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Abstract Substantial progress has been made in vac-
cine development in recent years for the treatment of
malignant diseases. New technologies have fostered the
identification of potentially immunogenic tumour an-
tigens that can be used to activate the patient’s immune
system to specifically recognize and destroy human tu-
mour cells. More detailed insights into the process of
intracellular protein degradation, processing and cell
surface presentation have allowed immunogenic pep-
tide domains to be identified that can be used in vac-
cine trials. Still a matter of intensive debate is the ques-
tion of the most optimal presentation of tumour-de-
rived proteins or peptides to the immune system to
achieve a maximum response. In this area, major pro-
gress has been made by using dendritic cell or even
naked DNA-based vaccines. The generation of new
tools such as HLA–tetramer complexes now allows re-
searchers to monitor more closely the expansion of
peptide-specific T cells under the process of vaccina-
tion. On the basis of these advances, a couple of vac-
cine trials have been performed that have increased our
knowledge of vaccine development and provided indi-
cations that the concept of tumour-specific vaccination
might be valid. However, we are still at the beginning
of this process and should always remember that only
well-designed, prospective clinical trials can define the
optimal use of tumour vaccines in oncology.
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Introduction: existence of autologous immune

responses against human tumours

It is now more than 200 years since Edward Jenner
made his observation that benign and self-limiting cow-
pox could be used to protect an individual against a vi-
rulent and sometimes lethal smallpox infection. This
strategy ultimately resulted in the eradication of small-
pox as an infectious threat. Rubella and rabies are also
largely under control, and polio may soon be eradi-
cated [78]. Many tumour immunologists aim for the
kind of success enjoyed by their colleagues in the fields
of infectious diseases.

Historically, tumour immunologists have sought to
increase immune responses against tumours by increas-
ing their immunogenicity. William Coley first tried to
provoke an immune attack of tumours over 100 years
ago by injecting live cultures of Streptococcus erysipelas
into growing tumour nodules. Since then, attempts to
increase the immunogenicity of tumours have included
the creation of “oncolysates” made from tumour cells
infected with viruses such as vaccinia and the use of ir-
radiated tumours mixed with Corynebacterium parvum
or Calmette-Guérin bacillus (BCG) [75, 90, 106]. With
the development of molecular biology, the approach to
a tumour-specific vaccine has radically changed and is
characterized by the attempt to understand tumour im-
munology on a molecular level. Central to this ap-
proach is the cloning and characterization of the antig-
ens that are recognized by immune cells [23, 85, 102].
These antigens can then be used in their DNA, recom-
binant or synthetic form to develop vaccines.

Mechanisms of antigen-specific immune responses:

antigen uptake, processing and presentation

The response of the immune system to antigens derived
from cancer cells involves a number of distinct recep-
tor–ligand links. The major players are the major histo-
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compatibility complex (MHC) molecules class I and II,
which are expressed as professional antigen-presenting
molecules on the surface of so-called antigen-pres-
enting cells (APC). The MHC is encoded by a gene
segment of approximately four mega-bases on the short
arm of chromosome 6 in humans and includes at least
200 genes [98]. The complex is divided into three re-
gions – class I (HLA-A, -B, -C, -E, -H, -G and -F
genes), class II (HLA-DR, -DP and -DQ genes) and
class III (including genes encoding complement and tu-
mour necrosis factor, TNF). These genes control im-
mune responses to pathogens, graft acceptance or re-
jection and tumour surveillance. Almost 20 years ago,
MHC class II molecules were found to interact with
CD4c helper T cells, and MHC class I molecules with
CD8c cytotoxic T cells [93]. Subsequently, the CD4
and CD8 antigens on T cells were themselves shown to
be receptors for MHC molecules, and mutational anal-
ysis established that the binding sites for CD4 [13, 46]
and for CD8 [66, 86] mapped to structurally similar re-
gions of the constant domains of MHC class II and class
I molecules, respectively. The observation that the
binding sites for CD4 and CD8 on MHC molecules
were separate from the peptide-binding domain of
MHC molecules, and therefore from the site of interac-
tion with the T cell receptor (TCR), suggested that a
single MHC molecule could be bound simultaneously
by both TCR and CD4 or CD8, increasing the overall
avidity of the interaction. However, the interaction be-
tween MHC and TCR is not stable, but transient. Many
reports have demonstrated that as few as 100 peptide-
MHC complexes [16, 27] serially engage and trigger as
many as 18,000 TCR [101].

For a long time, CD8c cytotoxic T cells were
thought to be the prime cellular compartment controll-
ing and attacking malignant cells. The preferential at-
tention paid to anti-tumour responses by CD8c T cells
stems from two facts [25, 73]: firstly, most tumours are
positive for MHC class I but negative for MHC class II;
and secondly, CD8c cytotoxic T lymphocytes (CTL)
are able to induce tumour killing upon direct recogni-
tion of peptide antigens presented by the tumour’s
MHC class I molecules [72]. This preference had been
demonstrated by numerous adoptive transfer studies in
which CD8c T cell lines and CD8c clones specific for
tumour antigens that have been stimulated in vitro
were able to mediate anti-tumour immunity when
transferred back into tumour-bearing hosts [79]; fur-
thermore, immunization strategies using either adju-
vant or dendritic cells (DC) with pure tumour peptides
resulted in productive anti-tumour immunity that was
restricted by MHC class I [24, 57, 65].

However, recent evidence in cell-based vaccine
models indicates that CD4c T cells can mediate a
number of anti-tumour effector pathways either in con-
junction with CD8c cytotoxic T cells or independent
of them. Many studies on the role of CD4c T cells
have demonstrated their ability to provide help for the
induction of cytotoxic CD8c T cells [10]. This can hap-

pen via the secretion of stimulatory lymphokines or by
an indirect mechanism where the APC is activated by
the CD4c T cell [55]. This activation process is de-
pendent on the interaction between CD40 ligand and
CD40 on the CD4c T cell and the APC, which appears
critical in stimulating the APC to present antigens to,
and costimulate the priming of, CD8c CTL precursors
(pCTL) [5, 80, 89]. Beyond their ability to provide help
for the priming of tumour-specific CD8c CTL, evi-
dence is accumulating that tumour-specific CD4c T
cells can orchestrate additional effector functions in
anti-tumour immunity [1]. Independently of CD8c T
cells, CD4c T cells that are specific for tumour antig-
ens are critical in orchestrating the production of nitric
oxide and superoxides by macrophages and are also
critical in recruiting and activating eosinophils to me-
diate complete anti-tumour responses [33].

In conclusion, most people in the field of tumour im-
munology now agree that successful immunity to cancer
will require the activation of both tumour-specific
CD4c and CD8c T cells. Combined approaches si-
multaneously stimulating CD4c and CD8c T cells are
therefore thought to be the most effective.

Rationale for the development of cancer vaccines

Clinical observations in cancer patients with sponta-
neously regressing tumours have always supported the
hypothesis of a pre-existing anti-tumour response in a
subset of patients. Several tumour entities are now de-
fined in which this phenomenon can be observed with a
frequency ranging between 5% and 15% [11, 26]. T
lymphocytes have been discovered to be the prime
component of this anti-tumour response, since tumour-
specific CTL clones were able be raised from patients
suffering from melanoma [103], renal cancer [63] and
breast cancer [9]. In addition, tumour-specific pCTL
clones can be detected in a variety of cancer patients
with an increase in number after antigen-dependent
vaccination applied in form of protein, peptide or DNA
vaccines [60]. Since the induction and expansion of tu-
mour-antigen specific CTL clones was correlated in
some patients with a clinical response and tumour re-
gression, tumour immunologists initially focused on T
cells for the development of cancer vaccines.

The field of cancer vaccine development is currently
developing rapidly in different areas. The present re-
view cannot deal with all advances made in the entire
field over the past years. We will therefore concentrate
on three areas in which progress has been profound
and the contribution to further vaccine development
outstanding:
1. Characterization of (new) tumour antigens
2. Advances in vaccine development
3. Advances in monitoring vaccine trials



653

Recent advances in the characterization of tumour

antigens: prerequisite for successful vaccine

development

T cell-defined tumour antigens

The first approach was established by Boon and col-
leagues [102] and makes use of antigen-loss tumour cell
variants transfected with cDNA isolated from tumour
tissue and cytotoxic CD8c anti-tumour T cell clones
(CTL). The second approach was introduced by Ram-
mensee and colleagues based on a biochemical strategy
using acid elution of antigenic peptides bound to MHC
class I molecules from tumour cells [23]. These strate-
gies have helped to define several new human tumour
antigens at the molecular level, most notably in malig-
nant melanoma. The difficulty involved in expanding
specific T cell clones for the majority of tumour entities
is a major obstacle for the general application of these
strategies.

Antibody response to tumour antigens

The search for autologous antibodies recognizing antig-
ens specifically expressed by tumour cells was initiated
in the 1960s [68, 69]. At this time, studies were ham-
pered by technical limitations, since polyclonal patient
serum usually demonstrated a strong reaction with nor-
mal tissue antigens and did not show tumour specificity.
The development of the hybridoma technology by
Köhler and Milstein [47] raised the hope that mono-
clonal antibodies could uncover tumour-specific antig-
ens in humans. This technique allowed the characteri-
zation of a large variety of new antigens which might be
used as targets for immunotherapeutic approaches.
However, only a minority of these antigens seem to
evoke an immune response in cancer patients and
could be used as surrogate markers [68]. To date, the
clinical significance of B cell responses to tumour antig-
ens remains unknown. While the presence of p53 anti-
bodies is associated with a poor prognosis [74, 108], the
clinical significance of anti-HER-2/neu antibodies can-
not yet be determined [20, 41, 107]. More patients need
to be analysed in order to determine whether the devel-
opment of antibodies to tumour antigens is associated
with clinically relevant features or might be used for di-
agnosis and prognosis.

Characterization of tumour antigens by serological
analysis of antigens by recombinant expression cloning

To overcome the limitations of the T cell-based meth-
ods, a new strategy using autologous serum for the
characterization of tumour antigens was recently intro-
duced by Pfreundschuh and colleagues [85]. This novel
technique, serological analysis of antigens by recombi-
nant expression cloning (SEREX), allows for the direct
molecular definition of new tumour antigens that elicit

an immunoglobulin G (IgG) antibody response in tu-
mour patients [15, 88]. By screening procaryotically ex-
pressed tumour-derived cDNA libraries with autolo-
gous sera, several new antigens in different tumour en-
tities have been identified, as have the known MAGE-1
and tyrosinase antigens, which were originally defined
by their T cell reactivity [84, 99]. One of the first antig-
ens characterized by SEREX was a renal-specific car-
bonic anhydrase. The identification of this enzyme by
the SEREX technology proved the old concept that
non-mutated, cellular antigens which are amplified or
overexpressed can serve as immunogenic antigens. Sev-
eral new antigens (Galectin 9, Aldolase A and transla-
tion initiation factor eIF-4g) discovered recently have
confirmed this observation [28, 100]. The most fascinat-
ing group of antigens is the so-called cancer testis (CT)
antigen group [15, 92]. These antigens are expressed by
a variable proportion of different tumour types, but are
highly restricted in their expression pattern in normal
tissues, with testis being the sole or predominant site
[70]. Three antigens in this category, MAGE [103],
BAGE [9] and RAGE [63], were initially identified as
targets for cytotoxic T cells. A variety of new CT antig-
ens (HOM-MEL-40, NY-ESO-1, SCP1) have now been
discovered using SEREX analysis [15]. As no muta-
tions, rearrangements or amplifications have been ob-
served for the genes encoding these CT antigens, the
most likely explanation for their expression as tumour
antigens is gene activation or de-repression [70].

The high titre of autologous, tumour-specific anti-
bodies detected by SEREX implies that cognate CD4c
helper T cell immunity must be present and operative
in antibody-positive patients [10]. Stockert and col-
leagues [92] recently evaluated the antibody response
of tumour patients against a variety of SEREX-defined
tumour antigens. Significant antibody titres of 1 :25,000
and higher were demonstrated in melanoma patients
against the NY-ESO-1 antigen, suggesting strongly the
existence of a CD4c T cell-mediated B cell expansion.
For NY-ESO-1, putative class II epitopes have recently
been characterized in vitro and need to be confirmed
for their relevance in vivo [38]. The co-existence of
CD4c T cells and a B cell response has been clearly
demonstrated for the HER-2/neu protein in patients
with breast cancer [19]. In addition, it has been shown
that CD4c T cell lines and clones cultured from tu-
mour-infiltrating lymphocytes recognize epitopes that
are products of the same tyrosinase gene that was
shown to encode class I-restricted peptides recognized
by CD8c T cells [64, 109]. These results, together with
the observation that classical tumour antigens defined
by T cell responses such as MAGE-1 and tyrosinase
can also be detected by the serological approach, sug-
gest that an integrated immune response against tu-
mour antigens may exist that involves both CD8c and
CD4c T cells as well as B cells. Knuth and colleagues
have demonstrated a CD8c-specific CTL response
against peptides of the NY-ESO-1 antigen in one mela-
noma patient who initially presented with high titre an-
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tibodies directed against MAGE-1, tyrosinase and NY-
ESO-1 [37]. This is the first evidence of the co-exis-
tence of an antibody and CD8c-dependent T cell re-
sponse against an antigen originally detected using the
SEREX approach. More importantly, there seems to
be a strong correlation between antibody and T cell re-
sponse in patients with NY-ESO-1-positive tumours
[39]. In a recent NY-ESO-1-based vaccine trial, a high
percentage of patients with NY-ESO-1 antibody also
had detectable CD8c T cell responses to known HLA-
A2-restricted NY-ESO-1 peptides. Antibody and
CD8c T cell responses to NY-ESO-1 only occurred in
patients with NY-ESO-1-expressing tumours, and
CD8c T cell responses to NY-ESO-1 were not de-
tected in patients without NY-ESO-1 antibody. Humo-
ral immunity to NY-ESO-1 in the absence of CD8c T
cells to known HLA-A2-restricted NY-ESO-1 peptides
was observed in only one patient, clearly demonstrating
the close link between antibody and cellular immune
response at least for this SEREX-defined protein.

As the number of SEREX-defined tumour antigens
is expected to increase rapidly in the near future, the
importance of tumour-specific antibody responses in
tumour patients will be further strengthened. Antibody
response to new tumour antigens might lead to the de-
velopment of new screening methods for the detection
of cancers and will increase the number of tumour an-
tigens recognized by both the humoral and cellular part
of the immune system.

Vaccine development: recent advances in the induction

of tumour-specific immune responses

The use of the SEREX methodology has boosted the
field of potentially useful tumour antigens and contrib-
uted more than 1600 antigens, of which a proportion
might be used for vaccine purposes. However, the most
imminent question that remains is how the antigen
should be delivered to the immune system in an opti-
mal way in order to achieve the strongest cytotoxic re-
sponse. A wide variety of approaches are currently be-
ing tested, and no final comment can be made at the
moment. One of the most promising approaches is the
use of tumour antigen-derived proteins or peptides in
combination with DC [43, 52, 97].

Dendritic cell-based vaccines

DC form the link between the innate and the acquired
immune system by presenting antigens and by their ex-
pression of pattern recognition receptors that detect
foreign molecules in their local environment [34, 59].
They were first described as the morphologically dis-
tinct Langerhans cells in the skin and have since been
shown to be the most efficient APC specialized to ini-
tiate T cell immunity; as such, they can be regarded as
nature’s adjuvant [3, 31, 50]. DC have the capacity in
vivo to migrate from tissues, where they encounter an-

tigens, to the T cell areas of lymphoid tissues, where
immune responses begin [3, 35, 49]. They reside in tis-
sues as immature cells, specialized to capture and proc-
ess antigens, and, after antigen capture, they mature in
response to inflammatory stimuli characterized by an
upregulation of MHC and T cell costimulatory mole-
cules [3]. DC then migrate to the draining lymph node
(LN) and stimulate antigen-specific T cells to initiate an
immune response [36]. The use of DC as a cellular ad-
juvant is a promising approach in immunotherapy of in-
fectious disease and cancer [3]. The development of
simple methods to isolate DC precursors from blood
and the expansion of these cells in vitro to yield potent
APC has enabled their use in cancer immunotherapy
[56, 71]. Numerous animal models have conclusively
demonstrated that ex vivo-generated DC pulsed with
protein antigen are useful for the immunotherapy of in-
fectious diseases and cancer [22, 58]. In addition, initial
clinical studies indicate that tumour antigen-pulsed DC
might be effective in the immunotherapy of cancer pa-
tients [18, 54, 61, 62]. As reported by Nestle and co-
workers [62], vaccination with peptide- or tumour ly-
sate-loaded DC resulted in a positive delayed-type hy-
persensitivity to peptide-loaded DC in 11 out of 15 pa-
tients and in an objective response in 5 out of 16 evalu-
able patients. Responses included regression of metas-
tases in skin, soft tissue, lung and pancreas, suggesting
that DC-mediated vaccination mediated a systemic re-
sponse effective in inducing tumour regression in le-
sions in several organs. In a second study [83], peptide
administration without DC failed to elicit clinically sig-
nificant responses. These were observed only when
high doses of interleukin (IL)-12 were added to the
peptide vaccination. The vaccination approach using
peptide-pulsed DC has also been transferred to haema-
tological diseases, such as B cell non-Hodgkin’s lym-
phoma (NHL) and multiple myeloma [32, 77]. Vaccina-
tion of NHL patients with DC loaded with the tumour-
specific idiotype protein resulted in objective tumour
regression, including one complete response [32]. A
feasibility study was recently performed on DC-based
anti-idiotype vaccination after autologous peripheral
blood stem cell transplantation in multiple myeloma
patients [77]. This study demonstrated that, despite
high-dose chemotherapy, patients mounted a strong
anti-keyhole limpet hemocyanin (KLH) immune re-
sponse and, more importantly, some patients showed
an anti-idiotype CTL response.

In conclusion, despite a large body of evidence
strongly supporting the existence of DC-mediated anti-
tumour effects, many issues related to DC need to be
understood in more detail to allow successful manipula-
tion of the immune system. During recent years, the
number of DC subsets has increased rapidly. DC origi-
nating from different precursors in different tissues
have different functions, and some of them do not acti-
vate the immune system after antigen uptake, proc-
essing and presentation, but induce tolerance. It is es-
sential for the homeostasis of the immune system that
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DC tolerize developing thymocytes [105, 111], as other-
wise autoimmune disease could develop. The fine-
tuned processes controlling the differentiation of DC in
activating or tolerizing APC need to be analysed in
more detail and will help to establish better-designed
vaccine trials based on the use of antigen- or peptide-
pulsed DC.

DNA-based vaccines

A fascinating new approach in the area of developing
strategies for vaccine delivery is based on the use of
naked DNA as vaccine [30, 81]. If DNA-based vaccines
prove to be effective, their simplicity in terms of pro-
duction and use will become a hallmark of vaccine de-
velopment. Standard DNA vaccines consist of the spe-
cific gene or genes of interest cloned into a bacterial
plasmid engineered for optimal expression in eukaryot-
ic cells [29]. Essential features include a strong promot-
er for optimal expression in mammalian cells, an origin
of replication allowing for growth in bacteria, a bacteri-
al antibiotic resistance gene and incorporation of po-
lyadenylation sequences to stabilize mRNA tran-
scripts.

Notably, DNA vaccines also contain specific nucleo-
tide sequences that play a critical role in the immuno-
genicity of these vaccines. This specific motif consists of
an unmethylated cytosine–phosphate–guanosine (CpG)
dinucleotide with optimal flanking regions composed of
two 5b purines and two 3b pyrimidines [48, 87]. Such
motifs are normally unmethylated and are 16- to 20-
fold more common in microbial than in mammalian
DNA [14, 76]. Functionally, these motifs (CpG oligod-
eoxynucleotides, ODN) can directly stimulate multiple
types of immune cells, including monocytes/macro-
phages, DC, B cells and T cells. The ability of CpG
ODN to directly induce professional APCs such as DC
to secrete cytokines such as IL-12, TNF and interferon
(IFN) is critical in their striking enhancement of cellu-
lar immune responses [40, 44, 45, 87]. The use of plas-
mid DNA as a vaccine can address all critical issues si-
multaneously: (a) it provides an immunogenic antigen,
(b) it is processed via MHC class I and II, (c) it stimu-
lates immunological memory and (d) it contains an ad-
juvant [96]. DNA vaccines have been extensively stud-
ied, especially in the field of lymphoma [6, 53, 91]. For
this purpose, DNA plasmids encoding the variable re-
gions of the tumour-specific idiotype have been devel-
oped and studied in animal models. In a study pub-
lished by Syrengelas and Levy [94], a DNA vaccine en-
coding for the lymphoma-specific idiotype followed by
the coding sequence for human granulocyte–monocyte
colony-stimulating factor (GM-CSF) was compared
with conventional methods using the respective protein
for immunization. In this study, the DNA vaccine was
shown to be equivalent in its protective activity against
tumour outgrowth after challenge. However, when the
mechanisms of protection are analysed in more detail,
current evidence suggests that the tumour-protective

effects of GM-CSF-based DNA vaccine constructs can
be largely attributed to idiotype-specific humoral im-
munity. Replacing the GM-CSF moiety by the C frag-
ment of tetanus toxin [42] or chemokines such as INF-
inducible protein 10 or monocyte chemotactic protein 3
[7, 8] generated superior protection against a large tu-
mour challenge (20 times the minimum lethal dose),
based mainly on a strong T cell response. The chemo-
kine approach was even more active than the best
available protein vaccines strengthening again the po-
tential of DNA vaccines.

Recent advances in monitoring tumour-specific immune

responses: prerequisite for meaningful clinical trials

The next question in vaccine development after having
defined the antigen and the route of application to be
used is how to monitor a patient’s immune response in
an optimal fashion after immunization. The develop-
ment of peptide–HLA tetrameric complexes in 1996 [2]
heralded a new era in the study of antigen-specific T
cells and their role in viral infections and malignancy.
For the first time, it became possible to identify antig-
en-specific T cells directly from peripheral blood by la-
belling them with fluorochrome-tagged complexes of
an HLA heavy chain folded around a known epitope
peptide, representing the natural target of the T cells in
vivo. This assay provides a reproducible way of quan-
tifying specific T cells and following them over time. In
the field of monitoring viral infections, peptide-loaded
tetramers have helped to discover that the magnitude
of the virus-specific T cell response was much greater
than previously thought, particularly in the acute stages
of infection [67]. In acute Epstein-Barr virus (EBV) in-
fection, for example, almost 50% of all circulating
CD8c T cells were found to be directed to a single
peptide derived from the EBV lytic cycle [95]. Recent-
ly, initial studies in patients with melanoma have de-
monstrated, for the first time, the quantification and
phenotyping of tumour-specific CTL in metastatic tu-
mours directly ex vivo [82]. Data published by Lee and
co-workers [51] showed that tumour antigen-specific T
cell responses develop in many patients with metastatic
melanoma, accounting for more than 2% of the total
CD8c T cells. MHC/peptide tetramers allow antigen-
specific T cells to be directly sorted and analysed with-
out in vitro stimulation and expansion. This enabled
the group to address the native functional state of the
circulating tumour antigen-specific CD8c T cells in
single patients, demonstrating that these cells were
non-cytolytic in vivo. Moreover, these cells failed to
produce cytokines even after phorbol 12-myristate 13-
acetate (PMA) and ionomycin, thereby demonstrating
functional T cell anergy, which might be an important
mechanism of immune evasion in cancer. Taken togeth-
er, there is increasing evidence that potentially tumour-
reactive T cells in the peripheral circulation of cancer
patients are functionally inactive. In addition, this study
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supported recent findings that the frequency of tumour
antigen-specific T cells in cancer patients has been
grossly underestimated, because only cells that retain
their functional capacities in vivo and in vitro were de-
tected by previously used methods [21].

Romero and co-workers used a different approach
and analysed the functional status of CD8c T cells iso-
lated from tumour-infiltrated lymph nodes (TILN).
They showed that tumour-specific CTL are often pres-
ent in high numbers in TILN, are antigen experienced
and are capable of massive expansion when exposed to
the appropriate cytokines, generating highly tumorici-
dal CTL populations. In their study, the frequency of
Melan-A-specific CTL in freshly isolated TILN ex vivo
was found to be as high as 1 in 30 CD3c CD8c cells.
Given that they only analysed two known tumour epi-
topes and considering that many more epitopes are yet
unknown, it seems likely that tumour-specific CTL may
account for a substantial proportion of the total CD3c
CD8c cells present in TILN. It is also noteworthy that
peptide-specific CTL populations purified from TILN
by flow cytometry sorting were functionally extremely
effective in killing both peptide-pulsed cells and autolo-
gous tumour cells. In contrast to previous methods used
for generating CTL for adoptive immunotherapy, te-
tramer-based sorting methods do not require peptide
stimulation for generation and thus may circumvent the
production of low-avidity CTL due to prolonged expo-
sure to cognate peptide [110]. Clearly, isolation of pep-
tide-specific CTL using tetramers may provide new op-
portunities in adoptive immunotherapy. Tetramers
might therefore be used as very effective tools in moni-
toring clinical trials and for the isolation of highly cyto-
toxic T cell clones.

Conclusions and future directions for research

As outlined in the present review, the progress in vac-
cine development is fast and diverse. New technologies
such as the SEREX method provide researchers and
clinicians with a vast number of potentially useful tu-
mour antigens. The major problem at the moment is
the lack of comparability between the individually
chosen approaches. Since all tumour antigens can be
administered in multiple formats and by many routes,
results obtained in single-institution studies cannot be
compared with each other [62, 104]. Multi-centre stud-
ies are therefore needed in which patients are vacci-
nated according to standardized protocols. Since in
most vaccines trials the patients who are currently en-
rolled have advanced disease, immunological paramet-
ers instead of tumour responses have to be the prime
objectives. To achieve this goal, standardization of im-
munological assays is of high priority to allow the com-
parison of different approaches or even the same ap-
proach performed at different institutions. So far, no
standard procedure exists, and most vaccine centres use
their own protocol for measuring T cell responses by

cytokine release, cytotoxicity assay, ELISPOT and oth-
er techniques. Thus, despite a large body of work in
this area, many tumour vaccine protocols tested to date
have not proven effective or yielded large amounts of
useful information [17, 104]. The tetramer technology
as described above might constitute a first step towards
developing tools to monitor clinical trials that can be
applied under standardized conditions in a larger num-
ber of laboratories.

An open question at the moment is the search for
the most suitable malignancy to be used as a model for
the development of basic vaccine strategies. Since the
first tumour antigens were discovered in melanoma
[102] and a pre-existing T cell immune response can be
demonstrated in some patients [51], most clinical trials
are currently performed in this area. Nevertheless, hae-
matological malignancies may be better suited for the
early development of vaccine approaches. For most
lymphomas, effective first-line treatments exist that al-
low a substantial reduction of tumour cells to a state of
minimal residual disease (MRD). MRD can be moni-
tored by sensitive quantitative molecular assays, since
individual molecular tumour markers, e.g. individual
immune receptor rearrangements, can frequently be
defined. Preventing the regrowth of lymphoma cells by
specifically activating the immune system is feasible, as
demonstrated recently by Bendandi and co-workers [4]
in follicular lymphoma (FL). In this trial, all patients
were in complete remission after chemotherapy, but
their original malignant clone could still be detected by
polymerase chain reaction (PCR). However, after idio-
type vaccination, 8 of 11 patients lacked cells from the
malignant clone in their blood as determined by PCR
and sustained their molecular remissions. Tumour-spe-
cific cytotoxic CD8c and CD4c T cells were uniform-
ly found (19 of 20 patients). Vaccination was thus asso-
ciated with clearance of residual tumour cells from
blood and long-term disease-free survival. Their analy-
sis of molecular response rate provides definitive evi-
dence for an anti-tumour effect of lymphoma-specific
vaccination. In addition, this study supports an initial
report in multiple myeloma [77] indicating that most
patients are able to generate a tumour-specific T cell
response capable of clearing residual tumour cells from
the blood after tumour cytoreduction by chemothera-
py.

The latest development in this area is the combina-
tion of donor lymphocyte infusion (DLI) with idiotype
vaccine strategies in immunoglobulin-positive NHL. As
DLI is based on the capability of the infused leukocytes
to detect and destroy the malignant clone, this immune
response can be boosted by pre-immunizing the donor
with the patient’s idiotype to already generate a strong
T cell response in the immunocompetent donor and to
transfer these primed T cells to the host [12]. However,
standardized trials are required to prove the feasibility
of this approach before the concept of tumour-specific
lymphocyte infusion can enter the field of clinical med-
icine.
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Researchers have to be aware that the present eu-
phoria in the field offers a unique opportunity to test
the fascinating concept of tumour-specific vaccination
in a variety of malignancies. However, as discussed be-
fore, spontaneous tumour regression is known in some
tumour entities and can be correlated with specific ef-
fector mechanisms such as the pre-existence of CTL.
Vaccine trials therefore always have to be interpreted
with caution, keeping in mind that some studies deal
with a biased patient cohort selected on the basis of im-
mune competence [17]. These patients are the ones
who have a good chance of tumour regression and su-
perior performance anyway. Thus only prospective ran-
domized trials will present us with the true picture of
the value of cancer treatment by tumour-specific vacci-
nation.

References

1. Ahmadzadeh M, Hussain SF, Farber DL (1999) Effector
CD4 T cells are biochemically distinct from the memory sub-
set: evidence for long-term persistence of effectors in vivo. J
Immunol 163 :3053–3063

2. Altman J, Moss PAH, Goulder P, Barouch D, McHeyzer-
Williams M, Bell JI, McMichael AJ, Davis MM (1996) Di-
rect visualization and phenotypic analysis of virus-specific T
lymphocytes in HIV-infected individuals. Science
274 :94–96

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

4. Bendandi M, Gocke CD, Kobrin CB, Benko FA, Sternas
LA, Pennington R, Watson TM, Reynolds CW, Gause BL,
Duffey PL, Jaffe ES, Creekmore SP, Longo DL, Kwak LW
(1999) Complete molecular remissions induced by patient-
specific vaccination plus granulocyte–monocyte colony-stim-
ulating factor against lymphoma. Nat Med 5 :1171–1177

5. Bennett SR, Carbone FR, Karamalis R, Flavell RA, Miller
JFAP, Heath WR (1998) Help for cytotoxic-T-cell responses
is mediated by CD40 signalling. Nature 393 :478–480

6. Benvenuti F, Burrone OR, Efremov DG (2000) Anti-idio-
typic DNA vaccines for lymphoma immunotherapy require
the presence of both variable region genes for tumor protec-
tion. Gene Ther 7 :605–611

7. Biragyn A, Kwak LW (1999) B-cell malignancies as a model
for cancer vaccines: from prototype protein to next genera-
tion genetic chemokine fusions. Immunol Rev 170 :115–126

8. Biragyn A, Tani K, Grimm MC, Weeks S, Kwak LW (1999)
Genetic fusion of chemokines to a self tumor antigen in-
duces protective, T-cell dependent antitumor immunity. Nat
Biotechnol 17 : 253–258

9. Boel P, Wildmann C, Sensi ML, Brasseur R, Renauld J,
Coulie P, Boon T, van der Bruggen P (1995) BAGE: a new
gene encoding an antigen recognized by cytolytic T lympho-
cytes. Immunity 2 :167–175

10. Bour H, Horvath C, Lurquin C, Cerottini JC, MacDonald
HR (1998) Differential requirement for CD4 help in the de-
velopment of an antigen-specific CD8c T cell response de-
pending on the route of immunization. J Immunol
160 :5522–5529

11. Brogelli L, Reali UM, Moretti S, Urso C (1992) The prog-
nostic significance of histologic regression in cutaneous me-
lanoma. Melanoma Res 2 :87–91

12. Cabrera R, Diaz-Espada F, Barrios Y, Briz M, Fores R, Bar-
bolla L, Sanjuan I, Regidor C, Penalver FJ, Fernandez MN
(2000) Infusion of lymphocytes obtained from a donor im-
munised with the paraprotein idiotype as a treatment in a
relapsed myeloma. Bone Marr Transplant 25 :1105–1108

13. Cammarota G, Schierle A, Takacs B, Doran D, Knorr R,
Bannworth W, Guardiola J, Sinigaglia F (1992) Identifica-
tion of a CD4 binding site on the b2 domain of HLA-DR
molecules. Nature 356 :799–801

14. Cardon LR, Burge C, Clayton DA, Karlin S (1994) Perva-
sive CpG suppression in animal mitochondrial genomes.
Proc Natl Acad Sci USA 91 :3799–3803

15. Chen YT, Old LJ (1999) Cancer-testis antigens: targets for
cancer immunotherapy. J Sci Am 5 :16–17

16. Davis MM (1995) T-cell receptors. Serial engagement pro-
posed. Nature 375 :104–107

17. De Gruijl T, Curiel DT (1999) Cancer vaccine strategies get
bigger and better. Nat Med 5 :1124–1125

18. Di Nicola M, Lemoli RM (2000) Dendritic cells: specialized
antigen presenting cells. Haematology 85 :202–207

19. Disis ML, Gralow JR, Bernhard H, Hand SL, Rubin WD,
Cheever MA (1996) Peptide-based, but not whole protein,
vaccines elicit immunity to HER-2/neu, oncogenic self-pro-
tein. J Immunol 156 :3151–3158

20. Disis ML, Pupa SM, Gralow JR, Dittadi R, Menard S,
Cheever MA (1997) High-titer HER-2/neu protein-specific
antibody can be detected in patients with early-stage breast
cancer. J Clin Oncol 15 :3363–3367

21. Dunbar PR, Ogg GS, Chen J, Rust N, van der Bruggen P,
Cerundolo V (1998) Direct isolation, phenotyping and clon-
ing of low-frequency antigen-specific cytotoxic T lympho-
cytes from peripheral blood. Curr Biol 8 :413–416

22. Eggert AA, Schreurs MW, Boerman OC, Oyen WJ, de Boer
AJ, Punt CJ, Figdor CG, Adema GJ (1999) Biodistribution
and vaccine efficiency of murine dendritic cells are depend-
ent on the route of administration. Cancer Res
59 :3340–3345

23. Falk K, Rotzschke O, Rammensee HG (1990) Cellular pep-
tide composition governed by major histocompatibility com-
plex class I molecules. Nature 348 :248–251

24. Feltkamp MC, Smits HL, Vierboom MP, Minnaar RP, de
Jongh BM, Drijfhout JW, Ter Schegget J, Melief CJ, Kast
WM (1993) Vaccination with cytotoxic T lymphocyte epi-
tope-containing peptide protects against a tumor induced by
human papillomavirus type 16-transformed cells. Eur J Im-
munol 23 :2242–2249

25. Fernandez JE, Concha A, Aranega A, Ruiz-Cabello F, Ca-
brera T, Garrido F (1991) HLA class I and II expression in
rhabdomyosarcomas. Immunobiol 182 :440–448

26. Freed SZ, Halperin JP, Gordon M (1977) Idiopathic regres-
sion of metastases from renal cell carcinoma. J Urol
118 :538–542

27. Germain RN (1997) T-cell signaling: the importance of re-
ceptor clustering. Curr Biol 7 :640–644

28. Gure AO, Altorki NK, Stockert E, Scanlan MJ, Old LJ,
Chen YT (1998) Human lung cancer antigens recognized by
autologous antibodies: definition of a novel cDNA derived
from the tumor suppressor gene locus on chromosome
3p21.3. Cancer Res 58 :1034–1041

29. Gurunathan S, Klinman D, Seder RA (2000) DNA vaccines:
immunology, application and optimization. Annu Rev Im-
munol 18 :927–974

30. Gurunathan S, Wu CY, Freidag BL, Seder RA (2000) DNA
vaccines: a key for inducing long-term cellular immunity.
Curr Opin Immunol 12 :442–447

31. Hart DN (1997) Dendritic cells: unique leukocyte popula-
tions which control the primary immune response. Blood
90 :3245–3287

32. Hsu FJ, Benike C, Fagnoni F, Liles TM, Czerwinski D, Taidi
B, Engleman EG, Levy R (1996) Vaccination of patients
with B-cell lymphoma using autologous antigen-pulsed den-
dritic cells. Nat Med 2 :52–58

33. Hung K, Hayashi R, Lafond-Walker A, Lowenstein C, Par-
doll D, Levitsky H (1998) The central role of CD4(c) T
cells in the antitumor immune response. J Exp Med
188 :2357–2368



658

34. Ibrahim MAA, Chain BM, Katz DR (1995) The injured cell:
the role of the dendritic cell system as a sentinel receptor
pathway. Immunol Today 16 :181–186

35. Inaba K, Metlay JP, Crowley MT, Steinman RM (1990)
Dendritic cells pulsed with protein antigens in vitro can
prime antigen-specific, MHC-restricted T cells in situ. J Exp
Med 172 :631–640

36. Ingulli E, Mondino A, Khoruts A, Jenkins MK (1997) In
vivo detection of dendritic cell antigen presentation to
CD4c T cells. J Exp Med 185 :2133–2141

37. Jager E, Chen YT, Drijfhout JW, Karbach J, Ringhoffer M,
Jager D, Arand M, Wada H, Noguchi Y, Stockert E, Old LJ,
Knuth A (1998) Simultaneous humoral and cellular immune
response against cancer-testis antigen NY-ESO-1 :definition
of human histocompatibility leukocyte antigen (HLA)-A2-
binding peptide epitopes. J Exp Med 187 :265–270

38. Jager E, Jager D, Karbach J, Chen YT, Ritter G, Nagata Y,
Gnjatic S, Stockert E, Arand M, Old LJ, Knuth A (2000)
Identification of NY-ESO-1 epitopes presented by human
histocompatibility antigen (HLA)-DRB4*0101–0103 and re-
cognized by CD4(c) T lymphocytes of patients with NY-
ESO-1-expressing melanoma. J Exp Med 191 :625–630

39. Jager E, Nagata Y, Gnjatic S, Wada H, Stockert E, Karbach
J, Dunbar PR, Lee SY, Jungbluth A, Jager D, Arand M, Rit-
ter G, Cerundolo V, Dupont B, Chen YT, Old LJ, Knuth A
(2000) Monitoring CD8 T cell responses to NY-ESO-1 :cor-
relation of humoral and cellular immune responses. Proc
Natl Acad Sci USA 97 :4760–4765

40. Jakob T, Walker PS, Krieg AM, Udey MC, Vogel JC (1998)
Activation of cutaneous dendritic cells by CpG-containing
oligodeoxynucleotides: a role for dendritic cells in the aug-
mentation of Th1 responses by immunostimulatory DNA. J
Immunol 161 :3042–3049

41. Jasinska J, Wiltschke C, Brodowicz T, Zielinski CC, Hoff-
mann-Sommergruber K, Zeillinger R (1998) Anti-HER-2/
neu antibodies detected in sera of patients with breast can-
cer, but also in healthy females. Eur J Cancer
34 :2135–2141

42. King CA, Spellerberg MB, Zhu D, Rice J, Sahota SS,
Thompsett AR, Hamblin TJ, Radl J, Stevenson FK (1998)
DNA vaccines with single-chain Fv fused to fragment C of
tetanus toxin induce protective immunity against lymphoma
and myeloma. Nat Med 4 :1281–1286

43. Kirk CJ, Mule JJ (2000) Gene-modified dendritic cells for
use in tumor vaccines. Hum Gene Ther 11 :797–806

44. Klinman DM, Yamshchikov G, Ishigatsubo Y (1997) Contri-
bution of CpG motifs to the immunogenicity of DNA vac-
cines. J Immunol 158 :3635–3639

45. Klinman DM, Yi AK, Beaucage SL, Conover J, Krieg AM
(1996) CpG motifs present in bacteria DNA rapidly induce
lymphocytes to secrete interleukin 6, interleukin 12, and in-
terferon. Proc Natl Acad Sci USA 93 :2879–2883

46. König R, Huang L-Y, Germain R (1992) MHC class II inter-
action with CD4 mediated by a region analogous to the
MHC class I binding site for CD8. Nature 356 :796–798

47. Kohler G, Milstein C (1975) Continuous cultures of fused
cells secreting antibody of predefined specificity. Nature
256 :495–497

48. Krieg AM, Yi AK, Matson S, Waldschmidt TJ, Bishop GA,
Teasdale R, Koretzky GA, Klinman DM (1995) CpG motifs
in bacterial DNA trigger direct B-cell activation. Nature
374 :546–549

49. Kupiec-Weglinski JW, Austyn JM, Morris PJ (1988) Migra-
tion patterns of dendritic cells in the mouse: traffic from the
blood, and T cell-dependent and -independent entry to lym-
phoid tissues. J Exp Med 167 :632–645

50. Lanzavecchia A (1993) Identifying strategies for immune in-
tervention. Science 260 :937–944

51. Lee PP, Yee C, Savage PA, Fong L, Brockstedt D, Weber
JS, Johnson D, Swetter S, Thompson J, Greenberg PD,
Roederer M, Davis MM (1999) Characterization of circulat-
ing T cells specific for tumor-associated antigens in melano-
ma patients. Nature 5 :677–685

52. Leitner WW, Ying H, Restifo NP (1999) DNA and RNA-
based vaccines: principles, progress and prospects. Vaccine
18 :765–777

53. Levy R (1999) 1999 keystone symposium on B lymphocyte
biology and disease: B cell malignancy II session. Biochim
Biophys Acta 29 :43–44

54. Lim SH, Bailey-Wood R (1999) Idiotypic protein-pulsed
dendritic cell vaccination in multiple myeloma. Int J Cancer
83 :215–221

55. Lu Z, Yuan L, Zhou X, Sotomayor E, Levitsky HI, Pardoll
DM (2000) CD40-independent pathways of T cell help for
priming of CD8(c) cytotoxic T lymphocytes. J Exp Med
191 :541–550

56. Luft T, Pang KC, Thomas E, Bradley CJ, Savoia H, Trapani
J, Cebon JA (1998) serum-free culture model for studying
the differentiation of human dendritic cells from adult
CD34c progenitor cells. Exp Hematol 26 :489–500

57. Mandelboim O, Vadai E, Fridkin M, Katz-Hillel A, Feld-
man M, Berke G, Eisenbach L (1995) Regression of estab-
lished murine carcinoma metastases following vaccination
with tumour-associated antigen peptides. Nat Med
1:1179–1183

58. Masurier C, Pioche-Durieu C, Colombo BM, Lacave R, Le-
moine FM, Klatzmann D, Guigon M (1999) Immunopheno-
typical and functional heterogeneity of dendritic cells gener-
ated from murine bone marrow cultured with different cyto-
kine combinations: implications for anti-tumoral cell thera-
py. Immunology 96 :569–577

59. Matzinger P (1994) Tolerance, danger and the extended
family. Annu Rev Immunol 12 :991–1045

60. Mitchell MS (1991) Attempts to optimize active specific im-
munotherapy for melanoma. Int Rev Immunol 7 :331–347

61. Murphy GP, Tjoa BA, Simmons SJ, Ragde H, Rogers M,
Elgamal A, Kenny GM, Troychak MJ, Salgaller ML, Boyn-
ton AL (1999) Phase II prostate cancer vaccine trial: report
of a study involving 37 patients with disease recurrence fol-
lowing primary treatment. Prostate 39 :54–59

62. Nestle FO, Alijagic S, Gilliet M, Sun Y, Grabbe S, Dummer
R, Burg G, Schadendorf D (1998) Vaccination of melanoma
patients with peptide- or tumor lysate-pulsed dendritic cells.
Nat Med 4 :328–332

63. Neumann E, Engelsberg A, Decker J, Storkel S, Jaeger E,
Huber C, Seliger B (1998) Heterogeneous expression of the
tumor-associated antigens RAGE-1, PRAME, and glyco-
protein 75 in human renal cell carcinoma: candidates for T-
cell-based immunotherapies? Cancer Res 58 :4090–4095

64. Nishimura MI, Avichezer D, Custer MC, Lee CS, Chen C,
Parkhurst MR, Diamond RA, Robbins PF, Schwartzentru-
ber DJ, Rosenberg SA (1999) MHC class I-restricted recog-
nition of a melanoma antigen by a human CD4c tumor in-
filtrating lymphocyte. Cancer Res 59 :6230–6238

65. Noguchi Y, Richards EC, Chen YT, Old LJ (1995) Influence
of interleukin 12 on p53 peptide vaccination against estab-
lished Meth A sarcoma. Proc Natl Acad Sci USA
92:2219–2223

66. Norment AM, Salter RD, Parham P, Engelhard VH, Litt-
man VH (1988) Cell-cell adhesion mediated by CD8 and
MHC class I molecules. Nature 336 :79–81

67. Ogg GS, McMichael AJ (1998) HLA-peptide tetrameric
complexes. Curr Opin Immunol 10 :393–396

68. Old LJ (1981) Cancer immunology: the search for specificity.
G.H.A. Clowes Memorial Lecture. Cancer Res 41 :361–375

69. Old LJ (1996) Immunotherapy for cancer. Sci Am
9:136–143

70. Old LJ, Chen YT (1998) New paths in human cancer serolo-
gy. J Exp Med 187 :1163–1177

71. Paglia P, Chiodoni C, Rodolfo M, Colombo MP (1996) Mu-
rine dendritic cells loaded in vitro with soluble protein prime
cytotoxic T lymphocytes against tumor antigen in vivo. J
Exp Med 183 :317–322

72. Pardoll DM, Topalian SL (1998) The role of CD4c T cell
responses in antitumor immunity. Curr Opin Immunol
10 :588–594



659

73. Perez M, Cabrera T, Lopez Nevot MA, Gomez M, Peran F,
Ruiz-Cabello F, Garrido F (1986) Heterogeneity of the ex-
pression of class I and II HLA antigens in human breast car-
cinoma. J Immunogenet 13 :247–253

74. Peyrat JP, Bonneterre J, Lubin R, Vanlemmens L, Fournier
J, Soussi T (1995) Prognostic significance of circulating P53
antibodies in patients undergoing surgery for locoregional
breast cancer. Lancet 345 :621–622

75. Proctor J, Rudenstam CM, Alexander P (1973) Increased in-
cidence of lung metastases following treatment of rats bear-
ing hepatomas with irradiated tumour cells and the benefical
effect of Corynebacterium parvum in this system. Biomed
19 :248–252

76. Razin A, Friedman J (1981) DNA methylation and its possi-
ble biological roles. Prog Nucl Acid Res Mol Biol
25 :33–52

77. Reichardt VL, Okada CY, Liso A, Benike CJ, Stockerl-
Goldstein KE, Engleman EG, Blume KG, Levy R (1999) Id-
iotype vaccination using dendritic cells after autologous pe-
ripheral blood stem cell transplantation for multiple myelo-
ma – a feasibility study. Blood 93 :2411–2419

78. Restifo NP (1998) Cancer vaccines ’98 :a reductionistic ap-
proach. Mol Med Today 4 :327–328

79. Riddell SR, Greenberg PD (1995) Principles for adoptive T
cell therapy of human viral diseases. Annu Rev Immunol
13 :545–586

80. Ridge JP, DiRosa F, Matzinger P (1998) A conditioned den-
dritic cell can be a temporal bridge between a CD4c T-
helper and a T-killer cell. Nature 393 :474–478

81. Robinson HL (1999) DNA vaccines: basic mechanism and
immune responses. Int J Mol Med 4 :549–555

82. Romero P, Dunbar PR, Valmori D, Pittet M, Ogg GS, Ri-
moldi D, Chen JL, Liénard D, Cerottini JC, Cerundolo V
(1998) Ex vivo staining of metastatic lymph nodes by class I
major histocompatibility complex tetramers reveals high
numbers of antigen-experienced tumor-specific cytolytic T
lymphocytes. J Exp Med 188 :1641–1650

83. Rosenberg SA, Yang JC, Schwartzentruber DJ, Hwu P,
Marincola FM, Topalian SL, Restifo NP, Dudley ME,
Schwarz SL, Spiess PJ, Wunderlich JR, Parkhurst MR, Ka-
wakami Y, Seipp CA, Einhorn JH, White DE (1998) Immu-
nologic and therapeutic evaluation of asynthetic peptide vac-
cine for the treatment of patients with metastatic melanoma.
Nat Med 1998 4 :321–327

84. Sahin U, Tureci O, Pfreundschuh M (1997) Serological iden-
tification of human tumor antigens. Curr Opin Immunol
9 :709–716

85. Sahin U, Tureci O, Schmitt H, Cochlovius B, Johannes T,
Schmits R, Stenner F, Luo G, Schobert I, Pfreundschuh M
(1995) Human neoplasms elicit multiple specific immune re-
sponses in the autologous host. Proc Natl Acad Sci USA
92:11810–11813

86. Salter RD, Benjamin H, Wesley PK, Buxton SE, Garrett
TPJ, Clayberger C, Krensky AM, Norment AM, Littman
DR, Parham P (1990) A binding site for the T-cell co-recep-
tor CD8 on the a3 domain of HLA-A2. Nature 345 :41–46

87. Sato Y, Roman M, Tighe H, Lee D, Corr M, Nguyen MD,
Silverman GJ, Lotz M, Carson DA, Raz E (1996) Immunos-
timulatory DNA sequences necessary for effective intrader-
mal gene immunization. Science 273 :352–354

88. Scanlan MJ, Gordan JD, Williamson B, Stockert E, Bander
NH, Jongeneel V, Gure AO, Jager D, Jager E, Knuth A,
Chen YT, Old LJ (1999) Antigens recognized by autologous
antibody in patients with renal-cell carcinoma. Int J Cancer
83 :456–464

89. Schoenberger SP, Toes REM, Van der Voort EIH, Offringa
R, Melief CJM (1998) T-cell help for cytotoxic T lympho-
cytes is mediated by CD40-CD40L interactions. Nature
393 :480–483

90. Shibata HR, Jerry LM, Lewis MG, Mansell PW, Capek A,
Marquis G (1976) Immunotherapy of human malignant me-
lanoma with irradiated tumor cells, oral Bacillus Calmette-
Guerin, and levamisole. Ann NY Acad Sci 277 :355–366

91. Stevenson FK (1999) DNA vaccines against cancer: from
genes to therapy. Ann Oncol 10 :1413–1418

92. Stockert E, Jager E, Chen YT, Scanlan MJ, Gout I, Karbach
J, Arand M, Knuth A, Old LJ (1998) A survey of the humo-
ral immune response of cancer patients to a panel of human
tumor antigens. J Exp Med 187 :1349–1354

93. Swain S (1983) T cell subsets and the recognition of MHC
class. Immunol Rev 74 :129–142

94. Syrengelas AD, Levy R (1999) DNA vaccination against the
idiotype of a murine B cell lymphoma: mechanism of tumor
protection. J Immunol 162 :4790–4795

95. Tan LC, Gudgeon N, Annels NE, Hansasuta P, O’Callaghan
CA, Rowland-Jones S, McMichael AJ, Rickinson AB, Cal-
lan MF (1999) A re-evaluation of the frequency of CD8c T
cells specific for EBV in healthy virus carriers. J Immunol
162 :1827–1835

96. Tighe H, Corr M, Roman M, Raz E (1998) Gene vaccina-
tion: plasmid DNA is more than just a blueprint. Immunol
Today 19 :89–97

97. Timmerman JM, Levy R (1999) Dendritic cell vaccines for
cancer immunotherapy. Annu Rev Med 50 :507–529

98. Trowsdale J (1993) Genomic structure and function in the
MHC. Trends Genet 9 :117–122

99. Tureci O, Sahin U, Zwick C, Neumann F, Pfreundschuh M
(1999) Exploitation of the antibody repertoire of cancer pa-
tients for the identification of human tumor antigens. Hybri-
doma 18 :23–28

100. Tureci O, Schmitt H, Fadle N, Pfreundschuh M, Sahin U
(1997) Molecular definition of a novel human galectin which
is immunogenic in patients with Hodgkin’s disease. J Biol
Chem 272 :6416–6422

101. Valitutti S, Muller S, Cella M, Padovan E, Lanzavecchia A
(1995) Serial triggering of many T-cell receptors by a few
peptide-MHC complexes. Nature 375 :148–151

102. Van der Bruggen P, Traversari C, Chomez P, Lurquin C, De
Plaen E, Van den Eynde B, Knuth A, Boon T (1991) A gene
encoding an antigen recognized by cytolytic T lymphocytes
on a human melanoma. Science 254 :1643–1647

103. Van den Eynde B, Peeters O, De Backer O, Gaugler B, Lu-
cas S, Boon T (1995) A new family of genes coding for an
antigen recognized by autologous cytotoxic T lymphocytes
on a human melanoma. J Exp Med 182 :689–698

104. Vermorken JB et al. (1999) Active specific immunotherapy
for stage II and stage III human colon cancer: a randomized
trial. Lancet 353 :345–350

105. Volkmann A, Zal T, Stockinger B (1997) Antigen-pres-
enting cells in the thymus that can negatively select MHC
class II-restricted T cells recognizing a circulating self antig-
en. J Immunol 158 :693–706

106. Wallack MK, Steplewski Z, Koprowski H, Rosato E,
George J, Hulihan B, Johnson J (1977) A new approach in
specific, active immunotherapy. Cancer 39 :560–564

107. Ward RL, Hawkins NJ, Coomber D, Disis ML (1999) Anti-
body immunity to the HER-2/neu oncogenic protein in pa-
tients with colorectal cancer. Hum Immunol 60 :510–515

108. Werner JA, Gottschlich S, Folz BJ, Goeroegh T, Lippert
BM, Maass JD, Rudert H (1997) p53 serum antibodies as
prognostic indicator in head and neck cancer. Cancer Immu-
nol Immunother 44 :112–116

109. Yee C, Gilbert MJ, Riddell SR, Brichard VG, Fefer A,
Thompson JA, Boon T, Greenberg PD (1996) Isolation of
tyrosinase-specific CD8c and CD4c T cell clones from the
peripheral blood of melanoma patients following in vitro
stimulation with recombinant vaccinia virus. J Immunol
157 :4079–4086

110. Yee C, Riddell SR, Greenberg PD (1997) Prospects for ad-
optive T cell therapy. Curr Opin Immunol 9 :702–708

111. Zal T, Volkmann A, Stockinger B (1994) Mechanisms of to-
lerance induction in major histocompatibility complex class
II-restricted T cells specific for a blood-borne self-antigen. J
Exp Med 180 :2089–2099


