification. Overexpression of
HER-2/neu protein was not detected in any of the benign tissues with or without HER-
2/neu gene amplification. Previous studies similarly found a lack of HER-2/neu protein
overexpression in benign breast biopsies, suggesting that overexpression of HER-2/neu
occurs at the transition from hyperplasia to DCIS (Stark et al., 2000). A significant correla-
tion was found between HER-2/neu gene amplification and protein overexpression in the
malignant tumors (Stark et al., 2000). This study suggests that genetic alterations, including
HER-2/neu amplification occur as a relatively early event in the development of breast can-
cer. Given that histopathologic risk classification identifies only a small portion of breast can-
cer cases that develop among women with BBD, that is, less than 4% of women with
biopsy-diagnosed BBD have atypical hyperplasia, amplification of the HER-2/neu oncogene
in BBD may serve as a sensitive marker of susceptibility for subsequent invasive breast can-
cer. If antibodies to HER-2/neu could be detected in selected high-risk populations with
BBD, the finding would have important implications in the use of antibodies in the screening
and early intervention of breast cancer.
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Antibodies against cancer-related proteins important 
in malignant transformation or progression
Studies described in the previous section demonstrate the potential of harnessing the evalu-
ation of antibody immunity against oncogenic proteins as a clinical tool. The choice of pro-
tein for evaluation is critical. Ideal proteins to be studied would be those that play a role in
the malignant transformation or maintenance of the malignant phenotype. Investigations by
several groups have demonstrated that many self-proteins can be recognized by the humoral
immune system. As an example, antibodies have been detected to proteins as ubiquitous in
cancer as ras, c-myc and bcr-abl.

Human antibodies directed against ras protein

Three ras genes, H-ras, K-ras and N-ras, have been defined, and these genes encode a 21 kDa
protein designated as p21 ras (Takahashi et al., 1995; Schneider et al., 2000). Point mutations
in codons 12, 13 or 61 of one of the three ras genes result in activation of ras. Activating
amino acid substitutions in the p21 protein impair the GTPase activity of the ras protein and
generate constitutively activated signaling complexes with transforming activity (Takahashi
et al., 1995; Anderson et al., 1998). Mutated ras proteins are implicated in malignant trans-
formation of various tumor types. The highest incidence of ras mutations are found in ade-
nocarcinoma of the pancreas (90%), colon (50%), lung (30%), thyroid tumors (50%) and in
myeloid leukemia (30%) (Anderson et al., 1998). The K-ras gene is the predominant mutated
ras gene in adenocarcinoma of the lung, pancreas and colon, whereas N-ras mutations are
implicated in myeloid leukemia (Anderson et al., 1998). Lung cancer patients with K-ras
mutations have been found to have a significantly worse disease-free and overall survival
when compared to patients without ras mutations; however, some tumors, such as thyroid
cancer, lack any specificity of a particular ras mutation with histopathology or outcome of
disease (Anderson et al., 1998). It has been suggested that the type of ras mutation at posi-
tion 12, valine versus aspartic acid or others such as cysteine or serine, may determine
whether the cancer will undertake a benign or more aggressive form (Anderson et al., 1998).

The biologic expression of ras protein in particular disease states makes evaluation of ras-
specific markers an attractive biologic monitoring tool. Overexpression of p21 ras proteins
has been detected in plasma from workers with heavy occupational carcinogen exposure.
Elevated levels of p21 in serum, five-fold over controls, were initially detected in 3 of 16
(19%) workers (Brandt-Rauf and Pincus, 1998). During an 18-month period of follow-up,
one of the seropositive workers developed a villous adenoma or premalignant colonic tumor.
Upon resection of the tumor, the patient’s serum p21 returned to normal, suggesting that
the adenoma was the source of the serum elevation and detection before evident clinical dis-
ease was possible (Brandt-Rauf and Pincus, 1998). More recent studies have demonstrated
plasma p21 overexpression to increase with increasing size of adenoma and increasing stage
of carcinoma. In addition, there was a statistically significant correlation between the over-
expression of p21 in the plasma and in the corresponding tumor tissue (Brandt-Rauf and
Pincus, 1998). In a recent two-year follow-up study by Weissfeld and colleagues, ras-related
proteins were measured in the serum of 37 patients who subsequently developed fatal can-
cers, 59 patients who developed non-fatal cancers, 58 patients who developed benign
tumors, and 94 healthy controls (Brandt-Rauf and Pincus, 1998). Detectable serum levels of
ras-related proteins were statistically more common in patients who subsequently developed
fatal malignancies (10.8%) which included lung, gastrointestinal, brain, prostate, ovary,
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cervical cancers, lymphomas and leukemias, compared with controls (1.1%). The use of
increased ras p21 proteins in plasma as a biomarker for the carcinogenic process or for the
general disease state was evaluated in patients with chronic obstructive pulmonary disease
(COPD) (Anderson et al., 1998). Nine of twenty COPD patients had increased p21 protein
levels. Eighteen of forty lung cancer patients had increased ras p21 protein levels. COPD
patients had lower ras p21 protein values than cancer patients. Thus, the detection of ras
protein in blood may be a useful molecular marker of carcinogenesis. An antibody response
to p21 ras may be a more sensitive measure of exposure to the protein than direct meas-
urement of protein in serum.

Antibodies to p21 ras proteins have been detected in patients with colon cancer.
Takahashi et al. (1995) examined sera from 160 colon cancer patients and 60 normal con-
trols to determine whether antibodies to mutated p21 ras protein were present. Antibodies
of IgA subtype against mutated p21 ras protein were detected in 51 of 160 (32%) colon can-
cer patients and in 1 of 40 (2.5%) of normal controls. The greater incidence of p21 ras anti-
bodies in the cancer patients suggested that immunization to ras proteins occurred as a result
of the malignancy. Antibodies in the majority of colon cancer patients recognized normal
p21 K-ras-G12 protein. In only a small number of colon cancers was the serum antibody
reactivity against only the mutated p21 ras-D12 protein. Antibody responses to the non-
mutated segment may provide a method to identify individuals who have been exposed to
mutated p21 ras protein and have yet to show an early indication of incipient or occult
malignancy undetectable by current conventional methods (Takahashi et al., 1995). In this
study, antibody reactivity did not correlate with patient age, sex, histology, stage or serum
CEA, but did correlate with lymphocyte count prior to surgery. Although the presence of
p21 ras overexpression is associated with worse prognosis in terms of disease-free and over-
all survival, the association of p21 ras antibodies and prognosis is not known and needs to
be further evaluated.

Human antibodies directed against c-myc protein

The c-myc protein belongs to the myc oncoprotein family which also includes N-myc and 
L-myc. The gene product encoded by the c-myc oncogene is a transcription factor which
plays a key role in transcriptional transactivation, proliferation and transformation of cells
(Hoffman and Liebermann, 1998; Nesbit et al., 1999). By influencing cellular proliferation,
differentiation and apoptosis, c-myc is a critical factor in both the positive and negative
growth of cells. c-myc is expressed in almost all proliferating normal cells and its expression
is strictly dependent on mitogenic stimuli and is downregulated in many cells when they are
induced to terminally differentiate (Hoffman and Liebermann, 1998). Forced expression of
c-myc has been shown to inhibit differentiation and associated growth arrest in several cell
types which include myeloid, erythroid, myogenic, preadipocyte and nerve cells (Hoffman
and Liebermann, 1998). Alterations in c-myc expression or protein structure are associated
with many human malignancies. Several genetic alterations which include chromosomal
alterations, proviral insertion, retroviral transduction and gene amplification have been
shown to activate myc genes, however, in many cases the basis for altered myc expression is
not understood (Hoffman and Liebermann, 1998).

Overexpression of c-myc results in intracellular accumulation and increased levels of the
oncoprotein can be detected in human tumors. By mechanisms that are not well defined, the
oncoprotein can also accumulate in the extracellular environment. c-myc oncoprotein has
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been detected in a variety of cancers which include colon, breast, lung, osteosarcoma,
myeloid leukemia and lymphoma including Burkitt’s lymphoma (BL). c-myc dysregulation is
an essential aspect of Burkitt’s lymphoma and virtually all cases of BL involve c-myc
rearrangements. Both rearranged c-myc genes and somatic mutations are felt to contribute
significantly to the phenotype and/or progression of the disease. In breast cancer, earlier
studies have shown c-myc amplification to be an independent prognostic indicator of early
relapse, more powerful than either estrogen receptor status or tumor size (Nesbit et al., 1999).
More recent studies have also shown c-myc amplification in 28% of tumors; however, no sig-
nificant association with tumor stage or the presence of nodal disease has been shown
(Nesbit et al., 1999). Most breast cancer studies have tended to indicate that a correlation
exists between c-myc gene amplification and disease progression or recurrence that ultimately
influences long-term disease-free survival. Serial measurements of myc related proteins 
in serum of patients with resected colorectal carcinoma have showed a gradual return to
normal following resection (Nesbit et al., 1999).

Circulating antibodies to the myc protein have been detected in cancer patients. Serum
antibodies to myc were first described in 4 of 6 (67%) of patients with colon cancer, 12 of
125 (10%) of breast cancer patients, 1 of 2 (50%) osteosarcoma patients, 1 of 9 (11%) ovar-
ian cancer patients, and 3 of 3 (100%) of patients with cancer of unknown origin (Brandt-
Rauf and Pincus, 1998). In a later study, c-myc antibodies were detected in the serum of 25
of 44 (57%) cases of colorectal cancer compared with 8 of 46 (17%) of normal controls
(Brandt-Rauf and Pincus, 1998). These studies did not establish an association between the
presence of c-myc antibodies and prognosis. A study by Yamamoto et al. (1999) examined
serum c-myc antigens and antibodies against c-myc in 68 lung cancer patients and 30
healthy volunteers. Anti-c-myc antibodies were detected in 9 of 68 (13.2%) patients with
lung cancer and 1 of 30 (3.3%) of normal controls. Circulating c-myc antigen was not
detected in any individuals with lung cancer or normal controls.

Human antibodies directed against bcr-abl

The molecular hallmark of chronic myelogenous leukemia (CML) is the Philadelphia (Ph)
chromosome, which results from a reciprocal translocation of human c-abl proto-oncogene
from chromosome 9 to the bcr region on chromosome 22. This t(9;22) (q34;q11) transloca-
tion results in chimeric bcr-abl genes, which encode hybrid protein, p210Bcr-Abl, which has
abnormal tyrosine kinase activity (Oka et al., 1998; Talpaz et al., 2000). The bcr-abl protein
can stimulate the growth of hematopoietic progenitor cells and is essential in the pathogen-
esis of CML. The p210Bcr-Abl protein is found in more than 95% of patients with CML and
some acute lymphocytic leukemia patients (Cheever et al., 1995).

Although several studies have established specific cellular immunity to bcr-abl oncogene-
derived proteins, a role for B cells or antibodies in CML immunity has yet to be defined
(Talpaz et al., 2000). A recent study demonstrated the presence of antibodies against p210Bcr-Abl

in both Ph-positive and Ph-negative leukemia patients and in healthy volunteers (Talpaz 
et al., 2000). Plasma from 18 of 31 (58%) individuals was able to immunoprecipitate p210Bcr-Abl

including 14 of 20 patients (70%) with Ph-positive CML. Plasma of 2 of 7 (29%) normal
subjects also contained p210 specific antibodies. The antibodies detected in the patient
plasma were also able to precipitate normal bcr and abl proteins, suggesting that recognition
of p210Bcr-Abl is most likely attributable to reactivity with epitopes found in normal abl
and/or normal bcr proteins as opposed to a bcr-abl-specific epitope.
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Measurement of antibodies to oncogenic proteins 
evolves from a research to a clinical tool
An optimal method for detecting cancer-specific antibodies must be defined. The presence
of antibodies directed against oncogenic proteins may be a specific, but not yet sensitive, test
for the presence of malignancy. Published data in the studies described in the previous sec-
tion suggests that a minority of patients with cancer can be distinguished from a control pop-
ulation using oncogenic protein antibody immunity as a serologic screen. Clearly, additional
experimental development of the antibody detection systems must be performed to improve
the assay sensitivity. Several strategies have been explored in viral model systems to improve
the sensitivity of detecting the antibody response directed against a virus associated with the
development of a malignancy. “Second generation” antibody assays are currently being
studied for the potential to identify patients with viral-related malignancies such as nasopha-
ryngeal carcinoma associated with Epstein–Barr Virus (EBV) and cervical cancer associated
with Human Papilloma Virus (HPV). Review of the experimental development of these
viral antibody assays demonstrates strategies for increasing assay sensitivity which can be
applied to antibody assays detecting tumor specific responses: (1) evaluating the antibody
response to a panel of proteins rather than an individual tumor antigen, (2) evaluating the
level of the immune response either by titer or absolute amount of immunoglobulin, (3) dis-
cerning the classes of the antibody involved in the immune response IgG, IgA or IgM and
(4) determining the most appropriate form of the antigen to be used in the assay, for example,
“captured” protein, recombinant protein, or even peptides.

Evaluating immune sera against a panel of immunogenic proteins is feasible. Antibodies
directed against several tumor-associated proteins should be evaluated in each individual as
the tumor-specific immune response in cancer is, most likely, directed against multiple anti-
gens. The field of tumor immunology has undergone many changes in the last several years
due to advances in molecular biology (van der Bruggen, 1991; Coulie et al., 1994). Previously
a major avenue of investigation had been to discern if human tumors were immunogenic.
This is no longer an open experimental question (Disis and Cheever, 1996). We now know
that cancer patients do mount an immune response against their cancer and several tumor
antigens have been defined and are continuing to be discovered. Melanoma has been stud-
ied in great detail. Many antigens have been determined for melanoma, and this tumor
remains a model for characterizing the human cancer-specific immune response due to its
inherent immunogenicity and the ease with which surface tumor samples can be obtained
for analysis. Evaluation of the melanoma-specific immune response, at a T-cell level, indi-
cates that an individual patient has immunity towards several proteins expressed by its
tumor, not just one dominant protein (Van den Eynde et al., 1989; de-Vries et al., 1997).
Extrapolating from the melanoma model, cancer patients have the potential to be immune
to many proteins expressed in their tumor. This theory has not been explored extensively
with the antibody immune response to solid tumors. The analysis of multiple proteins in dis-
cerning the tumor-specific immune response, however, has been studied in malignancies
associated or caused by oncogenic viruses. Viruses are implicated in the pathogenesis of
many human tumors, and immune responses against viral proteins have been studied exten-
sively as an aid in early diagnosis. Unfortunately, in many cases, the measurement of the
antibody response to a single viral protein is not predictive of malignancy as many normal
individuals are seropositive for proteins in viruses such as HPV and EBV (Littler et al., 1991;
Lehtinen et al., 1993; Lennette et al., 1993). However, the proteins eliciting an immune
response in patients with EBV-related nasopharyngeal carcinomas can be distinct from the
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proteins generating immunity in a control population (Littler et al., 1991; Gadducci et al.,
1996). To potentially distinguish the “normal” EBV-specific immune response from one
associated with the later development of malignancy, a large panel of proteins had to be
analyzed (Lennette et al., 1993). The evaluation of immunity to multiple oncogenic proteins
may increase the sensitivity of the approach in cancer.

The level, or titer, of the immune response can be helpful in improving both the sensitiv-
ity and specificity of potential cancer diagnosis. Titer of antibodies directed against the EBV
capsid antigen are 10� higher in EBV-related cancer than patients with other head and
neck cancers or a normal seropositive population (Lennette et al., 1993). Similarly, increas-
ing titers of antibodies to human herpes virus 6, a virus implicated in Hodgkin’s disease, was
associated with relapse when antibody responses were measured over time (Levine et al.,
1992). Several laboratories measure antibody responses to cancer-related proteins in terms
of Western blot analysis which is a non-quantitative measure of an antibody response.
Quantitative methods are essential to allow a measurement of antibody response. Quantitative
detection of antibody class can also potentially improve the sensitivity of antibody diagno-
sis. One study evaluated the HPV antibody response to a panel of HPV proteins in sera from
64 patients with anal cancer and 79 blood donor controls. There was no difference in the
IgG HPV antibody response, but IgA reactivity to HPV was quite different (Heino et al.,
1993). Serum IgA HPV-specific antibodies were found in 89% of patients with anal cancer
compared to 24% of controls ( p � 0.0001). Therefore, an accurate, controlled, and sensitive
measure of the antibody class of the tumor-specific immune response may play an impor-
tant role in determining the sensitivity and specificity of antibody diagnosis.

Finally, the source of antigen used in the assay can affect the predictive value of the test
in detecting malignancy. The two major methods for detection of tumor-specific antibodies
are immunoblotting (Western blot) and ELISA systems. Western blot analysis involves sepa-
rating tumor proteins by gel electrophoresis, transferring to nitrocellulose, and then probing
with patient serum samples. While Western blotting is useful for identifying new immuno-
genic tumor proteins, it is not a quantitative assay. By contrast, ELISA methodology allows
a quantitative evaluation of the antibody response and is capable of allowing the analysis of
a great number of patients with little effort. Use of ELISA requires a source of reasonably
pure protein for detection of antibodies. The type of ELISA used to detect antibody
responses, such as “sandwich” or “indirect” ELISA, may affect the sensitivity of the test.
A “sandwich” ELISA allows an impure source of protein to be used. Briefly, the method
entails the binding of a protein-specific monoclonal or polyclonal antibody to the surface of
a plate followed by incubation with the protein of interest in solution. Protein will bind to
the antibody, impurities are washed away, and the antibody-bound protein can then be
probed with patient sera. An “indirect” ELISA requires a purified source of protein, either
recombinant protein or chemically synthesized fragments of protein termed “peptides.” The
pure antigen can be directly bound to the surface of a plate and probed with patient sera.
The sensitivity of each approach may differ depending upon experimental conditions. It will
be important to explore several strategies with a series of candidate antigens to determine
the most optimal method to further develop for use in screening for the presence of cancer
in a high-risk or asymptomatic population.

As the measurement of antibodies to oncogenic proteins is being tested as a clinical tool,
the assays used to measure responses have to be validated. Clinicians have an expectation
with each laboratory test result they receive that the result is backed by a rigorous 
analysis of a reference population to define baseline responses as well as validation of the

184 Lupe Salazar and Mary L. Disis



reproducibility of the result. This type of data is rarely published or discussed in the context
of reporting results from studies of antibody immunity in specific cancer populations;
however, the steps needed to determine validation data are well defined. Quality control
monitoring and assay validation is composed of several analytical measures. These measures
are routine, for the most part, for serologic studies. First is an assessment of accuracy.
Accuracy refers to the correctness and exactness of the test result. It is defined as the close-
ness of a test result to the true value and can only be calculated by comparison to a stan-
dard. Many of the immunogenic oncogenic proteins described here have readily available
commercial monoclonal antibodies for use in immunohistochemical staining. Although in 
a murine background, these antibodies are useful to use as positive controls in both 
ELISA-based platforms as well as Western blot analyses. A second important measure is pre-
cision, or the reproducibility of the test. Precision is defined as the closeness of the test
results to one another when using the same specimen. Precision is expressed as a standard
deviation and coefficient of variation of multiple sample runs. The same sample can be run
multiple times on the same plate or on the same day, intraassay precision, or the same sam-
ple can run multiple times over several days, interassay precision (within run and within day).
Identification of known positive specimens during screening will allow the estimate of
precision to be made for any particular assay.

Sensitivity is the limit of detection of a method or the capacity of the method to detect
small amounts of a substance with some assurance. Sensitivity can be determined by adapt-
ing an ELISA to a standard curve using purified human IgG or IgA depending on the anti-
bodies of interest to be detected. By estimating the antigen-specific antibody responses in
ug/ml of Ig a quantitative analysis can be performed. Sensitivity is often linked with speci-
ficity, and specificity is the ability of a method to measure only the substance being tested.
Whether specificity of the antibody assay will be determined by the ability of the marker to
discriminate between cancer-affected individuals or individuals whose tumors express the
protein of interest is dependent on the ultimate use of the test. The challenge before us is to
develop reproducible assays for the quantitation of immunity when there is no “gold stan-
dard” with which to compare them. In addition, as these laboratory assays become increas-
ingly adapted as clinical tools, publications of clinical studies should include assay validation
parameters to aid in the interpretation of the clinical results.

Analysis of antibody responses to human 
oncoproteins in control populations
Prior to large-scale studies of antibody immunity to cancer-related proteins as a potential
diagnostic or prognostic tool, evaluations in well-defined reference populations must be per-
formed. Many of the analyses cited above compared the development of an oncogenic anti-
body response in cancer patients to a control population of volunteer individuals without
cancer. However, there are many other disease states that are common in volunteers that
may be associated with significant levels of antibody immunity to oncogenic proteins.

As an example, antibodies against p53 have been detected in the sera of patients with
autoimmune diseases, including systemic lupus erythematosus (SLE), rheumatoid arthritis
(RA), Sjogren syndrome (SS), and autoimmune thyroid disease. In a study by Kovac et al.
(1997) the frequency of p53 specific IgG antibodies were studied in sera from 50 patients
with SLE, 20 autoimmune disease (non-SLE) control patients, and 20 healthy controls
(Kovacs et al., 1997). p53 antibodies were detected in 15 (32%) SLE patients, 3 (15%) disease
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control patients, and none of the healthy controls. Of the three antibody positive disease
control patients, two had SS and one had systemic sclerosis. The frequency of p53 muta-
tions were studied in T-cell lines derived from 18 SLE patients and four normal controls. No
mutations could be detected in either the control or SLE T cells, suggesting that in SLE, the
high frequency of p53 antibodies is not due to mutations in the T-cell derived p53 gene. In
contrast, another study determined p53 antibodies are rarely found in patients with RA and
SS (Mariette et al., 1999). Serum p53 antibodies were detected in 2 of 106 patients with RA
and the synovial fluid from one of these patients was also positive for p53 antibodies. p53
antibodies were not found in 72 patients with SS but were detected in 2 of 14 patients with
lymphoma complicating SS. A recent study by Fenton et al. (2000) detected p53 antibodies
in 2 of 48 (4.2%) patients with autoimmune thyroid disease, including one patient with
Hashimoto’s thyroiditis and one with Graves’ disease. A third patient with pseudohy-
poparathyroidism but without thyroid disease was also seropositive. None of the 19 patients
with differentiated thyroid cancer had p53 antibodies. This data showed that p53 antibod-
ies could be detected in sera from 4% of patients with autoimmune thyroid disease which
could be indicative of DNA damage and increased apoptosis associated with autoimmune
disease.

In nearly all models of oncogenic protein studies, the development of an antibody
response to the protein was correlated with aberrant expression of that protein in the tumor.
Many of these oncogenic proteins can be aberrantly expressed in other non-malignant dis-
ease states as well. As an example, overexpression of several proto-oncogenes, including 
c-myc, c-raf, bcl-2 and n-ras have been detected in PBMC, and B and T cells of patients with
SLE when compared to normal controls (Rapoport et al., 1997). In contrast, expression of
another proto-oncogene, c-fos, has been shown to be decreased or unchanged in SLE, sug-
gesting that the up- and down-regulation of proto-oncogenes in autoimmune disease
depends on the specific proto-oncogene being examined (Rapoport et al., 1997). Expression
of c-myc in SLE patients is directly associated with disease activity, with the highest levels
detected in the most active patients (Rapoport et al., 1997). Increase in the levels of proto-
oncogenes may precede clinical exacerbation and remission secondary to immunosuppres-
sive therapy is associated with downregulation of the proto-oncogene levels, suggesting that
these levels may be used to monitor disease activity in SLE patients (Rapoport et al., 1997).
However, other proto-oncogenes such as bcl-2 do not correlate with SLE disease activity and
remain persistently elevated supporting their primary role in production and maintenance
of lymphoid hyperactivity associated with SLE (Rapoport et al., 1997). Increased levels of
proto-oncogenes, including c-myc, c-myb and c-raf have also been detected in patients with
RA (Rapoport et al., 1997). Overexpression of the proto-oncogenes jun-b, c-fos and c-ras was
also found in cultured synovial cells from RA patients, and this overexpression is thought to
play a key role in the upregulation and in situ activation of synovial mesenchymal cells, which
leads to formation of an invasive tumor-like pannus resulting in joint destruction (Rapoport
et al., 1997). The proto-oncogene p21 ras has been associated with autoimmune insulin
dependent diabetes mellitus (IDDM). Normal expression of p21 ras and its regulatory ele-
ments is seen in IDDM, however a decreased receptor-mediated activation of the p21 ras
pathway has been shown to correlate with disease progression, and correction of this defect
prevented disease (Rapoport et al., 1999).

Aberrant expression of several proto-oncogenes, including c-myc, c-raf, c-myb and n-ras,
has been reported in a small number of patients with SS, progressive systemic sclerosis,
glomerulonephritis, Henoch-Schonlein purpura, and dermatomyositis (Rapoport et al., 1997).
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In angioblastic lymphadenopathy, high levels of n-ras and low levels of c-fos correlate with
disease activity and are normalized by immunosuppressive therapy. These limited findings
suggest that aberrant expression of proto-oncogenes in lymphoid cells is a common finding
in various autoimmune diseases, thus, extensive and thoughtful evaluation of a reference
population to define baseline values will be essential in the clinical development of antibod-
ies to oncogenic proteins as a clinical tool for diagnosing and monitoring human malignancy.

Conclusion
The last decade of research in tumor immunology has demonstrated the immunogenicity of
human cancer. Much investigation has centered on developing oncogenic proteins as thera-
peutic immune targets; however, antibody immunity can be useful as a marker of disease
presence and progression. The challenge that is before us is to design population-based
experiments focused on answering clinical questions with the same scientific rigor as 
laboratory-based analyses. However, the complexities of defining the appropriate patient
populations, obtaining quality clinical material, and having the statistical power and num-
ber of patients to definitively answer the specific clinical question can be daunting.
Furthermore, assay systems need to be refined to meet clinical standards, both in the ease of
use and in the validation of the reproducibility of results. Antibody immunity is our most
powerful tool in infectious disease systems for identifying individuals exposed to pathogens.
In the next few years studies will show whether antibody immunity to oncogenic proteins can
have similar impact in the diagnosis and treatment of human malignancy.
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Summary
NY-ESO-1 is one of the most immunogenic tumor antigens known to date. NY-ESO-1
belongs to the category of “Cancer–Testis” CT antigens according to the gene expression
patterns in different types of cancer and normal germ cells. NY-ESO-1 was identified with
the SEREX method from an esophageal cancer cDNA library (Chen et al., 1997). Later, it
was shown that high-titered antibody responses against NY-ESO-1 were found in patients
with NY-ESO-1� cancers. A close positive correlation was observed for antibody titers and
the clinical development of NY-ESO-1� disease ( Jäger et al., 1999). The identification of
peptide epitopes recognized by CD4� and CD8� T lymphocytes in the context of differ-
ent MHC class I and II alleles has set the basis for the specific monitoring of spontaneous
and vaccine-induced cellular immune responses against NY-ESO-1 (Wang et al., 1998;
Gnjatic et al., 2000; Zarour et al., 2000; Jäger et al., 2000b; Zeng et al., 2001). Integrated
immune responses with detectable serum antibody and T-cell reactivity against NY-ESO-1
are found in approximately 50% of patients with NY-ESO-1� cancers (Stockert et al., 1998;
Jäger et al., 2000d). Immunization with HLA-A2 restricted NY-ESO-1 peptides has led to
strong primary CD8� T-cell responses in patients with different NY-ESO-1� cancers
( Jäger et al., 2000a). The high frequency of spontaneous NY-ESO-1 immunity, the close cor-
relation between humoral and cellular immune responses against NY-ESO-1 and the high
immunogenicity of NY-ESO-1 derived peptides renders NY-ESO-1 to be a model antigen
in cancer immunology today.

Cancer–testis antigen NY-ESO-1
NY-ESO-1 was identified from a squamous cell esophageal carcinoma using a tumor cDNA
library screened for specific recognition of recombinant gene products with autologous
patient serum. The coding region for NY-ESO-1 contains 543 bp, and the full-length NY-
ESO-1 protein consists of 180 amino acids. Similar to other members of the CT family of
genes, NY-ESO-1 is mapped to chromosome Xq28 (Chen et al., 1997). LAGE-1, CAMEL and
CAG-3 are related genes displaying high degrees of homologies to NY-ESO-1. Immune
responses against gene products derived from alternative open reading frames of these genes
were identified simultaneously and with equivalent efficiency in patients with melanoma and
breast cancer (Lethe et al., 1998; Wang et al., 1998; Aarnoudse et al., 1999).

NY-ESO-1 is expressed in different types of cancer, and not in normal tissues except male
germ cells (spermatogonia). Non-small cell and small cell lung cancer, bladder cancer,
melanoma, ovarian cancer, breast and head and neck cancer were found to be NY-ESO-1�
in 30–60% of all cases tested as assessed by RT-PCR and by immunohistochemistry.
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NY-ESO-1 detection at the cellular protein level showed a highly heterogeneous expression
in the majority of tissues evaluated ( Jungbluth et al., 2001). Expression levels of NY-ESO-1
showed no correlation with other known tumor antigens and/or MHC class I/II. Different
metastases of individual patients displayed varying patterns of NY-ESO-1 expression inde-
pendent of the metastatic site. Follow-up assessment of single metastases showed a loss of
NY-ESO-1 expression along with disease progression or during specific immunotherapy
with NY-ESO-1 derived peptides ( Jäger et al., 2000a).

Antibody reactivity against NY-ESO-1
IgG1 type antibody responses against NY-ESO-1 are detectable in approximately 50% of
patients with NY-ESO-1� cancers (Stockert et al., 1998). Antibody detection is not dependent
on specific histopathological features of tumors, that is, cellular infiltrates, MHC class I/II
expression, homogeneity and intensity of NY-ESO-1 expression. An association between NY-
ESO-1 serum antibody and HLA-DP4 positivity was described by Zeng et al. (2001) suggesting
efficient stimulation of NY-ESO-1 specific CD4� T cells in the context of DP4 molecules.

NY-ESO-1 serum antibody is dependent on the presence of NY-ESO-1� cancer in vivo.
Surgical resection of NY-ESO-1� tumors, or regression of irresectable disease subsequent
to chemo- and/or immunotherapy induced a decrease of NY-ESO-1 serum antibody within
4–6 months. Progression of disease or upregulation of NY-ESO-1 in pre-existing lesions was
associated with increasing NY-ESO-1 serum antibody titers ( Jäger et al., 1999).

The analysis of spontaneous NY-ESO-1 immunity revealed a close correlation between
detectable NY-ESO-1 serum antibody and CD8� T-cell response. This suggests that 
NY-ESO-1 induces an integrated immune response in a proportion of patients with 
NY-ESO-1� cancers ( Jäger et al., 2000d). Future studies will show whether spontaneous
immunity against NY-ESO-1 is associated with defined patient characteristics (i.e. HLA
type, type of disease, treatment etc.) or tumor-related features (i.e. location, metastatsis,
intratumoral cellular infiltrates, MHC class I/II expression etc.) characteristics. In a popu-
lation of patients with transitional cell carcinoma, NY-ESO-1 serum antibody was associated
with tumor grading, detectable only in patients with G3 cancers (Kurashige et al., 2001).
Thus far, spontaneous NY-ESO-1 serum antibody is indicative for the presence of NY-ESO-1�
disease and associated with detectable CD8� T-cell reactivity.

In the first NY-ESO-1 peptide vaccination trial reported so far, pre-existing NY-ESO-1
serum antibody did not change during immunization in five patients. However, in one of
seven NY-ESO-1 antibody negative patient, a sero-conversion was observed during peptide
vaccination. NY-ESO-1 serum antibody was first detectable after three months, subsequent
to the de novo induction of a strong NY-ESO-1 peptide specific CD8� T-cell response ( Jäger
et al., 2000a). Since NY-ESO-1 antibodies do not interact with MHC class I restricted 
NY-ESO-1 peptides used for vaccination, the humoral NY-ESO-1 response was most likely
the consequence of the specific interaction of CD8� T cells induced by vaccination with
tumor cells leading to tumor necrosis and secondary stimulation of CD4� T cells. This 
clinical example shows that NY-ESO-1 specific CD8� T-cell responses may be induced in
the absence of or prior to NY-ESO-1 serum antibody.

NY-ESO-1 specific CD4� T-cell reactivity
Detectable NY-ESO-1 serum antibody of the IgG1 type suggests the presence of cognate
CD4� T-cell reactivity. The analysis of two patients with NY-ESO-1� metastatic
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melanoma and strong serum antibody reactivity against NY-ESO-1 has led to the identifi-
cation of HLA-DRB4*0101–0103 restricted peptide epitopes that are specifically recog-
nized by CD4� T lymphocytes. CD4� T-cell lines and clones generated by repeated
stimulation with the respective NY-ESO-1 peptides efficiently recognized NY-ESO-1 protein-
loaded autologous dendritic cells and tumor cells, indicating that these peptides represent
naturally processed epitopes ( Jäger et al., 2000b). Later, further MHC class II restricted 
NY-ESO-1 peptides were identified by different groups, which specifically induce CD4�
T-cell responses in vitro in cancer patients and normal individuals (Zarour et al., 2000; Zeng
et al., 2001). Spontaneous NY-ESO-1 serum antibody and CD4� T-cell reactivity was sys-
tematically correlated with MHC class II genotypes in cancer patients by Zeng et al. (2001).
The results of this study show that the majority of NY-ESO-1 antibody positive patients
(16/17) were HLA-DP4�, but only 2/8 NY-ESO-1 antibody negative patients. A peptide
was identified that elicits strong CD4� T-cell responses in the context of HLA-DP4 in 5/6
NY-ESO-1 antibody positive patients (Zeng et al., 2001). Larger studies in patients with 
NY-ESO-1� cancer will have to be performed, however, to confirm any association between
a specific HLA phenotype and NY-ESO-1 specific immunity.

NY-ESO-1 specific CD8� T-cell reactivity
CD8� T lymphocytes were identified as the mediators of cytotoxicity against tumor cells 
in vitro and of tumor regressions in individual patients ( Jäger et al., 2000c). Therefore, the
characterization of peptides inducing CD8� T-cell responses in the context of different
MHC class I alleles have been a long-standing goal in cancer immunology. The first step
towards the identification of NY-ESO-1 peptides was based on the observation that 
a melanoma cell line, NW-MEL-38, was efficiently lyzed by an autologous T-cell line,
NW-38-IVS 1, generated by repetitive in vitro sensitization with NW-MEL-38 cells. T-cell
mediated lysis was restricted by HLA-A2, but the target antigen was unknown. Since the
patient NW38 had a high-titered NY-ESO-1 serum antibody, it was hypothetized that the
CD8� T-cell reactivity was directed against gene products of NY-ESO-1. Co-transfection of
NY-ESO-1 and HLA-A2 cDNA into antigen presenting cells confirmed that the target anti-
gen for the T-cell line NW-38-IVS 1 was indeed NY-ESO-1. Computer assisted analysis of
the NY-ESO-1 protein for potential HLA-A2 binding peptide motifs has helped identifying
28 candidate peptides of 9 or 10 amino acids in length. These were tested for specific recog-
nition by the T-cell line NW-38-IVS 1. Three peptides with overlapping sequences were
identified initially: NY-ESO-1 p155–163 (QLSLLMWITQC), NY-ESO-1 p157–167
(SLLMWITQCFL) and NY-ESO-1 p157–165 (SLLMWITQC) ( Jäger et al., 1998). Later,
another epitope was found to be recognized in the context of HLA-A2, NY-ESO-1
p158–166 (LLMWITQCF), as well.

The identification of HLA-A2 restricted peptide epitopes has led to large-scale analyses
of spontaneous NY-ESO-1 specific CD8� T-cell reactivity in patients with NY-ESO-1�
cancer and detectable or absent NY-ESO-1 serum antibody. Complemetary methods of
high sensitivity were established and standardized for the monitoring of CD8� T cells for
NY-ESO-1 specific-binding capacity (recombinant HLA-A2 tetramer–peptide complexes),
specific cytokine release (ELISPOT and cytospot assays) and specific cytotoxicity (51Chromium
release assay). Collaborative efforts were initiated to correlate different methods of T-cell
assessment to identify the most sensitive way of monitoring CD8� T-cell responses for 
clinical studies. It was demonstrated that tetramer and ELISPOT assays showed closely 

Antibody and T-cell responses to the NY-ESO-1 antigen 193



corresponding results, which were confirmed by detectable cytotoxicity in the majority of
cases tested ( Jäger et al., 2000d). Rarely, it was observed that NY-ESO-1 specific CD8�
T cells showed high levels of cytokine release, but a low binding capacity for recombinant
NY-ESO-1 peptide–tetramer complexes, or no cytotoxicity against NY-ESO-1 peptide-
pulsed antigen presenting cells or NY-ESO-1� tumor cell lines. As a consequence, tetramer
and ELISPOT assays are currently regarded as standard methods for the monitoring of
spontaneous or vaccine-induced NY-ESO-1 specific CD8� T-cell responses.

The relative in vitro immunogenicity of the HLA-A2 binding NY-ESO-1 p157–165 
peptide was analyzed against several peptide analogs modified by single amino acid substi-
tutions. Exchange of cysteine at the COOH-terminus with valine, leucine, isoleucine or ala-
nine resulted in a 100-fold increased binding affinity to the HLA-A* 0201 molecule, but also
to an altered panel of T-cell receptors activated by these peptide analogs. Further studies
have been initiated to identify the most immunogenic peptide analogs, which efficiently
stimulate T-cell receptors interacting with naturally presented NY-ESO-1 epitopes.
Modified peptides with enhanced immunogenicity may represent promising candidates for
active immunotherapy in patients with NY-ESO-1� cancers (Chen et al., 2000; Romero 
et al., 2001).

The analysis of spontaneous CD8� T-cell responses in patients with NY-ESO-1� can-
cer and detectable NY-ESO-1 serum antibody has led to the identification of NY-ESO-1
peptide epitopes presented by different MHC class I alleles. A 10-mer peptide was found to
be recognized by CD8� T lymphocytes of a breast cancer patient in the context of HLA-A31
(Wang et al., 1998). Adenoviral vector transfection of NY-ESO-1 to antigen presenting cells
was used to identify NY-ESO-1 peptide epitopes recognized by CD8� T lymphocytes in the
context of HLA-Cw3 and -Cw6 (Gnjatic et al., 2000). Ongoing studies analyze the expres-
sion levels of these MHC class I alleles in different tumors and correlate these with the 
efficacy of recogntion by NY-ESO-1 specific CD8� T lymphocytes in vitro and in vivo.
Differential expression or regulation of MHC class I alleles may represent an important
mechanism to render tumor cells susceptible for the interaction with epitope-specific subsets
of NY-ESO-1 reactive CD8� T lymphocytes.

Primary induction of NY-ESO-1 specific 
CD8� T-cell responses in vivo
HLA-A2 restricted NY-ESO-1 peptides were used in a clinical trial first to induce peptide
specific CD8� T-cell responses in vivo. Twelve patients were enrolled in the study, five were
NY-ESO-1 antibody positive (three melanoma, one ovarian cancer, one breast cancer), seven
(six melanoma, one ovarian cancer) were NY-ESO-1 antibody negative before immuniza-
tion. NY-ESO-1 peptides were injected intradermally at a dose of 100 	g per injection
weekly for four weeks. After a treatment-free interval of four weeks, injections were repeated
and systemic GM-CSF was added as a systemic adjuvant. Delayed-type hypersensitivity
(DTH) reactions were observed after peptide immunization with increasing intensity in the
NY-ESO-1 antibody negative patients, whereas NY-ESO-1 antibody positive patients
showed strong DTH reactions already after the first immunization. In parallel, peptide spe-
cific CD8� T-cell responses were induced in 4/7 NY-ESO-1 antibody negative patients dur-
ing immunization. NY-ESO-1 antibody positive patients had spontaneous NY-ESO-1
specific CD8� T-cell reactivity that did not change significantly during immunization.
Although major clinical remissions were not observed in the patient population studied,
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partial and complete regressions of single metastases were observed in NY-ESO-1 antibody
negative and positive patients. In one melanoma patient, a primary CD8� T-cell response
against NY-ESO-1 peptides p157–167 and p157–165 was generated. Subsequently,
a necrotic transformation of a large inguinal lymph node metastasis was observed that
showed an increased infiltrate of intratumoral CD8� T lymphocytes. After three months of
immunization, the patient developed increasing titers of NY-ESO-1 serum antibody, sug-
gesting the concurrent activation of B cells after the primary CD8� T-cell response to the
vaccine ( Jäger et al., 2000a).

Considering the high rate of primary CD8� T-cell responses to peptide vaccination in
patients with advanced NY-ESO-1� cancer, vaccine approaches will be extended to other
NY-ESO-1 derived MHC class I and II restricted epitopes to study their immunogenicity in
the context of different immunization schedules and adjuvants.

Perspectives
NY-ESO-1 is one of the most immunogenic tumor antigens known to date. Corresponding
to the CT pattern of expression, NY-ESO-1 is found in different types of cancer including
hematologic malignancies, that is, multiple myeloma, Non-Hogdkin’s lymphoma. Integrated
spontaneous immune responses with detectable serum antibody and CD4� and CD8�
T-cell reactivity are measurable in approximately 50% of patients with NY-ESO-1� cancers.
The high frequency of spontaneous immune responses may be the result of a very efficient
presentation of NY-ESO-1 epitopes on MHC class I and class II molecules, inducing strong
specific CD8� and CD4� T-cell responses. In contrast to other tumor antigens identified
so far, spontaneous immune responses against NY-ESO-1 almost exclusively include cellular
and humoral effectors simultaneously. Based on this observation, serum antibody reactivity
against NY-ESO-1 is considered a sensitive marker for the presence of NY-ESO-1� disease
and detectable NY-ESO-1 specific T-cell reactivity in cancer patients. Further, changes of
NY-ESO-1 antibody titers over time reflect the clinical development of NY-ESO-1� disease
in cancer patients under treatment.

The identification of MHC class I and class II restricted NY-ESO-1 peptide epitopes rec-
ognized by CD8� and CD4� T lymphocytes has opened new perspectives for specific
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Table 12.1 HLA-restriction of NY-ESO-1 peptides

HLA-restriction HLA-frequency (%) Peptide Position Reference

A2 44 SLLMWITQC 157–165 Jäger et al. (1998), 
Chen et al. (2000)

A2 44 MLMAQEALAFL alt ORF Aarnoudse et al. (1999)
A31 5 ASGPGGGAPR 53–62 Wang et al. (1998)
A31 5 LAAQERRVPR alt ORF Wang et al. (1998)
Cw3 24 LAMPFATPM 92–100 Gnjatic et al. (2000)
Cw6 16 ARGPESRLL 80–88 Gnjatic et al. (2000)
DR4 24 PGVLLKEFTVSGNILTIRL 119–138 Jäger et al. (2000)
DR4 24 AADHRQLQLSISSCLQQ 139–156 Jäger et al. (2000)
DP4 70 WITQCFLPVFLAQPPSG 161–180 Zeng et al. (2001)

Note
NY-ESO-1 peptide sequences recognized by CD4� and CD8� T lymphocytes in the context of different HLA
class I and class II alleles.



immunotherapeutic approaches targeting NY-ESO-1 in cancer patients. HLA-A2 restricted
NY-ESO-1 peptides have been used in a clinical study. Primary NY-ESO-1 specific CD8�
T-cell responses were induced in the majority of cancer patients without detectable immu-
nity against NY-ESO-1 at the start of treatment. Subsequent studies are being designed to
evaluate the effects of concurrent immunization with MHC class I and class II restricted
NY-ESO-1 epitopes to induce both CD8� and CD4� T-cell responses at the same time.
The results of these studies will provide further insight whether the activation of NY-ESO-1
specific CD4� T cells affects the kinetics and maintenance of NY-ESO-1 specific CD8�
T-cell responses to NY-ESO-1 peptide vaccination in vivo (Table 12.1).

Viral constructs, that is, vaccinia-NY-ESO-1 and fowl pox-NY-ESO-1, will be used for
vaccination of patients with NY-ESO-1� cancers to study the potential of full protein
expression to induce both CD8� and CD4� T-cell responses against any NY-ESO-1 epi-
tope presented in the context of the individual HLA alleles. The results will provide further
evidence for the efficacy of processing MHC class I and class II restricted epitopes after viral
transfer of the entire NY-ESO-1 gene into antigen presenting cells. If integrated immune
responses were observed in the majority of patients after immunization with viral constructs,
NY-ESO-1 specific cancer vaccination would become available for a larger patient 
population independent of any individual HLA genotype.
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