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Abstract There is substantial need for molecularly
defined tumor antigens to prime cytotoxic T cells in vivo
for cancer immunotherapy, especially in the case of
tumor entities for which only a few tumor antigens have
been defined so far. In this review, we present the
‘‘Tübingen approach’’ to identify, select, and validate
large numbers of MHC/HLA class I–associated peptides
derived from tumor-associated antigens. Step 1 is the
identification of naturally presented HLA-associated
peptides directly from primary tumor cells. Step 2 is
selection of tumor-associated peptides from step 1 by
differential gene expression analysis and data mining.
Step 3 is validation of selected candidates by monitoring
in vivo T-cell responses in the context of patient-indi-
vidualized immunizations. Our approach combines
methods from genomics, proteomics, bioinformatics,
and T-cell immunology. The aim is to develop effective
immunotherapeutics consisting of multiple tumor-asso-
ciated epitopes in order to induce a broad and specific
immune response against cancer cells.
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Introduction

More than a decade has passed from initial under-
standing of the role of T-cell–mediated cancer immunity
to the cloning of the first defined human antigen rec-
ognized by cytotoxic T cells [59]. It has since taken an-
other decade to gather a relatively large number of
clinical results with various molecularly defined vaccines
and to draw informative conclusions. Despite many past
and ongoing controversies, it is now widely accepted
that the immune system indeed can be manipulated to
specifically recognize and eliminate tumor cells as dem-
onstrated in numerous clinical trials (reviewed by [24,
39, 45, 62]). For a long time, mainly due to a lack
of known cancer antigens, active immunotherapy
approaches depended completely on immunization with
autologous materials including whole tumor cells,
lysates, or components extracted from the patient’s
tumor cells. However, these approaches are strongly
limited by the restricted quantity of material available
for immunization, complicated logistics, and the diffi-
culty of defined monitoring of immune responses. The
identification of tumor-associated antigens (TAAs) has
opened new perspectives overcoming these limitations.

Tumor-associated antigens and peptides

Tumor cells differ from their surrounding tissue by
expressing tumor-specific and tumor-associated anti-
gens. An ideal TAA, that is a true tumor-specific anti-
gen, is expressed only in tumor cells and not in any other
tissues and is recognized by the cells of the adaptive
immune system. However, such tumor-specific antigens
are very rare; they usually arise from single mutations
including point mutations [65], frame shift mutations
[47], antisense transcripts [58], fusion proteins caused by
translocation [11], or altered posttranslational modifi-
cations [52]. More commonly, TAAs are not only
expressed in the tumor but are also expressed weakly in
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other tissues, like embryonic tissue (carcinoembryonic
antigens, [57]), testes (cancer-testis antigens, [56]) or
immunoprivileged sites. In some cases, they may even be
expressed in tissues required for survival and well-being
but to such a low extent that they are not recognized by
the adaptive immune system. A different class of TAAs
arises from viral infections associated with cancer—e.g.,
in the case of cervical cancer associated with the human
papillomavirus (reviewed in [27]).

DNA microarrays have made it possible to look at
the expression of thousands of genes simultaneously.
The completion of the human genome project even al-
lows analysis of the expression patterns of all known
genes at the same time. This has led to the identification
of a very large number of potential tumor-associated
antigens. But how can this plentitude of data be lever-
aged for cancer immunotherapy?

Cancer immunotherapy aims at using antigens
exclusively expressed or overexpressed in tumor cells, as
targets for therapy. Only a few TAAs are expressed on
the surface—e.g., HER-2/neu [12] or MUC-1 [19]—and
may thus be targets for antibodies. Antibody-mediated
therapy is also called ‘‘passive’’ immunotherapy because
no other component of the patient’s immune system
requires specific activation. So far, antibody-mediated
immunity has been used very successfully for preventive
vaccination against infectious diseases and was the first
form of immunotherapy to enter the market for thera-
peutic cancer treatment—e.g., with antibodies directed
to HER-2/neu found in a fraction of mammary carci-
nomas [30]. However, most antigens are expressed in the
cytosol or organelles of the cells and thus cannot be
accessed by antibodies. The immune system makes use
of the cellular protein-degrading machinery and trans-
ports some of the protein fragments generated in the
cytosol by the proteasome to the endoplasmic reticulum,
where they are further trimmed and bound to major
histocompatibility (MHC) class I molecules, called hu-
man leucocyte antigens (HLAs) in humans. HLA class I
molecules are surface molecules presenting short pep-
tides (usually 8 to 10 amino acids) derived from de-
graded proteins. If the peptide bound to the HLA
molecule is recognized by the T-cell receptor of a cyto-
toxic T cell (CTL)—the HLA-associated peptide may
then be called a T-cell epitope—a specific cytolytic re-
sponse or a cascade of apoptotic signals as well as the
secretion of various cytokines will be initiated, ulti-
mately leading to the death of the cell presenting the
peptide. However, this process can only work if the CTL
was activated prior to arousal from its naı̈ve state, a
process called priming, which is assumed to be facili-
tated by professional antigen-presenting cells (APCs)
only. Dendritic cells (reviewed in [4]) are considered the
most prominent professional APCs, as they not only
process antigens and present epitopes very well, but al-
so—in their mature state—they bear high levels of co-
stimulatory molecules at their surface thereby providing
the second signal required for a naı̈ve CD8-positive
T cell to be transformed into a fully functional effector

T cell. Because tumors usually cannot provide these
costimulatory signals, the adaptive immune system ig-
nores the tumor cells or, even worse, becomes tolerant
toward cancer cells, falling into a state of anergy. The
aim of active immunotherapy is to provide strong
immunogenic tumor-associated antigens and to deliver
these in a setting where effective priming of naı̈ve T cells
can be accomplished.

Application of tumor-associated peptides

HLA peptides that are derived from tumor-associated
antigens—which we will refer to as tumor-associated
peptides—have been shown to be very useful for priming
naı̈ve T cells to cytotoxic T cells specific for the tumor.
In a clinical setting tumor-associated peptides can be
loaded in vitro onto the HLA molecules of mature
dendritic cells prepared from peripheral blood mono-
cytes; e.g., by culturing these with GM-CSF, IL-4, and
TNF-a; after successful pulsing, the peptide-loaded DCs
are usually injected subcutaneously. Alternatively and
more elegantly, peptides can be administered directly
into the dermis, where the Langerhans cells, a type of
dendritic cells, reside. The latter way of administration
does not require the tedious preparation of DCs in vitro;
instead an effective adjuvant, which enhances the
immunogenic effect of the peptides, is needed.

Peptide-based immunization has many advantages
over other modes of antigen delivery (e.g., proteins, viral
vectors, or DNA vaccination): (1) Peptides are produced
easily and rather inexpensively in clinical grade (GMP)
quality; (2) Peptides have been proven safe and easy to
administer in clinical settings; (3) Not only can they be
used for vaccination, they are also appropriate for
monitoring of specific immune responses using various
in vitro and ex vivo T-cell assays. Their major disad-
vantage is their restriction to specific HLA alleles.
However, these restrictions can be overcome: firstly,
some HLA alleles like HLA-A2 in the Caucasian pop-
ulation or HLA-A24 in the Southeast Asian population
are expressed in around half (or even more) of individ-
uals. Secondly, with novel technologies as described in
this review for the identification of tumor-associated
peptides, it is becoming easier to identify peptide-based
immunotherapeutics for the less frequent HLA alleles.

Strategies for identification of tumor-associated peptides

Tumor-associated peptides have been identified so far
with the help of three experimental approaches dealing
with the arduous task of sequence determination on the
basis of different combinations of technologies.

The three experimental approaches to HLA class I
peptide identification are commonly referred to as the
(1) ‘‘direct’’ or ‘‘cellular’’, (2) ‘‘genetic’’, and (3) ‘‘re-
verse’’ methodologies. The ‘‘cellular’’ approach is based
on elution of antigenic peptides from target cells and
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subsequent determination of peptide sequences with the
help of reverse phase HPLC fractionation and Edman
degradation. The direct identification of minute
amounts of peptides moved into the scope of expectation
with the advent of sensitive mass spectrometrical meth-
ods [13]. This approach has been advanced incremen-
tally to unmatched accuracy and sensitivity since it
became available for peptide identification. Just recently,
a series of peptides from tumor cell lines [42] and pri-
mary tumor tissue [63] were identified with the help of
mass spectroscopy.

The genetic approach was developed by Thierry Boon
and colleagues and led to the identification of the first
shared tumor antigens and corresponding peptides (re-
viewed in [60]). T-cell epitopes from MAGE, BAGE,
GAGE, LAGE, and NY-ESO, for example, are also
referred to as cancer-testis antigens, because under
normal conditions their expression is limited to immu-
noprivileged tissues and organs, such as testis and pla-
cental trophoblasts. The majority of epitopes from the
tumor-associated antigens known today were deter-
mined based on expression cloning of libraries derived
from immunogenic tumor cells.

The third approach implies the use of in silico pre-
diction methods, for this the label ‘‘reverse immunol-

ogy’’ was coined [10]. Based on knowledge of the allelic
differences (anchors, preferred residues) of HLA class I
binding properties, potential HLA-associated peptides
can be predicted from full-length protein sequences.
Subsequently, the peptides that get a high score can be
synthesized and subjected to experimental validation
(HLA class I binding assays, in vitro T-cell stimulation
assays). Numerous tools for reverse approaches are
presently available from both academic and corporate
sources. Some of the most prominent algorithms in the
field are SYFPEITHI [43], PAProC [36], TEPITOPE-
2000 [5], Conservatrix, EpiMatrix [34], EIS, and others
(as reviewed by, e.g., De Groot et al. [14] and Nussbaum
et al. [37]).

The Tübingen approach: combining genomics,
peptidomics, and T-cell immunology

The XPRESIDENT approach developed by our group
in Tübingen stands for eXpression profiling and analyis
of peptide PRESentation by HLA molecules for
IDEntification of New tumor antigens in combination
with T-cell screening. The method is summarized in
Fig. 1. It is essentially a combination of methods from

Fig. 1 A strategy for
identification, selection, and
validation of tumor-associated
HLA peptides for cancer
immunotherapy. The approach
can be used for patient-
individualized treatments as
well as to compose sets of
‘‘universal’’ tumor-associated
peptides
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genomics, HLA peptide repertoire analysis by liquid
chromatography-coupled mass spectrometry (‘‘peptido-
mics’’), and classical as well as novel T-cell assays. This
method is unique in its capability to identify a large
number of HLA ligands from a specimen of frozen
primary tumor material, in selection of the tumor-
associated peptides from these HLA ligands based on
several criteria, and validation of the selected tumor-
associated peptides by in vitro T-cell assays and, where
possible, in vivo, within the context of patient-individ-
ualized immunizations and monitoring of the T-cell re-
sponses. Thus, the three cornerstones of this ‘‘Tübingen
approach’’ are identification, selection, and validation of
tumor-associated peptides.

Identification of naturally processed HLA peptides

The pure ‘‘reverse immununology’’ approach delivers a
number of predicted peptides from any given protein
sequence based on data from HLA-allele–specific motifs.
Prediction is fast but not accurate: usually far more
peptides than naturally processed are predicted to be
presented. Even if this number can be downsized by
taking preferred proteasomal cleavage sites into account
(without knowing whether tumor cells express the con-
stitutive form of the proteasome or the immunoprotea-
some), time-consuming experimental verification (i.e.,
peptide synthesis and HLA binding assays in flow
cytometry) has to be carried out. This verification only
reveals whether the peptide candidate has the ability to
be presented by an HLA molecule; it does not answer
the question whether it is naturally processed in the
tumor cell. Both questions can be addressed simulta-
neously, if peptides are eluted directly from affinity-
purified HLA molecules from primary tumor tissue.
These peptides are processed and presented in the
natural—i.e., patient context. However, the amount of
tissue for identification of tumor-associated peptides
is restricted and thus requires highly sensitive mass
spectrometrical methods in combination with capillary
high-performance liquid chromatography. In this way,
we have reproducibly managed to identify over 100
HLA class I–associated peptides per tumor sample
(minimum 5 g). The sensitivity of our analytical system
is in the femtomole range, which is what enables us to
obtain so large a number of peptides from individual
tumor samples.

Selection of tumor-associated peptides

To obtain a selection of tumor-associated peptides
which qualify as potent targets for cancer immunother-
apy, we perform a differential analysis of the neoplastic,
and the surrounding healthy, tissue at the molecular
level. The amount of starting material for the first line of
analysis ranges from whole organs, such as a kidney (in
the case of renal cell carcinoma) to small biopsy samples.

In the case of organ resection, both malignant and
normal material is available for analysis in sufficient
amounts. In the case of tissue biopsy, amounts are
limited, and it can be difficult to obtain material from
normal tissues. Moreover, accurate analysis requires
that there be no mix-up of the sample material of
interest with unrelated healthy cell types from directly
adjacent tissue, which sometimes can only be obtained
after enrichment procedures. Enrichment can be
achieved by several methods: e.g., laser capture micro-
dissection, cell sorting by magnetic beads, or fluores-
cence-assisted cell sorting. Expression analysis of single
tumor cells by DNA array technology is possible and
has been described [26]. A critical issue here is the fidelity
of quantitative representation of the original individual
mRNA species after PCR-based cDNA amplification.

Large-scale screening for differences between tumor
and normal cells can be carried out at the level of DNA,
protein, mRNA, or HLA ligands. Comparative expres-
sion profiling of a tumor and the corresponding autol-
ogous normal tissue granted by DNA microarray
technology [31, 50] is an excellent method for identifying
large numbers of candidate tumor-associated antigens
from individual tumor samples [6]. Using DNA chip
technology, genome-wide expression analysis of all
genes is possible within a few hours. In addition,
expression data for each gene in almost all normal hu-
man tissues and organs is available from in-house gene
expression databases generated from tissue-specific
mRNA pooled from a large number of donors. Coher-
ent and reliable data sets can be generated on the basis
of high-quality sample preparations and the use of DNA
array systems with low margins of variation. In this way,
expression of every antigen in the tumor sample can be
compared with expression levels of the same antigen in
the surrounding tissue and almost all other tissues. This
data is especially important for the selection of the
appropriate antigens suitable for immunization with
respect to autoimmunity and T-cell tolerance.

A differential direct ‘‘HLA peptidome’’ analysis of
the tumor and the corresponding normal cells would be
ideal, since differences in antigen processing between
tumor and normal tissues are detected in this setting.
Epitopes might exist which are only presented on the
tumor cells, although the source protein is present in
equal amounts in both cell types. There is increasing
evidence that the peptide pool generated by the immu-
noproteasome differs from that produced by the con-
stitutive proteasome [55], an interesting aspect in the
context of tumors exposed to local release of interferon-c
(IFN-c). However, differential HLA peptidome analysis
is difficult to achieve due to the much lower amounts of
peptides obtained by HLA immunoprecipitation and
elution compared with the number of genes covered by
DNA arrays. We are developing a method called
‘‘QUALITEA’’ which allows quantitative comparative
analysis of tumor and normal tissue by isotope labeling
of all peptides eluted from tumor cells and mixing of
these peptides with all peptides eluted from normal cells.
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The restriction of this method is the requirement for
equal amounts of normal tissue. QUALITEA allows us
to directly quantify differentially displayed peptides by
mass spectrometry analysis (Lemmel et al., in press).

Apart from the considerations mentioned above,
such as overexpression in tumor and limited expression
in other tissues as determined by genome- or peptidome-
based analysis, further criteria can be considered for the
selection of tumor-associated peptides: known role in
carcinogenesis, or reported immunogenicity of the gene
product. The analysis of existing databases provides
additional help. Serological identification of antigens by
recombinant expression cloning (SEREX) [48] provides
a list of TAAs recognized by antibodies. Some antigens
identified by this method were shown to be recognized
concomitantly by CD8+ T cells [22]. Although there is
no direct link between detection of antibodies against a
particular TAA and a CD8+ T cell recognizing the same
TAA, it could at least be stated that antigens identified
by SEREX are in general immunogenic. Further useful
and immediately available information regarding tissue
distribution of a gene, virtual Northern blots, genomic
hybridization data, gene annotations, etc. is available
from various public databases [2, 17, 18, 28, 41, 61, 67].

Another different form of ‘‘selection’’ is inherent in
the method of identification itself. Even if more than 100
different HLA peptides are identified from one tumor
sample, this represents less than 10% of the HLA pep-
tidome of the tumor cell because several thousand dif-
ferent sequences per cell can be expected to be presented
[54]. However, not all presented peptides will be able to
elicit a successful signal to the specific T cell because
most peptides are presented in very low copy numbers.
The most well-defined parameters for TCR engagement
are ligand density and TCR affinity. The TCR must be
engaged by the corresponding HLA-peptide complex
long enough to elicit a complete set of signaling events
required for efficient T-cell activation [7]. Even for high-
affinity ligands, it has been shown that an HLA-peptide–
complex density below the activation threshold does not
lead to successful T-cell activation. It is safe to assume
that due to the sensitivity limit of our analytical setup,
those HLA peptides that are abundantly presented by
the tumor cells and thus, have higher chances to elicit a
T-cell response in vivo because of their high ligand
density, are the first to be found. This is especially valid
if peptides derived from self-proteins are used in
immunization approaches; as for these self-peptides,
that might also be present in low copies on normal tis-
sues, a high ligand density is required.

An alternative way—where selection precedes iden-
tification—is the use of prediction algorithms in com-
bination with identification of predicted epitopes directly
from primary tumor tissue. We have named this method
‘‘Predict, Calibrate, and Detect’’ [51]. Epitopes are pre-
dicted from a sequence of a known tumor-associated
protein using the algorithms SYFPEITHI [43] and PA-
ProC [36]. In a second step, predicted candidate peptides
are synthesized to be used for calibration of the capillary

liquid chromatography–mass spectrometrical system. In
a third step, these peptides are then searched for among
the HLA-associated peptides eluted from primary tumor
material as described above. In this way, the existence of
every predicted epitope is verified or negated.

Validation of tumor-associated CTL epitopes

Naturally processed and presented HLA peptides are
not always CTL epitopes. Only the successful elicitation
of a human CTL response in vitro or, better, in vivo
delivers the final validation for a tumor-associated HLA
peptide.

Antigen-specific CTLs can be induced in vitro by
synthesizing the identified tumor-associated peptides
and pulsing these on mature dendritic cells generated
in vitro. These peptide-pulsed DCs are then cocultured
with fresh PBMCs from healthy donors and restimu-
lated with the peptide, thereby promoting in vitro
priming of naı̈ve precursor CD8+ T cells. Peptide-spe-
cific activity of CTLs generated in this way can be
measured by various T-cell assays: e.g., standard 51Cr-
release assay to determine the capability of in vitro
primed T cells to kill peptide-pulsed target cells in a
peptide-specific manner and additionally, tumor cell
lines—without additional peptide-pulsing—expressing
the corresponding antigen from which the HLA peptide
had been derived.

The superior way to validate the quality of tumor-
associated peptides as an immunotherapeutic is to
monitor peptide-specific CD8+ T-cell responses in
immunized patients. The ultimate challenge then is to
correlate the outcome of the clinical results with these
immunological responses.

In the cases where peptides have been injected sub-
cutaneously or intradermally, alone or in combination
with adjuvant, measure of delayed-type hypersensitivity
(DTH) reaction at the site of injection can be performed.
This is the only in vivo test available to demonstrate the
induction of cellular immunity. Several clinical trials
have shown a correlation between intensity of DTH
reaction and the expansion of peptide-specific CD8+ T
cells in the blood of immunized patients [15]. Analysis of
the T-cell infiltrate present at the DTH site can indicate
which cells have been recruited by the immunization
[23]. There are several ex vivo methods available to
estimate CTL activity and frequency prior to and after
vaccination.

Themost common technique to quantify the activity of
CTLs ex vivo is the IFN-c ELISpot assay [35]. It is based
on the detection of IFN-c secretion by antigen-stimulated
T cells. The secreted cytokine is detected by a specific
antibody coated on a nitrocellulose surface and is then
visualized as a spot using a second enzyme-linked anti–
IFN-c antibody. This assay has been used in numerous
clinical trials and does not strictly require prior in vitro
expansion of the T cells. Thus, besides delivering func-
tional measure of T-cell stimulation, this assay also allows
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an estimationof the frequencyof antigen-specificCD8+T
cells. If purified CD8+ T cells are used, or if an in vitro
presensitization step with the peptide is added, the sensi-
tivity of the method can reach 1–10 IFN-c–secreting cells
in 50,000 [8, 23]. Alternatively, the production of IFN-c
and other cytokines in single T cells in vitro can also be
measured after permeabilization of cells and subsequent
intracellular stainingwith cytokine-specific antibodies [9].
Used in multiple stainings in flow cytometry (FACS), this
technique determines which subpopulation (CD4+,
CD8+, CD45RA/RO, etc.) is actually responding to the
antigenic stimulus. The cytokine release assay which de-
tects secreted cytokine by cell surface–bound cytokine-
specific antibodies, allows simultaneous sorting of the
responding population by magnetic separation [40]. An-
othermethod for ex vivo detection of cytokine production
by T cells is based on the detection of cytokinemRNAup-
regulation in stimulated T cells by real-time quantitative
reverse transcriptase (RT)–PCR [25]. After a short incu-
bation of cells with the tumor-associated peptide, pro-
duction of cytokine (e.g., IFN-c) mRNA can be
determined. This method provides indirect information
about the specific T-cell frequency, and activation is de-
tected at the mRNA level only. However, because it
necessitates a limited number of cells, it constitutes an
attractive assay for screening antigen-reactive CD8+

T cells.
The most accurate method to determine the fre-

quency of CD8+ T cells ex vivo is using soluble fluo-
rescent tetrameric HLA-peptide complexes commonly
known as tetramers [1]. The detection limit with tetra-
mers varies from 1 in 2,000 to 1 in 10,000 CD8+ T cells
(frequency 0.05–0.01%). For most of the tumor antigen-
derived peptides, this sensitivity is insufficient to identify
specific T cells directly ex vivo. Nevertheless, tetramers
are powerful tools to detect and enumerate specific
T cells. Tetramer-positive cells can be characterized
using relevant markers of T-cell subpopulations. In
particular, the surface expression of CD45RA/RO,
CCR7, and LFA-1 defines different effector/memory
subpopulations [29, 49]. This type of phenotypical study
helps to further define efficient antitumor CTLs and to
optimize vaccination protocols [53]. Tetramer staining
can also be coupled to intracellular or cytokine release
assays (see above). This type of test indicates whether
the specific T cells are also functional, as generally not
all tetramer-positive cells are able to produce cytokines
in vitro upon antigenic stimulation. Finally, tetramer
technology allows the sorting of pure peptide-specific
T-cell populations [16]. These cells can be studied fur-
ther—for example, by clonotypic analysis of TCR
transcripts—or expanded in vitro for functional assays.

A crucial question is where to look for specific T cells.
For practical reasons, the search for specific T cells has
been performed using patient blood samples. However,
monitoring of the peripheral T-cell response only might
underestimate the immunogenicity of a tumor-associated
peptide. In particular, specific recruitment of activated
T cells to the tumor sites causes these cells to be

undetectable in the blood [66]. Tumor-specific T cells can
be found at high frequency among tumor-infiltrating
lymphocytes [38] and in tumor-draining lymph nodes
[44]. Although these studies cannot be conducted on a
routine basis, they should nonetheless help to evaluate
the quality of the T-cell response induced by vaccination.

Clinical development of peptide-based
immunotherapeutics

The first results from therapeutic vaccinations with tu-
mor-associated peptides were published in 1995 and 1996.
A peptide from MAGE-3 led to the first clinically vali-
dated response to peptide-based immunotherapy [32],
showing that tumor regression was within the scope of
expectation for this novel therapeutic approach. Jaeger
et al. were first in reporting results from the use ofmultiple
melanoma-associated peptides in man [21]. A variety of
approaches to identify optimal routes and modes of
delivery—e.g., the use of GM-CSF [20], dendritic cells
[32], or peptides mixed with Incomplete Freund’s Adju-
vant combined with coadministration of high-dose IL-2
[46]—went along with clinical trials using tumor-associ-
ated peptides, partly showing very encouraging clinical
responses. Still, the results of the majority of clinical trials
using one or two tumor-associated peptides have been
disappointing. Although specific immune responses were
induced in a variable proportion of immunized patients
ranging up to 80% in a few reports, objective clinical
responses were often not seen in more than 10–20% of
patients. We assume that the lack of substantial clinical
responses is mainly due to two reasons: the first is that
when immunizing with one or two antigens it is usually
not clear whether the antigen of choice is expressed in the
tumor. For instance, it is known that the well-character-
ized tumor-associated antigen HER-2/neu is expressed
in only approximately 20% of all mammary carcinoma
patients [64]; still HER-2/neu is often recognized as a
‘‘universal’’ tumor antigen. In approximately 20 renal cell
tumors, we ourselves have never detected expression of
HER-2/neu (unpublished data). The second reason might
be that a number of immune evasion mechanisms exist,
allowing the tumor to evade the immune response [33, 62]:
termination of T-cell activation via CTLA-4, IL-2–med-
iated activation-induced cell death (AICD) of T cells,
CD4+CD25+ regulatory T cells suppressing the action of
T cells, or release of immunosuppressive TGF-b by the
tumor itself. Although these immune evasionmechanisms
can be overcome by the use of antibodies and cytokines,
down-regulation of single antigens or even HLA alleles
can still occur due to the selective pressure of the thera-
peutic antigen. Therefore, it seems essential to direct the
cytotoxic T-cell response toward many targets simulta-
neously, ideally only using peptides from antigens
expressed in the tumor and presented by different HLA
allelic variants.

Just recently, Banchereau and co-workers obtained
insights into how the interplay between multiple tumor-
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associated peptides, APCs, and homing might be
orchestrated with striking effectiveness. Stage IV mela-
noma patients were vaccinated with autologous den-
dritic cells prepared from CD34+ precursor cells and
loaded with four well-characterized HLA-A2-restricted
melanoma-associated peptides. Interestingly, there was a
strong correlation between the number of peptide-spe-
cific T-cell responses and the clinical outcome in terms of
tumor regression and survival rates. Ten out of 18 pa-
tients included in this study were nonprogressors and
almost all of the patients in this group showed more
than three different T-cell responses to the peptides
vaccinated, while seven out of eight of the patients in the
progressor group showed no or only up to two different
T-cell responses [3] (personal communication with
J. Banchereau).

Although these results are very encouraging for the
whole field of cancer vaccination, there is not a sufficient
number of tumor-associated peptides available to com-
pose multipeptide vaccines for tumor indications other
than melanoma, as well as for HLA alleles other than
HLA-A2. Therefore, it is crucial to identify, select, and
validate large numbers of tumor-associated peptides in
different tumor entities and for different HLA alleles.

A first reasonable step toward the development of
multipeptide cancer vaccines would be to compose a set
of about six to ten tumor-associated peptides per HLA
allele derived from antigens expressed in a majority of
cancer patients. If these peptides were derived from tu-
mor-associated antigens expressed in a minimum of 60%
of the patients, six peptides per set should be sufficient to
elicit at least three different T-cell responses in more
than 80% of the patients participating in the trial (own
calculation, unpublished). Such peptide sets could be
designed for the most frequent HLA alleles. One step
further would be the combination of several peptide sets
for different HLA alleles depending on the HLA typing
of the patient. Thus, a typical member of the Caucasian
population might receive a combination of, e.g., an
HLA-A2 and HLA-B7 set, while most East Asians
would receive a combination of, e.g., HLA-A2 and
HLA-A24. The ultimate challenge would be to select
peptides from a large validated tumor-associated peptide
library depending on the individual gene expression
pattern in the tumor of the patient. In this
patient-individualized setting, although logistically more
complicated, the patient would receive an immunother-
apeutic where every peptide was known to be derived
from an antigen definitely overexpressed in the patient’s
tumor. With molecularly defined human tumor antigens,
this would be the first individualized cancer therapy
approach ‘‘off-the-shelf.’’
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