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CAFs/tumor cells co-targeting DNA vaccine in
combination with low-dose gemcitabine for the
treatment of Panc02 murine pancreatic cancer
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In this study, we investigate the synergistic effect of gemcita-
bine (Gem) and a novel DNA vaccine in the treatment of
pancreatic cancer in mice and explore the anti-tumor mecha-
nism of this combination therapy. Fibroblast activation protein
a-expressing cancer-associated fibroblasts (FAPa+ CAFs), a
dominant component of the tumor microenvironment
(TME), have been shown to modulate the extracellular matrix
(ECM) to promote the growth, invasion, and metastasis of
pancreatic cancer (PC). Therefore, FAPa+ CAFs may be an
ideal target for the treatment of PC. However, treatments
that solely target FAPa+ CAFs do not directly affect tumor
cells. We recently constructed a novel chimeric DNA vaccine
(OsFS) against human FAPa and survivin, which simulta-
neously targets FAPa+ CAFs and tumor cells. In Panc02 tu-
mor-bearing mice, OsFS vaccination not only reduced the
proportion of immunosuppressive cells but also promoted
the recruitment of tumor-infiltrating lymphocytes, which re-
modeled the TME to support anti-tumor immune responses.
Furthermore, after depletion of regulatory T cells (Tregs) by
metronomic low-dose Gem therapy, the anti-tumor effects of
OsFS were enhanced. Taken together, our results indicate
that the combination of the FAPa/survivin co-targeting DNA
vaccine and low-dose Gem may be an effective therapy for PC.
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INTRODUCTION
Pancreatic cancer (PC) is an extremely lethal malignant tumor. In
recent years, the incidence and death rates of PC continued to in-
crease, and PC is now the 4th leading cause of cancer-related death
in the USA.1 Because of the lack of efficient diagnostic and therapeutic
modalities, the 5-year relative survival rate of PC is only 9%, the
lowest of all cancers.2,3

In addition to providing nutrients for tumor growth and invasion, the
tumor microenvironment (TME) also hinders anti-tumor immune
responses by recruiting immunosuppressive cells such as myeloid-
derived suppressor cells (MDSCs), tumor-associated macrophages
(TAMs), and regulatory T cells (Tregs).4 Stromal elements, consisting
of extracellular matrix (ECM), endothelial cells, immune cells, and
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cancer-associated fibroblasts (CAFs), are essential constituents of
the PC microenvironment and account for up to 50%–80% of the
whole tumor.4,5 Moreover, the dense desmoplastic stroma of PC con-
tributes to chemo-and radiotherapeutic resistance.6,7 CAFs, a domi-
nant component of the tumor stroma, are classically known to
stimulate tumor growth, suppress the anti-tumor immune response,
and enhance cancer metastasis via the release of soluble factors
(e.g., CXCL2) and ECM components (e.g., COL1A1).8–12 However,
CAFs are a heterogeneous population. Different phenotypes of
CAFs have distinct functions.13–15 Recent studies have shown that
the removal of CAFs from PC can promote cancer progression in
mouse models.16,17 This suggests caution in the use of CAF-targeted
therapies for PC and that targeting of the appropriate CAF subset is
essential. Interestingly, a subset of CAFs with surface expression of
fibroblast activation protein a (FAPa) has been found to support tu-
mor growth.18,19 Notably, FAPa is highly expressed in PC specimens,
and its expression is associated with poor prognosis. Our previous
study has demonstrated that a DNA vaccine targeting FAPa can
significantly reduce the proportion of intratumoral FAPa+ CAFs,
overcome the immune suppression in the TME, and prolong the sur-
vival of mice.20

Recently, we have constructed a vaccine that co-targets FAPa and
survivin, termed OsFS, containing human FAPa (27–760 aa) and sur-
vivin (9–142 aa) and a CpG oligonucleotide as an adjuvant motif.
When combined with doxorubicin, this vaccine showed excellent
anti-4T1 tumor activity.21 Survivin is a member of the inhibitor of
apoptosis protein (IAP) family that promotes PC invasion. Its high
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://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Analysis of immunogenicity of OsFS in

C57BL/6 mice

(A) Splenocytes of vaccinated mice were stimulated with

mixed FAPa, mixed survivin peptides, or unrelated pep-

tides (human MUC1), and frequencies of antigen-specific

IFN-g-secreting T cells were measured by ELISpot.

(B and C) In the CTL assay, splenocytes, as effector cells,

were incubated with Panc02 cells pulsed with mouse

FAPa (B) or survivin (C) peptides at different effector:tar-

get (E:T) cell ratios. Statistical significance of differences

between groups was determined by unpaired Student’s

t test. Error bars represent SD. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001; ns, no significance.
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expression is associated with poor prognosis.22,23 Furthermore, the
survivin DNA vaccine was found to delay tumor growth in a mouse
model of PC.24

In this context, we hypothesized that OsFS vaccination, simulta-
neously remolding the TME and killing tumor cells, could be a novel
immunotherapeutic for PC. Immunosuppressive Tregs and inter-
leukin 10 (IL-10) may inhibit the anti-tumor immune responses
induced by the vaccine.25–27 Gemcitabine (Gem), a standard chemo-
therapeutic for advanced PC, has been shown to deplete Tregs in vivo
without impairing the function of effector T cells.28,29 In light of this
evidence, we reasoned that Gem administration could further
enhance the anti-tumor effect of the vaccine. Thus, we employed
Panc02 murine PC models to explore the effects on tumor growth
and survival of different OsFS/Gem combinations. Our results
may provide the basis for the development of new effective therapies
for PC.

RESULTS
Immunogenicity of OsFS in C57BL/6J mice

To investigate whether OsFS could stimulate cellular immune re-
sponses against murine FAPa and survivin in mice, we performed
immunogenic experiments in healthy C57BL/6J mice (n = 5). Mice
were immunized with vector control (Vec), OS, OsF, or OsFS three
times with 2-week intervals. Two weeks after the third immunization,
mice were euthanized, and splenocytes harvested for analysis. Spleno-
cytes of vaccinated mice were stimulated with mixed FAPa, mixed
survivin peptides (Figure S1), or unrelated peptides, and frequencies
of antigen-specific interferon gamma (IFN-g)-secreting T cells were
Molecular The
measured by ELISpot assay. Compared with
vector, OsFS could induce greater FAPa and
survivin-specific T cell immune responses, the
intensities of which did not notably differ
from those of the single antigen vaccines
(Figure 1A). However, OsFS induced both
murine FAPa and survivin-specific cytotoxic
T lymphocyte (CTL) responses in mice at three
different effector:target (E:T) ratios (50:1, 25:1,
12.5:1), Moreover, the specific killing activity
was significantly better than that of the OsF
and OS groups when the E:T ratio was 50:1. (Figures 1B and 1C).
The above results indicated that OsFS could stimulate cellular im-
mune responses against murine FAPa and survivin in C57BL/6J
mice and that mouse peptides could be used in subsequent
experiments.

Anti-tumor activity of OsFS in a Panc02 murine PC model

We next evaluated the therapeutic efficacy of OsFS in an established
Panc02 murine PC model. C57BL/6J mice (n = 5) were inoculated
subcutaneously with 1 � 105 Panc02 cells and treated with Vec, Os,
OsF, or OsFS on days 5, 7, and 10. Tumor growth was monitored
for 20 days. As expected, all vaccines inhibit tumor growth. Moreover,
OsFS could inhibit tumor growth substantially better than the single
antigen vaccine (Figures 2A and 2B). The IFN-g ELISpot assay re-
vealed that, in Panc02-bearing mice, OsFS generated a higher number
of FAPa and survivin-specific IFN-g-releasing T cells compared with
Vec. More importantly, there was no significant difference with single
antigen vaccines (Figure 2C). Additionally, the relative proportions of
immunoglobulin G2a (IgG2a) and IgG1 were also determined and
showed that IgG2a was produced at significantly higher levels than
IgG1. These results demonstrate that the vaccine tended to favor
the development of T helper type 1 (Th1) over Th2 responses in
C57BL/6J mice (Figure S2). The results demonstrated that OsFS could
induce anti-Panc02 immune responses that inhibited tumor growth
in an established Panc02 tumor model.

OsFS alters the TME

To further explore the impact of OsFS on the TME, we conducted
quantitative real-time PCR analysis of mouse tumor tissues
rapy: Oncolytics Vol. 26 September 2022 305

http://www.moleculartherapy.org


Figure 2. Therapeutic trials for anti-Panc02

(A) Tumor size wasmeasured for 20 days after tumor inoculation (n = 5). (B) Mice were euthanized on day 20, tumors were isolated, and the tumor weights weremeasured. (C)

ELISpot analysis of splenocytes after stimulation with FAPa- or survivin-specific peptides, with unrelated MUC1 peptides as a control. (D) Relative mRNA expression levels of

FAPa, survivin (BRIC5), collagen I, and CXCL12 in tumors. GAPDHwas used as an endogenous control. (E) The proportion of infiltrating CD45+, CD3+CD8+, and CD3+CD4+

cells in tumors was measured by flow cytometry. (F–H) CD11b+Gr-1+ MDSCs (F) and the proportions of CD4+CD25+Foxp3+ Tregs (in CD4+ cells) (G) and TAMs (CD11b+F4/

80+CD206� M1 and CD11b+F4/80+CD206+ M2) (H) infiltrated into tumors. Statistical significance of differences between groups was determined by unpaired Student’s

t test. Error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance.
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(Figure 2D). Our data suggested that, in Panc02-bearing mice, OsF
could effectively reduce FAPa expression and OS reduce survivin
expression, and OsFS significantly reduced tumor mRNA expression
of both FAPa and survivin (Figures 2D and S3). In addition, OsF or
OsFS treatment down-regulated the expression of Col1a1 and Cxcl12,
which are involved in tumor progression. However, the effect of OsFS
was more significant than OsF, while OS did not have similar effect.

Our previous work suggested that OsFS could alter the TME by pro-
moting tumor-infiltrating lymphocyte (TIL) infiltration and reducing
the number of intratumoral CAFs in a murine breast cancer model.21
306 Molecular Therapy: Oncolytics Vol. 26 September 2022
Therefore, we reasoned that OsFS could exert similar effects on
Panc02-derived tumors. As expected, OsFS or OsF not only promoted
CD3+CD8+ and CD3+CD4+ T cell infiltration (Figure 2E) but also
significantly reduced the proportion of CD11b+Gr-1+ MDSCs and
CD4+CD25+Foxp3+ Tregs in Panc02 tumors (Figures 2F and 2G)
compared with the Vec. In addition, the ratio of intratumoral M1
(CD11b+F4/80+CD86+) to M2 (CD11b+F4/80+CD206+) macro-
phages was significantly higher than in the Vec group (Figure 2H), re-
flecting improved anti-tumor immunity. Obviously, OsFS was more
effective compared with OsF. OS also induced more CD3+CD8+

T cells and CD3+CD4+ T cells compared with Vec. Although Tregs



Figure 3. Detection of immunosuppressive factors

(A and B) The proportion of CD11b+Gr-1+ MDSCs (A) and CD4+CD25+Foxp3+ Tregs (in CD4+ cells) (B) in splenocytes. (C) The secretion of IL-10 from splenocytes following

stimulation with FAPa or survivin for 3 days wasmeasured by ELISA. Statistical significance of differences between groupswas determined by unpaired Student’s t test. Error

bars represent SD. *p < 0.05, **p < 0.01; ns, no significance.
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and MDSCs were not decreased, the ratio of M1 to M2 was increased
(Figures 2E–2H). Taken together, these results clearly revealed that
OsFS had a stronger ability to regulate the TME compared with single
antigen vaccines OS or OsF.

The anti-tumor effects of OsFS are inhibited by regulatory cells

The DNA vaccine targeting FAPa is capable of reducing the tumor
recruitment of MDSCs.20 As expected, flow cytometry analysis
showed that the proportion of MDSCs in the spleens of vaccine-
treated mice was decreased compared with the controls (Figure 3A).
We next examined the proportion of Tregs in the spleens of tumor-
bearing mice. However, a substantial proportion of Tregs were still
present in the spleen, which most likely resulted in the attenuation
of the vaccine-induced immune responses (Figure 3B). Of note, after
antigen stimulation, IL-10 secretion by splenocytes was 50% higher in
the OsFS than in the Vec group (Figure 3C).

Altogether, these results indicated that although OsFS could reduce
the proportion of immunosuppressive cells in Panc02 tumors, sys-
temic Tregs and IL-10 were still capable of diminishing the anti-tu-
mor response in vaccinated mice.

OsFS synergizes with Gem in inducing anti-tumor effects

Gem is a standard drug for the treatment of advanced PC and is able
to selectively deplete Tregs and decreased IL-10 expression at
low doses.28 Thus, we hypothesized that the anti-tumor effects of
OsFS could be enhanced by its combination with low-dose Gem
(15 mg/kg).

To further clarify the anti-tumor mechanism of OsFS combined with
Gem, we set up two combination groups (n = 5): combination I
(Gem+OsFS I: Gem administration and vaccination simultaneously)
and combination II (Gem+OsFS II: Gem administration after the
final vaccination) (Figure 4A). As expected, both combination groups
resulted in enhanced inhibition of tumor growth compared with the
single treatments (Figures 4B and 4C). Interestingly, the anti-tumor
effect of combination I was stronger than that of combination II. Spe-
cifically, the tumor inhibition rates were 84.4% and 62% after treat-
ment with combinations I and II, respectively, compared with control
mice (Figure 4C). The expression of antigens in combination-I-
treated mice was significantly lower than in mice treated with OsFS
(Figure 4D).

To evaluate the effect of combination therapies onmouse survival, the
same five groups of mice (n = 10 per group) were treated as indicated
in Figure 4A. Except for 30% of the mice treated with combination I,
who were still alive on day 70, all other mice were dead by day 59 after
Panc02 inoculation (Figure 4E). Mice treated with combinations I
and II exhibited survival times 69.2% and 40.6% longer, respectively,
compared with the untreated group.

Evaluation of immunomodulatory effect of gem

To gain further insights into the effect of Gem on anti-tumor immu-
nity, MDSC, Treg and IL-10 were detected. Cytometry demonstrated
that Gem had no effect on DMSC in spleen (Figure 5A), but it reduced
the proportion of Tregs (Figure 5B). Further splenic expression of IL-
10 was significantly decreased when OsFS and Gem were combined
(Figure 5C). ELISpot analysis showed that Gem administration did
not affect vaccine-induced, antigen-specific cellular immunity and
further enhanced the ability to induce an immune response (Fig-
ure 5D). Moreover, flow cytometry analyses revealed that combina-
tion I was the most effective condition in promoting tumor infiltra-
tion of CD3+CD8+ and CD3+CD4+ T cells (Figure 5E). These
results revealed that Gem administration could boost the anti-tumor
effect of OsFS and that distinct treatment regimens could result in
different efficacies.

Therapeutic effect of combination therapy in an orthotopic

model of PC

To better mimic the human PC condition, a total of 1 � 106 Panc02
cells were injected into the pancreas of mice. Survival analyzes of
Panc02-bearing mice treated with different therapies (n = 10). Since
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Figure 4. Effects of different combination therapies on tumor growth and anti-tumor immune response

(A) Experimental design of combination therapy, therapeutic strategies, and schedule (n = 5 mice per group). (B) Tumor volume was measured every 2 days following tumor

challenge for 25 days. (C) Representative tumor (left) and tumor weight (right) upon harvest on day 25. (D) Relative mRNA expression levels of FAPa and survivin (BRIC5) in

tumors. GAPDH was used as an endogenous control. (E) Survival analyses of Panc02-bearing mice treated with different combination therapies (n = 10). Statistical sig-

nificance of differences between groups was determined by unpaired Student’s t test. Error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no

significance.
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the therapeutic effect of combination I was superior to that of com-
bination II, this experiment only evaluated the therapeutic effect of
the optimal combination I. The treatment strategy and drug dosage
were the same as those in the Panc02 subcutaneous tumor model.
Consistent with the Panc02 subcutaneous model, the combined
therapy had the strongest anti-tumor effect and significantly
improved mouse survival, as shown by the 70% survival rate at
308 Molecular Therapy: Oncolytics Vol. 26 September 2022
56 days, at which time all mice in other groups died (Figure 6A).
The weight of tumor-bearing mice was measured every 2 days after
orthotopic tumor inoculation, and none of the treatments affected
the growth of mice (Figure 6B). These results indicated that the
combination therapy had a strong anti-tumor effect in the ortho-
topic model of PC, but other immunomodulators may be needed
to enhance the effect.



Figure 5. Explore the mechanism of combination therapy

(A and B) The proportions of CD11b+Gr-1+ MDSCs (A) and CD4+CD25+Foxp3+ Tregs (in CD4+ cells) (B) in spleen. (C) The secretion of IL-10 from splenocytes following

stimulation with FAPa or survivin for 3 days was measured by ELISA. (D) ELISpot responses to mouse FAPa peptides and mouse survivin peptides, with unrelated

hMUC1 peptides as a control. (E) The proportion of CD3+CD8+ and CD3+CD4+ cells in CD45+ cells. Statistical significance of differences between groups was determined

by unpaired Student’s t test. Error bars represent SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, no significance.
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DISCUSSION
As an important component of the immunosuppressive TME, CAFs
have been proven to promote the progression and invasion of various
solid tumors.12,30–33 Nevertheless, the role of CAFs in the progression
of PC is still debated.4,14,34 Although some studies have demonstrated
the CAF contribution to PC growth,8,12 evidence in support of their
inhibitory action on PC progression and invasion have also been re-
ported.16,17 These discrepancies may be due to the heterogeneity of
the CAF population.13–15 Cellular markers for CAFs include alpha-
smooth muscle actin (aSMA), fibroblast-specific protein-1 (FSP-1),
stromal cell-derived factor-1a (SDF-1a; CXCL12), andFAPa.34 Indeed,
depletion of aSMA+ CAFs and some components of the tumor stroma
in PC accelerates tumor growth and decreases survival.16,17 Encourag-
ingly, a previous study has shown that the depletion of FAP+ CAFs in
amousemodel of PCenhances the anti-tumor effect of immunotherapy
and causes tumor regression.18 This suggested that effective CAF-tar-
geted treatments may require the combination of multiple therapeutic
strategies, possibly including cancer vaccines and chemotherapeutics.

Therefore, to achieve optimal therapeutic effects, it may be necessary
to target tumor cells while depleting FAPa+ CAFs, thus preventing
ECM remodeling. OsFS meets both these requirements and, there-
fore, may be an effective vaccine for PC. In an established subcutane-
ous model based on Panc02-derived tumors, OsFS promoted T cell
infiltration while significantly reducing the proportion of intratu-
moral FAPa+ CAFs, as well as antigen (FAPa and survivin) expres-
sion, leading to excellent inhibition of tumor growth. However, it is
worth noting that since vaccine immunization followed tumor forma-
tion, immunosuppressive cells and cytokines preventing anti-tumor
immunity had been most likely induced by the time of vaccina-
tion.35,36 Hence, OsFS may have not reached its maximal efficacy in
the established Panc02 tumor model.

Many studies have shown that immunosuppressive cells in tumor-
bearing mice and patients with cancer may inhibit vaccine-induced
anti-tumor effects. For example, 4T1 tumors induce a large number
of systemic MDSCs.21,37,38 We wondered whether Panc02 tumors
could also promote MDSC production. In fact, no systemic MDSC
surge was observed in the Panc02 tumor model, and OsFS treatment
reduced the number of MDSCs in the spleen. However, another
immunosuppressive cell type, Tregs, also contributing to the patient’s
poor prognosis,25–27 caught our attention. The results showed that a
Molecular Therapy: Oncolytics Vol. 26 September 2022 309
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Figure 6. Combination I treatment showed

significant survival benefit compared with single

treatments in a Panc02 orthotopic injection model

(A) Survival analyses of Panc02-bearing mice treated with

different combination therapies (n = 10). (B) The weight of

tumor-bearing mice was measured every 2 days after

subcutaneous tumor inoculation. Statistical significance

of differences between groups was determined by un-

paired Student’s t test. Error bars represent SD. *p < 0.05,

**p < 0.01, ****p < 0.0001.
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relatively high proportion of Tregs were present in the spleen and that
the expression of IL-10 was elevated in OsFS-treated tumor-bearing
mice, which could interfere with the anti-tumor immune response
induced by OsFS. Our results also indicated that the intensity and
type of immunosuppressive effects might depend on the cancer type.

Several studies have demonstrated that low-dose chemotherapeutic
drugs such as cyclophosphamide25,26 and Gem28,29 cause depletion of
Tregs in tumor-bearing animals and patients with cancer. As an agent
for the treatment of PC, Gem was shown to deplete Tregs without
hampering the anti-tumor function of effector T cells.28,29 Hence, we
reasoned that the combination of low-dose Gem and OsFS could allow
for optimal vaccine-induced anti-tumor immune responses. In line
with this prediction, Gem enhanced OsFS-induced anti-tumor effects.
Moreover, Gem administration resulted in enhanced Panc02-specific
cellular immune responses. Both testedOsFS/Gem combination sched-
ules resulted in increased proportion of TILs, while the number of
immunosuppressive cells was further decreased compared with the sin-
gle treatments. Of note, two alternative combination strategies, based
on the same dose of Gem, resulted in different extents of tumor inhi-
bition. In particular, the simultaneous administration of vaccine and
Gem (combination I) was more effective compared with when Gem
treatment was initiated a few days after vaccine inoculation (combina-
tion II). The reason for this could be that early Gem administration
caused Treg depletion before vaccine-induced activation of immune re-
sponses, thus contributing to an ideal immune environment.

We further demonstrated that, in addition to inhibiting the growth of
Panc02 tumors, the Gem/OsFS combination significantly prolonged
the survival of tumor-bearing mice in an orthotopic Panc02 model.
However, although the combination therapy resulted in improved
anti-tumor effects compared with the single treatments, 80% of the
tumor-bearing mice still died, indicating that additional factors
were crucial for the therapeutic outcome. Flow cytometry analysis
showed that many TILs were exhausted due to upregulation of
PD-1(Figure S4). Therefore, PD-1 blocking strategies (e.g., PD-1 or
PD-L1 monoclonal antibodies [mAbs]) might result in better anti-tu-
mor effects.39,40 This hypothesis needs to be experimentally verified.

Taken together, our results suggested that low-dose Gem administra-
tion significantly improved the anti-tumor effects of OsFS vaccination
310 Molecular Therapy: Oncolytics Vol. 26 September 2022
via the dual targeting of FAPa+ CAFs and tumor cells. The described
combination therapymay inspire the development of new approaches
for the clinical management of PC.

MATERIALS AND METHODS
Cell lines

The murine PC cell line Panc02 was generously provided by
Dr. Guang-Jun Nie (National Center for Nanoscience and Technol-
ogy, Beijing, China), and was cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma Chemical, St. Louis, MO, USA) containing
10% fetal bovine serum (FBS) and was maintained at 37�C in a hu-
midified incubator with 5% CO2.

Animal model

Female C57BL/6J mice (6 to 8 weeks old) were purchased from Bei-
jing Huafukang Biology Technology (Beijing, China) and raised in
the animal experiment platform of College of Life Sciences, Jilin Uni-
versity. For subcutaneous tumor cell inoculation, 1 � 105 murine
Panc02 PC cells were subcutaneously (s.c.) injected into the right
lower flank of female C57BL/6J mice. Five days after tumor inocula-
tion, the mice were randomized into different groups. Body weight
and tumor volume of the tumor-bearing mice were measured every
2 days. Tumor volume = (length$width2)/2(mm3). For ethical rea-
sons, tumor-bearing mice were euthanized when the tumor size
was >2,000 mm3. To establish the orthotopic mouse model of PC,
mice were anesthetized by injection of 1% pentobarbital (70 mg/kg
body weight, intraperitoneally [i.p.]), and an abdominal incision
was performed under sterile conditions. A total of 1 � 106 Panc02
cells was injected into the pancreas. Peritoneum and skin were
occluded using synthetic absorbable suture material. Five days after
tumor inoculation, mice were randomized and divided into 4 groups
for different treatments. Body weight was measured every 2 days until
the mice began to die, and survival was monitored daily.

All animal experiments in this study were approved by the Ethics
Committees of Jilin University.

Flow cytometry staining antibodies

The following antibodies were purchased from BioLegend (San Diego,
CA, USA): anti-CD4-PE-CY7, anti-CD8-APC, anti-CD3-FITC,
anti-CD45-PE, anti-Gr-1-APC, anti-CD11b-PE, anti-F4/80-FITC,
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anti-CD206-APC, anti-CD86-PE-CY7, anti-CD4-FITC, anti-CD25-
APC, anti-Foxp3-PE, anti-PD-1-FITC, anti-Tim3-PE-CY7, TruStain
FcX PLUS (anti-mouse CD16/32), and isotype control. Antibody con-
centrations were used according to the manufacturer’s instructions.

Epitope peptides prediction and synthesis

HLA-A*02:01 and HLA-A*24:02 are the most common HLA alleles,
and HLA-A*02:01 was expressed in approximately 35% of patients.41

The major histocompatibility complex (MHC) class I (HLA-A*02: 01,
HLA-A*24: 02, H-2 Db, and H-2 Kb)-binding predictions for FAPa
and survivin peptides were performed by the IEDB analysis resource
Consensus tool (http://tools.iedb.org/main/tcell/),42 which combines
predictions from ANN, also known as NetMHC (4.0),43–45 SMM,46

and Comblib.47 Selection criteria for FAPa peptides were as follows:
MHC half maximal inhibitory concentration [IC50] % 500, total
score R�1; selection criteria for survivin peptides were as follows:
MHC IC50 %5,000, total score R�1.5. The sequence of the selected
human and mouse peptides was identical or differed by 1–2 amino
acids (Figure S1). All peptides were synthesized by Shanghai GL Pep-
tide (Shanghai, China) at 95% purity.

Preparation of vaccines

The plasmids OsF, OS, and OsFS were previously constructed in our
laboratory.20 The plasmids were amplified in Escherichia coli DH5a
cells and isolated by using a QIAGEN Plasmid Maxi Kit (Qigen, Ger-
mantown, MD, USA) to a purity >90% for supercoiled DNA and en-
dotoxins <1 EU/mg.

In vivo tumor treatment strategies

In immunogenicity assays for the identification of antigenic epitope-
associated peptides, female C57BL/6J mice (n = 5 per group) were
immunized with the three plasmids (100 mg) or the Vec plasmid as
a control via intramuscular (i.m.) injection into the tibialis anterior
muscles of both hind limbs on days 0, 14, and 28. Two weeks after
the last immunization, mice were euthanized for further evaluation.
In a therapeutic setting, female C57BL/6J tumor-bearing mice
(n = 5 per group) were immunized three times, on days 5, 7, and
10. The mice were euthanized on day 20. In the experiments with
the vaccine/Gem combination, mice (n = 5 per group) were injected
with Gem (15 mg/kg body weight, i.p.; Jiangsu Hansoh Pharmaceu-
tical, Jiangsu, China) on days 5, 8, 12, and 15 (combination I:
Gem + OsFS I) or on days 11, 14, 18, and 21 (combination II:
Gem + OsFS II). The mice were euthanized on day 25. The first vacci-
nation in all experiments was administrated i.m. by electroporation
(TERESA, Shanghai, China), Electroporation parameters are pulse
voltage 36 V, pulse width 20 ms, and pulse number 6. All mice
were euthanized by exposure to carbon dioxide (CO2).

IFN-g ELISpot assay and in vitro cytotoxicity assay

The IFN-g ELISpot assay was performed with ELISpot kit (BD Biosci-
ences, San Jose, CA, USA), and in vitro cytotoxicity assays were con-
ducted in accordance with previous studies.48,49 In the antigen-specific
ELISpot assay, mouse FAPa and survivin peptide pools (FAPa peptide
pools: YVYQNNIYL, YSYTATYYI, HLYTHMTHF, FAVNWITYL,
IYSERFMGL, and SSWEYYASI; survivin peptide pools:
ATFKNWPFL, IATFKNWPF, QCFFCFKEL, and LTVSEFLKL)
were chosen as the stimulators, with the unrelated MUC1 peptide
pool (GVTSAPDTR, SAPDTRPAP, DTRPAPGST, PAPGSTAPP,
and TRPAPGSTA) as the control. To detect antigen-specific CTLs,
Panc02 cells were incubated with FAPa, survivin, or an unrelated
MUC1 peptide (5 mg/mL) for 2 h at 37�C. Then, FAPa or survivin-
peptide-loaded Panc02 cells were labeled with 5 mM CFSE (CFSE-
high cells) for 10 min, while the unrelated-MUC1-peptide-loaded
Panc02 cells were labeled only with 0.5 mM CFSE (CFSE-low cells).
CFSE-high- and -low-labeled cells were mixed together at a 1:1 ratio.
Different numbers of splenocytes from vaccinated mice were then
incubated with 5 � 104 of the peptide-loaded Panc02 cells for 8 h at
37 C (E:T ratios were 50:1, 25:1, and 12.5). Specific killing was detected
by flow cytometry as the decrease in the percentage of specific targets.
RNA isolation and quantitative real-time PCR

RNA isolation used Trizol (Invitrogen, Carlsbad, CA, USA), and the
cDNA was synthesized with a PrimeScript RT Reagent Kit with
Genomic DNA (gDNA) Eraser (TaKaRa, Shiga, Japan), in accordance
with the manufacturer’s instructions. Quantitative real-time PCR was
performed as previously described.50 Gene-expression levels were
normalized to Gapdh expression.
Ig isotyping by ELISA

Serum IgG1 and IgG2a were measured using the mouse immuno-
globulin screening/isotyping kit (Southern Biotech). 96-well flat-bot-
tom microplates were coated with FAPa or survivin recombinant
proteins (0.2 mg/well) overnight at 4�C. Sera collected frommice prior
to sacrifice were diluted 1:25 in PBS with 1% FBS before detection.
The remaining steps of the procedure were performed as previously
described.50
IL-10 detection by ELISA

IL-10 was measured using a mouse Il-10 ELISA MAX Standard (Bio-
legend, San Diego, CA, USA). 1 � 107 splenocytes were resuspended
in 500 mL RPMI 1640 supplemented with 10% FBS, stimulated with
FAPa or survivin protein (5 mg/mL), for 3 days in 12-well plates.
Cell culture supernatants of the stimulated splenocytes were diluted
1:3 in PBS with 1% FBS before detection. The remaining steps were
conducted according to manufacturer’s instructions.
Cell staining and flow cytometry

For detection of CD45+, CD3+, CD4+, CD8+ T, MDSCs (CD11b+

Gr-1+), M1 macrophages (CD11b+F4/80+CD86+), and M2 macro-
phages (CD11b+F4/80+CD206+), separated splenocytes or tumor
cells were washed twice with PBS and stained with fluorescently
labeled antibodies for 25–30 min at 4�C.

For detection of intratumoral FAPa+ CAFs, after washing, tumor cells
were immunostained with a rabbit anti-FAPa antibody (Abcam,
Cambridge, UK) or normal rabbit IgG control antibody at 4�C for
60 min. Cells were then stained with sheep anti-rabbit FITC
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secondary antibody (Biolegend, San Diego, CA, USA) for at least
30 min at 4�C.

After washing twice, all samples (resuspended with 350 mL of cell
staining buffer; Biolegend, San Diego, CA, USA) were examined by
a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA
USA), and data were analyzed using FlowJo software (TreeStar, San
Carlos, CA, USA).
Intracellular cytokine staining

To detect Tregs (CD4+CD25+Foxp3+), separated cells were incubated
with surface stain for 25–30 min at 4�C, and intracellular cytokine
staining was performed using the Foxp3/Transcription Factor Stain-
ing Buffer Set (eBioscience). The cells were then fixed and permeabi-
lized for 1 h at room temperature. After incubation with anti-mouse
CD16/32 (Fc block) antibody for 15 min, cells were incubated in
intracellular stain (anti-Foxp3+) for at least 60 min at room temper-
ature. After washing, samples were analyzed by flow cytometry.
Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.0 (La
Jolla, CA, USA). Data were analyzed using one-way ANOVA and are
presented as mean ± SD. The statistical significance of differences be-
tween groups was determined by unpaired Student’s t test. The statis-
tical analysis of survival data was performed using log rank test.
p <0.05 was considered statistically significant.
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