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A B S T R A C T   

Epidermal Growth Factor Receptor (EGFR) is overexpressed on a number of human cancers, and often is 
indicative of a poor outcome. Treatment of EGFR/HER2 overexpressing cancers includes monoclonal antibody 
therapy (cetuximab/trastuzumab) either alone or in conjunction with other standard cancer therapies. While 
monoclonal antibody therapy has been proven to be efficacious in the treatment of EGFR/HER2 overexpressing 
tumors, drawbacks include the lack of long-lasting immunity and acquired resistance to monoclonal therapy. An 
alternative approach is to induce a polyclonal anti-EGFR/HER2 tumor antigen response by vaccine therapy. In 
this phase I/II open-label study, we examined anti-tumor immunity in companion dogs with spontaneous EGFR 
expressing tumors. Canine cancers represent an outbred population in which the initiation, progression of dis-
ease, mutations and growth factors closely resemble that of human cancers. Dogs with EGFR expressing tumors 
were immunized with a short peptide of the EGFR extracellular domain with sequence homology to HER2. Serial 
serum analyses demonstrated high titers of EGFR/HER2 binding antibodies with biological activity similar to 
that of cetuximab and trastuzumab. Canine antibodies bound both canine and human EGFR on tumor cell lines 
and tumor tissue. CD8 T cells and IgG deposition were evident in tumors from immunized dogs. The antibodies 
inhibited EGFR intracellular signaling and inhibited tumor growth in vitro. Additionally, we illustrate objective 
responses in reducing tumors at metastatic sites in host animals. The data support the approach of amplifying 
anti-tumor immunity that may be relevant in combination with other immune modifying therapies such as 
checkpoint inhibitors.   
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Introduction 

Immunotherapy, including monoclonal antibodies, has become an 
integral treatment strategy for human cancers. The monoclonal anti-
bodies, cetuximab and trastuzumab, target malignancies such as colo-
rectal cancer and breast cancer that overexpress the ErbB family 
members EGFR and HER2, respectively [1,2]. Overexpression of these 
molecules on tumors is often associated with a more aggressive tumor 
behavior and carries a worse prognosis [3-5]. 

We recently pursued strategies to actively elicit B and T lymphocyte 
immunity to the ErbB tumor protein family [6]. Advantages of vacci-
nation to stimulate anti-tumor immunity include ease of administration, 
and induction of durable, tumor-specific immune responses compared to 
monoclonal antibodies that require repeated administration and do not 
confer long lasting tumor immunosurveillance. We previously demon-
strated that mice immunized with a peptide derived from the extracel-
lular domain of EGFR generated antibodies that specifically bound both 
EGFR and HER2, promoted tumor cytotoxicity, and inhibited tumor 
growth both in vitro and in vivo [6]. 

Herein, we assess the biological activity of EGFR/HER2 peptide- 
based immunotherapy in dogs with appendicular osteosarcoma and 
other ErbB associated tumors. Dogs represent a relatively outbred pop-
ulation in which disease arises spontaneously with a diversity of cancers 
similar to humans [7]. Studies have demonstrated that expression of 
ErbB family proteins in aggressive canine cancers, including osteosar-
coma and hemangiosarcoma, is correlated with shortened survival times 
[8–14]. ErbB immunization strategies are an attractive option because of 
ease of administration, low toxicity, affordability, limited clinic visits, 
and potential clinical effectiveness. Anti-tumor antibodies also enhance 
the efficacy of conventional chemotherapies, radiation therapy, and 
checkpoint inhibitors [15–18]. Finally, relatively few effective immu-
notherapeutic options exist for the treatment of highly metastatic ma-
lignancies in the dog [19]. 

In this study, we report the biological activity of antibodies gener-
ated in dogs immunized with a conserved peptide from the extracellular 
domain of EGFR with shared amino acid sequence homology to HER2 
and HER3 extracellular domains. Immunization with canine EGFR p527 
(cEGFR p527) resulted in the generation of antibodies that bound both 
canine and human EGFR as well as HER2. These antibodies were capable 
of inhibiting EGFR signaling, attracted antibodies and CD8 T cells to the 
in vivo tumor microenvironment and inhibited tumor growth in vitro. We 
report 12-month survival outcomes in a first group of dogs with 
appendicular osteosarcoma that received cEGFRp527 vaccination as 
adjuvant treatment. As a first open-label canine clinical trial, these data 
demonstrate that immunization with a specific EGFR/HER peptide in-
duces cell-mediated and humoral responses in canine recipients and 
could be a promising immunotherapeutic strategy for canines with tu-
mors that express ErbB family proteins. 

Materials and methods 

Peptides and cell lines 

Canine EGFR p527–545 (IKCAHYIDGPHCVKTCPAG) was synthe-
sized by GenScript (Piscataway, NJ; > 95% purity). The EGFR+ human 
epidermoid carcinoma cell line A431 (CRL-1555) and the canine oste-
osarcoma cell line D17 (CRL-6248) were obtained from American Type 
Culture Collection (ATCC; Manassas, VA), as was the HER2+/EGFR- 
human mammary gland carcinoma cell line MDA-MB-453 (HTB-131, 
ATCC) [20]. Cell lines were authenticated by ATCC for viability, growth, 
and morphology. 

Antibodies 

Cetuximab (anti-human EGFR monoclonal antibody) was a gift of Dr. 
David Rimm (Yale School of Medicine). Rituximab (human anti-CD20 

monoclonal antibody) and trastuzumab (anti-human HER-2 mono-
clonal antibody) were obtained from the Smilow Cancer Center Phar-
macy, New Haven, CT. Anti-human EGFR mouse monoclonal antibodies, 
Ab-10 (clone 111.6; ThermoScientific; Waltham, MA) and Ab-1 (clone 
528; Calbiochem; Temecula, CA), were used for the detection of canine 
EGFR as demonstrated by previous studies [21]. 

Animals and immunization 

Protocols were consistent with accepted guidelines of the NIH for the 
care and use of animals as well as approved by the Yale University 
Institutional Animal Care and Use Committee. Canine cancer patients 
were recruited by MedVet (Norwalk, CT) as well as licensed veterinary 
practices. All dog owners provided written informed consent for 
enrollment of their dogs in the study, a total of 93 patients reported 
herein, including 43 patients with pathology confirmed appendicular 
OSA and enrolled in the vaccination protocol >12 months (for survival 
outcomes as defined below). Canine cancer patients were first confirmed 
to have ErbB associated tumors by tissue pathology (board certified 
pathologists) and were recruited for the study. OSA patients received 
standard of care (both amputation and 4–6 rounds of carboplatin; 
250–300 mg/m2 IV, q 3 weeks), followed by p527 vaccination begin-
ning a minimum of 3 weeks after the last cycle of chemotherapy. Dogs 
were not required to be free of metastasis prior to enrollment. 

Montanide ISA 51VG (Seppic, Inc.) was utilized for an adjuvant as it 
has been used in human clinical vaccine trials [22]. The vaccination 
emulsion was assembled under sterile conditions according to manu-
facturer’s specifications and stored at 4 ◦C. At day 0, a pre-immune 
serum sample was obtained, and patients were immunized s.c. with 
0.8 mg of cEGFR p527 with 15% (v/v) LymeVax® (Zoetis, Inc.; Par-
sippany, NJ) emulsified in Montanide ISA 51VG (Seppic, Inc.; Fairfield, 
NJ) in a total volume of 200 µl in the interscapular region. Twenty-one 
days later, a second serum sample was obtained, and patients were 
boosted s.c. in an identical manner. Convalescent serum samples were 
obtained at day 40–50 after the first vaccination. Healthy (non-tumor 
bearing) dog sera were obtained with consent through the Clinton 
Veterinary Hospital (Clinton, CT). Finally, a second cohort of dogs were 
immunized and boosted in an identical manner with 0.8 mg of cEGFR 
p527 with CpG ODN 2006 (200 µg/dose; InvivoGen; San Diego, CA) 
emulsified in Montanide ISA 51VG in a total volume of 200 µl. Selected 
patients provided follow-up imaging (radiographs) with analysis inter-
preted by radiologists at intervals indicated by the presiding veteri-
narian, however, regular imaging was not a requirement of the study. 

ELISAs for EGFR and Borrelia burgdorferi antibodies 

Anti-EGFR serum antibodies were assessed as previously described 
[6]. cEGFR p527 peptide (50 µg/μl), was adsorbed to microtiter plates, 
followed by incubation with serum samples (1:100 dilution). Alkaline 
phosphatase conjugated-goat anti-dog IgG antibody (Southern Biotech; 
Birmingham, AL) was added to wells followed by incubation with pNPP 
substrate. IgG units are defined as (OD immune serum/OD healthy dog 
serum)/(OD pre-immune serum/OD healthy dog serum). To confirm 
specificity of the anti-cEGFR response, 1:100 dilutions of serum were 
pre-incubated overnight with 10 mg/ml cEGFR p527 or irrelevant 
control peptide murine histone H2b p21 (AQKKDGKKRKRSRKE, AnaS-
pec, San Jose, CA) prior to detecting EGFR binding by ELISA. 

Antibodies to Borrelia burgdorferi were detected as previously 
described [6,23]. In brief, microtiter plates were adsorbed with 
B. burgdorferi extract in carbonate coating buffer, followed by canine 
serum samples (diluted 1:100). Plates were washed, incubated with 
phosphatase conjugated-goat anti-dog IgG antibody (Southern Biotech, 
1:1000 dilution) pNPP added and read at 405 nm. 
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Flow cytometry 

A431, D17 and MDA-MB 453 cells (105 cells/sample) were stained 
with a 1:100 dilution of canine serum followed by incubation with a 
1:100 dilution of anti-dog IgG AlexaFluor 488 (Jackson Immunor-
esearch; West Grove, PA. Cells were analyzed on a FACSCalibur (BD 
Biosciences; San Jose, CA) with FlowJo software (Tree Star; Ashland, 
OR). Controls included cells stained with secondary antibody alone, 
cetuximab (2 µg/105 cells), Ab-10 (1 µg/105) and trastuzumab (20 μg/ 
105). 

Immunofluorescence staining 

Tumor tissues were procured from deceased study dogs at the time of 
necropsy with owner consent and fixed in 10% neutral buffered 
formalin, paraffin embedded (FFPE). Tissues were deparaffinized, 
rehydrated and underwent antigen retrieval using Retrieve-All solution 
(Biolegend; Dedham, MA) according to manufacturer’s protocol. Con-
trols included healthy dog serum (1:100 dilution), mouse anti-EGFR 
mAb (Ab-10 clone 111.6, 1:20 dilution), and isotype control (purified 
mouse IgG2a, clone MC2a-53, Biolegend). Sections were blocked with 
5% goat serum, washed and stained for EGFR using a 1:100 dilution of 
either preimmune or cEGFR p527 immune serum overnight at 4 ◦C, 
followed by 1:50 dilution rabbit anti-mouse IgG Alexa Fluor 488 
(Jackson Immunoresearch). Dog IgG deposition was detected using anti- 
dog IgG Alexa Fluor 488 (1:50 dilution, Jackson Immunoresearch). CD8 
T cells were stained in tissues using mouse anti-dog CD8 (MAB6709; 
R&D Systems, Minneapolis, MN), followed by goat anti-mouse IgG (H +
L) Alexa Fluor 488 (A11017; Life Technologies, Eugene, OR) and 
counterstaining with DAPI (Molecular Probes; Eugene, OR). Stained 
tissue sections were divided into four equal quadrants, and the mean 
fluorescent intensity of each quadrant quantified by Image J [24]. 

EGFR and HER2 signaling detection and inhibition by western blotting 

Epidermal growth factor receptor (rhEGF, R&D Systems) stimulation 
of A431 and D17 cells in the presence of preimmune or immune sera 
(1:25 dilution) and subsequent western blotting was performed as pre-
viously described [25]. Cetuximab or Ab-1 (both at 10 µg/ml) served as 
positive controls for A431 and D17 cells, respectively. PD98059 (1 
μg/ml, Sigma) was a positive control for inhibiting ERK phosphorylation 
in MDA-MB-453 cells. Antibodies used were against pEGFR (Y1068), 
pERK (Thr202/Tyr204) and GAPDH (Cell Signaling Technology, Dan-
vers, MA). Densitometry was performed on scanned images of films 
using Image J. 

Tumor cell proliferation assays 

The ability of immune sera to inhibit the growth of the EGFR over-
expressing A431 or D17 cell lines were measured using a 3H-thymidine 
incorporation assay as previously described using 4000 A431 cells/well, 
1000 D17 cells/well and 4 × 104 MDA-MB-453 cells/well [6]. Control 
antibodies included cetuximab (10 µg/ml), rituximab (anti-CD20; 10 
µg/ml), Ab-1 (10 µg/ml), mouse IgG2a (BioLegend; Dedham, MA) and 
trastuzumab (21 μg/ml). Percent cell growth inhibition: [(Pre-immune 
serum CPM – Immune serum CPM)/pre-immune serum CPM] x 100. 

Statistics 

Survival data from this study was independently reviewed and 
analyzed by the Yale Center for Analytical Sciences. Results are 
expressed as means ± SEM or N (%). The group comparison was per-
formed using the Mann-Whitney test (Prism, GraphPad Software). Sur-
vival analysis was conducted using the Kaplan Meier method to estimate 
1-year survival rate, median survival time and mean survival time, while 
incorporating censored data. Point estimates and 95% confidence 

intervals were reported.  This analysis was conducted using SAS 9.4 (SAS 
Institute Inc., Cary, NC, USA).   The statistical significance was set as p <
0.05, two-sided. 

Results 

Rationale, selection, and formulation of canine EGFR peptide (cEGFR 
p527) vaccination 

In the prior studies, we examined immunogenic cryptic self-peptides 
representing the membrane proximal, extracellular domain IV of EGFR 
(Fig. 1A) in the proximity of the known cetuximab-binding region [6]. 
Strategically, we investigated immunogenic peptides within homolo-
gous domains shared between EGFR, HER2, and HER3, given the 
expression of heterodimeric rearrangements of these ErbB family pro-
teins on tumor cells [26]. The crystal structure of the human EGFR 
extracellular domain co-crystalized with the Fab fragment of cetuximab 
is illustrated in Fig. 1A [27]. Cetuximab binding to domain III is shown, 
while the p527 region, a site examined in the present study, is illustrated 
in domain IV. The p527 region was chosen, in part, for its amino acid 
sequence identity with surface exposed extracellular regions on HER2 
and HER3 (Supplementary Table 1) and the near identical homology to 
the same region on human and murine EGFR (Supplementary Table 2), 
with only a single amino acid difference at the amino terminus. 

cEGFR p527 immunization elicits anti-cEGFR peptide antibodies 

Ninety-three dogs were enrolled based on specific pathologic iden-
tification of tumor types associated with ErbB family tumor expression. 
Male and female breeds of all ages (2 − 13 years) were enrolled, 
exhibiting different ErbB family tumor types with osteosarcoma (OSA) 
and hemangiosarcoma (HSA) occurring with the highest frequency in 
our study (Supplemental Tables 3 and 4). In dogs that received myelo-
suppressive chemotherapy, vaccination was not performed until 
>3weeks after the final cycle. 

Overall, we observe a highly significant increase in anti-EGFR anti-
bodies upon vaccination and boost with p527 peptide (p < 0.001; 
Fig. 1B). The overall range of response is between 4 and 30 fold to 
greater relative to pre-immune responses in recipients (Fig. 1C). Anti-
body development appeared independent of breed, gender, or tumor 
type (Supplementary Table 3) and independent of chemotherapy 
administered to dogs in this study. While most experienced a significant 
increase in anti-EGFR antibodies with the second (booster) vaccination, 
others experienced a significant increase in antibody response with only 
a single dose compared to pre-immune serum responses (Fig. 1C). The 
antibodies generated by EGFR p527 immunization were specific for 
EGFR, as the antibody signal decreased when the immune sera were pre- 
incubated with EGFR p527 yet was not altered when incubated with an 
irrelevant peptide (mH2B) (Fig. 1D). 

Canine LymeVax® was included as a small component of the vaccine 
formulation to help determine if recipients may be immune compro-
mised and assessed together with anti-EGFR titers in individual dogs. As 
shown in Fig. 1E, most dogs tested had anti-Borrelia IgG, indicating an 
intact immune response to vaccination. However, two patients, 067 and 
070 exhibited weak anti-Borrelia IgG immunity (Fig. 1E) and also did not 
produce anti-cEGFR p527 antibodies (Fig. 1C), suggesting that these two 
were immune compromised. 

Finally, we have also examined anti-EGFR antibody responses in 35 
dogs immunized with cEGFR p527 emulsified in Montanide ISA 51 VG 
with CpG (Fig. 1F). As indicated, CpG also serves as an effective toll-like 
receptor agonist adjuvant in generating strong anti-cEGFR p527 anti-
bodies in a manner identical to those observed in the other formulation. 
There were no other changes in anti-EGFR biological activity between 
the formulations as defined below. 

No immediate hypersensitivity reactions were noted in any dogs, 
though approximately 14–30% of dogs (depending on the whether the 
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Fig. 1. Immunized canine patients generate anti-cEGFR p527 antibodies. Representative individual serum samples from dogs were tested by ELISA for binding to the 
cEGFR p527 peptide. IgG Units are defined in the Materials and Methods. A. EGFR-cetuximab crystal structure (PDB ID 1YY9). The cetuximab Fab fragment is at the 
top (red). The human EGFR extracellular domain I (blue), domain II (cyan), domain III (green) and membrane proximal domain IV (black) are shown with the p527 
peptide sequence (orange) highlighted. B. Individual IgG responses to cEGFR p527 before and after immunization. C. Cumulative IgG response in individual dogs 
(represented as fold increase over preimmune response). D. p527 Representative sera (1:100 dilutions) were pre-incubated overnight with cEGFR p527 or control 
irrelevant peptide mH2B p21 to confirm specificity of the antibody binding. E. IgG response to Borrelia burgdorferi antigen in dogs immunized with cEGFR p527. F. 
Individual IgG responses to immunization peptide emulsified in Montanide ISA51 VG with CpG before and after immunization (+/- SEM) (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.). 
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vaccine was administered at MedVet or by participating veterinarians) 
developed inflammation and a sterile abscess between 10 and 28 days 
after vaccination at the site of immunization. Warm compresses were 
applied to these sites, and most of the abscesses resolved over a span of 

two weeks without any additional intervention. 

Fig. 2. Serum from cEGFR p527 peptide 
immunized dogs bind EGFR/HER2 on 
both canine and human cells and osteo-
sarcoma tumor tissue. A. Representative 
serum from immunized dogs were 
analyzed by flow cytometry for binding to 
EGFR-bearing canine OSA D17 or human 
A431 cells, or to HER2-bearing (EGFR 
negative) human MDA-MB 453 cells. 
Upper panels (left to right) illustrate sec-
ondary control antibody staining (dark 
lines) or positive control antibody staining 
(filled peaks) of D17 cells (Ab-10), A432 
(cetuximab), and MDA-MB 453 (trastu-
zumab). Lower panels illustrate represen-
tative staining of D17, A431, or MDA-MB 
453 cells with secondary control antibody 
(dark line), preimmune canine sera (light 
gray peaks) or day 40–50 cEGFR p527 
post immune sera (black peaks). B-L. 
FFPE canine osteosarcoma tissue samples 
were stained using either preimmune or 
immune sera from cEGFR p527 immu-
nized dogs. Panels B, D, F and H are each 
stained with an individual preimmune 
serum. Panels C, E, G and I are each 
stained with the corresponding individual 
immune serum. Panels J, K and L repre-
sent staining with healthy dog sera, posi-
tive EGFR control monoclonal antibody 
(Ab-10) or isotype control IgG antibody, 
respectively. M. Mean fluorescent in-
tensity (MFI) of preimmune and immune 
sera stained tissues from panels B-I as 
analyzed by Image J. Magnification is 
40x. (For comparison of staining differ-
ences between panels B-L, reader is 
referred to the web version of this article.)   
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cEGFR p527 immune sera bind live cell-associated canine EGFR and 
human EGFR and HER2 

The antibodies elicited by immunization also bound intact EGFR on 
both human and canine tumor cell lines (Fig. 2A; representative serum 
analysis on lower panels). Canine osteosarcoma D17 and human A431 
cells both express EGFR (Fig. 2A, top panels) as illustrated by anti-EGFR 
positive control binding. cEGFR p527 immune serum bound to EGFR on 
the surface of the D17 cells to higher degree than preimmune serum 
(Fig. 2A, lower panel). Similarly, binding was demonstrated to the 
human EGFR overexpressing cell line A431. Overall, cEGFR p527 im-
munization elicits antibodies binding both canine and human EGFR 
expressed on cell membranes, a critical observation to support the 
ability to bind tumor cells in vivo. Finally, immune canine serum also 
stains cell populations of MDA-MB-453, a cell line positive for HER2 but 
not observed to express EGFR (Fig. 2A, bottom right panel). The upper 
MDA-MB 453 panel illustrates binding by trastuzumab as a control. 

These results were further confirmed by the staining of canine os-
teosarcoma tissue using cEGFR p527 immune and preimmune sera. 
Canine osteosarcomas have been reported to express varying levels of 
ErbB family proteins (EGFR/HER2) and/or mRNA [8,12,28]. 
Post-operative OSA bone tumor tissues were obtained from local pa-
tients and analyzed by immunofluorescence for binding by pre- and 
post-immune canine serum samples (Fig. 2B,I). Immune sera from 
cEGFR p527 immunized dogs bound to osteosarcoma tissue (Fig. 2C,E,G, 
I – each panel a separate serum) whereas there was little tissue binding 
seen with the corresponding preimmune tissue (Fig. 2B,D,F,H). These 

results were confirmed as the mean fluorescent intensity (MFI) of the 
immune sera-stained tissue was greater than those of preimmune stained 
sera (Fig. 2M). Healthy dog serum (non-tumor bearing) (Fig. 2J) or 
isotype control secondary antibody (Fig. 2L) fail to significantly bind 
OSA tissue sections. In contrast, positive anti-EGFR monoclonal anti-
body (clone Ab-10) control stained OSA tissues with a more diffuse 
overall pattern (Fig. 2K). 

cEGFR p527 immunization mediates CD8 infiltration and IGG deposition 
into tumors 

Tumor-specific immune responses were also assessed for the infil-
tration of CD8 T cells into the tumor site [29,30]. Fresh bladder tissue 
carcinoma was obtained from a cEGFR p527 immune dog with urothe-
lial carcinoma. The tissue was analyzed for infiltrating antibody and T 
cells into the bladder tumor versus normal, non-cancerous bladder tissue 
from a second healthy donor (Fig. 3). DAPI single stained tissue is 
illustrated in panel A (blue cells), while CD8 T cells were detected in 
tissue from a cEGFR p527 immunized dog (green cells; Fig. 3B). The 
bladder tumor from the cEGFR p527 immune patient also stained pos-
itive for dog IgG (Fig. 3C and D), while bladder tissue from a 
non-immunized dog was negative for IgG deposition (Fig. 3E and F). 
These observations show that cEGFR p553 immunization can promote 
antibody deposition and CD8 T cell infiltration into the tumor 
microenvironment. 

Fig. 3. cEGFR p527 immunization mediates CD8 infiltration and 
antibody deposition into canine tumors. Postmortem bladder cancer 
tissue from a cEGFR p527 immune dog and tissue from healthy, non- 
cancerous bladder was examined for infiltration of CD8 T cells and 
endogenous antibody. A. CD8 isotype control. B. CD8 T cell staining 
(green). Arrows illustrate presence of CD8+ cells within the tumor 
tissue. C. & D. Antibody deposition in canine bladder tumor tissue 
from a cEGFR p527 immunized dog (two different fields). E. & F. 
Canine IgG deposition in normal canine bladder tissue (two different 
fields). Magnification is 40x (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.).   
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Anti-cEGFR p527 antibodies inhibit cell signaling 

We next examined whether antibodies were also capable of inhibit-
ing EGF- and HER2-mediated intracellular signaling. We assayed the 
levels of EGFR phosphorylation (pEGFR) in canine D17, human A431, 
and HER2 signaling in MDA-MB-453 human tumor cell lines was 
assessed by analysis of pERK (Fig. 4). As illustrated, the levels of 
phospho-EGFR were reduced upon EGF stimulation in those D17 cells 
that had been pre-incubated with immune serum as compared to pre- 
immune serum (Fig. 4A,B). In a similar manner, immune serum de-
creases EGFR signaling in human A431 cells (Fig. 4D,E). MDA-MB-453 
cells are HER2 bearing cells, lacking expression of EGFR. Fig. 4G,H 

illustrate the ability of cEGFR p527 antisera to interfere with HER2- 
mediated signaling pathways. 

cEGFR p527 antiserum inhibits tumor cell line growth 

In vitro tumor cell growth inhibition is a standard of analysis in 
assessing the biological efficacy of anti-tumor antibodies. Tumor cell 
line growth (D17, A431 and MDA-MB-453) was inhibited in the pres-
ence of cEGFR p527 immune serum (Fig. 4C, F and I). A431 cell growth 
was inhibited by approximately 56% in the presence of p527 canine 
immune serum (1:50 dilution) as compared to cetuximab (approxi-
mately 40%) (Fig. 4F). EGFR p527 immune serum inhibited MDA-MB- 

Fig. 4. Anti-cEGFR p527 antibodies block EGFR and HER2 signaling and in vitro growth. cEGFR p527 immune serum blocks the signaling of EGF induced EGFR 
phosphorylation and HER2 signaling as assessed by pERK immunoblot. GAPDH was used as a protein loading control. For growth inhibition, cells were incubated 
with 1:50 or 1:100 dilutions of immune dog serum. Cetuximab served as the positive control for A431 cells, Ab-1 was the positive control for D17 cells and tras-
tuzumab was the positive control for MDA-MB-453 cells. Cell proliferation was measured by 3H-thymidine incorporation and growth inhibition relative to pre-
immune serum, calculated as described in the Materials and Methods. A. Inhibition of EGF signaling in D17 cells. B. Ratio of pEGFR/GAPDH in D17 cells as 
determined by densitometry of immunoblots. C. Inhibition of D17 growth. D. Inhibition of EGF signaling in A431 cells. E. Ratio of pEGFR/GAPDH in A431 cells as 
determined by densitometry of immunoblots. F. Inhibition of A431 growth. G. Inhibition of HER2 signaling in MDA-MB-453 cells. H. Ratio of pERK/GAPDH in MDA- 
MB-453 cells by densitometry of immunoblots. I. Inhibition of MDA-MB-453 growth. 
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453 cell growth by approximately 52% (Fig. 4I). Data are normalized to 
the signal of pre-immune canine patient serum in identical wells. 

Tumor regression in immunized dogs 

Thoracic radiographs were obtained for some OSA-bearing dogs. 
Fig. 5 shows radiographs of dogs that presented with macroscopic pul-
monary nodules prior to immunization and responses post- 
immunization, as indicated. All were metastasis-free prior to limb 
amputation and chemotherapy. The cEGFR p527 immunization was 

initiated 3 weeks post chemotherapy, at the same time metastases were 
detected. As illustrated in Fig. 5, all three dogs had visible lung opacities 
consistent with metastases prior to immunization (Fig. 5A,C,E). The 
three dogs were positive for anti-EGFR antibodies, as indicated by ELISA 
and/or flow cytometry following immunizations. The time between se-
rial imaging varied from approximately 3 months (Fig. 5A/B), 11 
months (Fig. 5C,D), and 3 months (panel Fig. 5E,F). In each case, pre-
viously detectable metastases had resolved at the time of follow-up ra-
diographs. Although these are open-label phase I studies, the data 
suggest that the cEGFR p527 immunity, potentially in combination with 

Fig. 5. Regression of lung metastases in OSA patients immunized with cEGFR p527. Chest X-ray images of three separate dogs diagnosed with OSA lung metastases at 
the time of immunization with cEGFR p527 vaccine (panels A, C, E) and post immunization (panels B, D, F). Images A&B and E&F: approximately 3 months between 
imaging. Images C&D: approximately 11 months between images. Red circles represent presence of OSA metastases as defined by radiology reports (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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chemotherapy, can promote tumor regression in vivo. 

Twelve-month survival time of OSA dogs immunized with cEGFR p527 

Finally, we examined OSA patients for survival as a secondary 
endpoint of the phase 1 investigation, with the primary endpoint 
assessing immunity and safety. In brief, the 12-month survival rate in 
the population receiving immunization after standard of care (amputa-
tion and chemotherapy, N = 43) is 65%, with 95% confidence interval of 
53 to 75%, as indicated in Fig. 6. The median survival time is 478 days 
(95% CI; 418–617 days) and the mean survival time is 496 days (95% CI; 
426–565 days). This compares to previous reports indicating approxi-
mately 35–40% of dogs treated for OSA with standard-of-care therapy 
survived 12 months (Fig. 6; dark bar with asterisk) and median overall 
survival of approximately 307 days [31,32]. While our open label study 
was not intended to include blinded placebo controls, the data indicate 
statistically significantly improved survival benefit from cEGFR p527 
immunization compared to historical standard of care, amputation and 
chemotherapy. 

Discussion 

Cancer immunotherapy has grown rapidly over the years, utilizing 
monoclonal antibodies and, more recently, checkpoint inhibitor thera-
pies [1,2]. However, an appreciable number of patients becoming 
resistant to monoclonal antibody therapy[33], in part due to the rear-
rangement of ErbB heterodimers and mutational events in tumor cells. 
Vaccination to tumor proteins can induce long-lasting immunity, with 
easier administration compared to multiple infusions of monoclonal 
antibodies. 

Many non-mutated self-peptides, including those of tumor proteins 
can be viewed as immunogenic, termed ‘cryptic self-peptides’ and 
amplify the pathology of autoimmune diseases and tumor immune pa-
thology via epitope spreading [34-38]. Additionally, self-proteins, 
generated by mutational events of DNA or by frameshift in the RNA 
coding regions in dividing tumor cells are ‘neoantigens’ that break im-
mune tolerance [39,40]. In this study, we have identified an ErbB pep-
tide (cEGFR p527) to which normal immune tolerance has never been 
established, allowing formerly quiescent B and T lymphocytes to be 
primed and activated. The primary endpoint of the study is to confirm 
anti-tumor immunity and safety elicited by EGFR vaccination in spon-
taneous canine cancers. 

Immunotherapy for canine OSA has been of interest for many years. 
Indeed, a recent prior study examined the immunity exhibited by a 
Listeria expressing a human chimeric HER2 fusion protein in canine 
osteosarcoma [28]. Canine osteosarcoma has been reported to express 
HER2 as well as varying levels of EGFR mRNA and protein [8,12,28]. 
Similarly, a HER2 chimeric peptide vaccination therapy (emulsified in 
Montanide ISA 720VG) has demonstrated successful outcomes and ef-
ficacy with safety in human Phase I clinical trials of tumor bearing pa-
tients [41,42]. 

This study is based on our prior work illustrating anti-tumor im-
munity in transplantable ErbB murine cancer models [6]. Moreover, the 
ErbB domains utilized are surface exposed regions based on the crystal 
structures of these proteins. Overall, cEGFR p527 immunization was 
well tolerated, with the only minor adverse event being that of sterile 
abscess inflammation at the site of injection in approximately 14–30% of 
patients, the majority of which were self-resolving. We observed no off 
target tissue adverse events or autoimmunity, as indicated by post-
mortem pathological analysis (brain, heart, liver, lung, muscle spleen, 
thymus, pancreas, connective tissue) from 5 dogs immunized in our 
program (Yale University Department of Comparative Medicine and 
Pathology; data not shown). Advantages of this approach is in immunity 
generated to multiple ErbB tumor proteins, EGFR and HER2, often 
expressed on the same tumor. 

A prior study illustrated the binding properties of both cetuximab 
and trastuzumab to canine EGFR and canine HER2 emphasized the role 
of humoral immunity in canine cancer therapy [43]. Signaling through 
EGFR amplifies VEGF expression on tumor cells, a key pathway in tumor 
resistance to EGFR tyrosine kinase inhibitors [44]. It is clinically rele-
vant that cEGFR p527 immune dog sera block EGFR and HER2 signaling 
pathways. 

Antibody responses arise irrespective of breed, ranging from 4 to 30 
fold increased, with differences likely related to diverse MHC back-
grounds [45,46]. We do not yet understand how titers of antibody or T 
cell responses may correlate specifically to clinical outcomes. 
Twelve-month survival among OSA patients is not significantly corre-
lated with levels of anti-p527 antibody response (data not shown). In a 
limited number of tissues acquired at postmortem, antibodies and CD8 
cells were found to infiltrate the tumor microenvironment. We believe 
that collaborative binding of both EGFR and HER2 is critical in immu-
nity homing to the tumor microenvironment. Analysis of 43 osteosar-
coma patients first treated with amputation and carboplatin, followed 
with cEGFR p527 immunization revealed a significantly increased 
12-month survival. However, there is biological rationale for cEGFR 
p527 vaccination prior to initiation of chemotherapy in OSA. Significant 
anti-EGFR IgG immune responses often arise by 3 weeks, accompanied 
by the development of plasma B cells and memory B cell populations. 
Terminal stage B cell populations and circulating anti-tumor antibodies 
are durable throughout myelosuppressive therapies and will continue to 
provide anti-tumor immune surveillance during cycles of chemotherapy 
typically provided in OSA. The present study establishes immuno-
therapy as an important adjunct to surgery and chemotherapy. 

Perhaps the most promising data is the observations of regression of 
established OSA pulmonary metastases, often responsible for OSA 
mortality [47,48], over the course of cEGFR p527 immunization. This 
approach is a key step towards canine immunotherapy, and eventually 
paves the road toward human cancer vaccines. These interesting clinical 
findings of vaccination efficacy await confirmation through expanded 
prospective, randomized, placebo-controlled clinical trials. Future 
studies will further assess the features of individual tumors, including 
levels of ErbB expression that may be important in the clinical outcomes 
of cEGFR p527 immunization. 

Conclusion 

This is the first report of a canine ErbB peptide vaccine that elicits 
antibodies capable of binding both human and canine EGFR/HER2, 

Fig. 6. Survival statistics in cEGFR p527 immunized osteosarcoma patients. 
The plot illustrates 360-day survival among 43 patients with osteosarcoma 
receiving amputation, 4–6 cycles of carboplatin, followed by cEGFR p527 im-
munization. Twelve-month survival was observed at 65%, with 95% confidence 
interval of 53 to 75% (gray). The black bar with asterisks indicates prior studies 
reporting approximate 35–40% twelve-month survival in osteosarcoma patients 
similarly treated with standard of care (amputation and carboplatin) as 
examined in a similar manner herein. 
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inhibiting tumor growth and EGFR signaling in vitro and triggers homing 
of antibodies and CD8+ T cells to solid tumors in vivo. Antibodies to 
EGFR and/or HER2 synergize or increase sensitivity to radiation therapy 
or adjuvant chemotherapy [15–17]. These findings suggest that ErbB 
p527 immunization is a viable therapeutic strategy for the treatment of 
EGFR overexpressing osteosarcomas in the dog, and potentially other 
canine tumors, either alone or as adjunct to other forms of therapy 
including radiation, chemotherapy, or checkpoint inhibition. 
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