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Purpose: Persistent high-risk human papillomavirus (HPV) infection is the most common
cause of cervical cancer and its precursor lesions. Although prophylactic HPV vaccines have
been applied in the general population for the prevention of HPV infections, no licensed
therapeutic HPV vaccine is currently available to treat preexisting HPV infections or HPV-
associated diseases, including cervical cancer.

Materials and Methods: The most common murine cervical cancer model used for the
evaluation of the efficacy of a therapeutic HPV vaccine in preclinical studies is the ectopic
model, which is established by the subcutaneous inoculation of tumor cells, such as TC-1
cells, into the flank of an animal. We have previously demonstrated the efficacy of
a therapeutic HPV peptide vaccine adjuvanted with unmethylated cytosine-phosphate-
guanosine oligodeoxynucleotide in the clearance of ectopic subcutaneous tumors in
C57BL/6 mice after vaccination. In the current study, we established orthotopic genital
tumors by injecting TC-1 cells into the vaginal submucosa close to the cervix and assessed
whether the subcutaneous administration of the therapeutic vaccine could inhibit the growth
of genital tumors. Additionally, we evaluated the effect of the vaccination on the tumor
microenvironment.

Results: The results showed that the vaccination induced an increase in infiltrating CD4+
and CD8+ T cells, a decrease in myeloid-derived suppressor cells and cancer-associated
fibroblasts, as well as the differential expression of a panel of cytokines, chemokines, and
matrix metalloproteinases within the tumor microenvironment.

Conclusion: The administration of the vaccine resulted in the inhibition of established
implanted orthotopic genital tumors by inducing strong antitumor immune responses and
reversed tolerogenic local immunosuppression in a mouse model of orthotopic genital
cancer.

Keywords: orthotopic genital cancer, human papillomavirus, therapeutic vaccine, tumor

microenvironment, immunosuppression

Introduction

Cervical cancer is the fourth most frequently diagnosed cancer and also the fourth
leading cause of cancer-related death among females globally.' Persistent high-risk
human papillomavirus (HPV) infection is closely associated with the occurrence of
cervical cancer and its precursor lesions.” HPV 16 is the most common high-risk
type and is responsible for almost 60% of all cervical cancers.” Because HPV is the
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etiological factor for HPV-associated diseases, including
cervical cancer, it is possible to control these diseases
through vaccination and other therapeutic strategies.
Although licensed prophylactic HPV vaccines have been
available since 2006,* they are ineffective at clearing pre-
existing infections and associated preinvasive lesions. To
address this, a therapeutic vaccine that can treat estab-
lished HPV infections and prevent HPV-associated malig-
nancies via the induction of a strong T cell-mediated
immune response is urgently required.

The E6 and E7 oncoproteins of high-risk HPV types
are required for the initiation and subsequent progression
of HPV-associated cell transformation and immortaliza-
tion. Because E7 is highly conserved and better character-
ized immunologically than the E6 antigen in preclinical
models,” HPV E7 serves as an important target for the
development of therapeutic HPV vaccines to treat cervical
cancer and its precursor lesions.

The most common cervical cancer model used for
evaluation of the efficacy of the therapeutic HPV vaccine
in preclinical studies is the ectopic model, which is estab-
lished by the subcutaneous inoculation of tumor cells,
such as TC-1 cells, into the flank of a rodent.® Although
promising results were reported for a series of candidate
vaccines generating to inhibit or clear subcutaneous
tumors in preclinical studies,’” these did not translate into
satisfactory clinical outcomes for patients with HPV-
associated genital neoplasias.” This may be due to the
(TME)
associated with tumor progression and the inhibition of

immunosuppressive tumor microenvironment
the function of vaccine-induced effector cells in the tumor.
Because of the constant immunological pressure resulting
from the persistent expression of HPV proteins, cervical
cancers evolve several immune evasion mechanisms,
including the attraction of immune cells with immunosup-
pressive properties such as regulatory T cells (Tregs),
myeloid-derived suppressor cells (MDSCs), and tumor-
associated macrophages (TAMs), which have direct
effects on tumor growth, vascularization, and the modula-
tion of the tumor stroma. These immunosuppressive cells
also produce a wide array of cytokines and chemokines,
resulting in an immunosuppressive TME in cervical
cancer.® Alternatively, ectopic cervical cancer models
may not accurately mimic the site of disease in patients
with cervical cancer because HPV-associated neoplasias in
patients commonly occur in the genital mucosa where
a relatively immunosuppressed environment may exist.”
Nevertheless, an orthotopic cervical cancer model may be

suitable for determining the efficacy of a therapeutic vac-
cine in inhibiting or eliminating tumors located in the
genital tract. In this study, we established an orthotopic
genital cancer model by implanting tumor cells into the
vaginal submucosa close to the cervix to mimic the genital
mucosa and provide, as much as possible, a clinically
relevant setting.

We have previously demonstrated the efficacy of
a therapeutic vaccine containing the HPV16 E7 43-77
peptide, which contains both a cytotoxic T lymphocyte
(CTL) epitope (E7 49-57) and two T-helper (Th) epitopes
(E7 50-62 and E7 43-77), as well as the adjuvant
unmethylated cytosine-phosphate-guanosine oligodeoxy-
nucleotide (CpG ODN) in clearing subcutaneous tumors
in C57BL/6 mice 24 days after vaccination.'® In the cur-
rent study, we assessed whether the subcutaneous admin-
istration of an HPV E7 peptide-targeting therapeutic
vaccine could inhibit the growth of orthotopic genital
tumors and determined the effect of the vaccination on
the tumor microenvironment. Our results showed that the
vaccination induced a local increase in CD4+ and CD8+
T cells, a decrease in cancer-associated fibroblasts (CAFs),
and the differential expression of a panel of cytokines,
chemokines, and matrix metalloproteinases (MMPs) in
the TME, which resulted in the inhibition of established
implanted orthotopic genital tumors. Peptide-based thera-
peutic vaccines have the advantages of stability, safety,
and accessibility, and are amenable to large-scale produc-
tion, which is especially relevant for low-to-middle
income countries where the disease burden is greatest.
The vaccine strategy used in this study offers significant
therapeutic effects, these data provide a solid foundation
for future clinical trials.

Materials and Methods

Mice and Cell Lines

Female C57BL/6 mice, aged 6—8 weeks, were purchased
from Liaoning Changsheng Biotechnology Co. Ltd (Benxi,
China). The mice were housed in a specific-pathogen-free
environment and treated in accordance with the guidelines
of the Institutional Animal Care and Use Committee of the
China Medical University. All experimental procedures
were approved by the Institutional Animal Care and Use
Committee of China Medical University (IACUC Issue
No. CMU2019293).

TC-1 cells were purchased from Beijing Beina
Chuanglian Biotechnology Institute (Beijing, China). The
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cells were maintained in Roswell Park Memorial Institute
(RPMI) 1640 medium (Biological Industries, Kibbutz Beit
Haemek, Israel) supplemented with 10% fetal bovine
serum (Biological Industries), 2 mM G418 (Genview,
Tallahassee, FL, USA), and penicillin—streptomycin
(Biological Industries) at 37 °C and with 5% carbon
dioxide.

Peptides and Adjuvant
The HPV16 E7 peptide (E7 43-77) was synthesized by
GL Biochem (Shanghai) Ltd (Shanghai, China). CpG
ODN 1826 was synthesized by Sangon Biotech
(Shanghai) Co. Ltd (Shanghai, China). The sequences of
the peptide and CpG ODN were as follows:

E7  43-77:  GQAEPDRAHYNIVTFCCKCDSTL
RLCVQSTHVDIR; CpG-ODN1826: 5'-TCCATGACGTT
CCTGACGTT-3".

In vivo Tumor Growth Experiments

On day 0, all the mice were injected with ~5x10°> TC-1
cells in PBS (25 pL) into the vaginal submucosa near the
cervix, and were then divided into four groups. On day 4,
one group of mice received a subcutaneous injection of 20
pug of CpG ODN (CpG ODN group); one group received
50 pg of E7 peptide (E7 group); mice in the third group
were administered a vaccine containing 20 pg of CpG
ODN mixed with 50 pg of E7 peptide (vaccine group);
finally, mice in the control group received 100 uL of PBS
in the right flank.

Mouse and Tumor Weight

The bodyweight of the mice was measured on days 0, 2, 4,
6, 8, 11, and 13. The mice were euthanized and the tumors
were resected on day 14 after vaccination. After weighing,
the tumors were preserved at —80 °C until use.

Intracellular Cytokine Staining

The tumors were cut into small pieces using a blade and
digested in 2 mg/mL collagenase D (Roche Diagnostics,
Indianapolis, IN, USA) and 0.4 mg/mL DNase (Sigma—
Aldrich, St. Louis, MO, USA) at 37 °C for 90 min, and
then filtered through a 100-um strainer to obtain a single-
cell suspension. For analysis of intracellular interferon-
gamma (IFN-y) levels, the tumor cells were incubated
with 1 pg/mL PMA (Sigma—Aldrich) and 50 pg/mL iono-
mycin (Sigma-Aldrich) for 5 h. GolgiPlug (BD
Biosciences, San Diego, CA, USA) was added to the
cultures to inhibit protein secretion for the final 4

h. After stimulation, the tumor cells were stained with PE-
conjugated, anti-mouse IFN-y antibody and analyzed on
a BD LSRFortessa flow cytometer (BD Biosciences). Data
analysis was performed using FlowJo X software
(Treestar, Ashland, OR, USA). All the antibodies were
obtained from eBioscience (San Diego, CA, USA).

Intranuclear Transcription Factor Staining
A tumor single-cell suspension was prepared as described
above. For analysis of Tregs, single cells were surface-
stained with FITC-conjugated anti-mouse CD4 antibody;
for intranuclear staining, after fixation and membrane per-
meabilization, the cells were incubated with PE-conjugated
anti-mouse Foxp3 antibody using the Foxp3/Transcription
Factor Staining Buffer Set (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. Flow cytometric
evaluation was performed on a BD LSRFortessa instrument
and data were analyzed using FlowJo X software.

Surface Molecule Staining

For analysis of surface molecules associated with T cells,
MDSCs, and macrophages, the cells were stained with the
following antibodies: PerCP-conjugated anti-mouse CD8a,
FITC-conjugated anti-mouse CD4, FITC-conjugated anti-
mouse Gr-1, APC-conjugated anti-mouse CD11b, and PE-
conjugated anti-mouse F4/80. All the antibodies were
obtained from eBioscience (San Diego, CA, USA).
Analysis was performed as described above.

Quantitative Real-Time PCR

Total RNA was extracted from tumor tissue samples using
Trizol reagent (Takara, Dalian, China) and was reverse
transcribed into cDNA using a Reverse Transcription Kit
(Takara). A SYBR Green qPCR Master Mix (Vazyme,
Nanjing, China) was used for the qPCR. The RT-gPCR
was performed in triplicate for each group. The sequences
of the primers used are shown in Table 1. Target gene
expression was normalized to that of B-actin and relative
mRNA expression was quantified using the 272 method.
Immunohistochemistry (IHC)

Immunohistochemical staining for a-SMA, p53, MMP-2,
and Ki67 was performed following standard IHC proce-
dures. In brief, 5-um paraffin sections were deparaffi-
nized and rehydrated via an alcohol gradient, blocked
using the UltraSensitive S-P Kit (Maixin Biotechnology,
Fuzhou, Fujian, China), and incubated overnight at 4 °C
with primary antibodies (rabbit polyclonal) against a-
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Table | Summary of Primer Sequences Used for PCR Amplifications

Reverse Primers (5'-3")

Gene Name Forward Primers (5'-3")

fB-actin CATCCGTAAAGACCTCTATGCCAAC
IL-2 AAGCTCTACAGCGGAAGCAC

IL-4 TAGTTGTCATCCTGCTCTT

TGF- AATGGTACCGTCAGTGCTGGAAATA
VEGF GCACATAGAGAGAATGAGCTTCC
CCL-1 CTGGGATTCACCTCMGAACATC
CCL-2 TAAAAACCTGGATCGGAACCAAA
CCL-3 TGAGAGTCTTGGAGGCAGC

CCL-5 CCCTGTCATTGCTTGCTCT

CCL-12 ATTTCCACACTTCTATGCCTCCT
CCL-21 GTGATGGAGGGGGTCAGGA

MMP-2 CATCGTAGTTGGCTGTGGTCG
MMP-3 GAGCATCCGAATTGCATCACC
MMP-9 GCAGAGGCATACTTGTACCG

GTCTTTCAGTGATGTGGAC
TCATCGAATTGGCACTCAAA
GTCTTTCAGTGATGTGGAC
TGGCTCATGTTGCAGAGGCTA
CTCCGCTCTGAACMGGCT
CAGGGTCAAGGCAAGCCTC
GCATTAGCTTCAGATTTACGGGT
ATGCAGGTGGCAGGAATG
ATGCTGATTTCTTGGGTTTG
ATCCAGTATGGTCCTGAAGATCA
GGGATGGGACAGCCTAAACT
GTCTTCCCCTTCACTTTCCTG
CCCAGAAGCATCACATGACAGAG
TGATGTTATGATGGTCCCACTTG

SMA, p53, MMP-2, and Ki67 (ABclonal Biotech Co,
Ltd, Wuhan, China; 1:200 dilution). This step was fol-
lowed by incubation with biotinylated secondary antibo-
dies and streptavidin—horseradish peroxidase (Maixin
Biotechnology, Fuzhou, Fujian, China). After incubation,
3,3'-diaminobenzidine  tetrahydrochloride (Maixin
Biotechnology) was applied as the chromogen. The sec-
tions were then counterstained with hematoxylin and
coverslipped. The THC scoring were analyzed as pre-
viously described.!' The staining intensity was scored
as follows: no staining (0), weak staining (1), moderate
staining (2) and strong staining (3). The positive propor-
tion of stained tumor cells was defined as follows: 0
(0%), 1 (1%-10%), 2 (11%-50%), 3 (51%-80%), and 4
(>80%). The staining results were semiquantitatively
assessed by multiplying the staining intensity by the
percentage of positively stained tumor cells.

Statistical Analysis

All data were analyzed and graphed using GraphPad Prism
v.5.0 (GraphPad Software Inc., San Diego, CA, USA).
Data are expressed as means + standard deviation. The
significance of differences was determined by one-way
analysis of variance (ANOVA) followed by Tukey’s multi-
ple comparison test. A P-value <0.05 was considered
statistically significant.

Results

Vaccination Induced Tumor Inhibition
The bodyweight of the mice in the four groups was
measured seven times within 14 days. Mice in the

PBS and E7 groups were lighter than those in the CpG
and CpG+E7 groups; however, the differences were not
significant (Figure 1A). Images of tumors excised from
the mice on day 14 are shown in Figure 1B. The
administration of CpG, E7, and the vaccine resulted in
a significant reduction in tumor growth (CpG: 68.09%,
0.45+0.11 g, P<0.001; E7: 43.26%, 0.80+0.09 g,
P<0.001; wvaccine: 86.52%, 0.20+0.10 g, P<0.001)
when compared with that of the control group (1.41
+0.20 g) (Figure 1C). Moreover, tumor growth was
significantly inhibited in the vaccine group compared
with that in either the CpG ODN or E7 peptide group
(P<0.001) (Figure 1B and C).

Vaccination Induced Cellular Immune

Responses

IFN-y is a key cytokine in vaccination-induced cellular
immune responses and is primarily produced by CD4+
and CD8+ T cells.'> We determined the percentages of
total CD4+ T cells, total CD8+ T cells, and total IFN-y-
producing cells in the tumor tissue. A representative dot
plot of the percentage of total CD4+ T cells from one
mouse from each group is shown in Figure 2A. The
results showed that the percentage of total CD4+ T cells
was significantly higher in the CpG+E7 group (10.49
+1.77%, n=3) than in the PBS group (6.26+0.69%, n=3)
(P<0.05, Figure 2B). The percentage of CD4+ T cells was
also higher in the CpG (7.38+1.26%, n=3) and E7 (7.81
+1.77%, n=3) groups compared with that in the PBS
group (6.26+0.69%, n=3); however, the difference was
not significant. A representative dot plot of the
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Figure | Vaccine administration inhibited the growth of genital tumors. (A) The bodyweight of mice on days 0, 2, 4, 6, 8, |1, and |3 after vaccine administration. (B)

Photograph of excised cervical/vaginal tumors and (C) tumor weights on day |4 after vaccine administration. PBS: treatment with 100 plL of phosphate-buffered saline (PBS);
CpG: treatment with 20 pg of unmethylated cytosine-phosphate-guanosine oligodeoxynucleotide (CpG ODN); E7: treatment with 50 ug of the HPV E7 peptide; CpG+E7:
treatment with 20 pg of CpG ODN mixed with 50 pg of the E7 peptide. Data are shown as means+SD. * P<0.05, ** P<0.01, *** P<0.001.

percentage of total CD8+ T cells from one mouse from
each group is shown in Figure 2C. Compared with the
PBS group, the percentage of total CD8+ T cells was
significantly greater in the CpG+E7 (P<0.001), E7
(P<0.05), and CpG (P<0.05) groups (Figure 2D).
Furthermore, the percentage of total CD8+ T cells was
significantly higher in the vaccine group (19.6+0.62%)
than in the CpG (10.81%1.14%) or the E7 (10.42+3.38%)

group. A representative dot plot of the percentage of total
IFN-y-producing cells from one mouse from each group
is shown in Figure 2E. The percentage of total IFN-y-
producing cells was also greater in the CpG+E7 (3.76
+1.62%, n=3), E7 (2.62+0.25%, n=3), and CpG (2.01
+0.88%, n=3) groups compared with that in the PBS
group (1.33+0.31%, n=3); however, the differences
were not significant (Figure 2F).
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Vaccine Administration Led to
a Reduction in the Numbers of

Immunosuppressive Cells

Tregs, MDSCs, and TAMs are immunosuppressive cells,
as well as a component of the immune system with essen-
tial roles in the maintenance of self-tolerance. We deter-
mined the percentage of Tregs (CD4+Foxp3+ T cells),
TAMs (CD11b+F4/80+ cells), and MDSCs (CD11b+Gr-1
+ cells) in the tumor tissue. The results showed that the
administration of the vaccine led to a significant reduction
in the percentage of MDSCs in the tumor tissue compared
with that of the control group (2.05+1.07% vs 6.13+1.70%,
respectively; P<0.05) (Figure 3D). No significant differ-
ences in the percentages of Tregs and TAMs (Figure 3B,
F) were found among the groups. Representative dot plots
of the percentages of Tregs, MDSCs, and TAMs from one
mouse from each group are shown in Figure 3A, C, and E,
respectively.

Vaccination Upregulated the Levels of
Cellular Immune Factors and
Downregulated Those of

Immunosuppressive Factors

T helper type 1 (Thl) cells produce interleukin (IL)-2,
thereby increasing the cytolytic activity of tumor-
infiltrating lymphocytes. Our RT-qPCR results indicated
that the relative mRNA expression levels of IL-2 were
significantly increased in the vaccine group (16-fold;
P<0.05) (Figure 4A) compared with that in the control
group. IL-4 is a cytokine secreted primarily by immune
cells, including mast cells, Th2 cells, eosinophils, and
basophils, and functions as a potent regulator of
immunity."”> The mRNA expression level of IL-4 was
significantly decreased in the tumor tissues of the CpG
+E7 (0.28+0.12, n=3), E7 (0.13+0.03, n=3), and CpG
(0.22+0.06, n=3) groups compared with that of the PBS
group (P<0.001, Figure 4B). In addition, the relative
mRNA expression level of transforming growth factor
beta (TGF-B) was significantly decreased in the vaccine
group compared with that of the PBS group (P<0.05,
Figure 4C). Vascular endothelial growth factor (VEGF)
is an important regulator of angiogenesis under both phy-
siological and pathological conditions."* The relative
mRNA expression level of VEGF in the CpG+E7 (0.18
+0.001, P<0.01) and CpG (0.42+0.04, P<0.05) groups was
significantly decreased compared with that in the PBS

group (Figure 4D). Chemokines and chemokine receptors
mediate immune cell trafficking into the tumour micro
environment.'> Here, we found that the mRNA expression
levels of CCL1 (P<0.001), CCL2 (P<0.001), CCL3
(P<0.001), CCLS (P<0.001), CCL12 (P<0.001), and
CCL21 (P<0.001) were significantly decreased in the
CpG+E7 group compared with that in the PBS group
(Figure 4E-J). Dysregulated MMP activity is associated
with prognosis in cervical cancer.'® The qPCR results
showed that the mRNA expression levels of MMP-2
(P<0.001), MMP-3 (P<0.001), and MMP-9 (P<0.001)
were significantly decreased in mice administered the vac-
cine compared with those of mice administered PBS
(Figure 4K-M).

Immunohistochemical Staining for a-SMA,
P53, MMP-2, and Kié7 in the Tumor

Tissue

CAFs can promote tumor growth by aiding cell prolifera-
tion, angiogenesis, metabolism, and epithelial cell
migration.'” Here, we evaluated the expression of a-
SMA (Figure 5A), p53 (Figure 5B), MMP-2 (Figure 5C),
Ki67 (Figure 5D) in the tumor tissues of the four groups
by IHC. We found that a-SMA expression in the CpG+E7
group was significantly decreased compared with that in
the PBS group (1.55+1.21 ws 3.55+0.93; P<0.001)
(Figure 5E), suggesting that vaccine administration may
reduce the numbers of CAFs in the TME. P53 has been
reported to be highly expressed in cervical squamous cell
carcinoma, while high expression of this protein is corre-
lated with poor prognosis in patients with cervical
cancer.'®!” The p53 THC score was significantly lower in
the vaccine group than in the PBS group (1.64+0.50 vs
3.55+1.44; P<0.001) (Figure 5F), which suggested that the
administration of the vaccine might affect p53 levels. No
significant differences were observed in the IHC score of
MMP-2, a known risk factor for cervical cancer (Figure
5G).%° Ki67 is an established marker of proliferating cells
and has been proposed to have prognostic value in cervical
cancer.”' Additionally, Ki67 expression is strongly asso-
ciated with the severity of cervical lesions. Here, we found
that the Ki67 IHC score was significantly lower in the
vaccine group than in the PBS group (2.36+0.50 vs 3.46
+0.93; P<0.05) (Figure 5H), suggesting that vaccine
administration inhibited tumor cell proliferation, in agree-
ment with the reduction in tumor growth observed in this

group (Figure 1B, C).
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Figure 4 Relative mRNA expression levels of the evaluated cytokines, chemokines, and matrix metalloproteinases (MMPs). The mRNA expression of IL-2 (A), IL-4 (B),

TGF-B (C), VEGF (D), CCLI (E), CCL2 (F), CCL3 (G), CCL5 (H), CCLI2 (1), CCL21 (J), MMP-2 (K), MMP-3 (L), and MMP-9 (M) in the tumor tissues. Data are shown as

means%SD. * P<0.05, ** P<0.01, *** P<0.001.
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Figure 5 Immunohistochemical staining for a-SMA (A), p53 (B), MMP-2 (C), and Ki67 (D) in the tumor tissues. The data are representative of three animals per group. The
immunohistochemistry scores for a-SMA (E), p53 (F), MMP-2 (G), and Ki6é7 (H) in the tumor tissues. Images are shown at X100 magnification; scale bars = 100 um. Insert
images are at X400 magnification; scale bars = 50 pum. Data are shown as means%SD. * P<0.05, ** P<0.01, *** P<0.001.
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Discussion

No animal model of natural HPV infection-induced ortho-
topic cervical cancer is currently available. Orthotopic
models of cervical cancer can be established through 1)
induction  using  chemical reagents such as
methylcholanthrene;** 2) surgical orthotopic implantation
of cervical cancer tissue from patients or implanting cells
and 3)

injecting cells from the U14 cervical cancer cell line into
24

from cervical cancer cell lines into the cervix;*
the vaginal submucosa near the cervix™ or inoculating
TC-1 cells by vaginal instillation after gently disrupting
the cervicovaginal epithelia using cytobrushes.” In this
study, we established an orthotopic genital cancer model
by injecting TC-1 cells into the vaginal submucosa close
to the cervix to mimic orthotopic cervical cancer. This
animal modeling method is simpler to operate and less
time-consuming compared with the in situ-induced model
using chemical reagents. Moreover, our method avoids
local fibrosis and scar formation due to tissue repair after
the complex surgical implanting. The tumor location and
tumor size in the negative control group (Figure 1B and C)
showed little variation, which suggested that the injection
technique applied in this study and the inoculated tumor
cell number were stable and consistent even though the
cervical area was limited.

The immunization route influences the type and
strength of vaccine-induced immune responses as well as
the efficacy of therapeutic vaccines against cancer. Many
studies have shown that the mucosal immunization route
has obvious advantages over parenteral vaccination (such
as the subcutaneous route) for controlling mucosal
tumors.?® Intranasal administration is a common mucosal
immunization route. In a preclinical study using an HPV-
associated genital tumor model, intranasal administration
of a therapeutic HPV peptide vaccine incorporating
a combination of o-galactosylceramide and CpG ODN
adjuvants was demonstrated to induce the sustained elim-
ination of established genital tumors in over 85% of trea-
ted mice.”’ Intranasal administration of an HPV peptide
vaccine containing only a-galactosylceramide as an adju-
vant was also demonstrated to be capable of inhibiting the
growth of HPV-related orthotopic head and neck or lung
cancers, whereas intramuscular administration of the vac-
cine was not. Intravaginal administration is another muco-
sal immunization route for controlling genital cancer and
was demonstrated to be more effective than the subcuta-
neous route at suppressing orthotopic genital tumor

growth.”® Lee et al demonstrated that the intravaginal
administration, but not subcutaneous immunization, of
a vaccine containing HPV peptides and flagellin as an
adjuvant could suppress orthotopic genital tumor growth
and promote the long-term survival of tumor-bearing
mice.”” However, also using an orthotopic genital tumor
model, Decrausaz et al reported that subcutaneous immu-
nization of a therapeutic HPV peptide vaccine that
included two adjuvants elicited more robust cell-
mediated responses compared with mucosal vaccination
and promoted the regression of tumors in the genital
mucosa.’” In the current study, we administered the vac-
cine subcutaneously and demonstrated that it exerted an
inhibitory effect on orthotopic genital tumor growth. This
indicated that subcutaneous-based immunization is also
efficient at inhibiting genital tumors in mice. The discre-
pancy between the results of subcutaneous vaccination and
mucosal vaccination may be attributed to differences in
vaccine regimen (different vaccine formulations and dif-
ferent types of adjuvants) and experimental conditions.
Cellular immunity is necessary for the elimination of
HPV-infected and HPV-transformed tumor cells. HPV-
specific CD8+ CTLs are considered critical for the immune
defense against cervical cancer. CD4+ T cells provide help in
priming the generation, expansion, maintenance, and mem-
ory formation of CD8+ T cells by delivering essential activa-
tion signals to professional antigen-presenting cells or by
producing cytokines. In antitumor immunity, CD4+ T cells
can be recruited to the tumor and interact with tumor cells.
Activated CD4+ Thl cells can produce IFN-y, which med-
iates the enhancement of MHC expression on tumor cells, as
well as the recognition and eradication of tumor cells by
T cells. Moreover, CD4+ T cells are required for CD8+
T cell infiltration into the tumor, which is critical for the
efficacy of immunotherapy and long-term antitumor
effects.®'>* Although CD4+ T cells are not classical cyto-
toxic cells, some can directly promote antitumor responses
by killing tumor cells through FasL and TRAIL interactions,
by secreting granzymes, or by inhibiting angiogenesis.>* >°
The HPV16 E7 43-77 peptide in the vaccine contains one
CD8+ T cell epitope and two CD4+ T cell epitopes. A single
administration of the vaccine led to an increase in the simul-
taneous infiltration of CD4+ and CD8+ T cells (Figure 2A
and B) in tumor tissue, which likely represents one of the
mechanisms by which the vaccine inhibited the established
tumors. In addition, the relative expression of Th2-related
cytokines, such as IL-4 (Figure 4B), was significantly lower,
whereas that of Thl-related chemokines, such as IL-2
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(Figure 4A), was higher, in tumor tissue from vaccine-
inoculated mice, indicating that the vaccine may have
induced Th1 polarization.

Immunosuppression plays a pivotal role in cancer
development. Tregs comprise a subset of T cells that are
responsible for the maintenance of immune homeostasis.
They also suppress tumor immune responses. High num-
bers of tumor-infiltrating Foxp3+ Tregs, and a low ratio of
CD4+ or CD8+ T-cells to Foxp3+Tregs, have been
observed in cervical cancer patients. Tregs within tumors
interact with other immunosuppressive cells, including
CAFs, type 2 macrophages, and MDSCs, and negatively
regulate a variety of cells, including CTLs.*” MDSCs are
a heterogeneous population of cells that expand in cancers
and directly interact with tumor cells to support their
growth and progression in the TME.*® TAM (CDI1b
+/CD68+/F4/80+ macrophages) infiltration appears to be
a significant unfavorable prognostic factor for cancer
patients.®® Surprisingly, in our study, we found that the
number of MDSCs, but not macrophages or Tregs, was
significant decreased in tumor tissues of vaccinated mice.
This result is different from that obtained for subcutaneous
TC-1 tumors treated by subcutaneous administration of
this vaccine, which led to a decrease in the numbers of
immunosuppressive cells.'' This may be explained by the
variable influence of the vaccination on the TME of the
orthotopic and ectopic cervical cancer models.

Different lymphocyte subsets are recruited into the
TME by distinct chemokine—chemokine receptor signaling
pathways, and these immune cells differentially regulate
tumor immunity and cancer progression.'> The recruitment
of monocytic MDSCs and macrophages into the TME is
mediated by CCL2 and CCL5.**"** Their expression by
tumor cells is related to the numbers of MDSCs and TAMs
in many tumors and is also correlated with poor prognosis
in some cancers, including cervical cancer. CCL2 can also
stimulate metastasis-associated macrophages to secrete
CCL3, which further promotes macrophage retention in
the tumor.*' In addition, CCL12 may promote the recruit-
ment of MDSCs to the TME.** In our study, analysis of
the chemokine profile in the TME revealed that the expres-
sion of CCL2, CCL3, CCLS, and CCL12 were signifi-
cantly decreased in the vaccine group, which may
explain the reduced numbers of immunosuppressive
MDSCs. Tregs are recruited to the TME via interactions
between chemokines and chemokine receptors, including
CCLI-CCR8* and CCL21-CCR7.* Although the
expression of CCL1 and CCL21 was decreased in the

vaccine group, the recruitment of Tregs into the tumor
was not, which indicated that chemokines may not be the
only trigger for the recruitment of Tregs into the TME.

Tumor invasion and metastasis involve multistep steps,
including the degradation of subepithelial basement mem-
branes and the extracellular matrix (ECM).** MMPs
degrade most ECM components and play a key role in
the dissemination of malignant neoplasms.*” MMP-2 can
enhance the invasive ability of cervical cancer cells by
degrading type IV collagen and fibronectin, which are
components of all basement membranes,”® while MMP-3
secretion can serve as a marker of poor prognosis in
cervical cancer.*® In addition, the upregulation of MMP-9
expression in both CIN II-III lesions and invasive carci-
nomas may be suggestive of tumor progression.*’ Our
results showed that vaccine administration induced
a significant decrease in intratumoral MMP-2, MMP-3,
and MMP-9 levels compared with those of controls. This
suggests that the vaccine may have a marked effect on
MMP regulation and thereby determine tumor invasive-
ness and disease outcome in cervical carcinoma. That the
decrease in the number of MMP-2-positive tumors, as
assessed by IHC, did not show statistical significance
may stem from the large fraction of tumors that were
weakly stained.

Conclusion

In the current study, we established an orthotopic genital
tumor model and showed that the subcutaneous adminis-
tration of a therapeutic HPV peptide-based vaccine inhib-
ited the growth of established tumors. This may have
resulted from an increase in infiltrating CD4+ and CD8+
T cells, a decrease in MDSC and CAFs, as well as the
differential expression of a panel of cytokines, chemo-
kines, and MMPs in the TME.

Abbreviations

HPV, human papillomavirus; CpG ODN, unmethylated
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TME, tumor microenvironment; MDSCs, myeloid-
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