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Abstract

Background—~Cancer vaccines are a unique approach to cancer therapy. They exert an
antitumor effect by engaging the host immune response, and have great potential for
circumventing the intrinsic drug resistance that limits standard cancer management. Additional
advantages of cancer vaccines are exquisite specificity, low toxicity, and the potential for a
durable treatment effect due to immunologic memory.

Objectives—This review aims to consider the promise of cancer vaccines, review the current
state of cancer vaccine development, and suggest directions for future research.

Methods—The scope of this review was defined peer-reviewed information found on Medline,
and information found on the Internet about Phase 11 clinical trials that are ongoing and not yet
published.

Results/conclusions—Multiple Phase 11 clinical trials have demonstrated the promise and
challenges posed by therapeutic vaccines, and defined the next steps in their clinical development.
Determining the optimal integration of cancer vaccines with chemotherapy, radiation, surgery, and
biologically targeted therapies, defining predictive biomarkers of immunologic and clinical
response, and combining tumor vaccines with new drugs that effectively modulate the antitumor
immune response, will ensure that cancer vaccines become part of standard cancer therapy and
prevention.
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1. Background

Cancer is a major cause of morbidity and mortality worldwide. Over 10 million new cancer
diagnoses and 7 million cancer-related deaths occurred in the year 2000 [1]. Moreover, the
global incidence of cancer is expected to increase, with up to 15 million new cases and 12
million deaths expected in the year 2020 [2]. Factors impacting cancer incidence and
prevalence include the demographic shift in the population toward older ages, improvements
in screening and diagnosis, the use of tobacco and other substances, infectious agents, and
the adoption of the Western lifestyle by developing nations [3]. Concerted efforts to
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optimize the use of surgery, radiation, chemotherapy, and endocrine manipulation have
resulted in substantial improvements in the morbidity and mortality associated with cancer
in Western societies, but developing countries have more limited access to optimized cancer
therapies. Furthermore, additional improvements in clinical outcomes with these therapies
are unlikely due to mechanisms of therapeutic resistance that are fundamental to the
transformed tumor cell. The limited access to healthcare endemic to developing countries,
together with the barrier of drug resistance limiting progress in Westernized societies, argues
for a radically different approach to cancer therapy and prevention.

Using cancer vaccines to harness the power of the cancer patient's own immune system is a
highly attractive and innovative approach to cancer management. The use of immunization
to prevent acute infectious diseases is one of the great achievements of modern medicine.
Prophylactic vaccines have essentially eradicated smallpox and polio, and have dramatically
decreased the morbidity and mortality associated with multiple other infectious diseases.
Notably, a number of malignancies are associated with infectious diseases (Table 1), with
infections accounting for the development of almost 25% of cancers in developing countries
and up to 10% of cancers in developed countries [4,5]. Notably, tumors involving the cervix,
stomach, and liver account for the highest incidence and mortality of cancers with infectious
etiologies [6].

Although vaccines have been quite successful for preventing infectious disease, therapeutic
immunization in the setting of established, chronic disease, including both chronic infections
and cancer, has been much less successful. This difference is related to multiple factors.
First, the immune response to acute and chronic disease is quite different. Humoral
immunity (the antibody response) is essential for controlling and eradicating acute
infections, whereas cellular immunity (the T-cell response) is responsible for eradicating
established cancers and chronically infected host cells. Second, the immune system
recognizes acute infections as foreign in an environment with limited immunoregulatory
pathways to limit the response. In contrast, it recognizes chronically infected or transformed
cells in the context of established immunoregulatory pathways that maintain a parasitic
relationship between the affected cell and the host. Third, the burden of infected or
transformed host cells frequently exceeds the extent of the immune response, thereby
limiting the clinical impact of immunization for significant burdens of established, chronic
disease. A final challenge for the development of both prophylactic and therapeutic cancer
vaccines is that, in contrast to infectious disease, the pivotal antigens that serve as targets for
the immune response to neoplasms remain largely unknown.

Attempts to manipulate the immune system for cancer therapy date back to 1893, when
William Coley reported the regression of soft-tissue sarcomas in patients with acute
bacterial infections. Based on this observation, he tested the intravenous administration of
bacterial extracts to stimulate tumor-specific immune responses [7]. Although there was
evidence of tumor regression, this nonspecific activation of the immune response was
associated with serious side effects. Recent progress in our understanding of the molecular
and cellular basis of immunity has greatly facilitated the growth of immunotherapy. The
mechanisms by which the immune response is initiated and controlled are known in
substantial detail. As a result, the field is poised to become a major modality of cancer care.

It is now clear that, in the presence of a pro-inflammatory or danger signal, activated
professional antigen-presenting cells (APC) initiate CD4* and CD8" T-cell responses by
capturing, endocytosing, and processing tumor antigens released by tumor cells. These
antigens are processed by the endosome into MHC Class I1-binding peptides of 12 — 20
amino acids, and by the proteosome into MHC Class I-binding peptides of 8 — 10 amino
acids [8]. The transporter of antigen processing (TAP) transfers the MHC Class | peptide
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epitopes to the endoplasmic reticulum, where they associate with MHC Class | molecules
and are translocated to the cell surface. Professional APC simultaneously present tumor
antigens to both CD4* and CD8* T cells in the context of MHC Class Il and MHC Class I,
respectively, effectively cross-priming the antigen-specific immune response [9]. Activated
CD4™* T cells initiate and amplify the CD8" T-cell response directly by providing co-
stimulatory cytokines, and indirectly by upregulating a number of co-stimulatory molecules
on the APC that provide accessory signals for T-cell activation. Activated CD8* T cells then
acquire the potential to migrate to tumor sites and lyse tumor cells [10]. Alternatively,
transformed tumor cells may present tumor antigens directly to CD8* and/or CD4* T cells,
resulting in tumor-specific immunity. Notably, in a quiescent environment devoid of an
inflammatory or danger signal, critical co-stimulatory molecules are not upregulated on
either the APC or the tumor cell, resulting in downregulation of the tumor-specific T-cell
response [11]. The context in which a tumor antigen is detected by the immune system at the
time of immune priming and activation thus has profound implications for nature of the
ensuing response, and thus the clinical development of vaccine-based strategies for cancer
treatment and prevention.

The success of immunization in infectious diseases suggests that the identification of pivotal
antigens for immune-mediated tumor rejection will facilitate the development of highly
targeted and effective tumor vaccines for cancer management. The suitability of a candidate
antigenic target for cancer immunotherapy is determined by multiple factors: its tissue
expression profile; the diversity, scope, and avidity of the antigen-specific T cell repertoire;
the presence or absence of pre-existing immune tolerance; and the commonality of the tumor
antigen between patients and diverse tumor types [12]. Given the clear importance of T cells
in the antitumor immune response, tumor antigen identification efforts have historically
focused on T cell targets. However, increasing evidence suggests that B cell-mediated
immunity (in addition to other components of the immune system) may be important for
tumor rejection [13,14]. Thus, antigen discovery efforts have shifted toward the
identification of antigens that elicit both B cell and T cell immunity. The distinct types of
tumor antigens are summarized in Table 2.

Distinct vaccine platforms incorporate tumor antigens in different ways to activate tumor
immunity. Vaccines can be highly targeted, such as peptide-based vaccines, or less well-
defined, such as whole tumor cells or tumor cell lysates. In general, vaccine platforms are
designed to specifically manipulate B cells, T cells, or professional APC [15]. Humoral
immunity can be activated by vaccinating with carbohydrate antigens delivered by whole
tumor cells or as conjugates with proteins such as keyhole limpet hemocyanin (KLH). T-cell
immunity can be induced directly by the vaccine, either by genetically modifying tumor
cells themselves to express co-stimulatory molecules for direct antigen presentation, or by
modifying professional APC to express tumor antigens by gene transfer or direct antigen
loading. T cells can also be activated indirectly by the sustained local delivery of cytokines
to recruit professional APC to the site of antigen deposition in vivo. The systematic screen of
a panel of cytokines in murine models identified the cytokine granulocyte-macrophage
colony-stimulating factor (GM-CSF) as the most potent in inducing antitumor immunity
[16]. GM-CSF-secreting tumor vaccines have been tested in numerous Phase | and Il
clinical trials in patients with melanoma, renal cell carcinoma, prostate cancer, pancreatic
cancer, and breast cancer. These trials have demonstrated the safety and bioactivity of this
approach, and have suggested the potential for clinical benefit. Phase 11 clinical trials of this
vaccination strategy are currently underway in prostate cancer.
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2. Medical need

Cancer has long been managed with surgery and radiation therapy for local control, and with
cytotoxic chemotherapy and endocrine manipulation to manage micrometastatic disease and
overt disease relapse. These therapies are typically combined in sequential fashion in order
to achieve the best control of disease. Concerted efforts to optimize these therapies over the
last 20 — 30 years have substantially improved both the morbidity associated with cancer
treatment, and the mortality rates associated with the disease. However, radiation,
chemotherapy, and endocrine therapy modulate aspects of tumor cell biology that are also
present in normal tissues, although usually to a lesser extent. This imprecise specificity
creates a narrow therapeutic window for these treatment strategies, and one major limitation
to their true efficacy is the collateral damage to normal tissues incurred with treatment.
Moreover, the rate of cure is still too low. Disease relapse is generally due to the outgrowth
of tumor cell clones inherently resistant to these standard therapies. Therefore, the second
major limitation to the efficacy of standard therapy is intrinsic drug resistance. These two
barriers to further gains in clinical outcome argue for innovative cancer treatment strategies
that can more precisely target the transformed tumor cell or the process of tumor growth,
and that have more limited toxicities for normal tissues. Molecularly targeted therapy has
asserted itself as the next major revolution in cancer therapy. These drugs very precisely
target the growth and regulatory pathways that are required for transformation and
metastasis, and are thus quite potent with limited side effects. Two prototypical examples of
new biologically targeted therapeutics are the small molecule tyrosine kinase inhibitor
imatinib mesilate (Gleevec) and the monoclonal antibody trastuzumab (Herceptin). Imatinib
targets the BCR-ABL tyrosine kinase that underlying the evolution of chronic myelogenous
leukemia (CML) [17], and trastuzumab interacts specifically with the HER-2/neu
transmembrane tyrosine kinase overexpressed by 20 — 30% of breast cancers [18]. These
two drugs have revolutionized the treatment of their respective diseases, with responses that
are higher and sometimes more durable than those associated with most traditional therapies.
However, the efficacy of these highly targeted drugs will ultimately be limited by the
outgrowth of tumor cell clones that are either inherently resistant to them, or that have
acquired resistance during the course of treatment. Supporting this concept, there is a
growing literature on therapeutic resistance to both imatinib and trastuzumab [19,20].
Fundamental drug resistance thus represents a fixed barrier to the efficacy of all types of
systemic cancer therapy developed to date. It is clear that a radically different approach to
cancer treatment will be needed to break this barrier down, further decreasing the burden of
morbidity and mortality caused by cancer worldwide.

Cancer vaccines represent a unique approach to cancer therapy that alters the interaction of
the host and the tumor, enlisting the patient's own immune system to recognize, attack, and
destroy tumors. It is possible that immune-based therapy will not by stymied by the drug
resistance embedded within signaling pathways active within the tumor cell. Additionally, a
high degree of specificity is a cardinal feature of the immune response, thus minimizing the
likelihood of undesirable side effects associated with therapy. Importantly, the immunologic
memory response represents perhaps the greatest advantage of immune-based therapy, as
establishing an effective memory response would achieve a durable therapeutic effect
independent of repetitive cycles of therapy. Moreover, this feature of immune-based therapy
identifies it as perhaps the ideal approach to cancer prevention. Thus, tumor vaccines have
great potential for the treatment and prevention of cancer.

3. Existing treatments

Cancer vaccines currently have a very limited role in cancer management. In the summer of
2006, a landmark event in the development of cancer vaccines occurred when the US FDA
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approved gardasil, the first vaccine specifically approved for cancer prevention [21].
Gardasil is a quadrivalent vaccine that can prevent cervical cancer, precancerous genital
lesions and genital warts due to infection with the human papillomaviruses (HPV) types 6,
11, 16 and 18. The vaccine is approved for use in females aged 9 — 26 years, and prevents
90% of infections in vaccinated women. Moreover, it prevents 100% of high-grade
squamous intraepithelial lesions (SILs) associated with HPV 16 and 18, and 100% of genital
warts associated with HPV 6 and 11 [22]. It is composed of noninfectious virus-like
particles (\VLPs) that contain the viral L1 protein, triggering an antibody response that
neutralizes the targeted virus types at the time of initial exposure, thereby preventing
infection with HPV and the subsequent development of cervical cancer [23].

Cervical cancer is the second highest cause of cancer death in women worldwide, with
approximately 500,000 new cancers and > 288,000 associated deaths in 2006 [24].
Importantly, cervical cancer is most prevalent in disadvantaged populations or in developing
countries, where access to screening and early intervention is limited. Therefore, this drug
highlights the potential that global access to cancer vaccines for disease prevention might
have in the future for cervical cancer, as well as other types of tumors. The prevalence of
infection-associated cancers in the developing world highlights the magnitude of the benefit
to global public health that would be achieved by prophylactic cancer vaccines. The delivery
of this healthcare intervention to underserved populations, both in the United States and
worldwide, represents a major challenge for the future. Improved access will ultimately be
facilitated by reduced manufacturing cost, the need for fewer vaccine administrations to
achieve protection (the currently approved schedule is three vaccines at 0, 2, and 6 months),
second-generation vaccine formulations with enhanced stability in ambient temperatures,
and simpler delivery systems [25]. Additionally, pharmaceutical companies, charitable
foundations, and governmental agencies will need to work together to effectively
disseminate these vaccines to those underserved areas where they will have the greatest
impact.

At this time, three therapeutic cancer vaccines are available on a very limited basis. Bacille
Calmette-Guérin (BCG) is an attenuated form of Mycobacterium tuberculosis, and is used to
treat superficial bladder cancer. It produces complete responses in > 50% of patients with
superficial papillary tumors, and in > 70% of patients with carcinoma in situ. Instillation of
BCG directly into the bladder is thought to create an inflammatory response that promotes
the development of antitumor immunity. Therapeutic cancer vaccines are in very limited use
outside the United States and Europe. Melacine, a melanoma vaccine developed by Corixa,
was launched in Canada in 2001 but did not move forward in the United States and Europe
due to inadequate Phase 111 data. AVAX Technologies developed M-Vax, a therapeutic
dinitrophenyl (DNP)-modified tumor cell vaccine for melanoma that was launched in
Australia in 2000. It is used for Stage 111 melanoma. Northwest Biotherapeutics, a
pharmaceutical company based in the United States, was granted permission by authorities
in Switzerland to continue developing an individualized dendritic cell-based vaccine for
glioblastoma (DC-Vax-Brain) in that country [26]. Specifically, the company was granted
permission to export patient cells from Switzerland to the United States, and then transport
the vaccine from the United States to Switzerland. This vaccine consists of patient-specific
dendritic cells harvested by leukopheresis, then expanded and matured in vitro. The
dendritic cells are then loaded with autologous glioblastoma cell lysates, and administered
intradermally to the patient.

4. Current research goals

The goal of current cancer vaccine development is to induce clinically relevant antitumor
immune responses by delivering high-quality tumor antigens in an environment that breaks
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immune tolerance. To this end, a variety of tumor antigen delivery methods have been tested
in combination with distinct immunologic adjuvants as discussed above. Notably, clinical
success to date has been minimal due to the limited potency of current vaccine formulations,
suboptimal patient selection for clinical testing, and lack of information about the
immunologic correlates of vaccine-induced immunity that are clinically relevant.

5. Scientific rationale

A number of distinct cancer vaccine platforms are under active clinical development. They
may be based on molecular biology, targeting distinct antigens that are delivered as peptide,
protein, or as genetically engineered plasmid DNA vectors, viruses, or bacteria.
Alternatively, they may be based on cell biology, utilizing patient-derived dendritic cells,
autologous tumor cells or tumor cell lysates, or allogeneic tumor cells. The different types of
tumor vaccine formulations are considered briefly below.

5.1 Peptide plus adjuvant

Perhaps the simplest cancer vaccine formulation consists of peptide delivered intradermally
with an immunologic adjuvant [27]. This vaccine strategy requires knowledge of relevant
tumor antigens, and that the relevant MHC Class | and MHC Class 1l epitopes within those
antigens be defined. Sometimes these epitopes will overlap within a small span of the
protein sequence, but other times these epitopes will be separated in distinct domains of the
target antigen, or will be derived from different antigens from the tumor to be treated.

This vaccine platform has a number of advantages over other types of cancer vaccines.
Manufacturing peptides on a large scale is easy and inexpensive. They are easily
characterized and analyzed for purity, facilitating both excellent quality control and
regulatory approval. They can be stored freeze-dried at ambient temperature, which
facilitates storage, transport, and dissemination. This is particularly germane to
underdeveloped countries, where limited resources will prohibit access to more complex
immunotherapeutics. Peptide vaccines are safe, with no potential for reassortment, infection,
or recombination. Deleterious sequences that may promote transformation or autoimmunity
can be specifically excluded.

Drawbacks include the weak immunogenicity of simple peptides, and the requirement that
the patient have the appropriate HLA type. Immunogenicity can be improved by introducing
lipid, carbohydrate, or phosphate groups, introducing protease-resistant peptide bonds to
regulate their processing and prolong their half-life in vivo, or by combining the peptide with
adjuvants (conjugation to biological macromolecules (keyhole limpet hemocyanin), ligands
of toll-like receptors (TLR), recombinant cytokines (GM-CSF, interleukin-12), oil-emulsion
adjuvants, polysaccharide adjuvants, and alum). Although a number of peptide vaccines are
under active investigation for the management of infectious disease, cancer, autoimmune
disease, allergy, and Alzheimer's, none has yet been approved for commercial use.

5.2 Plasmid DNA

Plasmid DNA immunization is another relatively simple platform for cancer vaccine
development [28]. As with peptide vaccines, sufficient knowledge of relevant target antigens
must exist to engineer the plasmid vector to contain the appropriate gene sequences. Unlike
peptide vaccines, the relevant epitopes do not need to be defined, nor is the vaccine limited
to particular HLA types, as the protein product will be processed in vivo by host APC. They
are inherently immunogenic due to the presence of immune-stimulating CpG motifs that can
bind TLR.
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Like peptide-based vaccines, plasmid DNA vaccines are characterized by ease of
manufacturing, low cost, relative safety, and ease of distribution in underserved areas and
developing economies. Nevertheless, their activity has been limited by low immunogenicity
in vivo. This can be improved by combining these plasmid DNA vaccines with adjuvants
(described above), or by using more sophisticated delivery methods by gene gun techniques
or electroporation. Alternatively, the plasmid DNA vector might be engineered to contain
regulatory sequences that promote the expression of very high levels of the gene product of
interest.

5.3 Recombinant virus

Recombinant viral vectors represent a third strategy by which to deliver defined tumor
antigens using gene transfer. These vectors include replication-defective pox viruses,
adenoviruses, adeno-associated viruses, herpesviruses, and retroviral or lentiviral vectors.
Unlike plasmid DNA vectors, the immunogenic potential of this platform is high. However,
the potential for toxicity is also high, and is related to the risk of a productive infection,
recombination with other infectious viruses, or endogenous retroviruses. The regulatory
environment for this gene transfer platform remains complex, making the manufacturing and
commercial development process more cumbersome.

5.4 Recombinant bacteria

Recombinant bacteria offer a fourth strategy by which to deliver defined tumor antigens
using gene transfer. The antigen delivery platforms include Listeria monocytogenes,
Salmonella typhimurium, Shigella, and Mycobacterium bovis BCG. Both the immunogenic
potential and the likelihood of toxicity with this vaccination strategy is quite high. These
gene transfer platforms remain in early-phase clinical trials.

5.5 Dendritic cell vaccines

Dendritic cells (DCs) are professional APC, and as such deliver the most potent stimulation
of naive T cells. Accordingly, DCs represent a highly attractive vaccine platform [29].
Activated DCs express high levels of MHC Class | and 11 molecules for priming CD8* and
CD4* T cells, respectively, and additionally provide potent co-stimulatory signals for T-cell
activation. By providing a source of tumor antigen for these cells to present, it should
therefore be possible to induce a potent tumor-specific immune response using tumor
antigen-loaded DC.

Despite the inherent advantages of this vaccine platform, a number of issues have limited
their clinical development. First, DCs are heterogeneous, and can be phenotypically
classified as myeloid and plasmacytoid DCs [30]. Functionally, these are classified as type 1
(DC1) and type 2 (DC2), which favor the evolution of T-helper type 1 or type 2 cells,
respectively [31,32]. These distinctions suggest that it is prudent to select the type of DC
that will generate T-helper type 1 immunity, which is thought to be critical for the immune
response to cancers.

DCs can be obtained directly from the peripheral blood, or derived from peripheral blood
precursors such as CD14* monocytes or CD34* hematopoietic precursors. Peripheral blood
DCs are difficult to obtain in quantities sufficient to support repetitive vaccination protocols,
and are frequently functionally defective when obtained from cancer patients [33,34].
Monocyte-derived DCs can be generated in larger quantities but require a maturation step to
ensure immune activation rather than immune tolerance. CD34* precursor-derived DCs are
more cumbersome to derive in large quantities due to the extensive purification required to
generate sufficient numbers of precursor cells. Once established, however, these cells can be
easily expanded to very large numbers in vitro. They appear to be at least as potent as
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monocyte-derived DCs in inducing antitumor immunity [35,36]. Regardless of source, DCs
intended for vaccination should have viability > 70%, good purity, and adequate maturation
status by phenotype and function. They can be loaded with antigen in the form of peptide,
protein, mMRNA, viral vector-mediated gene transfer, and tumor cells or their lysates;
alternatively, DCs can be fused directly to whole tumor cells.

5.6 Tumor cell vaccines

Vaccines derived from whole tumor cells have the advantage of delivering a diverse panel of
tumor antigens, both known and unknown, which provides CD8* and CD4" T-cell epitopes.
Because tumor cells are not inherently immunogenic, they generally must be modified in a
fashion that enhances their immunogenicity [37]. Generally, this can be accomplished by
genetic, viral, or chemical modification, or by the co-delivery of a strong adjuvant like BCG.
Tumor cells may directly prime the immune response by presenting endogenous peptide—
MHC complexes, or indirectly cross-prime the immune response in a process where DCs
process and present antigen delivered by the tumor cells. These vaccines can be composed
of autologous tumor cells, or allogeneic tumor cells. While the former are attractive, since
they can deliver antigens that may be unique to an individual's tumor and can also directly
prime the antitumor immune response, they are usually difficult to obtain in sufficient
quantities and a timely fashion. Allogeneic tumor cells are an alternative that circumvents
these practical limitations. It is possible to use allogeneic tumor cells as a source of antigen,
not only because tumors have overlapping antigen expression profiles (or shared antigens)
[38-43], but also because the tumor antigen-specific immune response can be initiated by
cross-priming [9,44,45], bypassing the need to match the MHC haplotype of the patient to
the vaccine platform.

To enhance their immunogenicity, tumor cells can be genetically modified to induce
apoptosis by the transfer of inducible suicide gene (adenoviral herpes simplex virus
thymidine kinase (HSVTK) [46]), or by overt viral infection with agents like the Newcastle
disease virus [47]. Alternatively, they can be modified more specifically by gene transfer to
express costimulatory molecules such as CD80, CD86, or cytokines like interleukin-2,
interleukin-4, interleukin-12, interferon- vy, transforming growth factor- p, and GM-CSF
[37]. Notably, a seminal study systematically compared the immunologic bioactivity of a
variety of immune-stimulating molecules (cytokines, co-stimulatory molecules, and
adhesion proteins) expressed by the poorly immunologic B16-F10 melanoma tumor cell line
[16]. These genes were transferred to B16-F10 using a replication-defective retroviral
vector, ensuring that expression levels of the molecules of interest were both high-level and
consistent across the vaccine panel. Mice were immunized with these genetically modified
irradiated tumor cells, and then challenged with a lethal dose of live B16-F10 tumor cells 2
weeks later. There was variability in the extent of protection across the panel, but GM-CSF-
secreting tumor cells clearly induced the greatest level of protection, with 100% of mice
remaining tumor-free. Based on this result, considerable resources have been dedicated to
the preclinical and clinical development of GM-CSF-secreting tumor cell vaccines [48].

5.7 Heat-shock protein and exosome-based vaccines

Heat-shock proteins (HSPs) derived from tumor cells, including gp96, hsp90, hsp70,
calreticulin, hsp110, and hsp170, have potent immunogenicity [49]. The chaperone function
of HSPs leads to their association with immunogenic peptides specific to the tumor [50].
HSPs prime the immune response by binding to the CD91 receptor (and possibly others) on
antigen-presenting cells [51,52]. This results in both delivery of the antigenic payload and
maturation of the APC for effective priming of T and B cell immunity. This process also
activates natural killer cells.
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Exosome-based vaccines are another platform activating tumor immunity [53]. An exosome
is a non-plasma membrane-derived vesicle that reflects a process whereby internal vesicles
fuse with the plasma membrane, and are then released into the external environment as
exosomes. Exosomes can be derived directly from DCs themselves (DEX), priming the
immune response by the transfer of MHC:peptide complexes to naive DC in vitro. Notably,
it is possible to enhance the immunogenicity of DEX by deriving them from DC matured by
lipopolysaccharide (or another maturation stimulus) rather than from DC not exposed to a
maturation stimulus [54]. Alternatively, exosomes can be derived directly from tumor cells
(TEX), which contain the antigenic payload (MHC Class I, HSP, and tumor antigens).
Notably, TEX have the potential to induce immune tolerance [55]. Therefore, they should be
pulsed onto DC matured ex vivo, or be derived from heat-activated tumor cells to stimulate
tumor immunity rather than inhibit it [56].

6. Competitive environment

Although there are substantial ongoing efforts to develop effective therapeutic cancer
vaccines, none has yet been approved for clinical use in the United States and Europe.
Current vaccine formulations in late stage clinical development are summarized in Table 3.
Many additional cancer vaccines are in Phase Il clinical trials, or earlier stages of clinical
development.

6.1 Peptide/small epitope vaccines

One study tested a conjugated ganglioside (GM2-KLH) plus the immunologic adjuvant
QS-21 in 880 patients with Stage 11B and 111 melanoma after surgical resection [57]. Patients
were randomized to receive the vaccination, or to receive high-dose interferon- a2B. This
study showed that interferon- a2B was superior to vaccine, with a p value of 0.009 for
overall survival (OS). Another study tested the Theratope vaccine in a Phase 111 trial of 1028
women with metastatic breast cancer. This study randomized 505 women to receive
cyclophosphamide with KLH, and 523 women to receive cyclophosphamide with STn-
KLH. No differences in time to disease progression (TTP) or OS emerged [58]. However,
exploratory analyses revealed a trend toward improved TTP and OS in the setting of
concomitant hormone therapy [59], and the association of an improvement in median OS
specifically in those who developed greater than average median IgG titers for naturally
clustered STn antigens [60]. Other Phase 111 clinical trials are testing peptide-based vaccines
specific for the universal tumor antigen telomerase (GV1001) and the melanoma antigen
gp100.

6.2 Plasmid DNA/recombinant virus/recombinant bacteria

No Phase 11 clinical trials have been completed. Therion Biologics is currently conducting a
Phase 11 clinical trial of PANVAC-VF, which is a viral vector that delivers the
carcinoembryonic antigen (CEA) and mucin-1 (MUC-1) in combination with the three
costimulatory molecules ICAM-1, B7.1, and LFA-3.

6.3 Dendritic cell vaccines

Dendreon conducted a placebo-controlled, randomized Phase 111 study of Provenge
(sipuleucel-T), a dendritic cell-based vaccine loaded with prostate acid phosphatase fused to
GM-CSF, enrolling 127 patients with asymptomatic metastatic hormone-refractory prostate
cancer (HRPC) in a 2:1 randomization to receive three infusions of the vaccine (n = 82) or
placebo (n = 45) [61]. There was no improvement in the primary end point of TTP, but a
modest improvement of median survival, at 25.9 months for those receiving sipuleucel-T
compared with 21.4 months for those receiving placebo (p = 0.01). The vaccine was well
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tolerated. Notably, the United States FDA asked for further clinical data to support approval
of this drug, and additional Phase 111 clinical trials are underway.

A second large randomized Phase 111 clinical trial was conducted comparing autologous
peptide-pulsed dendritic cells with dacarbazine (DTIC) for the first-line treatment of patients
with metastatic melanoma [62]. At the first interim analysis, 55 patients had been treated
with DTIC, and 53 had been treated with the vaccine. The objective response rates were
low, at 5.5 and 3.8%, respectively, and did not differ statistically between the arms. The data
safety and monitoring board therefore recommended closure of the study.

An exploratory analysis suggested a benefit for vaccine in patients with an outstanding
performance status (Karnofsky = 100) or and HLA-A2 or HLA-B44 haplotype. These trends
warrant further investigation.

6.4 Tumor cell vaccines

Several large clinical trials have been conducted testing tumor cell vaccines in multiple
cancers. One Phase 11 study tested an allogeneic melanoma tumor cell vaccine in 194
patients with metastatic melanoma after complete resection, some of whom had previously
received the vaccine on another trial [63,64]. Patients were randomized to vaccine alone, or
vaccine plus BCG. Although there was no primary difference between the arms, there was
improved survival in relapsed patients who were reinduced with more frequent vaccinations,
and who received more BCG (p = 0.0178). A second Phase I11 study tested an allogeneic
melanoma tumor vaccine in 689 patients with Stage 1B/IIA melanoma after resection,
randomizing them to observation alone compared to vaccination [65,66]. There was no
difference between the arms, although there was a statistically significant improvement in
survival in HLA-A2 and HLA-C3 individuals who were vaccinated (p = 0.004). A third
Phase 111 study tested this allogeneic melanoma tumor vaccine in 604 patients with resected
Stage 111 melanoma, randomizing them to receive either 2 years of treatment with the
vaccine in combination with low-dose interferon- a2B or high-dose interferon- a2B alone
for 1 year [67]. There was no difference on OS or relapse-free survival (RFS) between the
arms. The Eastern Cooperative Oncology Group conducted a Phase 111 clinical trial of an
autologous colon cancer vaccine given with BCG in patients with Stage Il and 111 colon
cancer after resection, randomizing 412 patients to vaccination compared to observation
[68]. There were no differences in clinical outcome between the arms, although survival was
improved if the vaccine site reaction was > 1 cm in size (p = 0.003 for OS). A randomized
Phase I11 clinical study in organ-confined renal cell carcinoma was conducted in 558
patients assigned to nephrectomy alone, or nephrectomy followed by vaccination [69]. The
5-year and 70-month progression-free survival rates were 77.4 and 72% for the vaccine
group, compared to 67.8 and 59.3% in the control group. Thus, there appears to be a benefit
for tumors > 2.5 cm in size.

6.5 Heat-shock protein/exosome vaccines

Two Phase |1 clinical trials of heat-shock protein vaccines have been completed [49]. One
study is a randomized, international, multicenter, open-label trial comparing nephrectomy
alone to nephrectomy followed by tumor-derived gp96 vaccination. This study included 728
patients, of whom 604 were evaluable for the primary end point of recurrence-free survival.
Preliminary results favor the treatment arm. The second study enrolled 322 patients with
stage IV melanoma, randomizing them to treatment with tumor-derived gp96 or physician's
choice at a 2:1 randomization favoring vaccination. Preliminary results suggest no
difference between the arms.
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7. Potential development issues

The academic and pharmaceutical research communities have worked with regulatory
agencies in the United States in a concerted effort to identify key challenges for the
successful clinical development of cancer vaccines, and to propose solutions for these
challenges [70]. The primary components of the drug development process that may require
special consideration due to the distinction between the formulation and unique mechanism
of action of therapeutic cancer vaccines compared to most other cancer drugs can be
classified into four major areas:

1. Technical and developmental challenges for product development.
2. Clinical trial design and statistical methods.

3. Clinical and immunologic clinical trial end points.

4

Challenges for developing combination therapy that incorporates cancer vaccines
with established cancer therapeutics or novel immune immune-modulating drugs in
an additive or synergistic fashion.

8. Conclusions

The field of active immunotherapy has made substantial progress since the days of William
Coley. Improvements in the tools of biotechnology, progress in our understanding of the
pathways regulating immune activation and tolerance, and greater understanding of tumor
biology itself have resulted in the development of a variety of promising tumor vaccine
platforms. Initial clinical trials have shown these vaccines to be safe, with hints of promising
immunologic and clinical activity. Because tumor vaccines have a distinct mechanism of
action compared with most cancer therapeutics, and induce a therapeutic host response
rather than directly exerting an antitumor effect, careful consideration must be given to
clinical trial design. Testing tumor vaccines earlier in disease, where disease burdens are
minimal and immune tolerance may be less formidable, should be a priority. Both
immunologic and clinical end points should be included in trial designs. Because the host
response is therapeutic, not the vaccine itself, the time necessary for the host response to
develop should be considered when designing clinical studies and determining the rules for
taking patients off study. Perhaps most importantly, tumor vaccines should be rationally
incorporated into the standard of care such that standard treatments do not inhibit, and
preferably enhance, vaccine-induced antitumor immunity. Taking this concept to the next
level, cancer vaccines should be combined with standard cancer therapeutics in a way that
immune tolerance is blunted, or immune activation is enhanced, thereby generating a
synergistic treatment effect.

9. Expert opinion

Emerging opportunities for combining tumor vaccines with standard cancer therapies or
targeted immunoregulatory checkpoint modulators that amplify immunity in a targeted
fashion are the wave of the future. There are numerous opportunities for partnering tumor
vaccines with various classes of drugs.

9.1 Chemotherapy

Integrating tumor vaccines strategically with distinct chemotherapeutic agents can modulate
immunity in a variety of ways [71,72]. The impact of chemotherapy on tumor immunity can
be both dose- and sequence-dependent, so it is important to strategically develop
combinations based on the underlying immunoregulatory mechanism [71]. For example,
cyclophosphamide (CY) can abrogate the suppressive influence of CD4*CD25*-regulatory
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T cells, thereby promoting the recruitment of high-avidity CD8* T cells to the antitumor
immune responses in the absence of CY-induced lymphopenia [73]. This occurs when CY is
given before but not after vaccination [74]. Alternatively, doses of CY that induce
lymphopenia promote the homeostatic proliferation of antigen-specific lymphocytes by
removing cytokine sinks and inhibiting CD4*CD25*-regulatory T cells [75]. Additionally,
chemotherapy can render tumor cells more visible to the immune system [72]. Treatment
with doxorubicin or oxaliplatin results in the secretion of high-mobility-group box 1
(HMGB1) alarmin protein by dying tumor cells, and the HMGB1-mediated activation of
toll-like receptor 4 (TLR4) expressed by dendritic cells [76]. This activates TLR4/MyD88
signaling, augmenting the processing and cross-presentation of antigens released from dying
tumor cells. Also, treatment with anthracyclines or mitoxantrone results in the translocation
of calreticulin to the tumor cell surface, triggering phagocytosis by dendritic cells [77].
Chemotherapy can also promote tumor immunity by modulating the expression of tumor
antigens and co-stimulatory molecules, and modulating the tumor-associated vasculature
[78].

9.2 Monoclonal antibodies that target tumor cell biology

Combining tumor vaccines with therapeutic monoclonal antibodies (mAb) that target tumor
cell biology is another promising avenue for combination immunotherapy. For example,
trastuzumab is a humanized mAb specific for the human epidermal growth factor receptor-2
(HER-2), a proto-oncogene overexpressed by 20 — 30% of human breast cancers [79]. It is
part of the standard treatment of both early and late-stage HER-2" breast cancers [79], and
decreases the likelihood of disease relapse after diagnosis and treatment by about 50%
[80,81]. It modulates immunity in multiple ways, including promoting antibody-dependent
cellular cytotoxicity (ADCC), enhancing HER-2 processing and presentation, and thus
CD8™* T-cell activity, and promoting apoptosis [82]. Combining trastuzumab-like mAbs with
a GM-CSF-secreting, HER-2* tumor vaccine in neu transgenic mice increased both HER-2-
specific CD8" T-cell immunity and tumor-free survival compared to mAb or vaccine
treatment alone [83]. Clinical trials testing this concept are underway.

Rituximab, a MAD specific for the B cell-specific molecule CD20, also has immune-
modulating potential. It mediates ADCC [84], promotes tumor cell apoptosis [85], inhibits
STAT-3 signaling indirectly through decreasing interleukin-10 production [86], and depletes
B cells with potential for suppressing tumor immunity [87]. Bevacizumab, a mAb specific
for the immunosuppressive cytokine vascular endothelial growth factor (VEGF), also has
promise in combination with vaccines due to its potential for improving DC function by
neutralizing VEGF activity [88].

9.3 Monoclonal antibodies that target immunologic checkpoints

Specifically targeting the critical checkpoints for T-cell activation is clearly the future of
combination immunotherapy [89]. Agonists that push the T-cell response forward by
amplifying positive signaling pathways, or antagonists that release the brake on developing
T-cell activation, can be combined with tumor vaccines to maximize tumor immunity.
Signaling through CD40, a molecule expressed on DCs, B cells, and monocytes, activates
antigen presentation. Agonistic CD40 MAb substitute for T-cell help in animal models, and
can trigger effective immune responses against tumor antigens [90,91].

Importantly, a humanized CD40-specific MAb was well tolerated in 29 solid-tumor patients
[92]. Side effects were limited primarily to mild fever and chills, and four patients displayed
a partial response. Treatment also transiently depleted CD19* B cells, with an upregulation
of co-stimulatory molecules on B cells remaining after treatment. Together, these preclinical
and human data support combining this agent with tumor vaccines. Similarly, OX40
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signaling supports the activation, expansion, and survival of antigen-specific CD4* and
CD8™* T cells [93]. Further, treating tumor-bearing neu mice with OX40 MAb and a GM-
CSF-secreting tumor vaccine augments HER-2-specific CD8* T-cell immunity and tumor-
free survival [94]. A Phase I clinical trial of an OX40-specific MAb is ongoing.

Other immune checkpoint modulators under active preclinical and/or clinical investigation
include those that target the co-stimulatory molecules 41BB and PD-1. The most extensively
tested immune checkpoint modulators are antagonistic mAbs specific for CTLA4.
Combining CTLA4 blockade with GM-CSF-secreting tumor vaccines produces a synergistic
antitumor effect compared to either alone [95,96], promoting the accumulation of CD8*
effector T cells within the T microenvironment [97]. Multiple clinical trials have tested two
distinct CTLAA4-specific mAbs (ipilimumab and tremilumumab). As a single agent,
ipilimumab has an objective response rate of about 14% [98,99]; adding IL-2 to the MAb in
melanoma patients increases the objective response rate to about 22% (additive due to both
agents) [100]. Interestingly, there is a significant rate of immune breakthrough events
(IBEs), with a statistically significant association between IBEs and clinical benefit [101].
Similar clinical responses and toxicities have been observed with tremelimumab [102].
Importantly, one study reported the combination of escalating doses of ipilimumab in 19
patients with high-risk Stage 3 and 4 melanomas vaccinated with three melanoma peptides
emulsified in Montanide ISA51 [103]. Autoimmune colitis developed in three patients, and
there was again an association between IBEs and clinical benefit. Clinical trials combining
ipilimumab with GM-CSF-secreting vaccines in men with prostate cancer are ongoing in
Europe.

9.4 Modifying the tumor microenvironment to enhance vaccine efficacy

It is now clear that, even when an effective systemic immune response is established, it is
frequently shut down by suppressive forces at the tumor site itself. For example, the
expression of the counter-regulatory molecules B7-H1 and B7-H4 within the tumor
microenvironment antagonizes tumor-infiltrating T cells either by causing T-cell apoptosis,
or by inhibiting the function of CD8*-effector T cells [104-106]. Strategies for blocking
signaling through these molecules could promote T-cell activity at the tumor site, and are
under active study. In addition, a unique population of myeloid suppressor cells accumulates
in the setting of cancer, and these cells can block cytotoxic T lymphocytes by generating
nitric oxide (via inducible nitric oxide synthase) or deplete the environment of arginine (via
arginase 1); the simultaneous expression of both metabolic alterations causes frank T-cell
apoptosis [107]. Another enzymatic pathway that inhibits T-cell activity within the tumor
microenvironment is indoleamine 2,3' dioxygenase (IDO), which can induce arrested T cells
to acquire a regulatory T-cell phenotype [108]. In addition, tumor cells themselves can
produce a number of factors that promote the development of regulatory T cells (COX-2 and
prostaglandin E2 (PGEZ2)) or myeloid suppressor cells (GM-CSF and VEGF), or inhibit the
activity of dendritic cells (IL-10, TGF- B, VEGF). This frequently results in upregulation of
the signal transducer and activator of transcription 3 (STAT3) pathways, preventing
dendritic cell maturation [107-110]. Finally, tumors frequently down-regulate pivotal tumor
antigens and essential components of antigen processing pathways (MHC Class | molecules,
proteosome subunits, and the transporter associated with antigen processing (TAP)
transporter) [111], leading to multiple levels of immune escape.

The promise of combination immunotherapy is great, as harnessing the immunoregulatory
potential of both traditional cancer drugs and newer targeted immunomodulators is sure to
have a meaningful clinical impact. The future will bring new successes and new challenges.
For example, harnessing the activity of the innate immune system through adjuvants of
microbial origin (CpG oligonucleotides that target TLR9), or even microbial antigen
delivery vectors (Listeria monocytogenes) might further augment the adaptive tumor-
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ecific immune response induced by vaccination [112]. Thoughtful, integrated drug

development plans are essential to maximize the safety and efficacy of these innovative
therapeutic strategies.
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Table 1

Infections associated with cancer development

Tumor type

Infectious agent

Cervical cancer

Head and neck cancer

Hepatocellular carcinoma

Burkitt's lymphoma

Post-transplant lymphoproliferative disease
Nasopharyngeal carcinoma

Gastric cancer

Primary effusion lymphoma

T-cell leukemia

Kaposi's sarcoma

Human papilloma virus

Human papilloma virus

Hepatitis B virus, Hepatitis C virus
Epstein-Barr virus

Epstein-Barr virus

Epstein-Barr virus

Helicobacter pylori

Human herpes virus 8

Human T-cell leukemia virus 1 and 2

Kaposi's sarcoma-associated herpes virus
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Table 2
Tumor antigens
Antigen type Antigen Tumor type
Universal tumor antigens Telomerase, hTERT, survivin, mdm-2, All

Cancer testis antigens

Tissue-specific differentiation products

Mutated gene products

Overexpressed self-antigens

Idiotypes

CYP-1B1

MAGE, BAGE, RAGE, GAGE, NY-ESO-1

PSA

Tyrosinase, Mart-1/Melan-A, gp100, trp-1,

trp-2
CDK-4-R24C
B-catenin

p53

k-ras

ber-abl
MUM-1
HER-2/neu
Proteinase-3
Mucin-1
WT-1
MART-1/melan-A
Mesothelin

lg, TCR

Breast, prostate, testicular, bladder, melanoma,
gastric, esophageal, hepatocellular, renal, lung, head

and neck
Prostate

Melanoma

Renal

Colon

Colon, breast, lung

Colon, pancreas, lung, esophageal
Leukemia

Leukemia

Breast

Leukemia

Multiple myeloma, pancreas, gastric, breast

Leukemia

Melanoma

Pancreas, ovarian, peritoneal, mesothelioma

Lymphoma
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Table 3
Some immune-based therapies and cancer vaccines in Phase 111 clinical trials

Drug Company Disease Status Platform

Bexidem IDM Pharma Bladder cancer Ongoing  Monocyte-derived activated Killer cells

Canvaxin CancerVax Melanoma Failed Melanoma tumor cell lines

FaviD Favrille Non-Hodgkin's B-cell lymphoma  Ongoing  Anti-idiotype

GVAX Cell Genesys Prostate cancer Ongoing ,Ib_\llogeneic GM-CSF-secreting prostate tumor cell
ines

Junovan IDM Pharma Osteosarcoma Ongoing  Liposomal muramy!| tripeptide
phosphatidylethanolamine to activate macrophages

MDX-010 Medarex Melanoma Ongoing  Anti-CTLA-4 antibody combined with gp100 peptide
vaccine

MyVax Genitope Non-Hodgkin's B-cell lymphoma  Failed Anti-idiotype

Oncophage Antigenics Melanoma Kidney cancer Ongoing  Autologous heat-shock protein vaccines

Onyvax-P Onyvax Prostate cancer Ongoing  Allogeneic prostate cancer cell lines

Organon Teknika  Colorectal cancer Ongoing  Irradiated tumor cells

PANVAC-VF Therion Biologics  Pancreatic cancer Failed CL:IIZE,Q gnd MUC-1 combined with ICAM-1, B7-1, and

PROSTVAC-VF  Therion Biologics  Prostate cancer Ongoing  PSA combined with ICAM-1, B7-1, and LFA-3

Provenge Dendreon Prostate cancer Failed Dendritic cell loaded with PAP-GM-CSF fusion
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