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Abstract

As a manifestation of their inherent plasticity, carcinoma cells undergo profound phenotypic
changes during progression towards metastasis. One such phenotypic modulation is the epithelial-
mesenchymal transition (EMT), an embryonically relevant process that can be reinstated by tumor
cells, resulting in the acquisition of metastatic propensity, stem-like cell properties and resistance
to a variety of anti-cancer therapies, including chemotherapy, radiation and some small molecule
targeted therapies. Targeting of the EMT is emerging as a novel intervention against tumor
progression. This review focuses on the potential use of cancer vaccine strategies targeting tumor
cells that exhibit mesenchymal-like features, with an emphasis on the current status of
development of vaccine platforms directed against the T-box transcription factor brachyury, a
novel cancer target involved in tumor EMT, stemness and resistance to therapies. Also presented is
a summary of potential mechanisms of resistance to immune-mediated attack driven by EMT and
the development of novel combinatorial strategies based on the use of agents that alleviate tumor
EMT for an optimized targeting of plastic tumor cells that are responsible for tumor recurrence
and the establishment of therapeutic refractoriness.
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1. INTRODUCTION

Metastatic disease, the main cause of cancer-related deaths, is driven by the ability of
malignant tumors to disseminate and to colonize sites that are distant from the location of
the primary mass (Hanahan & Weinberg, 2000). Frequently, tumor dissemination is also
associated with refractoriness to a range of conventional anti-cancer therapies, including
chemotherapy and radiation (Braun et al., 2000), and several molecular targeted therapies
(Thomson et al., 2005; Thomson et al., 2008). In light of the recent advances in the field of
cancer immunotherapy, an attractive therapeutic alternative to address the problem of
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metastatic disease is the generation of a sustained immune response directed against
essential molecular drivers of tumor progression. This chapter focuses on the current status
of development of immune-mediated anti-cancer interventions aimed at preventing and/or
treating metastatic disease. Among the topics discussed here are (a) the role of the epithelial-
mesenchymal transition (EMT) in tumor dissemination and metastasis; (b) the association of
EMT with tumor stemness and resistance to multiple anti-cancer therapies; (c) how
therapeutic cancer vaccines can be used to target regulators of EMT; (d) the potential for
mitigation of metastatic disease by the use of combinatorial therapies of cancer vaccines and
other agents that alleviate tumor EMT. While this chapter does not discuss in detail the
numerous factors involved in the design and development of therapeutic cancer vaccines,
comprehensive reviews on this topic can be found in the literature (Palena & Schlom, 2010;
Schlom, 2012; Schlom et al., 2014).

2. TUMOR EPITHELIAL-MESENCHYMAL TRANSITION (EMT)
A. EMT AND TUMOR INVASIVENESS

In order to metastasize, cancer cells undergo a series of events known collectively as the
metastatic cascade, a process that involves their detachment from the primary tumor mass
and invasion into the surrounding tissues, entrance into the circulation, homing in on distant
organs, and survival and proliferation at secondary sites (Nguyen & Massague, 2007;
Nguyen et al., 2009). Multiple studies have now demonstrated that carcinoma cells undergo
profound phenotypic changes during progression towards metastasis. These phenotypic
fluctuations allow tumor cells to reversibly or irreversibly shift from (a) a relatively
stationary state into an invasive one; (b) a proliferative state into a comparatively quiescent
one; and (c) from being responsive to anti-tumor therapies into a refractory, non-responsive
state. Altogether, these phenotypic modulations can be considered manifestations of the
inherent plasticity of cancer cells, which allows the tumor to dynamically adapt and to
effectively progress towards metastatic disease (Nieto, 2013).

The EMT has recently gained much attention within the field of cancer research due to its
potentially critical role during carcinoma progression (Kalluri & Weinberg, 2009; Thiery,
2002). While the EMT is normally involved in the morphogenetic events of embryogenesis,
it is now understood that epithelial neoplasms can also aberrantly undergo a similar
phenotypic switch in favor of acquiring an invasive, metastatic phenotype (Thiery, 2003;
Thiery et al., 2009). During passage through an EMT, epithelial cells lose their stationary
behavior, cell polarity, intercellular junctions and epithelial markers (E-cadherin,
cytokeratines), and upregulate the expression of proteins normally expressed by
mesenchymal cells (Fibronectin, Vimentin, N-cadherin) while acquiring motility and
invasiveness, two properties that are fundamental for the initial steps of the metastatic
cascade (Yang & Weinberg, 2008) (Figure 1). Like the embryogenesis-related EMT, tumor-
related EMT is thought to be a reversible process, where the reacquisition of epithelial
features by tumor cells may take place at the site of metastasis through a process designated
as mesenchymal-epithelial transition (MET) (Figure 1) (Iwatsuki et al., 2010).

There are several reports that document the involvement of EMT in human carcinomas /n
vivo, however, the number of such studies is trivial compared to the extensive amount of
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data describing the occurrence and consequences of EMT in preclinical models /n vitro. A
recent report, for example, has shown that in breast cancer patients undergoing adjuvant
therapy, recurring tumors after treatment with standard chemotherapy had an increased
proportion of cells expressing EMT-associated genes, highlighting the importance of EMT
in therapeutic resistance and breast cancer recurrence (Creighton et al., 2009). Another
relevant report has demonstrated that circulating tumor cells (CTCs) from breast cancer
patients express both mesenchymal and epithelial markers, with mesenchymal CTCs being
associated with disease progression (Yu et al., 2013), thus supporting the idea that EMT may
play a role in the blood-borne dissemination of breast cancer. Interestingly, the same report
demonstrated that reversible shifts between the epithelial and mesenchymal phenotype of
CTCs take place along cycles of treatment and disease progression, a manifestation of the
plastic character of cancer cells. In line with the idea that EMT is a plastic, reversible
modulation of tumor phenotype, it has been observed, for example, that epithelial E-
cadherin can be reexpressed in metastatic lesions of breast cancer patients, even when the
primary tumor demonstrates low levels of E-cadherin (Bukholm et al., 2000).

B. EMT AND TUMOR STEMNESS

The existence of a subpopulation of tumor cells with self-renewal and tumor-initiating
properties within an individual tumor mass, designated as cancer stem cells (CSCs), has
been a matter of intensive investigation in the past few years. The original understanding of
the hierarchical phenomenon of stem cell division recognized in normal tissues and
hematological malignancies (Chao et al., 2008; Reya et al., 2001) has now been broadened
to include the idea that, in solid tumors, differentiated cancer cells could adopt stem-like
properties themselves, via plastic phenotypic modulations (Scheel & Weinberg, 2011, 2012).
This idea has been fueled by the detection of a link between tumor EMT and the acquisition
of features normally attributable to stem cells (i.e., tumor stemness), which include the
ability to initiate tumor formation, quiescence, resistance to apoptosis and metastatic
propensity (Polyak & Weinberg, 2009). To cite a few examples of the association between
EMT and stemness, induction of EMT in human mammary epithelial cells (HMLES) has
been shown to increase the proportion of cells bearing markers associated with stem-like
cells (CD44high/CD24low) (Mani et al., 2008). In the clinical setting, the EMT-stemness
association has been seen where residual breast tumor cell populations surviving post-
conventional treatments were enriched in CD44+/CD24—/low cells that also exhibited
mesenchymal features (Creighton et al., 2009).

It has now been demonstrated by many groups that EMT is not a twofold process but instead
a dynamic modulation of phenotype that generates tumor cells with shared epithelial and
mesenchymal features (Tan et al., 2014). Interestingly, some recent studies have
demonstrated that these intermediate cells harbor more characteristics of stem-like cells,
including resistance to cell death and ability to form spheroids, than purely epithelial or
mesenchymal cells (Huang et al., 2013b; Jordan et al., 2011).

Another example of the association between tumor EMT and the establishment of a stem
cell-like state comes from studies on the role of inflammatory chemokine IL-8 in tumor
biology (Palena et al., 2012). In breast cancer, for example, expression of the IL-8 receptor
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A (IL-8RA) has been shown to be predominant among populations of breast CSCs, and the
addition of IL-8 to breast cancer cell lines enhanced the number, motility and invasiveness of
CSCs (Charafe-Jauffret et al., 2009; Ginestier et al., 2010). In parallel studies, it has been
shown that induction of EMT in breast carcinoma cells results in a marked induction of the
IL-8/IL-8R axis which, in an autocrine fashion, was able to maintain the EMT phenotype of
the tumor cells (Fernando et al., 2011). Thus, the phenomena of EMT and CSCs in breast
carcinomas appear to be linked by the activation of the IL-8/IL-8R axis.

C. EMT AND TUMOR RESISTANCE

A major consequence of the transition from an epithelial to a mesenchymal-like phenotype
by tumor cells is the acquisition of tumor resistance to a variety of cell death-inducing
signals. For example, induction of oxaliplatin-resistance in colorectal cancer cells (Yang et
al., 2006), paclitaxel- or radio-resistance in ovarian cancer cells (Kajiyama et al., 2007;
Kurrey et al., 2009), and gemcitabine-resistance in pancreatic carcinoma cells (Shah et al.,
2007) have been all associated with a switch from an epithelial to a mesenchymal-like
phenotype. Intriguingly, one point of intersection connecting the concepts of EMT, stem-like
state, and therapy resistance is that of proliferative restraint. In multiple experimental model
systems, the induction of tumor EMT has been demonstrated to trigger a significant
inhibition of cell cycle due to the modulation of cell cycle-associated proteins, including p21
and Cyclin D1, among others (Huang et al., 2013a; Larocca et al., 2013; Mejlvang et al.,
2007; Vega et al., 2004). As conventional cancer therapies such as chemotherapy and
radiation require cell cycle processes to trigger apoptosis and target rapidly proliferating
cells, it seems likely that inhibition of cell cycle during the EMT could allow tumor cells to
initiate repair mechanisms, potentially preventing cytotoxicity (Figure 1).

In addition to inducing resistance to conventional therapeutics, acquisition of mesenchymal
features by carcinoma cells has been also associated with resistance to a range of
molecularly targeted therapies, including resistance to epidermal growth factor receptor
(EGFR) kinase inhibitors (Byers et al., 2013; Thomson et al., 2005; Thomson et al., 2008)
and acquired resistance to HER-2 directed therapy (Kim et al., 2014).

3. TARGETING OF EMT

Due to its critical role in cancer progression, targeting of EMT as a means of preventing
metastasis, and, possibly, of eliminating cancer cells that would otherwise resist most
currently available therapies, is being considered as an attractive therapeutic alternative to
the problem of metastatic disease (Palena et al., 2011). Some of the possible approaches that
are being explored to inhibit the EMT involve the use of small molecule agents that block
the signaling pathways initiated by multiple cytokines, growth factors or extracellular
compartment components that are responsible for the initiation and/or maintenance of EMT.
These agents include, but are not limited to, specific inhibitors of the EGFR, Axl and Wnt-
signaling pathways (Nantajit et al., 2014; Wilson et al., 2014; Zhang et al., 2009). Similarly,
various TGF- receptor | inhibitors have been used to revert the TGF-B-induced EMT in
murine or human cancer cells /n vitro (Halder et al., 2005; Peng et al., 2005). One caveat of
these approaches, however, is that the signaling pathways that control EMT are typically
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redundant, and the blockade of one such pathway might not be efficient when other
alternative signaling pathways that mediate EMT are turned on.

A. EMT TRANSCRIPTION FACTORS

A different alternative being explored to lessen the occurrence of tumor EMT is the direct
targeting of the transcriptional drivers of EMT, commonly designated as “EMT transcription
factors” (EMT-TFs) (Palena et al., 2014a). In general, the EMT-TFs are expressed in the
early embryo, where they participate in the control of developmental EMT, and are
subsequently overexpressed in tumor cells undergoing a plastic transition of phenotype.
Perhaps the most studied among the EMT-TFs are those that directly repress the E-cadherin
gene, including the zinc finger proteins Snail and Slug, as the event of E-cadherin loss is
considered a hallmark of EMT. Both proteins have been shown to trigger EMT in multiple
model systems (Bolos et al., 2003; Cano et al., 2000) and their expression has been
correlated with progression in human tumors of breast and cervical origin (Blanco et al.,
2002; Lee et al., 2008). Another regulator of EMT that participates directly or indirectly in
the repression of E-cadherin is Twist (Yang et al., 2004), which is also increased in various
types of human cancer, including breast, prostate, and cervical cancer. Twist has been
correlated with poor disease outcome or more advanced disease status in various types of
carcinomas (Kwok et al., 2005; Shibata et al., 2008).

A more recently described EMT-TF is the T-box transcription factor brachyury (also known
as T), which is critically involved in embryonic development by promoting the formation of
the posterior mesoderm via an EMT (Cunliffe & Smith, 1992; Kispert et al., 1995; Muller &
Herrmann, 1997). High levels of brachyury have been demonstrated in several human
tumors, including chordomas (Tirabosco et al., 2008; Vujovic et al., 2006; Yang et al., 2009),
hemangioblastomas (Barresi et al., 2012), and a range of human carcinomas such as lung
(Hamilton et al., 2014a; Haro et al., 2013; Roselli et al., 2012), breast (Palena et al., 2014b),
colon (Kilic et al., 2011), and prostate, among others (Pinto et al., 2014), while brachyury is
absent in the majority of normal tissues evaluated, with a few exceptions (Hamilton et al.,
2012; Palena et al., 2007; Roselli et al., 2012). It has now been demonstrated in multiple
preclinical experimental systems that brachyury promotes carcinoma cells to undergo an
EMT in vitro (Fernando et al., 2010; Fernando et al., 2011; Larocca et al., 2013),
characterized by loss of epithelial markers (including E-cadherin), overexpression of
mesenchymal-associated proteins and gain of motility and invasiveness, while facilitating
the metastatic dissemination of human tumor xenografts /n vivo. In addition to its role in
tumor EMT, the levels of brachyury have now been shown to positively correlate with the
resistance of malignant cells to various chemotherapies and radiation (Huang et al., 2013a;
Larocca et al., 2013), and several studies have demonstrated the association between robust
brachyury expression and poor clinical outcome in patients with various types of
carcinomas. For example, the expression of brachyury has been reported to positively
correlate with tumor progression in lung (Haro et al., 2013) and breast (Palena et al., 2014b)
and brachyury has been recently proposed to play a predominant role in triple negative vs.
non-triple negative breast tumors (Ben-Hamo et al., 2014). In line with these observations,
experiments conducted with human breast cancer cell lines showed that overexpression of
brachyury drives tumor invasiveness and, at the same time, upregulates the expression of
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markers of stemness, including the pluripotency regulators sex determining region Y box 2
(SOX2), NANOG, and octamer-binding transcription factor 4 (OCT4), and enhances the
tumor’s ability to form mammaospheres /n vitro, a feature associated with stem cells.
Brachyury-high breast tumor cells also manifested lower cell proliferation rates /n vitroand
were more resistant to the cytotoxic effects of docetaxel (Palena et al., 2014b). These results
are in agreement with the observation that high expression of brachyury in primary tumors
of breast cancer patients treated with tamoxifen adjuvant therapy for 5 years is associated
with poor prognosis, further supporting the involvement of brachyury in resistance to drug
therapy.

B. ADVANTAGE OF AN IMMUNE APPROACH AGAINST EMT

The therapeutic alternative of targeting EMT-TFs as a means of alleviating EMT implies the
targeting of intracellular molecules, a fact that precludes the use of monoclonal antibodies.
In addition, conventional pharmacological approaches have been so far unsuccessful for the
targeting of transcription factors due to their lack of a specific groove for tight binding of an
inhibitor. In this context, T-cell mediated immunotherapy offers a distinct possibility.
Because T cells recognize a target in the form of short peptides presented in the context of
the major histocompatibility complex (MHC) on the surface of target cells, T-cell mediated
immunotherapy can be used to target molecules irrespective of their cellular localization. By
immunizing the patient against one of the relevant EMT-TFs. an effective T-cell immune
response could be elicited that, in turn, could selectively eradicate tumor cells expressing the
EMT driver of choice.

C. IMMUNOTHERAPEUTIC APPROACHES AGAINST CANCER

The aim of an immunotherapeutic approach against cancer is to elicit or to enhance a tumor-
specific immune response in the host that, in turn, could mediate tumor control in the long
range. There are several approaches currently under investigation to achieve this objective,
including (1) vaccination of the patient against a tumor-specific antigen(s), (1) adoptive
transfer of tumor-specific T cells and, (111) the blockade of immune inhibitory pathways
(immune checkpoints) that mediate tumor evasion by restricting T-cell activation or effector
function.

I. CANCER VACCINES—Therapeutic cancer vaccines are designed to stimulate a
tumor-specific immune response by immunizing the patient against one or several tumor
antigens, and may utilize one of four basic platforms: recombinant vectors, dendritic cell-
based vaccines, whole tumor cell vaccines and peptide/protein vaccines (Palena & Schlom,
2010). Unlike standard cancer treatments, therapeutic cancer vaccines have shown no
associated toxicities and their immunotherapeutic effect could be long-lasting. Vector-based
vaccines are perhaps one of the most flexible vaccine-delivery systems; among the vectors
being evaluated are poxviruses, alphaviruses, bacterial (Salmonella, Listeria) and yeast
vectors. In general, the “off-the-shelf” nature of vector vaccines renders them suitable for
large, multicenter randomized trials. For example, a poxviral-based vaccine (PROSTVAC)
encoding for prostate-specific antigen (PSA) and a triad of costimulatory molecules (B7.1,
ICAM-1, LFA-3, TRICOM) is currently being evaluated in an international, Phase 111
randomized clinical trial in metastatic castration-resistant prostate cancer patients (Madan et
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al., 2012a; Singh & Gulley, 2014). The pros and cons of each vaccine platform as well as
their current status of clinical development have been extensively reviewed elsewhere (Disis,
2014; Larocca & Schlom, 2011; Schlom et al., 2014).

II. IMMUNE CHECKPOINT INHIBITION—In addition to tumor cells being poorly
immunogenic, the tumor microenvironment is known to further decrease the effectiveness of
anti-tumor immune responses by potentiating different immunosuppressive mechanisms
(Drake et al., 2006; Igney & Krammer, 2002; Rabinovich et al., 2007). These inhibitory
pathways, normally required for maintaining homeostasis within the immune system, can be
functional in tumors where they could limit anti-tumor T-cell activation and effector
functions. The molecules perhaps most studied in this respect are the cytotoxic T
lymphocyte antigen-4 (CTLA-4) and programmed cell death-1 (PD-1) and its ligands,
PDL-1 and PDL-2 (Shin & Ribas, 2015). CTLA-4 is expressed on the surface of activated T
cells and delivers a negative signal upon ligation of B7-1 and B7-2; its blockade with the
antibody ipilimumab has shown durable responses in patients with advance melanoma (Hodi
et al., 2010). PD-1 is also expressed by activated T cells and binds PDL-1 and PDL-2 that
are expressed in malignant cells; blockade of the PD-1/PD-L1 pathway has shown
remarkable clinical responses in patients with advanced melanoma and some types of
carcinomas, including lung cancer (Hamid et al., 2013; Hodi et al., 2010; Topalian et al.,
2012a; Topalian et al., 2012b). The use of immune checkpoint inhibitors is being extended
to many different cancer types and it is likely that the combination of these agents with
therapeutic cancer vaccines will represent an exciting step forward in cancer treatments.

D. THE CHOICE OF TUMOR ANTIGEN

One fundamental aspect in the development of cancer vaccine approaches is the selection of
the tumor antigen to be delivered to the host’s immune system. In general, tumor antigens
can be classified into one of two major categories. The first category corresponds to “tumor-
specific antigens,” which are molecules expressed de novo by the tumor cells, such as
mutated proteins or virally-derived products in tumors driven by infectious agents (Palena &
Schlom, 2010). Most antigens so far studied, however, fall within a second category of
“tumor-associated antigens,” which are proteins overexpressed in tumors that could be also
expressed at low levels in normal adult tissues or were expressed in early embryonic
development. EMT transcription factors belong to the second category, as they are molecules
normally expressed during embryo development but minimally expressed in adult tissues,
and reexpressed in neoplastic cells. An additional attractive feature of EMT-TFs as targets
for immunotherapy relates to their functional relevance. In general, cancer cells are able to
acquire multiple mechanisms that allow them to evade immune recognition and rejection,
including the loss of a targeted antigen and the establishment of antigen-negative tumor
clones (DuPage et al., 2012). Because of their critical role in the establishment of a
metastatic phenotype, targeting of an EMT-TF could potentially minimize the effects of
antigenic loss as tumor cells that down-regulate the expression of the targeted EMT
transcription factor will not be able to metastasize.
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E. BRACHYURY AS A TUMOR ANTIGEN

Brachyury fulfills two major requisites for a molecule to be used as a cancer vaccine target:
(a) tumor specificity, as its expression is almost exclusively confined to neoplastic tissues in
the adult, and (b) immunogenicity. This last feature was first revealed when experiments
conducted /7 vitro demonstrated that brachyury-specific cytotoxic CD8" T cells could be
expanded from the blood of cancer patients by repeated stimulation with a nonameric
brachyury-derived peptide (Palena et al., 2007). The peptide, an HLA-A0201 restricted
epitope (WLLPGTSTL), was identified via a binding prediction algorithm and utilized /in
vitro for pulsing of dendritic cells (DCs) and subsequent stimulation of autologous T cells
from the blood of colorectal and ovarian cancer patients. These brachyury-specific T cells
were then shown to be able to lyse carcinoma cells that present endogenously-processed
epitopes of brachyury in the context of MHC class | molecules, including lung, colorectal
and breast carcinoma cells (Palena et al., 2007; Palena et al., 2014b; Roselli et al., 2012).
The epitope was subsequently modified by substitution of an amino acid involved in MHC-
binding and the resulting agonist epitope of brachyury (WLLPGTSTV) was shown to be
more efficient than the native counterpart at expanding brachyury-specific T cells from the
blood of cancer patients and at lysing cancer cells expressing the native brachyury protein.
The immunogenicity of this peptide was also demonstrated /7 vivo by vaccination of
A2.1/Kb transgenic mice using peptide in adjuvant (Tucker et al., 2014).

Another demonstration of the immunogenicity of brachyury arose from observations that
some patients receiving cancer vaccines directed against prostate-specific antigen (PSA) or
carcinoembryonic antigen (CEA) also developed spontaneous CD8+ T-cell responses to
brachyury, as measured directly from peripheral blood via the ELISPOT assay (Madan et al.,
2012b). As the patients received a vaccine targeting proteins other than brachyury, it is
presumed that the expansion of brachyury-specific CD8+ T cells is a manifestation of the
phenomenon of antigen spreading, i.e., the generation of an immune response against tumor
antigens cross-presented to the immune system following tumor destruction in response to
the vaccine. These studies together demonstrated that brachyury is an immunogenic protein
with the potential to serve as a target for anticancer vaccination.

Potentially, EMT-TFs other than brachyury that are known to control human tumor
progression could be explored as novel tumor antigens for the targeting of metastatic
disease, provided that they also meet the criteria of tumor specificity and immunogenicity.

F. THERAPEUTIC VACCINES AGAINST BRACHYURY

I. YEAST-BASED BRACHYURY VACCINE—One type of vector-based vaccine
platform is a heat-killed recombinant strain of Saccharomyces cerevisiae, a nonpathogenic
yeast species that efficiently activates DCs via Toll-like receptors (TLRs) and induces the
production of high levels of type | cytokines, including IL-2, TNF-a, and IFN-y (Bernstein
et al., 2008; Remondo et al., 2009). Yeast vectors can be readily engineered to express one
or more tumor antigens and have been well characterized in various preclinical and clinical
studies. For example, a recombinant yeast-CEA vaccine has been used /n vitroto expand
murine and human T cells directed against the CEA protein, as well as /n vivo for
vaccination of mice bearing CEA-expressing tumors, resulting in anti-tumor activity
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(Bernstein et al., 2008; Boehm et al., 2010; Cereda et al., 2011; Remondo et al., 2009;
Wansley et al., 2008). In clinical studies, heat-killed yeast vaccines have been used in
multicenter trials in patients with Hepatitis C, lung and pancreatic carcinomas and in
patients with metastatic CEA-expressing carcinomas (Bilusic et al., 2014; Chaft et al., 2014;
Hartley et al., 2014). All of these studies demonstrated that yeast-based vaccines (a) can be
injected repeatedly without inducing neutralizing responses, (b) posses excellent safety and
tolerability profiles, and (c) are able to induce measurable tumor-specific immune responses.

A heat-killed recombinant yeast has been developed (designated as GI-6301) that expresses
the full-length human brachyury protein. This vaccine has been initially used in preclinical
studies to activate and promote the maturation of human DCs in vitro as well as to expand
human brachyury-specific CD8+ and CD4+ T cells from the peripheral blood of healthy
donors and cancer patients (Hamilton et al., 2013). The vaccine was also evaluated /n vivo,
where the administration of heat-killed brachyury-expressing yeast to mice was able to elicit
brachyury-specific CD4+ and CD8+ T-cell responses that were capable of reducing tumor
burden in an experimental model of brachyury-driven metastasis, in the absence of toxicity
(Hamilton et al., 2013; Palena et al., 2014a). Based on these studies, a Phase I clinical trial
has been initiated with the yeast-brachyury vaccine GI1-6301 to treat patients with advanced
carcinomas as well as chordomas (www.clinicaltrials.gov, 2013). The initial results of this
Phase I trial have been reported (Heery et al., 2014; Singh et al., 2014); the yeast-brachyury
vaccine was well tolerated and brachyury-specific CD8+ and/or CD4+ T-cell responses were
present in the blood of some patients post- vs. pre-vaccination. These results demonstrated,
for the first time in humans, that an EMT-TF could be targeted immunologically via
vaccination.

[I. POXVIRUS-BASED BRACHYURY VACCINE—Members of the poxvirus family,
including vaccinia, modified vaccinia strain Ankara (MVA) and the avipox virus fowlpox,
are being explored as cancer vaccine-delivery systems in a variety of clinical studies.
Poxviruses offer several advantages as vaccine-delivery systems, including (a) the ability to
accept large inserts of foreign DNA, allowing for the inclusion of multiple transgenes, (b)
viral replication and transcription of the poxvirus genome takes place in the cytosol of the
infected cell, thereby minimizing the risk of random insertion into the host’s DNA, and (c)
the encoded transgenes can be processed and presented by both MHC-class | and 11
pathways, leading to activation of CD8+ and CD4+ T-cell responses. One particular
recombinant poxvirus platform that has been extensively characterized both preclinically
and clinically consists of a recombinant vaccinia or fowlpox virus that encodes for
transgenes for one or more tumor-associated antigens (PSA, CEA, MUC-1) and the
TRICOM triad of costimulatory molecules including B7.1, ICAM-1 and LFA-3. For a
comprehensive review of the clinical development of poxviral-based cancer vaccines see
(Madan et al., 2012a).

MVA is a highly attenuated strain of vaccinia virus that does not replicate productively in
human cells, which has been administered to a large number of individuals in the final stages
of the smallpox eradication campaign in Germany and Turkey (Blanchard et al., 1998; Im &
Hanke, 2004; Mayr & Danner, 1978). The absence of undesired effects among vaccinated
individuals, including those with immune deficiencies, makes MVA a safe, ideal poxviral
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vector to use in immunotherapeutic approaches against cancer (Cosma et al., 2003; Im &
Hanke, 2004). Recently, an MVA-poxviral vaccine encoding human brachyury and the
TRICOM molecules has been developed and its testing in a Phase I clinical trial in patients
with advanced carcinomas is currently ongoing (www.clinicaltrials.gov, 2014).

To our knowledge, yeast-brachyury and MVA-brachyury-TRICOM are the first vaccines
targeting a driver of the EMT that have successfully entered clinical development. Although
it is still early to understand the mechanism of action of brachyury-based vaccine
approaches, we speculate that the immune targeting of tumor cells undergoing brachyury-
mediated EMT could have different outcomes when used at various stages of disease. If
employed at an early stage of disease, the elimination of tumor cells that upregulate the
expression of brachyury could prevent the establishment of metastatic lesions by eradicating
tumor cells with migratory and invasive properties. At later stages of disease, however, once
metastases have been established, it is also possible that a brachyury-vaccine could
potentially limit the acquisition of chemo- or radioresistance by eliminating therapy-
resistant, stem-like cancer cells.

Because of the variety of tumor types showing some level of brachyury expression,
brachyury-based vaccines could potentially be applied towards the treatment of several types
of common carcinomas. As the phenomenon of EMT, which brachyury regulates, is
considered to be transient, it is important to point out that, unlike with the targeting of
proteins that are constitutively expressed in cancer cells, expression of brachyury in tumors
should be thought of as a dynamic and reversible event. Thus, brachyury might be restricted
to a minority of tumor cells or be detectable only at a given time along tumor progression.
This fact should be taken into consideration when evaluating its expression in a biopsy
specimen, which would measure the level of brachyury in a specific site and at that one
moment in time. In agreement with these postulates, expression of brachyury for example
has been observed in a minority of cells in the primary tumor, while higher proportion of
brachyury-positive tumor cells and higher levels of expression have been observed in
metastatic lymph nodes or distal metastases derived from the same patient (Roselli et al.,
2012).

4. OVERCOMING POTENTIAL TUMOR IMMUNE RESISTANCE

While the associations of tumor EMT with tumor escape from conventional anti-neoplastic
interventions or certain small molecule targeted therapies, such as EGFR inhibitors, have
been extensively documented, few reports have investigated whether tumor plasticity
mediated by the EMT could also mediate resistance to immune-mediated attack, potentially
contributing to tumor escape from host immune-surveillance and failure of immune-
mediated rejection.

Some of the most studied mechanisms of immune evasion involve defects in any of the
multiple components of the antigen-processing and/or presentation machinery, including the
loss or reduction of MHC expression and the loss of antigen. However, recent reports have
also started to implicate the phenomenon of EMT in the resistance of tumor cells to
immune-mediated lysis. For example, it has been recently shown that the acquisition of
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EMT properties by tumor cells triggers the mechanism of autophagy that, in turn, protects
tumor cells from cytotoxic T-cell mediated lysis (Akalay et al., 2013a; Akalay et al., 2013b).
Another example of the potential negative impact of tumor EMT in immune-mediated lysis
is the case of tumor cells that express very high levels of the transcription factor brachyury.
The analysis of the cytotoxic response of human carcinoma cell lines with a range of
brachyury expression demonstrated that the cytotoxic lysis of tumor cells with very high
levels of brachyury is significantly reduced compared to that of brachyury-intermediate/low
cells in response to brachyury-specific CD8+ T cells (Hamilton et al., 2014b). Interestingly,
the impairment of immune effector-mediated lysis of tumor cells with very high levels of
brachyury was also extended to antigen-independent lysis mediated by innate natural Killer
(NK) or lymphokine-activated killer (LAK) cells, as well as to lysis mediated by other
antigen-specific T cells, even in the presence of normal levels of the corresponding target
antigen(s). This paradoxical observation that tumor lysis diminished in the presence of very
high levels of the target antigen led to the hypothesis that very high levels of brachyury, as it
is observed in some tumor tissues (circle, Figure 2), could impart resistance to immune-
mediated anti-tumor interventions. As seen in this proposed model, the majority of human
carcinomas exhibit intermediate or low levels of brachyury and would be optimally lysed by
brachyury-specific T cells, however, a small percentage of tumors with very high levels of
brachyury (red circle, Figure 2) could escape immune-mediated lysis and contribute to
tumor resistance to immune attack.

Mechanistic studies to understand the resistance of tumor cells with very high levels of
brachyury showed that the defective lysis of those cells is due to inefficient caspase-
dependent apoptotic death, a defect that takes place even in the presence of normal levels of
fully activated effector caspases. The major apoptotic defect identified in those cells,
however, was the absence of degradation of nuclear lamins due to a profound reduction on
the levels of the cell cycle associated kinase CDK1 (Figure 3). The nuclear lamin, a
component of the nuclear envelope, is a fibrillar mesh formed by the filament lamins A-C,
which must be phosphorylated to undergo degradation by caspases during the last steps of
apoptosis (McKeon et al., 1986; Rao et al., 1996). In tumor cells with very high brachyury
levels, the levels of CDK1 protein are reduced and, as a consequence, lamins are not
properly phosphorylated, thus precluding the degradation of the nuclear lamina during
apoptosis.

As the defective apoptosis of tumor cells with very high levels of brachyury is due to the
enhanced degradation of the CDK1 protein, it has been proposed that restoration of
threshold levels of CDK1 activity could allow nuclear apoptosis to proceed in those cells.
This has been achieved by inhibiting the activity of the cell cycle kinase WEEL, which
normally inactivates CDK1 by phosphorylating Tyrl5 (Ottaviano & Gerace, 1985). A
specific small molecule inhibitor of WEE1, designated as AZD1775 (previously MK1775),
is currently being tested in Phase | and 11 clinical trials for the treatment of multiple solid
tumor types in combination with chemotherapies or radiation. It has been shown in
preclinical studies with human carcinoma cells that WEE1 blockade by AZD1775 is able to
fully revert the resistance of brachyury-high tumor cells to caspase-dependent cell death
induced by immune effector mechanisms (Hamilton et al., 2014b). This was presumably
achieved by restoration of threshold levels of CDK1 activity in brachyury-high cells, which
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would allow the proper phosphorylation of lamins and their subsequent targeting by
degradation by caspases.

It is important to point out that, as of this writing, there is no clear understanding of what
mechanisms are preferred by immune effector cells (caspase-dependent vs. caspase-
independent) to lyse tumor cells /n vivo. It has been shown, for example, with renal cell
carcinoma cells in murine preclinical studies that the lytic pathway employed by antigen-
specific T cells during tumor lysis is determined by the level of MHC-class I/peptide, where
the FAS lytic pathway is preferred at low peptide level, while the preference is lost at high
peptide levels (Shanker et al., 2009). In particular, it has been shown that the efficient lysis
of brachyury-high tumor cells could still take place if the effector cell mechanisms involved
the perforin/granzyme pathway. This is consistent with the idea that during perforin/
granzyme dependent apoptosis, granzymes directly cleave the nuclear lamins, thus being
able to overcome the defective lamin phosphorylation that is needed for the caspase-
dependent lysis (Hamilton et al., 2014b). These results also indicated that
immunotherapeutic approaches able to maximize the activation of effector cells for high
production of granzymes should be able to effectively eliminate tumor cells with epithelial
or mesenchymal features, the latter otherwise resistant to most anti-tumor interventions.

5. CONCLUDING REMARKS

Progress in elucidating the molecular mechanisms that govern the process of metastasis,
including a full understanding of the role of tumor EMT and its association with tumor
stemness and resistance to therapies, will help in designing therapies better fitted at
preventing and/or treating metastatic disease. Cancer vaccines able to specifically target
metastatic tumor cells constitute a very attractive methodology. Unlike other modalities,
vaccines may be able to generate a long-lasting anti-tumor response; until now they have
demonstrated no associated toxicities, making them ideal for combination therapies,
including the use of agents that alleviate tumor EMT for an optimized targeting of plastic
tumor cells that are responsible for tumor recurrence and the establishment of therapeutic
refractoriness.
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Figure 1.
Role of the EMT-MET phenomena in tumor metastasis and acquisition of therapeutic

resistance. (Adapted from Palena et al., 2014a).
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Figure2.
Expression of brachyury in lung cancer tissues (triangles); shaded area indicates the range of

brachyury expression (low/intermediate) corresponding to optimal lysis by brachyury-
specific T cells, according to the bell-shape model shown in the right panel. Tumors with
very high levels of brachyury (circle) could escape immune mediated lysis by brachyury-
specific T cells. (Adapted from Roselli et al., 2012).
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Figure 3.
Schematic representation of the mechanisms of caspase-dependent lysis of brachyury-low

vs. brachyury-high cells indicating that loss of CDK1 kinase in the presence of high
brachyury levels results in reduced phosphorylation of nuclear lamins and reduced
apoptosis. (Adapted from Hamilton et al., 2014b).
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