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Abstract The use of DNA vaccines has become an attrac-
tive approach for generating antigen-specific cytotoxic
CDS8™ T lymphocytes (CTLs), which can mediate protective
antitumor immunity. The potency of DNA vaccines encod-
ing weakly immunogenic tumor-associated antigens (TAAs)
can be improved by using an adjuvant injected together with
checkpoint antibodies. In the current study, we evaluated
whether the therapeutic effects of a DNA vaccine encoding
human papilloma virus type 16 (HPV-16) E7 can be
enhanced by combined application of an immune checkpoint
blockade directed against the programmed death-1 (PD-1)
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pathway and secondary lymphoid tissue chemokine (SLC)
also known as CCL21 adjuvant, in a mouse cervical cancer
model. The therapeutic effects of the DNA vaccine in com-
bination with CCL21 adjuvant plus PD-1 blockade was
evaluated using a tumor growth curve. To further investigate
the mechanism underlying the antitumor response, cytolytic
and lymphocyte proliferation responses in splenocytes were
measured using non-radioactive cytotoxicity and MTT
assays, respectively. Vascular endothelial growth factor
(VEGF) and IL-10 expression in the tumor and the levels of
IFN-y and IL-4 in supernatants of spleno-lymphocyte cul-
tures were measured using ELISA. The immune efficacy was
evaluated by in vivo tumor regression assay. The results
showed that vaccination with a DNA vaccine in combination
with the CCL21 adjuvant plus PD-1 blockade greatly
enhanced cytotoxic T lymphocyte production and lympho-
cyte proliferation rates and greatly inhibited tumor pro-
gression. Moreover, the vaccine in combination with
adjuvant and blockade significantly reduced intratumoral
VEGF, IL-10 and splenic IL-4 but induced the expression of
splenic IFN-y. This formulation could be an effective can-
didate for a vaccine against cervical cancers and merits
further investigation.

Abbreviations

HPV Human papilloma virus

APC Antigen-presenting cell

CTL Cytolytic CD*T lymphocyte

DC Dendritic cells

IFN- v Interferon y

1IL-4 Interleukin 4

VEGF  Vascular endothelial growth factor
IL-10 Interleukin 10

LDH Lactate dehydrogenase
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MTT 3[4,5-Dimethylthiazol-2-11]-2,5-
diphenyltetrazolium bromide, thiazolyl-blue
DMSO Dimethyl sulfoxide

OD Optical density

FBS Fetal bovine serum

RPMI 1640 Roswell Park Memorial Institute (name of
the medium)

Th T helper

PD-1 Programmed death-1
SLC Secondary lymphoid tissue chemokine
TAA Tumor-associated antigen

TIL Tumor-infiltrating lymphocyte

Introduction

Human papilloma viruses (HPVs) have been associated
with the etiology of cervical cancer, the second most
common form of cancer among young women [5].

There is growing evidence that the immune system is able
to induce destructive responses against tumors that can be
improved using several approaches [47]. Effective cancer
immunotherapies must envision the stimulation of cell-me-
diated immunity as well as control negative immunological
checkpoints that may interrupt effector T-cell responses [50].

Recent studies have significant implications for the
design of therapeutic vaccines against HPV. DNA vaccines
have been developed as an efficient therapeutic for HPV
that shows promise as a potential treatment for HPV-as-
sociated cancers [23]. The viral oncogenes E6 and E7 are
constitutively expressed by infected tumor cells and are
responsible for the maintenance of the oncogenic trans-
formation of HPV [16, 51]. Therefore, E6 and E7 are
regarded as the preferred antigenic targets for
immunotherapy of HPV-induced lesions and tumors.

However, naked DNA vaccines have the disadvantages
of low immunogenicity, limited specificity for antigen-pre-
senting cells (APCs) and restricted ability to spread between
cells in vivo. These factors limit the potency of HPV DNA
vaccines. To address these challenges, several strategies have
been used to improve DNA vaccine potency and tumor-as-
sociated antigen (TAA) immunogenicity [38]. A number of
studies have shown that co-administration of DNA vaccines
with cytokines and chemokine adjuvants enhances immune
responses to weak tumor-associated antigens and induce
antitumor immunity [2, 28]. Chemokines are a unique family
of soluble molecules that play a key role in the migration and
recruitment of dendritic cells (DCs) [31]. Activation of tumor-
associated CD8™ cytotoxic T lymphocytes (CTLs) often re-
quires effective priming by DCs to boost vaccine-induced
immune responses [21]. Induction and maintenance of CTL
responses are considered key elements for regression of
lesions in HPV-associated cancers [36].
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The chemokine CCL21 has shown immunotherapeutic
potential for anti-cancer vaccination approaches. CCL-21
can recruit both Thl lymphocytes and antigen-stimulated
dendritic cells into secondary lymphoid organs, resulting in
T cell activation [15, 34]. Based on these properties, the
hypothesis of the present study was that incorporating
recombinant CCL21 into a DNA vaccine would increase
tumor-specific immune responses.

Programmed cell death protein 1 (PD-1) is an immuno-
suppressive receptor on T cells that is expressed following
T-cell activation [18]. In the tumor microenvironment, PD-
L1 can be upregulated in tumor cells and tumor-infiltrating
CD8™ T cells [14]. Furthermore, low cytotoxicity of T cells
may be related to a high expression level of PD-1 [3, 44].
Therefore, targeting PD-1 with blocking antibodies enhan-
ces the efficiency of the tumor-specific CD8 T cell response
in the tumor microenvironment, which results in tumor
regression in experimental models.

The present study aimed to determine whether blocking
of PD-1 in combination with adjuvanted DNA vaccine with
CCL21 could induce synergistic anti-tumor effects and
enhance E7-specific immune responses. The results
showed that the simultaneous stimulation of different
immune targets by a combination of treatments could
produce a more effective antitumor immune response.

Materials and methods
Animals

Six- to eight-week-old female C57BL/6 mice were pur-
chased from the Pasteur Institute (Karaj, Iran) and kept in
the animal facility of Golestan University of Medical Sci-
ences. All animals were housed in a specific-pathogen-free
facility in microisolator cages with a 6- tol18-hour light/-
dark cycle. All experiments were approved by the local
animal ethics council of Golestan Ethics Committee of
Golestan University of Medical Sciences (ethics number:
et- 157495) and were performed in accordance with the
national experimental guidelines.

Cell lines

The murine lung cancer cell line TC1 was derived from
mouse lung epithelial cells immortalized with HPV-16 E6
and E7 and transformed with the c-Ha-ras oncogene (23).
The cell line was maintained in Roswell Park Memorial
Institute (RPMI 1640) medium (GibcoBRL, Gaithersburg,
MD, USA) supplemented with 10 % fetal calf serum (In-
vitrogen), 2.5 mM 2-mecaptoethanol (Invitrogen), 0.5 mM
sodium pyruvate (Sigma), 2 mM L-glutamate (Invitrogen),
and 10 IU of penicillin- streptomycin (Sigma) per ml.
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For EL4 (a murine T-cell lymphoma of haplotype H-2b
that was established in tissue culture from a lymphoma
induced in a C57BL/6 mouse using 9,10-dimethyl-1,2-
benzanthracene) cell culture, cells were seeded in 96-well
tissue culture plates and grown in phenol-red-free RPMI
containing 2 % FBS and 500 U of penicillin per ml for 3
days to confluency.

DNA vaccine, adjuvant and antibody

The recombinant eukaryotic expression vector pcDNA3.1-
E7 containing human papilloma virus type 16 E7 (HPV-16
E7) was prepared as described previously [13]. It was
propagated in E. coli DH5a and confirmed to contain the
E7 cDNA sequence by agarose gel electrophoresis and
DNA sequence analysis. Chinese hamster ovary (CHO)
cells were transfected with the pcDNA3.1- E7, and the
expression of E7 in the transfected cells was verified by
western blot.

Large-scale production of endotoxin-free pcDNA3.1-
E7DNA vaccine and pcDNA3.1 as control plasmid were
prepared for in vivo immunization studies using an Endo-
Free® Plasmid Maxi Kit (QIAGEN, Hilden, Germany) and
dissolved in endotoxin-free Tris-EDTA (Sigma, St. Louis,
MO).

Recombinant murine CCL21 was obtained from R&D
Systems (Minneapolis, MN) and was delivered in 50 pl of
sterile PBS with 0.05 % normal mouse serum (Sigma).
Control PBS injections also included 0.05 % normal mouse
serum.

Rat anti-mouse PD-1 mAb (clone RMP1-14) and rat
IgG2a isotype control were purchased from BioXcell.

Tumor treatment assay

Twelve groups of C57BL/6 mice (n = 10) were challenged
by subcutaneous (s.c.) injection in the right flank with 6 x
10° TC-1 (ATCC) cells constitutively expressing wild-type
HPV16E6E7 in 100 ul PBS. After one week, all mice were
vaccinated with different injection formulations (Table 1).

Tumor-bearing mice were treated three times at 7-day
intervals with intratumoral injections of 90 pg of plasmid
encoding HPV-16 E7 (DNA vaccine).

In the adjuvanted vaccine groups, DNA vaccine encoding
HPV-16 E7 (90 ng) in combination with 2 pg of recombinant
murine CCL21 was administered intratumorally (i.t.) to mice
on the same day as the DNA vaccine group (DNA vaccine/
CCL21). Control mice were injected with empty plasmid in
combination with CCL21 (empty plasmid/CCL21).

For the PD1 blockade groups, mice were vaccinated
three times with plasmid encoding HPV-16 E7 and injected
intraperitoneally (i.p.) with 200 pg of anti-PD1 mAb (DNA
vaccine/anti-PD-1) (or isotype control mAb) (DNA vac-
cine/isotype control) at the same time as DNA immuniza-
tion. Control mice were injected with empty plasmid and
anti-PD1 mAb under the same protocol (empty plasmid/
anti-PD-1).

In the combination treatment group, TC-1 mice were
vaccinated three times at 7-day intervals with intratumoral
injections of plasmid encoding HPV-16 E7 in combination
with 2 pg of recombinant murine CCL21 and treated with
intraperitoneal anti-PD1 mAb at the same times (DNA
vaccine/anti-PD-1/CCL21). Control mice were injected
with empty plasmid in combination with anti-PD-1 and
CCL21 (empty plasmid/anti-PD-1/CCL21).

Table 1 Immunization groups and vaccination protocols for animal experiments

Group 7th day

14th day

21st day

DNA vaccine

DNA vaccine/CCL21
Empty plasmid/CCL21
DNA vaccine/anti-PD-1

DNA vaccine- HPV-16 E7
DNA vaccine- HPV-16 E7 + CCL21
pcDNA3.1 + CCL21

DNA vaccine-HPV-16 E7 + anti-
PD1

Empty plasmid/anti-PD- pcDNA3.1 4+ anti-PD1

1

DNA vaccine/ isotype DNA vaccine-HPV-16 E7 4 IgG2a

DNA vaccine-HPV-16 E7
DNA vaccine-HPV-16 E7 + CCL21
pcDNA3.1 4+ CCL21

DNA vaccine-HPV-16 E7 + anti-
PDI1

pcDNA3.1 + anti-PD1

DNA vaccine-HPV-16 E7+ 1gG2a

DNA vaccine-HPV-16 E7
DNA vaccine-HPV-16 E7 4+ CCL21
pcDNA3.1 + CCL21

DNA vaccine-HPV-16 E7 + anti-
PD1

pcDNA3.1 + anti-PD1

DNA vaccine-HPV-16 E7 4 IgG2a

control isotype control isotype control isotype control

DNA vaccine/anti-PD- ~ DNA vaccine- HPV-16 E7 + anti- DNA vaccine-HPV-16 E7 + anti- DNA vaccine- HPV-16 E7 + anti-
1/CCL21 PD1 + CCL21 PD1 + CCL21 PDI1 + CCL21

Empty plasmid/anti-PD- pcDNA3.1+ anti-PD1 4+ CCL21 pcDNA3.1 + anti-PD1 4 CCL21 pcDNA3.1 + anti-PD1 4 CCL21
1/CCL21

PD-1 Anti-PD1 Anti-PD1 Anti-PD1

CCL21 CCL21 CCL21 CCL21

pcDNA pcDNA3.1 pcDNA3.1 pcDNA3.1

PBS PBS PBS PBS
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Fig. 1 The schedule for tumor challenge, combination treatment, and immune analysis. Tumor volume was measured using digital calipers

every other day for a period of 42 days after Tc-1 challenge

As controls, groups of mice were immunized with
pcDNA3.1, anti-PD1 alone, CCL21 alone and PBS alone
under the same protocol.

The vaccine volume was adjusted to 150 pl./mouse with
PBS. All mice were immunized three times with the same
dosage of the corresponding injection formulation at one-
week intervals.

The schedule for tumor challenge, combination treat-
ment, and immune analysis is illustrated in Figure 1.

Tumor growth was measured every other day using a
caliper according to Carlsson’s formula [39] and plotted as
a function of time to generate in vivo growth curves. The
tumor volume in mm?> was calculated using the formula
volume = (width)® x length/2. Tumor growth was moni-
tored for at least 42 days, and the immune response was
analyzed one week after the last immunization. Statistical
analysis was performed using Student’s z-test. The recor-
ded data represent the mean =+ standard deviation (S.D.) of
three measurements.

Three mice per group were sacrificed one week after the
third immunization, the spleens were removed aseptically,
and cell proliferation, cytolytic activity and cytokine
secretion were then assayed. Results are representative of
three independent experiments.

Lymphocyte proliferation assay (LPA)

One week after the third immunization, spleens of three mice
per group were removed in order to evaluate the cellular
immune response. Splenocytes were isolated by sieving the
dissected spleens through a 40-um cell strainer, depleting red
blood cells with NH4Cl lysis solution, and washing twice with
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RPMI 1640 medium. Cells were suspended at 2 x 10° cells/
ml in RPMI-1640 supplemented with 10 % fetal calf serum,
1 % L-glutamine, 1 % HEPES, 0.1 % penicillin/strepto-
mycin, and 25 mg of amphotericin B per ml.

Subsequently, lymphocytes were cultured in a 96-well
plate and incubated at 37°C in 5 % CO, in the presence of 1
pg of synthetic E749 s7-specific  H-2Db CTL  epitope
(specific antigen per ml) or in the absence of stimuli
(medium only). Lymphoproliferation was determined by
colorimetric MTT assay. MTT salt (3-(4,5-dimethyl tetra-
zolyl-2) 2,5 diphenyl) tetrazolyumbromide; Sigma Chemi-
cals) is converted to purple formazan by the mitochondrial
activity of living cells [39]. Seventy-two hours after stimu-
lation, 30 pl of sterile MTT solution 5 mg/ml was added to
each well and incubated for another 5 h for MTT reduction.
DMSO (dimethyl sulfoxide) (100 pl) was then added to
dissolve the formazan crystals that were produced. The
optical density was measured using an automatic microplate
reader at 540 nm wavelength, and the results were expressed
as the stimulation index (SI) [28]. The SI was determined as
the OD value of stimulated cells with E749_57 (Cs) minus the
relative OD of unstimulated cells (Cu) divided by the rela-
tive OD value of unstimulated cells: SI = (Cs-Cu)/Cu

Cytotoxicity assay

C57BL/6 mice were immunized as described above. Seven
days after the final immunization, spleens were collected
from three mice per group, and a single-cell suspension of
splenocytes was prepared from each spleen and used as
effector cells. 4 x 10* EL4 cells in a volume of 100 pl (as a
target cells) were cocultured with the effector cells (100 pl)
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at various effector/target (E/T) ratios (25:1, 50:1, 100:1) for
8 h in phenol-red-free RPMI 1640 containing 3 % FCS.

For preparation of target cells, EL4 cells were stimu-
lated with a synthetic E7-specific CTL epitope at a con-
centration of 1 pg/ml (specific antigen) prior to a 4-h
incubation.

After centrifugation, the coculture supernatant (50 pl per
well) was transferred to 96-well flat-bottom plates (Nunc,
Denmark), and lysis of target cells was determined by
assaying lactate dehydrogenase (LDH) release using an LDH
Cytotoxicity Detection Kit (Takara BIO INC, Shiga, Japan)
according to the instructions provided by the manufacturer.

For all samples, including the controls, the assay was
performed in triplicate. The LDH-mediated conversion of
tetrazolium salt into a red formazan product was measured
at 490 nm after incubation at room temperature for 30 min.

The spontaneous release of LDH by target cells or
effector cells was assayed by incubation of target cells in
the absence of effector cells and vice versa The maximum
release of LDH was determined by incubation of the target
cells in 1 % Triton X-100 in assay medium [12].

The percentage of specific cytolysis was calculated as
follows:

[(experimental release - effector spontaneous release -
target spontaneous release)/(target maximum release -
target spontaneous release)] x 100.

Cytokine ELISA

Seven days after the last immunization, the mice were
sacrificed, and their splenocytes were isolated.

Mononuclear cells from spleens of immunized mice at a
concentration of 2 x10° cells/well in a 96-well Costar -
plate (Nunc, Denmark) were incubated for 2 days in a total
volume of 1.5 ml of RPMI-1640 supplemented with 10 %
FCS, 1 % L-glutamine, 1 % HEPES, 0.1 % 2ME, and
0.1 % penicillin/streptomycin and pulsed with E7-specific
H-2Db CTL epitope at a concentration of 1 pg/ml. IFN-y
and IL-4 secretion were evaluated 48 h after stimulation.
Culture supernatant samples were collected at that time
point and assayed for the presence of cytokines using
commercially available sandwich-based ELISA kits
(eBioscience, USA) according to the manufacturer’s
instruction. The plates were read at 450 nm, and values
were expressed as optical densities. Standard curves were
created and used to calculate the cytokine level of each
sample. All tests were performed in triplicate for each
mouse.

Intratumoral cytokine assay

One week after the last immunization, the level of intra-
tumoral IL-10 was determined using an ELISA Ready-Set-

Go Kit (eBioscience, Inc. San Diego, CA). VEGF expres-
sion was also evaluated using a mouse VEGF ELISA kit
(R&D Systems Inc., Minneapolis, MN, USA). For this,
TC-1 tumors were harvested and tumor tissue extracts were
prepared by mechanical homogenization and sonication of
100 mg of tumor in 500 pL of lysis buffer (50 mM Tris
HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1 % SDS,
1 % Triton X-100, 1 % sodium deoxycholate, and 1 mM
phenylmethanesulfonyl fluoride [PMSF]). The samples
were then homogenized and centrifuged at 14,000 rpm at
4°C for 30 min. The supernatants were used for cytokine
measurement following the manufacturer’s instructions,
and the data were expressed at pg/ml tumor tissue [39].

Statistical analysis

Lymphocyte proliferation, CTL and cytokine assay results
were analyzed using a one-way ANOVA. Significant dif-
ferences in tumor growth on given days were assessed by
Student’s r-test. Differences were considered statistically
significant when the P-value was less than 0.05. All tests
were performed in triplicate, and all data are expressed as
mean £ SD. To compare results between the different
groups, a one-way ANOVA was used. The statistical
software SPSS version 16.0 was utilized for statistical
analysis.

Results
Tumor therapy

To test the hypothesis that PD-1 blockade and CCL21
adjuvant may synergize with DNA-based vaccine in a
murine model of cervical cancer, the efficacy of blocking
antibodies as a single agent was first evaluated. Tumor
cells were subcutaneously injected into C57BL/6 mice on
day 0. Ten days after tumor transplant, PD-1 blockade with
or without DNA vaccine HPV-16 E7 adjuvanted with
CCL21 adjuvant was initiated. The treatment was admin-
istered i.p. in tumor-bearing mice for a total of three doses.
Tumor measurements recorded at one-week intervals are
shown in Figure 2. Treatment with anti-PD-1 alone did not
show a significant effect on tumor growth as compared
with the isotype control IgG group (P = 0.53).

The next step was to evaluate whether the DNA vaccine
HPV-16 E7 adjuvanted with or without CCL21 adjuvant
would induce an antigen-specific immune response that
would reduce tumor growth in immunized mice. Compared
with a relatively weak inhibitory effect on tumor growth
when DNA vaccine alone was administrated (DNA vac-
cine), CCL21 adjuvant demonstrated a strong antitumor
effect on the DNA vaccine (DNA vaccine/CCL21), mean
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Fig. 2 DNA vaccine in
combination with CCL21
adjuvant plus PD-1 blockade
inhibits the growth of 1600
established tumors in tumor cell

(TC-1)-bearing mice. Tumor

cells were injected s.c. into 1400
C57BL/6 mice on day 0. Ten

days after tumor transplantation,

PD-1 blockade with or without 1200
DNA vaccine HPV-16 E7
adjuvanted with CCL21
adjuvant was initiated. Tumor
growth was monitored for at
least 42 days by measuring
diameters with calipers every
other day. Line and scatter plot
graphs illustrate quantitative
evaluation of the tumor volume
(mean =+ standard deviation,

n = 7) in each group. Statistical
analysis was performed using 400
Student’s r-test
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Weeks after tumor injection

+ SD: 371 #+ 21 mm’® versus DNA vaccine, 656 £ 43
mm3; P < 0.001). In contrast, the use of CCL21 as an
adjuvant and empty plasmid/CCL21 treatment had no
antitumor effect (CCL21, mean £+ SD, 809 £ 50 mm?
versus empty plasmid/CCL21, mean =+ SD, 747 + 29 mm®;
P = 0.115).

Similarly, the tumor volume was also decreased 42 days
post-tumor-challenge when the treatment with DNA vac-
cine and PD-1 blockade (DNA vaccine/anti-PD-1) was
compared with empty plasmid/anti-PD-1 and DNA vac-
cine/ isotype control (DNA vaccine/anti-PD-1, mean £ SD,
281 + 25 mm® versus empty plasmid/anti-PD-1, mean =+
SD, 699 + 45 mm?>; (P < 0.001), and DNA vaccine/anti-
PD-1, mean + SD, 281 + 25 mm® versus DNA vaccine/
isotype control, mean + SD, 699 + 30 mm?; (P < 0.001).
Furthermore, the result showed that PD-1 blockade therapy
combined with DNA vaccination significantly decreased
tumor volume compared to DNA vaccine/ CCL21 treat-
ment (DNA vaccine/anti-PD-1, mean &+ SD, 281 &£ 25 mm°>
versus in DNA vaccine/ CCL21, mean £+ SD, 371 &+ 21
mm?’; P < 0.01).

Tumor analysis of the combination treatment group
showed that the systemic administration of anti-PD-1
antibody and intratumoral injection of CCL21 adjuvant
reduced the tumor volume, and strongest tumor control in
mice was observed when given in combination with DNA
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vaccine HPV-16 E7 compared to mice receiving DNA
vaccine/ CCL21 and DNA vaccine/anti-PD-1 treatment,
mean = SD, 176 vs. 371 mm3; P < 0.001, and 176 vs. 281
mm?>, respectively; P < 0.001 by Student’s #-test). In the
combination treatment group, initial nonexponential tumor
growth was observed for the first 3-4 weeks, followed by
significant, durable growth inhibition of tumors. Tumors
in the combination treatment group grew at a much slower
rate than those in the DNA vaccine/anti-PD-1 group. At 4
weeks, the mean s.c. tumor volume for the combination
treatment group was significantly lower than that of both
the DNA vaccine/anti-PD-1 and empty plasmid/anti-PD-1/
CCL21 groups (P < 0.001 by Student’s t-test). As expec-
ted, mice injected with pcDNA3.1 and PBS alone showed
exponential tumor growth (Fig. 2). Thus, PD-1 checkpoint
blockade plus vaccine has the potential to reduce tumor
growth significantly, which could be maximized by
boosting the antitumor immune response with adjuvant.

Lymphocyte proliferation assay

To study whether the administration of the PD-1 blockade
potentiates cellular immune responses induced by DNA
HPV-16 E7 adjuvanted with CCL21 in TC-1 tumor cell-
bearing mice, an MTT assay detecting lymphocyte prolif-
eration in response to E7 epitope stimulus was performed
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on splenocytes isolated from each group 1 week after the
last immunization.

Mice in the group immunized with DNA vaccine/
CCL21 showed significantly increased proliferation of
spleen cells compared with the other two groups (DNA
vaccine alone and CCL21 alone) on day 7 after the last
immunization: DNA vaccine/CCL21, mean &+ SD, 2.47 +
0.21 vs. DNA vaccine, 1.35 + 0.19 SI (P < 0.001), and
DNA vaccine/CCL21, 2.47 + 0.21 vs. CCL21, 0.52 £ 0.11
SI; P < 0.001, respectively.

For spleen cells from DNA vaccine/anti-PD-1-vacci-
nated mice, the treatment promoted significant prolifera-
tion compared to anti-PD-1 alone (DNA vaccine/anti-PD-
1, mean £+ SD, 2.68 £ 0.19 vs. anti-PD-1, 0.57 £+ 0.1 SI
(P < 0.001) but did not show a statistically significant
proliferative effect over DNA vaccine/CCL21 (DNA vac-
cine/anti-PD-1, mean + SD, 2.68 & 0.19 vs. DNA vaccine/
CCL21, 2.47 £ 0.21 SI, (P = 0.012)). Proliferation of the
cells from combination treatment of mice was significantly
higher than that induced in cells from the DNA vaccine/
anti-PD-1 and DNA vaccine/CCL21 groups (DNA vaccine/
anti-PD-1/CCL21, mean + SD, 3.9 &+ 0.14 SI; P < 0.001).

The proliferation was antigen-specific, since there was
no expansion of splenocytes from C57BL/6 mice vacci-
nated with the control pcDNA3.1 plasmid and PBS in
response to E7 antigen (Fig. 3). Thus, the combined ther-
apeutic vaccine, anti-PD-1 and CCL21 significantly
increased proliferation relative to monotherapy.

Fig. 3 Proliferation of
splenocytes collected from mice
three weeks after immunization
one week after stimulation for 3 4
days with 1 pg of E749_57-

specific H-2Db CTL epitope 35
(three per group) per ml
measured by MTT assay to
calculate the SI. Data are
expressed as the mean £ SD
absorbance values of stimulated
cultures minus those of non-
stimulated ones. *** indicates a
statistically significant
difference between the treated
groups as determined by one- 1
way ANOVA (P < 0.001) with

control groups (PBS, pcDNA, 0.5
CCL21 and PD-1). ###

4.5

Stimulation index

Cytotoxicity assay

To determine whether combining CCL21 adjuvant stimu-
lation and PD-1 blockade with the DNA vaccine has the
potential to enhance cytolytic activity against TC-1 tumors,
cytotoxic T lymphocyte responses were measured based on
lysis of syngeneic target EL4 lymphoma cells after one
week of immunization.

The LDH release increased with the effector: target cell
ratio up to the maximum ratio of 100:1; therefore, this
ratio was used in the LDH analysis.

The results indicate a significant increase in cytotoxic
activity against the target EL4 cells in the DNA vaccine
plus CCL21 adjuvant group compared with the DNA
vaccine alone: DNA vaccine/CCL21, mean & SD, 42.2 +
3.51 vs. DNA vaccine 29.4 + 2.45, % cytotoxicity; P <
0.001).

Specific cytotoxic activity was significantly higher with
DNA vaccine/anti-PD-1 treatment than with anti-PD-1
alone, empty plasmid/anti-PD-1 and DNA vaccine/ isotype
control treatments (DNA vaccine/anti-PD-1, mean + SD,
60.76 + 4.11, anti- PD-1, mean + SD, 17.2 £ 2.1, empty
plasmid/anti-PD-1, mean £+ SD, 19.3 + 2.07; DNA vac-
cine/ isotype control, mean £+ SD, 28.33 £ 1.3 % cyto-
toxicity; P < 0.001). Importantly, the E7-specific
cytotoxicity was significantly higher in mice that received
DNA vaccine/anti-PD-1 than in those treated with DNA
vaccine plus CCL21 adjuvant (DNA vaccine/anti-PD-1,

Lymphocyte proliferation
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significant difference between )
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Fig. 4 C57BL/6 mice were immunized three times at one-week
intervals, as described in Materials and methods. Seven days after the
last immunization, CTL activity of the lymphocytes from immunized
mice (three mice per group) was measured at a 100:1 E/T ratio using
an LDH release assay kit. The graph shows the mean percent
cytotoxicity of triplicate = SD for a 100:1 splenocyte-to-EL4 (E:T)
ratio and is representative of three independent experiments. ***
indicates a statistically significant difference between the treated

mean + SD, 60.76 & 4.11 vs. DNA vaccine/CCL21, mean
4 SD, 42.2 £ 3.51 % cytotoxicity; P < 0.01).

The incorporation of systematic checkpoint blockade
and local CCL21 adjuvant with the HPV16 E7 DNA vac-
cine demonstrated a synergistic effect on the specific CTL
response, resulting in a significant difference in cytolytic
activity compared to the other treatments (DNA vaccine/
anti-PD-1/CCL21, mean & SD, 80.1 & 3.8 % cytotoxicity;
P < 0.001). The control pcDNA3.1 plasmid and PBS
induced no substantial increase in E7-specific cytotoxic
activity (Fig. 4). These results indicate that the potency of
vaccine-specific cytotoxic CD8™ T cells correlates with the
therapeutic vaccine efficacy against established tumors.

Cytokine ELISA

To determine whether the PD-1 blockade could enhance
the antitumor immunity of the adjuvanted DNA-based
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groups as determined by one-way ANOVA (P < 0.001) with control
groups (PBS, pcDNA, CCL21 and PD-1). ### indicates a statistically
significant difference between DNA vaccine/anti-PD-1/CCL21treat-
ment and DNA vaccine/anti-PD-1 and DNA vaccine/CCL21 treat-
ment (P < 0.001). ## indicates a statistically significant differences
between DNA vaccine/anti-PD-1 treatment and DNA vaccine/CCL21
treatment (P < 0.01)

vaccine, the IL-4/IFN-y cytokine balance in restimulated
spleen cells with E7-specific H-2Db CTL epitope was
tested.

In spleen cells, higher IL-4 production was seen in DNA
vaccine plus CCL21 adjuvant-treated mice compared with
DNA-vaccinated mice (DNA vaccine/CCL21, mean =& SD,
231.1 £+ 23.9 vs. DNA vaccine, mean = SD, 132.1 + 18.1
pg/ml; P < 0.001) (Fig. 5A), whereas this was not seen
compared with DNA vaccine/anti-PD-1 mice (DNA vac-
cine/CCL21, mean 4 SD, 231.1 &+ 23.9 vs. DNA vaccine/
anti-PD-1, mean £ SD, 223.4 £+ 13.4 pg/ml; P = 0.07).

The level of IL-4 in E7-stimulated spleen cells was
significantly elevated in mice treated with DNA vaccine/
anti-PD-1 mice (DNA vaccine/anti-PD-1, mean 4+ SD,
223.4 £+ 13.4 pg/ml; P < 0.001) compared to those in anti-
PD-1 alone (mean £ SD: 71.1 £ 2.1 pg/ml), empty plas-
mid/anti-PD-1 (mean £ SD, 76.1 £ 17.7 pg/ml) and DNA
vaccine/ isotype control (mean £ SD, 123.2 + 3.7 pg/ml)
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Fig. 5 Quantitative ELISA analysis of IL-4 (A) and IFN-y (B) se-
creted by lymphocytes upon re-stimulation with an E7-specific H-2Db
CTL epitope. Splenocytes from mice that received DNA vaccine in
conjunction with PD-1 blockade or CCL21 adjuvant were stimulated
with E7 epitope or RPMI 1640 (negative control) for 48 h. Each bar
represents the mean optical density values £ SD from three replicate
wells from three individual mice. *** indicates a statistically
significant difference between the treated groups (P < 0.001)
compared with control groups (PBS, pcDNA, CCL21 and PD-1).
###, P < 0.001 for DNA vaccine/anti-PD-1/CCL21 combination
group compared with the value for DNA vaccine/anti-PD-1 and DNA
vaccine/CCL21 groups. ##, P < 0.01 for the DNA vaccine/anti-PD-1
group compared with the DNA vaccine/CCL21group

treatments. It is noteworthy that, among all of the treat-
ments, combination treatment induced the highest level of
IL-4 secretion (DNA vaccine/anti-PD-1/CCL21, mean +
SD, 363.9 + 25.3 pg/ml, P < 0.001) (Fig. 5A).

In spleen cells, higher IFN-y production was seen in
DNA vaccine plus CCL21 adjuvant mice compared with
the DNA vaccine alone group (Fig. 5B) (DNA vaccine/

CCL21, mean + SD, 259.4 4 23.9 pg/ml vs. DNA vaccine,
151.1 £ 10.2 pg/ml; P < 0.001).

In spleen cells stimulated with E7, IFN-y production
was significantly lower in DNA vaccine plus CCL21
adjuvant-treated mice than in the DNA vaccine/anti-PD-1-
treated mice (DNA vaccine/CCL21, mean + SD, 259.4 +
23.9 pg/ml vs. DNA vaccine/anti-PD-1, mean &£ SD, 379.3
+ 19.4; P < 0.01). IFN-y was significantly higher after
DNA vaccine/anti-PD-1 treatment than after anti-PD-1
alone (mean + SD, 80.1 £ 12.2 pg/ml), empty plasmid/
anti-PD-1 (mean £ SD, 81.1 £ 10.7 pg/ml) and DNA
vaccine/isotype control treatments (mean + SD, 165.8 +
25.7 pg/ml) (P < 0.001). In comparison with all treatments,
the combination DNA vaccine/anti-PD-1/CCL21 group
(mean £ SD, 671.6 + 24.3 pg/ml; P < 0.001) showed the
most elevated IFN-y secretion.

As expected, a significant IL-4 and IFN-vy increase was
observed with all vaccine formulations compared to the
pcDNA3.1 plasmid, PBS, and CCL21 controls. The
increase in IFN-y expression was much higher than that of
IL-4, which indicates a switch from a Th2- to a Thl-
dominated profile.

Thl dominance in DNA vaccine/anti-PD-1/CCL21 and
DNA vaccine/anti-PD-1 mice was evident from the 4.5-
and 2.5-fold higher IFN-y secretion, respectively, in E7-
pulsed splenocytesas compared to those in the DNA-vac-
cine-alone group.

These data show that combining CCL21 adjuvant
stimulation and PD-1 blockade with DNA vaccine has the
potential to induce a protective Thl cytokine shift in the
Th1/Th2 balance, and it regulates cytokine production.

Intratumoral cytokine assay

To analyze whether the observed effects on tumor growth
regression of combining CCL21 adjuvant stimulation and
PD-1 blockade with DNA vaccine treatment could be
correlated with the inhibitory action of the tumor
microenvironment, the concentrations of tumor-derived
immunosuppressive factors were determined in tumor
lysates by ELISA assay.

All treated groups demonstrated a significant decrease in
IL-10 and VEGF expression compared to pcDNA3.1
plasmid (IL-10 mean + SD, 425.4 4 39.6 and VEGF mean
=+ SD, 345.4 &+ 26.3 pg/ml), PBS (IL-10 mean + SD, 447.1
=+ 40.6 and VEGF mean + SD, 351.3 & 28.7 pg/ml), anti-
PD-1 (IL-10 mean =& SD, 330.1 4 33.2 and VEGF mean +
SD, 306.1 & 19.5 pg/ml) and CCL21 controls (IL-10 mean
£ SD, 359.7 + 30.6 and VEGF mean =+ SD, 319.9 &+ 22.6
pg/ml) (P < 0.001).

Concentrations of IL-10 and VEGF cytokines in mice
treated with DNA vaccine alone were significantly higher
than those in DNA vaccine plus CCL21 adjuvant group
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(DNA vaccine, IL-10 mean + SD, 270.8 + 38.7 vs. DNA
vaccine plus CCL21, 227.1 &+ 28.3 pg/ml; P < 0.001), and
DNA vaccine, VEGF mean £ SD, 268.8 & 18 vs. DNA
vaccine plus CCL21, 207.5 + 13 pg/ml; P < 0.001), while,
the levels in DNA vaccine plus anti-PD-1 were signifi-
cantly lower than DNA vaccine plus CCL21 adjuvant:
DNA vaccine/anti-PD-1, IL-10 mean & SD, 173.5 £ 11.8
vs. DNA vaccine plus CCL21, 227.1 £ 28.3 pg/ml (P <
0.001) and DNA vaccine plus anti-PD-1, VEGF mean +
SD,140.5 & 22.2 vs. DNA vaccine plus CCL21, 207.5 13
pg/ml; P < 0.001.

Both cytokines displayed a significant reduction in
intratumoral IL-10 and VEGF in mice treated with DNA
vaccine/anti-PD-1/CCL21 (IL-10 mean & SD, 107.2 £ 9.1
pg/ml; P < 0.001 and VEGF mean £ SD, 93.1 & 8.4 pg/
ml; P < 0.001) compared to tumors treated with DNA
vaccine plus CCL21 adjuvant or with DNA vaccine plus
anti-PD-1 (Fig. 6 A and B). These data suggest that the
addition of anti-PD-1 and CCL21 leads to a reduction in
immunosuppressive IL-10 and VEGF levels within the
tumor microenvironment when combined with the DNA
vaccine, which might improve the natural anti-tumor
immune response. The decrease in expression of these
immunosuppressive cytokines is in line with the enhance-
ment of the splenic immune response following blockade
of PD-1-mediated inhibition of lymphocyte activation.

Discussion

Although the DNA-vaccine -based approach has the
potential to offer safe, systemic, and detectable immune
responses against tumor-specific antigens [1], protective
long-lasting antitumoral immunity in cancer patients
remains to be achieved.

A successful therapeutic effect
cancer immune evasion involves both the innate and
adaptive arms of the immune system [49]. There-
fore, various approaches have been attempted in order to
improve DNA vaccine immunogenicity, including manip-
ulation of the immune system via immunomodulatory
antibodies against checkpoint inhibitors and addition of
adjuvants [20, 27].

A number of clinical findings in parallel with preclini-
cal results using animal models have shown that targeting
T cell inhibitory factors including cytotoxic T lymphocyte
antigen 4 (CTLA4) and programmed cell death protein 1
(PD1) and its ligand programmed death-1 ligand 1 (PD-L1)
may represent an effective therapeutic approach for a
variety of cancers [43].

PD-1 is an inhibitory receptor that negatively regulates
T-cell activation and might be responsible for compro-
mised tumor immunity [32]. Therefore, inhibition of this

and overcoming
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Fig. 6 Assessment of intratumoral cytokine secretion after PD-1
blockade in combination with adjuvanted DNA vaccine with CCL21.
The concentrations of tumor-derived immunosuppressive factors IL-
10 (A) and VEGF (B) were determined in tumor lysates by ELISA
assay. The results demonstrate that DNA vaccine in conjunction with
PD-1 blockade or adjuvant significantly reduced the levels of IL-10
and VEGF expression. Each bar represents the mean £ SD of the
immunosuppressive cytokines in the tumor microenvironment from
three individual mice. *** indicates a statistically significant differ-
ence between the treated groups (P < 0.001) compared with control
groups (PBS, pcDNA, CCL21 and PD-1). ###, P < 0.001 for DNA
vaccine/anti-PD-1/CCL21 combination group compared with the
DNA vaccine/anti-PD-1 and DNA vaccine/CCL21 groups. +++, P <
0.001 for DNA vaccine/anti-PD-1 group compared with the DNA
vaccine/CCL21group

pathway using blocking monoclonal antibodies against PD-
1 provides a basis for targeting this pathway for cancer
therapy.

Another possible approach to promoting the tumor-
specific CD8 T cell responses is the use of chemokine
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adjuvants. Chemokines are a family of secreted chemoat-
tractant cytokines that mediate leukocyte migration and
initiation of a specific immune response [8]. One such
chemokine, CCL21 is a CC chemokine that is selective for
the chemokine receptor CCR7 on mature DCs and distinct
T-and B-cell subpopulations, and it is constitutively
expressed in T-cell zones of both spleen and lymph nodes
[19]. These observations emphasize the potential of C-
CL21 as adjuvant for developing tumor-specific immunity.
Since PD-1 and its ligand PD-L1 play an important role in
tumor immune escape by maintaining an immunosuppres-
sive tumor microenvironment, and secondary lymphoid
tissue chemokine (SLC, also known as CCL21) elicited a
considerable recruitment of T lymphocytes and DCs inside
the tumor microenvironment, it was hypothesized that
application of the PD-1 inhibitors in combination with a
DNA vaccine could reverse the tumor microenvironment
and improve the endogenous antitumor immune responses
mediated by CCL21-induced chemoattraction.

In the present study, we demonstrate that antitumor
vaccination with a DNA vaccine encoding a tumor-asso-
ciated antigen E7 from human papillomavirus-16 can be
significantly enhanced by combining vaccination with PD-
1 blocking and CCL21 stimulation. Thus, the combination
of CCL21-adjuvanted vaccine plus PD-1 blockade con-
ferred robust antitumor effects and synergistically sup-
pressed tumor growth in tumor cell (TC-1)-bearing mice.

In addition to driving the proliferation of tumor-specific
CD4 T cells and the cytolytic activity of CD8 T lympho-
cytes, this combination promotes cellular immunity through
the production of splenic IFN-y and downregulation of
tumor-derived immunosuppressive factors VEGF and IL-10.

We have previously developed a DNA vaccine encoding
the HPV-16 E7 gene that generates modest antitumor
effects [12, 45]. We have also demonstrated that the
administration of adjuvants such as Toll-like receptor
agonists facilitates the induction of tumor-specific CD8* T
cells and enhances the efficacy of this DNA vaccine in a
murine TC-1 tumor model [11, 39].

In 2000, the first studies using intratumoral CCL21 as a
monotherapy in lung carcinoma tumor models revealed
enhanced cytolytic capacity, suggesting generation of
systemic immune responses [42].

Since CCL21 is potent inducer of T cell proliferation, it
has been demonstrated that mice injected with Her2/neu
DNA vaccine plus CCL21 had substantially improved
antitumor immune responses [30]. Physiologically, SLC or
CCL21 serves to recruit both T lymphocytes and mature
DCs and regulate DC homeostasis and function. In vivo
studies have also shown that CCL21 is involved in effec-
tive T cell priming [46].

The results of the present study showed that mice
immunized with an adjuvanted DNA vaccine with CCL21

induced an antitumor immune response, although to a
lesser degree than that observed with DNA vaccine in
combination with blockade of the inhibitory PD-1 pathway.

Increased expression of the immune modula-
tory molecule PD-L1 and immunosuppressive molecules
in the tumor microenvironment produces unfavorable
conditions for T-cell expansion stimulated by adjuvanted
DNA vaccine treatment.

The importance of the PD-1/PD-L1 pathway in cancer
immunity has been extensively studied, showing that
therapeutic approaches targeting PD-1 and PD-L1 can
reverse the suppressive state of the tumor microenviron-
ment and thereby enhance antitumor immunity [37].

As a monotherapy, consistent with reported data [4],
PD-L1 blockade did not induce any significant tumor
protection in the subcutaneous tumor model. Enhanced
anti-tumor responses are therefore expected if this block-
ade is combined with an immunotherapy such as a DNA
vaccine.

Curran et al. have shown that blockade of PD-1 com-
bined with tumor vaccine significantly improved survival
rates and synergistically increased the ratio of effector T
cells to myeloid-derived suppressor cells (MDSCs) within
B16 melanomas [6]. A 2013 study indicated that PD-1/PD-
L1 blockade enhanced tumor regression by increasing
effector T cell activity, thereby diminishing regulatory T
cell (Treg) suppression [9].

Similar findings have been reported by another group of
investigators, who found that PD-1 blockade shows syn-
ergistic effects with several tumor vaccines to improve
tumor-specific T cell responses and induce tumor regres-
sion in animal models [9, 24, 26].

In agreement with the findings of the present study, it
has been reported recently that the antitumor activity of a
DNA vaccine encoding TAAs could be improved when
combined with antibodies blocking the PD-1 pathway [33].
Consequently, these studies, along with ours, demonstrate
that blocking of PD-1 inhibitory signals by a monoclonal
antibody might overcome the failure of current therapeutic
vaccination approaches by potentiating anti-tumor immu-
nity in mice [48].

Although the results of the present study have shown -
that a DNA vaccine in conjunction with PD-1 blockade or
adjuvant is more effective than the vaccine alone, further
improvement of the vaccine is still required to regulate the
magnitude of the antitumor response.

Recent animal studies have suggested that combination
approaches involving several immunotherapeutic agents
may boost the therapeutic efficacy of cancer vaccines
[7, 10]. These results were confirmed in the present study,
demonstrating that i.t. injection of adjuvanted DNA vac-
cine with CCL21 combined with i.p. administration of anti-
PD1 mAD has the greatest effect on regressing tumors in
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most of the tumor-bearing mice and most efficiently
boosted epitope-specific CD8™ T cells.

The synergic effect of the PD-1 blockade in the com-
bination therapy could be due to interactions with DCs,
which express PD-L1 and PDL2.The PD-1 blockade could
promote DC function and restore the effector function of T
cells [29, 40].

Because the tumor cells can activate PD-L1 expression
via multiple oncogenic signaling pathways [17, 22], it is
also likely that PD-1 blockade improves the cytolytic
activity of CD8 T lymphocytes, increasing antitumor
immunity and perhaps promoting lymphocyte proliferation,
activation and cytokine production in the tumor
microenvironment.

It has been hypothesized that the DNA-vaccine-specific
antitumor CD8 T-cell and lymphocyte proliferative respon-
ses induced against a plasmid encoding the tumor-associated
antigen E7 from human papillomavirus-16 are in general
ineffective and that the administration of CCL21 and anti-
PD-1 mAb expands these responses or induces other anti-
tumor T-cell responses that provide greater tumor control.

The ability of PD-1 blockade or CCL21 stimulation in
conjunction with vaccine to attenuate the production of
tumor-derived VEGF and IL-10 is highly desirable. Our
findings indicate that DNA vaccine combined with adju-
vant and PD-1 blockade most efficiently reduced angio-
genic mediators (VEGF and IL-10).

Growth, progression, and metastasis of tumors are
angiogenesis-dependent processes. VEGF is a main stim-
ulant of angiogenesis and has an essential role in promoting
progressive tumor growth mediated by tumor angiogenesis
[41].

A recent study showed that VEGF can interfere with
antitumor immunity through the generation of a local
immunosuppressive tumor microenvironment [35]. IL-10
is also essential for regulatory T cells to mediate immune
tolerance and functions as a suppressor cytokine that
impairs antigen presentation [25]. In agreement with the
current study, these studies highlight that reduction of
VEGF and IL-10 expression could facilitate antitumor
immunity, providing synergistic benefits when combined
with immunotherapy.

Consistent with these results, in a recent study, Cap-
puccini et al. found that the combination of vaccine with
PD-1 blocking antibody significantly improved survival of
experimental animals, suggesting that the observed syner-
gistic effect could be taking place at the tumor microen-
vironment, but not in the periphery [4]. This intratumoral
evidence provides further new insights into the mecha-
nisms underlying the antitumor synergistic effect of PD-1
blockade and CCL21 adjuvant in combination with DNA
vaccine.
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Our results suggest that the mechanisms underlying the
synergistic effects of vaccine could possibly be due to the
capacity of vaccine to increase the frequency of CD8"
tumor-infiltrating lymphocytes (TILs), which could be
activated by CTLA-4 and PD-1 blockade.

Conclusions

Collectively, the current study shows that a tumor-targeted
vaccine that was adjuvanted with an immunostimulatory
agent could optimally combine with anti-PD-L1 anti-
body to promote antitumor immunity by modulating the
tumor microenvironment and the adaptive immune
responses. To our knowledge, this work represents the first
report of strong synergy between chemokine adjuvant in
conjunction with PD-1 blockade in DNA cancer vaccine
preparations.

In summary, the current study illustrates the importance
of combining therapeutic = approaches such as
immunotherapy together with immune checkpoint inhibi-
tion and adjuvant for efficient treatment of tumors through
lymphocytic proliferation and cytolytic activity of spleno-
cytes as well as switching the immune balance to the host
protective Thl response in vivo.
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