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The human epidermal growth factor receptor 3 (HER-3/ErbB3) is a unique member of the human epidermal growth
factor family of receptors, because it lacks intrinsic kinase activity and ability to heterodimerize with other members.
HER-3 is frequently upregulated in cancers with epidermal growth factor receptor (EGFR/HER-1/ErbB1) or human
epidermal growth factor receptor 2 (HER-2/ErBB2) overexpression, and targeting HER-3 may provide a route for
overcoming resistance to agents that target EGFR or HER-2. We have previously developed vaccines and peptide
mimics for HER-1, HER-2 and vascular endothelial growth factor (VEGF). In this study, we extend our studies by
identifying and evaluating novel HER-3 peptide epitopes encompassing residues 99–122, 140–162, 237–269 and 461–
479 of the HER-3 extracellular domain as putative B-cell epitopes for active immunotherapy against HER-3 positive
cancers. We show that the HER-3 vaccine antibodies and HER-3 peptide mimics induced antitumor responses: inhibition
of cancer cell proliferation, inhibition of receptor phosphorylation, induction of apoptosis and antibody dependent
cellular cytotoxicity (ADCC). Two of the HER-3 epitopes 237–269 (domain II) and 461–479 (domain III) significantly
inhibited growth of xenografts originating from both pancreatic (BxPC3) and breast (JIMT-1) cancers. Combined therapy
of HER-3 (461–471) epitope with HER-2 (266–296), HER-2 (597–626), HER-1 (418–435) and insulin-like growth factor
receptor type I (IGF-1R) (56–81) vaccine antibodies and peptide mimics show enhanced antitumor effects in breast and
pancreatic cancer cells. This study establishes the hypothesis that combination immunotherapy targeting different
signal transduction pathways can provide effective antitumor immunity and long-term control of HER-1 and HER-2
overexpressing cancers.

Introduction

The human epidermal growth factor receptor (HER) family
consists of four homologous members: HER-1 (also known as
EGFR/ErbB1), EGFR) HER-2, HER-3 and HER-4 (also
known as ErbB2, ErbB3 and ErbB4, respectively).1-3 The gen-
eral structure shared by HER receptors includes an extracellular

ligand-binding domain (ECD), a transmembrane region, and
an intracellular domain containing a tyrosine kinase and car-
boxy-terminal region.3 In response to ligand binding, these
receptor tyrosine kinases (RTK) can form homodimers or heter-
odimers and initiate a complex network of cellular signaling
that mediates many cellular processes, such as proliferation, dif-
ferentiation, migration and survival.4-6 HER family receptors

*Correspondence to: Pravin TP Kaumaya; Email: kaumaya.1@osu.edu
Submitted: 07/08/2014; Revised: 08/11/2014; Accepted: 08/14/2014
http://dx.doi.org/10.4161/21624011.2014.956012

www.landesbioscience.com e956012-1OncoImmunology

OncoImmunology 3:10, e956012; November 1, 2014; © 2014 Taylor & Francis Group, LLC
ORIGINAL RESEARCH



are also involved in tumorigenesis when their signaling func-
tions are inefficiently regulated.1-3,7 In particular, EGFR and
HER-2 are widely known targets for cancer therapy, with both
monoclonal antibodies (mAbs) and tyrosine kinase inhibitors
(TKIs) directed against these receptors.2,8,9 Despite their struc-
tural homology, the HER family members differ with respect to
preferred ligands, affinity for ligands, tyrosine kinase activity,
and rate of cellular down regulation.10

HER-3 is the only member of the family lacking intrinsic
tyrosine kinase activity.11-13 As a result, its role in cancer has long
been underestimated and efforts at targeting HER-3 have lagged
behind. HER-3 is overexpressed in several human cancers which
correlates with tumor progression with worse survival in patients
with breast,14 pancreatic 15 and colorectal carcinomas.16 Recent
studies have demonstrated that EGFR and HER-2 are the pre-
ferred heterodimerization partners for HER-3, and HER-3 is fre-
quently up-modulated in cancers with EGFR or HER-2 over-
expression.14,17-19 There is increasing evidence of the importance
of HER-2/HER-3 signaling in breast cancer which is also sup-
ported by numerous transgenic mouse models.20 HER-3 signal-
ing has also been associated with resistance to: HER-2 inhibitors
in HER-2-amplified breast cancers,21-23 EGFR inhibitors in lung
cancers,24 pertuzumab resistance in ovarian cancers,25 anti-estro-
gen therapies in ER-positive breast cancers,25-28 EGFR inhibitors
in head and neck cancer, and hormone resistance in prostate can-
cers.29 Currently, there are no FDA approved therapies that tar-
get HER-3, but several mAbs are under investigation, including
MM-121 and AMG 888 (U3–1287).30-33 These mAbs have
been shown to inhibit tumor cell proliferation in vitro and in
vivo, and both antibodies are being evaluated in clinical trials. In
addition to HER-3, induction of complex crosstalk with alternate
signaling pathways has also been observed in drug resistance to
HER family inhibitors. Recent studies have shown that resistance
to trastuzumab is mediated by increased signaling and crosstalk
through insulin-like growth factor 1 receptor (IGF-IR) and
VEGF.28,34-36 Promising and new alternative strategies taken to
overcome drug resistance include combination therapy and
development of multi-target inhibitors.37 For instance, HER-3
mAbs currently under investigation have been shown to act syn-
ergistically with EGFR/HER-2 inhibitors, suggesting that combi-
nation treatment may be essential to completely shut-down HER
family signaling.33,38 In addition, dual-specific antibodies against
HER-2:HER-3 or EGFR:HER-3 heterodimers are also being
evaluated.39-41 Thus, strategies to block HER-3 heterodimeriza-
tion must be at the forefront of any attempt to overcome drug
resistance to approved targeted therapies and to develop novel
combination treatments.

The main objectives of this study were (1) to identify B-cell
epitopes of the HER-3 extracellular domain that could activate
the immune system to produce highly specific antibodies that
will target tumor cells; and (2) to develop HER-3 peptide mimics
that could disrupt HER-3 signaling pathways by preventing
ligand binding or heterodimerization. The driving motivation
and overarching goal behind these studies rests upon the hypoth-
esis that combination immunotherapy targeting different signal
transduction pathways will provide synergistic effective

antitumor immunity, tumor regression and long-term control of
HER-2 overexpressing cancers. To test this hypothesis we used
these novel HER-3 peptides and vaccines in a combination treat-
ment strategy with inhibitors of HER-1, HER-2 or IGF-1R.

HER-3 crystal structures in complex with three mAbs DL11,
LMJ716 and RG7116, were used to identify HER-3 amino acid
residues involved in binding to the antibodies.40,42,43 We com-
bined the computer predictive algorithms of antigenicity44

together with information gleaned from the crystal structure
complexes to identify four HER-3 peptides encompassing resi-
dues 99–122 and 140–162 from Domain I, 237–269 from
Domain II and 461–479 from Domain III as potential B-cell
epitopes/mimics for active immunotherapy (vaccination) against
HER-3 positive cancers. We hypothesized that these HER-3 pep-
tide vaccines/mimics could be used to target the receptor in can-
cer and in a combination approach with our other HER-family
established inhibitors. We show that the HER-3 vaccine antibod-
ies and HER-3 peptide mimics induced antitumor responses:
inhibition of cancer cell proliferation, inhibition of receptor
phosphorylation, induction of apoptosis and ADCC. The pepti-
domimetics and vaccine antibodies also significantly inhibited
growth of xenografts originating from both pancreatic and breast
cancers. We also showed synergistic effects of combination treat-
ment with the HER-3 (461–471) epitope with two HER-2
(266–296) and HER-2 (597–626) vaccine antibodies and IGF-
1R (56–81) vaccine antibodies in vitro.

Results

Design, synthesis and characterization of (1) HER-3 peptide
mimics; and (2) MVF-HER-3 peptide vaccine antibodies

The crystal structure of the unliganded HER-3 extracellular
domain was published by Cho et al.8 A ribbon diagram showed
that Domains I and III exhibit the expected helical structure and
domains II and IV are extended repeats of seven small disulfide-
containing modules. Since then, several other crystal structures of
the HER-3 extracellular domain have been solved in complex
with therapeutic mAbs. The crystal structure of the HER-3 extra-
cellular domain in complex with the Fab portion of a mAb
MEDHD7945A (DL11)40 revealed the residues of HER-3 that
were important for binding. The residues critical for DL11 and
HRG binding are found in Domain III of HER-3 showing that
DL11 has the ability to block HRG: HER-3 interaction and
inhibit downstream signaling of HER-3. With the information
of the critical DL11 binding region playing a significant role in
HER-3 signaling, we selected peptide sequence 461–479 which
directly overlaps the DL11:HER-3 binding site. The HER-3
461–479 epitope includes part of a b-strand and a-helix in
domain III of HER-3 (Fig. S1). Recently, two additional crystal
structure complexes were solved for HER-3 binding to mAbs
RG7116 and LJM716.42,43 The RG7116: HER-3 complex dem-
onstrates that binding occurs in domain I of the HER-3 ECD.
RG7116 inhibits ligand binding and subsequent phosphoryla-
tion of HER-3. We selected two HER-3 peptides overlapping
this binding region: sequences 99–122 and 140–162. In the
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native HER-3 protein, residues 99–122 fold into an a-helix fol-
lowed by a random coil, while the 140–162 peptide sequence
contains two anti-parallel b-sheets separated by a random coil
(Fig. S1). The complex of HER-3 binding to LJM716 demon-
strated that the antibody binds to domains II and IV of the
HER-3 extracellular region. LMJ716 was shown to lock HER-3
into an inactive conformation and inhibit downstream signaling
of the receptor. The residues encompassing 237–269 sequence
overlap with the LJM716:HER-3 binding site, and this epitope
folds into two anti-parallel b-sheets separated by a random coil
in domain II of the HER-3 ECD (Fig. S1). All HER-3 peptide
locations within the native protein are shown in Figure S2. The
four chosen epitopes were synthesized by solid-phase peptide
chemistry either as the peptide mimic or as the chimeric peptide
vaccine incorporating the measles virus fusion protein (MVF resi-
dues 288–302) “promiscuous” T-cell epitope.45 Based on our
initial screening only two of our selected peptides (HER-3
237–269 and HER-3 461–479) were synthesized as chimeric
immunogen with the MVF sequence. Table 1 shows the peptide
sequences and their corresponding molecular weights.

Expression of various receptor tyrosine kinases in cancer cell
lines

In order to evaluate HER-3 expression in different cancer cells
and compare their expression levels with other HER family
receptors and IGF-1R, we used protein immunoblotting assays
with secondary antibodies that are specific to each of the recep-
tors. Cell lines used included breast (BT-474, MDA-MB-468,
MDA-MB 453, T47D, MCF-7), pancreatic (BxPC-3, Capan-2),
ovarian (SKOV-3) and colon (HT-29). Western blotting for
total HER-3, HER-1, HER-2 and IGF-1R (R & D Systems) was
performed to determine total protein expression in cancer cell
lines (Fig. 1). HER-3 expression was detected in all cell lines
except SKOV-3 cells. HER-1 expression was only detected in
MDA-MB-468 cells and BxPC3 cells. High levels of HER-2
were detected in BT474, MDA-MB-453 and SKOV-3 cells.
Lower levels of HER-2 were detected in Capan-2 and HT-29
cells. IGF-1R expression was detected in all cell lines, but low
amounts were found in MDA-MB-468, MDA-MB-453 and
SKOV-3 cells (Fig. 1). Overall, the results indicate that HER-3

expression is predominant in most cancers and is always
expressed together with other HER family receptors and/or
IGF-1R. This explains why all the cell lines that show HER-3
expression also show a major expression of another HER receptor
or IGF-1R.

Peptide mimics inhibit cancer cell proliferation
To test the ability of the peptide mimics to elicit antitumor

effects, HER-3 positive cells were treated with the peptide
mimics and examined in a MTT inhibition assay. The anti-pro-
liferative effects of the peptides were tested against breast (JIMT-
1, MCF7, MDA-MB-468) and pancreatic (BXPC3) cancer cells

Table 1. The amino acid sequences of the synthetic peptide mimics and the chimeric peptides incorporating the MVF promiscuous T-cell epitopes with their
molecular weights are depicted. Also shown are the amino acid sequences of the HER-1, HER-2 and IGF-1R peptides

Peptides Amino acid sequence of HER-3 peptides Mol.wt (Da)

MVF-HER-3(237–269) KLLSLIKGVIVHRLEGVE-GPSL-VPRCPQPLVYNKLTFQLEPNPHTKYQYGGVCVA-OH 6099
HER-3 (237–269) Ac-VPRCPQPLVYNKLTFQLEPNPHTKYQYGGVCVA-OH 3801
MVF-HER-3 (461–479) KLLSLIKGVIVHRLEGVE-GPSL-ERLDIKHNRPRRDCVAEGK-NH2 4672
HER-3 (461–479) Ac-ERLDIKHNRPRRDCVAEGK-NH2 2333
HER-3 (99–122) Ac-FVMLNYNTNSSHALRQLRLTQLTE-NH2 2891
HER-3 (140–162) Ac-DTIDWRDIVRDRDAEIVVKDNGR-NH2 2798
Peptides Amino acid sequence of EGFR (HER-1), HER-2 and IGF-1R peptides Mol.wt(Da)
HER-1(418–435) Ac-SLNITSLGLRSLKEISDG-NH2 1944
MVF-HER-1(418–435) KLLSLIKGVIVHRLEGVE-GPSL-SLNITSLGLRSLKEISDG-NH2 4242
MVF-HER-2(597–626) KLLSLIKGVIVHRLEGVE-GPSL-VARCPSGVKPDLSYMPIWKFPDEEGACQPL-NH2 5672
MVF-HER-2(266–296) KLLSLIKGVIVHRLEGVE-GPSL-LHCPALVTYNTDTFESMPNPEGRYTFGASCV-COOH 5757
IGF-1R 56–s81 Ac-LLFRVAGLESLGDLFPNLTVIRGWKL-NH2 2969

Figure 1. Western blot analysis of the expression of human epidermal
growth factor receptors (HER) and insulin-like growth factor 1 receptor
(IGF-1R) in various cancer cell lines. Cells were grown in 6 wells plates to
70–80% confluency prior to cell lysis. Cell lysates were solved in SDS-
PAGE, transferred to PVDF membranes and commercial rabbit antibodies
for HER-1 (epidermal growth factor receptor) (cell signaling), HER-2 (v-
erb-b2 avian erythroblastic leukemia viral oncogene homolog 2), (cell
signaling), HER-3 (v-erb-b2 avian erythroblastic leukemia viral oncogene
homolog 3) (Santa Cruz) and IGF-1R (insulin-like growth factor 1 recep-
tor) (cell signaling) were used to probe for expression of the different
receptors. A goat anti-rabbit IgG HRP secondary antibody and ECL
reagents (Bio-Rad) were used for detection.
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at various concentrations (Fig. 2). Taxol, an inhibitor of mitosis,
was used as a positive control (data not shown). Results from the
four different cell lines revealed that the HER-3 peptides inhib-
ited proliferation of all cell lines in a dose-dependent manner.
The most robust response was observed when all cell lines were
treated with the HER-3 99–122 and the HER-3 461–479 pepti-
des, and the cell lines that were most responsive to treatment
were the MDA-MB-468 and BXPC3 cells.

Peptide mimics inhibit phosphorylation of HER-3
To test the ability of the peptide mimics to block signaling of

the HER-3 protein, cells were treated with the inhibitors and
phosphorylated HER-3 was measured using the Human phos-
hoErbb3 ELISA kit (R&D systems) and western blotting
(Fig. 3). MDA-MB-468 cells were treated with the peptide
mimics for 1 h prior to ligand stimulation and cell lysis. Phos-
phorylated levels of HER-3 were measured with a human-phos-
pho-HER-3 sandwich ELISA Kit (R C D systems) and by
western blotting using a commercial rabbit anti-phospho-HER-3
antibody (cell signaling). No inhibition of phosphorylation was
observed when cells were treated with the HER-3 (140–162) and
HER-3 (237–269) constructs. The HER-3 (99–122) and HER-

3 (461–479) peptides inhibited phosphorylation of HER-3
(»20% and »30%, respectively). Western blotting results from
HER-3 phosphorylation also indicated a decrease in phosphory-
lation levels of HER-3 with the HER-3 99 and HER-3 461,
which confirms results already obtained with the ELISA. Both
results indicate that these two HER-3 epitopes were able to block
receptor phosphorylation either by blocking HER-3 ligand bind-
ing, which prevents HER-3 activation, or by blocking receptor
heterodimerization with other HER family of receptors.

Immunogenicity of the MVF HER-3 peptide constructs and
cross-reactivity of vaccine antibodies to human HER-3

We determined the immunogenicity of the chimeric peptide
vaccines MVF-HER-3 (237–269) and MVF-HER-3 (461–479)
in outbred New Zealand rabbits. Pairs of rabbits were immu-
nized with the chimeric peptide vaccines emulsified with nor-
MDP adjuvant in SEPPIC ISA 720. The MVF-HER-3 237–269
and MVF-HER-3 461–479 peptides were highly immunogenic
with antibody titers for MVF-HER-3 (461–479) �128,000, and
for MVF-HER-3 (237–269) >256,000 (Fig. 4A). High anti-
body titers were also elicited against the B-cell epitope constructs
HER-3 (461–479) and HER-3 (237–269) antibody titers were
� 16,000 and � 128,000, respectively (data not shown). The
polyclonal antisera to the peptides were purified and the ability
of HER-3 anti-peptide antibodies to recognize and bind to
recombinant human HER-3 protein was tested in an ELISA
(Fig. 4B). The MVF HER-3 anti-peptide antibodies were able to
specifically recognize their respective epitopes in a dose-depen-
dent manner. We also tested the ability of the HER-3 vaccine

Figure 2. HER-3 peptide mimics inhibit proliferation of HER-3 positive
cancer cell lines. Cancer cells (MDA-MB-468, MCF-7, JIMT-1 and BXPC3)
were treated with HER-3 peptide mimics at different concentrations (25–
200 mg/mL) for 1 h prior to ligand stimulation with HRG (50ng/mL). After
72 h of incubation in the presence of the peptide mimics, MTT was used
to measure cell proliferation. Percent inhibition was calculated by taking
absorbance (abs) readings at 570 nm and using the following equation:
(abs. untreated-abs. treated)/abs. untreated £ 100. An irrelevant (IRR)
peptide was used as a negative control. Values represent the mean of at
least three independent experiments in triplicate (n D 3) with error bars
that indicate SEM.

Figure 3. HER-3 peptide mimics inhibit phosphorylation of HER-3 posi-
tive cancer cell lines (MDA-MB-468). Cancer cells were treated for 1 h
prior to ligand stimulation with 10 ng/mL HRG for 15 min. After treat-
ment, cells were lysed 1X in RIPA lysis buffer (Santa Cruz) and phosphory-
lated HER-3 was measured via a phosphor-HER-3 ELISA kit from RCD
Systems (A). Percent inhibition was calculated by taking absorbance
(abs) readings at 450 nm and using the following equation: (abs.
untreated-abs. treated)/abs. untreated £ 100. Results displayed are rep-
resentative of two independent experiments with duplicate samples.
Error bars represent SD of the mean. To confirm ELISA results, cell lysates
were also subjected to western blotting. Lysates were solved in SDS-
PAGE, transferred to PVDF membrane and probed for expression of
pHER-3with a commercial phosphor-tyr-HER-3 antibody from cell signal-
ing (B). Results displayed are representative of two independent experi-
ments (n D 2). In all experiments, an irrelevant peptide was used as a
negative control.
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antibodies to bind to the surface of HER-3 positive cancer cells.
Flow cytometric analysis was conducted with HER-3 expressing
BXPC3 and MCF7 cells (Fig. 4C). Pre-immune antibodies were
used as the negative control. The antibodies elicited by the
MVF-HER-3-237 and MVF-HER-3-461 constructs bound to
the HER-3 protein expressed by the cell lines (Fig. 4) suggesting
that the HER-3 anti-peptide antibodies recognize the native
protein.

HER-3 peptide mimics and HER-3 vaccine antibodies
induce apoptosis

Targeting apoptotic regulatory pathways in cancer is a
promising strategy for therapeutic agents. The ability of our
peptide mimics and vaccine antibodies to induce apoptosis

was tested using the Caspase 3/7 Glo kit (Promega). MCF7,
BXPC3 and JIMT-1 cells were treated with the inhibitors
for 24 h prior to measuring activity of caspases 3 and 7.
The results obtained showed a significant increase in the
amount of caspase 3 and 7 activity when compared to the
negative control (normal rabbit IgG or IRR peptide), indi-
cating that the HER-3 peptide mimics and vaccine antibod-
ies can induce apoptosis (Fig. 5). The highest amount of
apoptosis was observed when cells were treated with the
HER-3 461 and 237 peptide mimics (Fig. 5, top panel).
Antibodies raised to these two peptides also caused substan-
tial apoptosis (Fig. 5, bottom panel). Treatment caused
approximately a two-fold increase in the amount of caspases
3/7 released, indicating increased apoptosis or cell death.

Figure 4. Immunogenicity of MVF HER-3 peptides and ability of anti-HER-3 vaccine antibodies to recognize recombinant and native HER-3 receptor. Rab-
bits (n D 2) were immunized with either MVF HER-3 237–269 or MVF HER-3 461–479 every three weeks for a total of three immunizations. Anti-peptide
antibody titers were determined by ELISA with plates coated with the appropriate MVF HER-3 peptide immunogen (A). Titers are defined as the recipro-
cal of the highest dilution of sera that gave an absorbance reading above 0.2 after subtracting the pre-immune sera. Results represent the average titer
for two rabbits with error bars representing the SD of the mean. Anti-HER-3 peptide antibodies were purified from high titered rabbit anti-serum on a
protein A/G column. The ability of the peptide specific antibodies to recognize recombinant HER-3 was determined by ELISA (B). Results are representa-
tive of three independent experiments with duplicate samples (n D 2). Direct binding of the anti-peptide antibodies to the native HER-3 receptor was
determined by flow cytometric analysis with BXPC3 and MCF7 cells (C). Cells were treated with 50 ug/mL anti-HER-3 antibodies for 2 h. HER-3 binding
was detected with goat anti-rabbit IgG-Alexa fluor 488 secondary antibody. Cells were analyzed on a BD FACS Calibur system. Pre-immune serum was
used as a negative control.
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HER-3 vaccine antibodies mediate ADCC
Antibodies can exert their antitumor effects via ADCC,

because the Fc region can interact with peripheral blood
mononuclear cells (PBMCs) and attract them to specific tar-
gets. As a result, we examined the ability of the HER-3 vaccine
antibodies to induce ADCC against various cancer cell lines
(Fig. 6). Target cells (MCF7 and BXPC3) were treated with
the vaccine antibodies and human PBMCs at different concen-
trations (effector cells). Cell lysis was measured using a biolu-
minescence cytotoxicity assay kit (cell technology). A
significant increase in cell lysis was observed following treat-
ment with the HER-3 461 vaccine antibodies in both the pan-
creatic and breast cancer cell lines, and the effects were greater
when an effector to target ratio of 100:1 was used. These
results suggest that the vaccine antibodies are capable of stimu-
lating PBMCs to cause cancer cell death (ADCC).

Antitumor effects of HER-3 peptide mimics/vaccine
antibodies in two transplantable cancer mouse models (BALB/c
SCID mice and BXPC3 cells or JIMT-1 cells)

To test the in vivo effects of the peptide mimics and peptide
vaccine antibodies, two epitopes (HER-2 237–269 and HER-3
461–479) were used in two transplantable mouse models. Mice
were challenged with either BXPC3 or JIMT-1 cells and treated

with the peptide mimics or vaccine
antibodies starting at day zero (day
of tumor challenge) and weekly for
a total of 8–9 treatments. Tumor
growth was measured biweekly, and
all mice were euthanized at the end
of treatment; tumors were extracted
and weighed, and the percentage of
tumor weight was calculated. The
results in Fig. 7 demonstrate that
both peptide constructs HER-3
(237–269) and HER-3 (461–479)
had the ability to significantly delay
tumor growth in mice challenged
with BXPC3 cells (P < 0.2 and
P < 0.001, respectively). The
HER-3 (461–479) peptide con-
struct showed greater antitumor
effects and significantly decreased
the % tumor weight (P < 0 .04).
As a result, only the HER-3 461–
479 peptide was used in JIMT-1
tumor model (Fig. 7). The HER-3
(461–479) peptide also had the
ability to significantly inhibit tumor
growth in our breast cancer mouse
model (P D 0.02). We also used
the BALB/c SCID mice BXPC3
and JIMT-1 cell tumor models to
explore the ability of the vaccine
antibodies to delay tumor growth
(Fig. 8). After tumor challenge,

mice were passively treated weekly with the vaccine antibod-
ies, and tumor volume was measured biweekly. Fig. 8 shows
the effect of theHER-3 anti-peptide antibodies in both mouse
models. In both the BXPC3 and JIMT-1 transplantable
mouse models, only the MVF-HER-3 461 vaccine antibodies
resulted in a significant reduction in tumor growth and devel-
opment (P < 0.05) (Fig. 10, top). Treatment with the MVF-
HER-3 461 vaccine antibodies also demonstrated a significant
reduction of tumor weight in BXPC3 xenografts (Fig. 10,
bottom) thereby confirming the best HER-3 epitope being
the HER-3 (461–479) that could be used in the combination
studies.

Combination treatment of HER-3 (461–479) and IGF-1R
(56–81) peptide mimics exhibit enhanced cancer cell
proliferation and phosphorylation

There are several lines of evidence that suggest extensive cross-
talk exists between HER family receptors and IGF-1R.46 As
shown in Fig. 1, HER-3 is expressed with other HER family
receptors or IGF-1R in several cancer cell lines. Thus it is possible
to target dual receptors in order to overcome any potential resis-
tance mechanism to single treatment. To test the effects of com-
bination treatment with HER-3 and IGF-1R inhibitors, we used
three different cancer cell lines: JIMT-1 and MCF7 (breast) and

Figure 5. HER-3 peptide mimics induce apoptosis. HER-3 positive breast (JIMT-1 and MCF7) and pancre-
atic (BXPC3) cancer cells were plated in 96-well plates and treated with the peptide mimics (top panel) or
vaccine antibodies (bottom panel) for 24 h prior to cell lysis. Apoptosis (directly proportional to amount
of luminescence produced) was measured using the Caspase Glo 3/7 kit (Promega). After 24 h treatment,
caspase glo reagent was added, and plates were incubated for 3 h before being read on a luminometer.
Pre-immune antibodies and an irrelevant (IRR) peptide were both used as negative controls. Results are
representative of three independent experiments with duplicate samples (n D 2). Error bars represent SD
of the mean.
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BXPC3 (pancreatic) cancer cells. To measure proliferation, we
used the MTT assay where the cells were treated with the single
HER-3 (461–479) and IGF-1R (56–81) and combination
[HER-3 (461–479) C IGF-1R (56–81)] inhibitors and incu-
bated for three days before adding MTT. The peptide mimics
single and combination treatment were able to prevent cancer
cell proliferation in all three cell lines as shown in Fig. 9A. Com-
bination treatment caused significant inhibition of proliferation
of about 60% or greater (**p < 0.04) while single treatment
showed an inhibitory rate of about 40% and 30% for HER-3-
(461–479) and IGF-1R-56 respectively in all three cell lines
(*p < 0.05). We also evaluated the effects of combination treat-
ment on HER-3 and IGF-1R phosphorylation in the presence of
IGF-1 and HRG ligand signaling in MCF-7, JIMT-1 and
BXPC-3 cells. After treatment was used to measure phosphory-
lated levels of the receptors in a sandwich ELISA method using
Human-phospho-HER-3/IGF-IR ELISA kit from R&D Systems
(Saint Paul, MN). Results in Figs. 9B and C shows the effects of
combination treatment on receptor phosphorylation were
markedly increased (**p < 0.02) compared to individual treat-
ments (*p < 0.05). Overall, the results point to the potential
benefits of targeting HER-3 and IGF-IR as novel combinations
in cancers that express these two receptors. Combining treatment
with the HER-3 and IGF-1R peptide mimics enhances their abil-
ity to inhibit cellular proliferation and decrease receptor phos-
phorylation. These results indicate that targeting these two
alternative signaling pathways in cancer may be beneficial for
cancer therapy in the future.

Combination treatment with HER-3:
HER-2 and HER-3:HER-1 vaccine
antibodies on cancer cell proliferation and
phosphorylation

Considerable horizontal crosstalk also
exists between HER family receptors, and
HER-3 signaling has been implicated in
drug resistance to EGFR (HER-1) and
HER-2 inhibitors. 21,47,48 In this experi-
ment, we evaluated two novel combination
approaches which involves (1) the targeting
HER-1 and HER-3; and (2) targeting of
HER-2 and HER-3. Cell lines used in these
two approaches are shown to express mod-
erate to high levels of the receptors. To test
the effects of combination treatment
against HER family receptors, breast
(JIMT-1 and MDA-468) and pancreatic
(BXPC3) cancer cells were treated with
either the (1) HER-3 (461–479) vaccine
antibodies, (2) HER-2 (266–296) vaccine
antibodies (pertuzumab-like), (3) HER-2
(597–626) vaccine antibodies (trastuzu-
mab-like), (4) HER-1 (418–435) vaccine
antibodies (cetuximab-like), (5) combina-
tion of HER-2 (266–296) and HER-3
(461–479) vaccine antibodies, (6) combi-
nation of HER-2 (597–626) and HER-3

(461–479) antibodies or (7) combination of HER-1 (418–435)
and HER-3 (461–479) vaccine antibodies in MTT inhibition
and phosphorylation assays (Figs. 10 and 11). Figs. 10A–C dem-
onstrates the effects of combination treatment with HER-2 and
HER-3 vaccine antibodies on cellular proliferation and receptor
phosphorylation. In all cases, combination treatment with HER-
2 and HER-3 vaccine antibodies resulted in an increase in both
inhibition of proliferation and receptor phosphorylation (**p <

0.02) when compared to single treatment alone (*p < 0.05). Fol-
lowing treatment and ligand stimulation, cell lysates were col-
lected to
measure phosphorylated levels of both HER-3 (Fig. 10B) and
HER-2 (Fig. 10C) using sandwich ELISA phospho-HER-2/
HER-3 kits (RCD Systems). Combination treatment resulted in
a superior reduction of both phosphorylated HER-2 and HER-
3, indicating that co-targeting the receptors with these novel pep-
tide mimics is a promising alternative approach for inhibiting
breast and pancreatic cancers.

Figs. 11A–C displays similar results for combination treat-
ment with HER-1 and HER-3 vaccine antibodies (**p < 0.02)
when compared to single treatment alone (*p < 0.05). Breast
(JIMT-1 and MDA-MB-468) and pancreatic (BXPC3) cancer
cell proliferation was modestly effected by single treatment with
the HER-1 and HER-3 vaccine antibodies and combination
treatment resulted in a significant increase of inhibition of prolif-
eration (Fig. 11A). Phosphorylated levels of HER-1 and HER-3
were measured following treatment with sandwich ELISA phos-
pho-HER-1/HER-3 ELISA kits (RCD Systems) (Fig. 11B and,

Figure 6. MVF HER-3 antibodies have the ability to elicit ADCC. HER-3 positive cancer cells BxPC3
(A) and MCF7 cells (B) were used as target cells. Target cells were seeded and incubated in the
presence of human PBMCs at different effector: target cell ratios (100:1, 20:1, 4:1). Cells were then
treated for one hour with MVF HER-3 antibodies (100 mg/mL) prior to cell lysis. The Acella-tox kit
(Cell Technology) was used to measure the relative amount of ADCC and cell lysis was measured
according to the manufacturer’s instructions. Results represent average of three different experi-
ments (n D 3)) and display the % lysis of treatment groups when compared to 100% target cell
lysis. . Normal rabbit IgG (Pierce) was used as a negative control.
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C). When compared to single agents alone, combination treat-
ment resulted in reduced phosphorylation of both receptors, sug-
gesting that there are many potential benefits of targeting
multiple HER family members in cancers.

Combination treatment with HER-3:HER-2, HER-3:HER-
1 or HER-3:IGF-1R vaccine antibodies causes increased
apoptosis and ADCC

To test the ability of peptide vaccines to synergistically induce
apoptosis and ADCC of cancer cells, we compared single vs.
combination treatments using the Caspase glo 3/7 kit (Promega)
and a bioluminescence cytotoxicity kit (cell technology). Human
breast cancer cells (BT474) were treated with a combination of
the HER-2 and HER-3 vaccine antibodies as described above,
and combination treatment resulted in an increase in the amount
of apotosis (**p < 0.001) (Fig. 12, top) when compared to single
treatment alone. Significant apoptosis was observed when human
pancreatic cancer cells (BXPC3) were treated with a combination
of the HER-1-418 and HER-3-461 antibodies (**p < 0.001)
(Fig. 12, middle) as compared to individual treatment
(*p < 0.003). Finally, when JIMT-1 breast cancer cells were

used to monitor apoptotic activity, a combination of antibodies
to HER-416 and IGF-1R 56 showed increase in the amount of
caspase 3 and 7 activity was observed (**p D 0.002) vs. single
treatment (*p < 0.04).

Results from the ADCC bioluminescence assay demonstrated
an increase in the amount of cell lysis (Fig. 13), indicating that
combination treatments induced significantly higher levels of
ADCC than single treatment alone. Combination treatment
effects on ADCC with HER-2/HER-3, HER-1/HER-3 and
HER-3/IGF-1R were also evaluated using BT-474, BxPC-3 and
JIMT-1 cells respectively. Single treatments with the vaccine
antibodies showed inhibitory effects that were dependent on the
effector to target concentrations with ratio of 100:1 showing the
greatest induction of ADCC indicating that the increase in num-
bers of PBMCs caused more stimulation by the vaccine antibod-
ies thereby inducing ADCC. Combination treatment showed
greater induction of ADCC in all three cases but these effects
were highly evident in the case of HER-3-461 and IGF-1R-56
vaccine combination using the trastuzumab resistant JIMT-1
cells (**p D 0.037). Combination treatment caused upto 70%
lysis using the 100:1 target ratio while single treatments with

Figure 7. HER-3 peptide mimics delay tumor growth in 2 transplantable mouse models. SCID Mice (n D 5) at the age of 5–6 weeks old were challenged
subcutaneously with either BXPC3 cells or JIMT-1 cancer cells and treated weekly with the indicated peptide mimics (200 mg) intravenously. Tumor
growth was monitored over time. After euthanasia, tumors were extracted and weighed. Results displayed include average tumor volume over time (top
panel) and % weight tumors when compared to total mouse weight (bottom panel). Error bars represent standard deviations from the mean. An irrele-
vant peptide (IRR) was used as a negative control. In BXPC3 mouse model, peptide treatment caused a significant delay in tumor growth with both pep-
tide constructs HER-3 237–269 (p < 0.02) and HER-3 461–479 (p < 0.001), and the effects were also observed in percentage tumor weight per body
mass; HER-3 237–269 (p < 0.05) and HER-3 461–479 (p < 0.04). Only the HER-3 461–479 construct was used in JIMT-1 mouse model, and it caused both
a significant delay in tumor growth and % tumor weight (pD 0.02 and p < 0.05, respectively).
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HER-3-461 and IGF-1R-56 caused about 10% and 38%
(*p < 0.05) lysis respectively (Fig. 13, bottom). These results
clearly establish the potential clinical benefits of the combination
approach in causing additive/synergistic antitumor effects in vari-
ous cancer types that express these receptors.

Discussion

Due to its lack of intrinsic kinase activity and inability to
homodimerize, HER-3 was not considered a target for cancer
immunotherapy until recently. This view has changed because of
mounting evidence suggesting that HER-3 heterodimers (with
HER-1 or HER-2) are the most active signaling dimers, and that
HER-3 offers a major mechanism by which HER-driven tumors
escape from targeted therapy.21,24–29,49–55 Currently, there are
no FDA approved HER-3 targeted therapies available in the
clinic today. As a result, development of novel HER-3 inhibitory
therapies that help overcome resistance to other HER family
therapies is of great priority. In this study, we have evaluated the
in vitro and in vivo efficacy of a type of targeted therapy that
involves using peptide therapeutics to inhibit HER-3. Peptides

therapeutics offer benefits such as: low cost, high specificity and
potency, ability to penetrate the cell membrane, low immunoge-
nicity and safety.56-61 This research project stems from work con-
ducted in our laboratory over the last several years. Our lab has
developed effective vaccines against HER-2 and novel therapies
based on blockade of receptor: ligand interactions, such as B7:
CD28.62-64 Two of our HER-2 B-cell epitope vaccine candidates
established antitumor effects in preclinical studies, and we were
able to translate our novel findings into a phase I clinical trial in
which patients were vaccinated with a combination of the two
vaccine epitopes.65-69 We have also made efforts in validating our
combination therapy approach by targeting HER-2 and VEGF
in transgenic and transplantable breast cancer mouse models.
Studies from our laboratory have shown that a combined
approach aimed toward simultaneously shutting down multiple
cancer signaling pathways produces superior antitumor effects
when compared to single treatments alone.58

Several published crystal structures of HER-3 in complex with
mAbs (DL11, LMJ716 and RG7116) have provided our labora-
tory with significant insights into the key HER-3 amino acids
involved in binding to the antibodies.40,42,43 In pre-clinical stud-
ies, these mAbs have been shown to 1) inhibit signaling of HER-

Figure 8. HER-3 vaccine antibodies delay tumor growth in a transplantable mouse model. SCID Mice (n D 5) were challenged subcutaneously with either
pancreatic (BXPC3) or breast (JIMT-1) cancer cells and treated weekly with the indicated peptide vaccine antibodies (500 mg) via IP injection. JIMT-1 cells
and treated weekly with peptide vaccine antibodies. Tumor growth was monitored over time. After euthanasia, tumors were extracted and weighed.
Results displayed include average tumor volume over time (top panel) and % weight tumors (bottom panel) when compared to total mouse weight (bot-
tom panel). Error bars indicate standard deviation of the mean. Normal rabbit IgG (Pierce) was used as a negative control. In both mouse models, only
treatment with the MVF-HER-3 461 vaccine antibodies caused a significant delay in tumor growth (p < 0.05 for both mouse models), and the effects
were also observed in percentage tumor weight per body mass (p < 0.05).
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3 and 2) elicit antitumor effects both in vitro and in vivo. As a
result, we developed four HER-3 vaccine epitopes that mimic
the binding sites of these mAbs (Figs. S1 and S2;Table 1). We
evaluated the antitumor effects of our peptide mimics on pancre-
atic and breast cancer cells that overexpress HER-3 (Fig. 1). The
peptide mimics were able to inhibit proliferation of HER-3 posi-
tive cells in a dose dependent manner, suggesting that the pepti-
des have the ability to block ligand-induced activation of HER-3
(Fig. 2). The HER-3 99–122 and HER-3 461–479 peptides eli-
cited the strongest anti-proliferative effect, and these were the
only two peptides that were able to slightly inhibit HER-3 phos-
phorylation (Fig. 2). The peptide mimics did not fully inhibit
HER-3 phosphorylation, suggesting that the peptides do not

completely inhibit activation and subsequent signaling of the
HER-3 protein.

Two of our peptide vaccine constructs were highly immuno-
genic in rabbits (no data for MVF HER-3 99–122 and MVF
HER-3 140–162 constructs), and the antibodies raised against
each of the vaccines were able to bind rhHER-3 protein in an
ELISA assay (Fig. 4A and B). In order for the vaccine antibod-
ies to inhibit growth of HER-3 expressing cancer cells, they
must be able to recognize the native receptors on the surface of
the cancer cells. As a result, we also tested the ability of the vac-
cine antibodies to bind HER-3 expressing cells via flow cytome-
try (Fig. 4C). The binding effect was highest with the HER-3
461 vaccine antibodies (Fig. 4). These results suggest that we

Figure 9. HER-3 peptide mimics produce synergistic antitumor effects when used in combination with IGF-1R peptide mimics. Cancer cells (JIMT-1, MCF7
and BXPC3) were plated in 96-well plates and treated for 1 h with either the HER-3 461 peptide mimic, IGF-1R 56 peptide mimic or HER-3 461 C IGF-1R
56 combination prior to ligand stimulation with both IGF-1 and HRG (50ng/mL). After 72 h of incubation in the presence of the peptide mimics, MTT was
used to measure cell proliferation (A). Percent inhibition was calculated by taking absorbance (abs) readings at 570 nm and using the following equation:
(abs. untreated-abs. treated)/abs. untreated £ 100. Cells were also analyzed for inhibition of phosphorylation of both HER-3 (B) and IGF-1R (C). For phos-
phorylation assays, cells were seeded and treated for 1 h with peptide mimics prior to ligand stimulation for 15 min. with both IGF-1 and HRG. After cell
lysis, phosphorylated HER-3 and IGF-1R were measured using ELISA kits from RCD Systems. Percent inhibition was measured by taking the absorbance
readings at 450 nm and using the same equation as described above (in A). In all experiments an irrelevant (IRR) peptide was used as a negative control.
Results display averages of two different experiments plated in triplicate (n D 3). Error bars represent SD of the mean. In both assays, combination treat-
ment showed a better significant effect (**p < 0.04, **p < 0.02 and **p < 0.01 for proliferation, IGF-1R phosphorylation and HER-3 phosphorylation
respectively) while single treatment with the HER-3 or IGF-IR inhibitors showed a lesser significant value (*p < 0.05) or was not significant when com-
pared to the negative control rabbit IgG.
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were able to engineer a vaccine that is immunogenic with high
binding affinity to the HER-3 receptor. The inhibitory effects
of the vaccine antibodies greatly rely on their ability to inhibit
proliferation of cancer cells and induce apoptosis. One major
mechanism of cancer cell growth is to block apoptosis and anti-
cancer agents should be able to induce apoptosis, resulting in
programmed cancer cell death. We then used the caspase assay
to show that these peptide inhibitors or vaccine Abs were able
to cause release of caspase enzymes (Fig. 5). To further study
the mechanism of action of these vaccines, we performed an
assay to measure ADCC. ADCC is a key mechanism of action
of most Abs, and we showed that two of the peptide vaccine
polyclonal Abs (237 and 461 constructs) were able to stimulate
PBMCs to cause killing of breast and pancreatic cancer cells
(Fig. 6). These studies indicate that either vaccination with the
chimeric epitopes or therapeutic treatment with the peptide
mimics would be effective candidates for targeting HER-3. After
demonstrating the in vitro antitumor effects of these peptide

inhibitors, we evaluated the in vivo
effects using two transplantable
mouse models, one of which is
driven by high expression of the
HER family of receptors (JIMT-1)
and the other is highly dependent
on EGFR: HER-3 expression
(BXPC3). Two of our peptide
mimics (HER-3 237–269 and
HER-3 461–479 constructs) were
tested in these models, in which
both elicited a significant delay in
onset of tumor growth (Fig. 7). In
addition, two of our vaccine anti-
bodies were also tested in these
mouse models. Only the MVF-
HER-3 461–479 peptide vaccine
antibodies caused a significant delay
in onset of tumor growth (Fig. 8).
Unfortunately, these mouse models
were not ideal for studying active
immunization with our peptide
mimics. We were limited to using
passive immunotherapy with xeno-
grafted nude mice. We anticipate
that a better response would have
been observed if mice were immu-
nized with our peptide constructs.
Our lab is also currently working
on evaluating the in vivo effects of
our two remaining peptide mimics
(HER-3 99–122 and HER-3 140–
162) and vaccine constructs.

Although efforts at targeting
HER-3 have lagged behind, we, and
others, have shown that HER-3 may
be an attractive target against many
types of cancer. An increasing

amount of evidence indicates that crosstalk between the HER
family members represents a major factor affecting clinical effi-
cacy. Blocking the function of one HER receptor can be compen-
sated by another HER family member (or alternative signaling
pathway) via several molecular mechanisms that are not yet fully
understood. For instance, HER-3, IGF-1R and EGFR have been
identified as key contributors to acquired resistance against
HER-2 targeting agents, while HER-3and IGF-1R have also
been shown to be involved in regulating acquired resistance to
EGFR inhibitors.50,70,71 Overall, the future success of targeted
therapeutics will be dependent on overcoming these molecular
mechanisms of drug resistance. A better clinically promising
strategy could be to combine anti-HER-3 therapies with HER-1
and HER-2 targeting agents.37 Several studies have shown that
combination therapy against multiple HER family members is
superior to single treatment alone. Some investigators have com-
bined HER-3 mAbs with HER-1 or HER-2 inhibitors and
shown synergistic antitumor effects, while others have taken the

Figure 10. HER-3 vaccine antibodies produce synergistic antitumor effects when used in combination
with HER-2 vaccine antibodies. Cancer cells (BT474, Capan-2 and JIMT-1) were seeded and treated for 1 h
with either HER-3 461 vaccine antibodies, HER-2 266 vaccine antibodies, HER-2 597 vaccine antibodies or
a combination of antibodies prior to ligand stimulation with HRG (50 ng/mL). After 72 h of incubation in
the presence of the inhibitors, cells were analyzed for proliferation via MTT inhibition assay (A). Percent
inhibition was calculated by taking absorbance (abs) readings at 570 nm and using the following equa-
tion: (abs. untreated-abs. treated)/abs. untreated £ 100. Cells were also seeded and treated with the vari-
ous combinations of vaccine antibodies for 1 h prior to ligand stimulation (HRG) and cell lysis. Cell lysates
were used to measure inhibition of phosphorylation of both HER-3 (B) and HER-2 (C) via ELISA kits from
RCD Systems. Percent inhibition was calculated by taking the absorbance at 450 nm and using the same
equation mentioned above (in A). In all experiments, normal rabbit IgG (Pierce) was used as a negative
control. Results display averages of two independent experiments with triplicate samples (n D 3). Error
bars represent SD of the average. Combination treatment showed a better significant effect in both the
proliferation and phosphorylation assays (**p < 0.02 in both proliferation and HER-2 phosphorylation
assays with the BT-474 breast and Capan-2 pancreatic cancer cells) while single treatment with the HER-3
or HER-2 inhibitors showed a lesser significant value (*p< 0.05) or was not significant.
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approach of developing dual specific mAbs that specifically bind
to two of the HER family receptors.38,40,41,72-74 Recent studies
have also suggested that blocking both the IGF-1R and HER
family signaling pathways simultaneously produces synergestic/
superior antitumor effects.75-79 We hypothesized that targeting
more than one receptor at the same time with our peptide thera-
peutics would prevent cross-talk and decrease the possibility of
drug resistance due to activation of alternative signaling path-
ways. To test our hypothesis, we combined our HER-3 461
inhibitors with an IGF-1R peptide mimic (and vaccine antibod-
ies), HER-1 vaccine antibodies or HER-2 vaccine antibodies
(previously established in our lab) and tested the antitumor
effects in vitro by measuring proliferation, inhibition of phos-
phorylation, apoptosis and ADCC. In all cases, combination
treatment of the HER-3 peptide with IGF-1R, HER-1 or
HER-2 additively inhibited proliferation and phosphorylation
(Figs. 9–11), indicating that targeting two relevant signaling
pathways may be beneficial in future therapies. Combination

treatments also resulted in an
increase in apoptosis and ADCC
(Figs. 12 and 13), suggesting syner-
gism between HER-3 peptides/vac-
cine antibodies and other inhibitors
previously established in our lab. In
conclusion, we plan on further eval-
uating the potential synergistic anti-
tumor effects of combination
therapy with our HER-3 peptide
inhibitors in vivo. We hypothesize
that dual targeting either HER-3
and IGF-1R or HER-3 and HER-2
will demonstrate superior antitumor
activity and help prevent emergence
of drug resistance.

Materials and Methods

Synthesis and characterization of
the HER-3 peptide mimics

Peptide synthesis was carried out
on a Milligen/Biosearch 9600 pep-
tide solid phase synthesizer (Bed-
ford, MA) using Fmoc/t-butyl
chemistry. CLEAR acid or amide
resins were used for synthesis of the
constructs. After synthesis, a fraction
of each peptide was cleaved from the
resin using cleavage reagent B (tri-
fluoroacetic acid/phenol/water/TIS
90:4:4:2), and crude peptides were
purified by semi-preparative
reversed-phase HPLC. The remain-
ing peptide resin was linked to a
promiscuous T-helper cell epitope
derived from the measles virus
fusion protein (MVF residues 288–

302). Each peptide was synthesized collinearly with the MVF
epitope and a flexible residue linker (GPSL) to allow independent
folding of each epitope. After synthesis, cleavage and purification,
the MVF HER-3 peptides were characterized by analytical
HPLC (high pressure liquid chromatography) and MALDI
(matrix-assisted laser desorption ionization mass spectroscopy) at
Chemical Instrumentation Center (The Ohio State University,
Columbus, OH). After confirming the correct molecular weight,
the peptides were then lyophilized and dissolved prior to use in
subsequent assays.

Protein expression in cancer cell lines
Western blotting for total HER-3, HER-1, HER-2 and IGF-

1R was performed to determine total protein expression in cancer
cell lines. One million cells/well were plated in 6 well plates and
incubated at 37⁰C until cells were 70–80% confluent. Culture
media was then removed from the wells, and cells were washed

Figure 11. HER-3 vaccine antibodies produce synergistic antitumor effects when used in combination
with HER-1 vaccine antibodies. Cancer cells (JIMT-1, BXPC3 and MDA-MB-468) were treated for 1 h with
either HER-3 461 vaccine antibodies, HER-1 418 vaccine antibodies or combination of antibodies prior to
ligand stimulation with both EGF and HRG (50 ng/mL). Cells were analyzed for proliferation via MTT inhibi-
tion assay as described above (A) and inhibition of phosphorylation of both HER-3 (B) and HER-1 (C) via
ELISA kits from RCD Systems as described above. In all experiments, normal rabbit IgG (Pierce) was used
as a negative control, and Cetuximab was used as a positive control. Results display averages of two inde-
pendent experiments with triplicate samples (n D 3). Error bars represent SD of the average. In both
assays, combination treatment HER-1 and HER-3 vaccine antibodies showed a better significant effect (**p
< 0.02 for proliferation and HER-1 phosphorylation and **p < 0.03 for HER-3 phosphorylation respec-
tively) while single treatment with the HER-1 and HER-3 inhibitors showed a lesser significant value (*p <

0.05) or was not significant in some of the cell lines.
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with PBS. Cells were lysed with 1X
RIPA Lysis Buffer (Santa Cruz) for
2.5 h at 4�C. Cell lysates were spun
at 13000£ g and debris-free super-
natants were transferred into clean
tubes. Protein concentration of each
sample was measured by Coomassie
plus protein assay reagent kit
(Pierce). Lysates were frozen at
¡80�C. Protein expression was
measured using western blotting
with rabbit polyclonal antibodies for
HER-1 (Cell Signaling #4405),
HER-2 (Cell Signaling #4290),
HER-3 (Santa Cruz sc-285) and
IGF-1R (Cell Signaling #9750). A
b-actin antibody (Abcam Ab8227)
was used to control for loading.
Detection was accomplished using
goat anti-rabbit HRP secondary
antibody (Bio-rad 170–5046) and
Immun-StarTM HRP Chemilumi-
nescent Kit (Bio-Rad). All proce-
dures were performed according to
the manufacturer’s instructions.

Rabbits
Two female New Zealand white

outbred rabbits (Harlan) were
immunized intramuscularly with
1mg of MVF-HER-3 237 or MVF-
HER-3 461 peptide dissolved in
500 mL PBS and emulsified in 500
uL of Montanide ISA720 vehicle
with 100 ug muramyl dipeptide
adjuvant, nor-MDP (N-acetylglucosamine-3yl-acetyl-L-alanyl-
D-isoglutamine). Subsequent booster injections were given every
three weeks after primary immunization. Sera of rabbits immu-
nized with MVF-HER-3 237 or MVF-HER-3 461were collected
weekly, and complement was inactivated by heating to 56�C for
30 min. The titer of anti-HER-3 peptide antibody was quanti-
fied by ELISA. High-titered sera was purified on a protein A/G
column (Pierce, Rockford, IL) and eluted antibodies were con-
centrated and exchanged in PBS using 100 kDa cutoff centrifuge
filter units (Millipore). Antibody concentrations were determined
by Coomassie plus protein assay reagent kit (Pierce).

Cell lines
BT474, MCF7, MDA-MB-453, MDA-MB-468, BxPC3,

HT-29, SKOV-3, T47D cancer cells were purchased from the
ATCC. JIMT-1 cells were generously provided by Rita Nahta’s
lab in Atlanta, Georgia. BxPC3 and T47D cells were cultured in
RPMI1640 supplemented with 10% FBS, 1% pen-strep. MCF7,
MDA-MB-453, MDA-MB-468, JIMT-1 and BT474 cells were
cultured in DMEM supplemented with 10% FBS, 1% pen-strep.
All cells were grown at 37⁰C in 95% air, 5% CO2.

Flow cytometry
Five x 105cells were washed twice in 1 mL of staining buffer

(PBS, 1%BSA,0.02% sodium azide). After washing, cells were
treated with 100 ug of anti-HER-3 peptide antibody in 100uL
staining buffer for 30 min. Following incubation, cells were
washed twice with 1mL staining buffer and treated for 30 min
with 1:100 dilution of goat anti-rabbit IgG–Alexa Fluor 488 sec-
ondary antibody (Invitrogen) in 100 uL staining buffer. After
washing, cells were fixed in 3.7% paraformaldehyde in PBS and
analyzed on a BD FACSCalibur System (DHRLI Flow Cytome-
try Core Lab, OSU). Normal rabbit IgG was used as the negative
control, and a commercial anti-HER-3 antibody was used as the
positive control (Abgent).

rhHER-3 ELISA
Ninety-six well plates were coated with 100 uL of rh HER-3

at 2mg/mL in PBS overnight at 4�C. Nonspecific binding sites
were blocked for 1 h with 200 uL PBS-1% BSA, and plates were
washed with PBST. Vaccine antibodies in PBT were added to
antigen-coated plates in duplicate wells, serially diluted 1:2 in
PBT, and incubated for 2 h at room temperature. After washing

Figure 12. HER-3 vaccine antibodies used in combination with HER-1, HER-2 or IGF-1R vaccine antibodies
induces a greater level of apoptosis. Various cancer cell lines (BT474, BXPC3 and JIMT-2) were treated for
1 h with antibodies/combinations of antibodies prior to ligand binding. After 24 h of incubation in the
presence of the inhibitors, apoptosis was measured using the Caspase glo 3/7 kit from Promega. Plates
were read on a luminometer and normal rabbit IgG (Pierce) was used as a negative control. Results are rep-
resentative of two independent experiments with triplicate samples (n D 3). Error bars represent SD of the
average. Combination treatment HER-3 caused greater induction of apoptosis as indicated by significant
release in caspase enzymes (**p < 0.002) while single treatment with the HER-1, HER-2, HER-3 or IGF-IR
inhibitors showed a lesser significant value (*p < 0.003 for BT-474 breast and BxPC-3 pancreatic cancer
cells and *p< 0.04 for JIMT-1 breast cancer cells).
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the plates, 100 uL of 1:500 goat anti-rabbit IgG conjugated to
horseradish peroxidase (Pierce) were added to each well and incu-
bated for 1 h. After washing, the antibody was detected using
50 mL of 0.15% H2O2 in 24 mM citric acid and 5mM sodium
phosphate buffer (pH 5.2) with 0.5mg/mL 2,20-aminobis(3ethyl-
benzthiazole-6-sulfonic acid) as the chromophore. Color devel-
opment proceeded for 10 min, and the reaction was stopped
with 25 uL of 1% SDS. Absorbance was read at 415 nm using a
BioRad Benchmark ELISA plate reader (Hercules, CA).

HER-3 phosphorylation assay
A Human phosphor-ErbB3 ELISA kit (R & D Systems) was

used to measure the amount of phosphorylated HER-3. One mil-
lion cells/well were plated in six well plates and incubated at
37�C overnight. Culture media was removed from the wells, and
cells were washed with PBS. Cells were treated with 150 mg
HER-3 peptide or anti-peptide antibodies in binding buffer
(0.2& BSA, RPMI 1640, 10 mM HEPES (pH 7.2) for 1 h at
37�C. 5nM Heregulin was added, and plates were incubated at
RT for 10 min. After stimulation, cells were lysed with 1X RIPA
Lysis Buffer (R C D systems) for 2.5 h at 4�C. Cell lysates were

spun at 13000£g and debris-free
supernatants were transferred into
clean tubes. Protein concentration of
each sample was measured by Coo-
massie plus protein assay reagent kit
(Pierce). Lysates were frozen at
¡80�C. Phosphorylated HER-3 was
measured using the DuoSet IC for
human phospho-ErbB3 (R C D Sys-
tems, Minneapolis, MN).

MTT inhibition assay
Cells were seeded in 96 well flat

bottom plates at 1 £ 104 cells/well
in 100 uL growth media and allowed
to adhere overnight at 37�C. Growth
media was then replaced with inhibi-
tors dissolved in low-sera (1% FBS)
media. Plates were incubated for 1 h
at 37�C, and 50 ng/mL HRG was
added in 1% growth medium. Plates
were incubated an additional 72 h at
37�C before 25 uL of 5mg/mL
MTT was added to each well. Plates
were incubated for 2 h at 37�C, then
100 uL extraction buffer (20%
SDA,50% DMF, pH 4.7) was
added. Plates were incubated over-
night at 37�C and read on an ELISA
reader at 570 nm.

Apoptosis assay
The capsase glo 3/7 kit (Promega)

was used to measure the ability of the
peptides and vaccine antibodies to

induce apoptosis. 1 £ 106 cells were seeded and incubated over-
night at 37�C. Cells were then treated with the peptides or vac-
cine antibodies for 1 h prior to ligand stimulation. Cells were
incubated for 8, 24 or 48 h before addition of the caspase glo
detection reagent. Results only show data for 24 h treatment.
Apoptosis is directly related to the amount of luminescence
(RLU).

ADCC assay
A biolouminescence cytotoxicity assay was used to detect the

ability of anti-peptide antibodies to elicit ADCC (aCella-
TOXTM). All procedures were done according to the man-
ufacturer’s instructions. Non-radioactive reagents were used to
measure the amount of GAPDH enzyme released by dead or
dying cells. The effector cells were normal human PBMC’s from
healthy donors (American Red Cross). Target cells used were
HER-3 positive cancer cells. Effector: target cell ratios used were
100:1, 20:1 and 4:1. Percent lysis was calculated by the following
equation: (sample – E:T spontaneous lysis)/maximum lysis of
target cells £ 100).

Figure 13. HER-3 vaccine antibodies used in combination with HER-1, HER-2 or IGF-1R vaccine antibodies
results in increased levels of ADCC. Various cancer cells (target cells) were seeded and incubated in the
presence of human PBMCs at different effector: target cell ratios (100:1, 20:1, 4:1). Cells were then treated
for one hour with antibodies/combinations of antibodies prior to cell lysis. The Acella-tox kit (Cell Technol-
ogy) was used to measure the relative amount of ADCC. Results display the % lysis of treatment groups
when compared to 100% target cell lysis. Normal rabbit IgG (Pierce) was used as a negative control.
Results display averages for two independent experiments with triplicate samples (n D 3). Error bars rep-
resent SD of the average. Combination treatment showed significant induction of ADCC in all three cell
lines used with a significant value of *p < 0.05 for BT-474 cells, **p < 0.005 for BxPC-3 cells and **p D
0.037 for JIMT-1 cells. Single treatment with the HER-1 and HER-3 in BxPC-3 cells or IGF-IR inhibitors in
JIMT-1 cells showed a lesser significant value (*p < 0.05).
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Xenograft studies
Female BALB/c SCID mice 5–6 weeks old (Jackson Laborato-

ries) were challenged subcutaneously with 5 £ 106 human cancer
cells (BXPC3 or JIMT-1). Starting at day zero (day of tumor
challenge), mice were treated intravenously with 200 mg of each
peptide mimic or 500 ug/mL vaccine antibodies weekly for 7–8
weeks. Tumor growth was monitored twice a week using Vernier
calipers. Tumor volume was calculated by the formula (long
measurement £ short measurement2)/2.

Combination treatment with HER family peptide
therapeutics and IGF-1R inhibitors

The HER-1 418, HER-2 266 and HER-2 597 vaccine anti-
bodies were previously described and established by our
lab.2,80,81 Cells were treated with 100 mg/mL single agent/vari-
ous combinations and analyzed by MTT inhibition assay, apo-
ptosis assay and ADCC (as previously described above).

Statistical analysis
Tumor sizes and weights were analyzed using Stata’s

XTGEE cross-sectional generalized estimating equation,
which fits general linear models that allow you to specify

within animal correlation structure in data involving repeated
measurements. For other experiments, t-test was carried out
to observe the statistical relevance in between different sets of
experiments as well as the significant difference between
treated and untreated cells.
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