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ORIGINAL RESEARCH

Immunogenicity and antitumor efficacy of a novel human PD-1 B-cell vaccine (PD1- 
Vaxx) and combination immunotherapy with dual trastuzumab/pertuzumab-like 
HER-2 B-cell epitope vaccines (B-Vaxx) in a syngeneic mouse model
Pravin T. P. Kaumaya a,b, Linlin Guoa*, Jay Overholsera*, Manuel L. Penichetc, and Tanios Bekaii-Saabd

aDepartment of Obstetrics & Gynecology; bThe Wexner Medical Center and the Arthur G. James Cancer Hospital, The Ohio State University 
Comprehensive Cancer Center, Columbus, OH, USA; cDivision of Surgical Oncology Department of Surgery, University of California, Los Angeles, CA, 
USA; dDepartment of Internal Medicine, Mayo Clinic, Phoenix, AZ, USA

ABSTRACT
Therapeutic blockade of PD-1/PD-L1 signaling with monoclonal antibodies (mAbs) has shown clinical 
success and activity across a broad set of cancer subtypes. However, monotherapy with PD-1/PD-L1 
inhibitors are only effective in a subset of patients and ongoing studies show efficacy of treatment depends 
on a combinatorial approach. Contrary to mAbs chimeric B-cell cancer vaccines incorporating 
a “promiscuous” T-cell epitope have the advantage of producing a polyclonal B-cell antibody that can 
potentially induce memory B- and T-cell responses, while reducing immune evasion and suppression. Here, 
we describe a novel PD-1 B-cell peptide epitope vaccine (amino acid 92–110; PD1-Vaxx) linked to a measles 
virus fusion peptide (MVF) amino acid 288–302 via a four amino acid residue (GPSL) emulsified in Montanide 
ISA 720VG that aims to induce the production of polyclonal antibodies that block PD-1 signaling and thus 
trigger anticancer effects similar to nivolumab. In preclinical studies, the PD1-Vaxx outperformed the 
standard anti-mouse PD-1 antibody (mAb 29 F.1A12) in a mouse model of human HER-2 expressing colon 
carcinoma. Furthermore, the combination of PD1-Vaxx with combo HER-2 peptide vaccine (B-Vaxx) showed 
enhanced inhibition of tumor growth in colon carcinoma BALB/c model challenged with CT26/HER-2 cells -. 
The PD-1 or combined vaccines were safe with no evidence of toxicity or autoimmunity.
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Introduction

One of the most exciting recent developments in cancer immu
notherapy has been the introduction of the immune checkpoint 
blockade, for which J.P. Alison and T. Honjo received the 2018 
Nobel Prize in Physiology and Medicine.1 Indeed, therapeutic 
blockade of the signaling axis between programmed cell death 
protein-1 (PD-1) and its ligand programmed cell death ligand-1 
(PD-L1) with monoclonal antibodies (mAbs) such as the huma
nized mAb pembrolizumab (Keytruda®) and the fully human 
mAb nivolumab (Opdivo®) has shown remarkable clinical suc
cess in some cancer patients.2,3 Such monotherapies have 
demonstrated impressive activity across a broad set of cancer 
subtypes, even at advanced and metastatic stages of disease.4–9 

However, 60–70% of patients receiving anti-PD-1 therapy, such 
as pembrolizumab or nivolumab as single agents remain resis
tant to this therapy and will not respond or will relapse, leaving 
a substantial unmet medical need.10 Combinations of check
point-blocking antibodies are being tested in clinical trials, 
which include standard therapies (e.g. chemotherapy, radiation 
therapy), targeted therapies, other immunologic modulators, 
tumor vaccines, and oncolytic viruses. Combinations of check
point-blocking antibodies are more efficacious than single inhi
bitors but also cause greater immune-related toxicities (see 
review in Yan et al.10). Therefore, the promise of 

immunotherapy has been tempered by a number of clinical 
setbacks and is awaiting novel approaches.

Over the past two decades, another cancer treatment paradigm 
has evolved: selective, mechanism-based targeted therapies using 
peptide-based B-cell epitopes and peptide immuno-therapeutics 
that block the growth and spread of cancer by inhibiting oncogenic 
signaling pathways; these targeted therapies tend to have fewer 
side effects than nonspecific chemotherapies (reviewed in 
Kaumaya et al.11). The human epidermal growth factor receptor 
2 (HER-2) also known as HER2, HER-2/neu, p185neu, ERBB2, or 
CD340 family of receptors plays a central role in the pathogenesis 
of several human cancers including breast, ovarian, renal, colon, 
and lung carcinoma cancers12–17 and is associated with more 
aggressive forms of cancer,18 increased risk of metastasis, increased 
tumor invasion and decreased overall survival.19,20 Therefore, 
HER-2 is a key therapeutic target in several cancers that are 
binding sites of trastuzumab (Herceptin®) and pertuzumab 
(Perjeta®). Trastuzumab was the first humanized mAb targeting 
HER-2 in combination with chemotherapy to be approved for 
clinical use in patients with metastatic HER-2 positive breast 
cancer.21–28 The addition of pertuzumab, a humanized mAb that 
blocks the dimerization of HER-2 with other HER family mem
bers, to docetaxel and trastuzumab in patients with metastatic 
HER-2 positive breast cancer, resulted in improvement in progres
sion-free survival from 12.4 months to 18.5 months and in overall 
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survival from 40.8 to 56.5 months.29–31 Despite the benefit 
observed from trastuzumab approximately one-third of patients 
with metastatic, HER-2 positive breast cancer initially respond and 
the majority of responding patients eventually develop acquired 
resistance within one year of therapy.32 Targeted therapies with 
humanized mAb to HER-2 (trastuzumab, pertuzumab) or the 
chimeric mAb specific targeting EGFR (cetuximab, Erbitux®) 
have markedly improved survival in the adjuvant setting but still 
demonstrate toxicities, intrinsic or acquired resistance, and the 
majority of patients with advanced cancer finally succumb to their 
disease.

Despite their proven utility, mAb have specific drawbacks as 
therapeutics when infused in patients, including poor tissue/tumor 
penetrance, which may be especially pertinent when targeting the 
PD-1/PD-L1 signaling pathway. Additional drawbacks include 
immune-related toxicities, inadequate pharmacokinetics (PK) 
such as binding affinities, specificities, half-life, and high-cost 
burden to manufacturers and consumers.33 Therefore, in recent 
years, peptide-based and small-molecule inhibitors have been 
proposed in drug development strategies based on the publication 
of the human PD-1/PD-L1 complex in 2015 by Zak et al.34 

However, the development of small-molecule immune checkpoint 
inhibitors lags far behind mAbs. Although a few peptide-based 
and small-molecule inhibitors have been reported primarily in 
patent applications, no further information is disclosed so 
far.35,36 Importantly, such peptide vaccines offer an attractive 
immunotherapeutic option in the treatment of cancer, with con
siderable advantages in safety, cost-effectiveness, and ease of 
administration.

We have advanced a new paradigm in immunotherapy that 
focuses on humoral responses based on conformational B-cell 
epitope vaccines, with the goal of circumventing intrinsic drug 
resistance whilst providing the possibility of a durable cure. 
Specifically, our laboratory has developed two novel B-cell epi
tope-specific vaccines (B-Vaxx): a trastuzumab-binding epitope 
and the pertuzumab-binding epitope37,38 designed specifically 
using the X-ray structures of the HER-2-trastuzumab and HER- 
2-pertuzumab complexes.39–41 The clinical results of the first-in- 
human, dose escalation portion of the Phase I study with B-Vaxx 
were recently reported.42 The study vaccine was safe, well toler
ated, exhibited anti-tumor activity, and showed preliminary 
indication that peptide vaccination may avoid therapeutic resis
tance and offer a promising alternative to mAb therapies.

In this report, we describe for the first time the development 
and characterization of a novel chimeric B-cell peptide epitope 
targeting human PD-1 linked to measles fusion protein (MVF, 
sequence 288–302) T-cell epitope which aims to induce the body 
to produce polyclonal antibodies that block PD-1 signaling, thus 
mimicking the effects of nivolumab. To test the concept of devel
oping a PD-1 vaccine, we chose the well-established murine colon 
carcinoma cell line CT26 tumor model in syngeneic BALB/c mice 
to evaluate the effects of vaccination of four potential PD-1 vaccine 
candidates. We identified one PD-1 epitope sequence 92–110 
epitope (PD1-Vaxx) that significantly reduced tumor growth in 
a syngeneic BALB/c CT26 model. Importantly, we tested the 
power of combining the PD1-Vaxx with an established cancer 
vaccine (B-Vaxx) focusing on a relevant animal model with high 
translational potential. We obtained enhanced inhibition of tumor 
growth in a syngeneic BALB/c model challenged with colon 

carcinoma cell line CT26/HER-2 which outperformed the 
standard anti-mouse PD-1 mAb (29 F.1A12).43

Materials and methods

Identification of hPD-1 peptide epitopes

The selection of candidate B-cell epitopes expressed on the surface 
of PD-1 was accomplished by an in-house (Peptide 
CompanionTM, www.5z.com/csps/comer/pcom) computer-aided 
analysis using six correlates of antigenicity,44 described as follows: 
(a) the profiles of chain flexibility and mobility of individual 
sequences were calculated according to Karplus and Schultz;45 

(b) hydropathy profiles were generated over a seven residue span 
setting and then smoothed with a three residue span using the 
scale of Kyte and Doolittle;46 (c) hydrophilicity profiles over a six 
residue window were generated using the program of Hopp and 
Woods;47 (d) analysis of the exposure of an amino acid residue to 
water (1.4A probe) was carried out by the solvent exposure algo
rithm of Rose et al.48; (e) protrusion indices were calculated by the 
method of Thornton et al. that predicts portions of proteins that 
are accessible and protrude into the solvent;49 (f) the probability 
that a five-residue sequence is antigenic was determined by the 
method of Welling et al.,50sequences were given a score of 1 to 6 
based on their respective index values and were ranked: the highest 
ranking sequences had the highest individual score for the analyses 
examined, and successive candidates had the next highest score.

The best scoring epitopes were further ranked by correla
tion with their secondary structural attributes; e.g., an amphi
philic α-helical sequence or a β-turn loop regions are preferred 
over random coil fragments. Computer programs by Chou and 
Fasman51 and Novotny et al.52 were used to predict the sec
ondary structure (α-helix, β- strand/sheet, β-turn/loop, ran
dom coil) and α-helical amphiphilic moment. Finally, 
consideration was given to the individual amino acid sequence. 
Electrostatic ion pairs and helix dipole interaction in helical 
segment were also considered (e.g., hydrophobic/hydrophilic 
balance). We used peptide epitope mapping using algorithms 
of immunogenicity/antigenicity to identify four epitopes of 
PD-1 and we combined analysis of these epitopes with crystal 
structures complex of human PD-1/human PD-L1 (hPD-1/ 
hPD-L1) as disclosed by Zak et al.34 (PDB ID: 4ZQK) to 
engineer a chimeric B-cell vaccine based on the extracellular 
domain of PD-1. The selection was further enhanced by exam
ining the 3-D structure of PD-153 (PDB ID code: 4Z18, 4ZQK, 
3BIK). We have modeled all the four epitopes using PyMOL 
3-D modeling software Version 2.4.0 (Schrodinger, New York, 
NY, USA)The PyMOL User’s Manual: https://pymol.org.

Synthesis of hPD-1 peptide epitopes

Four novel peptide sequences that were identified to target 
human PD-1 were synthesized using a 9600 Milligen/ 
Biosearch solid-phase peptide synthesizer (Millipore, Bedford, 
MA, USA) with Fmoc/t-Butyl chemistry and PyBOP/6Cl- 
HOBT coupling reagents on CLEAR amide resin (Peptides 
International, Louisville, KY, USA). Some peptide samples 
were acetylated using 1-Acetylimidazole (Sigma-Aldrich 
St. Louis, MO, USA) before cleavage to provide samples of 
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peptides with more stable configuration as compared to free 
peptides which display flexible conformation. All peptides were 
synthesized as chimeric constructs with a “promiscuous” 
T helper epitope derived from the measles virus fusion protein 
(MVF, amino acids 288–302) using a four-residue linker 
(GPSL). Peptides were cleaved from the resin using cleavage 
reagent R (TFA)/thioanisole/EDT/anisole (90/5/3/2), and 
crude peptides were purified by semi preparative (C-4 Vydac 
columns) reversed-phase-high performance liquid chromato
graphy (RP-HPLC; Waters, Bedford, MA, USA). RP-HPLC 
fractions showing the same retention time were pooled 
together and lyophilized. All peptides showed purity in excess 
of 95%. Samples were then characterized by MALDI (Matrix- 
Assisted Laser Desorption Ionization) mass spectroscopy at the 
CCIC (Campus Chemical Instrumentation Center, The Ohio 
State University, Columbus, OH, USA) and analyzed on an 
analytical RP-HPLC system (Waters, Bedford, MA, USA). All 
peptides had the correct molecular mass.

HER-2 peptides mimicking trastuzumab- and 
pertuzumab-binding sites

The rationale, selection, and synthesis of the two peptide con
structs were originally described by the Kaumaya laboratory.37,38 

The GMP peptides trastuzumab-binding epitope conformational 
B-cell epitope (597–626) and the pertuzumab-binding conforma
tional B-cell epitope (266–296) were purchased from Peptisynthia 
(Torrance, CA) and acquired by Solway Group (Zug, Switzerland). 
The GMP peptides met all the FDA and US Pharmacopoeia 
requirements for sterility (i.e. bacterial/fungal), endotoxins, and 
potency. The bulk peptides were supplied to University of IOWA 
Pharmaceuticals manufacturing facility (Iowa City, Iowa) for ster
ile vialing in 3 mg lots. Endotoxin levels of these peptides were 
tested and determined to be within acceptable levels as Good 
Manufacturing Practice (GMP) grade. A combination of two 
HER-2 B-cell epitope (B-Vaxx) successfully completed a Phase I 
active immunotherapy clinical trial in 201942 (NCT01376505; IND 
#14633 2019) and presently undergoing an efficacy trial in HER-2 
positive breast and colon cancers.

Specificity of PD-1 peptide binding to rhPD-L1 and 
nivolumab by surface plasmon resonance (SPR)

The specificity was determined by SPR spectroscopy (Biacore 
T200, Columbia, MD) at 25°C and binding affinities to immo
bilized recombinant human PD-L1 (rhPD-L1) purchased from 
(Acrobiosystems, Inc, Newark, DE) and nivolumab (obtained 
from the OSU James Pharmacy, Columbus, OH) on CM5 
sensor chip (GE Healthcare Bio-Sciences, Uppsala, Sweden) 
were determined. rhPD-L1 ectodomain was immobilized 
onto the gold surface of a CM5 sensor chip by direct amine 
coupling. To obtain theoretical maximum response upon pep
tide binding, we calculated immobilization amount of rhPD- 
L1, nivolumab, and human IgG (ThermoFisher, Rockford, IL) 
is 9790 RU, 14286 RU, and 14286 RU, respectively. 20 μg/ml of 
rhPD-L1 at 10 mM NaAc pH 5.5, nivolumab at 10 mM HEPES, 
pH 7.5 and human IgG at 10 mM HEPES, pH 7.0 was injected 
over chip after activation with EDC/NHS for 7 min at 10 μl/ 
min. The resulting immobilization levels for rhPD-L1, 

nivolumab and human IgG were 2345 RU, 12264 RU and 
11651 RU, respectively. To validate prepared sensor chip, 
1 μM (17.3 μg/ml) rhPD-1 was injected over the chip for 
3 min at 10 μl/min (data not shown). 1 μM BSA was used as 
the negative control. The chip was regenerated by 10 mM 
Glycine-HCl, pH 2.5

Immunization with MVF hPD-1 peptide epitopes

For each peptide, vaccine antibodies were raised using New 
Zealand female white rabbits (2 kg/10 weeks) purchased from 
Charles River Laboratories (Wilmington, MA, USA). Rabbits 
were immunized with 1 mg of MVF chimeric peptide emulsi
fied in Montanide ISA 720 (SEPPIC Paris, France) and 333 μg 
nor-MDP adjuvant (N-acetyl-glucosamine-3yl-acetyl L-alanyl- 
D-isoglutamine) and boosted twice at three-week intervals, as 
previously.54 The vehicle Montanide ISATM 720 was purchased 
from SEPPIC and it had an approval certificate of analyses for 
toxicity, emulsifying property, and sterility. N-acetyl- 
glucosamine-3yl-acetyl-L-alanyl-D-isoglutamine (nor-MDP) 
was purchased from Penninsula Labs (Torrance, CA).

Female Balb/c mice, 6–8 weeks old, were immunized with 
0.1 mg of peptide emulsified in ISA720 with 33 μg of nor-MDP. 
Mice were boosted with the respective doses at 3-week inter
vals. Blood was collected submandibular sera tested for anti
body titers. Antibody titers were monitored by indirect ELISA 
against the peptide immunogens, the peptide B cell epitope, 
and an acetylated version of the B-cell epitope. Titers are 
defined as the highest dilution of sera with an absorbance 
value of 0.2 after subtracting the blank. Sera were collected 
weekly and animals were euthanized at approximately 18–21 d 
after tumor challenge. All experiments were performed in 
accordance with the U.S. Public Health Service Policy on 
Humane Care and Use of Laboratory Animals and approved 
by the Ohio State University Institutional Animals Care and 
Use Committee and detailed in the accepted protocol.

In vivo studies of four peptide vaccine hPD-1 epitopes: 
CT26 tumor model in mice

The peptide vaccines were dissolved in sterile water and emulsified 
in Montanide ISA 720 (1:1) and 33 µg nor-MDP. Female BALB/c 
mice (Charles River Laboratories, Wilmington, MA) at the age of 6 
to 8 weeks were immunized three times at 3-week intervals with 
100 µg peptide vaccine, and 2 weeks after the third immunization, 
the mice were challenged subcutaneously (s.c) with 105 CT 26 
tumor cells. PBS treated mice were used as a negative control. Mice 
were treated twice a week with anti-mPD-1 mAb 29 F.1A12 (Bio 
X Cell, West Lebanon, NH) 200 µg/dose reconstituted in PBS was 
used as a positive control. Tumor growths were monitored daily 
and measured twice weekly for up to 21 d after challenge. During 
immunization, blood was drawn biweekly and used in ELISA to 
monitor antibody titers.

In vivo studies of peptide vaccine hPD-1 epitopes: CT26/ 
HER-2 tumor model in syngeneic BALB/c mice

Peptide vaccines 100 μg were dissolved in sterile water and emul
sified in Montanide ISA 720 (1:1) and 33 μg nor-MDP. Female 
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BALB/c mice (Charles River Laboratories, Wilmington, MA) at 
the age of 6 to 8 weeks were immunized three times at 3-week 
intervals with of each peptide vaccine, and 2 weeks after the third 
immunization, the mice were challenged s.c with CT26/HER-2 
tumor cells (105 per mouse). The CT26/HER-2 is a model pre
viously used by us and others for proof-of-principle in active and 
passive immunotherapy.55–58 Mice were treated twice a week with 
mPD-1 mAb 29 F.1A12 (Bio X Cell, West Lebanon, NH) 200 µg/ 
dose as a positive control and PBS as a negative control. Tumor 
growths were monitored daily and measured twice weekly for up 
to 21 d after challenge. During immunization, blood was drawn 
biweekly and used in ELISA to monitor antibody titers. The mice 
were euthanized at the end of treatment and tumors were 
extracted. Tumor samples from BALB/c mice vaccinated with 
combination peptides (HER-2 and PD-1) were collected and sub
mitted for analysis at the Comparative Pathology & Mouse 
Phenotyping Core facility of the Comprehensive Cancer Center 
department of Veterinary Biosciences (Pathologist: Krista 
M. D. La Perle, DVM, PhD, Dipl. ACVP)

ELISA
The 96-well plates (COSTAR, Kennebunk, ME) were coated with 
100 µl of antigen at 2 µg/ml in PBS overnight at 4°C. Nonspecific 
binding sites were blocked for 1 h with 200 µl of PBS-1% BSA, and 
plates were washed with phosphate-buffered Tween 20 (PBT). 
Rabbit antiserum (1:500) or mouse antiserum (1:50) in PBT was 
added to antigen-coated plates in duplicate wells, serially diluted 
1:2 in PBT, and incubated for 2 h at room temperature. After 
washing the plates, 100 µl of 1:500 goat anti-rabbit or goat anti- 
mouse IgG conjugated to horseradish peroxidase were added to 
each well and incubated for 1 h. After washing, the bound antibody 
was detected using 50 µl of 0.15% H2O2 in 24 mM citric acid and 
5 mM sodium phosphate buffer (pH 5.2) with 0.5 mg/ml 2,29- 
aminobis (3-ethylbenzthiazoline-6-sulfonic acid, ABTS) as the 
chromophore. Color development was allowed to proceed for 
10 min, and the reaction was stopped with 25 µl of 1% SDS. 
Absorbance was determined at 410 nm using a Microplate 
Reader (BIO-RAD, Hercules, CA). Antibody titers were deter
mined as described previously56 and defined as the reciprocal of 
the highest serum dilution with an absorbance of 0.2 or greater 
after subtracting background. All data represent the average of 
duplicate samples.

Mouse isotyping assay

Antibody isotypes (i.e., IgA, IgM, IgG1, IgG2a, IgG2b, and IgG3) 
were determined using the Mouse Typer Isotyping Kit (BIO-RAD, 
Hercules, CA). Briefly, wells of a 96-well assay plate were coated 
with 100 µl of 2 µg/ml peptide antigen in ddH2O and incubated at 
4°C overnight. The plate was washed with washing buffer (0.05% 
tween-20 and 1% horse sera in PBS). The plate was blocked with 
1% BSA in PBS at room temperature for 1 hr. 100 µl of diluted sera 
was added to each well. After washing the wells, 100 µl ready to use 
rabbit anti-mouse subclasses antibodies were added to each well, 
respectively, and incubated at room temperature for 2 h. The wells 
were washed again, 100 µl (1/3000 dilution of goat anti- 
rabbit antibody conjugated to Horseradish Peroxidase (HRP) 
(ABCAM, Cambridge, MA)) was added to each well and incu
bated for 1 hr at room temperature in dark. The plate received 

a final wash and 50 µl prepared 2,2′-Azino-bis (3-ethylbenzothia
zoline-6-sulfonic acid) diammonium salt (ABTS, Sigma, St Louis, 
MO) substrate solution was added to each well. The reaction was 
stopped with 25 µl 1% SDS in ddH2O. Absorbance at 415 nm was 
determined using an ELISA plate reader. Dilutions of each sera 
samples were determined by the ELISA titers shown in absorbance 
of 0.4 or higher after subtracting the background.

Tumor growth and statistical analysis

Tumor sizes were observed daily and measured by calipers. 
Tumor volumes were calculated by formula: tumor 
volume = (length x width2)/2. Percentage of tumor growth 
inhibition (TGI%) was defined as the difference between med
ian tumor volume (MTV) of treatment group with the PBS 
control group and the value was calculated by formula: “TGI 
% = 100*(MTV control MTV test)/MTV” control. Complete 
regression (CR) was defined as tumor volume equal or less than 
50 mm3 for at least 3 consecutive measurements during the 
study. The Log-rank (Mantel-Cox) test was used to compare 
the percentage of CR in multiple groups. The significance of 
CR was analyzed by Fisher’s exact test. Data statistical analysis 
was performed by using online tumor growth analysis59 tool 
app https://kroemerlab.shinyapps.io/TumGrowth/for one-way 
analysis of variance (one-way ANOVA) to compare multiple 
groups or difference between two groups. GraphPad Prism 
8.1.2 (GraphPad Software, Inc. La Jolla, CA) was used to gen
erate figures and to perform Log-rank (Mantel-Cox) test or 
two-way ANOVA to analysis whole curve. All values are 
expressed as means ± standard deviation (SD). p value less 
than 0.05 was accepted as statistically significantly different. * 
indicate p < .05, ** indicate p < .01.

Results

Four novel peptide epitopes for hPD-1 are identified, 
demonstrated high immunogenicity/antigenicity and 
binding specificity characterized by (SPR)

B-cell epitopes were ranked based on six correlates of 
antigenicity44 and correlated with their secondary structure, 
combined analysis of these epitopes with crystal structures 
complex of human PD-1/human PD-L1 (hPD-1/hPD-L1).34 

From this analysis, four B-cell epitope sequences of human 
PD-1 were identified for further investigation: amino acid 
32–50, 45–64, 73–90, and 92–110 (see Figure 1(a) for peptide 
sequence). Figure 1(b) shows the secondary structure of the 
sequences as modeled using PyMOL 3-D modeling software, 
and Figure 1(c) shows the structure of the PD-1/PD- L1 
complex34. Figure 1(d) shows the PD-1 (92–110) epitope 
sequence location in the3-D structure of PD-1.

The four peptide sequences were synthesized as chi
meric constructs with a “promiscuous” T- helper epitope 
derived from the measles virus fusion protein (MVF, 
amino acids 288–302) and their immunogenicity was eval
uated in outbred rabbits. All four epitopes elicited high- 
tittered antibodies >250,000 against the immunizing pep
tides (MVF-PD-1 peptides, acetylated peptides, and free 
peptides). More importantly, the results showed that two 
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epitopes (MVF-PD1 (45–64 and 92–110)) elicited high 
levels of anti-peptide antibodies that recognized the 
recombinant hPD-1 (rhPD-1) protein (Figure 1(e)). One 
epitope 73–90 had little reactive antibodies and another 
epitope 32–50 had lower antibodies reactive to rhPD-1.

SPR spectroscopy was used to assess the binding speci
ficity that identified three of the four peptide sequences 
(MVF-PD-1 [45–64; 73–90; and 92–110]) were able to 
recognize and bind to both recombinant hPD-L1 (rhPD- 
L1) and nivolumab. Subsequent analyses showed that both 
the acetylated (Ac) peptides and free peptides bound to 
both rhPD-L1 and nivolumab (Figure 2). The remaining 
peptide sequence, MVF-PD-1(32–50) did not show these 
properties. Upon rhPD-1 injection, nivolumab generated 
a strong signal with response (3740 RU), rhPD-L1 caused 
a weak signal (461 RU), while the human IgG negative 
control did not show any binding signal (data not 
shown). BSA did not lead to any binding, indicating PD-1 
binding to nivolumab and rhPD-L1 was specific. Figure 2, 
panel A1 shows that MVF-PD-1 (45–64), MVF-PD-1 (73–
90), MVF-PD-1 (92–110) bind to immobilized hPD-L1, 
resulting in around 110 RU. In contrast, MVF-PD-1 (32–
50) exhibited very weak binding (11 RU), which is similar 
to the negative control, MVF-HER-2 (266–296) (20 RU). 
The same three positive MVF-peptides revealed stronger 
binding to nivolumab, 1030 RU, 1000 RU, 970 RU, respec
tively (Figure 2, panel A4). Again the MVF-PD-1 (32–50) 

showed negligible binding capacity (20 RU) indicating that 
this sequence does not represent a viable epitope. It was 
concluded that MVF-PD-1 (45–64, 73–90, and 92–110) 
were able to recognize both hPD-L1 and nivolumab, while 
MVF-PD-1 (32–50) does not. Additionally, the acetylated 
peptides also bind to hPD-L1 and nivolumab, albeit more 
weakly than the chimeric MVF peptides (Figure 2, panel A2 
and panel A5, respectively). The free peptides also bind 
both PD-L1 and nivolumab; PD-1 (73–90) shows much 
stronger binding to rhPD-L1 and nivolumab than PD-1 
(45–64) and PD-1 (92–110) (Figure 2, panel A3 and panel 
A6, respectively). PD-1 (45–64) is the second strongest 
binder. Therefore, binding efficiency of free peptides can 
be ranked as: (73–90) > (45–64) > (92–110). From these 
binding studies, it can be concluded that the PD-1 peptides 
46–64, 73–90, and 92–110 can recognize the rPD-L1 and 
can act as small peptide inhibitors of PD-1/PD-L1 
interaction.

Evaluation of immunogenicity of four engineered PD-1 
epitopes and anti-tumor activity in syngeneic BALB/c 
model challenge with CT26 colon carcinoma cell line

We initially evaluated the effects of immunization using 
the four chimeric peptide vaccine MVF-PD-1 epitopes as 
inhibitors of tumor growth in vivo using the CT26 tumor 
model in BALB/c mice (5 mice/gp). The CT26 tumor 

Figure 1. Identification of four B-cell epitope sequences of human PD-1. (a) Amino acid sequences of human PD-1, peptides 32–50, 45–64, 73–90 and 92–110 were chosen for 
evaluation. (b) The secondary structure of the sequences of human PD-1 epitopes as modeled by PyMOL. (c) The structure of the PD-1/PD-L1 complex as adapted by Zak et al.,34 

key amino acids involved in the interaction between hPD-1 (light blue ribbon model; navy blue amino acid residues) and hPD-L1 (green ribbon model; light green amino 
acid residues) are illustrated. Amino acids that constitute the central hydrophobic core of the hPD-1/hPD-L1 interface are indicated in yellow. Strands on both PD-1 and PD- 
L1 are indicated by red letters; (d) The 3D structure of human PD-1(92–110) peptide epitope as illustrated by PyMOL. (e): Immunogenicity and antigenicity of MVF-PD-1 B-cell 
epitopes. New Zealand White rabbits were immunized with 1 mg of each MVF-peptide immunogens dissolved in dd H2O emulsified (1:1) in Montanide ISA 720 vehicle 
(Seppic) with 333 μg of N-acetylglucosamine-3yl-acetyl-l-alanyl-d-isoglutamine(nor-MDP). Rabbits were boosted with the same doses at 3-week intervals. Blood was 
collected via the central auricular artery in rabbits. Sera (terminal) from rabbit (3Y+3) immunized with MVF-PD-1 peptide immunogens were tested individually versus the 
immunogen, acetylated B-cell epitope, the free B-cell epitope and the rhPD-1 protein by ELISA. 200 ng/well peptide or 500 ng/well of rhPD-1protein were used in duplicates 
to coat the ELISA plates. Titers are defined as the highest dilution of sera with an absorbance value of 0.2 after subtracting the blank.
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model is considered a relevant murine model of colon 
cancer and has been used in previous studies.60 As 
shown in Figure 3(a), mice received booster immuniza
tions every 3 weeks for a total of three vaccinations. Two 
weeks after the third vaccination, mice were inoculated 
with murine colon carcinoma CT26 tumor cells (105) s.c 
and tumor growth was monitored three times a week. 
Positive control group on Day 0 were engrafted with 105 

CT26 tumor cells sc and received 200 µg injections twice 
a week of anti-mouse antibodies directed against PD-1 
(anti-mPD-1; mAb 29 F.1A12) starting at Day 2 after 
tumor challenge. We monitored the antibody responses 
of pooled sera at various intervals 1 week and 3 weeks 
post each vaccination (2Y+1, 2Y+3, 3Y+1, 3Y+2, 3Y+3) 
against the vaccine constructs (Figure 3(b)). All vaccinated 
mice showed high immunogenicity developing high titers 
of antibodies to the respective immunogens. Tumor 
growth of individual mice is shown in Figure 3(c). Plots 
of tumor volume calculated by LWW at Day 14 and Day 
16 for each of the four treatment groups are showed, 
respectively (Figure 3(d)). Overall two-way ANOVA was 
used to analyze the whole curve of tumor growth, which 
shows significant difference with p < .01. All the peptides 
immunized groups and mAb treated mice are showed with 
less tumor burden than PBS group. Even at day 16, with 
one-way ANOVA tested all the six groups the p value is 
slightly beyond 0.05 significant cutoff value, which p 
= .074. However, the percentage of tumor growth inhibi
tion still ranges from 44% to 48%, except MVF-PD-1(45–
64) group only with 28% of TGI at day 16 (Figure 3(e)). 
Percent of CR stopped at day 12 vs PBS at Day 9 showed 
significant difference (Figure 3(f)). At Day 14, one-way 
ANOVA gave a p < .01 with six groups comparison. All 
the individual groups versus PBS showed significant dif
ference (Figure 3(d)). Comparing peptides with mAb trea
ted group the MVF-PD-1(92–110) showed the best tumor 
control ability than any other candidate peptide epitopes, 
with the p < .05 compared with mAb treated group 

(Figure 3(d)). Nevertheless, the MVF-PD-1(92–110) pep
tide vaccine showed the best tumor growth inhibition, 
which with up to 60% TGI is the highest one of all five 
groups vs with PBS group (Figure 3(e)). Overall this sug
gests that PD-1(92–110) epitope could be a useful inhibi
tory vaccine.

Efficacy of the PD-1 (92-110) vaccine epitope (PD1-Vaxx) 
versus anti-mouse PD-1 mAb 29 F.1A12 in inhibiting 
tumor growth in a syngeneic BALB/c model challenge with 
CT26 colon carcinoma cell line

In order to verify the efficacy of the PD1-Vaxx, BALB/c mice 
(10 mice/gp) were immunized with MVF-PD-1 (92–110) 
vaccine emulsified with nor-MDP and ISA 720. Mice were 
immunized 3 times and  three weeks apart (Figure 4(a)). Two 
weeks after the third immunization (3Y), the mice were 
engrafted with 105 CT26 tumor cells per mice. Negative con
trol mice were treated with PBS twice weekly and positive 
control group were treated with mAb 29 F.1A12 twice weekly 
after challenged with 105 CT26 tumor cells. Tumor growth 
was monitored twice weekly and measured by calipers. The 
PD1-Vaxx vaccine elicited high titers of PD-1 anti-peptide 
antibodies (Figure 4(b)). We also analyzed the isotypes of 
antibodies being generated by vaccination (Figure 4(c)) elicit
ing antibodies predominantly of the IgG1 (33%) isotype fol
lowed by IgG2a (27%) and IgG2b (19%). Tumor growth of 
individual mouse is shown in Figure 4(d). The anti-mPD-1 
mAb 29 F.1A12 and PD1-Vaxx vaccine treatments had simi
lar and significant reduction in tumor growth with two-way 
ANOVA p < .01 atDay 14 and Day 16 as analyzed by one-way 
ANOVA as shown in Figure 4(e) with p < .01 and p < .05, 
respectively. After day 9 of tumor challenge, only MVF-PD1 
(92–110) group observed complete regression. Percentage of 
CR (Figure 4f) was used to perform Log-rank (Mantel-Cox) 
test, which showed the p < .01 indicating MVF-PD1(92–110) 
has a better tumor control ability.

Figure 2. Characterization of novel hPD-1 peptide epitopes by SPR. The specificity of PD-1 was determined by SPR spectroscopy (Biacore T200, at 25°C) and binding 
affinities to immobilized rhPD-L1 and nivolumab on CM5 sensor chips were determined. rhPD-L1 and nivolumab were immobilized onto the gold surface of a CM5 
sensor chip by direct amine coupling. Panels A1-A3 represents the different forms of peptide binding to rhPD-L1 and Panels A4-A6 binding to nivolumab.
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Combination treatment with the PD-1 peptide vaccine 
(PD1-Vaxx) and combo HER-2 epitopes (B-Vaxx) resulted 
in robust HER-2 and PD-1 antibody response and 
effectively inhibits tumor growth in a syngeneic BALB/c 
CT26/HER-2 model

Next, the transferable CT26/HER-2 tumor model55 in BALB/c 
was used to test for synergistic effects of anti-PD-1 immuniza
tion therapy in combination with anti-HER-2 immunization 
therapy to determine whetherthis combination could increase 
immunogenicity, enhance anti-tumor responses and provide 
synergistic benefit in inhibiting tumor growth. Mice were 
immunized 3 times and  three weeks apart (Figure 5(a)). 
BALB/c mice were immunized with single MVF-PD-1 (92–
110), combo MVF-HER-2 (266–296) + MVF-HER-2 (597–
626) peptides, and triple vaccine combination constructs 
(MVF-PD-1 (92–110 + MVF-HER-2 (266–296) + MVF-HER 

-2 (597–626) peptides) emulsified with nor-MDP and ISA 720. 
Robust HER-2 and PD-1 antibody responses were elicited in all 
vaccinated mice groups (single, combo, and triple) over the 
time period to the individual vaccine epitopes as determined by 
ELISA (Figure 5(b)). The isotypes of antibodies elicited in the 
mice (terminal bleed 21 days post challenge) were determined 
to be predominantly of the IgG1 (72% for PD-1; 37% and 75% 
for HER-2) class followed by IgG2a (18% for PD-1; 23% and 
17% for HER-2) (Figure 5(c)). Ten days after the final boost 
CT26/HER-2 tumor cells (105) were transplanted s.c.in the 
flank of each mouse. Negative control mice were treated with 
PBS while positive control group was treated with anti-mPD-1 
mAb (29 F.1A12) twice a week after tumor challenge with 105 

tumor cells from CT26/HER-2. Tumor growth was monitored 
daily and measured with calipers twice a week over the course 
of the experiments. CT26/HER-2 tumor-bearing mice were 

Figure 3. Immunogenicity and preliminary assessment of hPD-1 peptide epitopes in BALB/c mice syngeneic model challenged with CT26 colon carcinoma cell line. (a): 
Scheme of BALB/c mice vaccination and tumor engraftment. BALB/c mice (5 mice/gp) 6–8 weeks old, were immunized with MVF-peptide immunogens emulsified in ISA 
720 with nor-MDP three times and three weeks apart. Mice were immunized with four MVF-PD-1 vaccine constructs [PD-1(32–50), PD-1(45–64), PD-1(73–90), PD-1 
(92–110)] prior to tumor challenge. Blood was collected weekly and sera tested for antibody titers by ELISA. Two weeks after the third immunization (3Y), the mice were 
engrafted with CT26 tumor cells 105 per mouse Control mice were treated twice weekly with PBS (10 mice as per Figure 4) as negative control and twice weekly with 
anti-mPD-1 mAb (29A.1A12) as positive control starting 2 days after tumor challenge. Tumor growths were observed twice weekly and measured by calipers; (b) 
Immunogenicity of MVF-PD-1 peptides in BALB/c mice immunized with various peptide constructs. Sera collected weekly were tittered against each individual MVF-PD-1 
peptide immunogen. The terminal bleeds were collected 18 days post challenge prior to mice being euthanized. (c) Individual plots of tumor growths in BALB/c mice 
immunized with MVF-PD-1 vaccine constructs [PD-1(32–50), PD-1(45–64), PD-1(73–90), PD-1(92–110)], PBS as negative control and anti-mPD-1mAb (29A.1A12 as 
positive control. (d) Plots of tumor volume LWW at Day 14 and Day 16 for each of the four treatment groups; Two-way ANOVA was used to analyze the whole curves of 
tumor growth, which shows significant difference with p < .01; (e) Percentage of tumor growth inhibition (TGI%) was defined as the difference between median tumor 
volume (MTV) of treatment group with the PBS control group and the value was calculated by formula: TGI% = 100*(MTV control-MTV test)/MTV control which were 
calculated atDay 14 andDay 16. (f) Complete tumor regression (CR) was defined as tumor volume equal or less than 50 mm3 for at least 3 consecutive measurements 
during the study. The Log-rank (Mantel-Cox) test was use to compare the percentage of CR in multiple groups.
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euthanized up to 21 d after transplantation. Tumor growth for 
each mouse is shown in Figure 5(d). Tumor sizes at various 
times are shown in Figure 5(e) and two-way ANOVA was used 
to analyze the whole curve of tumor growth, which shows 
significant difference with p < .01; One-way ANOVA was 
used to analyze the tumor burden at day 14 and day 16, both 
showing significant difference with p < .01, and all the peptide- 
immunized groups and mAb-treated group are significantly 
better than PBS group, with all the p value less than 0.01. Our 
results show that the triple vaccination (combo HER-2 + PD-1) 
showed significantly reduced tumor growth in the BALB/c 
syngeneic model of CT26/HER-2 colon carcinoma versus the 
single PD-1 vaccine or the combo HER-2 vaccine. More 
importantly, the triple vaccination showed significant inhibi
tion of tumor growth versus the gold standard anti-mPD-1 
mAb (29 F.1A12) positive control (Figure 5(e)). Significantly 
higher percentage of tumor growth inhibition (%TGI) was 
observed in triple combination treatment group, with up to 
95% TGI compared to PBS control group treatment at day 14 
and 91% at Day 16 (Figure 5(f)). Notably, the PD-1 vaccination 
group showed 78% TGI while mAb 29 F.1A12 treatment was 
60% TGI and combo HER-2 exhibited 51% TGI. Most 

importantly, we observed rates of complete response (CR), 
only in PD-1(92–110) and triple group after Day 14 with 2 
out of 10 in PD-1(92–110) treated group versus 9 out of 10 in 
the triple treated group (Figure 5(g,h)), p < .01 was obtained by 
Fisher’s exact test. In addition, after Day 16, only triple treat
ment group mice still observed CR mice, which still up to 50% 
of mice with CR in triple group (Figure 5(g,h)). The high rate 
of CR in the triple treatment group suggests that inhibiting 
multiple cancer signaling targets with combination of peptide- 
based vaccines may demonstrate synergistic inhibitory proper
ties as compared to individual treatment options.

PD-1 vaccines are safe and do not exhibit toxicity or 
autoimmunity

All mice vaccinated over a period of 8 weeks showed no signs 
of scruffiness, lesions, or lethargy. Organs (spleen, liver, heart, 
lung, kidney, and tumor) from the Balb/c mice vaccinated with 
combination peptides (HER-2 and PD-1) were collected from 
mice and submitted for analysis at the Comparative Pathology 
& Mouse Phenotyping Core facility of the Comprehensive 

Figure 4. Efficacy of MVF-PD-1 (92–110) vaccine candidate in BALB/c mice syngeneic model challenged with CT26 colon carcinoma cell line. (a) Scheme of BALB/c mice 
vaccinationand tumor engraftment. BALB/c mice (8-10 mice/gp) 6–8 weeks old were immunized with MVF-PD-1(92–110) vaccine emulsified with nor -MDP adjuvant in 
ISA 720 vehicle. Mice were immunized three times and three weeks apart, 2 weeks after the third immunization (3Y), the mice were engrafted with 105 CT26 tumor cells 
per mouse. Control mice were treated twice weekly with PBS as negative control and twice weekly with anti-mPD-1 mAb (29A.1A12) as positive control group starting 
on Day 2 after tumor challenge. Tumor growths were observed twice weekly and measured by calipers; (b) Immunogenicity of MVF-PD-1 (92–110) peptide epitope vaccine 
in BALB/c mice. Mice bleeds were collected weekly after the primary immunization, and ELISA was used to detect antibody titers in sera. For example the nomenclature is 
2Y+1 signifies one week post 2nd injection; 3Y+2 signifies 2 weeks post 3rd injection; (c) Antibody isotypes in Balb/c mice (3Y+1) after immunization with MVF-PD-1 
(92–110) nor-MDP and ISA 720; (d) Individual plots of tumor growths by days in BALB/c mice immunized with MVF-PD-1 peptides, PBS was used as negative control and 
anti-mPD-1 mAb (29A.1A12) was used as positive control; (e) Plots of tumor volume LWW at Day 14 and Day 16 for each of the four treatment groups, which showed 
statistical differences with p < .01 and p < .05 respectively analyzed by one-way ANOVA; (f) Percentage of complete tumor regression (CR) was used to perform Log-rank 
(Mantel-Cox) test, which showed the p < .01, and only MVF-PD-1(92–110) group observed CR after day 9 of tumor challenge.
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Cancer Center Department of Veterinary Biosciences. No sig
nificant lesions were noted in any of the organs submitted for 
histologic evaluation. There were also no overt biochemical 
abnormalities noted. All mice had hepatocellular vacuolation 
consistent with glycogenosis. Glycogen accumulation in the 
liver is interpreted to be a normal finding and varies depending 
on the physiological state of the animal. Glycogen accumula
tion can also be observed as a manifestation of toxicity or with 
glycogen storage diseases.

Discussion

Currently over a dozen immune checkpoint antibodies target
ing CTLA-4 and PD-1/PD-L1 have received FDA regulatory 

approval worldwide, and there are numerous of ongoing clin
ical trials for checkpoint inhibitors targeting PD-1 and PD- 
L1.61–63 These therapies have led to exceptional successes in 
only a minority of patients. Mechanisms underpinning innate 
and acquired resistance are responsible in part to for the lack of 
response to PD-1/PD-L1 blockade, highlighting the rationale 
that well-designed combination therapies may extend the use 
and clinical impact. For example, the combination of ipilimu
mab and nivolumab was approved by the FDA because of 
positive results for patients with unresectable melanoma and 
promising Phase Iand II trials,64 however the combination also 
showed increased toxicity compared to monotherapy.65 In this 
respect, small-molecule inhibitors or peptidomimetics target
ing multiple pathways may offer unique advantages such as 

Figure 5. Efficacy of combination treatment of MVF-PD-1 (92–110) vaccine and HER-2 combo HER-2 vaccines in syngeneic BALB/c mice challenged with CT26/HER-2 cells. 
(a) Scheme of mice vaccination and tumor engraftment. 6–8 weeks BALB/c mice were immunized three times three weeks apart with single MVF-PD-1(92–110); combo HER-2: 
[MVF-HER-2 (266–297) + MVF-HER-2 (597–626)] and triple: (MVF-PD-1 + combo HER-2) peptides emulsified with nor-MDP adjuvant in ISA 720 vehicle. Two weeks after the 
third immunization (3Y+2), the mice were engrafted with CT26/HER-2 tumor cells105 per mouse. Control mice were treated twice weekly with PBS as negative control and 
twice weekly with anti-mPD-1 mAb (29A.1A12) as positive control starting at day 2 after challenge. Tumor growths were observed daily and measured by calipers; (b) 
Immunogenicity profile of single, combo and triple vaccinations in BALB/c mice. Mice bleeds were collected weekly after the primary immunization, and ELISA was used to 
detect antibody titers in sera; (c) Antibody isotypes: The final bleeds (21 days post-challenge at 3Y+2) were used to detect isotypes i.e., IgA, IgM, IgG1, IgG2a, IgG2b and IgG3) 
in BALB/c mice after immunization with triple constructs: MVF-PD-1 + combo HER-2 were determined using the Mouse Typer Isotyping Kit (BIO-RAD, Hercules, CA); (d) 
Individual plots of tumor growth in BALB/c mice up to 16 d. (e) Tumor burden by days in Balb/c mice immunized with the different peptide vaccines as illustrated above, PBS 
was used as negative control and a positive control group with anti-mPD-1 mAb (29A.1A12). Two-way ANOVA (GraphPad Prism 8.1.2) was used to analyze the whole curve 
of tumor growth, which shows significant difference with p < .01; One-way ANOVA (online analysis tool59 was used to analyze the tumor burden at Day 14 (inset) and Day 
16 (inset), respectively; &Note: Due to not all the time points tumors have been measured, this two-way ANOVA without day 9 to day13 tumor data; (f) Percentage of tumor 
growth inhibition (TGI%) was used to compare the treatment groups with the control group. The value was calculated by formula: TGI% = 100*(MTV control-MTV test)/MTV 
control, both calculated at day 14 and day 16. (g) Tumor response in mice. The number of mice observed complete tumor regression (CR) in each group. Log-rank (Mantel- 
Cox) test was use to compare the percentage of CR in multiple groups which showed significant difference with p < .01. (h) The CR was only observed in PD-1(92–110) and 
triple treatment groups after day 14. We compared the PD-1(92–110) group with triple treatment group by Fisher’s exact test both at day 14 and day 16, with p < .01 and p 
< .05, respectively. Our results show that triple treatment has stronger inhibition of tumor growth n = 9–10 mice in each group.
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improved oral bioavailability, prevent immune evasion, and 
most importantly reduce adverse events.36 This highlights the 
need to identify new target molecules that could be exploited in 
the next generation of immunotherapy. Several new 
antibodies66,67 targeting other checkpoint LAG3 and TIM-3, 
are under clinical investigation either as a monotherapy or in 
combinations with other immune checkpoint inhibitors or 
chemotherapy, T-cell vaccines, or radiation therapies.68

In order to address and overcome the inherent limitations 
and disadvantages of mAbs based immunotherapies, including 
certain adverse effects and immune-related adverse events, we 
have developed a portfolio of peptide-based B-cell epitope 
vaccines focusing on the design of chimeric B-and T-cell 
novel vaccines to HER-2,54,56,69,70 VEGF,71 EGFR/HER-1,72 

HER-373, and IGF-1R74,75 specifically aimed at eliciting specific 
high-affinity antibodies (B-cell). We have successfully trans
lated the first generation of HER-2 B-cell peptide vaccines into 
a phase I clinical trial76 and have recently successfully com
pleted another Phase I clinical trial (NCI funded and FDA 
approved Phase I trial IND #14633) with an improved second 
generation combination HER-2 vaccine trastuzumab-binding 
epitope (597–626) and the pertuzumab-binding epitope 
(266–296).37,38 We have thus far completed the dose escalation 
of our HER-2 combo peptide vaccine, determined the optimal 
biologic dose, and a Phase II efficacy trial is under way 
(NCT01376505).

The present manuscript describes the rationale, development, 
and validation of an alternative checkpoint inhibitor treatment 
modality that focuses on the innovative discovery of an inhibi
tory PD-1 B-cell epitope vaccine that elicits a polyclonal anti
body response that could mimic nivolumab effects without the 
concomitant toxicities including immune-related toxicities and 
resistance associated with checkpoint blockade antibodies. 
Successful cancer vaccines require the choice of antigens, an 
established system designed to elicit a strong effector and mem
ory B-and T-cell responses, and strategies to overcome immune 
evasion and suppression. The PD-1 vaccine described here 
showed high immunogenicity and antigenicity to human PD-1 
and induced tumor inhibition in vivo in a syngeneic BALB/c 
colon carcinoma CT26 tumor model. Furthermore, given the 
great potential for synergistic combinations of immunotherapy 
with another HER-2 B-cell vaccine. Furthermore, in the CT26/ 
HER-2 model, we demonstrated enhanced immunogenicity and 
inhibition of tumor growth in the triple combination (combo 
HER-2 + PD-1) versus the single PD-1 vaccine or the combo 
HER-2 vaccine. The triple vaccination showed significant inhi
bition of tumor growth versus the standard anti-mPD-1 mAb 
(29 F.1A12) positive control.43

We also investigated the impact of immunization using a 3 
versus 2 weeks’ schedule as well as the use of additional adju
vant nor-MDP delivered in either ISA720 or ISA 51. There was 
little difference between the 2 versus 3-weeks schedule. The 
forthecoming Phase I trial will be a dose escalating 10 µg, 50 µg, 
and 100 µg of PD1-Vaxx emulsified in ISA720. We analyzed 
the isotypes and cytokines to govern our final composition and 
immunization protocol for our planned Phase I clinical trial 
issues. The preponderant isotypes in mice was IgG1 followed 
by IgG2a. The increase in IgG2a in mice is likely due to T-cell- 
mediated immune response generated by the “promiscuous” 

T- cell epitope. Further studies are needed to better understand 
the role of the different isotypes and T-cell immune response in 
the mechanism of immune-activation and antitumor activity. 
Importantly, combination treatment showed no evidence of 
toxicity or autoimmunity. This suggests that such combination 
vaccines may have clinical advantages over mAb combination 
therapy for the treatment of cancer.

To date, concerted efforts have focused on combinations of 
approved therapies aiming to improve clinical efficacy and 
further augment positive outcomes and survival. Thus, 
a variety of combinations of checkpoint inhibitors with 
other modalities targeting different cell types are being pur
sued based on the need to block multiple pathways of immu
nosuppression Several groups have demonstrated a significant 
enhancement of antitumor activity by combining PD-1 and 
CTLA-4 blockade in various tumor models.43,77 The toxicol
ogy studies for the ipilimumab/nivolumab combination in 
cynomolgus monkeys (Macaca fascicularis) revealed addi
tional limited adverse events as compared with individual 
antibodies.77 However, there are numerous arguments why 
it is desirable to search for alternatives to mAbs because of the 
limitations of antibody drugs such as high cost of manufac
ture, poor oral bioavailability, low tumor permeability, low 
target selectivity, and intractable adverse events. There is 
intense research and an urgent need both academically as 
well as in industry to develop small molecules or low- 
molecular-weight protein drugs such as peptidomimetics tar
geting PD-1/PD-L1 blockade to build more efficient and less 
toxic therapeutics with better pharmacokinetic profiles. The 
design of these newer molecules is being added by a plethora 
of published complex crystal structures of PD-1 and PD-L1 
inhibitors providing structural information of “hot spots” that 
laid a solid foundation for drug discovery.78 Compared to 
PD-1 inhibitors, PD-L1 inhibitors can reduce the incidence of 
side effects resulting from immune disorders.79 The FDA has 
approved one humanized mAb (atezolizumab, Tecentric®) 
and two fully human mAb (avelumab, Bavencio ® and durva
lumab, Imfinzi®) targeting PD-L1.78,80 The recently reported 
avelumab/hPD-L1 complex structures have provided clear 
structural information on how the therapeutic mAbs abrogate 
the binding of PD-1/PD-L1.81 The PD-L1 targeting antibody, 
avelumab is now in multiple phase III clinical trials against 
non-small cell lung cancer (NSCLC) (NCT02395172), 
advanced renal cell cancer (NCT02684006), and gastric can
cer (NCT02625610). A vaccine targeting PD-L1 consisting of 
the extracellular domain of PD-L1 (PD-L1E) fused to the 
C-terminal of the translocation domain of diphtheria toxin 
(DTT) was recently reported.82 The therapeutic efficacy of the 
DPDL1E vaccine was evaluated in B16-F10 tumor-bearing 
C57BL/6 mice. The authors concluded that the DPDL1E 
vaccine targeting PD-L1 induced a PD-L1-specific immune 
response and delayed tumor growth in vivo. These results 
indicate a promising avenue for future research in the quest 
for cancer vaccine design.

Overall, the rational development of various immune stra
tegies for managing certain cancers holds substantial promise 
for transforming the therapeutic landscape and improving 
disease management in human beings. Our study also draws 
attention to the benefits of using a multi-targeted approach, 
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thus it is increasingly appreciated that only use of drugs that 
affect multiple signaling modalities will result in strong anti- 
proliferative effects and delay the onset of drug resistance. 
However, in our current study, we demonstrate that it is 
possible to generate vaccine combinations that can serve as 
powerful tools to interrogate oncogenic drivers in cancer cells. 
To the best of our knowledge there are no B-cell epitope 
vaccines that target the human PD-1/PD-L1 axis.

The greatest potential significance of our strategy is two-fold 
: (i) It combines multiple mechanisms of action by activating 
both B-and T- cell functions and promoting immunological 
clearance and (ii) It is a targeted approach aimed at inhibiting 
molecular signaling pathways that are crucial for tumor growth 
and maintenance. Active immunotherapy offers many advan
tages, including tumor specificity and the activation of immune 
responses against antigens that are selectively expressed by 
tumor cells. Additional benefits of the peptide vaccine 
approach include the ease and rapid synthesis, safety, lack of 
toxicity, and cost-effectiveness. Additional advantages of chi
meric B- and T-cell vaccines are exquisite specificity and the 
potential for a durable treatment effect that can be recalled due 
to immunologic memory. Furthermore, combination anti-PD 
-1 immunization therapy with anti-HER-2 immunization ther
apy produced high immunogenicity and greater inhibition of 
tumor growth. The combined vaccines were safe with no evi
dence of toxicity or autoimmunity. The development of a PD-1 
vaccine in this proposal is highly innovative and when com
bined with an HER-2 vaccine represents a highly novel promis
ing effective candidate for the treatment of several different 
metastatic cancers including, colon, breast, and lung.

In conclusion, this engineered MVF-PD-1 (92–110) peptide 
vaccine (PD1-Vaxx) incorporating a “promiscuous” T cell epi
tope derived from measles virus protein MVF epitope represents 
a vaccine agent useful for clinical translation and highlights the 
paradigm of B-cell peptide vaccine for future drug development. 
Toxicity studies for the PD-1 vaccine have been completed 
successfully in beagle dogs and non-human primates (manu
script in preparation) to support an FDA application for an IND 
for an upcoming Phase I clinical trial and received two ethical 
and scientific approvals from the Australian Bellberry Human 
Research Ethics Committee (HREC) and Macquarie University 
hospital (NCT04432207) to start Phase 1 trial in Australia. 
When this trial is completed, we plan to expand the combina
tion of the PD-1 and the combo HER-2 vaccine in a Phase II 
trial in the future. These results, thus highlight the favorable 
vaccine strategies of peptide B-cell vaccination for enhanced 
cancer immunotherapy. The synergistic immunotherapy com
binations of HER-2 and PD-1 modalities presented here repre
sent an important opportunity to improve responses and safety 
outcomes for patients with colon cancer given that HER-2 is 
also overexpressed in those cancers. The obvious next step 
would be to apply the combo HER-2 and PD-1 vaccine concept 
to other HER-2 overexpressing tumors such as breast and GI 
cancers. We are also examining this combination in BALB/c 
mice using the mammary tumor line D2F283 and D2F2/E2 
breast cancer cell lines generated by transfection of D2F2 with 
HER-2.84,85 As we continue to move forward in developing 
additional B-cell epitope vaccine inhibitors such as PD-L1, 
LAG-3, and TIM3, significant work remains to be done to 

determine both the optimal combination regimens as well as 
predictors of response in order to better personalize treatment. 
Building upon the progress we have detailed in this manuscript, 
we believe the field is poised for many more breakthroughs and 
significant new improvements in the treatment of patients with 
cancers for maximum clinical benefits.
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