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Summary

The clinical successes of adaptive transfer of in vitro-expanded antigen-specific CD8* T cells isolated

from patients’ tumors has demonstrated that effector cells of the adaptive immune system can

effectively eliminate even large tumor masses. Nevertheless, cancer vaccines that aim to expand such

CD8™* T cells in situ have had remarkably little success in spite of numerous attempts. Recent
advances in basic immunology have revealed layers of complexity controlling activation and

maintenance of adaptive immune responses that are tightly controlled by immunoinhibitory pathways
to avoid horror autotoxicus. During tumor progression the activities of negative pathways increase

and together with cancer immune evasion tactics presumably prevent induction of an efficacious
immune response by cancer vaccines that solely provide more antigen to an already suppressed
system. Cancer vaccines may thus need to readjust the imbalance of the cancer patients’ immune
system by inhibiting immunoinhibitors; such regimens have shown pre-clinical efficacy and are now
entering clinical trials hopefully ending the Kafkaesque futility of cancer vaccines.

Introduction

Vaccines to cancer unlike those to infectious agents face a distinct set of challenges. Vaccines
to pathogens in general are given prophylactically to an immunologically naive individual with
the goal to induce potent and sustained immune responses that will provide protection against
an infection that may occur in the future. For most viruses neutralizing antibodies correlate
with protection and they can be induced by attenuated or inactivated virions, virus-like
particles, adjuvanted proteins or other types of vaccines.

Vaccines to cancer in contrast are meant as therapeutics for individuals with tumors that are
large enough for detection and not curable by other means such as surgery. Cancer vaccines
thus unlike preventative vaccines aim to induce immunity in an individual whose immune
system has experienced the antigens but is unable to mount immune responses that effectively
eliminate the transformed cells. Most tumor-associated antigens (TAA) that could form the
basis for therapeutic vaccines are in the cytoplasm or nucleus not readily accessible to
antibodies [1]. Cancer vaccines are thus in general designed to elicit T cell responses but for
some exceptions where cell surface molecules on tumor cells may serve as specific targets.

Cancer vaccines are theoretically immensely appealing for their potential to replace
therapeutics with high toxicity and a relative lack of precision with a highly targeted immune
response that very specifically eliminates tumor cells while causing little or no harm to normal
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cells. Unfortunately, although commonly effective in experimental animals, cancer vaccines
have had little success in humans with advanced disease [2]. Notwithstanding, in some types
of cancers such as melanoma, adoptive transfer of in vitro expanded CD8" T cells isolated
from the patients’ tumors combined with partial myeloablation can eliminate massive
malignancies when transferred back into the patients [3] while in contrast vaccines that aim to
induce or expand such CD8* T cells in vivo are ineffective. Notwithstanding, the success of
adoptive T cell transfer clearly shows that the immune system can indeed cause tumor
regression and that thus active cancer immunotherapy should be an attainable goal. Lack of
success thus far may reflect impairments of the patients’ tumor-specific immune mechanisms
that prevent vaccine-induced expansion of high quality tumor antigen-specific CD8* T cells.
Vaccines to cancer thus have to be formulated to not only express TAAs for induction or
expansion of a potent T cell response but also to overcome immune dysfunctions and inhibitory
pathways evoked during tumor progression.

Status quo

Two vaccines commonly viewed as cancer vaccines have been licensed. Both are prophylactic
vaccines against viral proteins, i.e., hepatitis B surface antigen for prevention of hepatocellular
carcinoma [4] and virus particles formed by L1, the major capsid protein of human
papillomavirus (HPV), to prevent cervical cancer [5]. These two types of vaccines that are
highly effective are primarily anti-viral vaccines, which block infections through the induction
of neutralizing antibodies. Thus far not a single therapeutic cancer vaccine has been licensed
although Provenge, a vaccine based on dendritic cells (DCs) transduced to expressed
granulocyte macrophage colont-stimulaying factor (GM-CSF) and prostatic acid phosphatase
(PAP) shows a modest survival benefit of ~ 4 months in end-stage prostate cancer patients
[6] and is expected to be approved in 2010 for use in the US by the Food and Drug
Administration (FDA).

A cancer vaccine based on an idiotypic antibody mixed with GM-CSF prolongs time to relapse
in patients with follicular lymphomas [7] and may be licensed in the near future. Another
vaccine using synthetic long peptides of HPV-16 E6 and E7 oncoproteins mixed with
incomplete Freund’s adjuvant administrated in women with HPV-16—positive high-grade
vulvar intraepithelial neoplasia induced T cell responses in all vaccinated women. Moreover,
79% of the patients showed clinical responses and 5 in 20 patients showed complete regression
of their lesions [8]. Despite recent advances, the paucity of potential vaccines is not due to lack
of effort but rather reflects a lack of success; the NCI website
(http://www.cancer.gov/clinicaltrials) lists a total of 610 completed clinical trials for cancer
vaccines and many more are in pre-clinical development.

Cancer and the Immune System

Why has the scientific community failed to generate efficacious cancer vaccines although
numerous TAAs that could serve as targets have been identified? One would assume that at
the initial stages of tumor development TAAs are largely ignored by the immune system, as
they are not presented by mature professional antigen presenting cells (APCs). Once a tumor
grows and causes damage to the surrounding tissue or becomes in part necrotic, inflammatory
reactions are triggered driving maturation of APCs, which at this stage should presentthe TAAs
and initiate adaptive immune responses that eliminate the tumor. Indeed in healthy individuals
T cells are apparently able to eliminate tumor cells early on before diagnosis, as there is ample
evidence that some types of cancer, especially those caused by viral oncoproteins, are less
common in immunocompetent individuals [9].

The argument could be made that TAAs are as a rule poorly immunogenic. They are commonly
differentiation antigens or mutated self-antigens to which the patient’s immune system is
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tolerant [9]. Others such as those from oncogenic viruses are foreign and should more readily
induce potent T cell responses. However many of those are short polypeptides such as the E6
and E7 oncoproteins of HPV that may lack potent epitopes while others such as those from
herpes viruses encode proteins that allow them to avoid detection or destruction by the immune
system [10]. Tumors actively suppress induction or effector functions of T cells [11]; they
secrete inhibitory cytokines such as prostaglandins, TGF-f, IL-10 and vascular endothelial
growth factors [12,13], they down-regulate molecules that are part of the antigen presentation
pathway such as MHC class | molecules [14] or TAP [15], they up-regulate anti-apoptotic
molecules, such as Bcl-X(L), Mcl-1, c-1AP1, XIAP or survivin [16] and molecules that can
kill or subvert effector T cells such as FasL [17] or members of the B7 family (PD-L1, B7-H3
or B7-H4, [18]) and expand T cells with immunoinhibitory functions, such as
CD4*CD25*FoxP3* Tregs [19]. In addition TAA-specific CD8* T cells may lose function
over time and differentiate towards exhaustion as a reflection of chronic antigenic exposure
similar to T cells found in chronic viral infection [20], although experimental evidences have
thus far not demonstrated T cell exhaustion during cancer progression [21].

Animal Models for Pre-Clinical Testing of Cancer Vaccines

Initial pre-clinical testing of cancer vaccines, especially those that aim to induce protective T
cell responses is generally conducted in inbred strains of mice, which are genetically well
defined and for which reagents for analyses of vaccine immunogenicity are in ample supply.
Therapeutic cancer vaccines have thus far been tested mainly in so-called transplantable tumor
cell models. Protection achieved in transplantable tumor models most likely paints an unduly
optimistic picture as such models fail to take into account that slowly progressing tumors have
profound effects on the adaptive immune system.

Advances in molecular biology have allowed for the engineering of transgenic mice, which
develop cancers in specific tissues due to overexpression of oncoproteins or deletion of tumor
suppressor genes (Mouse Models for Human Cancers Consortium, http://mouse.ncifcrf.gov).
Conditional deletions of proteins crucial for cell cycle control allows for a further refinement
of such models [22,23]. Models based on cancer-prone mice should allow for a more realistic
assessment of the immunogenicity and efficacy of cancer vaccines.

Traditional Cancer Vaccines

A multitude of vaccine prototypes has been tested for induction of cellular immune responses
to TAAs [24-27]. These have included peptides, adjuvanted proteins, DNA vaccines and viral
replicons, viral or bacterial recombinant vaccines, and antigen- or RNA-pulsed DCs or tumor
cells modified to express cytokines, chemokines or other immunomodulatory factors [28].
Vaccines have been combined with immunoactivating agents or with chemotherapy [29] and
many of these regimens showed efficacy in animal models but then failed in clinical trials. The
justifiable argument has been made that addition of more antigen delivered by a vaccine in
context of immunostimulation to a cancer patient who is already bathed in antigen and
commonly at the time of immunization has mounted a detectable albeit ineffective TAA-
specific T cell response may be imprudent [30].

Cancer Vaccines that Target Immunoinhibitory Pathways

The outcome of an antigenic stimulus is tightly controlled by positive and negative signals
delivered at the molecular and cellular level. Negative and positive signals are supplied by
members of the B7 family [31] such as B7.1 (CD80) or B7.2 (CD86), which afford co-
stimulation to T cells expressing CD28 while inhibiting those expressing CTLA-4 (CD152).
B7-H2 (ICOS-L) imparts both activating and suppressing signals through interactions with
ICOS while B7-H1 (PD-L1), B7-DC (PD-L2), B7-H3 (B7RP-2) and B7-H4 (B7x,B7S1) are
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inhibitory [32-34]. B7 family members are expressed on mature APCs and many can be
detected on non-lymphoid cells and within tumors [18]; the latter is assumed to favor tumor
progression by reducing efficacious immune responses and potentially expanding inhibitory
Tregs. Treatments that combine TAA vaccines with agents that interfere with
immunoinhibitory B7 molecules, such as blockers of CTLA-4 or PD-1/PD-L1/L 2 interactions
have yielded promising pre-clinical results [35,36], and are now undergoing clinical testing
[35].

Members of the tumor necrosis factor family, such as the herpesvirus entry mediator (HVEM)
modulate immune responses [37]. HVEM triggers activation upon binding to LIGHT or
lymphotoxin-a (LTa), while ligation through a distinct HYEM domain to the B and T
lymphocyte attenuator (BTLA) or CD160 imposes suppressive signals. HVEM is expressed
on APCs and Tregs; interactions between HVEM on APCs and BTLA on T cells dampens the
response during antigenic stimulation [38] while binding of BTLA on T effector cells to HVEM
on Tregs can cause immunoinhibition at a later stage [39]. CD160 unlike BTLA is not expressed
on naive T cells and presumably affects already activated T cells [40], such as those
differentiating towards exhaustion, which is hallmarked by a gradual increase in the expression
of immunoinhibitors, such as PD-1, LAG-3, CD160 and others [41]. Interactions between
HVEM and BTLA/CD160 can be blocked by the N-terminal domain of the herpes simplex
virus (HSV) glycoprotein D (gD, [42,43]). Vaccines that express antigens as fusion proteins
with the C terminus of gD induce higher T and B cell responses and may rescue T cells rendered
tolerant or ineffective by chronic antigenic exposure unlike those that express solely the antigen
[42].

Tumor cells secrete cytokines, such as IL-10 and TGF-B, and chemokines, such as CCL2 or
CCL12, which reduce functions of effector T cells and in part augment Treg responses [12,
44]. Blockade of such factors results in higher TAA-specific T cell responses and a reduction
in Tregs and could be combined with active immunization [45]. Tregs, presumably belonging
preferentially to the subset of adaptive Tregs, commonly accumulate within a tumor
microenvironment and are associated with poor prognosis. The use of agents that eliminate or
inactivate Tregs, such as antibodies to specific surface markers or denileukin diftitox, a fusion
protein consisting of IL-2 and diphtheria toxin, have shown pre-clinical and clinical successes
and are being combined with active immunotherapy [46].

Cancer Vaccines for the Aged

Another predicament of cancer vaccines needs to be considered. The elderly constitute an
increasing portion of the human population and cancer is primarily a disease of the elderly.
Aging is accompanied by immunosenescence, a general impairment of most aspects of innate
and adaptive immunity, resulting in an increased susceptibility to infectious agents and
presumably cancer and an inability to mount protective immune responses to vaccines [47].

Primary B cell responses in the elderly are commonly low and short-lived [48], germinal center
formation is decreased, antigen transport is impaired and the follicular dendritic cells’ capacity
to form antigen depots is reduced [49,50]. Auto-antibodies are more common and the B cell
repertoire is less diverse. T cells show clonal senescence, their potential for expansion and their
ability to produce certain cytokines or to respond to cytokines decreases. The proportion of T
cells with a memory cell phenotype increases while numbers of naive T cells decrease.
CD4* T cells, show reduced expression of essential co-stimulatory receptors [51-53].
Stimulation with new antigens appears to result in shortened immunological memory [54]. The
T cell repertoire looses diversity [55,56]. Effects of aging on inhibitory pathways of the immune
system remain understudied.
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Mouse studies have shown that expression levels of co-inhibitory molecules, such as PD-1,
ICOS, CTLA-4, Tim-3, LAG-3 and KLRG-1, increase on CD4* T cells with aging [57,58].
Our studies did not reveal significant differences in imunoinhibitory markers on antigen-
specific CD8* T cells [59] and vaccines that expressed gD together with the antigen enhanced
CD8* T cell responses in young as well as in aged mice. Although numbers of regulatory T
cells appear to increase with age [60], auto-immunity is more common suggesting that
inhibitory pathways may become impaired [61]. The causes underlying immunosenescence
remain understudied and a better understanding of the effects of aging on inhibitory pathways
may affect the efficacy of vaccines in their most common target population. It should also be
pointed out that the elderly are a very heterogeneous population, ranging from those that are
healthy and functionally independent to those that are frail and functionally impaired.
Accordingly, immune responses in the aged are by far more variable than those in young
individuals, which add an additional layer of complexity to the interpretation of vaccine trials
in such cohorts.

Conclusion

Considering the profound effects of progressing tumors on the adaptive immune responses,
which in many aspects resembles that of chronic infection to which therapeutic vaccines are
direly needed but thus far elusive as well, cancer vaccines need to be formulated to not only
provide TAAs but also agents that readjust a system whose equilibrium is tilted strongly
towards suppression of the responses the vaccines seek to expand. Genetically engineered mice
that show a high incidence of predictable cancers may aid the intelligent design of such vaccine.
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Figure 1.

T cell activation requires two signals; signal one is delivered through the T-cell receptor (TCR)
by its engagement with a peptide—major histocompatibility complex (MHC), and signal two
is delivered by engagement of either B7 family members or other co-stimulatory/co-inhibitory
molecules, which are involved in fine-tuning T cell responses [31]. The binding of CD80 (B7.1)
and CD86 (B7.2) to CD28 or CTLA-4 can lead to co-stimulation or co-inhibition signaling,
respectively. Engagement of inducible costimulatory (ICOS) molecule and its ligand ICOSL
can provide both negative and positive signals. The PD-1:PD-L1/PD-L2 pathway has inhibition
effects on T cells. PD-L2 has also been shown to mediate co-stimulatory signals; however, its
receptor has not been identified [31]. Lymphocyte-activation gene 3 (LAG-3) has been
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associated with inhibitory signaling through interactions with the TCR-CD3 complex [62].
HVEM can send positive or negative signals upon interaction with LIGHT and LTa or BTLA
and CD160, respectively [63]. Recent studies have shown B7-H3 as a co-stimulator and co-
inhibitor of T cell responses, while B7-H4 is a negative regulator of T cell responses. The
receptors for B7-H3 and H7-H4 have not yet been identified [31]. Secondary signaling provided
by B7 family members are also involved in the network of interactions between the tumor—
stroma tissue and T cells. Human tumor cells have been reported to express co-inhibitory
molecules, such as ICOSL, B7-H3, B7-H4, PD-L1 and PD-L2 [18,64,65]. Tregs also express
co-inhibitory molecules, such as LAG-3, CTLA-4, ICOS, HVEM and PD-L1 [18]. *Blockage
of these molecules has been shown to enhance in vivo anti-tumor immunity [36,42,62,64,65].
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