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Abstract

Current treatments for tumors expressing epidermal growth factor receptor (EGFR) include anti-EGFR monoclonal anti-
bodies, often used in conjunction with the standard chemotherapy, radiation therapy, or other EGFR inhibitors. While
monoclonal antibody treatment is efficacious in many patients, drawbacks include its high cost of treatment and side effects
associated with multiple drug infusions. As an alternative to monoclonal antibody treatments, we have focused on peptide-
based vaccination to trigger natural anti-tumor antibodies. Here, we demonstrate that peptides based on a region of the EGFR
extracellular domain IV break immune tolerance to EGFR and elicit anti-tumor immunity. Mice immunized with isoforms
of EGFR peptide p580-598 generated anti-EGFR antibody and T-cell responses. Iso-aspartyl (iso-Asp)-modified EGFR
p580 immune sera inhibit in vitro growth of EGFR overexpressing human A431 tumor cells, as well as promote antibody-
dependent cell-mediated cytotoxicity (ADCC). Antibodies induced by Asp and iso-Asp p580 bound homologous regions of
the EGFR family members HER2 and HER3. EGFR p580 immune sera also inhibited the growth of the human tumor cell
line MDA-MB-453 that expresses HER2 but not EGFR. Asp and iso-Asp EGFR p580 induced antibodies were also able
to inhibit the in vivo growth of EGFR-expressing tumors. These data demonstrate that EGFR peptides from a region of the
EGFR extracellular domain IV promote anti-tumor immunity, tumor cell killing, and antibodies that are cross reactive with
ErbB family members.
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Abbreviations hu Human

ADCC  Antibody-dependent cell-mediated cytotoxicity IFA Incomplete Freund’s adjuvant
Akt Protein kinase B iso-Asp  Iso-aspartyl

Asp Aspartyl ms Mouse

CFA Complete Freund’s adjuvant pCi Micro Curie

EGF Epidermal growth factor

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

HER3  Human epidermal growth factor receptor 3 Introduction

HER4 Human epidermal growth factor receptor 4

EGFR (ErbB1) is a 170 kDa cell surface glycoprotein that is
overexpressed or mutated in a variety of solid tumors and is
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extracellular ligand-binding domain of the receptor. These
anti-EGFR antibodies act mechanistically in a variety of
ways, both directly by blocking ligand binding, inhibit-
ing receptor dimerization and activation, and indirectly
through antibody-dependent cell cytotoxicity (ADCC)
[7]. A number of therapeutic anti-EGFR monoclonal anti-
bodies exist, although the most widely recognized, FDA
approved antibody for advanced colorectal cancer is cetux-
imab (Erbitux®). Cetuximab has been used as a single
therapy, with chemotherapy, and in combination with other
EGFR-targeted therapies, such as small-molecule inhibi-
tors of tyrosine kinase activity [8]. Although monoclonal
antibodies represent a major advance in cancer treatment,
there remain drawbacks and failures to this therapeutic
approach. Monoclonal antibody therapy provides no long
lasting immunity; therefore, tumor recurrence and metas-
tasis may arise without any immunological surveillance
in place. In addition, this therapy is complicated by the
high cost of treatment and the side effects associated with
multiple infusions of the drug [9]. Thus, the concepts of
tumor-directed vaccinations have reemerged as an attrac-
tive therapeutic strategy [10]. Effective vaccination would
provide long lasting immunity with immune surveil-
lance in place should a tumor recur. Recent studies have
explored the use of peptides in cancer vaccines [11-14]
as well as their use as adjuvant therapy [15, 16] and as a
prophylactic in at risk populations [17].

One challenge to tumor vaccines has been that many
tumor antigens are normal, non-mutated self-proteins that
are not recognized by the immune system, making it diffi-
cult to design tumor peptides that would elicit a strong anti-
tumor immune response. To overcome the lack of immune
recognition, our laboratory has exploited key concepts from
the field of autoimmunity to promote anti-tumor responses.
Most notably, our laboratory has demonstrated that the intro-
duction of a naturally arising posttranslational modification,
specifically the conversion of an aspartic acid residue into
an iso-aspartic acid (iso-Asp) residue, often breaks immune
tolerance to self-peptides [18, 19] (Supplementary Fig. 1).

In the present studies, we exploited our knowledge of
iso-Asp biochemistry in attempts to develop immunogenic
EGEFR peptides. We report here that we are able to generate
anti-EGFR immunity in mice using a 19 amino acid iso-
Asp modified peptide representing a region of the EGFR
extracellular domain I'V. Immunized mice generated anti-
EGFR peptide antibodies that recognize native human
EGFR inhibit tumor growth and promote tumor cell killing.
These antibodies also recognized homologous regions of
other ErbB family members, in particular HER2 and HER3,
and mediated growth inhibition of tumor cells expressing
HER2. Thus, this immunization strategy has the potential
to be developed into a therapy targeting multiple proteins of
the ErbB family overexpressed on the same tumor.
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Materials and methods
Peptides and recombinant proteins

The W.M. Keck Foundation Biotechnology Resource
Laboratory at Yale University synthesized all peptides.
Six different murine (mu) and human (hu) EGFR pep-
tides were synthesized as both the Asp and iso-Asp
isoforms. The peptide sequences are as follows (num-
bering based on the human EGFR precursor protein
amino acid sequence; iso-Asp designated in bold): mu/
hu p566-584, AMNITCTGRGPDNCIQCAH; mu/
hu p572-590, TGRGPDNCIQCAHYIDGPH; mu/hu
p580-598, IQCAHYIDGPHCVKTCPAG; mu p596-615,
PAGIMGENNTLVWKYADANN; hu p596-615, PAG-
VMGENNTLVWKYADAGH; and mu p605-623,
TLVWKYADANNVCHLCHAN. The sequences for the
human HER2, HER3, and HER4 peptides were: hu HER2
p585-603, VACAHYKDPPFCVARCPSG; hu HER3
p574-592, AQCAHFRDGPHCVSSCPHG and hu HER4
p578-596, TKCSHFKDGPNCVEKCPDG. Peptides were
reconstituted in water and stored at —20 °C. The extra-
cellular domain of HER2 was a kind gift of Dr. Daniel
Leahy, John Hopkins University School of Medicine, and
was expressed and purified as previously described [20].
Recombinant human HER3 extracellular domain was pur-
chased from R&D Systems.

Cell lines

The human epidermoid carcinoma cell line A431, which
overexpresses EGFR, was obtained from ATCC (CRL-
1555). A431 cells were maintained in high glucose DMEM
(Gibco) containing 10% FBS. The HER2 expressing human
mammary gland carcinoma cell line MDA-MB-453 (ATCC
HTB-131), which does not express EGFR, was maintained
in DMEM/Hams F12 (Gibco) containing 10% FBS. TUBO-
EGEFR cells (a kind gift of Dr. Yang-Xin Fu, Univ. of Chi-
cago) are an HER2/neu-dependent TUBO cell line originally
derived from Balb/c mice and transfected with human EGFR
[21]. These cells were maintained in DMEM containing 10%
FBS, 2 mmol/l L-glutamine, 0.1 mmol/l MEM nonessential
amino acids, 100 U/ml penicillin, and 10 pug/ml streptomycin
[21].

Antibodies

Cetuximab (anti-human EGFR monoclonal antibody) and
trastuzumab (anti-human HER2 monoclonal antibody)
were kind gifts of Drs. David Rimm and Michael DiGio-
vanna, respectively (Yale University School of Medicine).
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Rituximab (human anti-CD20 monoclonal antibody) was
obtained from the Smilow Cancer Center Pharmacy, New
Haven, CT.

Animals and immunization

Female Balb/c or female C57BL/6 mice, 6—8 weeks old,
were obtained from the National Cancer Institute and housed
at the Yale University School of Medicine Animal Facil-
ity. All protocols were consistent with accepted guidelines
of the National Institutes of Health for the care and use of
laboratory animals as well as approved by the Yale Uni-
versity Institutional Animal Care and Use Committee. For
the generation of antibody, three-to-five Balb/c or C57BL/6
mice per group were immunized intraperitoneally and
subcutaneously in one footpad with 100 ug of immuniz-
ing peptide emulsified 1:1 in complete Freund’s adjuvant
(CFA). Twenty-one days later, mice were boosted intraperi-
toneally and subcutaneously in the other footpad with 100
pg of immunizing peptide emulsified in incomplete Freund’s
adjuvant (IFA). Sera were collected via retro-orbital bleed at
day 28 for antibody analyses. For T-cell assays, mice were
immunized by the same route of administration with 100 pug
of peptide emulsified 1:1 in CFA. Fourteen days later mice,
mice were boosted by the same route of administration with
100 pg of the immunizing peptide emulsified 1:1 in IFA.
Twenty-one day post-immunization, mice were euthanized,
draining lymph nodes were excised, and single-cell suspen-
sions prepared for experimental use as described below.

T-cellimmunoassays

Single-cell suspensions were prepared from the pop-
liteal, inguinal, and periaortic lymph nodes of immunized
C57BL/6 mice. Cells were plated in triplicate in 96-well
flat bottom plates at 5x 107 cells per well in which serially
diluted peptides had been added. Cells were incubated at
37 °C, 5% CO, for 3 days, at which time they were pulsed
with 1 pCi *H-thymidine. Cultures were incubated an
additional 18 h and harvested onto filter membranes and
3H-thymidine incorporation was quantified (Betaplate, Wal-
lac). Cells stimulated with purified protein derivative (PPD)
from M. tuberculosis H37 RA (Difco Laboratories) served
as a positive control for cell proliferation.

ELISA

Serum antibodies were assessed by the standard ELISA as
previously described [19]. Peptides (50 pg/ml) or proteins
(1 ug) were dissolved in carbonate coating buffer and plated
in microtiter plates. Serum dilutions (1:100) from immune
and pre-immune animals were incubated for 2 h in peptide
or protein-coated plates.

Flow cytometry

A431 and MDA-MB-453 cells (10° /sample) were stained
with a 1:100 dilution of serum in PBS with 0.1% BSA and
0.05% sodium azide for 1 h at 4 °C. Cells were washed
and incubated with a 1:100 dilution of either goat anti-
mouse IgG FITC (Sigma, F0257) or goat anti-mouse IgG
AlexaFluor 488 (Invitrogen) for 1 h at 4 °C. Some sam-
ples were further stained using anti-FITC AlexaFluor 488
(Invitrogen). Cells were washed and fixed in PBS + 1%
paraformaldehyde. Cells were analyzed on a FACSCalibur
(BD Biosciences) with the FlowJo software (Tree Star).
Controls included unstained cells and cells stained with
secondary antibody alone. A431 cells stained with cetuxi-
mab (5 pg/ml) and MDA-MB-453 cells stained with trastu-
zumab (5 pg/ml) were used as positive controls for EGFR
and HER?2 staining, respectively.

Western blotting

Epidermal growth factor (EGF, Cell Signaling Technol-
ogy) stimulation of A431 cells in the presence of immune
and pre-immune EGFR sera and subsequent western blot-
ting was performed as described by Meira and cowork-
ers [22]. Antibodies used were against: phospho-EGFR
(Tyr1045) and GAPDH (all antibodies from Cell Signaling
Technology). Cetuximab was used as positive control.

Tumor cell growth inhibition

The ability of immune sera to inhibit the growth of the
EGFR overexpressing A431 cell line was measured using
a *H-thymidine assay. Briefly, A431 cells were grown to
log phase in DMEM + 10% FBS and plated at 4000 cells/
well in a 96-well flat bottom plates. Cells were allowed to
adhere overnight prior to the addition of 1:25 dilutions of
heat-inactivated (56 °C, 30 min) immune or pre-immune
sera in DMEM + 1% FBS. All samples were run in trip-
licate. Cells were incubated for 48 h at 37 °C 5% CO,,
at which time 1 pCi of *H-thymidine (Perkin Elmer) was
added to each well. Cells were further incubated for 18 h
then harvested and thymidine incorporation counted by
a beta plate reader. Cetuximab (10 pg/ml) served as the
positive control, while rituximab (10 ug/ml), another
humanized IgG1 antibody, served as an isotype control.
Percent growth inhibition was calculated as [(pre-immune
serum—immune serum)/pre-immune serum] X 100.
Growth inhibition of MDA-MB-453 cells by EGFR
immune sera was done as described above for the growth
inhibition of A431 cells, with the exception that cells were
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plated at 1000 cells/well and trastuzumab, rituximab, and
cetuximab (each at 40 pg/ml) served as controls.

ADCC assays

All experimental sera were heat-inactivated (56 °C, 30 min)
prior to use. A431 or MDA-MB-453 cells were incubated
with a 1:25 dilution of heat-inactivated sera or control anti-
body (20 pg/ml) 30 min at 37 °C in 96-well U bottom plates.
Freshly isolated human peripheral blood mononuclear cells
(PBMC) from healthy donors were incubated with antibody
coated target cells at a 50:1 effector to target ratio for 4 h
at 37 °C. Fifty microliters of each cell culture supernatant
was then assayed for lactate dehydrogenase released from
dead cells using the CytoTox96 Non-radioactive Cytotoxic-
ity Assay (Promega) per manufacturer’s instructions. Per-
cent cytotoxicity was calculated as [(experimental—effector
spontaneous—target spontaneous)/(target maximum-—target
spontaneous)] X 100.

In vivo tumor assays

Female Balb/c mice were immunized with either Asp or
iso-Asp EGFR p580 as described above for the generation
of antibody. TUBO-EGEFR cells (5 x 10°) were injected sub-
cutaneously on the right flank of mice. Tumor volume was
calculated by measuring three orthogonal axes (a, b, and ¢)
with digital calipers, with the tumor volume =abc/2 [21].

Statistical analysis

Results are expressed as means + SEM and p values cal-
culated using the Mann—Whitney test or the Student ¢ test
(Prism, GraphPad Software). Results were considered sig-
nificant if p <0.05.

Results

Anti-EGFR antibodies are elicited by immunization
with EGFR peptide p580 isoforms

Sites chosen for peptide-based induction of immunity were
based on extracellular domain sequences near the trans-
membrane region of ErbB family proteins with sequence
homology between EGFR, HER2, and HER3. HER?2 is a
member of the ErbB family and is often co-expressed with
EGFR and also overexpressed in certain cancers. We aligned
the amino acid sequences of the HER2 and EGFR proteins
and identified a corresponding 20 amino acid residue region
that spans EGFR amino acids 596-615 (p596). We synthe-
sized four additional overlapping 19- or 20-mer peptides
derived from the murine and/or human EGFR p566-623
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amino acid sequence. The peptide sequences are identical
between humans and mice with the exception of p596 and
p605, which have murine and human sequences that differ
by three amino acids. Mice were immunized with the Asp
or iso-Asp modified forms of each peptide to increase the
possibility of overcoming host immune tolerance to murine
EGFR. Antisera were collected and examined by ELISA for
antibodies against the panel of EGFR peptides. All mice
developed antibodies with binding activity to the immuniz-
ing peptide. Peptide p580 isoforms elicited strong antibody
responses with cross-reactive binding to multiple peptides
(Fig. 1a, b). Immunization with Asp p580 (IQCAHYIDG-
PHCVKTCPAG) generated antibodies against Asp and iso-
Asp p580, as well as Asp and iso-Asp p572 and Asp p596
(Fig. 1a). A similar pattern was seen upon immunization
with iso-Asp p580 in which sera bound to both isoforms of
p572 and Asp 596 (Fig. 1b).

Peptide immunization elicits T cells that recognize
both iso-aspartyl and aspartyl isoforms of peptide
p580

Since immunization with both p580 isoforms induced anti-
body that cross-reacted to other EGFR peptides, we tested
the ability of this immunization to stimulate CD4 T-cell
responses. In conventional proliferation assays, C57BL/6
mice were immunized with either the Asp or iso-Asp iso-
forms of p580 in Freund’s adjuvant. After 21 days, lymph
node cells were isolated and re-stimulated for 72 h in vitro
with peptide. Immunization with the p580 peptide resulted
in a strong T-cell responses to both Asp and iso-Asp p580,
with a more robust response in those mice immunized with
iso-Asp p580 (Fig. 1¢). More importantly for inducing reac-
tivity with native EGFR, T cells from mice immunized with
the iso-Asp modified p580 isoform also recognize Asp p580
(Fig. 1d), demonstrating cross reactivity of the T-cell recep-
tor for both isoforms of the EGFR peptide.

Sera from EGFR p580 immune mice bind human
EGFR

We next determined if the antibodies generated during
immunization with p580 isoforms bound to intact human
EGFR on cells. For these studies, A431 cells, a human
EGFR overexpressing tumor cell line, were stained with
peptide-induced antisera and analyzed by flow cytometry.
As a control for staining, we stained A431 cells with cetuxi-
mab. A431 cells express EGFR on their surface and stain
with cetuximab (Fig. 2a). Asp p580 immune sera stained
A431 cells above that seen with pre-immune sera (Fig. 2b).
However, staining with iso-Asp p580 immune sera revealed
greater than a tenfold shift in staining intensity (Fig. 2c¢).
These results demonstrate that the iso-Asp form of EGFR
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Fig. 1 Immunization with EGFR p580 peptide isoforms generates
peptide-specific antibody and T-cell responses. Individual serum
samples from C57BL/6 mice were tested by ELISA for binding to
flanking EGFR peptide sequences. Pre-immune sera had <0.1 O.D.
units of antigen binding. Results are representative of four mice per
immunization group and the experiment was repeated twice. a Anti-
body binding of Asp EGFR p580 immune sera to EGFR peptides. b
Antibody binding of iso-Asp EGFR p580 immune sera to EGFR pep-

p580 isoform elicits an antibody response that recognizes
human EGFR on tumor cells.

In addition, we tested whether or not the antibodies gen-
erated by EGFR p580 immunization were able to alter or
inhibit EGFR signaling. A431 cells preincubated with cetux-
imab, pre-immune serum, or EGFR p580 immune sera were
stimulated with epidermal growth factor (EFG). The amount
of phosphorylated EGFR was assessed by Western blot. As
shown in Fig. 2d, EGFR phosphorylation was significantly
inhibited by cetuximab in the presence of EGF (positive con-
trol). Similarly, significant inhibition of p-EGFR (Tyr 1045)
was observed with EGFR p580 immune serum compared to
pre-immune serum. Overall, data from Fig. 2 demonstrates
that anti-EGFR p580 antibodies do engage EGFR on human

tides. ¢ Proliferation of T cells from EGFR p580 immunized mice in
response to Asp and iso-Asp isoforms of EGFR p580. d T cells from
C57BL/6 mice immunized with either Asp or iso-Asp p580 were re-
stimulated with 10 pg Asp and iso-Asp p580. Data represent experi-
mental cpm with background cpm subtracted. Cells stimulated with
PPD (positive control) ranged from 11,000-49,000 cpm. Results rep-
resent the mean+ SEM of triplicate wells

tumor cells and inhibit phosphorylation signaling of EGFR
(Tyr 1045).

Anti-EGFR p580 antibodies bind HER2 and HER3

EGFR is a member of the ErbB family of tyrosine kinases,
which also includes HER2, HER3, and HER4. HER?2 is
overexpressed in a subset of breast cancers and is itself a tar-
get of the therapeutic antibody trastuzumab. Examination of
the amino acid sequences of EGFR and HER2, HER3, and
HERA4 extracellular domains revealed significant homology
between these four proteins in the domain IV region repre-
sented by EGFR p580 (Supplementary Table 1; Supplemen-
tary Fig. 2). Thus, we tested anti-p580 immune serum for
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Fig.2 Sera from mice immunized with mouse iso-Asp p580 bind
and engage human EGFR on A431 cells. Sera from Balb/c mice
immunized with either Asp or iso-Asp p580 were incubated with
A431 cells and stained for FACS analysis. Black histogram=con-
jugate control. Gray histogram = pre-immune sera. Solid line histo-
gram = positive control antibody or immune sera. Gates represent per-
cent positive cells staining with positive control antibody or immune
sera. a A431 cells stained with the anti-EGFR antibody cetuximab
(positive control) or secondary antibody alone (conjugate control). b

the ability to bind homologous peptides of human HER2,
HER3, and HER4. Immune sera from both Asp and iso-
Asp p580 bound HER2 p585 by ELISA (Fig. 3a) as well as
HER3 p574 (Fig. 3b). In contrast, neither the Asp nor iso-
Asp EGFR p580 antiserum bound the homologous HER4
pS578 peptide (data not shown).

We examined the ability of EGFR p580 antiserum to bind
the extracellular domain of the HER2 protein. Asp and iso-
Asp EGFR p580 antiserum bound the recombinant extra-
cellular domain of HER2 by ELISA (Fig. 3c), while sera
from pre-immune mice did not. In a similar manner, Asp and
iso-Asp EGFR p580 immune serum bound the HER3 extra-
cellular domain (Fig. 3d). EGFR p580 antisera also bound
HER?2 on living human tumor cells (Fig. 4). Flow cytom-
etry was used to assess antibody binding to the cell line
MDA-MB-453, which expresses HER2 mRNA, but lacks
EGFR mRNA expression as determined by RT-PCR [23].
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Asp EGFR p580 immune serum binding of A431 cells (Asp EGFR
p580 MFI=12.6; pre-immune serum MFI=5.83). ¢ iso-Asp EGFR
p580 immune serum binding of A431 cells (iso-Asp EGFR p580
MFI=59.9; pre-immune serum MFI=9.56). Results are representa-
tive of four mice per immunization. d EGFR p580 immune serum
inhibits EGF induced phosphorylation of EGFR as assessed by West-
ern blotting. GAPDH illustrates protein loading. The table denotes
control (cetixumab), EGF, pre-immune or immune serum added to
the A431 cultures and assessed for p-EGFR (Tyr 1045)

As expected, the anti-HER?2 antibody trastuzumab bound
to MDA-MB-453 cells demonstrating HER2 expression
(Fig. 4a), while the anti-EGFR antibody cetuximab did not
(Fig. 4b). Both Asp and iso-Asp EGFR p580 immune serum
showed affinity for MDA-MB-453 cells by flow cytometry
(Fig. 4b).

Anti-tumor antibodies elicited with EGFR p580
inhibit tumor cell growth and promote ADCC

The EGFR peptide antibodies induced by immunizing mice
were evaluated for inhibition of human tumor cell growth
with methods previously used to characterize cetuximab [7,
24]. We examined tumor cell growth inhibition by incubat-
ing A431 cells with EGFR peptide immune sera for 48 h
prior to the addition of *H-thymidine. Cetuximab inhibited
A431 cell growth by 42%. Asp p580 immune serum and
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iso-Asp p580 immune serum inhibited A431 growth at 1:25
dilutions (19 and 33%, respectively) (Fig. 5a).

We also found that the EGFR p580 antiserum inhibited
the growth of MDA-MB-453 cells. Similar to the growth
inhibition assays using A431 cells, MDA-MB-453 cells were
incubated with EGFR peptide antisera, as well as control
monoclonal antibodies. Trastuzumab (Fig. 5b) inhibited
MDA-MB-453 cell growth by 27.5%, while Asp EGFR p580
antisera inhibited tumor cell growth by 50% and iso-Asp
EGFR p580 inhibited tumor cell growth by 19% (Fig. 5b).

We also examined the ability of the immune sera to
induce ADCC, one mechanism by which therapeutic mon-
oclonal antibodies are assumed to function [25]. For this
analysis, A431 cells were incubated with immune sera then
incubated with human PBMC. As illustrated, the EGFR-spe-
cific monoclonal antibody cetuximab and antisera generated
to either EGFR p580 isoform exhibited significant killing of
A431 cells (Fig. 5¢). In a similar manner, anti-EGFR p580
polyclonal sera significantly induced ADCC killing of HER2
expressing MDA-MB-453 human tumor cells as compared
to the negative control antibodies rituximab and cetuximab
(Fig. 5d). As a positive control, trastuzumab triggered sig-
nificant ADCC toward MDA-MB-453 cells as compared to
rituximab, while cetuximab failed to induce MDA-MB-453
cell killing (Fig. 5d).

Serum Sample

EGFR immunization inhibits tumor growth in vivo

While immunization with the EGFR peptides elicited that
antibodies are capable of inhibiting tumor growth and medi-
ating ADCC in vitro, we wanted to know if immunization
would be able to inhibit tumor growth in vivo. For these
studies, we used the Balb/c-derived TUBO cell line express-
ing human EGFR (TUBO-EGFR) [21]. Asp or iso-Asp
EGFR p580-immunized Balb/c mice were injected subcuta-
neously with TUBO-EGEFR cells and their tumor size meas-
ured over a period of 18 days. Mice immunized with either
Asp or iso-Asp EGFR p580 had significantly smaller tumors
as compared mice injected with adjuvant alone (PBS-CFA)
on days 11, 13, and 18 (Fig. 6).

Discussion

One of the most successful advancements in cancer immu-
notherapy has been the development of monoclonal antibod-
ies as immunotherapies against specific cancers [25]. Among
the best established of these is the anti-HER2 monoclonal
antibody trastuzumab (Herceptin®), approved for the treat-
ment of HER2-positive breast cancer. Another member of
the ErbB family, EGFR, is overexpressed in more than 30%
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Fig.4 Sera from anti-EGFR peptide immune mice bind HER2-pos-
itive, EGFR-negative human MDA-MB-453 cells. Sera from Balb/c
mice immunized with either Asp or iso-Asp p580 were incubated
with MDA-MB-453 cells (HER2 positive, EGFR negative) and
stained for FACS analysis. a MDA-MB-453 cells stained with the
anti-HER?2 antibody trastuzumab (positive control, black histogram).
Conjugate control staining is represented by a black line. Gate rep-
resents percent positive staining by trastuzumab. b Asp (dark gray,
MFI=16.4) and iso-Asp (black, MFI=23.3) EGFR p580 immune
serum binding of MDA-MB-453 cells. Cetuximab (light gray) served
as a control to confirm that cells are EGFR negative. Conjugate
control staining is represented by a black line. Gate represents per-
cent positive cells staining with iso-Asp EGFR p580 serum. Percent
positive staining with Asp EGFR p80 was 82.1% (gate not shown).
Results are representative of four mice per immunization group

of human cancers, including non-small lung cell carcinoma
and colorectal cancer. Although there are monoclonal anti-
bodies available for the treatment of EGFR-positive cancers
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(cetuximab and panitumumab), these treatments often pro-
vide only transitory effects and are cost-prohibitive to many
within a global patient population [9].

Specific, active immunotherapy with vaccines target-
ing tumor-associated antigens may reduce the need for
prolonged administration of chemotherapy and therapeu-
tic antibodies [26, 27]. Cancer vaccines can potentially
reduce side effects and provide immunologic memory to
respond to tumor recurrence and metastases. Herein, we
describe a novel peptide vaccine candidate that can target
multiple members of the ErbB receptor family. As reported
elsewhere, immunization with modified tumor peptides
to break immune tolerance to tumor antigens remains an
attractive therapeutic strategy [18, 19]. We examined the
immunogenicity and anti-tumor properties of aspartyl and
iso-aspartyl peptide isoforms derived from EGFR extracel-
lular domain I'V.

We initially designed five sets of EGFR peptides, each
set having both the Asp and iso-Asp isoform of the pep-
tide. These peptides are derived from a membrane-proximal
region of the EGFR extracellular domain that is distinct from
the epitope recognized by cetuximab (Supplemental Fig. 2)
and panitumumab [7]. Mice immunized with these peptides
all developed antibodies to the immunizing peptide. How-
ever, several peptides were unique in that they elicited anti-
bodies that not only bound the immunizing peptides, but
also bound to other ErbB family peptides with overlapping
sequences. This was especially notable with the Asp and iso-
Asp forms of the EGFR p580 sequence, which is identical
in human and murine EGFR. These peptide immunizations
circumvented immune self-tolerance to EGFR. They elicited
antibodies that cross-reacted with human EGFR and induced
ADCC cell lysis and growth inhibition of human tumor cells
in vitro. Moreover, no signs of aberrant tissue autoimmun-
ity were observed in immunized mice over 10 months of
observation.

In addition to eliciting antibody responses, EGFR p580
induced robust T-cell responses. T cells from mice immu-
nized with the iso-Asp isoform of p580 proliferated to a
greater extent when exposed to the immunizing iso-Asp
peptide as compared to T cells from mice immunized with
the Asp isoform. The increased response of iso-Asp p580
reactive T cells to iso-Asp p580 may be a result of the iso-
Asp residue altering how the peptide is processed (i.e., at a
faster rate) or an alteration in the binding of the peptide to
MHC class II, scenarios described for peptides with post-
translational modifications [28, 29].

Our data demonstrate that antibodies elicited by immuni-
zation with p580 recognized intact EGFR molecules present
on the surface of living human tumor cells, and is able to
inhibit EGFR signaling. While the inhibition of EGFR phos-
phorylation was not as profound as that seen with cetuximab,
this may be due to the use of serum which contains growth
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factors that would stimulate some background signaling not
seen using a purified monoclonal antibody. As predicted by
EGEFR extracellular domain crystal structures [30], the p580
sequence is surface exposed on the native EGFR protein
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and accessible for anti-peptide antibodies (Supplementary
Fig. 2). We also found that iso-Asp EGFR p580 antibody
bound to EGFR-expressing A431 tumor cells nearly tenfold
better than its Asp-isoform counterpart.

The ability of antibodies to inhibit tumor cell growth and
trigger ADCC has been described in the analyses of other
anti-EGFR antibodies [7, 25]. Interestingly, both Asp and
iso-Asp EGFR p580 antisera inhibited A431 growth when
tested at 1:25 dilutions. Similar to reported mechanisms for
monoclonal antibody therapies, polyclonal antibodies elic-
ited by EGFR p580 exhibited significant ADCC for both
EGFR™ and EGFR/HER2™ tumor targets, emphasizing the
cross-binding properties of the immune response. Perhaps
most important of all, is the fact that the antibodies elicited
by EGFR immunization are able to inhibit the growth of
EGFR-expressing tumors in vivo (Fig. 6). The rapid growth
of this transplantable tumor precludes long-term studies of
vaccination efficacy.

Patients with a therapeutic response to anti-EGFR mon-
oclonal antibodies as a first line of therapy often develop
resistance to the antibody and subsequent tumor progres-
sion [31, 32]. Acquired tumor resistance to cetuximab is

@ Springer
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the result of a number of mechanisms including mutations,
amplifications, and altered regulation of oncogenes and
receptors [33—-36]. Resistance also can arise when other
ErbB family members (HER2, HER3, and HER4) compen-
sate for the signaling loss of EGFR, triggering tumor out-
growth [37, 38]. ErbB family members form heterodimers
with each other, thus forming several signaling pathways
that compensate for loss of EGFR. HER2 and/or HER3
are often co-expressed with EGFR in colorectal and breast
cancers [3, 39, 40]. Thus, targeting two or more members
of the ErbB family simultaneously, as our vaccine does, is
a strategy to overcome antibody resistance. In pancreatic
carcinoma xenograft models, targeting EGFR and HER2
simultaneously with cetuximab and trastuzumab was a more
effective treatment than a combination of trastuzumab and
erlotinib (an EGFR tyrosine kinase inhibitor) or even lapat-
inib alone (an irreversible dual EGFR/HER?2 tyrosine kinase
inhibitor) [41]. These results were attributed to disrupted
EGFR/HER?2 heterodimerization, receptor down-regulation,
and/or decreased Akt phosphorylation.

While our data demonstrate the efficacy of the EGFR
p580 vaccine as a stand-alone treatment, it has the poten-
tial to be used in combination with other immunotherapies.
Multiple therapeutic combinations have been tried with
success in recent years to enhance the benefit of cetuximab
treatment [42-44]. Studies have shown that the combina-
tion of cancer vaccines with immune checkpoint inhibitors
[12, 14] or radiation [45] can result in tumor regression
or delay tumor progression and promote survival, respec-
tively. Our data clearly show that the ability of EGFR
immunization to inhibit tumor growth, and combined with
other immunotherapies, has the potential for synergistic
tumor inhibition. It also has the added benefit of targeting
several ErbB family members thus mimicking the effect of
multiple therapeutic monoclonal antibody combinations.
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