
IGF-1R peptide vaccines/mimics inhibit the
growth of BxPC3 and JIMT-1 cancer cells and

exhibit synergistic antitumor effects with HER-1
and HER-2 peptides

Kevin Chu Foy1,y, Megan J Miller1,2,y, Jay Overholser1, Siobhan M Donnelly3, Rita Nahta3, and Pravin TP Kaumaya1,2,4,*

1Department of Obstetrics and Gynecology; The Ohio State University; Columbus, OH USA; 2Department of Microbiology; The Ohio State University; Columbus, OH USA;
3Department of Pharmacology; Emory University; Atlanta, GA USA; 4James Cancer Hospital and Solove Research Institute and the Comprehensive Cancer Center;

The Ohio State University; Columbus, OH USA

yThese authors equally contributed to this work.

Keywords: antibodies, epitopes, immunogenicity, peptide mimics, resistance, vaccine candidates

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; EGFR/HER-1, epidermal growth factor receptor;
ERBB2/HER-2, v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2; IGF-1R, insulin-like growth factor-1 receptor;

MVF, measles virus fusion protein; PBMC, peripheral blood mononuclear cell.

The insulin-like growth factor-1 receptor (IGF-1R) plays a crucial role in cellular growth, proliferation, transformation,
and inhibition of apoptosis. A myriad of human cancer types have been shown to overexpress IGF-1R, including breast
and pancreatic adenocarcinoma. IGF-1R signaling interferes with numerous receptor pathways, rendering tumor cells
resistant to chemotherapy, anti-hormonal therapy, and epidermal growth factor receptor (EGFR, also known as HER-1)
and v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2, (ERBB2, best known as HER-2) -targeted
therapies. Targeting the IGF:IGF-1R axis with innovative peptide inhibitors and vaccine antibodies thus represents a
promising therapeutic strategy to overcome drug resistance and to provide new avenues for individualized and
combinatorial treatment strategies. In this study, we designed, synthesized, and characterized several B-cell epitopes
from the IGF-1:IGF-1R axis. The chimeric peptide epitopes were highly immunogenic in outbred rabbits, eliciting high
levels of peptide vaccine antibodies. The IGF-1R peptide antibodies and peptide mimics inhibited cell proliferation and
receptor phosphorylation, induced apoptosis and antibody-dependent cellular cytotoxicity (ADCC), and significantly
inhibited tumor growth in the transplantable BxPC-3 pancreatic and JIMT-1 breast cancer models. Our results showed
that the peptides and antibodies targeting residues 56–81 and 233–251 are potential therapeutic and vaccine
candidates for the treatment of IGF-1R-expressing cancers, including those that are resistant to the HER-2-targeted
antibody, trastuzumab. Additionally, we found additive antitumor effects for the combination treatment of the IGF-1R
56-81 epitope with HER-1-418 and HER-2-597 epitopes. Treatment with the IGF-1R/HER-1 or IGF-1R/HER-2 combination
inhibited proliferation, invasion, and receptor phosphorylation, and induced apoptosis and ADCC, to a greater degree
than single agents.

Introduction

The insulin-like growth factor-1 receptor (IGF-1R) has been
broadly implicated as a key regulator of the proliferation, growth,
differentiation, and development of several human malignan-
cies.1 Overexpression of IGF-1R frequently occurs in multiple
human tumor types,2 including breast,3 pancreatic,4 and colorec-
tal 5 cancers. Of particular clinical relevance, IGF-1R signaling is
has been implicated in the development of therapeutic resistance
by interfering with numerous receptor signaling pathways.2,6

Consequently, IGF-1R is emerging as a major prospective molec-
ular target for anticancer therapeutic strategies.

Over-expression of IGF-1R has been detected in »80% of
breast cancers7 and is associated with poor prognosis in patients
with early-stage mammary cancer.8 Human breast cancer lesions
also show relatively higher levels of IGF-1R in comparison to
those in normal breast tissue samples and further, higher levels of
phosphorylated IGF-1R correlate with poor patient outcome.9,10

In addition, IGF-1R overexpression plays a key role in pancreatic
cancer.11 Advanced-stage pancreatic cancer is associated with
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high plasma levels of IGF-1R, indicating a potential role for
this receptor in pancreatic cancer progression.12 Importantly,
IGF-1R is highly expressed in human pancreatic cancer samples,
but is completely absent in the surrounding benign tissues.13

IGF-1R has emerged as a particularly important target in can-
cers that have developed resistance to epidermal growth factor
receptor (EGFR/HER-1) and v-erb-b2 avian erythroblastic leu-
kemia viral oncogene homolog 2 (ERBB2, best known as HER-
2) targeted therapies. Specifically, IGF-1R overexpression14 and/
or crosstalk to HER-2 has been shown to facilitate the develop-
ment of trastuzumab resistance.15-17 In fact, IGF-1R overexpres-
sion and increased signaling have been reported in cell lines and
clinical samples derived from trastuzumab-resistant breast can-
cers.18 Similarly, crosstalk between IGF-1R and EGFR/HER-
119,20 has been shown to foster the development of resistance to
EGFR/HER-1 blockade.21 Many studies support targeting IGF-
1R in combination with HER-1- or HER-2-targeted approaches.
For example, a preclinical study indicated that combined treat-
ment with IGF-1R- and HER-2-targeted therapies resulted in
synergistic growth inhibition22 of breast cancers, findings that
have encouraged the development of a novel HER-2:IGF-1R bis-
pecific antibody.23 Further, we previously showed that IGF-1R-
targeting improves trastuzumab sensitivity in cells that have
acquired trastuzumab resistance.17 Thus, targeting the IGF-1R
signaling axis is a promising strategy, partly because it has the
potential to bypass multiple mechanisms that promote resistance
to currently employed targeted therapies against breast cancer.

The discovery of the important role of IGF-1R in malignant
disease development and progression has led to the evaluation of
anti-IGF-1R-targeted antibodies in a dose-escalation Phase I
trial,as well as a Phase II combination trial with paclitaxel
and carboplatin.24,25 IGF-1R-targeted immunotherapeutic
approaches are particularly attractive, as they may potentially
elicit even stronger antitumor responses than traditional targeted
approaches. A combinatorial multi-antigen vaccine targeting
HER-2, IGF-1R and insulin growth factor binding protein 2
(IGFBP2) in a transgenic mouse model of adenocarcinoma
(TgMMTV-neu) significantly blocked tumor progression and
the development of palpable tumors in 65% of mice; this antitu-
mor response was mainly due to the activation of T-cell
responses, especially of the CD4 type.26 Through our own pub-
lished work, we have reported novel platforms to stimulate the
immune system and to block cancer-related signaling pathways,
approaches that may facilitate the development of active immu-
notherapy against a wide variety of tumor types.27-30 Also,
diminished expression of growth hormone receptor and IGF-1
deficiencies have been reported to be associated with cancer risk
in humans.31

In this present study, we report the antitumor effects of 2
novel peptide vaccines and B-cell epitope mimics that specifically
target the IGF-1R. We synthesized 4 peptides designed to inter-
act with the contact sites between IGF-1 and IGF-1R on the basis
of crystal structure and mutagenesis. In the case of the peptide
mimics, the B-cell epitopes were synthesized alone , or linked
with the measles virus T-cell epitope to produce a chimeric pep-
tide vaccine. The peptide vaccines were immunogenic in outbred

rabbits; antibodies (Abs) raised against the vaccine specifically
bound to IGF-1R-expressing breast and pancreatic cancer cells
and specifically recognized the recombinant human IGF-1R pro-
tein. Both the peptide mimics and the anti-peptide antibodies
inhibited IGF-1R-dependent signaling pathways. Importantly,
treatment with the B-cell epitopes as peptide inhibitors signifi-
cantly reduced tumor growth in transplantable models of breast
and pancreatic cancer. The 56–81 and 233–251 B-cell epitopes
proved the best candidates, either as vaccines or peptide mimics,
as they elicited the most significant inhibitory effects both in vitro
and in vivo. These results illustrate the therapeutic potential of 2
novel epitopes that target IGF-1R in multiple cancer types,
including trastuzumab-resistant breast cancer.

Our main objective was to select novel IGF-1R peptide inhib-
itors for use in multiple cancers and in combination with our
novel EGFR- or HER-2-targeted inhibitors, which we previously
reported.32–34 Thus, we evaluated the effects of combining agents
targeting the IGF-1R 56-81 epitope with those antagonizing the
HER-1 418 epitope in breast and pancreatic cancers. Our results
showed a significant decrease in proliferation and receptor phos-
phorylation when these epitopes were used in combination.
Combination treatment also increased the induction of anti-
body-dependent cellular cytotoxicity (ADCC) and increased apo-
ptosis, as evident by increased caspase activity after treatment.
Further, our combination approach targeting IGF-1R and HER-
2 produced greater antitumor effects in both trastuzumab-sensi-
tive (BT-474) and trastuzumab-resistant (JIMT-1) human breast
cancer cells. These results strongly support further development
of our novel IGF-1R peptide vaccine-induced antibodies and
B-cell epitope peptide mimics, particularly in combination with
HER1- and HER2-targeted therapies in cancer.

Results

Epitope selection, design, synthesis, and initial
characterization

We identified 4 potential target sequences (Table 1 and
Fig. S1) derived from the IGF-1R ligand-binding domain by the
usage of computer algorithms to predict the antigenicity, immu-
nogenicity and secondary structure profiles of the protein.35 We
next examined the 3-dimensional structure of IGF-1R to further
delineate the exact candidate epitopes for functional studies36

(Fig. S2). The 4 epitopes, IGF-IR-6-26, IGF-IR-26-42, IGF-IR-
56-81, and IGF-IR-234-252, so named according to their epi-
tope span,were chemically synthesized and characterized, as pre-
viously described.32 Based on initial characterization in vitro, we
selected 2 of the peptide sequences, IGF-1R-56-81 and IGF-1R-
234-252 for integration into an engineered recombinant peptide
with a “promiscuous” Measles virus fusion (MVF) T-cell epitope
(KLLSLIKGVIVHRLEGVE) with a 4-residue (GPSL) linker
sequence. We subsequently examined the immunogenicity of
these peptide mimics in rabbits and mice, as previously
described.30 Furthermore, we developed vaccine antibodies
against these peptides for functional testing in vitro. Our ratio-
nale for epitope design was based on the ligand-binding site of
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the receptor using crystallographic structures, mutagenesis stud-
ies, and models of the receptor-ligand complex.37 The other
HER-family receptor epitopes included herein encompassed
HER-1-418,32 HER-2-266,33 and HER-2-597,34 HER-1
and HER-2 targeting epitopes, previously synthesized and char-
acterized for their respective antitumor properties in vitro and
in vivo as potential cancer vaccine
candidates.

IGF-1R peptide mimics
inhibit proliferation of breast
and pancreatic cancer cells

To examine the functional activ-
ities of our IGF-1R targeting pep-
tide constructs, we first evaluated
the effects of the IGF-1R peptide
mimics on the proliferation of
human pancreatic (BxPC-3) and
breast (MCF-7 and JIMT-1) cancer
cells. Ligand binding to the IGF-1
receptor is known to activate intra-
cellular signaling and subsequently
increase cell proliferation. Thus, we
set out to assess cancer cell prolifera-
tion (via MTT assay) in which cells
were treated with the inhibitors at
various concentrations and incu-
bated for 3 d prior to the addition
of the tetrazolium dye MTT. As
shown in Figure 1, the IFG-1R
peptide mimics successfully inhibit
cancer cell proliferation. Results
from the 3 different cancer cell lines
showed that the IGF-1R-56 and
IGF-1R-233 peptide mimics were
the most consistent and significant
inhibitors of proliferation. These
particular IGF-1R targeting

epitopes robustly inhibited the proliferation of all 3 cell lines in a
dose-dependent manner, as shown in Figure 1. On the basis of
these proliferation results, we decided to utilize these 2 epitopes to
construct peptide vaccinescollinearly synthesized with a promiscu-
ous T-helper epitope, as previously described.33

Table 1. Sequences of IGF-IR peptide B-cell epitopes and chimeric peptide vaccines. The amino acid sequences of insulin growth factor receptor 1 (IGF-1R)
peptides as well as the epidermal growth factor receptor (EGFR/HER-1) and v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2 (ERBB2/
HER-2) peptides, and the chimeric B-cell epitope vaccines engineered with the “promiscuous” T cell epitope of the measles virus fusion protein (MVF; italics)
are shown. The B-cell epitopes were all acetylated (Ac) at the N-terminus and amidated (NH2) at the C- terminus. The flexible linker sequence GPSL was
used in collinearly synthesizing the vaccines with MVF is underlined in the table and the molecular weights for each inhibitor is indicated.

PEPTIDES AMINO ACID SEQUENCE OF IGF-1R PEPTIDES AND CHIMERIC VACCINES Mol.Wt (Da)

IGF-1R (6–26) Ac-GIDIRNDYWWLKRLENCTVIE-NH2 2561
IGF-1R (26–42) Ac-EGYLHILLISKAEDYRSYRF-NH2 2515
MVF-IGF-1R (56–81) KLLSLIKGVIVHRLEGVE-GPSL-LLFRVAGLESLGDLFPNLTVIRGWKL-NH2 5267
IGF-1R (56–81) Ac-LLFRVAGLESLGDLFPNLTVIRGWKL-NH2 2969
MVF-IGF-1R (233–251) KLLSLIKGVIVHRLEGVE-GPSL-ACPPNTYRFEGWRCVDRDF-NH2 4670
IGF-1R 233–251 Ac-ACPPNTYRFEGWRCVDRDF-NH2 2372
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

Figure 1. IGF-1R peptide mimics inhibit proliferation of pancreatic and breast cancer cells. The indicated
cancer cells were incubated with insulin growth factor receptor 1(IGF-1R) peptide mimics and irrelevant pep-
tide (IRR) at various concentrations (ranging from 25–150 mg/mL) and incubated for 3 d prior to the addition
of the tetrazolium dye MTT. The proliferation inhibition rate was calculated using the formula (OD normal
untreated- OD peptide treated / OD normal untreated) £ 100. Results are an average of 2 different experi-
ments with each treatment performed in triplicate;error bars represent the mean § S.D.; irrelevant peptide
was used as the negative control.
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Immunogenicity of IGF-1R peptide vaccines in rabbits and
cross-reactivity of vaccine antibodies to recombinant human
IGF-1R

We next set out to evaluate the immune response elicited by
administration of each of the 2 chimeric peptide vaccines con-
structs to outbred rabbits. Pairs of rabbits were immunized with
the chimeric peptide vaccines emulsified with nor-muramyl
dipeptide derivative (nor-MDP) as adjuvant in SEPPIC ISA 720
as the vehicle. The 2 vaccine constructs elicited high antibody
production with titers greater than 100,000 in most cases. The
IGF-1R-233 epitope exhibited the best immunogenicity stimu-
lating the most extreme titers of anti-IGF-1R antibody (Fig. 2A).
Antibody titers increased further after booster immunizations
and remained high for the duration of the studies. These results
demonstrated that the vaccine constructs were highly immuno-
genic and established immunological memory in the rabbits.

Further, the vaccine antibodies were capable of binding to recom-
binant human IFG-1R (rhIGF-1R), as shown by ELISA
assays (Fig. 2B). The binding of the recombinant peptides
to rhIGF-1R appeared highly specific, as dilution of the
antibodies was associated with a gradual decrease in binding.
Furthermore, the pre-immune sera antibodies showed no bind-
ing, as expected.

Cross-reactivity of vaccine antibodies in binding
IGF-1R-expressing cells

We next set out to investigate the ability of the vaccine anti-
bodies to recognize native IGF-1R on ovarian, pancreatic, and
colon cancer cells. We used immunofluorescence staining and
fluorescence cytofluorimmetric analysis to dissect the relative
binding affinities of IGF-1R peptide mimic-induced vaccine
antibodies. Antibodies generated against the 2 vaccine constructs

Figure 2. IGF-1R peptide vaccine is immunogenic in rabbits and generates antibodies that specifically interact with human IGF-1R. (A–C). Rabbits were
immunized intramuscularly 3x per week over 3 week intervals with 1 mg of the indicated chimeric peptide vaccine emulsified with the adjuvant nor-
muramyl dipeptide derivative (nor-MDP) in SEPPIC ISA 720 as the vehicle. (A) Antibody titers were defined as the reciprocal of the highest serum dilution
that gives an absorbance of 0.2 after subtracting the presera levels. 1y C3w represent blood drawn 3 weeks after the first immunization while 3y C3w
represent blood drawn 3 weeks after the third immunization. (B) Binding of vaccine antibodies to recombinant human IGF-1R and human cancer cell
lines by ELISA analysis. Binding of purified vaccine antibodies to recombinant human IGF-1R protein was measured and specificity evaluated by dilution
of the antibodies and a corresponding gradual decreased in binding. The antibodies from the presera showed no binding and were used as the negative
control. In (A and B), results are an average of 2 different experiments with each treatment performed in duplicates. (C) Human cancer cell lines (JIMT-1,
MCF-7 and BxPC-3) were incubated with peptide vaccine antibodies and the extent of cell binding was evaluated by immunofluorescence staining and-
cytofluorimetric analysis. A shift of the histogram to the right indicates increase in binding relative to pre-immune antibodies used as a negative control.
Experiments were performed twice with similar results achieved and shown is a representative histogram from each treatment.
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were evaluated and showed high binding to the cell lines, whereas
the pre-immune antibodies showed no binding (Fig. 2C).

Apoptosis determination by caspase activity assay
We next evaluated whether the IGF-1R peptide mimics and/

or the vaccine antibodies were capable of inducing apoptosis of
cancer cells via a caspase activation assay. Caspase activity was
measured after IGF-1R peptide mimics and/or the vaccine treat-
ment using the Caspase-Glo assay. Breast cancer cells (MCF-7,
JIMT-1, and BxPC-3) in exponential growth phase were seeded
in 96-well plates and the following day, cells were treated with
peptide mimics and/or vaccine antibodies as inhibitors and incu-
bated for an additional day. After treatment, caspase 3/7 release
was determined using the Caspase-Glo reagent as a measure of
apoptotic induction We found that the IGF-1R inhibitors soli-
cited a significant increase in the amount of caspase activity in
treated cells as compared to either of the negative controls (irrele-
vant peptide and normal rabbit IgG). IGF-1R peptide mimics or
vaccine antibodies increased caspase release more than 10-fold
(Fig. 3), clearly indicative of increased apoptosis.

Downregulation of IGF-1R expression and phosphorylation
after treatment with IGF-1R peptide mimics and vaccine anti-
peptide antibodies

Considering that receptor phosphorylation is a key marker of
IGF-1R activation, we next evaluated the effects of the peptide
mimics and anti-peptide antibodies on IGF-1R phosphorylation
in MCF-7, JIMT-1, and BxPC-3 cells. Phosphorylated levels of
IGF-1R were measured via a sandwich ELISA method with
anti-human-phospho-IGF-1R. Treatment significantly inhibited
receptor phosphorylation in all 3 cell lines, indicating that the
peptide mimics and vaccine antibodies reduced the activation sta-
tus of IGF-1R (Fig. 4).

Vaccine antibodies induce ADCC of cancer cells
One major mechanism of immunologic action of antibodies is

to induce targeted ADCC. This antibody-mediated phenomenon
results from immunoglobulin Fc regions interacting with Fc
receptors expressed on the surface of peripheral blood mononu-
clear cells (PBMCs), which subsequently attracts them to specific
(in this case IGF-1R expressing) cellular targets. With this in

Figure 3. IGF-1R peptide mimics and vaccine antibodies are capable of eliciting cancer cell apoptosis. Apoptosis was evaluated by measuring caspase
activity after treatment with 150 mg/mL peptide vaccine antibodies. Cells were plated in 96-well plates and treated with inhibitors for 24 h prior to the
addition of the caspase reporter (Casp-GLO) reagent. caspase activity with a luminometer. Normal rabbit IgG was used as a negative control. Results
showed that the antibodies and peptide mimics increased caspase activity, indicating induction of apoptosis. Results shown are averages of 3 different
experiments with each treatment performed in duplicates and error bars represent the mean§ S.D.
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mind, we hypothesized that active immunization with the MVF-
IGF-1R peptides would elicit the production of high-affinity
antibodies that would be capable of inducing ADCC of cancer
cells. To address this possibility, we next measured the ability of
the anti-peptide antibodies to mediate ADCC in vitro using
MCF-7, JIMT-1, and BxPC-3 breast cancer cells as targets and
PBMCs from normal human donors as effector cells. using a bio-
luminescence cytotoxicity assay kit (aCella-TOXTM), as previ-
ously described.38 We found that cancer cell lysis was, indeed,
significantly increased following treatment with our vaccine anti-
bodies. The effects increased as the effector to target cell ratio
increased, with the greatest effects being achieved at an effector
to target cell ratio of 100:1, as shown in Figure 5. These findings
indicate that the novel vaccine antibodies against IGF-1R are
capable of effectively stimulating human PBMCs to lyse cancer
cells.

Therapy with IGF-1R peptide mimics prevents breast and
pancreatic tumor growth in vivo in transplantable cancer
mouse models

Next, we tested the in vivo effects of the peptide mimics.
Transplantable breast and pancreatic mouse models were estab-
lished by injecting BxPC-3 pancreatic or JIMT-1 breast cancer

cells subcutaneously into the flanks of severe combined immuno-
deficiency disease (SCID) host mice. After tumor challenge, the
mice were treated intravenously with the peptide mimics starting
at d 0 (day of tumor challenge) and weekly for a total of 7 weeks.
Tumor growth was monitored twice weekly. At the end of the
treatment, all mice were euthanized,tumors extracted and
weighed, and the percentage of tumor weight was calculated.
Both of the IGF-1R peptide mimics significantly inhibited tumor
growth of JIMT-1 cells (IGF-1R 56, *p<0.001; IGF-1R 234,
*p<0.02) (Fig. 6A). In addition, the percentage of JIMT-1
tumor weight decreased after treatment with these epitopes
(Fig. 6B). The anti-peptide antibody IGF-1R-234 also demonstrated
significant (*p < .004) inhibition of tumor growth in the JIMT-1
transplantable mouse model (Fig. 6C). In the BxPC-3 transplantable
mouse model, both IGF-1R peptide mimics significantly (*p <

0.001) inhibited tumor growth and development (Fig. 6D) and
tended to reduce (*P< 0.08) tumor weights(Fig. 6E).

Combined HER-1 & IGF-1R peptide mimic treatment
potently inhibits cancer cell proliferation and receptor
phosphorylation

There is considerable evidence of crosstalk between EGFR/
HER-1 and IGF-1R in breast and pancreatic cancer cells. HER-1

Figure 4. IGF-1R peptide mimics and vaccine antibodies Inhibits of IGF-1R phosphorylation in breast (MCF-7 and JIMT-1) and pancreatic (BxPC-3) cancer
cells. The indicated cancer cells were treated with the various inhibitors or controls (see below) at a concentration of 100 mg/mL and incubated for 1 h
before stimulating with 50 ng/mL IGF-1 ligand for 10 min. Treated ells were then lysed in RIPA lysis buffer, and receptor phosphorylation was measured
using human phospho-IGF-1R ELISA kits from R&D Systems. Cyclolignan PPP is an IGF-1R tyrosine kinase inhibitor (TKI) and was used as a positive control.
Irrelevant peptide (IRR) and normal rabbit IgG (NrIgG) were used as negative controls. Results are an average of 2 different experiments with each treat-
ment performed in triplicates and error bars represent the mean§ S.D.
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expression has been associated with poor patient outcome in
aggressive pancreatic cancers39,40 and decreased overall sur-
vival.41-43 IGF-1R is expressed in 50–60% of pancreatic can-
cers,44,45 and, together with HER-1, is believed to be a key
player in the oncogenesis of many types of cancers. Co-targeting
HER-1 and IGF-1R has been previously observed to elicit robust
antitumor responses against the MDA-MB-468 breast cancer cell
line.46 Furthermore, we recently demonstrated antitumor effects
of HER-1 peptide vaccines and peptide mimics in breast cancer
cells both in vitro and in vivo.32 Combination treatment of
JIMT-1 and BxPC3 cancer cells with HER-1-418 and either
IGF-IR-56 or IGF-1R-234 peptides inhibited cell proliferation
to a greater degree (*p < 0.001) than did single peptides (**p <

0.005) (Fig. 7A). Combined treatment was also a superior inhibi-
tor of HER-1 (Fig. 7B) and IGF-1R (Fig. 7C) phosphorylation
compared to that of single-agent peptide treatments (#p < 0.03).
These results indicate that co-targeting HER-1 and IGF-1R with
these new peptide mimics is a potentially beneficial approach for
inhibiting breast and pancreatic cancers.

Combination treatment with HER-1 and IGF-1R vaccine
antibodies increases apoptosis and ADCC of human cancer cells

Combination treatment with peptide vaccine antibodies
showed greater induction of apoptosis in breast and pancreatic
cancer cells relative to monotherapy. Cancer cells (JIMT-1 and
BxPC-3) in exponential growing phase were treated with peptide
vaccine antibodies alone or in combination. Apoptosis was evalu-
ated as previous by measuring caspase 3/7 release.We observed a
significant increase in the amount of caspases released after vac-
cine antibody treatment, with the greatest caspase activity
observed in response to combinatorial treatment of both JIMT-1
and BxPC-3 cancer cells with HER-1 and IGF-1R anti-peptide
vaccine antibodies (*p < 0.001 in both cases) (Fig. 8A). We also

evaluated the effects of combination treatment with HER-1 and
IGF-1R vaccine antibodies on ADCC of JIMT-1 breast cancer
cells (Fig. 8B). Treatment with the peptide antibodies induced
ADCC, with potentiated ADCC observed in response to combi-
nations of HER-1 and IGF-1R anti-peptide vaccine antibodies.

Combined HER-2 and IGF-1R anti-peptide antibody
treatment in trastuzumab-resistant (JIMT-1) and
trastuzumab-sensitive (BT-474) human breast cancer cells
inhibits proliferation and receptor phosphorylation

Human breast cancer cells were treated with the anti-IGF-1R
antibodies or a novel anti-HER2 antibody (HER2-597 anti-pep-
tide vaccine antibody) alone or in combination. The anti-HER-2
antibody had a minimal effect on the proliferation of trastuzu-
mab-resistant JIMT-1 cells but showed increased effects on the
trastuzumab-sensitive BT-474 cell line, similar to that of the
HER-2-targeted antibody, trastuzumab (Fig. 9A). Most impor-
tantly, combination treatment with the either the HER-2 or
IGF-1R targeting antibodies elicited superior anti-proliferative
effects in both the trastuzumab sensitive and resistant cell lines
(*p < 0.003). As a measure of receptor activation, we also evalu-
ated the effects of treatment with the anti-peptide antibodies on
IGF-1R and HER-2 phosphorylation in JIMT-1 and BT-474
breast cancer cells. Protein lysates were obtained after treatment
with single or combinations of antibodies to measure phosphory-
lated levels of the receptors using a sandwich ELISA method and
human-phospho-HER-2/IGF-1R ELISA kits. Single agents and
combination treatments inhibited HER-2 (Fig. 9B) and IGF-1R
phosphorylation (Fig. 9C). Overall, our data demonstrate that
antibodies raised against these novel peptide mimics inhibit
receptor phosphorylation and proliferation of breast cancer cells,
including those that are resistant to another HER2-targeted
antibody.

Figure 5. Vaccine antibodies induce ADCC of cancer cells. Target cells (MCF-7, JIMT-1, and BxPC-3) were plated in the presence of human peripheral
blood mononuclear cells (PBMCs) at an effector to target ratio of 100:1, 20:1, and 4:1 in triplicates, incubated with 100 mg/mL of the purified anti-peptide
rabbit Abs or controls, and incubated for 2–4 hours at 37�C. Antibody dependent cell cytotoxicity (ADCC) was measured by a non –radioactive assay
using the aCella-TOX reagent according to manufacturer’s instructions. Results are an average of 2 different experiments with each treatment performed
in triplicates and error bars represent the mean§ S.D.
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Combination treatment with HER-2 and IGF-1R vaccine
antibodies potentiates breast cancer cell apoptosis and ADCC

We evaluated the effects of combination treatment with
HER-2 and IGF-1R peptide vaccine antibodies on the induction
of apoptosis in breast cancer cells by measuring the release of cas-
pase enzymes after treatment. Human breast cancer cells (BT-
474 and JIMT-1) were treated with the vaccine antibody combi-
nation as described above. As shown in Figure 10A combination
treatment with anti-HER-2 and anti-IGF-1R peptide vaccine
antibodies affected both trastuzumab-sensitive (BT-474) and
resistant (JIMT-1) cells. Specifically, single treatment with the
HER-2-targeted peptide antibody caused significant induction of
apoptosis in the BT-474 breast cancer cells (**p < 0.005) but
had little effect on the JIMT-1 trastuzumab-resistant breast can-
cer cells. Interestingly, combination treatment with the anti-
HER-2 antibody and either of the IGF-1R targeting antibodies

slightly increased apoptosis as compared to IGF-1R single treat-
ments in the JIMT-1 cells (*p < 0.001), indicating that HER-2
and IGF-1R may cooperatively sustain cell survival in trastuzu-
mab-resistant cells. In support of this concept, Figure 10B shows
that the combination of HER-2 and IGF-1R antibodies increased
tumor cell lysis mediated by ADCC in JIMT-1 breast cancer cells
(*p < 0.001).

Combination treatment significantly inhibits cellular
invasion in vitro

We further evaluated the effects of combination treatment on
cellular invasion using trastuzumab-resistant JIMT-1 breast can-
cer cells treated for 24 hours with single agents or combinations
of the HER-2 or IGF-1R antibodies. Single treatments did not
significantly affect cellular invasiveness, with similar numbers of
invasive cells detected relative to trastuzumab and control treated

Figure 6. IGF-1R peptide mimic therapy inhibits breast and pancreatic tumor growth. Effects of IGF-1R peptide mimics in transplantable mouse models
of breast (A–C) and pancreatic (D and E) cancer. Balb/c SCID host mice (n=5 per group) at the age of 5–6 weeks old were injected subcutaneously with
5 £ 10 6 human cancer cells (JIMT-1 and BxPC-3). From the day of tumor challenge (day 0), the mice were treated intravenously with 200 mg of the indi-
cated peptide mimic or 500 mg of peptide vaccine antibody weekly until week 7. The percentages of tumor weights after treatment are shown; error
bars represent the mean§ S.D.
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groups (normal Rabbit IgG and PBS) (Fig. 11A, B). In contrast,
the combination of HER-2 and IGF-1R peptide mimics signifi-
cantly (p < 0.05) inhibited the invasive potential of JIMT-1 cells
(Fig. 11B). Anti-invasive effects were also observed following
combination treatment with HER-1 and IGF-1R epitopes
(Fig. 11C) with statistically significant effects were statistically sig-
nificant (p< 0.05) compared to the control groups (Fig. 11D).

Discussion

In the present study, we sought to develop novel agents target-
ing the IGF-1R axis, an established oncogenic target in many
cancers, including breast, colon, and pancreatic tumors.1 A prin-
cipal rationale to prospectively tackle this receptor protein is its
role in resistance to targeted therapies, such as trastuzumab.47

There are currently no approved IGF-1R-targeted agents avail-
able clinically, such that the development of therapies with the
potential to block IGF-1R signaling are consequently a priority.

Peptides as therapeutic tools are becoming increasingly popular
due to their efficacy and non-toxic nature, as compared to other
treatment modalities.29 We previously reported on novel pepti-
des that target various HER family receptors. Here, we extended
those studies using our peptide immunotherapeutic strategies to
develop IGF-1R inhibitors for the treatment of solid tumors.

We thus designed peptide mimics targeting the ligand-bind-
ing domain of IGF-1R, identifying 4 B-cell epitopes, and synthe-
sized the peptides. We tested the inhibitory effects of the 4
synthetic peptide mimics on the proliferation of breast and pan-
creatic cancer cells. Of note, the IGF-1R is overexpressed and
highly implicated in the growth and metastasis of diverse human
cancer cells. Therefore, blocking the receptor should prevent pro-
liferation of cells that are dependent upon IGF-1R signaling.
Indeed, we observed decreased proliferation after treatment with
the peptide mimics. Two of the peptides (IGF-1R-56–81 and
IGF-1R-234–252) significantly inhibited proliferation of all 3
cell lines used in this study. We decided to use these 2 epitopes
to produce our peptide vaccines and evaluated their

Figure 7. Combination therapy with IGF-1R and HER-1 peptide mimics inhibits cancer cell proliferation and IGF-1R receptor phosphorylation. (A) Breast
(5,000/well) and pancreatic (4,000/well) cancer cells were plated in a 96-well plate, treated with a combination of epidermal growth factor receptor
(EGFR,/ HER-1) and IGF-IR peptide mimics as inhibitors and subject to MTT proliferation assay. (B and C) HER-1 and IGF-1R phosphorylation was measured
using human phospho-HER-1/IGF-1R ELISA kits (R&D systems) after combination peptide mimic treatment of 1 x 106 cancer cells in a 6-well plate. Each
inhibitor was used at a concentration of 200 mg, which was determined after a dose-dependent titration from 12.5 mg to 200 mg. Results are an average
of 2 different experiments with each treatment performed in triplicates and error bars represent the mean§ S.D.; *p < 0.001; **p < 0.005; #p < 0.03.
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immunogenicity in rabbits. In the course we found that both of
the 2 peptide vaccines were immunogenic in rabbits, and further,
that the vaccine antibodies were able to specifically bind recombi-
nant human IGF-1R. In order for the vaccine antibodies to atten-
uate cancer cell growth, they should be able to recognize the
native IGF-1R on the surface of malignant cells. Vaccine anti-
bodies after immunization showed a high rate of binding, as indi-
cated by a shift to the right of the binding profile histogram
obtained by flow cytometry.i]In contrast, the pre-immune sera
did not bind, indicating that immunization produced IGF-1R-
specific antibodies.

A major hallmark of cancer is the evasion of apoptosis.Natu-
rally, effective anticancer agents generally induce apoptosis.
Because apoptosis is associated with increased caspase activities,
we evaluated the apoptotic effects of our peptide mimics and vac-
cine antibodies via increased caspase activity. After treatment, we
observed increased caspase activity, presumably reflecting endog-
enous increased apoptosis. In addition, the peptide mimics and

peptide vaccine antibodies sig-
nificantly reduced phosphory-
lated levels of the receptor
targets (IGF-1R, HER-2,
HER-1), confirming that the
intended molecular targets dis-
played reduced activation sta-
tus, i.e., had been inhibited.

Antibody therapy usually
induces ADCC due to interac-
tions between the Fc regions
with receptors on PBMCs,
resulting in recruitment of
immune cells to specific anti-
body-bound cellular targets.
The Fab regions of the antibod-
ies that we developed are spe-
cific for cell surface receptors
expressed on cancer cells Thus,
we hypothesized that the vac-
cine antibodies would induce
ADCC of the targeted cancer
cells. We evaluated these
effects using a non-cytotoxicity
luminescence assay. As pre-
dicted, the vaccine antibodies
caused ADCC of all 3 cancer
cell lines. The effects were
highly dependent on the effec-
tor to target ratio, with a
higher amount of effector cells
causing more significant cancer
cell lysis.

The antitumor effects of the
peptide mimic inhibitors were
next evaluated in 2 indepen-
dent mouse models of trans-
plantable human cancer

(breast and pancreatic). One of these was a breast adenocarci-
noma model of trastuzumab resistance. Resistance to trastuzu-
mab has been shown to be mediated in part by increased IGF-1R
signaling,17,48 indicating that resistance to HER-2-targeted
agents, such as trastuzumab, may be overcome by blocking
IGF-1R. JIMT-1 trastuzumab-resistant breast cancer cells were
derived from a patient with HER2-overexpressing breast cancer
and are intrinsically resistance to trastuzumab.49 Implicating the
IGF-1R signaling axis as a key mediator of drug resistance phe-
nomena, IGF-1R is known to be hyper-phosphorylated in this
cell line. Combinatorial targeting of IGF-1R and HER-2
increased apoptosis and induced ADCC in this drug-resistant
cell line. Furthermore, combination treatment with the IGF-1R
inhibitors and either HER-1 or HER-2 inhibitors significantly
reduced invasion of JIMT-1 breast cancer cells. Of particular
clinical relevance, upon treatment of JIMT-1 xenograft tumors
with the 2 most effective IGF-1R peptide mimics, we observed
strong antitumor effects in vivo. Both peptide mimics

Figure 8. Induction of cancer cell apoptosis and ADCC by combination treatment with HER-1 and IGF-1R peptide
vaccine antibodies. Cancer cells treated in vitro with HER-1 and IGF-1R peptide vaccine antibodies were moni-
tored for cell death induction via apoptosis assay and antibody dependent cellular cytotoxicity (ADCC) assay.
(A) Breast (JIMT-1) and pancreatic (BxPC3) cancer cells apoptosis was evaluated by measuring caspase activity
after combination treatment with 100 mg/mL each HER-1 and IGF-1R peptide vaccine antibodies . Cells were
plated in 96-well plates and treated with inhibitors for 24 h prior to adding Caspase-GLO reagent and read with
a luminometer. (B) Target cells (JIMT-1) were incubated with 100 mg of single or combination treatments of the
peptide vaccine antibodies and assayed in the presence of human peripheral blood mononuclear cells (PBMCs)
at an effector to target ratio of 100:1, 20:1, or 4:1 in triplicates. Lysis was measured using the acella-TOX kit
according to manufacturer’s instructions. Normal rabbit IgG was used as negative controls Results are an average
of 2 different experiments with each treatment performed in triplicates;error bars represent the mean § S.D.;
*p < 0.001; **p< 0.05.
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significantly (p<0.001) inhib-
ited tumor growth and develop-
ment, such that the tumor
burden after treatment was sig-
nificantly (p<0.05) reduced.
The vaccine antibody to the
IGF-1R-234 peptide epitope
also significantly inhibited
JIMT-1 tumor growth. The
IGF-1R-56-induced antibody
showed diminished effects in
vivo, despite displaying strong
anti-proliferative effects in vitro.
This discrepancy highlights the
critical contributions of the
tumor environment in situ on
the anticancer effects of these
peptide inhibitors, the differen-
tial responses to peptide vac-
cines versus the antibodies
generated in response to the vac-
cines, and the need to test novel
agents in vivo to faithfully reca-
pitulate the complexity and
bona fide nature of human
tumors.

Independent studies have
corroborated our findings, simi-
larly showing that a combina-
tion approach concurrently
targeting HER-2 and IGF-1R
with a novel bispecific antibody
displayed superior antitumor
effects in mice than single tar-
geting agents.50 Co-targeting
HER-2 and IGF-1R with tras-
tuzumab and heat-induced
expression of dominant-negative IGF-1 receptor (486/STOP)
has been shown to synergistically inhibited human breast cancer
cells.16 Further, synergistic antitumor effects were reported with
the combination of trastuzumab and the IGF-1R kinase inhibitor
NVP-AEW541 preferentially in human breast cancer cells that
are HER-2-dependent.51 These studies are consistent with our
results and provide further evidence supporting a combinatorial
strategy to simultaneously target IGF-1R and HER-2, particu-
larly those occurring in breast cancers patients that have devel-
oped resistance to trastuzumab.

The second xenograft model that we tested in vivo was the
BxPC-3 transplantable pancreatic cancer model. Similar to the
JIMT-1 breast cancer model, tumor growth and development of
BxPC-3 pancreatic cancer cells were significantly reduced by
both IGF-1R epitopes. The 2 epitopes also significantly inhibited
endpoint tumor weight in the treated mice (Pp < 0.04), demon-
strating the potent anticancer effects of our novel IGF-1R pep-
tide epitopes against both pancreatic and breast cancer cells
in vitro and in vivo. Therefore, the 2 novel epitopes, namely

IGF-1R-56–81 and 234–252, represent potential therapeutic
candidates for targeting IGF-1R-expressing cancers.

Regardless of their initial response, often including tumor
regression, most cancers eventually develop resistance to targeted
anticancer agents. Nevertheless, this drawback can potentially be
overcome by coincidently targeting multiple receptor signaling
pathways. With this in mind, we evaluated 2 novel combination
approaches targeting (i) HER-1 and IGF-1R in breast and pan-
creatic cancers and (ii) HER-2 and IGF-1R in trastuzumab-sensi-
tive and -resistant breast cancer cells. We demonstrated that
combination treatment with HER-1 and IGF-IR peptide mimics
enhanced growth inhibition and downregulated receptor phos-
phorylation in breast and pancreatic cancer cells. These indepen-
dent studies reflect similar results to those reported for gefitinib,
a small-molecule EGFR/HER-1 kinase inhibitor. In this study,
combination with the small-molecule IGF-1R kinase inhibitor
AG1024, additive/synergistic effects on human breast cancer cells
were achieved.52 Similarly, co-inhibition of EGFR and IGF-1R
using the IGF-1R tyrosine kinase inhibitor AG1024 and the

Figure 9. IGF-1R and HER2 antibody combination treatment inhibits proliferation and IGF-1R and HER-2 recep-
tor phosphorylation in trastuzumab-resistant breast cancer cells. (A) MTT proliferation assay using combination
treatment with v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2 (ERBB2/HER-2) and IGF-1R
antibodies (200 mg each) as inhibitors in JIMT-1 trastuzumab-resistant (plated at 4,000 cells/well) and BT-474
trastuzumab-sensitive (plated at 5,000 cells/well) breast cancer cells in a 96-well plate. (B and C) HER-2 and
IGF-1R receptor phosphorylation was measured in 1 x 106 cancer cells per 6-well plate after combination treat-
ment with IGF-1R and HER-2 antibodies (200 mg each) using human phospho-HER-2/IGF-1R ELISA kitsResults
are an average of 2 different experiments with each treatment performed in duplicates and error bars represent
the mean § S.D.. p < 0.003, for proliferation, *p < 0.05 for HER-2 phosphorylation and **p < 0.005 for IGF-1R
receptor phosphorylation.
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EGFR tyrosine kinase inhibitor AG1478 sensitized human breast
cancer cells that were EGFR- and IGF-1R-dependent to radia-
tion therapy.46 In addition to breast cancers, human pancreatic
cancers are highly dependent on HER family receptors and IGF-
1R. Afatinib, an EGFR/HER-1 small-molecule kinase inhibitor,
synergistically inhibited the growth of human pancreatic cancer
cells in combination with NVP-AEW541, an IGF-1R kinase
inhibitor.53 These results are highly consistent with the antitu-
mor effects we observed with our HER-1 and IGF-1R combina-
tions of peptides or antibodies.

Our previous publications have focused heavily on the devel-
opment of novel HER-2 vaccines 54–57 and state-of-the-art thera-
pies based on blockade of receptor/ ligand interactions, such as
those targeting the B7 ligand family interactions with the CD28
costimulatory receptor.58–60 We have also developed effective
inhibitors of vascular endothelial growth factor signaling
(VEGF/VEGFR2) 61 that diminish tumor angiogenesis. Further-
more, we have shown that co-targeting HER-2 and VEGF

signaling produced superior
antitumor effects in vitro and
in vivo.62 We further validated
combinatorial therapies targe-
tingHER-2 and VEGF,63 and
demonstrated that immuno-
therapy with HER-2 and
VEGF peptide mimics plus
metronomic paclitaxel elicited
superior anti-neoplastic effects
in transplantable and trans-
genic mouse models of human
breast cancer.29 We recently
translated our vaccine studies
into a phase 1 clinical trial 38

and are presently conducting a
new FDA-approved, NCI-
funded phase 1/11b trial
(NCT01376505) with an
improved vaccine combina-
tion. These strategies possess
the combined advantages of
inhibiting multiple distinct
receptors (HER-1:HER-2;
HER-2:HER-2; and HER-2:
HER3) to potentially over-
come mechanisms of resistance
to conventional HER-targeted
therapies.64,65 The work pre-
sented here further builds
on our immunotherapeutic
approach targeting the HER
family of receptors and pro-
vides strong rationale for co-
targeting IGF-1R along with
HER-1 or HER-2 via immu-
notherapeutic peptide or pep-
tide-induced antibodies. These

agents offer a novel strategy for treating pancreatic and breast
cancers, as well as other types of cancers, including those that
have progressed despite traditional receptor-targeted therapies.

Materials and Methods

Peptide selection, design, and synthesis
We identified candidate epitope sequences derived from the

IGF-1R-ligand binding domain based on the ligand-binding site
of the receptor using crystallographic structures, mutagenesis
studies, and models of the complex of receptor-ligand interac-
tions.37 Peptide synthesis was performed as previously
described.66 Briefly, synthesis was performed on a solid-phase
peptide synthesizer using Fmoc chemistry; crude peptides were
purified by reverse-phase HPLC, after which characterization was
done by mass spectrometry. Amino acid sequences and molecular

Figure 10. Combination treatment with HER-2 and IGF-1R vaccine antibodies potentiates breast cancer cell apo-
ptosis and ADCC. Induction of apoptosis and ADCC by combination treatment with HER-2 and IGF-1R peptide
vaccine antibodies. (A) Apoptosis was evaluated by measuring caspase activity after combination treatment with
100 mg/mL each with anti-HER-2 and IGF-1R peptide vaccine antibodies () in both trastuzumab-sensitive (BT-
474) and resistant (JIMT-1) breast cancer cells. Cells were plated in 96-well plates and treated with inhibitors for
24 h before adding caspase (Caspase-GLO) reagent and subsequent luminescence read with a luminometer.
Normal rabbit IgG was used as negative controls. (B) Combination treatment with vaccine antibodies induces
ADCC of cancer cells. Target cells (JIMT-1) were incubated with 100 mg of single or combination treatments of
the peptide vaccine antibodies and assayed in the presence of human peripheral blood mononuclear cells
(PBMCs) at an effector to target ratio of 100:1, 20:1, and 4:1 in triplicates. Effects of combination treatment of
HER-2 and IGF-1R are shown; tumor cell lysis was measured as described in Figure 9. Results are an average of 2
different experiments and error bars represent the mean§ S.D.
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weights of the different peptide mimics and peptide vaccines are
shown in Table 1.

Animals
Balb/c SCID mice and New Zealand white rabbits were pur-

chased from Charles River Laboratories; all animal care and use
was in accordance with ULAR institutional guidelines.

Rabbit immunization and immunogenicity of peptide
vaccines

Rabbits were immunized with 1 mg of peptide vaccine epito-
pedissolved in water and emulsified in Montanide ISA720 vehi-
cle, as previously described.33 Rabbits were immunized
intramuscularly 3 times at 3-week intervals using nor-MDP as
adjuvant. Blood was collected weekly from the rabbits through
the auricular artery; the blood was used to measure the immuno-
genicity of the peptide vaccines by measuring the antibody titers

via ELISA. Plates were coated overnight with 100 mL of 2 mg/
mL IGF-1R peptide vaccines and recombinant human IGF-1R
protein. After incubation, plates were washed twice in PBS
buffer before adding the substrate; binding was detected with
a spectrophotometer at 415 nm. Peptide vaccine antibodies
were purified by affinity chromatography using a protein A/G
column and the concentration was measured by Coomassie pro-
tein assay.

Cell lines and inhibitors
The human breast cancer cell line MCF-7 and pancreatic can-

cer cell line BxPC-3 were purchased from the American Type
Culture Collection (Manassas, VA) and maintained according to
the supplier’s instructions. JIMT-1 human breast cancer cells 67

were purchased from DSMZ (Germany) and were grown in reg-
ular Dulbecco’s modified Eagle’s medium (DMEM). These cells
express high levels of the IGF-1R protein. All growth media,

Figure 11. Co-targeting HER-2 and IGF-1R suppresses invasiveness of trastuzumab-resistant breast cancer cells. (A and B) JIMT-1 cells were pretreated for
48 h with the indicated inhibitors before being seeded in Boyden matrigel-coated chambers with 10% FBS. After 24 h, invasion was measured by taking
photos and counting the number of invaded cells in 10 random fields; results represent the average of triplicates per group. Representative photos
(A) and quantitation of the invasive cells under the different treatment conditions (B). (C and D) Similar inhibition of invasive capabilities of JIMT-1 cells
were observed via co-targeting HER-1 and IGF-1R. Boyden chamber migration and invasion assay was performed as described above; photographs
(C) and quantitative results of invasive cell number are shown in (D). Results are an average of 2 different experiments and error bars represent the
mean § S.D.. Statistical analysis demonstrated that combination treatment with HER-2 and the IGF-1R vaccine antibodies or HER-1 and IGF-1R vaccine
antibodies significantly (p< 0.05) inhibited invasion.
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FBS, and other supplements were obtained from Invitrogen. The
IGF-1R tyrosine receptor inhibitor PPP was purchased from
Santa Cruz Biotechnology, Inc.

Proliferation or MTT cell growth inhibition assay
MTT proliferation assay was performed basically as previously

described.29 Human cancer cells (MCF-7, JIMT-1, and BxPC-3)
were plated in a 96-well plate and incubated overnight at 37�C
before changing growth media to low serum media (1% FBS)
and incubating for another 24 h. The low serum media was then
aspirated, and new low serum media with the inhibitors and con-
trols were added and incubated for 3 d. After 3 d of incubation,
MTT was added to the plates and incubated for 2 h before add-
ing extraction buffer. The plate was then incubated overnight
and read the following day using a spectrophotometer at
570 nm. The percentage inhibition was calculated using the fol-
lowing formula: ODUNTREATED – ODTREATED / ODUN-

TREATED £ 100.

IGF-1R receptor phosphorylationa Assay
Breast and pancreatic cancer cells that express high levels of

the IGF-1R were plated on a 6-well plate and incubated over-
night at 37�C. The next day, the inhibitors and controls were
added to the wells in binding buffer (RPMI, 1% BSA, 0.002%
NaN3) at a concentration of 100 mg/mL and incubated for 1 h
before stimulating with 50 ng/mL IGF-1 ligand () for 10 min.
The binding buffer was then aspirated, and cells were washed
once with cold PBS before adding RIPA lysis buffer (Santa Cruz,
CA). The cells were lysed by incubating at 4�C on a rotator for
about 2 hours, after which the protein lysates were collected, and
cell debris was removed by centrifugation at 10,000 rpm for 5
minutes. Phosphorylated levels of the IGF-1R were measured
using a very sensitive, IGF-1R-specific sandwich ELISA,
Human-Phospho IGF-1R ELISA (R&D Systems, MN). The
ELISA measurement was performed according to the man-
ufacturer’s recommendations. The percentage inhibition was cal-
culated using the formula: ODUNTREATED – ODTREATED /
ODUNTREATED £ 100.

Antibody-dependent cellular cytotoxicity assay
The ADCC assay was performed basically as previously

described38 using effector PBMCs derived from normal human
donors and enriched using density-gradient centrifugation in
Ficoll-Hypaque (Pharmacia Biotech, Piscataway, NJ). The cells
were washed twice in RPMI 1640 with 5% FCS and then serially
diluted in 96-well plates to give effector to target ratios of 100:1,
10:1, and 4:1. The following day 1 £ 106 target cells (human
breast and pancreatic cancer cells) were treated with 100 mg/mL
total Protein A/G purified anti-peptide rabbit Abs or Controls.
The cells were then incubated for 2–4 h at 37�C, after which cell
death was measured by a non –radioactive assay using the a
Cella-TOX (Promega) reagent kit according to the instructions
from the manufacturer.

Caspase activity assay for apoptosis
Apoptosis was measured using the caspase activity assay (Cas-

pase-GLO; Promega) as previously described.66 Cancer cells
were plated in 96-well microtiter plates at 5 £ 103 cells/well and
incubated overnight at 37�C. Growth media containing peptides
or anti-peptide antibody were added to the wells. The plates were
incubated for 2 h at 37�C, and the Caspase-GLO reagent was
then added. Apoptosis was evaluated by measuring the amount
of luminescence (as readout of caspase activity) using a luminom-
eter. The percentage of increased release of caspases was calcu-
lated using the formula (ODUNTREATED - ODTREATED)/
ODUNTREATED £ 100. All experimental treatments were per-
formed in triplicate.

Flow cytometry
Binding of the peptide vaccine antibodies to the human breast

(JIMT-1 and MCF-7) and pancreatic (BxPC-3) cancer cells were
performed basically as previously described.61 The cells were
grown to about 80% confluence before trypsinization followed
by resuspension in 10 mL of appropriate growth media. The cells
were then centrifuged at 10,000g and then resuspended to
1 £ 107 cells/mL. Staining was performed using 1 £ 106 cells
(100 mL) incubated with blocking buffer containing sodium
azide for 30 min (to prevent non-specific binding) followed by
the rabbit peptide vaccine antibodies. aSince the antibodies were
raised in rabbit hosts, binding was measured using the secondary
goat-anti-rabbit IgG antibody coupled to Alexa Flour 488. The
tubes were then washed twice in 1 mL ice cold PBS and the sam-
ples were then spun at 1,700 rpm for 5 min. After washing, the
samples were then resuspended in PBS containing 1% formalde-
hyde before analysis using a Coulter ELITE flow cytometer
(Beckman Coulter). A total of 10,000 cells were analyzed, and
single-parameter histograms were drawn after gating selection of
healthy cells through light scattered assessment using the
FLOWJO data analysis software (The Ohio State University ana-
lytical Core Facility).

IGF-1R peptide treatments in transplantable mouse models
of breast and pancreatic cancers

Balb/c SCID mice (n D 5) at the age of 5–6 weeks were
challenged subcutaneously with human cancer cells 5 £ 10 6

(JIMT-1 and BxPC-3). From the day of tumor challenge (day
0), the mice were treated intravenously with 200 mg of each pep-
tide mimic weekly until week 7. Tumor growth was monitored
twice weekly using Vernier calipers. Tumor sizes and weights
were analyzed using Stata’s cross-sectional estimating linear equa-
tion model, which allows one to specify repeated measurements.

Invasion chamber assays
JIMT1 cells at 1 £ 105 cells/mL were plated in serum-free

media in BD BioCoat Matrigel Invasion Chambers (BD Bio-
sciences; Franklin Lakes, NJ) () with 0.75 mL of chemoattractant
(culture media containing 10% FBS) in the wells. Invasion
chambers were treated as follows for 24 hours: PBS, control rab-
bit IgG, 20 mg/mL trastuzumab , and 400 mg/mL of either anti-
Her-2-597 (), anti-IGF-1R-234, anti-IGF-1R-56-81, or
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combinations of anti-Her-2-597 plus anti-IGF-1R-234, or anti-
Her-2-597 plus anti-IGF-1R-56-81. Treatments were added
directly to chambers. Non-invading cells were removed from the
interior surface of the membrane by scrubbing gently with a dry
cotton-tipped swab. Each insert was then transferred into 100%
methanol for 10 min followed by crystal violet staining for
20 min. Membranes were then washed in water and allowed to
air dry completely before being separated from the chamber.
Membranes were mounted on slides with permanent mounting
medium Permount (Fisher Scientific). Multiple photographs of
each sample were taken at 20£ magnification, with triplicates
performed per treatment group. The number of cells was counted
in each field; the sum total of the fields was calculated for each
sample.

Statistical analysis
Five different experimental treatments comparing the differ-

ence in mice tumor volume over time was studied using the
XTGEE (cross-sectional generalized estimating equations)
model. Various comparisons of untreated, control and experi-
mentally treated groups were analyzed using random-effects max-
imum likelihood regression. This model uses the between and
within mouse variance when estimating standard errors for
repeated measures over time on the same mouse and includes
terms for treatment group, day, and their interaction. Treatment

by time interaction was used to calculate the differences in the
slopes for each group. The log-transformed model comparing the
different treatment groups to the control group was used to test
for significance and if the overall model p-value from the log like-
lihood test for each experiment was significant (p-value � 0.05),
then the regression line slopes for each treatment was further
tested to see if they differed significantly from the untreated
group.
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