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Abstract The idea that vaccination can be used to
fight cancer is not new. Approximately 100 years ago,
researchers attempted to stimulate a tumor-specific, thera-
peutic immune response to tumors by injecting patients
with cells and extracts from their own tumors, or tumors of
the same type from different individuals. During the last
decade, great efforts have been made to develop immu-
notherapeutic approaches for the treatment of malignant
diseases as alternatives to traditional chemo- and radio-
therapy. A quintessential goal of immunotherapy in cancer
is treatment with vaccines that elicit potent anti-tumor
immune responses without side effects. In this article, we
have attempted to review some of the most problematic
issues facing the development of cancer vaccines. With the
prospect of immunosuppression, an ill-designed cancer
vaccine can be more harmful than a no-benefit therapy. We
have noted that “immunoediting” and “immunodomi-
nance” are the premier setbacks in peptide-based vaccines
and therefore it appears necessary not only to manipulate
the activity of a vast number of principal components but
also to finely tune their concentrations in time and space. In
the face of all these quandaries, it is at least doubtful that
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any reliable anti-cancer vaccine strategy will emerge in the
near future.
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Introduction

Despite multiple advances in preventive and therapeutic
approaches, cancer remains one of the major causes of
death worldwide. The American Cancer Society has esti-
mated nearly 1.5 million new cases of cancer for 2009
(American Cancer Society 2009). The three standard can-
cer therapies are surgical resection, chemotherapy, and
radiation. Immunotherapy, which includes cancer vaccines,
is considered a fourth, still investigational therapy having
shown encouraging results in some human clinical trials
(Waldmann 2003).

The idea that vaccination can be used to fight cancer is not
new. Approximately 100 years ago, researchers attempted to
stimulate a tumor-specific, therapeutic immune response to
tumors by injecting patients with cells and extracts from their
own tumors, or tumors of the same type from other indi-
viduals (Paul et al. 2007).

While standard treatments that involve chemotherapy or
ionizing radiation have proven effective, they have limi-
tations. Standard approaches can significantly reduce tumor
and, in less advanced stages, often result in complete
remission. However, the prognosis for advanced tumors
has changed little over the past 50 years. Moreover, the
majority of cancer-related deaths are caused not by the
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primary tumor, but by metastases. Side effects are another
limitation of chemo- and radiotherapy.

During the last decade, great efforts have been made to
develop immunotherapies for the treatment of malignant
disease as alternatives to traditional chemo- and radio-
therapy (Pardoll 1998). The quintessential goals of
immunotherapy in cancer are vaccines that elicit potent
anti-tumor immune responses without side effects. The
goal is to stimulate both innate and adaptive immunity and
cause recognition of tumors with subsequent elimination.

Immunotherapy of cancer continues to be a field of
intense research, especially the induction of active immu-
nity. The existence of tumor-specific antigens (TSAs) that
can be targets of an immune response is well established
(Renkvist et al. 2001). Increasingly, advances in cancer
genomics anticipate an ever greater array of potential TSA
targets. To date, a variety of immunization preparations
and technologies have been employed, including whole
tumor cell vaccines, tumor lysate vaccines, specific tumor
antigens, tumor peptides, heat shock proteins, DNA vac-
cines, dexosomes, and dendritic cell (DC)-based vaccines.
As a result, several putative tumor vaccines are in clinical
trials (Jager et al. 2002).

Apart from vaccines for specific types of cancer, it is
important to consider the overall status and development of
cancer vaccines. Here, we intend to delineate the most
important issues involved in the development of a potent
cancer vaccine.

Cancer Antigens

The effective immunotherapy requires cancer cells to have
antigens on their surface that are: (i) unique, distinctly
different than on normal cells, (ii) constitutively expressed
during the cell cycle and, (iii) their constitutive expression
is essential for cell survival. Unfortunately, there is no
evidence that cancer-unique components of the plasma
membrane that fulfill all three criteria mentioned above are
indeed present on cancer cells (Darzynkiewicz 2006).

The identification of relevant TSAs and tumor-associated
antigens (TAAs) capable of mediating tumor cell elimination
is a central issue in the development of immunotherapeutic
strategies. Immunotherapeutic protocols based on vaccina-
tion with autologous antigen-presenting cells (APCs)
sensitized with TAA have been used for almost a decade in
the treatment of metastatic human melanoma (Nestle et al.
1998). Although a large proportion of patients showed a
detectable immune response, clinical trials demonstrated
only limited evidence of tumor regression.

In recent years, a large number of TSAs and TAAs (see
Table 1) have been identified, which can be recognized by
T cells. However, the poor reactivity of T cells against
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them is a major obstacle still to be overcome. Perhaps the
greatest hurdle in identifying an immunogenic cancer
antigen is that the majority of TAAs and TSAs are self-
antigens, which either are over-expressed or vary only in
small mutations or altered post-translational modifications
(Novellino et al. 2005). Accordingly, these antigens tend to
be unreliable in eliciting efficient immunity owing to pre-
existing tolerance. As a result, T cell receptors (TCRs)
often exhibit low affinity for these TAAs, due to prior
deletion of T cells with high-affinity TCRs during negative
selection in the thymus.

Peptides and Proteins

One of the potential solutions to the problem of TSAs and
TAAs is to use heteroclitic peptides. Alterations of the
major histocompatibility complex (MHC)-peptide-binding
affinity by conservative amino acid modifications at MHC-
binding residues may result in a higher capacity to target the
wild-type epitopes (Muller et al. 1991) and to reject both
newly implanted and established tumors. Although in many
instances both in vitro and in vivo heteroclitic analogs often
activate T cells better than the native ligand, the modified
self-peptides do not always induce T cells that “recognize”
naturally processed antigen on tumor cells (Fay et al. 2006).
In fact, peptide-induced T cells that “recognize” peptide-
pulsed targets, but not tumor cells with naturally processed
antigen, have been reported in both murine models and
cancer patients (Zaks and Rosenberg 1998).

Even if heteroclitic analogs were successful in provok-
ing an immune response to natural tumor antigen, they
would not obviate the hazard of artificially accelerating the
purported “immunoediting” phenomenon. Immunoediting
describes an early robust immune response that initially
arrests tumor growth, but may eventually elicit the devel-
opment of highly aggressive phenotypes down the road due
to selection (Ostrand-Rosenberg 2008). Consistent with
this concern, a recent study suggests that a reduction in the
expression of NKG2D ligands in colorectal cancer is
associated with poorer patient prognosis (McGilvray et al.
2009). This decline in prognosis being apparently due to
tumor expression loss of these immunogenic proteins. One
answer to this dilemma may be to vaccinate with peptides
expressed in the more aggressive phenotypes.

Another approach to avoid potential immunoediting has
been to vaccinate with multiple relevant epitopes. For
example, vaccines providing the immune system with
complete proteins are favored over single peptide-epitope
vaccines, since the latter have to be identified per HLA
type and may not contain all important epitopes (van der
Burg et al. 2006). Whole protein vaccines may overcome
obstacles presented by tumors including the immune sup-
pressive milieu (Gorelik and Flavell 2001), cellular
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STle;lieﬁcl ar?tizzlrlescnon of tumor- Tumor Gene Peptide epitope
Lung carcinoma o-Actin-4 FIASNGVKLV
Melanoma p-Catenin SYLDSGIHF
CDK-4 ACDPHSGHFV
MART-2 FLEGNEVGKTY
MUM-1 EEKLIVVLF
MUM-2 SELFRSGLDY
MUM-3 FRSGLDSYV
Myosin EAFIQPITR
0S-9 KINKNPKYK
BING-4 KELEGILLL
N-RAS MCQWGRLWQL
ILDTAGREEY
Head and neck tumor Caspase-8 FPSDSWCYF
Lung small cell carcinoma ELF2 ETVSEQSNV
Malic enzyme FLDEFMEGV
Renal cell carcinoma HLA-A* 0201-R1701 CVEWLRIYLENGK
HSP70-2M SLFEGIDIY
Bladder cancer KIAAA0205 AEPINIQTV
Pancreatic and colorectal adenocarcinomas K-RAS VVVGAVGVG
Colon carcinomas OGT SLYKFSPFPL
4 More details on tumor- TGFoRII RLSSCVPVA
specific and tumor-associated Melanoma, glioblastoma multiforme TRP-2/INT?2 EVISCKLIKR
antigens are presented in TRP-2-6b ATTNILEHY

Novellino et al. 2005

heterogeneity, and poor reactivity of T cells for TAAs.
Alternatively, whole tumor cell vaccines, administered in
the presence of adjuvant and genetically engineered tumor
cells that express cytokines (i.e., granulocyte macrophage
colony-stimulating factor (GM-CSF) and interleukin-2
(IL-2)), are being studied extensively (Finn 2003). These
vaccines have the advantage of expressing relevant TAAs
shared by the patient’s cancer cells.

These methods also have their setbacks. Most notably,
the majority of antigen cocktails result in immunodomi-
nance, a robust immune response to only the most
immunogenic epitope of the cocktail. Immunodominance,
in turn, reintroduces the peril of immunoediting. In
response to this problem, some groups have reported
success in overcoming immunodominance by varied
sequential vaccinations. For instance, Durantez et al.
(2009) report that synthetic peptides followed by complex
antigen vaccinations (such as virus or DNA) may surmount
the prospect of antigen loss variants.

Immunodominance aside, peptides of highest affinity
may not be appropriate in the design of effective anti-tumor
vaccines for another reason; as immunogens, these high-
affinity mimotopes may be associated with an expansion of
cells with defective cytokine profiles and subsequently
with a suppression of relevant responding T cells
(McMahan et al. 2006). It has also been documented that

there is no direct correlation between the higher immuno-
genic potential of peptide-pulsed DCs with their resultant
in vitro tumor-specific cytotoxic T lymphocyte (CTL)
response and in vivo functional activity against a growing
tumor (Bellone et al. 1999).

Furthermore, several additional obstacles limit the use
of peptides in vaccine therapy, such as a short half-life,
high elimination rate, susceptibility of enzyme degradation
in body fluid, difficulty in passing through biological bar-
riers (immune system tissue, cell membranes, etc.), poor
bioavailability through intestinal administration, and the
potentially strong side effects of injection. Finally, peptide
vaccinations are conflictingly associated with either low
memory immunity, or differentiation of naive CDS8 cells
toward the memory rather than the effector phenotype
(Speiser et al. 2002). One possible approach to overcome
this hurdle is to use tumor lysate to pulse DCs.

Carbohydrate Antigens

In addition to TSAs and TAAs, glycosylated antigens may
play an important role in carcinogenesis. Their role may be
connected with changes in the expression of specific glyco-
syltransferases that have been documented in several
reviews (Cazet et al. 2010; Kaczmarek 2010; Ko et al. 2003).
The over-expression of Thomsen-Friedenreich (TF), Tn,
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sialyl-Tn and Lewis” antigens is associated with disease
progression and metastasis, although decreased expression
of particular Lewis type glycoconjugates may also occur. In
prostate cancer, increased expression of «l,2-fucosylated
antigens is associated with «l,2-fucosyltransferases and
FUT3. Changes in the expression of Lewis’ and Lewis”
glycotopes are observed in several tumors as well as breast
cancer cells, but depend on the stage of disease. The majority
of studies on monoclonal antibodies against sialyl-Lewis®
and sialyl-Lewis® preventing metastases have been per-
formed using murine models. Studies on anti-sialyl Lewis”
monoclonal antibodies conjugated to antibiotic were also
effective in the prevention of metastases in animal models.

The over-expression of carbohydrate TAAs as well as
glycosyltransferases could serve as a basis for anti-cancer
vaccines. Such structures as Lewis’, TF, sialyl-Tn, GM2,
sialyl-GM3 or GD3 including globo H may be considered
as antigens in developing cancer vaccines. Unfortunately,
the therapeutic potential of such vaccines is complicated by
several factors. Possible therapeutic potential lies in the
construction of vaccines against fucosyltransferases by
RNAI techniques. Suppression of the genes FUTI and
FUT4 inhibits the growth of epidermal tumor in mice
(Zhang et al. 2008). Most of the positive results in animal
studies have failed to translate to clinical trials. Antibodies
against TFoa-Keyhole Limpet Hemocyanin (KLH) and the
sialyl-Tn-KLH conjugate were developed but did not show
clinical efficacy. The reported occurrence of sTn expres-
sion in breast cancer is highly variable due to differences in
staining protocols, monoclonal antibodies and methods of
scoring used (Cazet et al. 2010). Clustered sTn haptens
conjugated to KLH have been used to immunize breast
cancer patients as at least 25-30% of breast cancers are sTn
positive. Anti-cancer vaccines against carbohydrate TAAs
have been developed and used in breast cancer treatment.
Although this approach was shown to be effective in an
animal model, the results of phase III clinical trials failed to
show any benefit in patients (Julien et al. 2009). Anti-
carbohydrate-Ag vaccines seem to be promising in induc-
ing immunological responses if used in combination with
cyclophosphamide and stem cell rescue.

Changes in glycosylation are associated with several
enzymes (Cazet et al. 2010). Unfortunately, the resultant
heterogeneity lowers the applicability of such vaccines. To
overcome this obstacle, better defined target structures and
more patient-oriented treatments are needed. Such vaccines
may reduce disease relapse and death.

DNA
Naked DNA vaccination is an efficient means of inducing

Ag-specific immunity (Gurunathan et al. 2000). It presents
several potential advantages when compared with more
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Fig. 1 Cancer vaccine antigens. Different types of antigens lead to
different immune outcomes and have variable advantages and
disadvantages

conventional vaccination strategies: a single vaccine may
comprise multiple antigens or chimeric DNA encoding for
a fusion protein. Moreover, its large-scale production and
storage is cheaper and easier than protein-based vaccines
(Gurunathan et al. 2000).

DNA can be administered either alone or in complex
with different carriers, and by different routes of vaccina-
tion, such as intradermal, subcutaneous, or intramuscular
(Gurunathan et al. 2000). Physical administration of DNA
by gene gun- or aerosol-based systems appears to elicit
consistent responses in mice (Gurunathan et al. 2000). For
instance, gene gun delivery of the tyrosinase-related pro-
tein (TRP)-2 DNA resulted in activation of a TRP-2-
specific CTL response and delayed outgrowth of B16
melanomas, although no animals were cured by such
treatment (Tiiting et al. 1999).

In fact, a reasonable target organ for DNA vaccination is
the skin, where resident professional APCs may take up the
plasmid DNA and migrate to lymph nodes (Banchereau
and Steinman 1998). Furthermore, subcutaneous adminis-
tration of naked DNA requires neither pretreatment of the
tissue nor gene gun delivery (Gurunathan et al. 1997).

A flow chart summarizing selected cancer vaccine
antigens is shown in Fig. 1.

Antigen-Presenting Cells

An efficient anti-tumor immune response may require not
only on antigen quality but also on a proper interaction
with APCs. DCs represent unique APCs that are capable of
sensitizing T cells to both new and recall antigens. In
recent years, several groups have explored the use of DCs
loaded in vitro with TAAs as therapeutic vaccines (Fong
and Engleman 2000). DC vaccination has produced
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promising results primarily in patients with immunogenic
tumors; with little success observed in tumors such as
colorectal and lung cancers.

The problem is more complicated than just poor TAA
immunogenicity. DC status also plays a role in processing
and presenting peptides. It is generally accepted that DCs
have to present the peptide—epitope in the presence of
expressed co-stimulatory molecules; otherwise they may
induce tolerance in CTL precursors (Carbone et al. 1998)
resulting in tumor evasion. Additional problems with DC-
based vaccinations include the failure of DCs to migrate
from inoculation sites to the draining lymph nodes and
the DC suppression associated with T,..s (Khazaie et al.
2009). It has also been reported that natural killer (NK)
cells may inhibit antigen presentation by DCs thus sup-
pressing subsequent CTL expansion, at least in tumors of
low immunogenic potential such as lymphoma (Barber
et al. 2007). One potential mode for this inhibition may
be NK-mediated suppression of immature DCs via tumor
necrosis factor (TNF) related apoptosis inducing ligands
(Hayakawa et al. 2004). Consistent with this thought,
elimination of NK cells has been demonstrated to increase
“active” tumor-specific CD8" T cells following immu-
nization (Hayakawa et al. 2004). It is also reported that
generation of tumor immunity by DCs correlates with
their maturation stage. Due to low or absent expression of
co-stimulatory molecules, immature DCs may be involved
in inducing peripheral tolerance via T cell anergy (Ban-
chereau and Palucka 2005). Interestingly, artificially
matured (with lipopolysaccharide) DCs apparently lose
some of this NK sensitivity. In addition, there is evidence
that tumor onset and growth is slowed in tumor-chal-
lenged NK-depleted mice. Here again, mature DCs appear
resistant to NK-mediated lysis (Hayakawa et al. 2004).
Further, data suggest that mature DCs exhibit enhanced
expression of co-stimulatory molecules and pro-migratory
chemokine receptors while producing greater quantities of
cytokines. As a result, mature DCs are increasingly used
in cancer vaccine protocols; however, the method of
maturation may be inconsequential (Han et al. 2009).
Accordingly, mature antigen-loaded DCs have been
demonstrated to induce peptide-specific CTL CDS8 cells
(Schuler-Thurner et al. 2000) and have been shown to
induce a detectable TH1 cell response (the importance of
the THI1 profile is discussed below) (Schuler-Thurner
et al. 2002). In addition, mature DCs may also be more
appropriate for reactivation of memory CDS8 cells, as
CD28 co-stimulation has been suggested to be requisite
for this function (Borowski et al. 2007). Nevertheless, the
advantages of mature DC-based vaccines have been mit-
igated by reports that mature DCs may expand CD25/
CD4 T cell populations and induce peripheral tolerance
(Yamazaki et al. 2003).

In addition to the NK inhibitory effect on DC antigen
presentation, there are other recipient cell subsets, which
may affect the function of APCs such as tumor cells
themselves, stromal cells or myeloid derived suppressor
cells (MDSCs).

Immunosuppressive features of tumor cells are a major
obstacle for cancer immunotherapy. Cancer cells may
evade T cell responses either avoiding immune “recogni-
tion” or “disabling” effector T cells. These include
alterations in antigen presentation and secretion of immu-
nosuppressive and proapoptotic factors. In one study,
tumor cells were associated with an expansion of a popu-
lation of NK1.17/CD3™" cells, which was accompanied by
elimination of mainly CD4" lymphocytes, and production
of a leukocyte-derived inhibitory factor (Banat et al. 2001;
Rabinovich et al. 2007).

Researchers found that stromal cells, which form the
connective tissue of tumors, may suppress tumor immunity.
A stromal cell type that was first identified in human cancers
expresses fibroblast activation protein-a (FAP). Depletion
of FAP-expressing cells caused rapid hypoxic necrosis of
both cancer and stromal cells in immunogenic tumors by a
process involving interferon (IFN)-y and TNF-a. Depleting
FAP-expressing cells in a subcutaneous model of pancreatic
ductal adenocarcinoma also permitted immunological
control of growth. Therefore, FAP-expressing cells indicate
that the tumor microenvironment may play an important
role in modulating cancer immunotherapy (Kraman et al.
2010).

MDSC accumulate in response to pro-inflammatory
mediators. It is thought that they play a role in obstructing
immunotherapies that require the host’s cell-mediated and
innate immunity. MDSC compete with APC for extracel-
lular cysteine, and in the presence of MDSC, APC release
of cysteine is reduced, thereby limiting the extracellular
pool of cysteine and depriving T cells of cysteine (Ostrand-
Rosenberg 2010; Srivastava et al. 2010). Given the com-
plexity of the conditions that alter MDSC accumulation
and the various modes by which MDSC “suppression”
may occur, it is essential to understand which conditions
and modes are dominant in order that MDSC accumulation
and/or activity can be targeted in individual patients to
minimize MDSC-associated immune suppression.

A further difficulty is the need to prime appropriate
DCs. An inappropriate encounter, for example with dor-
mant DCs or with the wrong subset of DCs, may lead to
“silencing” of the immune response (Steinman et al.
2003). This problem may be alleviated to some extent be
adding a strong Toll-like receptor (TLR) agonist to the
peptide. It has been reported that patients vaccinated with
Melan-A peptide and CpG 7909 in incomplete Freund’s
adjuvant mounted CTL responses that were 1-3 orders of
magnitude higher than in previous trials where this peptide
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was administered without CpG (Speiser et al. 2002). Thus,
inclusion of proper TLR agonists drastically enhances the
magnitude of the T cell response and promotes full
effector function. Nevertheless, some TLR agonists may
enhance tumor-mediated suppression of T cell prolifera-
tion and NK activity in vitro and in vivo again resulting in
tumor evasion (Huang et al. 2005). However, in contrast to
the dubious memorogenicity of peptide-only vaccines,
DC-pulsed vaccines have shown the ability to induce
peptide-specific memory T cells, though this appears to
rely upon the route of vaccination (Banchereau and
Palucka 2005).

Finally, using cell types other than APCs to present
antigen may result in deletion of specific CD8" T cells. It
has been documented that the presentation of CTL peptide-
epitopes on B cells induced a transient CTL response and
subsequent deletion of these CD8* T cells (Bennett et al.
1998).

Cytotoxic T Lymphocytes

CTL responses have been shown to be effective in the
elimination of tumors in a number of experimental models
(Ochsenbein 2002). In fact, it has been suggested that
induced CTLs are most immediately responsible for
observed tumor protection (Casares et al. 2001). CTLs can
directly lyse tumor cells and also secrete cytokines such as
IL-2, TNF, GM-CSF, and IFN-y, which have direct anti-
tumor effects. Additionally, CTLs constitute a major
component of tumor-infiltrating lymphocytes. These cells
have been associated with spontaneous tumor regression in
humans (Zorn and Hercend 1999).

Hence, to generate systemic anti-tumor immune
responses in cancer patients, vaccine strategies have
focused on the induction of tumor-specific CD8" CTLs,
which recognize peptides of 8—12 residues presented by
MHC class I molecules. CD8" CTLs are the most impor-
tant effector cells for anti-tumor immune responses and
their proper activation leads to the killing of tumor cells
(Rosenberg 2001). Although clinical trials in cancer
patients have shown that epitope-specific CTLs can be
induced in these patients, and that their induction corre-
lated, in multiple instances, with partial or complete tumor
responses (Rosenberg et al. 1998), the number of patients
experiencing tumor regression has still been disappoint-
ingly low disallowing us to call the therapy successful
(Parmiani et al. 2002).

The main problem here is to understand the key
parameters needed to generate high quality anti-tumor
CTLs. Robust anti-tumor CTLs can be developed by using
DC:s as a cellular adjuvant. It has been documented that the
administration of Toxoplasma gondii-matured DCs as a
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therapeutic vaccine was able to induce pronounced CTL-
mediated anti-tumor immunity which led to retarded tumor
growth and the prolonged survival of tumor-bearing mice
(Motamedi et al. 2009). However, the authors did not
characterize the exact component of Toxoplasma which
caused this significant effect on DC. According to the
findings from different investigations 7. gondii heat shock
protein 70 is correlated with phenotypic differentiation and
maturation of murine bone marrow-derived cells, an effect
associated with TLR4 (Banchereau et al. 2000). The use of
various exogenous or endogenous stimuli to mature DC
followed by induction of robust CTL seems to be an
effective approach and worthy of further investigation.

CD4* T Lymphocytes

CD4" T cells represent a highly heterogeneous population
of cells that develop along different lineages depending
upon polarizing cytokine signals during activation by
antigens (DeNardo et al. 2010). Classically, CD4" T
lymphocyte subsets include TH1 and TH2 lineages.
Through the production of these cytokines, TH1 cells
regulate immune surveillance programs. In addition, fol-
lowing strong antigen-specific activation, TH1 cells may
directly kill tumor cells by releasing high levels of IFN-y,
TNF-o and cytolytic granules. Thus, when present, TH1
cells may directly and indirectly restrain cancer develop-
ment. Most recently it has been discovered that CD4* T
cells may not only be important for initial priming of
helper-dependent CD8" T cell responses, but may also
play a critical role in programming CD8" T cell memory
development (Nakanishi et al. 2009).

Therefore, in anti-tumor immunotherapy CD4" T cells
are equally as important as CTLs. Accumulating evidence
suggests that the CD4™ T cell response plays a key role in
tumor immunity. This response is presumably required for
expansion and persistence of CD8% CTLs (Kalams and
Walker 1998) and is generally believed to be necessary for
the generation of both cellular and humoral anti-tumor
immune responses (Toes et al. 1999). In addition, CD4* T
cells mediate the generation of CD8" T memory cells
(Janssen et al. 2003). Further, it has been suggested that the
CD4* T cell response must be particular as the THI helper
cytokine profile appears most efficient in eliciting a strong
CTL response (Casares et al. 2001). Secretion of effector
cytokines such as IFN-y by CD4" T cells may sensitize
tumor cells to CTL lysis via up-regulation of MHC class I
molecules, stimulate the innate arm of the immune system
at the tumor site, and prevent local angiogenesis (Qin and
Blankenstein 2000). The importance of the CD4" T cell
response in tumor immunity was highlighted in murine
studies showing that CD4" T cells can eradicate tumor in
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the absence of CD8" T cells (Levitsky et al. 1994).
Therefore, the optimal anti-tumor immune response may
consist in the concomitant activation of both CD4" and
CDS8™ effector T cells.

Adding to this TH1 versus TH2 paradigm, studies of
CD4 lineages have recently included a TH17 subset. TH17
cells are thought to play an important role in protection
against some extracellular pathogens and in regulating
auto-immune disease (Bettelli et al. 2008). As such, TH17
cell infiltration has been observed in patients with ovarian,
prostate, and hepatocellular carcinoma where high numbers
of IL-17-producing cells correlate with poor prognosis
(Miyahara et al. 2008; Sfanos et al. 2008; Zhang et al.
2009). In mouse models of non-small cell lung cancer,
IL-17 was associated with enhanced tumor growth and
development of angiogenic vasculature (Numasaki et al.
2005). In contrast, in a B16 melanoma model, IL-17
depletion rendered mice more susceptible to metastasis
(Martin-Orozco et al. 2009). Together, these experimental
findings indicate that the role of TH17 cells in cancer
development may also be context dependent and therefore
it may be difficult to correlate their presence with outcome.
Thus, at this stage of research the induction or repression of
TH17 cells by cytokine cocktails or vaccines may cause
more harm than benefit to cancer patients.

T Regulatory Cells

One of the basic problems in anti-tumor vaccination is the
expansion of T, cells which have been shown to inhibit
specific CTL responses against tumor antigens (Somasun-
daram et al. 2002) and instead of eliminating tumor cells
evoke tumor-related immune tolerance. In general, the
capacity of T, to suppress effector cell expansion has
been attributed to the intracellularly expressed cytotoxic T
lymphocyte antigen 4 (CTLA-4, CD152) molecule (Kolar
et al. 2009).

TAAs which could otherwise be good targets for anti-
cancer immunotherapy, in some cases expand TAA spe-
cific T, cells rather than stimulate effector T cells.
Therefore, in the course of immunotherapy it is important
to address this issue and strictly monitor the presence of
Tree cells, Foxp3™ and effector T cells (IFN-y*, IL-27,
IL-4") in tumor and tumor draining lymph nodes. Moreover,
inflammation enhances T, function since prostaglandin
E2 mediates differentiation of T,.. and increases their
immune suppressive activity (Baratelli et al. 2005). In
addition to an associated inhibitory effect on CD8™" T cells,
CD4™" Tregs block killing by NK cells (Ghiringhelli et al.
2005) and thereby down-regulate both adaptive and innate
anti-tumor immunity. Multiple vaccinations especially with
the GM-CSF adjuvant have been shown to suppress

immunity via T, expansion rather than boost it (Egger-
mont 2009). Accordingly it has been suggested that
vaccine/adjuvant administration be combined with a Ty,
suppression therapy such as anti-CTLA-4 or anti-CD?25.
Over the past few years, disruption of CD4* Tregs through
CTLA-4 has been a clinical focus of immunotherapy.
Preliminary clinical trials of anti-CTLA-4 antibodies in
melanoma and Renal Cell Carcinoma (RCC) patients
suggest that this approach has a small therapeutic effect
(Blansfield et al. 2005).

The presence of other regulatory cell populations in
cancer patients has been studied in peripheral blood
mononuclear cells from healthy donors and advanced RCC
patients. The authors have shown a significantly higher
percentage of “functioning” T suppressor cells in RCC
patients (Ernstoff et al. 2007). Their contribution to tumor
tolerance is still unclear, but they may play a significant role
along with the other cell populations. Recent data suggest
that DCs made tolerant by CD8" T suppressor cells have
reduced expression of co-stimulatory molecules (Chang
et al. 2002). Thus, one approach to overcome CD8™ T cell
suppression would be to increase co-stimulatory molecules
by maturing DC ex vivo before clinical use.

Route of Vaccination

There are several major routes of vaccination: intramuscular,
subcutaneous, intradermal and mucosal (intranasal, gastric,
and via the genital tract). Since the main entry sites of most
environmental antigens are mucosal surfaces this route of
vaccination has drawn much attention. Mucosal vaccination
elicits both humoral and cellular immune responses. It has
been reported that a mucosal route of immunization is
necessary for provision of long-term immunity and
CTL-mediated protection against pathogens (Gallichan and
Rosenthal 1996). Moreover, mucosally administered vac-
cines can stimulate serum IgG and mucosal IgA antibodies
and induce CTL activity (Levine and Dougan 1998).

However, mucosal vaccination requires the co-admin-
istration of a toxin or an inflammatory adjuvant which has
precluded their use in humans (Langermann 1996).
Recently, oral immunization against 4T1 mammary ade-
nocarcinoma has been reported. Several tumor antigens
were expressed on the surface of the T7 phage and shown
to trigger specific immune responses in BALB/c mice
(Shadidi et al. 2008). If this approach works in other cancer
models it may become an effective strategy for mucosal
cancer vaccines.

Figure 2 inexhaustibly summarizes cancer vaccine
approaches and possible outcomes. Serious consideration
of cancer antigens used for vaccination, route of vaccina-
tion, in vitro APC loading and immune response
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Fig. 2 Cancer vaccine
approaches and possible
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modulators is needed to forestall deleterious effects of
cancer vaccination.

Adjuvants and Delivery Systems

Adjuvants are substances administered along with an antigen
to enhance the humoral and/or cell-mediated immune
response to the antigen. More than 100 adjuvant preparations
have been described (Vogel and Powell 1995). Adjuvants
may have up to five of the following modes of action: the
“depot” effect, an antigen presentation effect and an antigen
distribution or targeting effect, an immune activation/mod-
ulation effect, and a CTL induction effect (Cox and Coulter
1997). In addition to carrying and protecting the antigen
from proteolytic destruction, an adjuvant should preserve the
conformational integrity of an antigen and present the anti-
gen to the appropriate effector cells, usually professional
APCs and macrophages (Stills 2005). Adjuvants containing
amphipathic molecules or complexes enhance interaction of
the antigen with the cell membrane and promote receptor-
mediated endocytosis (Marciani 2003).

The only adjuvants widely employed in human vaccines
are aluminum hydroxide and aluminum phosphate. While
these have been very useful in augmenting TH2 type
humoral responses to bacterial toxoids and other antigens,
they have limitations (Allison 1999). The principal limi-
tation of aluminum salts is their inability to elicit cell-
mediated immunity, including the CTL response (Gupta
et al. 1995), which is important in resistance against some
microbial agents and tumors.

The use of particulate adjuvants (e.g. emulsions,
microparticles, iscoms, liposomes) as alternatives to
immunostimulatory adjuvants has been evaluated by many
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groups. Immunostimulatory adjuvants may also be inclu-
ded in delivery systems to enhance the level of response, or
to focus the response. In addition, formulating potent
immunostimulatory adjuvants into delivery systems may
limit adverse events by restricting the systemic circulation
of the adjuvant (Vajdy et al. 2004).

Liposomes and liposome-like emulsions are good can-
didates for artificial adjuvants. Martinon and his
collaborators (Martinon et al. 1993) have demonstrated that
priming virus-specific CTLs in mice immunized with
liposome-encapsulated RNA corresponding to the influenza
nucleoprotein elicited effective immune protection. Our
studies have also confirmed that nanoemulsions are good
adjuvants for mucosal vaccines (Bielinska et al. 2008; Myc
et al. 2003).

GM-CSF has been another adjuvant employed in some
clinical trials. Among other effects, it has been thought that
GM-CSF would promote the recruitment and maturation of
DCs, and thus enhance the immune response to a given
vaccination (Zarei et al. 2009). With this expectation, GM-
CSF has been employed as an adjuvant either as the
product of transfected whole tumor cells or as a recom-
binant protein. In fact, early results with autologous
peptide vaccines administered with GM-CSF were prom-
ising and reportedly immunogenic (Disis et al. 1996). In
retrospect, one of the shortfalls of this work and of sub-
sequent clinical trials has been the use of surrogate
endpoints in assessing immunostimulation rather than
tumor regression or survival (Eggermont 2009). Addi-
tionally, the ability of GM-CSF to expand MDSCs which
in turn activate T.g has been noted, this immunosup-
pressive action being attributed to higher doses of GM-
CSF (Parmiani et al. 2007). Recently, these dangers have
been realized, bringing GM-CSF under much scrutiny and
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criticism for its apparent worse overall survival rates ver-
sus controls (Eggermont 2009).

Another adjuvant strategy involves the co-administra-
tion of a-GalCer with ovalbumin (OVA) to induce full
maturation of DCs. This generates functional Ag-specific
TH1 CD4" T cells and CTLs that are resistant to OVA-
expressing tumors (Fujii et al. 2004).

In closing, the search for new vectors for direct transfer
of TAA proteins or genes to APCs and redirection of the
response from tumor tolerance to tumor cytotoxicity is still
open and investigated worldwide (Schlom et al. 1999).

The Combination of Vaccinations with Other
Conventional Therapies

Because of the widespread use of chemotherapy for the
treatment of most malignancies, it is rational to design
combinatorial approaches using vaccines alongside stan-
dard chemotherapeutic agents. Like radiotherapy, the use
of various types of chemotherapy in combination with
vaccines has resulted in enhanced anti-tumor immune
responses. In general, anti-cancer drugs can kill tumor
cells, leading to DC antigen “presentation” to T cells
(Tesniere et al. 2010), alternatively they can modulate the
phenotype of the tumor cells making them more suscepti-
ble to immune-mediated killing. For example, it has been
shown that treatment of human colon carcinoma cell lines
with 5-fluorouracil or cisplatin enhances their lytic sensi-
tivity to antigen-specific CD8" cytotoxic T lymphocytes,
being associated with an increased expression of intercel-
lular adhesion molecule 1 and Fas (Bergmann-Leitner and
Abrams 2001). Although it has been demonstrated that the
use of chemotherapeutic agents can enhance anti-tumor
responses when used in combination with cancer vaccine
modalities, further studies are necessary to investigate
optimum schedules and dosing for various chemothera-
peutic agents in combination with cancer vaccines (Palena
and Schlom 2010).

Conclusions

In this article we have attempted to review some of the most
problematic issues facing the development of cancer vac-
cines. It is critical to be reminded that with the prospect of
immunosuppression an ill-designed cancer vaccine can be
more harmful than a no-benefit therapy. We have noted that
immunoediting and immunodominance are the premier
setbacks in peptide-based vaccines. Augmenting these
concerns is the T,., mediated immune suppression observed
with both peptide and adjuvant approaches. Further com-
plicating these intricacies is the immunocompromised

status of most cancer patients, especially those that are the
subjects of enrollment in experimental clinical trials. It is
also unlikely that a single approach will be broadly appli-
cable to all or even multiple cancer types as each possesses
a unique and variable array of targetable antigens. Ulti-
mately, in order to recruit the immune “network” to fight
against cancer it appears necessary not only to manipulate
the activity of a vast number of principal components (i.e.
cells, cytokines, chemokines, expression of antigens on
immunocompetent cells, etc.) but also to finely tune their
concentrations in time and space. In this labyrinthine milieu
it is at least doubtful that any reliable anti-cancer vaccine
strategy will emerge in the near future.
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