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Introduction

The oncoprotein human epidermal growth factor receptor 2 
(HER-2) is an orphan member of the HER family of receptors,1 
which includes HER-1, HER-3 and HER-4. The absence of a 
known HER-2 ligand makes it a preferential dimerization partner 
for other HERs. All members of the HER family have an extra-
cellular domain, a single transmembrane domain and a cytoplas-
mic portion that contains a conserved tyrosine kinase domain 
flanked by a C-terminal tail with autophosphorylation sites.2 
HER-2 is known to regulate the formation of neuromuscular 
synapses, and it is also important in muscle spindle development.3 
High levels of HER-2 causes dysregulation of the HER network 
resulting in transformation, tumorigenesis and altered sensitiv-
ity to the cytotoxic effects of tumor necrosis factorα (TNFα).4 
HER-2-overexpressing breast cancers are biologically different 
from other breast cancers, are resistant to hormonal agents, and 
have an increased ability to metastasize to other organs including 

Overexpression of heR-2 and VeGF plays a key role in the development and metastasis of several human cancers. Many 
FDa-approved therapies targeting both heR-2 (Trastuzumab, herceptin) and VeGF (Bevacizumab, avastin) are expensive, 
have unacceptable toxicities and are often associated with the development of resistance. here, we evaluate the dual 
antitumor effects of combining designed particular heR-2 peptide vaccine with VeGF peptide mimics. In vitro, heR-2 
phosphorylation and antibody-dependent cellular toxicity were used to validate whether combining heR-2- and VeGF-
targeting therapies would be effective. Moreover, a two-pronged approach was tested in vivo: (1) active immunotherapy 
with conformational heR-2 B-cell epitope vaccines and (2) anti-angiogenic therapy with a peptide structured to mimic 
VeGF. a transplantable BaLB/c mouse model challenged with TUBO cells was used to test the effects of the heR-2 peptide 
vaccine combined with VeGF peptide mimics. Tumor sections after treatment were stained for blood vessel density and 
actively dividing cells. Our results show that immunization with an heR-2 peptide epitope elicits high affinity heR-2 
native antibodies that are effective in inhibiting tumor growth in vivo, an effect that is enhanced by VeGF peptide mimics. 
We demonstrate that the combination of heR-2 and VeGF peptides induces potent anti-tumor and anti-angiogenic 
responses.
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the lung and brain.5 Amplification of ERBB2 (the gene encoding 
HER-2) has been observed in subsets of gastric, esophageal, ovar-
ian, uterine, endometrial and lung cancers.6-9

HER-2 upregulation is always accompanied by upregulation 
of the vascular endothelial growth factor (VEGF), both at the 
RNA and protein level,10 and most drugs that target HER-2 are 
known to downregulate VEGF expression.11 This implies that 
the effects of HER-2 may partly be mediated by upregulation 
of VEGF. Tumor cells are known to upregulate the expression 
of VEGF and its receptors thereby stimulating angiogenesis.13,14 
Targeting HER-2 alone might not be sufficient to kill tumor 
cells and interrupting with VEGF signaling is likely only to 
delay tumor growth, allowing for the activation of alternative 
pathway to angiogenesis.15 Immunization with both tumor and 
angiogenesis associated antigens has previously been shown to 
exert synergistic effects.12 These observations, the mechanistic 
links between HER-2 and VEGF and Dr Folkman’s hypothesis 
that tumor growth is angiogenesis-dependent led us to postulate 



www.landesbioscience.com OncoImmunology 1049

 ReseaRch papeR ReseaRch papeR

immunotherapeutic strategies. We used the MVF-HER-2 266–
296 CYC peptide as the vaccine and the VEGF peptide mimics 
VEGF P3 and P4 as anti-angiogenic agents. We further validated 
the anti-angiogenic effects of our VEGF peptide mimics in two 
different assays, and here we report on the antitumor and anti-
angiogenic effects of treatment with HER-2 vaccine followed by 
VEGF peptide mimics. Immunization with the HER-2 peptide 
epitope and treatment with a d-amino acid-based VEGF peptide 
mimic (RI-VEGF-P4CYC) produced superior anti-tumor and 
anti-angiogenic effects in vivo.

Results

Selection, design and characterization of peptides. The VEGF 
peptide mimic residues 102–122 (numbered as 76–96 in the 
crystal structure) correspond to the overlap between the binding 
sites for VEGFR2 and Avastin. Engineering of this peptide has 
been described in detail in reference 19. The sequences of both 
the HER-2 and VEGF peptide mimics are shown in Table 1. 
The strategy to create a conformational peptide consisting of 
an anti-parallel β-sheet is described in reference 19. Briefly, the 
sequence was modified in a way that the resulting non-cyclized 
(NC) peptide VEGF-P3 adopted a conformation very similar to 
the native structure. This required two artificial cysteines to be 
introduced between Gln79 and Gly92, and between Ile80 and 
Glu93. After synthesis and purification of VEGF-P3(NC) pep-
tide, a disulfide bond was formed between these two cysteines 
by oxidation, enabling the formation of the twisted anti-parallel 
β-sheet structure in the cyclized (CYC) VEGF-P3. The retro-
inverso (RI) peptide analog CYC RI-VEGF-P4 was synthesized 
using D-amino acids with the amino acid sequence in reverse 
order, such that the resulting peptide has a reversal of the peptide 
backbone but a topochemical equivalence to the parent peptide 
in terms of side-chain orientation. The rationale behind RI pep-
tidomimetics is that they should present similar activity with the 
advantage of higher bioavailability.20

HER-2 266–296 peptide (Table 1) was synthesized based on 
the crystal structure of the antigen-binding fragment of pertu-
zumab bound to the extracellular subdomain II of HER-2. The 
266–333 region of HER-2 was selected for the design of the pep-
tides with the objective of eliciting antibodies capable of inhib-
iting dimerization of HER-2 with other members of the HER 
family. The peptide can also be used to directly block dimeriza-
tion due to its ability to bind the extracellular domain of HER-
2.18 Peptides that were used for immunization, of both rabbits 

that targeting both HER-2 and VEGF may exert synergistic anti-
tumor effects.

Humanized monoclonal antibodies like trastuzumab and per-
tuzumab target two different sub-domains of the extracellular 
region of HER-2 16 and the former is currently being used in the 
clinic to treat breast cancer. Along similar lines, bevacizumab, 
which targets the C-terminal region of VEGF, is currently 
employed in the clinic against a spectrum of cancers.17 Despite 
some impressive clinical results with these compounds, mono-
clonal antibody-based therapies are very expensive and are asso-
ciated with non-negligible side effects, including cardiotoxicity.

In order to circumvent these problems, we have proposed the 
use of active immunotherapy, whereby the body is trained to pro-
duce highly specific antibodies against tumor cells (as opposed 
to passive immunotherapy, whereby large amounts of antibod-
ies and other immune cells are administered to the patient). 
During the past decade, our laboratory has focused on the devel-
opment of B-cell vaccines targeting one HER-2 epitope. Our 
main hypothesis is that immunization with engineered HER-2 
B-cell peptide epitopes as chimeric immunogens that encompass 
a promiscuous T-cell epitope elicits specific antibodies with high 
affinity for the native protein. More recently, we have engineered 
peptide mimics of VEGF to efficiently prevent the binding of 
endogenous VEGF to its major receptor (VEGFR2), resulting in 
anti-angiogenic and anti-tumor effects.

Based on the crystal structure of the extracellular domain of 
HER-2 complexed with pertuzumab, we have previously devel-
oped a HER-2 peptide (residues 266–296) that was able to elicit 
HER-2-specific antibodies. These antibodies inhibited the growth 
of a HER-2-dependent tumor cell line growth and showed superior 
anti-tumor effects in transgenic animals.18 We have also designed 
and synthesized a cyclic peptide (VEGF-P3-CYC) based on the 
binding of VEGF to VEGFR2. This engineered peptide mim-
icking VEGF demonstrated high affinity binding to VEGFR-, 
inhibited VEGFR2 phosphorylation, endothelial cell prolif-
eration, migration and network formation and delayed tumor 
development in a transgenic model of VEGF+/-Neu2–5+/- can-
cer.19 The retro-inverso analog of the VEGF peptide (VEGF-P4) 
was designed and synthesized using d-amino acids, in order to 
circumvent the breakdown of the natural peptide by proteases, 
which could limit its efficacy in vivo. This peptide induced potent 
anti-angiogenic effects, both in vitro and in vivo.20

In this study, we explored the vaccination with the HER-2 
peptide followed by the administration of the angiogenesis 
inhibitor VEGF-P3, as a means to improve the outcome of 

Table 1. amino acid sequences and molecular weight of heR-2 and VeGF peptide mimics

Designation Peptide Sequence M.Wt. (da)

MVF-heR-2-266–
296(cYc) MVF-heR2

266–296 peptide with one disulfide 
bond

MVF-Lhcpa LVTYNTDTFesMpNpeGRYTFGascV-cOOh 4927

VeGF-p3(cYc)p3 76–96 peptide with one disulfide bond CH3CONH-76-ITMQ-79-c-92-GIhQGQhpKIRMI-80-c-eMsF-96 2527

RI-VeGF-p4(cYc)p4
96-76 peptide with d amino acids and 

one disulfide bond
ch3cONh-(D)-96-FsMe-80-c-92-IMRIKphQGQhIG-79-cQMTI-76 2527

sequences of amino acids are represented from N to c-terminal except for the retro inverso peptide RI-VeGF-p4-cYc that was synthesized in the 
reverse order and using d-amino acids.
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Antiproliferative effects of anti-peptide antibodies. The anti-
proliferative effects of the antibodies raised against HER-2 and 
VEGF peptides in rabbits were tested using two different cell lines 
(BT-474, HER-2high and MDA-468, HER-2low (Fig. 1A and B) in 
the presence of heregulin (HRG)) to activate the HER-3 recep-
tor. Unlike trastuzumab, which is specific for HER-2 positive 
cells, pertuzumab is known by disrupting ligand-dependent 
receptor complexes independent of HER-2 expression.21 Cells 
were incubated with the anti-peptide antibodies followed by 
exposure to HRG. Results indicate that the antibodies raised 
against both the HER-2 peptides and VEGF peptides were able 
to inhibit tumor growth in a concentration-dependent manner 
(Fig. 1A and B). We used two different cell lines to show that the 
effects of the anti-peptide antibodies was dependent on HER-2 
expression (Fig. 1A). We also tested the effects of combination 
treatment with both HER-2 and VEGF anti-peptide antibodies 
and the results showed an increase in the rate of inhibition when 
both anti-peptide antibodies were used as compared with single 

and mice, were collinearly synthesized with the promiscuous T
H
 

epitope MVF (MVF-HER-2), while those that were used for 
post-vaccination therapy were synthesized without any MVF 
(Table 1).

Antigenicity and immunogenicity of peptides. Earlier studies 
in our lab have shown that the MVF-HER-2 266–296 is highly 
immunogenic in both rabbits and mice.18 We also observed 
high antibody titers with the MVF-VEGF-P3 peptide19 and in 
our present study we showed that the d-amino acid-containing 
VEGF peptide CYC VEGF-P4 is also immunogenic, though not 
as its l- amino acid-based counterpart, probably due to the fact 
that d-amino acids are not natural so they are poorly recognized 
by the immune system. Additional boosters of up to six immuni-
zations were required for the d-amino acid-based peptide before 
we could obtain higher antibody titers whereas only four immu-
nizations were enough to produce higher titers for the l-amino 
acid-containing peptides.18 We used the antibodies raised against 
these peptides to test their effects on cancer cells in vitro.

Figure 1. anti-proliferative effects of combination treatment with anti-heR-2 (266–296) and anti-VeGF-p3 antibodies. (A–C) Inhibition of proliferation 
with individual anti-heR-2 and anti-VeGF- antibodies in two different cell-lines. BT474 (A) and MDa-468 (B) cells were incubated with heR-2 peptide 
antibodies, VeGF peptide antibodies, Trastuzumab and unspecific rabbit IgG. Bioconversion of MTT was used to estimate the number of active tumor 
cells remaining after 3 d. peptides were added at four different concentrations. The proliferation inhibition rate was calculated using the formula (OD 
normal untreated - OD peptides or antibodies)/OD normal untreated × 100. error bars represent sD. Inhibition of proliferation of combination treatment 
with anti-heR-2 and anti-VeGF antipeptide antibodies using B-T474 cell lines (C). BT-474 cells were treated in the same manner as above but with heR-2 
peptide abs, VeGF peptide abs or combination of both. Trastuzumab and rabbit IgG were used as positive and negative controls. Rate of inhibition was 
calculated using the same formula above and all results represents the average of three different experiments. error bars represent sD of the mean.
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phosphorylation of the HER-2 protein. Single treatment with the 
HER-2 anti-peptide antibody alone caused a 30% inhibition rate 
(*p < 0.005) while combination with the VEGF anti-peptide anti-
body increased inhibition from 30% to about 75% (**p < 0.002) 
(Fig. 2A). All treatments were compared with the positive con-
trol AG825 (Calbiochem), a HER-2-specific phosphorylation 
inhibitor. The negative control (unspecific rabbit IgG) showed 
no meaningful inhibitory effects on HER-2 phosphorylation.

Ability of anti-peptide antibodies to mediate antibody-
dependent cellular cytotoxicity. It has been well documented 
that in vivo the Fc portions of antibodies can be of foremost 
importance for efficacy against tumor targets.22 When Fc bind-
ing is reduced or completely removed, trastuzumab virtually loses 
all in vivo efficacy.23 We measured the ability of rabbit antibodies 

treatments (Fig. 1C). Single treatments showed a significant inhi-
bition (*p < 0.005) while the combination regimen resulted in an 
even more significant effect (**p < 0.001). Control rabbit IgG 
did not show antiproliferative effects while trastuzumab (positive 
control) showed antiproliferative effects only on cells that express 
HER-2 (Fig. 1A).

Effects of anti-peptide antibodies on HER-2 specific phos-
phorylation. The main mode of action of pertuzumab is to 
inhibit the phosphorylation of HER-2. This is due to the fact that 
it sterically blocks the dimerization domain of HER-2, thereby 
preventing the formation of dimers with other HER receptors 
and thus interrupting downstream signaling. We have tested the 
effects of the anti-peptide antibodies on HER-2 phosphoryla-
tion, finding that anti-peptide antibodies were able to prevent 

Figure 2. effects of combination treatment on heR-2 phosphorylation and antibody dependent cellular cytotoxicity. (A) Inhibition of heR-2 phos-
phorylation by single and combination treatment with anti-heR-2 and anti-VeGF peptide antibodies. BT-474 cells were incubated with 100 μg/mL 
of anti-heR-2 266–296 and anti-VeGF-p3 antibodies or combination of both before being exposed to heregulin (hRG, an heR-3 activating ligand) for 
10 min and lysed. phosphorylated heR-2/neu was determined by indirect eLIsa and percent inhibition was calculated as in Figure 1. aG825 (calbio-
chem), a potent heR-2 phosphorylation inhibitor, was used as a positive control. (B) anti-peptide antibodies raised in rabbits are capable of mediating 
antibody-dependent cell-mediated cytotoxicity (aDcc). The target cell line BT474 was coated with 50 μg of purified anti-peptide antibodies from rab-
bits, unspecific rabbit IgG, unspecific mouse IgG or trastuzumab and then cultured in the presence of human peripheral blood mononuclear effector 
cells to give an effector:target ratio of 100:1, 20:1 and 4:1 in triplicates. error bars in (A and B) represent sD of the mean. Results represent average data 
from three different experiments with each treatment performed in triplicate.
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mice).18 Groups of mice (n = 5) were then treated with either 
VEGF peptides, the irrelevant peptide or left untreated (Fig. 5A). 
We found that immunization with MVF-HER-2 266–296 sig-
nificantly (**p < 0.001) delays tumor development and growth 
(Fig. 5B). Most interestingly, there was a difference between 
immunization alone and immunization combined with VEGF 
peptides. In both cases, p values were < 0.001 but in the case of 
the d-amino acid-based VEGF-P4 peptide, the delay in tumor 
growth was even greater as compared with that induced by the 
l-amino acid-containing VEGF-P3 peptide (Fig. 5B). At the end 
of the experiment, some of the mice were tumor free and this was 
observed in 40% of the animals receiving the VEGF-P4 peptide 
upon immunization (Fig. 5C). We also weighed the tumors at 
the end of the experiment and calculated the % of tumor weight 
(weight of tumor alone/weight of tumor + weigth of mouse, all 
multiplied by 100). We observed a significant difference (95% 
confidence interval) between all treatments as compared with the 
control and the untreated groups. Immunization alone or com-
bined with an irrelevant peptide resulted in approximately a 40% 
reduction in % tumor weight (*p < 0.005). The post-vaccination 
administration of both the VEGF-P3 and P4 peptides greatly 
enhanced this effect (**p < 0.002) (Fig. 5D). These results were 
fully corroborated by the visual inspection of tumors (Fig. 6). 
Taken together, these obsevrations suggest that the dual target-
ing of HER-2 and VEGF potently inhibits tumor development. 

raised against HER-2 and VEGF peptides to mediate 
antibody-dependent cellular cytotoxicity (ADCC) 
in vitro using a bioluminescence-based cytotoxicity 
assay (aCella-TOXTM). Our results show that com-
bination treatments with anti-peptide antibodies 
induces a more potent response than individual treat-
ments (Fig. 2B). Trastuzumab was used as a positive 
control while unspecific mouse and rabbit IgGs were 
used as negative controls. The effector cells were 
normal human peripheral blood mononuclear cells 
(PBMCs) from healthy donors while the target cells 
were BT-474 cells that overexpress HER-2.

Inhibition of microvascular-like outgrowth in 
the aortic ring angiogenesis assay by VEGF pep-
tide mimics. Angiogenesis was studied in vitro by 
culturing rings of mouse aorta in matrigel and using 
the peptide mimics as inhibitors. We observed a 
reduction in outgrowth induced by VEGF peptide 
mimics, while an irrelevant peptide (CD28 peptide 
mimic) had no effects (Fig. 3A). Outgrowth estima-
tion using the brightfield microscope also showed 
increased growth in the untreated and control treat-
ment group, and results were consistent for all three 
rings in each treatment group (Fig. 3B). These 
results strongly indicate that the VEGF peptides are 
able to prevent microvascular outgrowth from aortic 
rings, thus exerting anti-angiogenic effects.

VEGF peptide mimics decreases vascular endo-
thelial cadherin expression in vivo. VEGF has been 
shown to play a major role in angiogenesis by upreg-
ulating VEGFR2 as well as vascular endothelial 
(VE)-cadherin, which forms a support network in endothelial 
junctions.24 To investigate VE-cadherin upregulation by VEGF 
and test the ability of our peptide mimics to interefere with this 
process, we injected mice with matrigel alone, matrigel with 
VEGF or matrigel with VEGF plus the different inhibitors. We 
observed that VEGF induces expression of VE-cadherin in vivo, a 
phenomenon that could be inhibited by our VEGF peptide mim-
ics (Fig. 4A). There was a marked reduction in VEGF-induced 
VE-cadherin expression in the presence of VEGF peptides while 
an irrelevant peptide had no effects. GADPH expression was 
measured as an endogenous control (Fig. 4B). These observa-
tions strongly suggest that our VEGF peptides are able to limit 
VEGF-induced VE-cadherin expression, further confirming 
their anti-angiogenic properties.

Transplantable tumor models. We used a rat neu-expressing 
tumor model (wild type BALB/c mice challenged with TUBO 
cells) to evaluate the anti-tumor effect of our HER-2 vaccine fol-
lowed by therapy with VEGF peptides. The human HER-2 266–
296 sequence has a 97% similarity with the corresponding rat neu 
sequence with only one different amino acid, and this model was 
previously validated by Allen et al.18 BALB/c mice were immu-
nized with 100 μg of MVF-HER-2 266–296 peptide three times 
at three weeks intervals and—one week after the third immuni-
zation—mice were challenged with TUBO cells (derived from a 
spontaneous mammary carcinoma in BALB/c-neuT transgenic 

Figure 3. Inhibition of microvascular-like outgrowth in the aortic ring angiogenesis 
assay by VeGF peptide mimics. Mouse aortic rings were incubated for 10 d with 100 
μg/mL peptides or controls as in Figure 2A. Note the robust outgrowth in controls 
and the strong inhibition by the peptides. In IV, the insert is a higher magnification 
showing the limited amount of residual sprouting. photos were taking using phase 
contrast microscopy with original magnification at 20x. In (B), outgrowth estimation 
was done using the brightfield microscope. + indicates presence of growth and Table 
shows the number of rings per treatment group. (I–IV) are same as in (A).
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the inhibition given by vaccination was greatly enhanced by the 
administration of either VEGF-P3 or VEGF-P4 (Fig. 8A and B).

Discussion

HER-2 is a member of the ErbB family of receptor tyrosine 
kinases (RTKs) associated with aggressive forms of several human 
cancers and a well-established target for both passive and active 
immunotherapy. VEGF is overexpressed in many different types 
of cancer and hence both VEGF and its receptors (VEGFR1 and 
VEGFR2) are prime targets for tumor-directed anti-angiogenic 
intervention. Agents targeting RTKs for cancer therapy include 
antibodies that block RTK ligands or the receptors themselves, 
as well as small-molecule inhibitors that inhibit the intracellu-
lar catalytic domain of RTKs. Many FDA-approved therapies 
targeting both HER-2 (Trastuzumab, Herceptin, Pertuzumab, 
Omnitarg) and VEGF (Bevacizumab, Avastin) have significant 
toxicities and are associated with the development of resistance. 
Clinical applications of monoclonal antibody-based therapy 

In this sense, the RI D-amino acid-based peptide provided better 
results than its l-amino acid-based counterpart, both as as single 
agent and in combination regimens.

Combination treatment decreases the number of actively 
dividing cells and microvascular density. In order to evaluate 
how our peptides exert antit-tumor effects, we examined dif-
ferent treatments on the number of actively dividing cells. The 
amount of actively dividing cells was assessed in tumor section 
by immunohistochemistry for Ki67 and Image J-assisted quanti-
fication. The number of proliferating cells greatly decreased upon 
the administration of the HER-2 vaccine alone, and there was a 
further decrease given by the addition of either the VEGF-P3 
or the VEGF-P4 peptide (Fig. 7A and B). To further clarify the 
mechanisms of action of these peptides, we examined the ves-
sel density of the tumors by immunohistochemistry upon stain-
ing with an anti-CD31 antibody. We found that the number of 
CD31+ microvessels in the tumors treated with the HER-2 vac-
cine was reduced as compared with untreated tumors and tumors 
receiving an irrelevant peptide. As for actively proliferating cells, 

Figure 4. VeGF induces the expression of Ve-cadherin mRNa and treatment with VeGF peptide mimics reverses this induction. (A and B) Total RNa 
was isolated from matrigel plugs after treatment with peptide inhibitors and used in RT-pcR to measure levels of Ve-cadherin expression. GapDh was 
measured as an endogenous control and the expression levels were similar in the different treatment groups (A). addition of VeGF was able to induce 
Ve-cadherin expression but treatment with VeGF peptide mimics inhibited this induction (B).
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to degradation by proteases). This can however be overcome by 
using d-amino acids, which cannot be recognized by proteases. 
Thus, peptides can be synthesized with a reversal of the peptide 
chirality and using d-amino acids, resulting to a topographical 
equivalent of the parent peptide.

The overexpression of HER-2 is associated with increased 
expression of VEGF at both the RNA and protein levels in 
human breast cancer cells, and exposure of HER-2 positive cells 
to trastuzumab significantly decreases VEGF.25 SHC, a down-
stream adaptor protein of the HER-2 signaling pathway, has been 
identified as a critical angiogenic switch for VEGF production.26 
This suggests that the effects of HER-2 on tumor cell behavior 
may be mediated in part through the stimulation of angiogenesis. 

in general is limited by a number of concerns such as the fre-
quency of treatments, associated costs, limited duration of action, 
undesired immunogenicity and significant risks of carditoxic-
ity. Similarly small-molecule RTK inhibitors such as sunitinib, 
which have entered clinical trials alone or in combination with 
radiotherapy or chemotherapy, show problems of efficacy, devel-
opment of resistance and unacceptable safety profiles which alto-
gether hamper their clinical progress.

Immunization or treatment with peptides offers the oppor-
tunity of stimulating the body’s immune response leading to 
immunological memory. Peptides are relatively safe, non toxic, 
cheaper than antibodies and highly specific. The only drawback 
associated with peptides is their relatively limited stability (owing 

Figure 5. effects of heR-2 Immunization and VeGF peptide treatment in a transplantable tumor model. (A) Immunization scheme for BaLB/c mice. 
Mice were immunized subcutaneously with 100 μg of MVF-heR-2 three times at three weeks intervals. Two weeks after the third immunization, mice 
were challenged with TUBO cells and treated weekly with VeGF peptide mimics and irrelevant peptide for 6 weeks. (B) effects of combination treat-
ment on tumor growth. Wild type BaLB/c mice (n = 5), at the age of 5–7 weeks were immunized subcutaneously three times at three weeks intervals 
with 100 μg of MVF-heR-2 emulsified in Isa720. after immunization, mice were challenged with TUBO cells and treated intravenously with VeGF 
peptide mimics or an irrelevant peptide. Tumor measurements were performed twice a week using calipers. The data are presented as the average 
tumor volume per group and are reported as mm3. Results show a statistical significant difference between the group immunized with MVF-heR-2 vs. 
the group treated with the VeGF peptide mimics (**p < 0.001). There was a significant difference between immunization plus irrelevant peptide vs. 
immunization plus treatment with VeGF peptide mimics (*p < 0.001). (C) effects of immunization and treatment on tumor-free survival rates. Results 
show that immunization with MVF-heR-2 and treatment with VeGF-p4 produced the best results since 40% of the mice (2 out of 5) remained tumor-
free at the end of the experiment. There was also a greater delay in onset of tumor development in the case of VeGF-p3 peptide as compared with 
the MVF-heR-2 immunization alone. (D) effects of peptide treatment on % tumor weight per body mass. after treatment, tumors were removed and 
weighed and the results show a significant difference between treated and untreated groups. p values are reported.
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that the peptide was synthesized using the pertuzumab epitope. 
Indeed, antibodies raised against this peptide should be able to 
function like pertuzumab, hence having inhibitory effects in cells 
independent of HER-2. We also evaluated the in vitro effects of 
the combination treatment with both HER-2 and VEGF anti-
peptide antibodies on cell proliferation and viability, finding that 
the combination regimen produces greater anti-tumor effects 
than either treatment alone (Fig. 1C).

HER-2 is known to dimerize with its partner HER-1 and 
HER-3 leading to receptor phosphorylation and intracellular 
signaling. Pertuzumab mainly functions by sterically blocking 
HER-2 from binding to its partners and is therefore classified as a 
dimerization inhibitor.30,31 We therefore investigated the effects of 
antibodies raised by HER-2 and VEGF peptides on HER-2 phos-
phorylation, finding an amelioration in phosphorylation inhibi-
tion from less than 35% in the case of single treatments to about 
75% in the case of the combination regimen (Fig. 2A). One of 
the main mode of action of antibodies is to cause ADCC, so we 
also evaluated the ability of our anti-peptide antibodies to cause 

A two-pronged approach to target cancer cells by co-immunizing 
with defined tumor-associated antigens and angiogenesis-asso-
ciated antigens has been shown to exert synergistic anti-tumor 
effects.27-29 Altogether, these observations indicate that combi-
nation therapy targeting both HER-2 and VEGF constitutes a 
superior strategy as compared with either monotherapy, since 
antiangiogenic therapy alone tends to only delay tumor growth15 
while targeting HER-2 and VEGF will abrogate two distinct 
tumorigenic pathways.

We evaluated the antiproliferative effects of the antibodies 
raised by HER-2 and VEGF peptides, alone or combined, on 
different cell lines. Trastuzumab has been shown to act only 
on HER-2 positive cells and we made similar observations 
(Fig. 1A and B), whereby little inhibition was observed with the 
(HER-2 low) MDA-468 cell line as compared with the (HER-2 
high) BT-474 cell line. The anti-peptide antibodies were effective 
in inhibiting both cancer cell lines. The HER-2 266–296 peptide 
antibody showed some inhibitory effects on the HER-2-low cell 
line (MDA-468) (Fig. 1B) and this is probably due to the fact 

Figure 6. effects of combination treatment on tumor size. at the end of treatment, mice were euthanized and tumors extracted and pictures taken 
using a Nikon camera. after three immunizations BaLB/c mice were challenged with TUBO cells and treated with VeGF-p3 and VeGF-p4. Representa-
tive photos from different treatment groups at day 39 after the inoculation of cancer cells are reported. (A) untreated; (B) irrelevant; (C) MVF-heR-2; (D) 
MVF-heR-2 + IRReLeVaNT; (E) MVF-heR2 + VeGF-p3(cYc); (F) MVF-heR2 + RI-VeGF-p4 (cYc).
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mouse aortic ring assay (Fig. 3). We also showed that the VEGF 
peptide mimics are able to prevent the VEGF-mediated induc-
tion of VE-cadherin in matrigel plugs that were implanted in 
mice (Fig. 4).

In order to evaluate the effects of peptide administration in 
vivo, we used a transplantable tumor mouse model. BALB/c mice 
were immunized with the HER-2 peptide before being challenged 
with TUBO cells and treated with VEGF peptides. We observed 
significant differences between treated and control groups a delay 

ADCC against BT-474 cells. We observed that the anti-peptide 
antibodies were able to cause ADCC and their effects were com-
parable to that of the positive control trastuzumab (Fig. 2B). 
Also in the case of anti-HER-2 and anti-VEGF peptide antibod-
ies in combination, there was an increase in ADCC as compared 
with single treatments as well as to trastuzumab. We have pre-
viously shown the anti-angiogenic effects of our VEGF peptide 
mimics in different angiogenesis assays32 and here we illustrated 
further their ability to inhibit microvascular outgrowth in the 

Figure 7. combination treatment decreases the number of actively dividing cells in a transplantable mouse model of breast cancer. Quantification of 
the number of actively dividing cells in tumor sections using Ki67 staining. (A) Tissue sections show the amount of positive cells. The stain is specific 
for cells that are actively dividing. (B) Quantification of the staining using Image J software. Data represent mean values from four different fields and 
error bars represent sD of the mean.
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and subsequent analysis using electrospray ionization mass spec-
troscopy. Peptides that were used for immunization both in rab-
bits and mice were collinearly synthesized with the promiscuous 
T

H
 epitope MVF (MVF-HER-2 266–296 CYC, MVF-VEGF-

P3-CYC and MVF-RI VEGF-P4-CYC) while those that were 
used for intravenous treatment of mice after vaccination was syn-
thesized without any MVF (VEGF-P3-CYC and RI-VEGF-P4-
CYC) (Table 1).

Animals. Female New Zealand white outbred rabbits were 
purchased from Harlan. Female BALB/c mice were purchased 
from the Jackson Laboratory. Animal care and use was in accor-
dance with institutional guidelines.

Cell lines and antibodies. All culture media, FBS and supple-
ments were purchased from Invitrogen Life Technologies. The 
human breast tumor cell lines BT-474 and MDA-468 were pur-
chased from American Type Culture Collection and maintained 
according to supplier’s guidelines. We also used TUBO cells, a 
cloned cell line established in vitro from a lobular carcinoma that 
arose spontaneously in BALB-neuT mouse.36 Humanized mouse 
mAb Trastuzumab was a gift from Dr William Carson.

Active immunization and antibody purification. Mice and 
rabbits were immunized subcutaneously at multiple sites with a 
total of 1 mg (rabbits) or 100 μg (mice) of peptide dissolved in 
dd H

2
O emulsified (1:1) in Montanide ISA720 vehicle (Seppic) 

with 100 μg of N-acetylglucosamine-3yl-acetyl-l-alanyl-d-
isoglutamine (nor-MDP). Rabbits and mice were boosted with 
the respective doses at 3 week intervals. Rabbit blood was col-
lected via the central auricular artery and sera tested for antibody 
titers. Anti-peptide antibodies were purified by affinity chroma-
tography using a Protein A/G column (Pierce) from high titer 
antibody sera.

ELISA. Antibody titers were determined as previously 
described in reference 37, and is defined as the reciprocal of the 
highest serum dilution with an absorbance of 0.2 or greater after 
subtracting the background.

Proliferation assays. BT-474 and MDA-468 (1 × 104) were 
plated in 96-well flat-bottom plates overnight. Growth medium 
was replaced with low serum (1% FCS) medium and the cells were 
incubated overnight. Media were removed from the wells and 
replaced with low serum medium containing anti-HER-2 pep-
tide and anti-VEGF mimic peptides antibodies at concentrations 
ranging from 25–100 μg/mL and plates were incubated an addi-
tional 1 h at 37°C before adding 10 ng/ml HRG in 1% medium. 
Plates were further incubated for 72 h at 37°C before adding 
MTT (5 mg/mL) to each well. Then, plates were incubated 2 h 
at 37°C and 100 μL of extraction buffer 20% SDS, 50% dimeth-
ylformamide (pH 4.7) was added to each well. Finally plates were 
incubated overnight at 37°C and read on an ELISA reader at 570 
nm with 655 nm background subtraction. Inhibition percentage 
was calculated as 100% × (untreated cells - peptide treated cells)/
(untreated cells).

Phosphorylation assays. 1 × 106 BT-474 cells were plated in 
each well of a six well plate and incubated overnight at 37°C. 
Culture medium was removed and the cell layer washed once 
with PBS low serum (1% FCS). Culture medium was then added 
to the wells and plates incubated overnight. Cells were washed 

in tumor growth and development, and a decrease in tumor 
weight. Vaccination with MVF-HER-2 266–296 followed by the 
administration of VEGF-P4 produced the best results, and 40% 
of the mice in this group remained tumor-free at the end of the 
experiment (Fig. 5). The VEGF peptide treatment also appeared 
to cause a decrease in blood flow to the tumors, contributing to 
its anti-tumor effects (Fig. 6). Tumor sections stained for actively 
dividing cells and blood vessels showed a marked reduction in 
positively stained cells following the vaccination, which was exac-
erbated with VEGF peptides were administered post-treatment 
(Figs. 7 and 8). These results strongly suggest that tumor growth 
and development can be strongly inhibited by simultaneously 
targeting the tumors and their blood supply. This is also because 
while tumor cells are genetically unstable (thus constantly chang-
ing and hence baing prone to developing resistance), the tumor 
vasculature is genetically stable.33 Thus, active immunization 
with HER-2 peptide epitopes and treatment with VEGF peptide 
mimics is a better strategy than immunization alone. Also, the 
d-amino acid-based peptide produced greater inhibitory effects, 
probably due to its longer half-life in vivo.

In conclusion, our results show the potential synergy between 
immunotherapy with HER-2 peptide vaccines and antiangiogenic 
therapy with VEGF inhibitors that are able to prevent or delay 
tumor growth. This combination strategy targeting different 
aspects of the tumor microenvironment show enhanced efficacy 
as compared with indivual treatments. The simultaneous and 
sequential strategy to inhibit different signaling pathways shows 
great promise for the design and development of effective anti-
tumor and anti-angiogenic therapies against cancer. Foremost in 
those strategies lies the intuitive and rational design of effective 
peptide molecules that mimic the corresponding native structure 
for high efficacy inhibition of both antigen:antibody and recep-
tor ligand interactions. Such molecules are safe and non-toxic 
and might offer great advantages in the treatment and manage-
ment of cancers.

Materials and Methods

Synthesis and characterization of conformational peptides. 
Peptide synthesis was performed on a Milligen/Biosearch 9,600 
peptide solid phase synthesizer using Fmoc/t-But chemistry. 
Preloaded Fmoc-Val-clear acid resin (0.35 mmol/g) for the MVF-
HER-2 266–296 and clear amide resin for the VEGF peptides 
(0.32 mmol/g) (Peptides International) were used for synthesis. 
The 266–296 cyclized epitope was collinearly synthesized with 
the promiscuous T

H
 epitope MVF and assembled by choosing 

the regioselective side chain protector Trt on Cys residues 268 
and 295, and in the VEGF peptides two cysteines were inserted 
between amino acid Gln79 and Gly92 and between Ile80 and 
Glu93. Peptides were cleaved from the resin using cleavage 
reagent B (trifluoroacetic acid:phenol:water:TIS, 90:4:4:2), and 
crude peptides purified by semi preparative reversed-phase-HPLC 
and characterized by electrospray ionization mass spectroscopy.34 
Intramolecular disulphide bonds were formed using iodine oxi-
dation as described in reference 35, and disulphide bridge forma-
tion was further confirmed by maleimide-PEO

2
-biotin reaction 
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at -80°C. Phosphorylation was determined by Duoset IC for 
human phosphor-ErbB2 according to the manufacturer’s direc-
tions (R&D Systems).

Antibody-dependent cell-mediated cytotoxicity (ADCC). 
We used the bioluminescence cytotoxicity assay (aCella-TOXTM) 
and all procedures were performed according to the manufac-
turer’s instructions. Briefly, The BT-474 target cells (1 × 104/well) 
were plated on a 96 well plate and anti-peptide abs were added 
to the wells containing the target cells. The plate was incubated 
at 37°C for 15 min to allow opsonization of antibody to occur. 

and 50 μg of anti-peptide Abs and controls in binding buffer 
(0.2% w/v BSA, RPMI 1640 medium with 10 mM HEPES (pH 
7.2) was added to the wells and incubated at room temperature 
for 1 h). HRG (5 nM) was added and the incubation contin-
ued for 10 min. Binding buffer was removed and the cell layer 
washed once with PBS before adding 1 ml of RIPA lysis buffer 
(Santa Cruz Biotechnology). Plates were rocked at 4°C for 2 h. 
Lysates were removed, spun at 13,000 × g and supernatants col-
lected. Protein concentration of each sample was measured by 
Coomassie plus protein assay reagent kit and lysates were stored 

Figure 8. combination treatment decreases microvascular density in tumors. evaluation of vessel density in tumor sections. (A) Vascular staining 
using anti-cD31 antibody. (B) effects of combination treatment on the tumor vessel density after quantification with the Image J software. Data repre-
sents mean values from four different fields and error bars represents sD of the mean.
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the primer design software express (PE Applied Biosystems). The 
human glyceraldehyde phosphate dehydrogenase (GAPDH) (PE 
Applied Biosystems) was used as an endogenous control. All PCR 
reactions were performed using an ABI prism 7700 Sequence 
Detection System (PE Applied Biosystems). The expression levels 
were determined using comparative threshold cycle (C

T
) method 

as previously described in reference 39.
Peptide treatment in transplantable mouse model. BALB/c mice 

5 to 6 weeks of age were immunized with 100 μg of MVF-HER-2 
266 three times at three weeks intervals. Two weeks after the third 
immunization, the mice were challenged with 1 × 105 TUBO cells 
and after challenge, mice were treated intravenously with 100 μg of 
either VEGF-P3-CYC, RI-VEGF-P4-CYC or irrelevant peptide as 
inhibitors. Treatment was given weekly for six consecutive weeks. 
Mice were euthanized at week 10 and tumors removed. Tumors were 
measured twice a week using calipers and tumor volume was calcu-
lated using the formula (length × width2)/2.

Immunohistochemistry. In order to indentify the effects of 
treatment on the tumor microenvironment, tumors were forma-
lin fixed, paraffin embedded and stained immunohistochemi-
cally. Serial sections were cut and stained for Ki67 staining for 
actively dividing cells, CD31 for blood vessels. The immuno-
histochemical detection protocol was performed as published in 
reference 40. Total staining was analyzed using the NIH Image 
J software and the staining index was calculated as the percent-
age area occupied by the positive cells to the total area occupied 
by all the cells. For CD31, vascular density was calculated as the 
relative area occupied by the blood vessels in each field with total 
area of field considered as 100. A total of four fields were observed 
for each treatment.

Statistical analysis. Tumor growth over time was analyzed 
using Stata’s XTGEE (cross-sectional generalized estimating 
equations) model which fits general linear models that allows 
to specify within animal correlation structure in data involving 
repeated measurements. For other experiments, Student’s t-tests 
were performed to observe the statistical relevancy in between 
different sets of experiments as well as the significant difference 
between treated and non-treated cells.
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Effectors cells (hPBMCs from red cross) were then added to the 
wells at three different E:T ratios (100:1, 20:1 and 4:1) and the 
plate incubated at 37°C for 3 h. The plate was then removed and 
equilibrated to room temperature for 15 min before adding 10 
μL of lytic agent to the control wells for maximum lysis and incu-
bated for 15 min at room temperature. One hundred microliters 
of the Enzyme Assay reagent containing G3P was then added to 
all wells followed by 50 μL of the detection reagent. The plate 
was immediately read using a luminometer.

Mouse aortic ring assays. Female BALB/c mice 6 weeks of 
age were sacrificed by cervical dislocation and thoraxic aortas 
were removed and immediately transferred to a culture dish 
containing MEM media. The peri-aortic fibroadipose tissue was 
carefully removed with fine microdissecting forceps and scissors 
without damaging the aortic wall. The aortic rings about 1 mm 
long were sectioned and washed about five times in MEM media. 
Two hundred microliters of matrigel was added to wells of a 96 
well plates and the rings were placed on top of the gel and then 
covered with another 200 μL of matrigel. Cultue media contain-
ing VEGF peptides (500 μg/mL) and controls were then added 
to the wells and incubated at 37°C. Culture media was replaced 
daily with respective inhibitors. After 10 d, the culture was dis-
carded and photos of the rings in the gel taken for observation of 
microvascular outgrowth in the rings.

In vivo matrigel assay and RNA purification from matri-
gel. Liquid matrigel (500 μL) was injected subcutaneously into 
the flanks of Balb/c mice. The matrigel (BD Bioscience) con-
tained VEGF

165
 at a final concentration of 500 ng/mL to stimu-

late angiogenesis and VEGF peptides or irrelevant peptides were 
added at a concentration of 500 μg/mL. All treatment groups 
contained three mice and each mice had two plugs. After ten 
days, the mice were sacrificed and matrigel plugs were removed 
and stored in liquid nitrogen. For RNA isolation, the matrigel 
plugs were homogenized and the and treated with 600 μL of 
lysis buffer (Absolutely RNA RT-PCR Miniprep kit, Stratagene). 
Purification of total RNA was performed using the Miniprep kit 
and RNA concentration was measured using UV spectroscopy 
(GeneQuant, Amersham Pharmacia Biotech). cDNA was synthe-
sized from total matrigel RNA using the SuperScript First-Strand 
Synthesis System for RT-PCR (Life Technologies). Details of the 
experimental procedure are described in Eubank et al.

VE-cadherin RT-PCR. Samples were pre-treated with RNase-
free DNase (Promega) in order to avoid genomic DNA contami-
nation. After treatment, two micrograms of total RNA from the 
different samples were reversed transcribed in a final volume of 
50 μl using Taqman Reverse Transcription Reagents (PE Applied 
Biosystems). Primers for mouse VE-cadherin were designed using 
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