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Abstract

The ErbB family (HER-1, HER-2, HER-3 and HER-4) of receptor tyrosine kinases has been the
focus of cancer immunotherapeutic strategies while antiangiogenic therapies have focused on
VEGF and its receptors VEGFR-1 and VEGFR-2. Agents targeting receptor tyrosine kinases in
oncology include therapeutic antibodies to receptor tyrosine kinase ligands or the receptors
themselves, and small-molecule inhibitors. Many of the US FDA-approved therapies targeting
HER-2 and VEGF exhibit unacceptable toxicities, and show problems of efficacy, development of
resistance and unacceptable safety profiles that continue to hamper their clinical progress. The
combination of dif ferent peptide vaccines and peptidomimetics targeting specific molecular
pathways that are dysregulated in tumors may potentiate anticancer immune responses, bypass
immune tolerance and circumvent resistance mechanisms. The focus of this review is to discuss
efforts in our laboratory spanning two decades of rationally developing peptide vaccines and
therapeutics for breast cancer. This review highlights the prospective benefit of a new, untapped
category of therapies biologically targeted to EGF receptor (HER-1), HER-2 and VEGF with
potential peptide ‘blockbusters® that could lay the foundation of a new paradigm in cancer
immunotherapy by creating clinical breakthroughs for safe and efficacious cancer cures.
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HER family receptors & antitumor strategies

The HER family of receptors plays a central role in the pathogenesis of several human
cancers including breast, ovarian, renal, colon and lung carcinomas, and is associated with
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aggressive forms of several human cancers. They regulate cell growth, survival and
differentiation via multiple signal transduction pathways [1], and participate in cellular
proliferation and differentiation [2,3]. The family is made up of four main members: HER-1,
HER-2, HER-3 and HER-4, also called ErbB1, ErbB2, ErbB3 and ErbB4, respectively [4].
All four HER receptors (HER-1 [EGF receptor (EGFR)], HER-2, HER-3 and HER-4) share
structurally homologous extracellular domains (ECDs) [5]. HER-2 plays a major
coordinating role in this network, since each receptor with a specific ligand seems to prefer
HER-2 as its heterodimeric partner [6,7] owing to its constitutively ‘open’ conformation.
HER-2-containing heterodimers potently amplify signaling because HER-2 reduces the rate
of ligand dissociation, allowing strong activation of downstream signaling pathways [8,9],
and those involving the activation of the PI3K-Akt and Ras—Raf-MEK-MAPK pathways
[10].

The most important member of this family is HER-2 and its overexpression in several tumor
types is regarded as the main cause of aggressive forms of cancer and poor clinical outcome
[11,12]. The HER-2 protein has been shown to be an important therapeutic target in many
cancers owing to the fact that it is the only member that does not have a ligand. Its
oncogenic potential is likely due to being the preferred dimerization partner for the other
family members, explaining why it is one of the most studied of this group of receptors [13].
Since the amount of HER-2 expressed on cancer cells is elevated when compared to normal
adult tissues [14], it has the potential of reducing the toxicity of HER-2-targeting drugs.
High expression of HER-2 in tumors is often characterized by homogeneous and intense
immunohistochemical staining [15], signifying that HER-2-targeted therapy would be
directed to killing tumor cells in a cancer patient. Additionally, HER-2 overexpression is
found in both the primary and metastatic sites [16], suggesting that HER-2 targeted therapy
may be effective in all disease sites. HER-2 overexpression and amplification has been
characterized in a number of gastric, esophageal, endometrial, uterine, ovarian and lung
cancers [17-22]. Several studies have shown that many cancers are caused by dysregulated
signaling of the HER family receptors [4], and targeting more than one of the receptors may
produce greater antitumor effects.

HER-2 therapeutic strategies

Cancer remains the second-most frequent cause of death in the USA according to the
American Cancer Society [301]. An estimated 226,870 new cases of invasive breast cancer
are expected to occur among women in the USA during 2012 with an estimated 39,510
breast cancer deaths. Breast cancer ranks as the second-leading cause of death after lung
cancer. The US FDA approved the use of trastuzumab (Herceptin®, Genentech, Inc., CA,
USA) for use in breast cancer patients. Trastuzumab is a recombinant humanized
monoclonal antibody that binds domain 1V of the ECD of HER-2 receptor [23] and inhibits
intracellular signaling [24]. Another monoclonal antibody, referred to as pertuzumab (2C4
or Omnitarg®, Genentech), is being tested in Phase 111 clinical trials. This recombinant
humanized HER-2 antibody inhibits dimerization of HER-2 with EGFR and HER-3 [25] by
sterically binding to domain 11 of the HER-2 ECD and thus can block signaling from
HER-2-HER-3 and HER-2-EGFR heterodimers (Figure 1). Members of this new class of
antibody therapeutics are known as dimerization inhibitors; they prevent signaling by HER
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family receptors and interfere with signaling in cells that express normal levels of HER-2
[26]. When both trastuzumab and pertuzumab are used together the survival of the BT474
breast cancer cell line is greatly inhibited, demonstrating increased apoptosis. This
synergistic inhibition demonstrated that combining HER-2-targeting agents may be more
effective than using a single HER-2 therapeutic strategy [27-29]. Several Phase I trials in
breast, non-small-cell lung [30], ovarian [31] and prostate [32] cancers show the importance
of combination therapy.

Targeting HER-1

HER-1 or EGFR plays an important role in many types of epithelial tumors, such as lung,
breast, pancreatic, colorectal, prostate, bladder and ovarian tumors, and a natural role in
development. HER-1 is involved in cell growth and differentiation; its levels of expression
are very low but receptor levels are significantly higher in malignant cells, mainly due to
increased proliferative potential as a result of unregulated signaling [33]. The involvement
of EGFR in numerous epithelial tumors has led to the development of many drugs that target
the receptor. The drugs developed so far can be classified into two broad groups; the
tyrosine kinase inhibitors (TKI) and the humanized monoclonal antibodies. Small-molecule
TKIs (Figure 1) were the first group of drugs developed to target HER-1 and include
erlotinib, gefitinib and the dual (HER-1/HER-2) inhibitor lapatanib, which are all approved
by the FDA [34]. They are able to prolong patient survival for months but there are
significant side effects and cause for concern when considering the quality of life of most
patients during treatment [35]. Despite FDA approval of these small molecules, their use is
hampered by the problems of non-specificity that results into unacceptable safety profiles.
Humanized monoclonal antibodies that target HER-1 include panitumumab and cetuximab.
Panitumumab gained FDA approval in 2006 for the treatment of HER-1-expressing
metastatic colon cancer [34]. Cetuximab was the first therapeutic agent that was approved to
target EGFR owing to its high overexpression in many epithelial tumors [36]. Both small-
molecule TKIs and cetuximab have been associated with side effects such as skin rash,
severe diarrhea and, in some cases, serious hypersensitivity reactions [37]. Most of the
FDA-approved agents targeting HER-1 (cetuximab, erlotonib and gefitinib) and HER-2
(trastuzumab, pertuzumab and lapatanib) have significant toxicities (Table 1) with
unacceptable safety profiles in most patients [38].

Targeting of HER-3 & HER-4

It is becoming increasingly clear that the EGFRs form a network of inter-receptor activation
in cancer. Combined upregulation of HER-3 or HER-4 with other HER family members
significantly increases the dysregulated signaling of the receptors and leads to more
aggressive forms of cancer with decreased patient survival. HER-3 and HER-4 therefore
play a substantial supporting role in HER-1- or HER-2-positive cancers [39]. HER-3 and
HER-4 have been implicated in the development of resistance to anticancer agents that
target endocrine tumors [40]. HER-1 can dimerize with HER-3, providing a platform for
increased signaling and increased metastatic potential, and the expression of HER-3 has
been shown to provide an alternative pathway when HER-1 and HER-2 dimers are blocked.
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Unlike HER-2, HER-3 lacks the ability to form homodimers. As a result, HER-3 signaling is
entirely dependent on heterodimerization [41,42]. Interestingly, the heterodimer of HER-2—
HER-3 constitutes the most potent receptor with respect to strength of interaction, ligand-
induced tyrosine phosphorylation, and downstream signaling [43,44]. It forms a high-
affinity heregulin receptor with kinase activity [45]. In addition, the HER-2-HER-3
heterodimer was found to mediate the most mitogenic signal in vitro [42,46-48].

All this illustrates that there is extensive crosstalk among the HER family receptors,
indicating that interrupting signaling from more than one member maybe beneficial in
limiting drug resistance. A two-in-one antibody that targets both HER-1 and HER-3 has
been shown to produce superior antitumor effects in cancer cells that have high levels of
both receptors [39]. Inhibition of HER-2 activity is always accompanied by upregulation of
HER-3, which indicates that targeting both HER-2 and HER-3 simultaneously will block
any alternative pathway [49]. Furthermore, in HER-2-dependent cells, blockage of HER-3
signaling results in decreased signaling and low proliferation rates [50].

Rationale for targeting HER-3

Unfortunately, efforts at targeting HER-3 have lagged behind owing, in part, to its impaired
kinase activity. However, several recent studies have shown that HER-3 is frequently
upregulated in cancers with EGFR or HER-2 overexpression and that it synergistically
increases the tumorigenic potency of HER-2 [46,48]. HER-3 also has the highest binding
affinity for PI3K when compared with all other HER proteins. As a result, HER-3 serves as
a key activator in downstream signaling of PI3K, which, ultimately, leads to apoptosis
resistance in a wide range of cancers [51-54]. The combination of HER-2 and HER-3
receptors may be critical in breast cancer growth and progression, and HER-3 may be a
necessary partner for the oncogenic activity of HER-2 [55]. HER-3 may also provide a route
for resistance to agents that target EGFR or HER-2 [56—60]. Recent evidence suggests that
HER-3 contributes to escape from therapeutic suppression by several TKIs in breast cancer
[56,59,60]. In fact, HER-3 expression or signaling is associated with resistance to HER-2
inhibitors in HER-2-amplified breast cancers [60], EGFR inhibitors in lung cancers [61],
pertuzumab in ovarian cancers [62], antiestrogen therapies in ER-positive breast cancers
[62-65], EGFR inhibitors in head and neck cancer [66] and hormone therapies in prostate
cancers [67].

HER-2 vaccines & recent advances

Peptide cancer vaccine strategies focus mainly on eliciting a cellular antigen-specific T-cell
response [68-70]. Disis et al. showed that HER-2 breast cancer patients exhibit pre-existing
T- and B-cell immunity against HER-2 [71,72]. CD4* T-cell peptide epitopes elicited
immunity to HER-2 [73] in a clinical trial in humans [74]. Several HER-2 cytotoxic T
lymphocyte (CTL) epitopes have been identified to date [75] and CD4* T-cell responses
have been shown to be essential for an antitumor response [76,77] with several MHC class
I1-presented epitopes [71,78-82]. An exploratory Phase I/11 clinical trial vaccinated breast
cancer patients with E75, a HLA-A2/HLA-A3-restricted HER-2/neu (HER-2) peptide, and
GM-CSF [83]. Several vaccines are currently undergoing clinical trials, most of which are
CD8™* T-cell-eliciting vaccines. AE37 is a promising CD4" T-cell-eliciting HER-2/neu
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breast cancer vaccine currently in clinical trials [84]. Preclinical studies [85] suggest that
GP2 is a clinically relevant HER-2/neu-derived peptide epitope and a recent Phase | clinical
trial [86] demonstrated that GP2-based vaccines were safe and effective in stimulating
peptide-specific immunity. HER-2 vaccine strategies include whole-cell expressing tumor
antigens [87-89], proteins [90], DNA [91-93], HER-2/neu phage-display libraries [94] and
epitope mimics [95]. HER-2 epitopes from the ECD coupled to carrier proteins to tetanus
toxoid (TT) or keyhole limpet hemocyanin were able to elicit antibodies that inhibited tumor
cell growth [96]. The peptide mimotopes strategy [97] has been used to elucidate HER-2
epitopes by biopanning of trastuzumab. Riemer et al. [98] showed that it is feasible to
identify complex HER-2 epitopes by high-throughput screening and phage-display
technology that corresponds to trastuzumab. Similar strategies for generating peptide
mimotopes specific for an anti-HER-2 monoclonal antibody [99] were selected from a
constrained random 12-mer peptide phage library that elicited antipeptide antibodies when
coupled with keyhole limpet hemocyanin, however, no antibodies were produced when the
multiple antigen peptide strategy was used. A virosomal HER-2 multipeptide vaccines has
been shown to induce HER-2-specific immunity, and to be safe and well-tolerated in a Phase
| trial [100].

VEGF family receptors & antiangiogenesis strategies

The growth of new blood vessels from pre-existing vasculature has been termed
angiogenesis. Tumors are able to induce uncontrolled expression of proangiogenic factors
resulting in an increase in angiogenesis and abnormal tumor vasculature [101]. Although
disorganized, the tumor vasculature is essential for tumor growth and metastasis, and the
idea that tumor growth was angiogenesis-dependent was first suggested by Folkman in the
1970s [102]; a decade later, his group started reporting on the first angiogenesis inhibitors.

The tumor angiogenic microenvironment

Interactions between cancer cells and their microenvironment are critical for the
development and progression of solid tumors [103—-108]. Tumor growth and metastasis are
critically dependent on the development and/or remodeling of the microvasculature [109].
The transition between dormancy and active growth in tumorigenesis appears to be triggered
by an “angiogenic switch’ [109,110]. This angiogenic switch has recently been documented
in several forms of cancer [111]. VEGF constitutes one of the most proangiogenic factors
known today [112]. In many different types of cancer, the expression of VEGF is elevated
and most tumor cells secrete VEGF [113]. It has been well established that VEGF is a key
promoter of metastasis [114]. VEGF is one of the most studied angiogenesis factors and can
activate both mechanisms via VEGF receptor (VEGFR)-1 and/or VEGFR-2 signaling
[35,115,116]. Endothelial cells respond via VEGFR-2 activation, while infiltrating cells,
such as macrophages, are activated via VEGFR-1 signaling, which is also involved in the
recruitment of endothelial progenitor cells in neovascularization [117-120].

VEGF & VEGFR

VEGF is a homodimeric glycoprotein (34-42 kDa) that exhibits several isoforms arising
from splice variants [112,113,121-123]. The VEGF protein family is made up of several
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different proteins including VEGF-A, VEGF-B, VEGF-C, VEGF-D and PIGF. The most
important of these proteins is VEGF-A, which plays a major role in stimulating angiogenesis
by binding to one of its receptors, VEGFR-2 [124]. The functions of the other proteins in
this family are unrelated to angiogenesis and these proteins are able to bind only to
VEGFR-1, while VEGF-A binds to both VEGFR-1 and VEGFR-2. There are many splice
variants or isoforms of VEGF-A, which include VEGF-A [121], VEGF-A [125], and VEGF-
A [126], which is the matrix-bound isoform expressed in pathological angiogenesis [127].
The VEGFR signaling mechanism comprises receptor dimerization, activation of the
tyrosine kinase and creation of docking sites for signaling VEGFRs. The three known
tyrosine kinase receptors that bind VEGF are Flt-1 (VEGFR-1), KDR (VEGFR-2, FIk-1)
and Flt-4 (VEGFR-3). Although VEGFR-1 binds VEGF with higher affinity than VEGFR-2,
the latter is considered the most biologically relevant receptor in solid tumor angiogenesis.
VEGFR-2 is a tyrosine kinase receptor and is the most important VEGFR in angiogenesis
activation. It can be overexpressed in breast, kidney, pancreas and Gl tract cancer cells. This
receptor is thus considered an important target for the development of kinase inhibitors
aimed at targeting angiogenesis. Overexpression of VEGF also occurs in many different
types of cancer and, thus, VEGF and its receptors, VEGFR-1 and VEGFR-2, are considered
as prime targets for antiangiogenic intervention [128-130]. Many angiogenic inhibitors have
been developed, mainly focused on the VEGF pathway, since its inhibition is correlated with
suppression of tumor growth and angiogenesis [131].

Antiangiogenesis strategies

Antibodies

Some drugs have been successfully implemented in some specific areas of cancer treatment
but their long-term side effects still remain a cause for concern, thus the need for better
drugs [132]. Tumor angiogenesis is, today, one of the most attractive areas in clinical
oncology [133], leading to the development of many antiangiogenic drugs (e.g., monoclonal
antibodies [mAbs] and TKIs) that target VEGF and its receptors (see Figure 1).

Antibodies generally have neutralizing and inhibiting functions in addition to their ability to
cause antibody-dependent cell-mediated cytotoxicity (ADCC) [134]. Antibodies against
VEGF were the first to be explored and, after decades of studies, bevacizumab (Avastin®), a
humanized monoclonal antibody developed by Genentech, was approved by the FDA as a
drug to be used, as first- and second-line therapy in colorectal cancer in 2004 and breast
cancer in 2008 [135]. This is so far the most clinically successful antiangiogenic inhibitor;
however, concerns related to the long-term side effects of its use and development of
resistance had already been raised. The safety and efficacy of Avastin in breast cancers was
found to be inadequate, which resulted in removal from the market by the FDA in 2011.
Several antibodies against VEGFR-2 are still being generated. The idea is that targeting only
VEGFR-2 will reduce the side effects associated with anti-VEGF antibodies, since only the
angiogenesis-specific pathway will be inhibited, while the VEGF-VEGFR-1 pathway will
function normally.
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Small-molecule TKIs

TKIs mainly function by binding to the ATP binding site or by binding to the substrate
binding site, thereby preventing the enzyme from binding [136]. Currently, there are two
FDA-approved TKiIs that target VEGFR-2: sorafenib (Nexavar®) and sunitinib (Sutent®),
commercialized by Bayer (Leverkusen, Germany) and Pfizer (NY, USA), respectively.
Many other kinase inhibitors targeting VEGFR-2 are still in development or in ongoing
clinical trials [137]. Sunitinib and sorafenib are both orally administered TKIs, approved by
the FDA for advanced renal cancer and gastrointestinal stromal tumors [138,139]. Many
drawbacks are associated with these inhibitors; they easily develop resistance by mutation
and/or overexpression of the receptor, they are nonspecific because they crossreact with
other kinase receptors in the body and they also exhibit greater cytotoxicity effects [136].
Both sunitinib and sorafenib have been associated with serious side effects such as
hypertension, stomatitis, neutropenia and thrombocytopenia [140].

Antagonist VEGF polypeptides

Another approach that is used to block VEGF and its receptor interaction is the use of
polypeptides. One such example is VEGF Trap (Aflibercept®), produced by Regeneron
Pharmaceuticals (NY, USA). VEGF Trap is a recombinant fusion protein that combines
VEGF binding domains of VEGFR-1 and VEGFR-2 with an Fc segment of IgG1 [141]. It is
currently being evaluated in a Phase 1l clinical trial as a treatment combination in cancer
patients. The combination regimen is 2 mg/kg intravenously of VEGF Trap given every 3
weeks in combination with 7 mg/m? of 250 cc docetaxel. Although VEGF Trap
demonstrated high affinity and specificity for both VEGF receptors, it has been suggested
that it has the same problems as VEGF-neutralizing antibodies in long-term treatment [142].

An innovative peptide approach to cancer treatment

The main efforts of our laboratory in the past two decades have been the development of
unique peptide vaccines and peptidomimetic therapeutic approaches (Figure 2) for targeting
viral, bacterial and cancer antigens. The novelty of our approach resides in a hypothesis-
driven basic research in vaccinology with an incremental approach involving the elucidation
of several basic immunological and structural concepts that could eventually be translated to
the clinic for the benefit of cancer patients. These innovations include:

e The ability to predict biologically active immune epitopes and confirm their
properties in vitro and in vivo;

«  The engineering of unique B-cell epitope peptides that can recapitulate the
exquisite native structure of the tumor antigen [143-145];

e The design of uniquely inhibitory peptide mimics that can block receptor-ligand
interactions [146-148];

» The idea of combining the B-cell epitopes into chimeric constructs that incorporate
a ‘promiscuous’ T-cell activating species [149]. Vaccination with these novel
HER-2 chimeric immunogens results in the production of highly efficacious native-
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like antipeptide antibodies that can delay, prevent and/or eradicate tumor growth
and metastasis with increased efficacy and little or no toxicity [150-153];

e Inorder to complement and enhance our vaccine approach, we have been
developing ‘non-immunogenic’ peptide therapeutics that target both HER-2 and
VEGF pathways [154,155]. This strategy involves the design and synthesis of
conformational VEGF peptide mimics that are aimed at disrupting the receptor—
ligand interactions with enhanced stability and efficacy [156];

e The concept of ‘tritherapy’, which is the combination of immunotherapy,
angiotherapy and metronomic chemotherapeutic drugs.

HER-2 peptide design strategy

There are several strategies to design immunogenic B-cell epitopes of unknown proteins
(reviewed by Kaumaya et al. [143]). First, we have pioneered a unique approach of
identifying antigenic epitopes on the surface of proteins whose 3D structure and whose
antigen—-antibody complex is unknown. It relies on predicting epitopes using correlates of
antigenicity such as hydrophilicity, flexibility, hydrophobic index, amphiphilicity and
secondary structural propensities. Computer algorithms are available to predict potential B-
cell epitopes and we have successfully applied this technology to several targets including
HTLV-1, HER-2, VEGF and others. For a large protein, several antigenic epitopes can be
prioritized and these peptides are then synthesized by solid-phase peptide chemistry as
chimeric immunogens with an appropriate T-cell epitope.

Design of conformation-dependent antigenic determinants

Second, if the 3D structure of the antigen is unknown, prediction of the secondary structures
by several criteria, such as a-helices, p-turn and sheet, and loop regions, can be made to aid
the design. In that respect, knowledge of protein folding, structure and dynamics can be used
to design the B-cell epitopes to fold into stable supersecondary structures (aa, af, fafp and
B-turns and loops) [143-146]. When the crystallographic structures of the antigen—antibody
complex are known, the engineering of a selective B-cell epitope to mimic the structure of
the immunogenic binding site on the tumor antigen is greatly facilitated.

Active immunotherapy with chimeric B-cell peptide & promiscuous T-cell epitopes

The third aspect is to construct a chimeric peptide containing a promiscuous T-cell epitope
that could be used as an immunogen to elicit high-titered and high-affinity antibodies that
are able to recognize the protein. We have pioneered a strategy that is accomplished by
selecting an appropriate T-cell epitope. Several of these promiscuous T-cell epitopes are
known, and in our previous in-depth studies [149,157] we have found the measles virus
fusion (MVF) protein and the TT epitopes to be the most efficacious ones. The most
important consideration in the successful design of a peptide vaccine is that the B-cell
epitope must be covalently linked to the “helper’ T-cell epitope at either the N- or C-
terminus (Figure 3). In our vaccine approach, we preferentially used the T-cell epitope at the
N-terminus [143].
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The size of the B-cell epitope should minimally be approximately 18 amino acid residues
(~900 A?), the size of an antigen—-antibody binding region, to ensure the peptide propensity
to adopt a defined structure. The helper T-cell should ideally be a promiscuous epitope (~18
residues), the linker should be approximately four residues and the final construct should
consist of between 40 and 60 amino acid residues. In some cases, the B-cell epitope can be
greater than 18 residues to accommodate a larger binding site, as demonstrated by the
HER-2-trastzumab or the HER-2—pertuzumab interface. The chimeric B- and T-cell epitope
strategy can fully stimulate the immune system to produce high-affinity antibodies that can
specifically target cancer cells and, most importantly, establish an immunological memory
in order to prevent cancer relapse.

of chimeric peptides as vaccines

Traditionally, peptide sequences are coupled to larger carrier proteins, such as bovine serum
albumin, TT or keyhole limpet hemocyanin, in order to induce immunogenicity. This
approach is fraught with difficulties as the resulting conjugate is subject to processing by the
immune cells and the resulting B-cell epitope may not represent the exact epitope identity or
configuration, resulting in low-affinity antibodies. Additionally, the coupling procedures are
not an exact science in the sense that they cannot be duplicated from batch to batch,
resulting in an unpredictable immune response. Other problems are epitope suppression by
the carrier protein and poorly characterized constructs due to ambiguity during the chemical
coupling reaction. A strategy that involves B- and helper T-cell epitopes is MHC-restricted
by the fact that T-helper epitopes are recognized by only a few MHC class 1l alleles at most.
We overcame those problems by proposing the use of ‘universal’ or promiscuous T-helper
epitopes [158,159] that bind to several MHC haplotypes [149,158,159].

The chimeric peptide is presented intact to the immune cells without processing, yielding
high-titered and high-affinity protective polyclonal antibodies. This strategy avoids the
proteolysis by APC, normally associated with peptides coupled to large carrier proteins in
which the authenticity of the epitopes is destroyed resulting in a poorly immunogenic
vaccine. Unlike antigens presented to MHC class I, which are restricted to peptides 8-10-
mers, the ends of the groove of MHC class Il are open, allowing larger peptides to bind.
This is the major advantage over other strategies that focus on generating antibodies in
vaccine development. Other active immunization regimens, such as activation of CTLs for
many different types of cancer, have been exclusively and extensively used without much
success so far, but there is hope that newer methods of delivery and adjuvants may lead to
improved vaccines activating the cellular arm of the immune system.

Enhancing immunogenicity of peptide vaccines

An ideal peptide vaccine should consist of an appropriate tumor antigen B-cell epitope or
CTL epitope covalently linked to a universally immunogenic T-helper epitope. In addition,
the peptide vaccine must be formulated with an adjuvant or cytokines, which are essential in
the development of a good immune response. Adjuvants are usually defined as compounds
that increase and/or moderate the intrinsic immunogenicity of an antigen. Generally
speaking, adjuvants function in three basic ways: they cause the slow release of an antigen;
they modulate the immune response; and they increase the presentation of the antigen to
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immune cells such as antigen-presenting cells [160]. Poorly soluble aluminum salts
(aluminum phosphate, aluminum hydroxide and alum [KAI(SO4),-12H,0]), as well as
calcium phosphate and AS04 (FENDrix®, GlaxoSmithKline, Brentford, UK), are the only
vaccine adjuvants currently licensed in the USA. While generally considered quite safe,
there are several areas in which these adjuvants are inadequate. Despite the wide use and
acceptance of alum, there are a series of problems. Adjuvants that can stimulate Thl
cytokine-dependent 1gG2a and 1gG2b antibodies have been developed. Qil emulsions, such
as MF59, which is composed of squalene, polyoxyethylene and muramyl tripeptide, have
been shown to dominantly induce 1gG2a production via Thl immune response [161].
QS-21, which is a purified saponin, also induces 1gG2a responses via cell-mediated
immunity [162]. Another group of adjuvants that are microbial-derived has also been shown
to activate Th1l responses and cause 1gG2 production. A TLR-2 ligand known as
macrophage-activating protein-2, which is a purified derivative from mycoplasma, causes
IgG2a production [163], while virosomes, which are stabilized lipid complexes with viral
proteins, can also activate 1gG2a and IgA responses [164]. A bacterial DNA CpG, which is
also a TLR-9 ligand, can also cause 1g2a production when delivered with TT [165]. Some
cytokines that are used as adjuvants include IL-2, IL-6 and IL-12, which are all known to
stimulate T-cell production and cause the production of 1gG2a antibodies [162,166].

In most of our work, dating back to 2000, we have adopted the use of muramy! dipeptide (N-
acetyl-glucosamine-3-yl-acetyl L-alanyl-D-isoglutamine [nor-MDP]) as an adjuvant as it
was used in a WHO vaccine. Nor-MDP, a ubiquitous constituent of bacterial cell walls, is
recognized by APCs and activates many different cell types, including macrophages,
leukocytes, mastocytes, endothelial cells and fibroblasts, inducing the secretion of cytokines
such as IL-1, B-cell growth factor and fibroblast-activating factor. The muramy! dipeptide,
when emulsified in a squalene-in-water emulsion ISA 720 (SEPPIC, Paris, France),
preferentially activates the humoral arm of the immune system.

of active immunotherapy

The final puzzle is solved by vaccination with the chimeric immunogen that will elicit
endogenous production of high-titer anti-HER-2 polyclonal antibodies. Such polyclonal
antibodies may effectively inhibit function of the target molecule without the risk of tumor
escape, as may occur with a mAb directed at a single epitope. The goal of the strategy is
active specific immunotherapy providing prolonged therapeutic benefit by eliciting
antibodies that could delay, prevent and/or eradicate tumor growth and metastasis with
potentially increased efficacy and the generation of immunologic memory. Additional
advantages include the avoidance of the need for multiple and expensive infusions that
usually lead to severe toxicities.

The advantage of active immunotherapy over passive immunotherapy with mAbs, such as
trastuzumab, pertuzumab and bevacizumab, is a fundamental aspect of our work. The half-
life of IgG, administered intravenously, can range from 5 to 21 days. Thus, repeated
treatments with trastuzumab are necessary — patients typically receive the mAb every 3
weeks. The repeated treatment with trastuzumab raises the cost of passive immunotherapy
with this mAb to approximately US$140,000 per year.
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Development of a combination of two HER-2/neu B-cell epitopes as
potential vaccine candidates

We identified (reviewed by Kaumaya et al. [167]) several B-cell epitopes of HER-2 ECD
using antigenicity algorithms. These peptide B-cell sequences were assembled by solid-
phase peptide synthesis together with a MVF protein (amino acids 288-302) promiscuous T-
cell epitope. The vaccination protocol consisted of emulsifying the peptide with nor-MDP
adjuvant in ISA 720 (oil-in-water mixture). Outbred rabbits immunized individually with the
eight different chimeric MVF-HER-2 peptide vaccine constructs, elicited in each case
exceptionally high antibody titers that bind the native HER-2 protein, as assessed by
immunoprecipitation, flow cytometry and indirect ELISA. We extended our in vivo studies
in transgenic mice and demonstrated that the 628—647 epitope had the highest activity by
eliciting antibodies were able to cause ADCC, as measured by lyzing overexpressing cell
lines BT474 and SKBR3. More importantly, the vaccine was effective in preventing
mammary tumors in neu transgenic mice [125,150].

Epitope specificity
For vaccines eliciting a biologically relevant immune response, the specificity of each
epitope is crucial. We extended our studies to all seven identified HER-2 epitopes, and
characterized their biological activities in vitro and in vivo. In so doing, we were able to
demonstrate that antipeptide antibodies against the 316339 epitope bound the native protein
— as measured by indirect ELISA, flow cytometry and immunoprecipitation — but also
caused ADCC and inhibition of phosphorylation. We next used a combination of the two
best epitopes to determine the best candidate for translating our vaccine to the clinic. We
found that the combination vaccine regimen of 316—-339 and 628-647 elicited the best titers
and also caused the highest receptor downmodulation, similar to that produced by the
control antibody HER-2 mAb L26. Combination vaccines (all three possible combinations)
were able to induce higher levels of IFN-v in the presence of effector human peripheral
blood mononuclear cells compared with single-epitope vaccines. We determined the
efficacy of our vaccine by first immunizing BALB/c mice three times with the combination
peptides and challenging with syngeneic tumor cells transfected with human HER-2
(RENCA/lacZ/HER-2), and we enumerated the pulmonary metastases. We observed the
greatest reduction (>45%) in the number of pulmonary metastases with the peptide 316-339
alone and the combination of 316-339 and 628—647 in the presence of I1L-12.

The most effective combination vaccine was found to be HER-2 sequences 316-339 and
628-647 [150], identified through our peptide strategy. It turns out that these two sequences
overlapped with the pertuzumab and trastuzumab binding sites of HER-2. We initiated a
Phase I clinical trial with a combination of these two peptides in 2002 at the Ohio State
University Comprehensive Cancer Center (OH, USA). Recently, several combination
strategies for pertuzumab and trastuzumab with different chemotherapeutic agents have been
conducted in clinical trials and a recent randomized Phase 111 clinical trial with docetaxel
(CLEOPATRA, NCT00567190 [302]) showed promise [168].
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From bench to clinic

A National Cancer Institute (NCI)-funded (CA84356), OSU Cancer IRB-approved
(2001C0108) and FDA-approved (BB-IND-9803) Phase I clinical trial with a first-
generation combination of two HER-2 chimeric B-cell MVF 316-339 epitopes and MVVF
628-647 [169-171] emulsified with nor-MDP as adjuvant and ISA 720 vehicle was recently
successfully completed at the James Cancer Hospital (OH, USA). The goals of the trial were
to determine the safety and toxicity of the vaccine, as well as the maximum tolerated dose.
Patients with confirmed metastatic and/or recurrent solid tumors were screened and only
those meeting all the eligibility criteria were accrued. The trial consisted of four cohorts with
increasing doses of peptide vaccines ranging from 0.5 to 3.0 mg. Eligible patients received
three inoculations 3 weeks apart. A total of 24 patients (six per cohort) received their
vaccinations at the intended dose level. The patients had different types of cancer ranging
from breast (five), colon (three), squamous cell carcinoma (one), ovarian (five), endometrial
(two), adrenal (one), pancreas (one), rectal (two), leiomyosarcoma (one), gastrointestinal
stromal tumor (one), cervical (one) and non-small-cell lung cancer (one). HER-2 expression
was not required for enrolment since the primary aim of the Phase | study was to evaluate
toxicity and immunogenicity. Nonetheless, all patients were evaluated for HER-2 status and
this was performed by FISH or immunohistochemistry.

All patients had an immune response to the vaccine eliciting HER-2-specific antibodies.
These antibodies inhibited signal transduction pathways in vitro, as exhibited by inhibition
of proliferation of HER-2-expressing cell lines and phosphorylation of the HER-2 protein.
The highest dose level of 1.5 mg of each component of the combination vaccine was
established as the maximum tolerated dose. This corresponds to 3.0 mg of the combination
vaccine. HER-2-specific antibodies increased with larger doses of the vaccine from 0.25 to
1.5 mg. The vaccine was well tolerated and the maximum tolerated dose was identified as
the highest dose level, 1.5 mg of each peptide. Additionally, patients produced antibodies of
the IgG isotype against the vaccine, and patients receiving the highest dose level had a
statistically significant increase in the IgG antibody response compared with patients
receiving the lowest dose level. Six patients had clinical benefit: four patients (adrenal,
colon, ovarian and squamous cell carcinoma of unknown primary) were deemed to have
stable disease; two patients (endometrial and ovarian cancer) had partial responses; and 11
patients had progressive disease. Patients showing stable disease received 6-month booster
immunization and one patient received a 20-month booster immunization.

These results demonstrate that tumor antigen-specific immune responses are reproducibly
induced in stage 1V cancer patients; that is, tolerance can be reversed, without the induction
of serious adverse events or autoimmune disorders. Additionally, several patients received
booster immunization 6 months after the initial immunization and one patient received a 2-
year booster. The combination vaccines elicited HER-2-specific antibody responses in a
number of patients (62.5%) and preliminary evidence of clinical activity in several patients
was detected. There were no serious adverse events reported for this trial, and the
vaccination did not induce an autoimmune response or any cardiotoxic events. In
conclusion, we have successfully translated our work into a Phase | clinical trial where we

Future Oncol. Author manuscript; available in PMC 2015 October 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaumaya and Foy Page 13

showed that our vaccine was immunogenic in more than 65% of the patients and six out of
24 showed clinical responses to the vaccine [172].

Developing the second-generation HER-2 vaccines

In our continuing efforts to rationally design effective vaccines, we have taken advantage of
information garnered from antigen—antibody complexes of HER-2 protein with clinically
important antibodies. As such, we can design efficacious functional vaccines that mimic the
3D epitopes.

Structural studies of HER-2 with pertuzumab & trastuzumab

Numerous x-ray crystallographic structural studies revealing how the HER family initiates
signal transduction have been published [169,170]. The structure of soluble HER-2—
trastuzumab Fab complex shows that the trastuzumab binding region is located on the C-
terminus of the HER-2 ECD domain 1V and this complex buries 1350 A2 of the HER-2
surface with three loops residues 579-583, 615-625 and 592-595. On the other hand, the
crystal structure of the HER-2 ECD bound to pertuzumab shows a different binding epitope
focused on domain Il residues 266—333 [171]. This structure provides a model in which
pertuzumab sterically interferes with HER-2 dimerizing with other members of the HER
family.

Our first-generation HER-2 peptide vaccines (316-339 and 628-647) were identified prior
to the publications of the crystal structure of the HER-2 ECD [169-171] using computer-
aided analysis. The structures of the HER-2—trastuzumab and HER-2—pertuzumab
complexes have led to new understandings of the mechanistic and biological activities of
HER-2 antibodies as well as the process of ligand-induced receptor dimerization, which, in
turn, has empowered us to rationally design more effective HER-2 conformational epitopes;
the trastuzumab-binding epitope (597-626) and the pertuzumab-binding epitope (266—296).

Design & evaluation of novel pertuzumab-binding conformational B-cell epitopes

The crystal structure of pertuzumab bound to the ECD of HER-2/neu revealed the details of
interacting region of residues 266—333 (Figure 4) [171]. We designed and studied the
important binding sequences spanning residues 266-296, 298-333 and 315-333 in order to
define the most biologically relevant conformational epitope to mimic the pertuzumab-
binding conformational region for effective vaccination (Table 2).

We reported on the extensive in vitro and in vivo results obtained by the various constructs
having complex disulfide bonds, as well as the noncyclized (non-Cyc.) linear peptides [152].
We vaccinated both mice and rabbits in order to elucidate the immunogenicity of the
cyclized (Cyc.) and non-Cyc. constructs. We found that each of the epitopes was able to
elicit high-affinity, high-titer antibody responses that bound the native HER-2/neu receptor.
Additionally, only three of the six putative constructs — 266-296 (Cyc.), 266—-296 (non-
Cyc.) and 315-333 (Cyc.) — were able to reduce the phosphorylation of the HER-2/neu
tyrosine kinase domain and to mediate ADCC. Additionally, we were able to show that
epitope 266-296 was able to suppress cellular proliferation in heregulin-stimulated MCF-7
cells.
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Our experiments in two transplantable tumor mice models (Balb/c and FVB/n) show that
only the 266-296 engineered epitopes had statistically reduced tumor onset. We also
demonstrated that there was significant reduction in tumor development in Balb-neuT and
VEGF*~Neu2-5*/~ transgenic mouse tumor models. In conclusion, we were able to show
that the epitope spanning sequences 266-296 was by far the best candidate to elicit an
efficacious antitumor immune response. This signifies that the 266—-296 peptide vaccine
could duplicate the antitumor effects of pertuzumab in vivo without the concomitant harmful
side effects associated with mAb therapy.

Design & evaluation of novel trastuzumab-binding conformational B-cell epitopes

The 3D structure of the complex (Figure 5) between human HER-2 and trastuzumab
revealed that the region of HER-2 spanning residues 563-626 of the antigen-binding domain
harbors a complex disulfide bonding pattern [169,170]. In order to minimally dissect the
interacting region of HER-2 binding domain, four synthetic peptides with different levels of
structural flexibility were designed and synthesized. The interacting loops in subdomain IV
comprise residues in loop 1: 579-583 (two disulfide pairings between C563 and C576, and
between C567 and C584); loop 2: 592-595 (cysteine disulfide pairing between C587 and
C596); and loop 3: 615-625 (cysteine disulfide between C600 and C623). The chimeric
peptides in Table 3 were successfully synthesized, purified and characterized. All
conformation-restricted peptides were able to bind to trastuzumab with 563-598 and 597-
626 showing higher reactivity.

All four peptide sequences inhibited tumor cell proliferation. Although all four sequences
were immunogenic in FVB/N mice, only anti-597-626 and anti-613-626 were able to bind
HER-2. We further examined the immunogenicity of the 597-626 epitope in outbred rabbits
and high-titered antibodies were elicited that recognized HER-2 at the HER-2—trastuzumab
interface, inhibited proliferation of HER-2-expressing breast cancer cells in vitro and
mediated ADCC. Antibodies against the 597-626 construct were able to mediate both direct
and indirect mechanisms of antitumor activity against HER-2 in vitro.

We also demonstrated in transgenic BALB-neuT mice that immunization with the 597-626
epitope significantly reduced tumor burden. In conclusion, our results imply that the 597—
626 peptide could be used as a vaccine for HER-2-overexpressing cancers since the resulting
antibodies show similar biological activities to trastuzumab.

New clinical trial peptides in the clinic

We are currently conducting an FDA-approved (investigational new drug 14633) and NCI-
funded trial at the Ohio State University James Cancer Hospital (2010C0075; OSU 09138)
entitled ‘Phase | Active Immunotherapy Trial with a Combination of Two Chimeric HER-2
B Cell Peptide Vaccines emuslified in ISA 720 and nor-MDP in Patients with Advanced
Solid Tumors’ (NCT01376505) [203]. The combination peptide vaccine from the
trastuzumab-like (MVF-HER-2 [597-626]) and pertuzumab-like (MVF-HER-2 [266-296])
binding sites have demonstrated efficacy in preclinical studies [152,153]. The vaccine
targets two different epitopes of the HER-2 ECD (Il and 1V), making it beneficial to both
HER-2-positive and HER-2-negative (EGFR overexpressing) cancer patients. The dose-
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escalation trial was opened for accrual in July 2011; we have completed two cohorts and the
trial is still open for accrual (cohorts 3 and 4).

The main objectives of this study will be to perform an early-phase clinical trial assessing
safety and clinical toxicity of immunization with two HER-2 multivalent vaccines in

patients with advanced solid tumors, as well as to establish a biologically optimum dose of
combination vaccines with nor-MDP as adjuvant emulsified in ISA 720. We will also
evaluate whether the combination of HER-2 epitopes shows therapeutic benefit, provides
synergistic and/or additive effects and enumerate mechanisms of action. Once the
biologically optimum dose has been established, the protocol calls for extending the trial in a
Phase I1b efficacy trial in two indications. After completion of the Phase I trial (four cohorts,
24 patients), we will decide, based on evaluation of the results of the trial, to select two
appropriate indications to extend the trial.

VEGFR & the design of VEGF inhibitors

Many studies have shown that peptides are the preferred candidates for drug and vaccine
development owing to an improvement in engineering techniques and an increased
knowledge of the crystal structure of proteins that play a role in diseases such as cancer
[173]. Protein—protein interactions are very important in cancer cell growth and
development. Thus, designing smart peptide mimics aimed at disrupting these interactions is
an innovative strategy to target growth factor signaling pathways.

Peptides & peptidomimetics

Peptides are small protein-like chains of amino acids and a peptide mimic is a peptide or a
peptide-like molecule that mimics one portion of the entire protein, which is usually a
binding or active site of an enzyme [174]. Peptides that can block receptor-ligand
interaction can be obtained by screening a combinatorial library of compounds or by the use
of structure-based design. The main goal is to maintain the conformational integrity and
flexibility of the bioactive surface for cooperative binding to a given receptor [175]. Peptide
mimics offer the benefits of being water soluble, nonimmunogenic and able to easily cross
tissue barriers [176]. One of the major drawbacks of using peptides as therapy is their high
susceptibility to proteosomal degradation [177]. This obstacle can be overcome with the use
of pseudo and modified peptides. The retro-inverso (R1) modification is a reversal of the
peptide backbone by inverting the amino acid sequence, as well as reversal of the amino
acid chirality by utilizing D-amino acids (Figure 6). The resulting product is a topographical
equivalent of the parent peptide with the amino side chain in similar orientation. Because RI
peptides are synthesized with D-amino acids and proteases usually recognize L-amino acids,
they should be resistant to proteosomal degradation, and, therefore, will increase the
bioavailability of the peptidomimetic in vivo [148,177,178]. By reversing the direction of the
peptide backbone as well as inverting the chirality of the amino acid (from L to D), the
resultant peptide mirrors both the structure of the protein as well as its side-chain
conformation, adopting a stable ‘mirror image’ of the corresponding 3D structure of its
parent all-L protein.
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VEGF peptide mimics

Unlike other growth receptors, which only trigger mitogen pathways, VEGF signaling via
VEGFR-2 activates pathways leading to survival, 3D tube organization and vascular
permeability [179]. VEGF-VEGFR-2 interaction is therefore very important for
angiogenesis and blocking this interaction is the most attractive model in the development of
antiangiogenic drugs [180]. Our strategy to develop angiogenic inhibitors involves the
synthesis of conformational peptides that can mimic the VEGF binding region to VEGFR-2,
which will inhibit angiogenesis by competing with VEGF for binding to its receptor.

Design & synthesis of VEGF peptide mimics

The interface between VEGF and VEGFR-2 has been mapped by alanine scanning, which
showed that the binding site is localized at the loop between 5 and 6 [181]. This loop is
within the region containing the biologically active site (also called ‘hot spot’) in the VEGF
protein, which includes monoclonal epitope binding (Avastin, G-6 and B20-4) and VEGFR
binding. Both Muller et al. [182,183], who analyzed the contact residues on both sides of the
interface of the complex between VEGF and the Fab fragment of a humanized antibody, and
Zilberberg et al. [184], who analyzed the VEGF sequence interacting with VEGFR-2 have
concluded that residues spanning sequence 79-93 are important. Thus, we selected the
VEGF sequence 102-122 (detailed in Figure 7) to design our VEGF peptide mimic; this
region corresponds to sequence 76-96 in the VEGF crystal structure and includes the entire
loop region between 5 and 36 [185].

Our strategy for creating the conformational cyclic peptide VEGF-P3 (Cyc.), which displays
an antiparallel §-sheet (shown in Table 4 and Figure 7) was to introduce two artificial
cysteine residues between residues GIn79 and Gly92, and also between residues 1180 and
Glu93. The VEGF-P3 (Cyc.) was synthesized with cysteines at position 80 and 92 to allow
cyclization to yield a peptide mimicking its native conformation — that of an antiparallel -
sheet contained within a loop structure. The VEGF-P3 non-Cyc. peptide after synthesis,
cleavage and high-performance liquid chromatography purification was oxidized using
iodine and characterized by mass spectrometry. The VEGF-RI-P4 peptide mimic required
the use of D-amino acids to yield the RI peptidomimetic [186-188], resulting in a more
stable peptide than its L-amino acid counterpart, exhibiting similar activity with higher
bioavailability.

We initially evaluated the inhibitory effect of the peptide mimic in a number of different in
vitro assays. First, we showed, by surface plasmon resonance, that the VEGF peptide mimic
demonstrated the highest affinity for VEGFR-2. Second, we demonstrated that the VEGF
mimics were able to inhibit VEGFR-2 phosphorylation with VEGF-P3 (Cyc.) showing the
greatest inhibition. In order to delineate whether the VEGF mimics were effective
angiogenic inhibitors, we conducted a series of angiogenesis assays [126] such as human
umbilical vein endothelial cell proliferation, tube formation and migration in Matrigel™ (BD
Biosciences, CA, USA), mouse aortic ring assay and Matrigel plug assay [155]. Our results
show that all the VEGF mimics inhibited endothelial cell proliferation, migration and
network formation with the conformational VEGF-P3 (Cyc.) being the most effective. In
addition, in vivo studies in a transgenic model of VEGF*~Neu2-5*/~ demonstrated the
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efficacy of VEGF-P3 (Cyc.) in delaying tumor formation. We concluded that the peptide
mimic had significant antiangiogenic effects in vitro and in vivo [126,189], validating our
design principles.

Animal models & human cancer immunotherapy

In order to evaluate the efficacy of our vaccines, and therapeutic peptide mimics of HER-2
and VEGF, several different types of animal models were deemed necessary. Despite the
fact that several cancer mouse models can be used to study breast cancer, no individual
model available can cover the entire variety of human disease [190,191] and the molecular
heterogeneity of specific cancers. In our studies we have utilized many different mouse
models to assess the validity of our approaches. Overall, each model has its advantages and
disadvantages, and is differentially suited for studies of immunotherapy and/or pre-clinical
testing of peptide vaccines and peptide therapy. The strategy can be divided into both
transgenic and transplantable mouse models.

Transgenic mouse models

Initially, in our published studies [125], we utilized the mouse mammary tumor virus
(MMTV)/neu202 model, in which approximately 50% of the transgenic female mice will
express tumors by day 205 [192]. We were able to use this rat c-neu (N202) transgenic
mouse model because our human HER-2 epitopes had >90% homology and antibodies to the
epitopes were able to immunoprecipitate the rat neu- receptor. However, the use of any of
these genetic models of cancer is not free from pitfalls, requiring a compromise between
their features, their usefulness and the specific problem to be addressed. These studies are
cumbersome because the tumor has a long latency period and arises in a small percentage of
mice. We also studied two different but commonly used transgenic models. First, the
BALB-neuT mice on the BALB/c background, which is one of the most aggressive models
of rat HER-2/neu carcinogenesis, develop invasive carcinomas in all ten mammary glands
by the age of 33 weeks [193]. A lobular carcinoma from this transgenic line was cloned and
these TUBO cells [90] were kindly provided to us by J Morris (NIH/NCI). The onset of
tumor growth (20.5 weeks of age) is due to a mutation in the transmembrane domain of
HER-2 causing it to be easily dimerized with itself and other HER receptors [194]. We have
used the BALB-neuT transgenic mice to evaluate vaccine efficacy [153].

The second model we have used is the MMTV-neu on the FVB/n background. The Neu2—
5*/~ transgenic mice develop multifocal mammary tumors at approximately 177 days [195]
due to a mutation in the neu gene. The murine VEGF*/~ overexpresses VEGF under the
promoter (MMTYV) and, when these two transgenic models are crossed together, the double
transgenic mouse VEGF*/~ Neu2-5*/~ can be produced, in which tumor development begins
at approximately 6 weeks of age because of the increased vascularization due to
overexpression of VEGF [129]. We have also utilized this double-transgenic
VEGF*~Neu2-5*~ model in studies to test VEGF peptide mimics [154].

The polyma middle T oncoprotein transgenic mouse model is clearly established as an
excellent model for understanding human breast cancer progression. This is owing to its
great similarities with human breast cancer based on its morphological characteristics and
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biomarker expression. Tumor growth and development in this mouse model are mainly due
to the over-expression of HER-2/neu, which later results in the turning on of the angiogenic
switch and increased metastasis. This transgenic mouse model (Supplementary Figures 1 &
2 [see online www.futuremedicine.com/doi/suppl/10.2217/FON.12.95]) starts to develop
mammary tumors at approximately 5 weeks of age and the different stages of development
are similar to those of human breast cancer, making it a very useful model for the disease
[196] and useful for studying HER family inhibitors. One disadvantage of this model is that
tumor onset starts very early (between 4 and 5 weeks) making it difficult to use this model in
the study of preventive vaccines.

Transplantable mouse models

Transplantable mouse models have been extensively used to study cancer drugs and, in most
cases, this involves the use of immunocompromised mice that are challenged with human
cancer cells. Generally speaking, these models do not represent the full spectrum of the
disease because the tumors are very sensitive owing to the absence of an intact immune
system in the mice. Tumors that develop in wild-type mice are more resistant because they
have undergone serious immune editing and are able to overcome the immune system. Also,
the study of vaccines cannot be adequately carried out in immunocompromised mice
because all arms of the immune system are not functional.

In view of the above-mentioned difficulties, we have also utilized transplantable tumors as a
means of evaluating in vivo efficacy with the added advantage of being able to screen
multiple epitopes in a relatively short period of time (3—4 months). We initially used the
BALB/c model followed by challenge with syngeneic tumor cells (RENCA-lacZ/HER-2)
and enumerated pulmonary metastases at 3—-4 months, finding significant reduction in
metastases in vaccinated animals [150]. Another model is the NT2.5 transplantable mouse
model, in which wild-type FVB/n mice are challenged with NT2.5 cells and tumor onset
occurs at approximately 1 week of age. This model can also be used to study vaccines and
therapeutic agents. We have also utilized the NT2.5 cell line derived from a spontaneous
mammary tumor for challenge in FVB/n mice to determine the immunoprotective effect of
our vaccines [151]. However, there are also several disadvantages to using these challenge
models thus necessitating a combined approach for determining efficacy of treatment.

The transplantable BALB/c TUBO model requires the use of wild-type BALB/c mice that
are challenged with TUBO cells (derived from BALB-neuT transgenic mice). The TUBO
cells are very aggressive and all the mice develop tumors at less than 2 weeks of age [155].
This is an excellent model to study both vaccines and inhibitors of HER-2-positive cancers.
Finally, we have utilized the wild-type FVB/n Met-1 transplantable mouse model, in which
female FVVB/n mice are challenged with Met-1 cells derived from the F\VB/N-Tg polyma
middle T model [197]. In this model, mice develop tumors at approximately 10 days after
challenge, and the model can be used for evaluating both vaccines and therapeutic agents.
Notwithstanding their limited usefulness, some xenograft models have been shown to
correlate with clinical activity to some degree.
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Overview of vaccine strategies versus immunotherapy with peptide mimics

The idea of using a chimeric B- and T-cell peptide vaccine to engage the immune system to
elicit memory-like antibodies represents a therapy with great potential, which has merit over
the infusion of humanized mAbs to treat cancer without the significant toxicities associated
with the latter. The HER-2 vaccine involves the elicitation of high-titered, high-affinity
polyclonal antibodies that interfere with binding to the ECD of HER-2. The antibody-
mediated antitumor mechanisms are generally poorly understood but one can assume that a
number of different parameters may be effective. We routinely perform in vitro assays that
include ADCC, inhibition of downstream signal transduction pathways, induction of
apoptosis and cell cycle arrest, downregulation of HER-2, internalization of HER-2,
inhibition of receptor dimerization and angiogenesis. On the other hand, peptide mimics
represent a safe and viable therapeutic goal for blocking aberrant signaling pathways. The
VEGF peptide mimic strategy involves direct binding to the VEGFR-2 receptors with high
affinity and strong potency. Similarly, VEGF-targeted therapy is complex and also involves
multiple mechanisms. Generally, one would expect that peptide mimic binding to VEGFR-2
would be likely to inhibit new blood vessel growth by preventing nutrients and oxygen from
reaching the tumors through a series of actions such as enhanced endothelial cell
proliferation and survival, migration and invasion, as well as increased vascular permeability
of existing vessels.

Combination therapy targeting both HER-2 & VEGF in cancer

An authoritative perspective on the principles of and challenges to the development of
combination targeted therapies as well as their tolerability and the efficacy of combination
reagents has been published [198]. There are many potentially beneficial combinations
applicable in cancer immunotherapy, ranging from antibodies to growth factors with small
TKI molecules to CTL vaccines with inhibition of Tregs with or without radiation and/or
chemotherapy. The overexpression of HER-2 is associated with increased expression of
VEGF at both the RNA and protein level in human breast cancer cells [199]. In addition,
exposure of HER-2 overexpressing cells to trastuzumab significantly decreases VEGF
expression [200]. Taken together, these data suggest that VEGF is a downstream target of
the HER-2 signaling pathway. A positive association between HER-2 and VEGF expression
in breast cancer patients has been identified [201]. A two-pronged approach of targeting
cancer cells by co-immunizing with defined tumor-associated antigens and angiogenesis-
associated antigens has been shown to have synergistic effects [202-204]. Combination
treatments with defined tumor-associated and angiogenesis-associated antigens are well
known to produce synergistic effects [205]. Combining antiangiogenic therapies with other
direct anticancer agents has been shown to be beneficial in various malignancies [206].

It is still unclear how to combine these targeted agents into routine oncology practice to
produce long-term clinical benefits with minimal toxicities. We have developed several
HER-2 vaccines designed to elicit functional antibodies that can inhibit tumor progression.
Alternatively, we have created several important VEGF peptide mimics that block ligand
(VEGF) —receptor (VEGFR-2) interactions, thereby inhibiting angiogenesis. A combination
approach targeting these two receptors is therefore considered a better option because two
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separate compartments of the tumor are targeted; that is, the tumor cells and the tumor
microenvironment.

Because of the potential synergy between therapy with HER-2 inhibitors and antiangiogenic
therapy with VEGF inhibitors in vitro and in vivo, we evaluated the effects of combination
treatment with these two peptides. From our previous studies, the peptide epitope HER-2
266-296 was shown to produce the best antitumor effects both in vitro and in vivo. We
therefore decided to combine this novel HER-2 peptide mimic with our antiangiogenic
VEGF peptide mimic.

Combination treatment with HER-2 & VEGF peptide mimics induces potent antitumor &
antiangiogenic responses in vitro & in vivo

We demonstrated that combination treatment with both peptide mimics using different
cancer cells in vitro produced superior antitumor effects, as determined by cell viability,
proliferation and HER-2 phosphorylation assays. We also demonstrated in vivo in a
transplantable BALB/c mouse tumor model of HER-2-positive breast cancer that treatment
with the peptide mimics resulted in a greater delay in tumor growth and development.
Similarly, treatment with the peptide mimics inhibited angiogenesis in vivo as assessed by a
Matrigel plug assay. To address the problem of degradability of L-amino acid peptides in
vivo, we synthesized the RI D-peptide mimics, which resulted in higher efficacy in
treatment. In conclusion, our study demonstrated that combination treatment with HER-2
and VEGF peptide mimics provides greater efficacy than individual treatments, validating
the peptide approach as a cancer therapeutic [189].

Combined vaccination with HER-2 peptide followed by therapy with VEGF peptide mimics
show effective antitumor & angiogenic effects in vitro & in vivo

We have completed new studies [207] evaluating the efficacy of vaccination with HER-2
peptides followed by treatment with VEGF peptide mimics in two animal models: wild-type
BALBI/c followed by challenge with TUBO cells; and a polyma middle T transgenic mouse.
Initially, we conducted a series of in vitro assays — proliferation, HER-2 phosphorylation
and ADCC - to validate whether combining HER-2 and VEGF would be effective.

We have previously raised rabbit antibodies to both the MVF-HER-2 (266-296) and MVF-
VEGF peptides. HER-2 and VEGF antipeptide antibodies were used to inhibit cancer cell
growth in different in vitro assays. Our results pointed to the benefits of using a combination
strategy targeting both HER-2 and VEGF in HER-2-dependent cancers. Therefore, we were
interested in testing the hypothesis in vivo — active immunotherapy with MVF-HER-2 B-cell
epitope vaccines; and antiangiogenic therapy with structured peptide mimics of VEGF. A
transplantable Balb/c mouse model challenged with TUBO cells was used to test the in vivo
combined effects of both immunization with HER-2 peptide vaccine and treatment with the
VEGF peptide mimics. The results obtained showed that immunization with a HER-2
peptide epitope elicited high-affinity HER-2 native antibodies that are effective in inhibiting
tumor growth in vivo; treatment with VEGF peptide mimics provided enhanced efficacy in
preventing tumor growth by inhibiting angiogenesis. A combination treatment with HER-2
and VEGF showed enhanced efficacy with additive/synergistic effects. We demonstrated
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that this novel combined approach induces potent antitumor and antiangiogenic responses,
pointing to a strategy that is cheap, and that has the potential of being safe and nontoxic.

Immunotherapy with HER-2 & VEGF peptide mimics plus metronomic paclitaxel causes
superior inhibition of tumor growth in both transplantable & transgenic mouse models of
human breast cancer

One of the greatest challenges of using most chemotherapeutic agents today is to minimize
toxicity, which has led to the suggestion that combination treatment with low-dose
chemotherapy and antiangiogenic agents will reduce toxicity and augment antitumor
activity. Antiangiogenic agents cause normalization of the tumor vasculature, thereby
increasing drug accessibility to the tumor and leading to better efficacy [208]. Many studies
have shown improved response rates with the use of a combination approach in many
preclinical settings and paclitaxel is one of the most widely used chemotherapeutic agents in
the treatment of various types of cancers [209]. Based on these data, we hypothesized that
combining low doses of paclitaxel with our peptide mimics may increase response rates with
minimal toxicity [210].

We investigated the in vivo effects of combining minimal doses of paclitaxel with the
HER-2 or VEGF peptide mimics in two different models of human breast cancer. We first
evaluated the toxicity, if any, that is associated with our peptides, paclitaxel chemotherapy
or trastuzumab. The results obtained showed that both paclitaxel and trastuzumab caused
significantly higher levels of serum cardiac troponin I, which is an indicator of cardiac
toxicity. The HER-2 peptides showed no significant increase in cardiac troponin. We
therefore decided to combine low doses of the paclitaxel with the peptide mimics and we
observed better antitumor responses and no increase in cardiac troponin I. Low
concentrations of paclitaxel in combination with our peptide mimics caused a greater delay
in onset of tumor growth and development in both transplantable and transgenic mouse
models of cancer. This shows that combining low doses of chemotherapy with other
treatment options may increase patient survival and minimize toxicity.

Immediate parallel & compensatory pathways

A major concern in targeted therapies is the problem of resistance whereby patients become
refractory to continued treatment. Recently, it has become clearer that we need to develop
strategies to selectively inhibit multiple receptors and their signaling pathways because of
the extensive crosstalk that exists in the tumor microenvironment. A case in point is the
many patients with HER-2-overexpressing meta-static breast cancer who initially respond to
trastuzumab but ultimately develop disease progression. Several molecular mechanisms
(reviewed by Nahta [211]) are operative within the HER family of receptors, such as
HER-2-HER-3, as well as compensatory signaling from outside the HER family, such as
VEGF, IGF-1 receptor (IGF-1R) [211] and other intracellular downstream signaling
pathway. Roop and Ma recently reviewed endocrine resistance in breast cancer, the
molecular pathways involved and the development of targeted therapies [212]. Having
explored the HER-2/VEGF combination therapy as described in this article, we are now
focusing on the HER-3 and IGF-1R axis.
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IGF-1R crosstalk with HER-2

The IGF receptor has been implicated in the growth and development of several
malignancies [213]. The main signaling pathway implicated in cancer is the IGF-1R-IGF-1
pathway, which supports the growth of many different types of cancer [214,215]. This
pathway not only contributes to tumorigenesis but is highly implicated in the development
of resistance to anticancer drugs that are available in the clinic [214,216]. The IGF-1-
IGF-1R pathway has been shown to play critical roles in many cancers including lung [217],
breast [218], pancreas [219], colorectal [220], prostate [221] and head and neck [222]
cancers. Increased expression of IGF-1R causes induction of EGFR (HER-1) and requires
the activity of the receptor for downstream signaling and EGFR has also been shown to form
heterodimers with IGF-1R [223,224]. There is also significant evidence that shows that
crosstalk occurs between IGF-1R and HER-2 and both receptors form heterodimers in many
breast cancers [225-227]. IGF-1 is also known to be able to stimulate angiogenesis by
upregulating VEGF expression [228].

Conclusion

HER family receptors remain a crucial target in many epithelial cancers despite efforts that
have led to the FDA approval of some drugs to target this group of receptors. Most of the
drugs in the clinic have detrimental side effects and unacceptable safety profiles that
overshadow the minimal benefits most patients derive from treatment with them. Patients on
these drugs are also likely to progress due to development of acquired resistance. We have
developed several HER-2 vaccines designed to elicit functional antibodies that can inhibit
tumor progression. We have translated our basic studies to two Phase | clinical trials, one of
which is ongoing. We have created several important VEGF peptide mimics that block the
ligand (VEGF) —receptor (VEGFR-2) interactions, thereby inhibiting angiogenesis. A
combination approach targeting these two receptors has been a major effort in our
laboratories because of the potential synergy between HER-2 vaccination and
antiangiogenic therapy with VEGF inhibitors. In our recently published studies, we have
demonstrated that dual inhibition of HER-2 and VEGF offers enhanced antitumor effects;
shutting down these pathways could help in preventing resistance to most drugs and
overcome mechanisms of resistance. The mechanism by which these pathways operate is
quite complex, gradually evolving during treatment owing to signaling through alternative
pathways. It is clear that disappointing clinical outcomes may be owing to the development
of escape mechanisms. It is still unclear how to combine these targeted agents into routine
oncology practice to produce long-term clinical benefits with minimal toxicities. This serves
as a focus to developing additional safe inhibitors of several alternative pathways and
combining them in innovative ways. Studies designed to develop vaccines and peptide
mimics of HER-1, HER-3 and IGF-1R are a major emphasis in our laboratories. The goal
has been to develop a paradigm to guide the rational and effective advancement of targeted
innovative therapies for the ultimate benefit of patients with cancer.

Future perspective

An enormous amount of data indicate that current cancer treatment is greatly hampered by
toxicity and serious adverse effects. Most of this is as a result of the nonspecificity of
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existing agents and the development of resistance. The cost of cancer treatment is also a
great concern for obvious reasons. There is, therefore, an unmet need to develop better, safer
and less toxic anticancer agents that will selectively target cancer-specific pathways without
interrupting normal signaling processes. Efforts to design a cancer vaccine that is either
preventive or therapeutic will go a long way to increasing the quality of life of most cancer
patients. The use of peptides as either vaccines or therapeutic agents looks promising and
could provide a better alternative to current treatment options. Efforts in our laboratory are
focused towards developing smart medicine to be used in combination therapy.

Ongoing studies are focused on:

e Targeting both HER-1 and HER-3 and defining important epitopes in order to
unravel mechanisms of crosstalk and resistance;

»  Developing novel HER-3 targeting agents to provide insights into the relevance and
function of this receptor;

»  Developing combination regimens using low doses of chemotherapy with HER-2
and VEGEF inhibitors to determine the best synergistic partners;

«  Developing novel peptide inhibitors of the IGF axis, which play a major role in
cancer cell proliferation, survival and resistance to anticancer therapies in human
cancers;

« Determining and developing the best peptide combinatorial approach for targeted
therapies focused on the HER-1, HER-2, HER-3, VEGF and IGF pathways;

»  Translating new peptide-based cancer vaccines and peptide mimic therapies to the
clinic.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Executive summary

e Cancer is a multifactorial disease and a complete understanding of what drives
metastasis is still elusive.

» Many diverse and potentially useful cancer immunotherapy strategies and
combinations are being tested in the clinic but none offer a cure.

e The HER family receptors form a signaling network that contributes to cancer
progression.

e Angiogenesis plays a major role in cancer and VEGF-targeted agents have been
shown to be useful in advanced-stage malignancies.

»  Current antitumor cancer drugs targeting the HER and VEGF receptors have
some beneficial effects but are accompanied by unacceptable safety profiles and
low quality of life experienced by most patients; in addition, they do not cure
the cancer.

e  There is an unmet need to develop more specific drugs that will selectively
target the HER family receptors with few or no toxic effects.

»  Members of the HER family receptors can form homo- and heterodimers and
blocking just one receptor may lead to stimulation of alternative partnering
among the receptors.

»  Peptides provide a good platform to develop efficient cancer vaccines or
therapeutic agents that can specifically disrupt the network of signaling in this
group of receptors.

» Peptide epitopes must be engineered to adopt the 3D structure of the
corresponding antigen in order to elicit high-affinity antibodies that can kill
tumor cells effectively.

» ‘Promiscuous’ T-cell epitopes offer the best alternative in the design of chimeric
vaccines able to function as potential cancer vaccines.

e  Peptide mimics must also be designed to adopt structures of the corresponding
ligand or receptor to function as effective inhibitors of signaling pathways.

e Combining minimal doses of chemotherapy with combination peptide vaccines
or peptide mimics can produce additive/synergistic effects with minimal
toxicity.

e Smart and innovative strategies with rationally engineered peptide vaccines
and/or peptide mimics could establish a new paradigm in cancer
immunotherapy.
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Figure 1. HER and VEGF family pathways in cancer
The signaling pathways of VEGF and HER family members and the current drugs that target

these proteins in cancer are shown. HER-2 can heterodimerize with any of the ligand-
activated HER receptors (HER-1, HER-3 or HER-4) and this association leads to
intracellular signaling via two major pathways, the MAPK pathway and the PI3K pathway,
leading to proliferation, cell survival, metastasis and angiogenesis. On the other hand, VEGF
can bind to its main receptor, VEGFR-2 (KDR), and this binding causes intracellular
phosphorylation of the receptor, thereby stimulating the PI13K pathway and stimulating
angiogenesis. The signaling pathways can be targeted extracellularly using humanized
monoclonal antibodies, such as trastuzumab and pertuzumab (HER-2), cetuximab (EGF
receptor), as well as bevacizumab or VEGF Trap (VEGF), which can prevent ligand binding
and activation of the receptors or can directly block binding of an activated receptor to
another. At the intracellular level, small-molecule inhibitors, such as sunitinib (VEGF),
lapatinib (HER-1 and HER-2) and erlotinib (HER-2), can disrupt the phosphorylation sites
and directly prevent activation of the PI3K or MAPK pathways.

P: Phosphate; VEGFR: VEGF receptor.
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Figure 2. Combination of HER-2 vaccines and VEGF peptide mimics
HER-2 vaccines and VEGF peptide inhibitors developed in our laboratories to inhibit

signaling pathways. Antibodies elicited by immunization with MVF-HER-2 (266—296)
vaccine bind to domain 11 of HER-2 and, similarly, anti-MVF-HER-2 (597-626) binds
domain IV of HER-2, providing dual inhibition of homo/heterodimerization, and
consequently downstream signaling, shutting down the PI3K and MAPK pathways, thereby
preventing cancer growth and metastasis. On the other hand, VEGF peptide mimics P3 and
P4, which are designed to directly block VEGF binding to VEGFR-2, inhibit intracellular
phosphorylation of the tyrosine kinase domain, which reduces angiogenesis.

EGFR: EGF receptor; P: Phosphate; VEGFR: VEGF receptor.
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T-cell epitope

T-cell epitope B-cell epitope

Figure 3. Chimeric B- and T-cell epitopes
B- and T-cell epitopes are colinearly synthesized with a GPSL flexible linker. The linker is

flexible, allowing the two epitopes to fold or adopt different conformations independent of
each other.
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Figure 4. Binding interface of pertuzumab and HER-2
Important binding residues at the interface of pertuzumab and HER-2 show the key amino

acid residues that are critical for binding. (I-111) are the HER-2 domains.
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HER-2 563-626

Figure 5. Binding interface of trastuzumab to HER-2
The crystal structure of HER-2 (red) in contact with trastuzumab (blue). The three loops that

make direct contact with trastuzumab are clearly shown, depicting important binding
residues.
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Parent peptide

P ( Side chains
CONH CONH CONH

Reversal of peptide bond and chirality

End group blocked RI peptide synthesized in the reverse order of
amino acid sequence

C;ONH2 i NHCO i NHCO

RI peptide written in conventional form

Figure 6. Design of retro-inverso peptide mimics
The schematics show the strategy used to design RI peptides. The side-chain conformation

structure (mirror image) between the parent peptide and the RI peptide is maintained when
D-amino acids are used and the synthesis is carried out in the reverse direction.
RI: Retro-inverso.
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Figure 7. VEGF peptide mimics
(A) The structure of VEGF shows the critical amino acid residues that are involved in

binding of VEGF to its receptor VEGFR-2. (B) The anti-parallel f-sheet structure of VEGF
76-96 connected by loop residues 83-89. (C) Shows the engineered VEGF peptide mimic
with two artificial cysteine residues inserted to form a cyclized anti-parallel B-structure. The
complex peptide is synthesized from Phe96 to Glu93 followed by Cys and the synthesis
continues with 11e80 through Gly92. The other Cys is placed between Gly92 and Gly79 and
ends with 11e76.
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Table 1

Toxicities associated with HER-1, HER-2 and VEGF therapies.

Drug Target(s)

Adverse side effects

Trastuzumab HER-2

Cardiotoxicity and congestive heart failure

Pertuzumab HER-2

Neutropenia, diarrhea and skin rash

Cetuximab HER-1

Neuropathy and venous thrombosis

Panitumumab  HER-1

Conjunctivitis and severe infusion reaction

Lapatinib HER-1 and HER-2 Gastroesophageal reflux disease, skin rash and diarrhea

Bevacizumab  VEGF

Neutropenia, thrombocytopenia and pulmonary toxicity

Sunitinib VEGFR-1 and VEGFR-2  Pleural effusion, thrombocytopenia and hepatic steatosis

VEGFR: VEGF receptor.
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Table 2

HER-2 sequences mimicking the pertuzumab region.

Page 45

Designation Peptide

Sequence

M.Wt

MVF 266 Cyc.  266-
296, one
disulfide
bond

HoN-KLLSLIKGVIVHRLEGVE-GPSL-LHCPALVTYNTDTFESMPNPEGRYTFGASCV-COOH

5423

MVF 298 Cyc.  298—
333, two
disulfide
bonds

HoN-KLLSLIKGVIVHRLEGVE-GPSL-ACPYNYLSTDVGSCTLVCPLHNQEVTAEDGTQRCEK-COOH

6297

MVF 315 Cyc.  315-
333, one
disulfide
bond

HoN-KLLSLIKGVIVHRLEGVE-GPSL-CPLHNQEVTAEDGTQRCEK-COOH

4493

Cyc.: Cyclized; M.Wt.: Molecular weight.
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Table 3

HER-2 sequences mimicking trastuzumab-like region.

Designation Peptide Sequence

MVF 563 Cyc. 563-598 H,oN-KLLSLIKGVIVHRLEGVE-GPSL-CHPECQPQNGSVTCFGPEADQCVACAHYKDPPFCVA-COOH
peptide, three
disulfide bonds

MVF 585 Cyc.  585-598 H,N-KLLSLIKGVIVHRLEGVE-GPSL-VACAHYKDPPFCVA-COOH
peptide, one
disulfide bond

MVF 597 Cyc.  597-626 HoN-KLLSLIKGVIVHRLEGVE-GPSL-VARCPSGVKPDLSYMPIWKFPDEEGACQPL
peptide, one
disulfide bond

MVF 613 613-626 peptide  HoN-KLLSLIKGVIVHRLEGVE-GPSL-IWKFPDEEGACQPL

Cyc.: Cyclized.
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Table 4
VEGF peptide sequences.
Designation Peptide sequence
VEGF 102-122 B TMQ7-8)IMRIKPHQGQHIG92-EMSF%

VEGF-P3 (non-Cyc.)  "8ITMQ"*-C-2GIHQGQH PKIRMI8-C-EMSF%

VEGF-P3 (Cyc.) 81 TMQ7-C—22GIHQGQH PKIRMI8-C-EMSF%

Cyc.: Cyclized; non-Cyc.: Noncyclized.
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