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Abstract Therapeutic vaccines for the treatment of can-
cer are an attractive alternative to some of the conventional
therapies that are currently used. More importantly, vac-
cines could be very useful to prevent recurrences when
applied after primary therapy. Unfortunately, most thera-
peutic vaccines for cancer have performed poorly due to
the low level of immune responses that they induce. Pre-
vious work done in our laboratory in cancer mouse models
demonstrated that vaccines consisting of synthetic peptides
representing minimal CD8 T-cell epitopes administered i.v.
mixed with poly-IC and anti-CD40 antibodies (TriVax)
were capable of inducing massive T cell responses similar
to those found during acute infections. We now report that
some peptides are capable of inducing similarly large
T cell responses after vaccination with poly-IC alone
(BiVax). The results show that amphiphilic peptides are
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more likely to function as strong immunogens in BiVax
and that systemic immunizations (i.v. or i.m.) were more
effective than local (s.c.) vaccine administration. The
immune responses induced by BiVax were found to be
effective against established tumors in two mouse cancer
models. The roles of various immune-related pathways
such as type-I IFN, CD40 costimulation, CD4 T cells,
TLRs and the MDAS RNA helicase were examined. The
present findings could facilitate the development of simple
and effective subunit vaccines for diseases where CD8 T
cells provide a therapeutic benefit.
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Précis

A novel vaccine consisting of amphiphilic peptides mixed
with poly-IC when given i.v. activates high numbers of
antigen-specific, tumor-reactive CD8 T cells and provides
significant anti-tumor effects.

Introduction

CD8 T cells play an important role in the control of
intracellular infectious agents and have the potential to
mitigate malignant diseases. The CD8 TCR recognizes
small peptides bound to MHC class I (MHC-I) products on
APCs. These peptides known as CD8 T-cell epitopes are
usually derived from processed proteins corresponding to
microbial components or tumor-associated antigens
(TAAs). The identification of these peptides has lead to
developing epitope-based vaccines to induce antigen-
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specific CD8 T-cell responses for the prevention or treat-
ment of various infections and malignancies [1]. Synthetic
peptides containing defined CD8 T-cell epitopes constitute
an attractive approach for vaccine development due to their
ease of manufacturing and safety as compared to other
vaccine types such as recombinant DNA-derived proteins,
plasmids, viruses, or genetically engineered cells [2].
However, most peptide vaccines generate minute CD8
T-cell responses as compared to the T cell levels observed
during acute infections. Without a doubt, the vaccine’s
poor immunogenicity results in suboptimal clinical benefit
against an established/advanced disease and has enticed
many clinical researchers to seek other immunotherapy
alternatives [3]. These disappointing results could be
explained in part by the use of weak immunological
adjuvants (e.g., incomplete Freund’s adjuvant), suboptimal
peptide formulations, and inappropriate routes of vaccine
administration.

For some time, our laboratory has been involved in the
optimization of peptide vaccines for the induction of anti-
tumor CD8 T-cell responses [4, 5]. We have recently
proposed that in order to have an impact against established
tumors, the vaccines must elicit a CD8 T-cell response
resembling the magnitude and duration of the responses
observed during acute viral infections, where more than
one-third of the circulating CD8 T cells show specificity
for the offending microorganism [6]. We have reported that
synthetic peptides corresponding to the minimal CDS8
T-cell epitope administered intravenously mixed with poly-
IC and costimulatory anti-CD40 antibodies resulted in the
induction of vast numbers of antigen-specific CD8 T cells
in mice, resembling the levels observed during acute
infections [7]. Furthermore, experiments performed in
several mouse cancer models demonstrated that this vac-
cination strategy (TriVax) was highly effective against
established tumors resulting in many instances in complete
disease eradication [8, 9]. Although these results were
highly encouraging for developing therapeutic peptide
vaccines for humans, there are serious concerns regarding
the systemic use of agonistic anti-CD40 antibodies due to
potential deleterious effects such as cytokine storm and or
liver toxicity [10, 11].

We report here a novel vaccination strategy (BiVax) that
allows synthetic peptides to induce high levels of antigen-
specific CD8 T cells, when administered systemically (i.v.)
in combination with poly-IC without the use of costimu-
latory anti-CD40 antibodies. Immune responses produced
by BiVax were highly dependent on the simultaneous
administration of peptide and poly-IC, on the peptide
composition, vaccine formulation, and route of adminis-
tration. As expected, the magnitude of the response was
dependent on the expression of the poly-IC receptors TLR3
and MDAS. Peptide combinations with supposedly potent
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agonists to other TLRs (CpG, Pam3CSK4) were not able to
generate the strong CD8 T-cell responses. Interestingly, the
magnitude and duration of the CD8 T-cell responses gen-
erated by peptide and poly-IC mixtures did not rely on the
presence of CD4 T cells, scavenger receptor-A (SR-A), or
type-I IFN signals and were minimally affected by the
absence of CD40 signaling. The present findings may help
to clarify some of the mechanisms involved in the gener-
ation of massive and lasting CD8 T-cell responses by
peptide epitope vaccines and could facilitate the develop-
ment of more effective immunotherapies for cancer.

Materials and methods
Mice and cell lines

Six- to eight-week-old female C57BL/6 (B6) mice were
obtained from the National Cancer Institute/Charles River
Program (Wilmington, MA). CD40-deficient (B6.129P2-
Tnfrsf5™%%/J) mice and TLR3-deficient (B6;129S1-
Tir3™*™/7) mice in a B6 genetic background were pur-
chased from The Jackson Laboratory (Bar Harbor, ME).
Breeder mice deficient on MDAS (Ifihl) and interferon
alpha/beta receptor (IFNafR,) both on a B6 background
were kindly provided by Dr. Marco Colonna (Washington
University School, of Medicine, St. Louis MO) and Phi-
lippa Marrack (National Jewish Medical and Research
Center, Denver CO), respectively. Mice deficient for the
expression of both scavenger receptors-A (SR-A) and
MARCO (double knockouts on a B6 background) were a
gift from Drs. Jim Mulé and Shari Pilon-Thomas (Moffitt
Cancer Center). EL4 thymoma cells were purchased from
the American Type Culture Collection (Manassas, VA).
The TC-1 tumor cell line, expressing HPV16-E7 antigen
was obtained from Dr. T-C Wu (Johns Hopkins University,
Baltimore, MD). The B16-F10 mouse melanoma cell line
was provided by Dr. Alan Houghton (Memorial Sloan
Kettering Cancer Center, New York, NY).

Peptides, antibodies, and reagents

All synthetic peptides were purchased from A&A Labs
(San Diego, CA). Lipopeptides were synthesized by
attachment of 2 palmitic acid (Pam) chains via the 2 amino
groups of an N-terminal lysine. The purity and identity of
peptides were determined by high-performance liquid
chromatography and mass spectrometry analysis by the
vendor. Amino acid sequences of the peptides used in
this study are shown throughout the text and in the
corresponding figures. All peptides were solubilized at
20 mg/ml in DMSO-TFA (99.9 %/0.1 %) and stored in
aliquots at —80 °C. Polyinosinic:polycytidylic acid (poly-IC)
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stabilized with poly-lysine and carboxy-methylcellulose
(Poly-ICLC/Hiltonol) was kindly provided by Dr. Andres
Salazar (Oncovir, Inc., Washington, DC). Synthetic oligo-
deoxynucleotides containing CpG motifs, CpG-1826
(Class-B; 5'-tccatgacgttectgacgtt-3") and CpG-1585 (Class-
A; 5'-ggGGTCAACGTTGAggggge-3'), were prepared at
the Mayo Clinic Molecular Biology Core and were kindly
provided by Dr. R. Vile (Mayo Clinic, Rochester, MN).
Poly-AU and Pam3CSK4 were purchased from InvivoGen
(San Diego, CA). Antibodies for in vivo use in mice, anti-
PD-L1 (clone 10F.9G2), anti-CD4 (clone GK1.5), and anti-
CDS8 (clone 2.43), were purchased from BioXCell (West
Lebanon, NH). Fluorochrome-labeled antibodies were
obtained from eBioscience, Inc (San Diego, CA). Fluo-
rescence-labeled MHC-I/peptide tetramers were kindly
provided by the National Institute of Allergy and Infectious
Disease Tetramer Facility at the Emory University
(Atlanta, GA from NIH).

Immunizations and assessment of immune responses

Vaccines were freshly prepared by diluting and mixing the
peptides and TLR agonists in PBS to the appropriate
concentration in order to inject 30-200 pg peptide
(depending on the peptide) and 50-100 pg TLR agonist in
50-200 pl per mouse (depending in the route of adminis-
tration). In most instances, vaccines were administered
intravenously (200 pl/injection in the tail vein). In some
experiments, mice were vaccinated subcutaneously or
intramuscularly (50 pl/injection in 2 sites per mouse). Mice
received 1-3 booster immunizations every 5-7 days. In
some experiments, mice were depleted of CD4 T cells
using anti-CD4 monoclonal antibodies administered i.p.
300 pg twice, on days —2 and 0 before each immunization.
Immune responses were mostly assessed by tetramer
staining using peripheral blood samples obtained at various
time points or in spleen cells at the termination of the
experiments. Fluorescence was measured using either a
FACSCalibur or an LSRII flow cytometer (BD Biosci-
ences, San Jose, CA) and analyzed using FlowJo software
(Ashland, OR). Immune responses were also determined in
spleens with EliSpot assays as described [8].

Evaluation of vaccine therapeutic anti-tumor effect

Mice received 3 x 10%/mouse tumor cells (TC-1 or B16-
F10) s.c. in a shaved rear flank 5-6 days (as noted) before
their primary immunization. In some instances, mice
received 200 pg anti-PD-L1 antibodies i.p. on days 1 and 3
post-immunization. Tumor growth was monitored every
2-4 days in individual tagged mice by measuring 2
opposing diameters with a set of calipers. Mice were
euthanized when the tumors area reached 400 mm?.

Results are presented as the mean tumor size (area in
mm?) + SD for every treatment group at various time
points until the termination of the experiment.

Statistical analyses

Unpaired Student’s #-test was used to determine statistical
significance of differences in numbers of antigen-specific
CD8 T cells. Tumor sizes between 2 populations
throughout time were analyzed for significance using
2-way ANOVA tests. All analysis and graphics were done
using GraphPad Prism 5.01 (GraphPad Software, San
Diego, CA).

Results
Immunogenicity and anti-tumor effects of HPV-BiVax

We recently reported that two sequential peptide immuni-
zations (prime and boost, 2-weeks apart) using the minimal
CDS8 T-cell epitope HPV16-E7,49_s7 (RAHYNIVTF) com-
bined with poly-IC and anti-CD40 monoclonal antibodies
(TriVax) resulted in huge CDS8 T-cell responses capable of
eradicating 100 % established TC1 tumors in mice [9].
Interestingly, vaccination with a mixture of HPV16-E749_57
and poly-IC, without the «CD40 mAb (BiVax), was able to
induce a CD8 T-cell response, but the magnitude was lower
(~50 % compared to TriVax), and only 30-50 % of the
vaccinated mice were able to completely reject their
tumors. To further optimize BiVax in this tumor model, we
first assessed the possibility of reducing the time interval
between prime and booster immunizations and adding
another booster to increase the speed and intensity of
immune response and enhance the anti-tumor effect. As
shown in Fig. la, a time interval between prime and boost
of 7 or 5 days resulted in ~40 % antigen-specific CD§ T
cells, which is identical to the levels observed when prime
and boost were administered 13-21 days apart (data not
shown and [9]). On the other hand, a substantially lower
response was observed when the booster immunization was
given 3 days after the prime. Next, we assessed whether an
additional booster immunization (prime and 2 boosts,
5 days apart) would further augment the numbers of anti-
gen-specific CD8 T cells and would improve the outcome
in TC-1 tumor-bearing mice. While an additional BiVax
booster immunization appeared to increase the levels of
antigen-specific CD8 T cells in tumor-free mice, this dif-
ference was not significant (Fig. 1b). On the other hand, an
additional booster in tumor-bearing mice increased signif-
icantly to ~60 % the levels of antigen-specific CD8 T
cells. The tumor-bearing mice that were not vaccinated did
not exhibit antigen-specific CD8 T cells in their blood at
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Fig. 1 Additional BiVax boosters improve vaccine immunogenicity
and correlate with enhanced anti-tumor effect. a B6 mice were given
a boost 3, 5, and 7 days after prime; 5 days later, the percentage of
tetramer positive CD8 T cells was determined in blood (n = 3 mice
per group). b Mice were inoculated with 3 x 10° TC-1 cells s.c.;
6 days later, they were primed with BiVax E7,9_s; and boosted 5 and
10 days later. The percentage of tetramer positive CD8 T cells was
determined in blood 7 or 8 days after boost. A tumor-bearing non-
vaccinated group and a tumor-free vaccinated group were included as
controls. ns = no statistical significant differences between 1 and 2

the same time points. Most importantly, this experiment
showed that all the mice (6/6) that received the prime +2
booster BiVax therapy rejected their tumors (Fig. 1c). The
tumor-cured mice were depleted of CD8 T cells using
antibodies (as described in the legend of Fig. 1c) from day
43 to 65 after the vaccine prime and no tumor recurrences
were observed, indicating that most, if not all the tumor
cells had been eliminated. These results indicate that an
additional booster immunization helps maintain high levels
of antigen-specific CD8 T cells in tumor-bearing mice,
which may be critical for completely eradicating disease
and prolonging overall survival.

Effect of peptide size in the immunogenicity of BiVax-
HPV

It has been shown that vaccines using of long synthetic
peptides containing within their sequence a defined CD8
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boosts in tumor-free mice were observed. **Statistical significance
between 1 and 2 boosts (P < .001) in tumor-bearing mice was
observed. ¢ Tumor sizes were assessed 2-3 times a week using
automatic calipers. Mice were euthanized when tumors reached 2 cm
in diameter on either side. After tumor rejection, mice were CDS8-T-
cell-depleted by i.p. inoculation with 500 pg of «CD8 antibody (days
43, 46, 49, 62, and 65 after prime), which was followed until day 80
and no tumors appeared. CD8 T-cell depletion was monitored by flow
cytometry (n = 6 mice treatment group, 3 mice in the control groups)

T-cell epitope will result in superior immune responses as
compared to the use of peptides corresponding to the
minimal epitope when administered s.c. either emulsified
in IFA or in combination with anti-CD40 antibodies or
CpG adjuvant in PBS [12-14]. The rationale for the use of
long peptides versus minimal peptides is that the former
need to be presented to the CD8 T cells by professional
APCs such as dendritic cells (DCs) that are capable of
internalizing and processing the long peptides, while the
short minimal peptides could be presented by any MHC-I
expressing cell, potentially resulting in immune tolerance.
In addition, some long peptides may contain MHC class II
binding sequences, which would stimulate CD4 helper T
cells, further enhancing CD8 T-cell activation end expan-
sion. Thus, we assessed the immunogenicity of BiVax with
two long peptides of 13 and 35 residues, HPV16-E7,5_57
(AEPDRAHYNIVTF) and HPV16-E743 77 (GQAEPDR
AHYNIVTFCCKCDSTLRLCVQSTHVDIR), containing
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within their sequences the minimal 9-residue HPV16-
E749_5s7 CD8 T-cell epitope. Both long peptides contain a
CDA4 T cell epitope, HPV16-E7,45_s; (DRAHYNIVTF) [15]
that could potentially enhance the CD8 T-cell responses.
Contrary to what was predicted, the magnitude of the CDS§
T-cell responses observed in blood generated by the long
peptides was considerably lower as compared to the min-
imal CD8 T-cell epitope (Fig. 2a). The differences in
immunogenicity between short and long peptides were
even more evident when quantifying of the total numbers
of antigen-specific CD8 T cells in spleens, where the
minimal epitope HPV16-E749_5; was found to generate
vastly more antigen-specific CD8 T cells as compared to
the long peptides (Fig. 2b). The lower performance of the
long peptides compared to the minimal epitope could be
attributed in part to their suboptimal boosting capacity,
since mice that were primed with the long HPV16-E7,43_77
peptide and were later boosted with the minimal HPV16-
E749_57 peptide generated high levels of antigen-specific
CDS8 T cells, similar to those observed in mice that were
primed and boosted with the minimal peptide epitope
(Fig. 2c). The levels of antigen-specific CD8 T cells
induced by all three peptides HPV16-E749_57, HPV16-
E745_57, and HPV16-E7,3_7; after the BiVax prime were
quite low (<1 %, data not shown), which also suggests that
in this vaccine model, the vast T cell expansion takes place
after the secondary immunization and requires the minimal
peptide epitope.
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Applicability of BiVax to other CD8 T-cell epitopes

Next, we wished to extend the observations of the BiVax
immunization strategy to other MHC-I binding peptides
known to function as strong CD8 T-cell epitopes. For these
experiments, we selected the well-known H-2 Kb-restric-
ted epitope Ova,s7_n64 (SIINFEKL) and 2 epitopes derived
from the melanosomal antigens tyrosine-related proteins 1
and 2 (Trpl and Trp2), which function as tumor-associated
antigens for the mouse B16 melanoma. While Trp2;g9_;3s
(SVYDFFVWL) is restricted by H-2 Kb [16], the het-
eroclitic epitope Trplyss_se3om (TAPDNLGYM) is
restricted by H-2Db and has a substitution at position 9 (M
for A) to improve MHC-I binding and immunogenicity [17,
18]. After a prime-boost BiVax with Trp2;g9_1g3, mice
generated approximately 25 % tetramer positive CD8 T
cells in blood (Supplemental Fig. 1). In contrast, mice that
received BiVax using Ovass7_ogs OF Trplyss_aesom Pro-
duced a much lower T cell response (<5 %; Supplemental
Fig. 1). Comparing the sequences of the 2 epitopes that
performed relatively well in BiVax (HPV16-E7,9_s7 and
Trp2,g0-133) With the 2 peptides that did not functioned
well (OV3257_264 and Trpl455_463/9M), it became apparent
that immunogenicity could not be clearly attributed to the
overall hydrophobicity/hydrophilicity nature of the pep-
tides, which could affect pharmacokinetics and antigen
persistence after immunization. Ranking the peptides by
the Kyte-Doolittle hydrophobicity scale [19] showed that
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Fig. 2 Effect of peptide size on BiVax HPV16-E7,9_s; immunoge-
nicity. Mice were immunized with equimolar amounts of the E7,9_s7,
E745_s7, and E743_77 peptides, a booster shot was given 7 days later,
and the percentage of tetramer positive CD8 T cells was determined
in blood (a) and spleens (b) 14 and 22 days after prime, respectively.
¢ Mice were primed (p) with either BiVax E749_s7 or BiVax E743_77
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(as indicated), 7 days later received a boost (b) with BiVax E749_s57
and 7 days after the boost the % tetramer positive cells were
measured in blood. ns = no statistical significant difference between
the two groups was observed (n =3 mice per group for all
experiments)
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the two most immunogenic peptides ranked Ist
(Trp2,g80-188) and 3rd (HPV16-E7,49_s7). However, when
examining the hydrophobic and hydrophilic regions within
each peptide it became evident that the 2 immunogenic
peptides had an amphiphilic feature, where approximately
one half of the molecule was highly hydrophobic while the
other half was relatively hydrophilic (Supplemental Fig. 2).

Enhancing immunogenicity of Trpl-BiVax
by increasing peptide amphiphilicity

In view of the above, we examined whether the immunoge-
nicity of Trplyss_s63/0m using BiVax could be improved by
increasing the peptide’s amphiphilic nature, which was
achieved by the addition of 2 palmitic acid chains (Pam2) to
the amino terminus end using a KMFV linker (the positive
charges of K are eliminated with Pam conjugation). It should
be noted that lipopeptides prepared by attaching Pam2 to a
N-terminal lysine have not been reported to function as TLR
agonists as opposed to other lipopeptides where Pam?2 are
attached via an N-terminal cysteine and a SKKKK linker
(Pam2CSKKKK-), which have been shown to stimulate
TLR2/6 [20, 21]. The results in Fig. 3a demonstrate that
peptide Pam2KMFVTAPDNLGYM was substantially more
immunogenic than the minimal epitope TAPDNLGYM after
a BiVax prime-boost protocol. Interestingly, the minimal
epitope was highly effective in boosting responses in mice
that were generated by priming with Pam2KMF
VTAPDNLGYM (Fig. 3b). The enhancement of immuno-
genicity was also achieved with the addition of 67 hydro-
phobic residues to the amino terminus end of the peptide
(Fig. 3c). On the other hand, adding only 3 hydrophobic
residues did not affect the immunogenicity of the peptide.
Extending the natural sequence of the epitope at the amino
end by 7 residues (TNTEMFV) or adding the palmitic acid
chains directly to the minimal T cell epitope (without the
hydrophobic MFV linker) somewhat increased the immu-
nogenicity as compared to the minimal epitope but to a much
lower extent as compared to the peptide constructs that con-
tained 6—7 hydrophobic residues or the Pam2KMFV exten-
sion. Lastly, extending the Trpl peptide using charged or
hydrophilic residues did not substantially improve the
immunogenicity of the peptides using BiVax (Supplemental
Fig. 3). The strategy to enhance the peptide immunogenicity
by generating an amphiphilic construct also worked well with
Ovays7_264 (Supplemental Fig. 4).

Therapeutic effects of BiVax-Trpl against established
melanomas

A significant concern raised with the use of synthetic peptides

as immunogens is that these vaccines will mainly generate
low avidity T cells incapable of recognizing tumor cells that
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may express low density of peptide/MHC complexes on their
surface. Nevertheless, as shown in Fig. 3d, the CD8 T cells
induced by BiVax with Pam2KMFVTAPDNLGYM (from
hereafter simply referred to as “Pam2-Trpl”) were highly
efficient in vitro in recognizing B16 melanoma cells. The
therapeutic effect of BiVax immunization was evaluated
against 5-day established subcutaneous B16-F10 melanoma
tumors using Pam2-Trpl. Tumors grew at a significantly
lower rate in mice that received 2 sequential BiVax immu-
nizations as compared to the untreated group (Fig. 4a).
Moreover, the inclusion of 2 additional booster immuniza-
tions further increased the therapeutic effect of BiVax with
Pam2-Trpl (Fig. 4b) and the addition of PD1 blockade (with
anti-PD-L1 antibodies) resulted in a remarkable therapeutic
effect, where the majority of the mice (4/5) were able to
completely reject their tumors (Fig. 4c). Interestingly, the
control groups that received an irrelevant peptide (Pam2-
Ctrl) and poly-IC also showed a decrease in the rate of tumor
growth but the therapeutic benefit was not as effective as
compared to the use of the Pam2-Trpl peptide. The thera-
peutic effects of Pam2-Trpl BiVax and the control Pam-Ctrl
BiVax disappeared when mice were depleted of CD8 T cells
(data not presented).

Mechanisms involved in the immunogenicity of BiVax

Next, we examined some of the mechanisms that could
play a role in the generation of the strong CD8 T-cell
responses observed with BiVax. First, we assessed whether
other TLR agonists also being considered as immune
adjuvants performed with Pam2-Trpl. The results in
Fig. 5a demonstrate that only poly-IC was capable of
generating strong CD8 T-cell responses with Pam2-Trpl.
The use of poly-AU (another TLR3 agonist) did not lead to
the generation of the large CD8 T-cell response observed
with poly-IC. Furthermore, CpG containing oligodeoxy-
nucleotides of either type-A (CpG-1585) or type-B (CpG-
1826), which function as TLR9Y agonists or the TLR2/
TLR1 agonist PAam3CSK4, failed to generate substantial T
cell responses when administered mixed with Pam2-Trpl.
Interestingly, combining CpG-1826 with poly-IC reduced
the magnitude of the CD8 T-cell response as compared to
the use of poly-IC alone. On the other hand, the low T cell
response generated by the administration of Pam2-Trpl
peptide with CpG-1826 could be dramatically increased
with a BiVax booster containing poly-IC (Fig. 5b). The
results so far presented were obtained with poly-IC for-
mulation, known as poly-ICLC containing poly-lysine and
carboxy-methyl cellulose to stabilize the compound and
protect it from RNAse degradation, which occurs mostly in
primates [22]. Nevertheless, identical results were obtained
using several commercially available non-stabilized poly-
IC formulations (data not presented).
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Fig. 3 Increasing peptide amphiphilicity enhances immunogenicity
of BiVax. B6 mice were vaccinated i.v. on days O and 12 with BiVax
composed of 150 pg of peptide and 50 pg of poly-IC. a Mice (4 per
group) received identical BiVax immunizations (prime/boost) with
either minimal peptide (TAPDNLGYM) or palmitilated peptide
(Pam2KMFVTAPDNLGYM). Immune responses were measured in
blood 7 days after the boost. **Statistical significance (P < .001)
between the 2 peptides was observed after the boost. b Mice (3 per
group) were primed with palmitilated peptide and boosted with either
the palmitilated peptide or the minimal peptide. On day 7 and 19,
antigen-specific CD8 T cells were evaluated in blood by tetramer
analysis. ns = no statistical significant difference was observed
between the 2 peptides after the boost. ¢ Mice (3 per group) received

CD4 T cells may be important in the generation and
long-term maintenance of CD8 T-cell responses by func-
tioning as helper T cells. On the other hand, another CD4 T
cell subset known as T regulatory cells are known to inhibit
CDS8 T-cell responses [23, 24], in particular those directed
against self-antigens such as Trpl. Thus, we assessed
whether depletion of CD4 T cells prior to each immuni-
zation would impact the magnitude and duration of the
CD8 T-cell response generated by BiVax with the Pam2-
Trpl peptide. As shown in Fig. 6a, the level of the CD8
T-cell response after the BiVax prime (day 6 post-vaccine
priming) was almost twofold higher when CD4 T cells

two identical BiVax immunizations (prime-boost) with indicated
peptides as described above. 7 days after the boost the antigen-
specific CD8 T cells in blood were evaluated by tetramer analysis.
Results represent the average percentage of tetramer positive CD8 T
cells from 3 mice per group with SD (bars) of the means. d Purified
spleen CD8 T cells from the experiment presented in panel (a) from
the mice vaccinated with palmitilated peptide were evaluated for their
ability to recognize tumor cells using an IFN-y secretion EliSpot
assay. APCs used: Trplyss_s¢z-pulsed EL4 (EL4 + pep), B16F10
melanoma, and un-pulsed EL4 cells (negative control). Results
represent the average number of spots from triplicate wells with SD
(bars) of the means

were depleted as compared to the untreated mice. How-
ever, the magnitude of the immune response increased after
the booster immunization regardless of whether CD4 T
cells had been depleted or not. Also, the duration of the
Trpl CD8 T-cell response to BiVax was not affected by the
absence of CD4 T cells during the immunizations.

Next, using several genetically deficient mouse strains,
we evaluated the role that various immune-related recep-
tors could play in the generation of CD8 T-cell responses
by BiVax. The absence of CD40 and TLR3 resulted in a
marked reduction in the levels of antigen-specific CD8 T
cells observed after the vaccine prime (Fig. 6b). On the
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Fig. 4 Therapeutic effects of BiVax against established B16 mela-
noma. B6 mice (4 per group) were inoculated s.c. on day 0 with
3 x 10° live B16-F10 cells and vaccinated i.v. with Pam-Trpl or
control Pam2-Ctrl BiVax. Tumor-bearing mice received 2 (a) or 4
(b) immunizations (arrows). (¢) PD1 blockade was included in an
experiment using 4 BiVax immunizations. Anti-PD-L1 mAb (200 pg/
dose) was administered i.p. on days 1 and 3 post-immunization, and
two more antibody injections (on days 5 and 7) were added after the
4th BiVax immunization. Non-vaccinated mice (No Vax) and
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Fig. 5 Effect of various TLR agonists on BiVax immunization.
a Mice (3 per group) were immunized i.v. on days 0 and 12 with
Pam2-Trpl peptide and one of the following TLR agonists: 50 pg
poly-IC, 100 pg CpG-1826, 100 pg CpG-1585, 50 pg poly-AU, 100 pg
Pam3CSK4, and a mixture of poly-IC + CpG-1826. On day 7
(post-prime) and 19 (post-boost), blood samples were evaluated by
tetramer analysis. b Mice (3 per group) were immunized i.v. on days 0

other hand, in the absence of IFNafJR, MDAS, and scav-
enger receptors SR-A and MARCO, the primary immune
responses to BiVax were comparable as those observed in
wild-type (WT) mice. Strong secondary immune responses,
that more than doubled the levels of antigen-specific CD8
T cells as compared to the prime, were observed in all
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Days after Tumor Injection

Days after Tumor Injection

palmitilated irrelevant peptide BiVax (Pam2-Ctrl) were included as
controls. Tumor sizes were determined in individual mice by
measuring 2 opposing diameters and are presented as tumor areas
in square millimeters. Points, mean for each group of mice; gray bars,
period of anti-PD-L1 mAb treatment; bars, SD. P values were
calculated using 2-way ANOVA tests. *, 4 of 5 mice in this group
completely rejected their tumors and survived until day 60 (not
shown)
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o
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% Tetramer positive CD8 T cells

and 12 with BiVax/CpG-1826, and boosted one more time with
BiVax/poly-IC on day 24. The presence of antigen-specific CD8 T
cells in blood was evaluated by tetramer analysis on days 7 (post-
prime), 19 (post-boost), and 31 (post-2nd boost). Points, the value for
each individual mouse; horizontal line, the average value of the
group; bars, SD

instances. However, the absence of TLR3 resulted in
severe toxicity where 3/4 vaccinated mice died by what
appeared to be cytokine storm syndrome. In addition, the
fold-increase of the secondary response was lower in mice
deficient of the MDAS RNA helicase, as compared to the
WT and other genetically deficient mice. Although the



Cancer Immunol Immunother (2013) 62:787-799 795
a b O Post prime @ Post boost C ® Pam2KMFVTAPDNLGYM
» » 604 O TAPDNLGYM
® D a5 T
D 60 i 8 b
° @ Bivax o = E
|_
© O aCD4/BiVax © % ? ]

[@)] 0 454 O 40
(&) (@) s Y
g 2 £ * %
= ‘§ 30 ® é (@)

g g i . 3 ° 0o
5 GE) £ 20 4
g §15{ QO £ °

o @

2 g B & T = °
2 & a@am " o

0O— T T T T T T T T T 0- j j
0 10 20 30 40 50 60 70 80 90 100 & X X X X X Post prime  Post boost
$ TESFLF LSS
Days post vaccine priming R @‘?
¥
X
%Q\

Fig. 6 Immunological mechanisms involved in BiVax CD8 T-cell
responses. a Effect of CD4 T cells in immune responses to BiVax.
Untreated or CD4 T cell-depleted mice (3 per group) were immunized
iv. on days O and 14 with Pam2-Trpl-Bivax (arrows), and the
presence of antigen-specific CD8 T cells in blood was measured at
various time points using tetramer analysis. CD4 depletion was
initiated 3 and 1 day before the BiVax prime and repeated in a similar
way prior to the boost. CD4 T cell depletion was confirmed by
flowcytometry. b Role of immune receptors in the immunogenicity of
BiVax. WT B6 mice (WT), IFNapR~~, CD40~'~, TLR3 '~

CD40- and the TLR3-deficient mice exhibited lower pri-
mary CD8 T-cell responses, the booster immunization
generated strong secondary responses when considered as
the fold-increase, compared to the primary response for
each mouse strain. Since the adjuvant effect of poly-IC is
considered to depend in great part by its ability to induce
high levels of type-I IFN, it was somewhat puzzling that
the CD8 T-cell responses observed in IFNofR-deficient
mice were similar, if not identical to those observed in WT
mice (Fig. 6b). However, very different results were
observed when the minimal Trp1 peptide was used to boost
the T cell response induced by priming with Pam2-Trpl.
While as previously noted, the minimal Trpl peptide was
efficient in boosting the responses in WT mice (Fig. 3b),
this was not the case with the IFNofBR-deficient mice
where only the Pam2-Trpl was capable of boosting the
responses (Fig. 6¢). These results indicate that type-I IFN
may be critical only when antigen is presented by non-
professional APCs, which occurs when the minimal pep-
tide is used to expand the primed CD8 T cells.

Effects of the mode of administration
in the immunogenicity of BiVax

So far, the results presented above were obtained using i.v.
immunizations, which could be considered somewhat
unconventional. Thus, we compared BiVax immunogenicity

MDA5™~, and scavenger receptor SR-A and MARCO double
knockout (SR—Af/fMARCO#*) mice were evaluated for their
immune responses to Pam2-Trpl 7 days after prime and boost. *,
3/4 TLR3™™ mice died after the boost. ¢ IFNaBR™" mice were
primed with Pam2-Trp1 and boosted with either the Pam2-Trp1 or the
minimal peptide. On day 7 (post-prime) and 19 (post-boost), antigen-
specific CD8 T cells were evaluated in blood by tetramer analysis.
**Statistical significance (P < .01) between the 2 peptide responses
was observed after the boost

against Pam2-Trp1 using three different vaccination routes.
While both the i.v. and i.m. routes were highly effective for
the generation of strong responses, administration of BiVax
via the s.c. route was clearly less effective (Fig. 7a). Lastly,
we assessed whether the 2 components of BiVax, peptide and
poly-IC needed to be administered simultaneously, or whe-
ther separate injections given at different times would provide
similar results. Injecting Pam2-Trpl 5 h before poly-IC had
no deleterious effect as compared to the simultaneous
administration of both BiVax components (Fig. 7b). On the
other hand, the level of the immune response was dramati-
cally reduced when poly-IC was injected 5 h prior to the
administration of the Pam2-Trpl antigen. A somewhat dif-
ferent pattern of responses was observed with BiVax using
the HPV16-E7,49_s7 peptide. As with the previous result, the
simultaneous administration of peptide and poly-IC resulted
in generating the strongest immune response and adminis-
tration of the poly-IC before peptide reduced to a great extent
this response (Fig. 7c). However, in this case, HPV16-
E749_s7 injection before poly-IC reduced the response by
~50 %.

Discussion
There is little doubt that the effectiveness of a vaccine will

depend in great part on its ability to elicit high levels of
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Fig. 7 Effects of the mode of administration in BiVax vaccines.
a Mice (3 per group) were immunized though different routes and the
presence of antigen-specific CD8 T cells in blood was analyzed by
tetramer analyses 7 days after the prime and the boost. **Statistical
significance (P < .01) between i.v. and s.c. induced responses was
observed after the boost. ns = no statistical significant difference was
observed between i.v. and i.m. after the boost. b Mice (3 per group)
were pretreated i.v. with either PBS (control), Pam2-Trpl or poly-IC,
and 5 h later received i.v. BiVax (poly-IC and Pam2-Trp1) poly-IC or

long-lasting antigen-specific, pathogen-reactive CD8 T
cells. Our group has proposed that these levels and the
duration of the response should resemble those observed
during acute infections [6]. The failure of many vaccina-
tion strategies can be attributed in many cases to the
inability of the vaccines to generate potent and persistent
immune responses. Other instances of vaccine failures,
when strong immune responses have been observed, could
be related to the inability of the T cells to recognize the
pathogen-infected or tumor cells due to low avidity of the T
cells for their antigen. Particularly, in the case of TAAs that
are also expressed by normal cells such as Trpl, it is likely
that the highest avidity T cells are eliminated via immu-
nological tolerance and that vaccines would recruit T cells
of insufficient avidity to recognize tumor cells. Additional
concerns have been brought up on the use of vaccines that
utilize synthetic peptides corresponding to the minimal
CDS8 T-cell epitopes, including the induction of low avidity
T cells due to the generation of supraoptimal levels of
peptide/MHC-I complexes on APCs. In addition, some
vaccines prepared with short peptide epitopes have been
reported to induce T cell deletion [25], presumably because
these peptides can be presented by non-professional APCs.
In view of this, it has been advocated that peptide vaccines
should be prepared using long peptides that would require
capture and antigen processing by professional APCs [14].
Indeed, when long peptides were administered s.c. using
suboptimal adjuvants such as IFA or CpG, they were found
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Pam2-Trpl (as indicated for each group). CD8 T-cell responses were
measured by tetramer analysis on days 7 (post-prime) and 19 (post-
boost). ¢ Mice were injected i.v. with PBS, E749_s7, or poly-IC and
5 h later received a second i.v. injection with BiVax (E749_s7 + poly-
1C), poly-IC or the E749_57 (as indicated for each group) and were
boosted the same way 16 days later. The percentage of tetramer
positive CD8 T cells was determined in blood 6 days after prime and
boost (n = 3 mice per group)

to be more immunogenic than their short peptide counter-
parts [12, 13].

We present here an improved vaccination strategy
called BiVax that was designed to mimic a viral infec-
tion, inducing high levels of CD8 T cells with sufficient
avidity to recognize foreign and self-TAAs and capable
of persisting for a long time period. Our results show
that a synthetic peptide corresponding to a minimal CD8
T-cell epitope, HPV16-E749_57, mixed with poly-IC and
administered systemically (i.v.) in an aqueous formula-
tion generated after a short prime-boost protocol
(5-7 days apart), huge numbers of antigen-specific,
tumor-reactive T cells capable of rejecting established
tumors (Fig. 1). BiVax immunization using Pam2-Trpl
construct was also able to generate very large numbers
of antigen-specific CD8 T cells capable of recognizing
B16 tumor cells (Fig. 3) but the anti-tumor effects were
less impressive (Fig. 4a) as compared to the results in
the HPV tumor model. However, administration of two
additional booster immunizations and anti-PDL-L1 anti-
bodies resulted in a remarkable anti-tumor effect where
the majority of the mice rejected their tumors (Fig. 4c).
These results indicate that for some tumors such as B16
melanoma where PD-L1 exhibits a strong inhibitory
function, large numbers of antigen-specific CD8 T cells
by themselves are not sufficient to eliminate the disease
and that additional manipulations such as PD1 blockade
will be necessary.
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In contrast to results from others obtained with vaccines
administered s.c. in oil:water emulsions, the long peptides
bearing the HPV16-E7,49_s; epitope were markedly less
immunogenic than the minimal epitope, when administered
using the BiVax strategy (Fig. 2). In a report by Wick
et al., a long HPV peptide (19mer) administered s.c. in PBS
mixed with poly-IC in 4 sequential doses was shown to be
more effective in eliciting CD8 T-cell responses than the
minimal (9mer) epitope [26]. However, the magnitude of
the CD8 T-cell responses achieved in these studies by this
vaccination mode was several orders of magnitude lower as
to what BiVax achieved in the present studies after 2
sequential immunizations using the minimal 9mer HPV
epitope. The disparities in results between both studies
could be due to differences in peptide and poly-IC doses
and the route of vaccine administration. It remains
unknown the degree of participation of professional APCs
in the response to BiVax with the minimal HPV16-E749_s57
epitope and whether non-professional APCs could be pre-
senting antigen to the CD8 T cells to facilitate clonal
expansion. Also, we do not know the reason(s) why the
elongated HPV peptides were not as effective as the short
peptide in generating the vast CD8 T-cell responses
observed with BiVax. We propose that to be highly
immunogenic, a peptide must be able to both prime and
boost effectively and so far only the amphiphilic peptides,
no matter of what size can accomplish both tasks. In some
instances, peptides such as the long non-amphiphilic HPV
constructs could prime but were unable to boost (Fig. 2). In
other instances, the small non-amphiphilic peptides such as
Trplyss—aezom and Ovassy_oes could not prime but were
able to boost (Fig. 3b, Supplemental Fig. 4 and data not
shown). More extensive studies using additional CDS§
epitopes and corresponding peptide constructs will be
needed in order to establish whether these observations are
broadly applicable.

One could assume that the extensive CD8 T-cell
responses observed in BiVax with HPV16-E7,9_s; (and
amphiphilic Trp1 peptides) require the participation of both
professional APCs such as DCs (for the initial priming) and
non-professional APCs (for facilitating clonal expansion of
the activated T cells). Thus, the long HPV peptides would
be inefficient because they rely solely in professional
APCs, which exist at much lower frequencies than non-
professional APCs. Our results agree with the above-stated
assumption since a long HPV16-E7 peptide was found to
be effective in priming but not boosting the CD8 T-cell
response, while the short HPV16-E7 peptide was effective
in boosting responses induced by priming with either the
short or the long peptide (Fig. 2). Also, the minimal Trpl
peptide was found to be inefficient in priming CD8 T cells
(Fig. 3a) but was highly effective in expanding the T cells
generated by the Pam2-Trpl peptide (Fig. 3b).

Nevertheless, the ability of the Pam2-Trpl and elongated
hydrophobic Trpl peptide constructs not only to effectively
prime the CD8 T cells, but also to successfully expand
these responses needs to be addressed since these peptides
presumably would require to be presented by non-profes-
sional APCs. The possibility exists that amphiphilic, lipi-
dated, and hydrophobic elongated peptides may be able to
be captured and undergo processing by both professional
and non-professional APCs, while other long, not-so-
amphiphilic peptides such as HPV16-E7,5_s7 and HPV16-
E74377 may not be so effective in being captured by
non-professional APCs. In support of this possibility is the
observation that amphiphilic peptides can self-assemble
into well-defined nanostructures [27], which presumably
could be taken up quite effectively by APCs. The possi-
bility also exists that short peptides such as HPV16-E7,49_s7
and elongated amphiphilic Trpl peptides may form com-
plexes with poly-IC, which are more effectively internal-
ized by APCs via some type of nucleic acid-binding
scavenger receptor (SR). Once inside of the cell, the pep-
tide/poly-IC complexes within endosomal compartments
will stimulate TLR3 and may spill the contents to the
cytoplasm due to the proton sponge effect generated by the
endosomal nucleic acid content. Although all these possi-
bilities remain to be studied, the necessity for the formation
of peptide/poly-IC complexes is somewhat supported by
the observations that administration of poly-IC prior to the
peptide did not lead to the generation of the strong immune
responses (Fig. 7b, c). One would expect that poly-IC
would quickly be cleared from circulation by binding to the
numerous SRs whose function is to rapidly eliminate for-
eign and self-free nucleic acids. The injection of the pep-
tide before poly-IC could work if the persistence of the
peptide in circulation allows the in vivo formation of
complexes with poly-IC. The formation of peptide/poly-IC
complexes has been suggested due to the formation of co-
precipitates when HPV16-E7,49_s; was mixed with poly-IC
[28]. Members of the SR class-A (SR-A) family are known
to bind nucleic acids. Our results indicate that BiVax
generated levels of CD8 T cells in mice deficient in SR-AI/
II/IIT and MARCO that were equivalent to those observed
in WT mice. Thus, it is likely that other class of SRs may
be capable of interacting with poly-IC. The redundancy in
the specificity of SRs makes it difficult to pinpoint exactly
those receptors in professional and non-professional APCs
that would be involved in the capture of peptide/poly-IC
complexes.

With respect to the differences observed with the vari-
ous routes of administration, we initially reasoned that a
systemic administration (i.v.) of the vaccine would be able
to deliver antigen throughout most lymphoid organs
recruiting larger numbers of antigen-specific T cells as
compared to a local (s.c.) immunization, where only
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draining lymph nodes would be involved. Indeed, with the
Pam-Trpl peptide, BiVax given i.v. was far superior as
compared to BiVax s.c. (Fig. 7a). Interestingly, with Pam-
Trpl, BiVax given i.m. was as effective as BiVax i.v. Thus,
it is possible that the peptide, poly-IC mixture (or com-
plexes) can effectively diffuse from the muscle into the
general circulation to reach proximal and distal lymphoid
organs. However, BiVax i.m. with HPV16-E749_s7 was less
effective (~50 %) as compared to BiVax i.v., but the
levels of antigen-specific CD8 T cells could be further
increased to similar levels as those observed with BiVax
i.v. with an additional i.m. booster immunization (data not
shown). It has been advocated that most vaccines should be
administered i.m. and not s.c. because of higher vascularity
of the muscle as compared to the subcutaneous fat layers,
which will influence antigen diffusion into the bloodstream
[29].

Poly-IC has been considered to function as a potent
immune adjuvant due to its ability to stimulate endosomal
TLR3 and cytoplasmic retinoic acid-inducible gene (RIG)-
1-like receptor (RLR) family member, MDAS. As a result
of TLR3 and MDAS activation, cells produce high amounts
of type-I IFN and other proinflammatory cytokines such as
IL-1, TNFa, IL-6, and IL-12. Our results showed that the
levels of immune responses induced by BiVax were lower
in mice deficient for either TLR3 or MDAS as compared to
WT mice (Fig. 6b). The levels of CD8 T cells induced after
priming were substantially lower in TLR3-KO but not in
MDAS-KO as compared to the WT mice. On the other
hand, the fold-increase in the level of the immune response
observed in MDAS5-KO was decreased as compared to
what was observed in WT mice. There was some indication
that the secondary response induced by booster immuni-
zation in TLR3-KO mice was effective, as evident by the
large difference between primary and secondary responses,
but this could only be verified in 1/4 mice because of
severe toxicity of the vaccine in these mice. Mice deficient
in CD40 responded poorly to the primary immunization but
exhibited a large secondary response after the booster.
Putting together all of these results, one could speculate
that during the primary immune response in which pro-
fessional APCs may play a more critical role, that TLR3
activation and CD40 costimulation play an important role
in the activation of the naive T cells. On the other hand,
during the secondary response, the stimulation of the pre-
viously activated T cells can be effectively carried out by
non-professional APCs that are activated by poly-IC
mostly through MDAS and that do not require the partic-
ipation of TLR3 and CD40.

The elimination of CD4 T cells resulted in an increased
primary CDS8 T-cell response as compared to the normal
mice controls. It is possible that eliminating CD4+/
CD25+/Foxp3+ T regulatory cells with anti-CD4 antibody
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treatment could increase the effectiveness of BiVax prim-
ing. However, the use of anti-CD25 antibodies to reduce
CD4 T regulatory cell function did not enhance the potency
of BiVax using various peptide epitopes (data not shown).
More importantly, the results demonstrating that CD40 was
required for effective priming, suggest that other cells
besides CD4 T cells that express CD40L (CD154) such as
platelets, granulocytes, subsets of CD8 or gamma-delta T
cells may function as helpers during the BiVax primary
response. As mentioned above, poly-IC is known to induce
the production of high levels of type-I IFN, which has been
demonstrated to function as “signal 3” for the activation
and expansion of CD8 T cells [30]. In view of this, we
assumed that the adjuvant effect of poly-IC in BiVax could
be due to the signal 3 effects of type-I IFN on the peptide-
stimulated CD8 T cells. Thus, we were surprised that Bi-
Vax using Pam2-Trpl functioned well in IFNof3R-deficient
mice (Fig. 6b), indicating that type-I IFN signals are not
critical for the activation and expansion of CD8 T cells in
this vaccination strategy. Interestingly, in contrast to what
was observed in WT mice, that the minimal Trpl peptide
was effective in boosting the CD8 T-cell responses of
Pam2-Trpl primed mice (Fig. 3b), in IFNafR-deficient
mice, only the Pam2-Trpl was able to boost while the
minimal Trpl peptide did not (Fig. 6¢). These findings
suggest that type-I IFN may play a critical role when non-
professional APCs present antigen during the expansion
phase to the previously activated CD8 T cells. Thus, type-I
IFN may serve as an endogenous danger signal that would
allow proliferation of T cells to antigens presented by
infected cells that are not professional APCs. On the other
hand, T cells activated by professional APCs reactive to
self-antigens, when presented by antigen by non-profes-
sional APCs in the absence of type-I IFN would not con-
tinue to proliferate, limiting an autoimmune response.
These results indicate that poly-IC stimulation of profes-
sional APCs results in a TLR3/CD40-dependent and type-I
IFN/MDAJ5-independent primary activation of CD8 T cells
where alternative cytokines such as IL2, IL12, and IL15
may serve as signal 3 leading to activation and an initial
somewhat restrained clonal T cell expansion. However,
soon after (5-7 days) the initial activation of the CD8 T
cells by professional APCs when non-professional APCs
present antigen to the T cells in circumstances where type-I
IFN is being produced via MDAS stimulation by poly-IC
(or viral dsRNA), a massive T cell expansion will be
generated. We believe that many of vaccines designed to
elicit CD8 T-cell responses such as peptide (long or short)
vaccines formulated in IFA, peptide-pulsed DCs, and
plasmid DNA immunization are probably effective in
accomplishing the primary T cell activation and initial
limited T cell expansion but fail to induce the secondary
massive T cell expansion, observed in natural immune
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responses during acute infections, which may be necessary
to obtain effective anti-tumor effects. In contrast, BiVax
using amphiphilic peptides and poly-IC is highly effective
in both the priming (activation/initial expansion) and
massive expansion after the secondary immunization.
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