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Purpose: The route of administration of a therapeutic tumor vaccine is a critical factor in
inducing antitumor activity. In this study, we explored the effects of three vaccination routes
(subcutaneous, peritumoral, and intratumoral injection) on antitumor activity induced by
a human papillomavirus (HPV) therapeutic vaccine containing HPV16 E7 peptide combined
with the adjuvant CpG ODN in established TC-1 grafted tumors.

Methods: We used flow cytometry to evaluate splenic and tumor-infiltrating immune cells.
We also assessed transcriptional changes in a sequence of immune-related genes in tumors of
different treatment groups using quantitative real-time polymerase chain reaction.
Immunohistochemistry was used to determine the expression of molecules related to tumor
infiltrating immune cells, angiogenesis, and cancer-associated fibroblasts in tumor tissues.
Results: Our results suggested that intratumoral and peritumoral vaccination generated
enhanced antitumor activity compared to subcutaneous delivery. In particular, intratumoral
vaccination elicited a stronger antitumor effect, with two of the six treated mice being nearly
tumor-free at day 28. Three vaccination routes induced increases in splenic CD4+ and/or
CD8+ T lymphocytes, and marked decreases in immunosuppressive cells. Peritumoral
vaccination increased the tumor-infiltrating CD8+T cells in tumors, while intratumoral
vaccination enhanced the tumor-infiltrating CD4+ and CD8+ T lymphocytes, as well as
decreased the tumor-infiltrating of immunosuppressive cells, which may result in stronger
inhibition of tumor growth and prolonged survival in mice bearing tumors. Furthermore,
compared to the subcutaneous route, intratumoral vaccination led to a significant increase in
antitumor cytokines and chemokines. In addition, our data showed marked downregulation
of MMP-2, MMP-9, VEGF, CD31, and a-SMA in the intratumoral vaccination group, which
might contribute to the suppression of tumor invasion, angiogenesis, and metastasis.
Conclusion: Overall, intratumoral vaccination is superior to subcutaneous delivery and has
the potential to inhibit tumor growth by improving the tumor microenvironment.
Keywords: human papillomavirus, cervical cancer, therapeutic vaccine, intratumoral

injection, immunosuppression

Introduction

Human papillomavirus (HPV) infection is the most common sexually transmitted
infection worldwide and persistent infection with high-risk HPV (especially type 16
and 18) can cause cancer of the cervix, vulva, vagina, anus, penis, and oropharynx.1
The enormous global health burden of high-risk HPV persistent infections has
promoted extensive prophylactic vaccine development, which have primarily
aimed to induce the generation of neutralizing antibodies against the HPV L1

Received: 19 July 2021
Accepted: 8 September 2021
Published: 21 September 2021

Cancer Management and Research 2021:13 7339-7354 7339
© 2021 Che et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are avallahle at httpx / Iwww.dovepress.com/terms.php
v No

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/c nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, pmwded the wnrk is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).



http://orcid.org/0000-0001-8536-2892
mailto:xlwang18@cmu.edu.cn
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Che et al

Dove

capsid protein.” Though immune responses induced by the
prophylactic vaccines confer protection against infection
due to the HPV genotypes included in the vaccines, these
prophylactic vaccines have no therapeutic effect on either
pre-existing infections or established HPV-associated
diseases.’

Cell-mediated immune responses involving T-helper
type 1 (Thl) cells and cytotoxic T cells are important for
the clearance of established HPV-related diseases. HPV-
associated malignancies are driven by HPV oncoproteins
E6 and E7, which are required for cellular malignant
transformation and are expressed continuously at high
levels in transformed cells, and act as tumor-specific anti-
genic targets.* An ideal therapeutic vaccine for high-risk
HPV-induced cancers could target these oncoproteins to
induce robust oncoproteins-specific Thl and cytotoxic
T lymphocyte (CTL) responses that kill HPV-infected
and HPV-transformed cells.” Our prior study found that
subcutaneous injection of a vaccine consisting of the
HPV16 E7 43-77 peptide, which contains both a CTL
epitope (E7 49-57) and two Th epitopes (E7 50-62 and
E7 43-77), and the adjuvant, unmethylated cytosine-
phosphate-guanosine oligodeoxynucleotide (CpG ODN),
induced strong antitumor immune responses and resulted
in the eradication of early stage implanted tumors.®’

A successful cancer therapeutic vaccine should be able
to induce a powerful immune response against tumor-
specific-antigens to avoid targeting normal host cells and
overcome immunosuppression.® Vaccine immunogenicity
may be affected by how the antigens are presented, as well
as the vaccine dose, and the administration route of
vaccine.” Conventional vaccines are often administered
to the skin or muscle to activate T cells in lymph nodes.
Direct intratumoral delivery achieves high local concentra-
tion of the vaccine and increases the bioavailability of
immunostimulatory products.'® A number of studies have
shown that cancer therapeutic vaccines might be more
immunogenic when delivered intratumorally.'''® Instead,
other studies have suggested that peritumoral injection of
vaccines resulted in eradication or strong growth inhibition
of established tumors.'*® In HPV-related skin and muco-
sal tumors, peritumoral injection and intratumoral injec-
tion of vaccines are feasible.”’ Building on these
observations, we extended our study of vaccines to TC-
1-grafted tumors, and compared the antitumor efficacy
induced by three different routes (subcutaneous injection,
peritumoral injection, and intratumoral injection) of the
vaccine. The results showed that intratumoral vaccination

was far superior to the subcutaneous route at inducing the
inhibition of tumor growth and improvement of the tumor
(TME),  which
a significant benefit for the treatment of HPV-associated

microenvironment may  provide

diseases.

Materials and Methods
Mouse Model and Cell Line

Female C57BL/6 mice (6 to 8 weeks of age) were obtained
from the Liaoning Changsheng Biotechnology Co. Ltd.
(Benxi, China) and housed in a specific pathogen-free
environment. All animal procedures were performed in
accordance with the Guidelines for the Care and Use of
Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of China
Medical University (IACUC Issue No. CMU2019293).
The TC-1 cell line was purchased from Beijing Beina
Chuanglian Biotechnology Institute (Beijing, China). TC-1
cells were cultured in Roswell Park Memorial Institute
1640 medium supplemented with G418 (Genview,
Tallahassee, FL, USA), 10% heat-inactivated fetal bovine
serum, and penicillin-streptomycin (all from Biological

Industries, Kibbutz Beit Haemek, Israel).

Peptide and Adjuvant Treatments

The HPV16 E7 peptide (E7 43-77: GQAEPDRAH
YNIVTFCCKCDSTLRLCVQSTHVDIR) was provided by
GL Biochem (Shanghai) Ltd. (Shanghai, China). The purity
of the peptide was verified by high-performance liquid chro-
matography and was found to be routinely >95%. CpG ODN
1826 (5-TCCATGACGTTCCTGACGTT-3') was synthe-
sized by Sangon Biotech (Shanghai) Co. Ltd. (Shanghai,
China).

Tumor Treatment and Monitoring

C57BL/6 mice (6 mice per group) were subcutaneously
inoculated with 5x10°> TC-1 tumor cells at day 0. Tumor-
bearing mice were randomly treated with a vaccine con-
taining 20 pg of CpG and 50 pg of E7 peptide in a total
volume of 100 pL by subcutaneous injection, peritumoral
injection, or intratumoral injection. Tumor volumes were
measured using an electronic caliper (Pro’skit, Shanghai,
China) and calculation of tumor dimensions were per-
formed using the formula V=0.5xaxb?, where a was the
longest superficial diameter and b was the smallest one. To
determine the overall survival of the treated tumor-bearing
mice, we euthanized mice and counted a death event when
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the tumor volume of the mouse reached 2000 mm> or

when the tumor diameter was greater than 1.5 cm.

Flow Cytometry
The mice were euthanized, and the spleens and tumors
were harvested at day 28. To prepare the splenocyte sus-
pensions, mouse spleens were disrupted and passed
through a stainless-steel mesh. Tumor single-cell suspen-
sions were obtained by digesting dissected tumor tissues
with 2 mg/mL Collagenase D (Roche, Diagnostics,
Indianapolis, IN, USA) and 0.4 mg/mL DNase (Sigma-
Aldrich, St. Louis, MO) for 90 minutes at 37°C and sub-
sequently the tumor cells were filtered using a 100 um
strainer.

For surface staining, single-cell suspensions were
stained with the following fluorochrome-conjugated
monoclonal antibodies: FITC-conjugated anti-mouse CD4
(BD Pharmingen, San Diego, CA, USA), PerCP/Cy5.5-
conjugated anti-mouse CD8a (BD Pharmingen, San Diego,
CA, USA), PerCP/Cy5.5-conjugated anti-mouse CDI11b
(eBioscience, San Diego, CA, USA), APC-conjugated
anti-mouse CD25 (BD Pharmingen, San Diego, CA,
USA), FITC-conjugated anti-mouse Gr-1 (eBioscience,
San Diego, CA, USA), and PE-conjugated anti-mouse
F4/80 (eBioscience, San Diego, CA, USA).

For intracellular interferon gamma (IFN-y) staining,
cells were incubated with 1 pg/mL Phorbol 12-myristate
13-acetate and 50 pg/mL Ionomycin (all from Sigma-
Aldrich, St. Louis, MO, USA). After the 1-hour incuba-
tion, GolgiPlug (BD Biosciences, San Diego, CA, USA)
was added for 4 hours to inhibit protein secretion.
Intracellular CD206 and IFN-y staining was performed
using the Cytofix/Cytoperm kit (BD Biosciences, San
Diego, CA, USA) according to the manufacturer’s instruc-
tions. Following the fixation/permeabilization, cells were
additionally stained with APC-conjugated anti-mouse
CD206 (eBioscience, CA, USA), PE-
conjugated anti-mouse IFN-y (BD Pharmingen,

San Diego,
San
Diego, CA, USA) or isotype controls.

For intranuclear staining of Foxp3, cells were fixed and
permeabilized using the Foxp3/Transcription Factor
Staining Buffer Set (Invitrogen, Carlsbad, CA, USA).
Following the fixation and permeabilization, cells were
with
(eBioscience, San Diego, CA, USA). Analysis was per-

stained PE-conjugated  anti-mouse  Foxp3
formed using a BD LSRFortessa flow cytometer (BD
Biosciences, USA) and FlowlJo

Ashland, OR, USA).

software (TreeStar,

Immunohistochemistry

Immunohistochemical staining was performed on forma-
lin-fixed and paraffin-embedded tissue. Heat-induced anti-
gen retrieval was performed with EDTA buffer at pH=9.0.
Sections (3-pum thick) were treated with the following
primary antibodies: CD4, CD8, CD31, and alpha-smooth
muscle actin (a-SMA) (rabbit polyclonal antibodies,
ABclonal Biotech Co, Ltd, Wuhan, China, 1:200 dilution)
and incubated overnight at 4°C. After overnight incuba-
tion, the slides were treated with biotinylated secondary
antibodies and  streptavidin-horseradish  peroxidase
(Maixin Biotechnology, Fuzhou, Fujian, China). The final
stain was developed using 3,3’-diaminobenzidine tetrahy-
drochloride (Maixin Biotechnology, Fuzhou, Fujian,
China) as the chromogen. The stained sections were coun-
terstained with hematoxylin and coverslipped.

Staining intensity was scored on a four-point scale:
negative (no stain, 0), weak (1), moderate (2), and strong
(3). The extent of staining (percentage of positive tumor
cells) was scored as follows: 0 (0%), 1 (1%-10%), 2
(11%-50%), 3 (51%—-80%), and 4 (>80%). The intensity
scores and extent of staining were multiplied to give
a composite score ranging from 1 to 12 for each tumor.

RNA Extraction and Quantitative
Real-Time Reverse Transcription
Polymerase Chain Reaction

Total RNA was extracted from whole tumors using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA) according to the
The extracted RNA was
reverse transcribed using a Reverse Transcription System
(Promega, Madison, WI, USA) for cDNA synthesis. PCR
analysis was performed using the SYBR qPCR Master

manufacturer’s instructions.

Mix (Vazyme, Nanjing, China). Specific primers used for
the quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR) experiments are listed in
Table 1. B-actin was used as the endogenous control. The
2724 method was used to calculate the relative quantity

of gene expression.

Statistical Analysis

All statistical analyses were performed using GraphPad
Prism software version 5.0 (GraphPad Software Inc., San
Diego, CA, USA). Survival analysis curves were created
using Kaplan-Meier methods and compared by the Log
rank test. The rest of data were analyzed using one-way
analysis of variance (ANOVA) followed by Tukey’s
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Table | qRT-PCR Primers Used in the Study

Gene Forward (5'-3") Reverse (5'-3)
B-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA

IL-2 AAGCTCTACAGCGGAAGCAC TCATCGAATTGGCACTCAAA
IL-10 AGGATGCACATCAAAAGGCTT GGCCTCGGTTAGGAAGGATAC
IL-12 CAATCACGCTACCTCCTCTTTT CAGCAGTGCAGGAATAATGTTTC
TNF-a CCAACATGCTGATTGATGACACC GAGAATGCCAATTTTGATTGCCA
TGF-B AATGGTACCGTCAGTGCTGGAAATA TGGCTCATGTTGCAGAGGCTA
IFN-y ACTCMGTGGCATAGATGTGGMG GACGCTTATGTTGTTGCTGATGG
CXCLI CTGGGATTCACCTCMGAACATC CAGGGTCAAGGCAAGCCTC
CXCL9 CTTGAGCCTAGTCGTGATAAC CCAGCTTGGTGAGGTCTATC
CXCLI0 CCACGTGTTGAGATCATTGC AGTAGCAGCTGATGTGACC
MMP-2 CATCGTAGTTGGCTGTGGTCG GTCTTCCCCTTCACTTTCCTG
MMP-9 GCAGAGGCATACTTGTACCG TGATGTTATGATGGTCCCACTTG
VEGF GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACMGGCT

multiple comparison test. Differences were considered sig-
nificant at a p-value < 0.05. The data are presented as the
meantstandard deviation (SD). P-values were as follows:
*p<0.05, **p<0.01, and ***p<0.001.

Results
Peritumoral or Intratumoral Injection of
Vaccine Induced Inhibition of Established

Tumors

To investigate a potential antitumor effect of different
administration routes of vaccine, TC-1 tumor cells were
injected subcutaneously in the right flank of mice on day
0. When the tumor volume reached 150+50 mm3, mice
were treated with vaccine containing 20 pg of CpG and 50
ng of E7 peptide on days 9, 16, and 23 by subcutaneous
injection, peritumoral injection or intratumoral injection
(Figure 1A). Mice with TC-1 grafted tumors showed var-
iation in the response to different administration routes of
the vaccine. Tumors maintained sustained development in
all mice in the control group. The majority of tumors in
mice receiving subcutaneously injected vaccine grew
slower than untreated mice. All mice treated with peritu-
moral or intratumoral injection of the vaccine responded
almost completely or partially reduction in tumor volume
(Figure 1B). The peritumoral or intratumoral injection of
the vaccine significantly inhibited tumor growth, as indi-
cated by 60.86% (p<0.001) and 67.10% (p<0.001) reduc-
tions, respectively, in mean tumor volume compared to
that of control mice, as well as 53.85% (p<0.01) and
61.21% (p<0.001), respective reductions relative to sub-
cutaneous injected mice (Figure 1C). At the endpoint of

the experiment, tumors were excised from the mice and
weighed (Figure 1D). The peritumoral (1.64+0.63 g) or
intratumoral (1.49+1.25 g) injection of the vaccine
resulted in significantly decreased in tumor weight com-
pared to the control group (4.43+2.14 g, p<0.01), and the
subcutaneous injected group (3.77+0.56 g, p<0.05)
(Figure 1E). Figure 1F presents the survival curves of
mice treated with different administration routes of the
vaccine. The first mice were found dead on day 14 after
TC-1 cells were inoculated in the control group
(Figure 1F). In vaccinated mice, a significant delay in
time to death was registered. At 50 days after the inocula-
tion of TC-1 cells, the percentage of mice that survived in
the subcutaneous and peritumoral injected group was
33.33% and 50%, respectively (Figure 1F). The percentage
of animals that survived was 83.33% in the intratumoral
injected group at the endpoint of the experiment
(Figure 1F). In short, these data indicated that the peritu-
moral and intratumoral treatment showed significantly
improved antitumor efficacy on the inhibition of tumor
growth and prolonged mouse survival compared with the
control group. Although there was no statistical difference
between the peritumoral injection group and the intratu-
moral injection group, intratumoral vaccination achieved
better effects on the inhibition of tumor growth and two of
the six mice were nearly tumor-free at day 28.

Effects of Different Administration
Routes of the Vaccine on Systemic

Immune Responses
To evaluate the effects of three different administration
routes of the vaccine on the systemic immune responses,
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Figure | Effects of three different administration routes of vaccine on the inhibition of tumor growth. (A) Treatment schedule: All the mice were injected subcutaneously
into the right flank with a single-cell suspension of 5%10° TC-1 cells for tumor formation at day 0. After tumor cell inoculation, tumor-bearing mice were treated with the
vaccine by subcutaneous injection, peritumoral injection or intratumoral injection at days 9, 16, and 23. (B) Tumor volumes in the four groups were assessed over time. (C)
Graphical representation of tumor volumes at day 28. (D) Photography of tumors excised from the mice at the endpoint of the experiment. From top to bottom, PBS-
treated group, subcutaneous injection group, peritumoral injection group, and intratumoral injection group. (E) Tumor weights (grams) at the time of excision. (F) Kaplan-
Meier survival curves of different groups of tumor-bearing mice. The experiments were repeated twice and one of the two experiment results was presented. The data are
expressed as the meanzSD (n=6). The significance of the tumor volumes and the tumor weights was evaluated by one-way ANOVA followed by Tukey’s multiple comparison
test. Overall survival was estimated according to Kaplan-Meier methods and was compared using the Log rank test (*p<0.05, **p<0.01, ***p<0.001).
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mouse spleens were harvested and dissociated to assess the
proportion of immune cells by flow cytometry analysis. The
proportion of CD4+ cells among total splenocytes was sig-
nificantly increased from 8.03% in the control group to
12.38% (p<0.001) in the subcutaneous injection group and
11.92% (p<0.01) in the intratumoral injection group
(Figure 2A and B). The three different administration routes
of the vaccine significantly improved the percentage of
splenic CD8+ T cells (Figure 2C and D; control group:
3.67%+3.12%; subcutaneous  group:  9.09%=+2.04%,
p<0.001; peritumoral group: 8.55%+0.68%, p<0.01; and
intratumoral group: 8.16%=+0.61%, p<0.01). The subcuta-
neous and intratumoral injection of the vaccine further
enhanced IFN-y expression by 1.5-fold (p<0.05) and 2-fold
(p<0.01) compared with that in the PBS control group
(Figure 2E and F), respectively. Although there were sig-
nificant differences in the percentage of IFN-y-secreting
cells between the four groups, the IFN-y-secreting cell
counts were low which might be attributed to the presence
of dead cells in the analyzed cells. We next evaluated the
impact of different administration routes of the vaccine on
splenic immunosuppression. We found that subcutaneous
(p<0.05) and intratumoral (p<0.01) treatment significantly
decreased the proportion of splenic myeloid-derived sup-
pressor cells (MDSCs) compared with the control group
(Figure 2G and H). Furthermore, the data indicated that the
three vaccination routes significantly reduced the percentage
of splenic regulatory T cells (Tregs) and type 2-polarized
tumor-associated macrophages (M2-TAMs). We observed
a decreased fraction of CD25+Foxp3+ T cells within CD4
+ cells in the subcutaneous (15.90%+1.24%, p<0.05), peri-
tumoral (14.57%+1.18%, p<0.001), and intratumoral treat-
ment group (13.90%+0.73%, p<0.001) relative to the control
group (17.93%+1.44%) (Figure 21 and J). The subcutaneous,
peritumoral and intratumoral injection of the vaccine led to
a decrease in F4/80+CD206+ cells among the CD11b+ cell
population, resulting in a 32.83%, 44.91%, and 63.65%
decrease of M2-TAMs than that of control group, respec-
tively (Figure 2K and L).

Effects of Different Administration
Routes of the Vaccine on
Tumor-Infiltrating Lymphocytes

To characterize the effects of the different administration
routes of vaccine on the tumor-infiltrating lymphocytes
(TILs), tumors were harvested 5 days after last treatment
and analyzed by flow cytometry to allow a clear comparison

of relative numbers of immune cells among treatment
groups. The intratumoral injection of the vaccine increased
the proportion of CD4+ T cells within the TILs (11.49%
+2.58%) compared with the control group (7.59%+1.38%,
p<0.05) and the subcutaneous injection group (7.79%
+2.47%, p<0.05) (Figure 3A and B). The peritumoral injec-
tion and intratumoral injection of the vaccine led to
a significant increase in the density of CD8+ T cells, from
4.01% in the control group to 6.61% (p<0.05) in the peritu-
moral injection group and 7.57% (p<0.05) in the intratu-
moral injection group (Figure 3C and D). The expression of
IFN-y increased in all three treatment groups relative to the
control group, albeit the differences were not significant
(Figure 3E and F). In addition, the intratumoral injection
of the vaccine significantly reduced the percentage of
MDSCs (CD11b+Gr-1+) from 11.39% in the control group
to 6.76% (p<0.05) (Figure 3G and H). We observed
a decreased fraction of CD25+Foxp3+ T cells among CD4
+ cells in the intratumoral treatment group (15.10%+3.95%)
relative to the control group (23.33%+1.26%, p<0.05) and
the subcutaneous injection group (22.97%+4.76%, p<0.05)
(Figure 31 and J). The intratumoral injection of the vaccine
led to a decrease in F4/80+CD206+ cells within the CD11b+
cell population, resulting in a 33.49%, 30.31%, and 27.03%
decrease of M2-TAMs compared to the control group, sub-
cutaneous, and peritumoral treatment group, respectively
(Figure 3K and L). These results indicated that the intratu-
moral injection of the vaccine might promote the recruitment
and activation of CD4+ and CD8+ T cells, reducing immu-
nosuppressive cells including Tregs, MDSCs, and M2-
TAMs, demonstrating a reversal of the immunosuppressive
phenotype of the TILs.

Effects of Different Administration
Routes of the Vaccine on Cytokines,
Chemokines, and Matrix

Metalloproteinases (MMPs) in the Tumor
The level of transcripts of interleukin (IL)-2, IL-12, tumor
necrosis factor alpha (TNF-a), IFN-y were significantly
increased by 5-fold (p<0.001) (Figure 4A), 3-fold
(p<0.001) (Figure 4C), 2-fold (p<0.001) (Figure 4D), and
18-fold (p<0.001) (Figure 4F), respectively, compared to
those in the control group. The mRNA level of IL-10,
transforming growth factor beta (TGF-B), CXC-
chemokine ligand (CXCL) 1, and vascular endothelial
growth factor (VEGF) in the intratumoral group was sig-
nificantly reduced by 47.60% (p<0.01) (Figure 4B),
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86.59% (p<0.001) (Figure 4E), 96.26% (p<0.01)
(Figure 4G) and 92.14% (p<0.001) (Figure 4L), respec-
tively, compared to that in the control group. CXCL9 and
CXCL10 mRNA expression levels in the tumor tissue of
intratumoral injected mice were increased by 2-fold
(p<0.001) (Figure 4H) and 1-fold (p<0.05) (Figure 4I),
respectively, compared to those of control mice. In addi-
tion to cytokines and chemokines, we also determined the
expression levels of MMPs. The relative mRNA levels of
MMP-2 and MMP-9 in the tumor tissue of intratumoral
vaccinated mice were reduced by 96.24% (p<0.05)
(Figure 4J) and 94.68% (p<0.05) (Figure 4K), respec-
tively, compared to those of control mice. Furthermore,
the subcutaneous injection of the vaccine resulted in
a significant increase in the relative expression of intratu-
moral TNF-a (p<0.05) (Figure 4D), CXCL9 (p<0.01)
(Figure 4H), and CXCL10 (p<0.05) (Figure 41) and sig-
nificantly decreased expression of intratumoral IL-10
(p<0.05) (Figure 4B), TGF-B (p<0.001) (Figure 4E), and
CXCLI (p<0.01) (Figure 4G) compared to that of control
mice. Likewise, the relative expression of TGF-B
(p<0.001) (Figure 4E), CXCL1 (p<0.01) (Figure 4G),
MMP-2  (p<0.05) (Figure 4J), MMP-9 (p<0.05)
(Figure 4K), and VEGF (p<0.001) (Figure 4L) in peritu-
moral vaccination mice significantly decreased compared
to that of the control group. In addition, the peritumoral
injection of the vaccine significantly increased the level of
intratumoral TNF-o (p<0.001) (Figure 4D) and CXCL9
(p<0.01) (Figure 4H).

Effects of Different Administration
Routes of the Vaccine on CD4, CDS,
CD31, and a-SMA Expression

The representative immunohistochemical staining in
Figure 5A and B indicated the expression of CD4+ and
CD8+ cells in tumor tissue. The tumor infiltrated CD4+
and CD8+ T lymphocytes were distributed around both the
tumor tissue and the blood vessels. The peritumoral injec-
tion and intratumoral injection of the vaccine significantly
increased the density of CD4+ and CD8+ T cells relative
to the control group (Figure 5E and F). The intratumoral
microvessel density (MVD) was quantified by measuring
CD31-positive staining which was mainly detected in the
vascular endothelial cell membrane. The IHC images sug-
gested that neoplastic endothelial cells forming the vascu-
lar structure were positive and other regions of the tumor
showed low expression of CD31 (Figure 5C). All

capillaries expressing membranous CD31 were counted
at 400x magnification. We found a significantly less
MVD in the intratumoral group (1.91£0.30) than in the
control group (3.094+0.83) and the subcutaneous group
(2.91+£1.30) (Figure 5G), which suggested that the intratu-
moral injection of the vaccine significantly reduced the
MVD in the tumors. a-SMA positive staining was mainly
detected in the tumor stroma, the THC staining results
indicated that a-SMA expression in the intratumoral injec-
tion group was significantly lower than that in the control
group (Figure 5D and H).

Discussion

In this study, we explored the effects of three routes of vacci-
nation on the inhibition of TC-1 grafted tumors. We found that
intratumoral and peritumoral vaccination reversed tumor
growth when compared to subcutaneously vaccination or
compared to control treatment (Figure 1B—E). Considering
the results of our previous studies in which the antitumor effect
of subcutaneous vaccination was demonstrated for early-stage

'cumors,é’7

we speculated that subcutaneous injection may be
more effective for early-stage tumors. For late-stage tumors,
subcutaneous inoculation might not significantly attenuate the
growth rate of tumors (Figure 1B-E). Although peritumoral
injection inhibited tumor growth, the intratumoral injection of
the vaccine elicited a stronger antitumor effect, with two of the
six mice becoming nearly tumor-free at day 28 (Figure 1B and
D). Furthermore, the antitumor effect translated into improved
survival in the intratumoral injected mice (p<0.01) as com-
pared to the untreated mice (Figure 1F). In short, we observed
significant tumor regression and survival improvement when
the vaccine was delivered directly into the tumor tissue as
compared to either untreated or subcutaneous injection of the
vaccine.

Ishida et al'® and Peng et al'” recently demonstrated
superior effects of intratumoral delivery of HPV16 E7
peptide-based vaccines using TC-1 tumor model in
C57BL/6 mice; however, there are several differences
between these studies and the present study. First, the
formulation of the vaccine in our study and in the two
similar studies differed. The vaccine used in the study by
Ishida et al'® was a HPV 16 E7 4957 short peptide, which
contained only a single CD8 epitope, and Peng et al'” used
two short peptides as antigens, which were HPV 16 E7
49-57 peptide containing a CDS epitope and the HPV 16
E7 43-62 peptide containing a CD4 epitope. In our current
study, we used the HPV 16 E7 43-77 long peptide vac-
cine, which not only contains a CD8 epitope, but also
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Figure 5 The abundance of CD4, CD8, CD31, and a-SMA expression by immunohistochemistry analysis. Representative images of (A) CD4, (B) CD8, (C) CD3l, and (D)
a-SMA staining are shown. Immunohistochemistry score of (E) CD4, (F) CD8, and (H) a-SMA. (G) Intratumoral MVD was quantified by measuring CD3 |-positive staining.
The scale bar is located in the upper left corner of the immunohistochemistry image. Images are shown at 100x magnification and scale bars = 100 pm. The insert images are
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multiple comparison test (¥p<0.05, **p<0.01, **p<0.001).

Cancer Management and Research 2021:13 heeps: 7349

Dove:


https://www.dovepress.com
https://www.dovepress.com

Che et al

Dove

contains two CD4 epitopes. CD4 cells play a vital role in
the anti-tumor immune response. Activated Th1 CD4 cells
are capable of producing IFN-y which mediates the
enhancement of MHC expression on tumor cells, the
recognition and eradication of tumor cells by T cells.”
Furthermore, CD4 T cells are required for infiltration of
CD8 T cells to the tumor site,>>

efficacy of immunotherapy and for long-term antitumor

which is critical for the

effects. In addition, the adjuvant used in Ishida et al’s
study was the TLR3 agonist poly (I:C), while the adjuvant
used in our study was the TLR9 agonist CpG ODN. We
believe that the efficient inoculation route for vaccines
with different formulations may differ. Differences in
adjuvants will also have an impact on the anti-tumor
effects of therapeutic vaccines. It is worth investigating
effective inoculation routes for given vaccine formula-
tions. Moreover, Ishida et al'® administered the vaccine
when the tumor xenograft volume in mice was about
50 mm®, while the vaccine intervention was also per-
formed during the early stage of tumor formation (at
days 3, 6, and 10) in the study by Peng et al.'” Our
previous research results demonstrated that the HPV E7
43-77 long peptide vaccine with CpG ODN as an adjuvant
in the early stage of tumor formation in mice (Day 4,
tumor volume was approximately 50 mm?) showed excel-
lent tumor inhibition effects. Tumor dimensions of mice
were significantly reduced, and some tumors even
disappeared.® But as the results of our current study have
shown, when the tumor volume in mice reached a certain
level (eg, 150+50 mm?®), the subcutaneous administrated
vaccines cannot completely control tumor growth, which
may be due to the potential presence of an immunosup-
pressive TME. Thus, we evaluated the intratumoral or
peritumoral routes of vaccination, and evaluated the
impact of different vaccination routes on the TME. Last
but not least, cervical cancer has an insidious onset, and
most cervical cancer patients found in the clinic are middle
to late stage patients in low- and middle-income
countries.’®?” We believe that exploring the therapeutic
effect of vaccines on larger or advanced tumors has greater
clinical value.

Therapeutic cancer vaccines aim to promote immune
responses, and in particular, activate cytotoxic CD&+
T cells that are specific to tumor antigens.?® In order to
better understand the mechanisms underlying differences
in antitumor effects, we examined the effects of the
different administration routes of the vaccine on systemic

and tumor local immune responses. We found that

subcutaneous injection of the vaccine induced stronger
systemic immune responses, but the local immune
responses were weaker than that of intratumoral and
peritumoral vaccine routes, which further demonstrated
that the local immune response played a major role in the
antitumor effect. Subcutaneous injections activate dermal
dendritic cells and Langerhans cells, promoting an effec-
tive antigen processing and eventually effectively stimu-
lating cellular immune response and humoral immune

responses,29’30

which might explain why subcutaneous
vaccination induced the significant systemic immune
response. Instead, the intratumoral injection of the vac-
cine enhanced the locoregional antitumor efficacy by
enabling high bioavailability of vaccines directly at the
injected tumor sites and reduced systemic toxicity.’! In
addition, the flow cytometry results of tumor cells
showed that only CD8+ T cells in the peritumoral injec-
tion group increased significantly, but the antitumor effect
of the peritumoral group was adequate. We hypothesized
that the presence of CD8+ T cells in the TME are crucial
to the rejection of the tumor induced by the vaccine.
However, we have not performed knockout studies to
verify these hypotheses at present, but this will be
addressed in future studies. Essentially, our results sug-
gested that intratumoral injection of the vaccine triggered
not only local immunologic responses but also systemic
immunologic responses, both of which contributed to an
improved antitumor response.

The bottleneck for cancer immunotherapy is the immu-
nosuppressive TME in which the tumor cells are located.*
MDSCs, Tregs, M2-TAMs, and inhibitory cytokines are
the major components of the immune system that cause
the subversion of antitumor immunity in the TME.*
MDSCs
locally in the TME through different pathways, including

elicit immunosuppression systemically and
promoting cancer cell proliferation and survival, angiogen-
esis and lymph angiogenesis, and the expression of immu-
nosuppressive cytokines.® Tregs are potent inhibitors of
the immune system, suppressing T cells, B cells, natural
killer (NK) cells, dendritic cells, and macrophages via
humoral and cell-cell contact mechanisms. In the majority
of solid tumors in the cervix, kidney, breast, and melano-
mas, the high frequency of tumor-infiltrating Tregs is often
associated with poor prognosis.’** Macrophages are polar-
ized into two distinct phenotypes, the classically activated
macrophages (M1-TAMs), which are pro-inflammatory,
pro-immunity, and antitumor, or the alternative activated
macrophages (M2-TAMs), which are anti-inflammatory,
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immune suppressive, and pro-tumor.>> M2-TAMs promote
tumor growth and metastases through a variety of diverse
mechanisms, including facilitating angiogenesis, matrix
breakdown, and tumor-cell motility.’® Thus, we also
focused our attention on the effects of different vaccina-
tion routes on systemic and tumor local immunosuppres-
sive cells. We found decreased splenic MDSCs in
subcutaneous and intratumoral group (Figure 2G and H),
as well as reduced splenic Tregs and M2-TAMs in all the
three vaccinated groups (Figure 21-L), while only intratu-
moral vaccination significantly reduced the frequency of
MDSCs, and M2-TAMs
(Figure 3G-L). We hypothesized that the low frequency
of tumor-infiltration MDSCs, Tregs and M2-TAMs in the
intratumoral injection group might be associated with

tumor-infiltration Tregs,

relieving immunosuppression and reinstating antitumor
immune responses.

To better understand how intratumoral vaccination can
significantly enhance the generation of tumor-infiltrating
CD4+ and CD8+ T cells and the antitumor response, we
assessed transcriptional changes of cytokines, chemokines,
and MMPs in the tumor. IL-2 plays an important role in
the development of adaptive immune response as it med-
iates the proliferation of T cells and differentiation into
effector lymphocytes.®” IL-12 is released by a variety of
immune cells upon infection or inflammation to induce
differentiation of Thl cells and increase activity of CTLs
as well as IFN-y production.”® Studies have indicated that
TNF-a is frequently used in tumor immunotherapy while
IFN-y can directly inhibit tumor cell proliferation.>
CXCL9 and CXCL10 promote the migration of effector
T cells and NK cells into tumors.*” Our experimental
results demonstrated that compared with untreated con-
trols, the three vaccination routes tested herein, increased
the expression level of IL-2 (Figure 4A), IL-12
(Figure 4C), TNF-a (Figure 4D), IFN-y (Figure 4F),
CXCL9 (Figure 4H), and CXCL10 (Figure 4I) in the
tumor to varying degrees, but the intratumoral injection
group showed the largest increase and the strongest effect.
The increased numbers of tumor-infiltrating effector
T cells in the intratumoral group might be associated
with increased levels of antitumor cytokines as well as
CXCL9 and CXCLI10 chemokines. MDSCs,*' Tregs,*
and M2-TAMs™* block T cell immune responses specific
to tumor antigens via the production of immunosuppres-
sive molecules including TGF-B, IL-10. TGF-B directly
inhibits the stimulation, differentiation, proliferation, and
effector function of CD4+ and CD8+ T cells that mediate

immune responses.** IL-10, a known suppressive cytokine
of T-cell proliferation and cytokine production, markedly
reduces the function of effector T cells.*> Studies have
shown that the ablation of CXCL1 in tumor cells increased
CD8+ T cell infiltration and induced responses to
immunotherapy.*® Our qRT-PCR results have shown that
the intratumoral injection of the vaccine induced
a significant decrease in IL-10 (Figure 4B), TGF-f
(Figure 4E) and CXCLI1 (Figure 4G) levels compared to
those of control mice. We supposed that the significant
increase of the pro-inflammatory and antitumor cytokines,
and the decrease of these immunosuppressive cytokines in
the intratumoral injection group can promote antitumor
immunity and enhance the efficacy of immunotherapy.
HPV-related cancer such as cervical cancer is a spectrum
disease with a gradual progression from pre-malignant condi-
tion to aggressive disease, which begins in the cervix, and later
spreads towards the lower uterine segment, vagina, para-
cervical space, along with the broad and wuterosacral
ligaments.*” Among patients with cervical cancer, approxi-
mately 4.16%—7.7% develop lung metastasis, 0.8%—23%
develop bone metastases, and the overall outcome of patients
with metastatic cervical cancer is poor.*® Thus, we evaluated
indicators related to cervical cancer invasion and metastasis,
including MMP-2, MMP-9, and a-SMA and their correlated
expression with the different administration route of the vac-
cine. MMP-2 may enhance the invasive ability in cervical
tumors by facilitating basement membrane and extracellular
matrix degradation.*” MMP-9 is an early marker of tumor
progression in squamous lesions of the cervix, and MMP-9
mRNA expression is up-regulated in tumor and stromal cells of
both high-grade cervical intraepithelial neoplasia and invasive
squamous cell carcinoma of the cervix.*® The level of MMP-2
and MMP-9 mRNA in the subcutaneous injection group was
similar to those of a previous study, which was about 50%
lower than that of the untreated control group.” The level of
these MMPs mRNA in the intratumoral injection group was
significantly reduced by approximately 90% compared to the
control group (Figure 4J and K). Cancer-associated fibroblasts
are major components of the surrounding stroma of cervical
carcinomas, which may display an altered phenotype com-
pared with normal fibroblasts characterized by increased
expression of a-SMA and fibroblast activation protein.”' The
lowest expression of a-SMA in the intratumoral injection
group was demonstrated in Figure 5D and H. Overall, our
results showed marked downregulation of MMP-2, MMP-9,
and 0-SMA in the intratumoral vaccination group which might
contribute to the suppression of tumor invasion and metastasis.
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Angiogenesis plays an important role in high-grade cervi-
cal intraepithelial neoplasia and invasive squamous carcinoma
of the cervix, as in other types of pre-malignant lesions and
carcinoma; thus, we detected markers of angiogenesis in
tumors. A number of studies have shown that the HPV onco-
protein E6 might contribute to cervical cancer angiogenesis by
direct stimulation of the VEGF gene, and the level of VEGF
expression was associated with poor prognosis and early
recurrence in cervical cancer.”> > In addition, cervical cancer
angiogenesis measured by CD31 MVD is an independent
prognostic factor for both progression-free survival and over-
all survival in high-risk, early-stage cervical cancer patients.*®
In this current study, we found that the reduced level of VEGF
mRNA (Figure 4L) and the decreased average MVD
(Figure 5G) in the tumor tissue of mice in the intratumoral
injection group, which indicated that intratumoral injection of
the vaccine could significantly inhibit the formation of tumor
microvessels by regulating the expression and transcription
levels of angiogenesis-related factors.

In the present study, we investigated the differences
and mechanisms of antitumor effects induced by differ-
ent vaccination routes, but the mechanisms underlying
the different immune responses were not fully investi-
gated and will be the focus of future studies. In our
follow-up experiments, we will establish a multi-tumor
model in mice to evaluate whether the intratumoral
injection of the vaccine in a given tumor will also lead
to the elimination of distant lesions. Further, we will
deplete CD8+ T cells using neutralizing antibodies in
mice to verify that CD8+ T cells are crucial to the
antitumor effect induced by the vaccine.

Conclusion

We explored the anti-TC-1-grafted tumors activity induced
by three different administration routes of an HPV therapeutic
vaccine containing HPV 16 E7 43—77 peptide in combination
with the toll-like receptor-9 agonist CpG ODN. Our results
suggested that the intratumoral vaccination route generated an
enhanced antitumor effect relative to subcutaneous vaccina-
tion route by improving the TME, and may have a significant
impact on developing efficacious therapeutic vaccines for
HPV-associated diseases including cervical cancer.
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