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ABSTRACT

Cross-talk by pattern recognition receptors may facilitate the maturation of dendritic cells and fine tune the
immune response. Thus, the inclusion of ligands agonistic to multiple receptors in a vaccine formula may be
an effective strategy to elicit robust antitumor cellular immunity. We tested the adjuvant effects and
possible synergy of CpG (CpG oligodeoxynucleotide), Poly I:C (polyinosinic-polycytidylic acid) and the
cationic peptide Cramp (cathelicidin-related antimicrobial peptide) formulated in a DOTAP (1,2-dioleoyl-3-
trimethylammonium-propane) liposomal HPV E7 epitope vaccine on a TC-1 grafted mouse model. The
vaccine formulations were administered both preventively and therapeutically. Based on our results, both
CpG and Poly I:C-adjuvanted vaccines abolished tumor development in a preventive trial and significantly
suppressed tumor growth in a therapeutic trial. Increased interferon (IFN)-y expression and potent memory
T cells in splenocytes as well as elevated CD8+IFN-y+ cells in both spleen and tumor tissue indicated an
elevated E7,,4.¢>-specific cellular immune response. Although synergistic effects were detected between
CpG and Poly I:C, their adjuvant effects were not enhanced further when combined with Cramp. Because
the enhancement of tumor antigen-specific cellular immune responses is vital for the clearance of infected
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and cancerous cells, our results contribute a potential adjuvant combination for cancer vaccines.

Introduction

Invasive cervical cancer caused by high-risk human papillomavi-
rus (HPV) infection leads to approximately 0.25 million deaths
worldwide according to 2011 statistics." Although two preventive
vaccines have been available since 2006 and 2008, they are not
effective for women with persistent infections.>” Since viruses are
naturally eliminated during most cases of infection, active
immune intervention during infection may significantly lower
the risk of cancer development.* During infection with high-risk
HPVs, E6 and E7 are expressed to induce tumorigenesis and are
presented by infected cells in a sustained manner. Targeting
these neoantigens with therapeutic vaccines may help eliminate
infected and cancerous cells.> Several vaccines design strategies
involving antigen targeting have previously been reported,
including DNA vaccines, vector vaccines, a recombinant subunit
protein, and synthetic long peptides.”'® A robust CD8+ T cell
response is critical for cancer elimination.'"**

Poly I:C (polyinosinic-polycytidylic acid) is a synthetic analog of
double-stranded RNA that mimics viral nucleic acids recognized
by the antiviral pattern receptors TLR-3 (Toll-like receptor 3) and
RIG-1 (retinoic acid-inducible gene 1)/MDAS5 (melanoma differ-
entiation-associated protein 5). The activation of these receptor-

mediated signal pathways boosts downstream acquired immunity,
particularly T cell responses aimed at eliminating virus-infected
cells.">"” Experimental and clinical trials using Poly I:C as an adju-
vant have elicited good effects for the treatment of several cancers,
including thymomas and melanomas.'®" Notably, some studies
showed only good effects in combination with PD-1 (programmed
cell death protein 1) blockade.***' Furthermore, CpG (CpG oligo-
deoxynucleotide), an unmethylated CpG nucleic acid, has demon-
strated significant adjuvant effects when used in vaccines by down-
regulating PD-1 expression in effector CD8+ cells via the IL-12
pathway.”*** Several studies indicate that Poly I:C and CpG exert
synergistic effects for antiviral protection and tumor vaccination,
but little has been reported for mouse model for HPV-associated
tumors or liposome-based vaccines.'®*>*” Though the combina-
tion of CpG and Polyl:C as tumor vaccine adjuvant has been
reported in an ovalbumin-expressing thymoma cells grafted tumor
model, reports concerning TC-1 model either used carcinogenic
whole HPV E7 protein as antigens, or used peptide antigens with
CAF09 adjuvant formulations.'®**°

Cationic peptides enhance the adjuvant effects of oligonu-
cleotides by forming nanostructures and stimulating their
uptake and internalization by DCs (dendritic cells). >3
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Cathelicidin-related antimicrobial peptide (Cramp) is a mouse-
derived cationic peptide that has been reported to recruit
monocytes, neutrophils and DCs via CXCLs (chemokine (C-X-
C) motif ligands) and FPRs (formyl peptide receptors) and pro-
mote the rapid sensing of oligodeoxynucleotides, thus playing
different roles in immunity against pathogen infections, auto-
immune diseases, and cancers.”>>” In this study, we tested the
adjuvant effects and possible synergy of Poly I:C, CpG and a
cationic peptide on a TC-1 grafted mouse model to develop a
DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) lipo-
somal peptide vaccine.

Results

CpG and Poly I:C-adjuvanted vaccines effectively
suppressed the development of grafted TC-1 tumors
following preventive immunization

TC-1 cells were grafted three weeks after the final immuniza-
tion (Fig. 1A), which eliminated any possible innate immune
effects exerted by vaccine components on vaccine-elicited

adaptive immunity. The PBS and DOTAP-CpG-Poly I:C-
Cramp groups showed similar tumor growth, and no signifi-
cant differences in tumor size were detected (Fig. 1B). Mice
immunized with un-adjuvanted E7,,4, peptides developed
smaller tumors than the control mice in the PBS group
(P<0.05); furthermore, tumors in the mice immunized with
DOTAP-Cramp-Ag (P<0.01) were much smaller than tumors
in the mice immunized with un-adjuvanted E74, ¢, peptides or
PBS, indicating that the combination of DOTAP and Cramp
resulted in significant adjuvant effects. Tumor development
was barely detectable in the groups immunized with DOTAP
and nucleic acid adjuvants. The experiment ended on day 70,
when the tumor diameters of the PBS group became greater
than 10 mm.

CpG and Poly I:C-adjuvanted vaccines induced potent
memory T cell responses

Because tumor development was limited in the CpG and Poly I:
C preventively immunized mice, only splenocytes were ana-
lyzed. Potent proliferative and lymph node-homing CD8+ T
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Figure 1. Preventive immunization with CpG and Poly I:C-adjuvanted vaccines significantly prevented the development of grafted TC-1 tumors in mice. (A) Protocol —
Mice were immunized sc with vaccines three times at one-week intervals and challenged sc in the right flank with 1 x 10° TC-1 cells. The mice were euthanized
humanely, and immunoassays were performed on day 70. (B) Changes in tumor size. One-way ANOVA followed by Tukey’s multiple comparisons test, “P<0.05,
**P<0.01, n = 5 per group. s, subcutaneous; PBS, phosphate buffered saline; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; CpG, CpG oligodeoxynucleotide; Poly
I:C, polyinosinic-polycytidylic acid; Cramp, cathelicidin-related antimicrobial peptide; Ag, antigen E744.6,; ANOVA, analysis of variance.



cells (CD447CD62 L*) were more numerous in Ag-immunized
mice (Fig. 2, PBS and DOTAP-CpG-Poly I:C-Cramp groups vs
Ag and DOTAP-Cramp-Ag groups, P<0.01).>**° These mem-
ory cells were also more numerous in the Poly I:C-adjuvanted
groups (although no significant differences were detected
between the Ag and DOTAP-Cramp-Ag groups vs the
DOTAP-Poly I:C-Ag and DOTAP-Poly I.C-Cramp-Ag groups,
P>0.05) and peaked in the CpG-adjuvanted groups (compared
to groups without CpG, P<0.05) (Fig. 2).

HUMAN VACCINES & IMMUNOTHERAPEUTICS e 933

T cell responses were further analyzed by performing ELI-
SPOT assays (Fig. 3). After stimulation with E7,, 4, peptides,
splenocytes were activated and produced IFN-y. Consistent
with memory cell analysis, nucleic acid-adjuvanted mice con-
tained greater numbers of IFN-y-producing splenocytes (Ag
and DOTAP-Cramp-Ag vs DOTAP-Poly I:C-Ag and DOTAP-
Poly I.C-Cramp-Ag, P<0.01), and synergistic effects were
observed between the Poly I.C and CpG-adjuvanted groups
(P<0.05).
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Figure 2. Preventive immunization with CpG and Poly I:C-adjuvanted vaccines induced memory T cell responses. (A) Representative picture of flow cytometry analysis. (B)
CD44+CD62 L+ CD8+ T cells detected by flow cytometry. One-way ANOVA followed by Tukey’s multiple comparisons test, “P<0.05, **P<0.01, n = 5 per group.
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Figure 3. Preventive immunization with CpG and Poly I:C-adjuvanted vaccines induced potent tumor-specific IFN-y-expressing lymphocytes. (A) Representative ELISPOT
picture. (B) E7,4.65-specific IFN-y-expressing lymphocytes detected by ELISPOT. One-way ANOVA followed by Tukey’s multiple comparisons test, “P<0.05, **P<0.01, n =

5 per group. IFN-y, interferon-y; ELISPOT, enzyme-linked immunospot assay.

CpG and Poly I:C-adjuvanted vaccines significantly
suppressed tumor development via therapeutic
immunization in TC-1 grafted mice

At the end of the therapeutic experiment on day 56 the average
tumor diameter was 20 mm in the PBS and DOTAP-CpG-Poly
I:.C-Cramp groups (Fig. 4A and B). The Ag and DOTAP-
Cramp-Ag groups developed smaller tumors than the PBS and
DOTAP-CpG-Poly I.C-Cramp groups (P<0.01), but these
tumors were still much larger than those in the nucleic acid-
adjuvanted groups (P<0.01). Consistent with the T cell
responses observed in the preventive immunization experi-
ment, mice in the Poly I:C-adjuvanted groups (including
DOTAP-Poly I:C-Ag and DOTAP-Poly I:C-Cramp-Ag) devel-
oped larger tumors than those in the CpG-adjuvanted groups

(including DOTAP-CpG-Ag and DOTAP-CpG-Cramp-Ag)
(p<0.05), and synergistic effects (P<0.01) were detected in the
groups adjuvanted with a combination of Poly I.C and CpG.

Similar results were obtained when tumor weight was analyzed
(Fig. 4C).

CpG and Poly I:C-adjuvanted vaccines induced and
activated greater numbers of CD8+ cells

Activated CD8+ cells produce tremendous amounts of IFN-y
and are effective killers of cancerous and infected cells. Nucleic
acid-adjuvanted vaccines effectively induced Ey4 ¢, specific
IFN-y-producing CD8+- cells in the spleen (P<0.05), and these
effects were prominently enhanced when CpG and Poly I:.C
were used together (Fig. 5A and B). T cell responses were
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Figure 4. Therapeutic immunization with CpG and Poly I:C-adjuvanted vaccines significantly prevented the development of grafted TC-1 tumors in mice. (A) Protocol —
Mice were challenged sc in the right flank with 1 x 10° TC-1 cells. Three weeks later, when the tumors had diameters of approximately 2.5 mm, vaccines were adminis-
tered sc three times at one-week intervals. The mice were euthanized humanely, and immunoassays were performed on day 56. (B) Changes in tumor size. (C) Changes
in tumor weight. One-way ANOVA followed by Tukey’s multiple comparisons test, “P<0.05, “*P<0.01, n = 5 per group.
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Figure 5. Therapeutic immunization with CpG and Poly I:C-adjuvanted vaccines induced potent tumor-specific IFN-y-expressing CD8+ T cells in spleens and tumors. (A)
Representative picture of flow cytometry analysis of splenocytes. (B) CD8+ IFN-y+ splenocytes detected by flow cytometry. (C) Representative picture of flow cytometry
analysis of tumor cells. (D) CD8+ IFN-y+ tumor cells detected by flow cytometry. One-way ANOVA followed by Tukey’s multiple comparisons test, “P<0.05, **P<0.01, n
=5 per group.
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Figure 6. Therapeutic immunization with CpG and Poly I:C-adjuvanted vaccines induced potent tumor-specific IFN-y expressing lymphocytes. (A) Representative ELISPOT
picture. (B) E744.65-specific IFN-y-expressing lymphocytes detected by ELISPOT. One-way ANOVA followed by Tukey’s multiple comparisons test, “P<0.05, **P<0.01, n =

5 per group.

further confirmed by ELISPOT analysis (Fig. 6). Ag-specific
IFN-y spots induced by nucleic acid-adjuvanted vaccines were
higher than in the other groups (P<0.01), and synergistic
effects between CpG and Poly I:C were detected (P<0.05)
(Fig. 6). Furthermore, similar results were obtained with flow
cytometry analysis of tumor cells (Fig. 5C and D), indicating
that tumor-specific CTLs were not only induced but also suc-
cessfully penetrated into tumor tissue and contributed to tumor
cell clearance.*’

Discussion

We previously reported that the formation of chimeric HBcAg
VLPs (virus-like particles) is important to induce vigorous

antitumor immunity; however, the nucleic acids entrapped in
VLPs may serve as adjuvants and facilitate the elicitation of
tumor-specific cellular immunity.*"*> The inclusion of nucleic
acid residues is nearly unavoidable during the preparation of
VLP-based vaccines such as HPV L1 VLPs, influenza VLPs and
HBsAg VLPs, and nucleic acids enhance the immunogenicity
of these vaccines.*** CpG and Poly I:C are potent adjuvants
for eliciting cellular immunity, but we were concerned with the
associated risks of producing or enhancing autoimmunity. The
use of liposomes to restrict the distribution of CpG and Poly I:
C and avoid systemic diffusion may increase the safety of CpG
and Poly I:C-adjuvanted vaccines. Therefore, we sought to
investigate the adjuvant effects of nucleic acid immune stimula-
tors in a DOTAP liposomal vaccine, which may mimic VLP



vaccines and simultaneously deliver both antigen and nuclear
acid contents to antigen-presenting cells.

CpG showed excellent adjuvant effects for the elicitation of
tumor antigen-specific cellular responses via preventive or ther-
apeutic immunization in a TC-1 grafted tumor model. Adju-
vant effects manifested as the suppression of tumor growth
during development (Fig. 1B and Fig. 4B) and reduced tumor
weight at the end of the experiment (Fig. 4C). Additionally, the
use of CpG elevated tumor-specific CTL numbers both in the
spleen and in the tumor, as indicated by flow cytometry analy-
sis (Fig. 5B and D) and ELISPOT analysis (Fig. 3 and Fig. 6). In
a preventive TC-1 grafted model, CpG also elicited effective
memory T cells (Fig. 2), which may play an important role in
controlling the recurrence of cancer cells after surgical excision
or radiation therapy.*>*®

Cross-talk between pattern recognition receptors may facili-
tate the maturation of dendritic cells and fine tune the immune
response against tumor development.'®” Both TLR3 and
TLR9 activate IFN-dependent immune responses that trigger
acquired and long-lasting antitumor immunity that is depen-
dent on CD8+ T cells and IFN-y.*" Activation of the IFN sys-
tem with immunostimulatory RNA combined with immune-
inhibitory receptor blockade is a rational strategy for cancer
vaccine design, and CpG itself down-regulates the expression
of PD-1°"**; therefore, we tested the synergistic adjuvant effects
of CpG and Poly I:C. A combination of ODN 1826 (class B)
and ODN 2395 (class C) (5 ng each) induced higher numbers
of memory T cells in DOTAP liposomal peptide vaccine-
immunized mice and suppressed tumor development to a
greater degree than 25 pg of Poly I:C in therapeutically immu-
nized mice (Fig. 2 and 4). As expected, the synergistic effects of
CpG and Poly I:C were evidenced by higher numbers of acti-
vated CTLs in the preventive study (Fig. 3) and the suppression
of tumor development (Fig. 4) and higher numbers of activated
CTLs in the therapeutic study (Fig 5 and 6).

Although the DOTAP-Cramp-Ag group developed much
smaller tumors than the un-adjuvanted E744 ¢, group (P<0.01)
in the preventive experiment (Fig. 1B), no significant CTL ele-
vation was detected (Fig. 3B), possibly because cationic lipids
delay the release of Cramp and Ag,'” resulting in the ability of
Cramp remnants to kill tumor cells by enhancing the prolifera-
tion and activation of natural killer cells but not CD4+ or
CD8+ T cells.” Delayed antigen release is one mechanism uti-
lized by adjuvants.*® We believe the latter explanation is more
likely because the DOTAP-CpG-Poly I:C-Cramp group with-
out Ag demonstrated tumors comparable in size to those of the
PBS group at different time points, and there was no significant
difference (Fig. 1B).

Surprisingly, Cramp did not enhance the adjuvant effects of
either CpG or Poly I:C, as indicated by tumor size and immune
cell activation in both the preventive and therapeutic experi-
ments. Conversely, Cramp appeared to dampen the adjuvant
effects of CpG and Poly I:C. A dose of 200 ng of Cramp (equal
to 10 mg of Cramp/kg body weight) is considered a high dose;
therefore, factors other than dosage may be responsible for this
result. Although reported cationic peptides exert adjuvant
effects in cancer vaccines, these peptides are short (i.e., less
than 15 aa) and form 200-300-nm-sized uniform nanorings
with CpG. In contrast, larger peptides (e.g., Cramp, which has
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a length of 39 aa) may form aggregates with nucleic acids and
thus dampen the adjuvant effects of both CpG and Poly L
C,>*** as indicated by the presence of a visible precipitate
when we mixed Cramp/CpG/Poly I:C with a pipettor.

It seems that the increases in immunogenicity and tumor
protection using the vaccine formulated in this current study
are not notably superior to those using other vaccine strategies
as documented by other groups.”” Actually, the vaccine effica-
cies are hard to be simply compared between studies from dif-
ferent publications, due to the specific experimental designs
and conditions. For example, the intervening time of vaccina-
tion (concerning tumor size at the beginning) and vaccination
frequencies may affect the results greatly. In addition, other fac-
tors, including the status of grafted cells line, animal conditions
and time points for sampling and analysis, etc. may also have
important impacts on the presented data. According to the pre-
vious experiences, our vaccine generally begins to induce signif-
icant antitumor immune responses on the second vaccination.
It should be mentioned that, at that time tumors have reached
the diameters of nearly 5mm in the current study, which is defi-
nitely a great challenge to therapeutic vaccines since the tumor
immune-suppressive microenvironment has been fully estab-
lished. In this study, a subcutaneous tumor cells-grafted model
was used, which may have limitations as compared to an ortho-
topic model for fully evaluating the potentials of a candidate
vaccine, taking the possible impacts of tumor microenviron-
ment into account. HPV-associated orthotopic tumor models
have been reported previously, including a successful head-
neck tumor model and a genital model which however has
some drawbacks, for example it did not represent a proper
orthotopic transplantation.*” To our knowledge, no successful
orthotopic mouse model for cervical cancer has been estab-
lished yet. Our interests are to develop a vaccine against genital
or cervical tumors, for which a reliable orthotopic model is not
available yet. Though TC-1 grafted model employed in this
study is not perfect, it is useful and widely accepted for evaluat-
ing the efficacy of HPV-specific immune responses caused by
therapeutic vaccines. Our results did testify that CpG and
PolyI:C showed synergistic adjuvant effects in the vaccine rec-
ipe and tumor model we employed, which is our main purpose
of this study.

In conclusion, the combination of Poly I.C with the TLR9
ligand CpG, an IFN-dependent immune response activator,
exerts prominent synergistic effects in a DOTAP liposomal vac-
cine and is sufficient to trigger acquired and long-lasting antitu-
mor immunity. It may be useful as a powerful complex
adjuvant in therapeutic vaccines against cancer and persistent
intracellular infections.

Materials and methods
Mice, cell line and vaccines

Female C57 BL/6 mice (6-8 weeks; 16-18 g) were purchased
from Vital River Laboratory Animal Technology Ltd. (Beijing,
People’s Republic of China). All mice were maintained under
specific pathogen-free conditions in the Central Animal Care
Services of the Institute of Medical Biology of the Chinese
Academy of Medical Sciences, Peking Union Medical College,
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People’s Republic of China. All animal experiments were
approved by the Animal Ethics Committee of the Institute of
Medical Biology.

The TC-1 tumor cell line, which was derived from the pri-
mary lung epithelial cells of a C57 BL/6 mouse co-transformed
with the HPV-16 oncoproteins E6 and E7 as well as the c-Ha-
ras oncogene, was purchased from the Tumor Center of the
Chinese Academy of Medical Sciences. The cells were cultured
in Roswell Park Memorial Institute (RPMI)-1640 with 10%
fetal bovine serum.

A previously reported HPV16 segment, E7,,6, (**QAEP-
DRAHYNIVTFCCKCD®?), which contains both cytotoxic T
lymphocyte (CTL) and T helper (Th) cell epitopes, and mouse
Cramp (GLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPEQ)
were synthesized by GL Biochem Ltd. (Shanghai, People’s
Republic of China).”® ODN 1826 (class B) and ODN 2395 (class
C) with DNase-protected phosphorothioate bonds and low-
molecular-weight (LMW) Poly I:C were supplied by InvivoGen
(San Diego, USA). Cationic lipid DOTAP was purchased from
Roche Diagnostic Corp. (Basel, Switzerland). Vaccines were
formulated by mixing the following amounts of E7,4 ¢,/Cramp/
CpG/Poly I.C/DOTAP with a pipettor: 100 g of Ag (E744.¢2
peptide, 20 ng of DOTAP, 5 ug of CpG ODN 1826 and 5 ug
of CpG ODN 2395, 25 ug of Poly I:.C, and 200 ug of
Cramp.***’

Tumor challenge and mouse immunization

To establish a grafted tumor model, 1 x 10° TC-1 cells mixed
with Basement Membrane Matrix (BD Bioscience, San Jose, CA,
USA) were injected subcutaneously (sc) into the right flank of
each mouse. The mice were randomly divided into ten groups
(n =5). In both the preventive and therapeutic experiments, the
following groups of mice were immunized: PBS (phosphate
buffered saline), DOTAP-CpG-Poly(L:C)-Cramp, Ag (E744.¢>
peptide), DOTAP-Cramp-Ag, DOTAP-CpG-Ag, DOTAP-
CpG-Cramp-Ag, DOTAP-Poly(I:C)-Ag, DOTAP-Poly(I:C)-
Cramp-Ag, DOTAP-CpG-Poly(I:C)-Ag, and DOTAP-CpG-
Poly(I1:C)-Cramp-Ag. For the preventive experiment, the mice
were immunized sc three times at one-week intervals and then
challenged with TC-1 cells three weeks after the last immuniza-
tion to avoid any innate immune effects of the vaccine compo-
nents. For the therapeutic experiment, the mice were first
challenged with TC-1 cells and then immunized three times at
one-week intervals when the tumor diameters reached approxi-
mately 2-3 mm. The mice were monitored once per week for
tumor growth using a slide caliper as described previously.*!
The animal study was performed twice and one of the studies is
shown in the figures.

Enzyme-linked immunospot assay (ELISPOT)

Spleens were removed from the mice and dispersed using a 70-
pm cell strainer (BD Bioscience, San Jose, CA, USA). Antigen-
specific IFN-y-producing lymphocytes were determined using
an ELISPOT assay kit (DAKEWE Biotechnology Co., Ltd.,
Shenzhen, People’s republic of China) according to the manu-
facturer’s protocol. Briefly, 1 x 10> splenic lymphocytes were
plated per well into a 96-microwell plate and incubated with 5

png/ml E7,4, ¢, peptide or no peptide, followed by incubation for
16-20h at 37°C and 5% CO,. After immuno-imaging, spots
were counted using an ELISPOT reader system (AID Diagnos-
tika GmbH, Stragberg, Germany). The results were expressed
as the mean number of IFN-y-positive cells per 1 x 10° lym-
phocytes & standard error of the mean (SEM).

Flow cytometry

Cells isolated from the spleens or tumors of immunized mice
were plated into 96-microwell plates at 1 x 10° cells per well.
For an antigen-specific CTL assay, lymphocytes were stimu-
lated for 7 h with 5 pug/ml E7,4, ¢, peptide, and cytokine release
was blocked by adding brefeldin A during the final 4 h of cul-
ture. Intracellular staining was performed using fixation/per-
meabilization buffer according to the manufacturer’s protocol.
Cell surface staining was performed by incubating cells with
corresponding antibodies for 20 min on ice. All reagents were
purchased from BioLegend, San Diego, CA, USA. Cells were
analyzed using a BD Accuri C6 (BD Bioscience), and the data
were analyzed using FlowJo software (FlowJo LLC, Ashland,
Oregon, USA).

Statistical analysis

Significant differences among experimental groups were ana-
lyzed by performing an ANOVA (one-way analysis of variance)
followed by Tukey’s multiple comparisons test (GraphPad
Prism 5.0, GraphPad Software, Inc., La Jolla, CA, USA). The
values are reported as the mean + SEM.
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