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Abstract Immune evasion has made ovarian cancer notorious for its refractory features, making the

development of immunotherapy highly appealing to ovarian cancer treatment. The immune-stimulating

cytokine IL-12 exhibits excellent antitumor activities. However, IL-12 can induce IFN-g release and sub-

sequently upregulate PDL-1 expression on tumor cells. Therefore, the tumor-targeting folate-modified de-

livery system F-DPC is constructed for concurrent delivery of IL-12 encoding gene and small molecular

PDL-1 inhibitor (iPDL-1) to reduce immune escape and boost anti-tumor immunity. The physicochemical
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Immune escape;
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Immunotherapy
characteristics, gene transfection efficiency of the F-DPC nanoparticles in ovarian cancer cells are

analyzed. The immune-modulation effects of combination therapy on different immune cells are also

studied. Results show that compared with non-folate-modified vector, folate-modified F-DPC can

improve the targeting of ovarian cancer and enhance the transfection efficiency of pIL-12. The underlying

anti-tumor mechanisms include the regulation of T cells proliferation and activation, NK activation,

macrophage polarization and DC maturation. The F-DPC/pIL-12/iPDL-1 complexes have shown

outstanding antitumor effects and low toxicity in peritoneal model of ovarian cancer in mice. Taken

together, our work provides new insights into ovarian cancer immunotherapy. Novel F-DPC/pIL-12/

iPDL-1 complexes are revealed to exert prominent anti-tumor effect by modulating tumor immune micro-

environment and preventing immune escape and might be a promising treatment option for ovarian can-

cer treatment.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ovarian cancer, the third most common gynecologic malignancies
worldwide, accounts for 2.5% of all female malignancies1,2.
Approximately 300,000 new cases of ovarian cancer were diagnosed
and nearly 207,000 ovarian cancer-related deaths worldwide in
20203. Surgery and chemotherapy are the primary treatment options
for ovarian cancer, however, conventional surgery often fails to
eradicate tumor cells, and chemotherapy suffers from defects such as
drug resistance and high toxicity due to nonspecific tumor
targeting4e6. Therefore, recurrence of ovarian cancer is clinically
common, resulting in a high mortality rate. There is an urgent need to
seek novel andmore effective treatment strategies for ovarian cancer.

Immunotherapy is a popular cancer treatment strategy in recent
years and has been clinically proven to be effective against a
variety of malignant tumors7. Different from conventional thera-
pies, cancer immunotherapy mainly activates the host immune
system and enhances the recognition of tumor cells by immune
cells, so as to eliminate tumor cells8,9. Cytokine therapy is one of
the most promising immunotherapy strategies in cancer
research10. Interleukin-12 (IL-12), a pleiotropic cytokine mainly
produced by activated dendritic cells (DCs) and macrophages
during T-cell initiation, consists of p35 chain and p40 chain11.
IL-12 regulates innate and adaptive immunity and is considered as
an ideal candidate for immunotherapy in a variety of tumors12e19.
Previous studies have shown that IL-12 can not only enhance
natural killer cell activity, but also has direct cytotoxicity, making
it a potential therapeutic agent for ovarian cancer20e22. However,
direct administration of recombinant IL-12 protein has shown
undesirable systemic toxicity and lower than expected effi-
cacy23,24. Therefore, the therapeutic strategy of local delivery of
IL-12 expression gene at the tumor site may be less toxic and exert
a more desirable anti-tumor effect.

Immune evasion is one of the leading causes of cancer treatment
failure25. Programmed cell death (PD) pathway is the most inten-
sively studied immune evasion-related pathway26,27. Activated T
lymphocytes expressPD-1oncell surface, and tumor cells express the
ligand PDL-1, which binds to PD-1 on activated T cells, thus inhib-
iting the anti-tumor immune response of effector T cells and escaping
the attack of the host immune system28. Previous studies have re-
ported up-regulated expression of PDL-1 in epithelial ovarian cancer,
which may lead to immune evasion29. Moreover, IL-12 can promote
lymphocyte secretion of IFN-g, subsequently inducing over-expre-
ssion of PDL-1 on tumor cells. Interrupting the interaction between
PD-1 and PD-L1with iPDL-1 enhances the ability of immune cells to
recognize antigens on the surface of tumor cells. Thereupon, IL-12
combined with iPDL-1 is expected to become a potent immuno-
therapy approach for ovarian cancer, overcoming these obstacles and
inducing synergistic anti-tumor effects.

Efficient vector systems is required to achieve tumor targeted gene
anddrugdelivery.Non-viral vector systems are characterized bygood
physical stability, strong drug loading capacity and high encapsula-
tion rate, and possess unique advantages in gene delivery30e32.
Recent studies indicate that the immune escape generated by tumor
cells leads to local rather than systemic immunosuppression, espe-
cially in solid tumors33,34. Therefore, targeted delivery of drugs to the
tumor site is critical to improve therapeutic efficacy and reduce the
risk of adverse events (AEs). Folate receptor (FR) is a glycoprotein
located on the cell surfacewith a high affinity for folate (FA)35. FR is
highly expressed in some epithelial cell-derived tumors, including
ovarian cancer, but rarely expressed inmost normal tissues, making it
an attractive target for ovarian cancer therapy36,37.

Herein, we construct a novel targeted nano-delivery F-DPC
system consisting of FA-PEG-PCL copolymer, PEG-PCL copol-
ymer and DOTAP, to load immunostimulatory gene and immune
checkpoint small molecular inhibitor for ovarian cancer immuno-
therapy (Scheme 1). The gene and drug loaded complexes can be
taken up by cancer cells overexpressing FRs and enters the cyto-
plasm through endocytosis. Then, pIL-12 escape from lysosomes
and enter the nucleus to express IL-12 at tumor site, subsequently
stimulating the proliferation and activation of T lymphocyte, pro-
moting maturation of dendritic cells (DCs), and inhibiting M2 po-
larization of macrophages in tumor. Thereafter, increased
lymphocyte secretion of IFN-g induces overexpression of PDL-1
on tumor cells. The iPDL-1 binds to PDL-1 to enable activated T
lymphocytes to recognize tumor cells, thus remodeling the immu-
nosuppressive tumor microenvironment (TME) to restore antitumor
immunity and prevent immune escape. Our research may provide a
promising immunotherapeutic strategy for ovarian cancer.

2. Materials and methods

2.1. Materials and reagents

Folate (FA), monomethoxyl poly (ethylene glycol) (MPEG),
ε-CL and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Schematic representation of the folate receptor targeting F-DPC complexes for pIL-12 and iPDL-1 delivery. Combination therapy

effectively modulates the tumor microenvironment and exhibits impressive antitumor effects in ovarian cancer treatment.
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bromide (MTT) were purchased from SigmaeAldrich (Darm-
stadt, Germany). 1,2-Dioleoyl-3-trimethylammonium-propane
(DOTAP) was purchased from Avanti Polar Lipids (AL, USA).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum (FBS) were both purchased from Gibco (NY, USA). The
antibodies used in this study were summarized: rat anti-mouse
CD31 polyclonal antibody, rat anti-mouse Ki67 polyclonal anti-
body, rat anti-mouse horseradish peroxidase (HRP)-conjugated
secondary antibody (Servicebio, Wuhan, China); The anti-CD4
antibody, anti-CD8 antibody, anti-CD69 antibody, anti-CD11c
antibody, anti-CD80 antibody, anti-CD86 antibody, anti-MHCII
antiobody, anti-CD45 antibody, anti-CD11b antibody and anti-
IFN-g antibody (BD Pharmingen, NJ, USA); The anti-CD11b
antibody, anti-CD206 antibody, anti-F480 antibody, anti-CD107a
antibody, anti-CD49b antibody, anti-CD274 (PDL-1) antibody
(Biolegend, CA, USA). The pvax and pIL-12 were extracted and
purified using a QIAGEN Endofree Plasmid Mega Kit (Hul-
sterweg, Netherlands). The contents of murine IFN-g, TNF-a and
IL-12 p70 were detected by corresponding ELISA kits from
Invitrogen (CA, USA).7-AAD/Annexin-V apoptosis kit was pur-
chased from BD, Pharmingen (CA, USA).

2.2. Synthesis and characterization of F-DPC/pIL-12/iPDL-1

The mixture of 10 g MPEG2k, 10 g ε-caprolactone (ε-CL), and
0.1 g Sn(Oct)2 were added into a round reaction flask and kept at
140 �C for 12 h to synthesize the MPEG-PCL diblock polymer.
Then, 1.44 g of dicyclohexylmethane-4,40-diisocyanate (HMDI)
(5.49 mmol, eOH:eNCO Z 1:1.1) was added as a crosslinking
agent, and the reaction system was continuously stirred at 80 �C
for 8 h. After vacumm evaporation, the copolymers were suc-
cessively dissolved in dichloromethane and precipitated in ice-
cold diethyl ether. Ultimately, the obtained product was purified
by dialysis and lyophilized for further use.

To prepare the F-DPC/pIL-12/iPDL-1 complexes, 15 mg FA-
PEG-PCL, 75 mg PEG-PCL, 5 mg DOTAP and 5 mg iPDL-1
inhibitor (BMS-1, MedChemExpress, NJ, USA) were dissolved
into 2 mL acetone, followed by vacuum evaporation at 55 �C
water bath for 20 min. Subsequently, the formed film was
dispersed in 5% glucose solution (GS) to obtain the F-DPC/iPDL-1.
Meanwhile, the DPC/iPDL-1 complexes was prepared with the
same method. The 5% GS suspension containing F-DPC/iPDL-1
or DPC/iPDL-1 nanoparticle and pDNA were gently mixed and
incubated for 20 min to form the F-DPC/pIL-12/iPDL-1 or DPC/
pIL-12/iPDL-1 complexes, respectively. The morphology of the F-
DPC/pIL-12/iPDL-1 complexes was identified by transmission
electron microscopy (TEM, FEI Tecnai G2 F20, USA). The par-
ticle size distribution and the zeta potential of the F-DPC/pIL-12/
iPDL-1 complexes were determined by the NanoBrook particle
size analyzer (Brookhaven Instruments, NY, USA).

2.3. Transfection efficiency

For assessing the gene transfection efficiency, the nanoparticles
and the plasmids encoding green fluorescent protein (pGFP)
(5 mg) were separately dispersed in 500 mL of the DMEM me-
dium. The medium containing pEGFP was slowly added to the
medium containing nanoparticles and mixed well for 20 min.
Then, the culture medium of ID8 cells were replaced by the mixed
medium and incubated for 4 h. Subsequently, fresh culture
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medium was supplemented and incubated for 48 h. The expression
of GFP in transfected ID8 cells were identified using a fluorescent
microscope (Olympus, Japan), and were semiquantitatively
determined by flow cytometry (ACEA NovoCyte™, CA, USA).

2.4. Immune cells stimulation assay

With the aim to evaluate the impact of F-DPC/pIL-12/iPDL-1
nanocomposite transfection of tumor cells on immune cells, mu-
rine spleen derived lymphocytes, bone marrow-derived macro-
phages and bone marrow-derived DCs were isolated and
stimulated with the supernatant of transfected ID8 cells respec-
tively for 48 h. Then, the lymphocytes were stained with anti-
CD4, anti-CD8, anti-CD69, and anti-IFN-g antibodies for inves-
tigating the activation of lymphocytes. The proliferation status of
lymphocytes was measured using the CCK-8 assay (Sigma
Aldrich, Darmstadt, Germany). The macrophages were stained
with anti-CD45, anti-CD11b, anti-F4/80, and anti-CD206 anti-
bodies for detecting the M2 polarization of macrophages, and the
DCs were stained with anti-CD11c, anti-CD80, anti-CD86 and
anti-MHCII antibodies for analyzing DCs maturation. All stained
cells were analyzed by flow cytometry. In addition, the secretion
level of TNF-a and IFN-g in the supernatant of immune cells were
detected by ELISA method. Furthermore, the supernatant of
stimulated lymphocyte was reversely applied to ID8 cells for 24 h
incubation, followed by detection of the ID8 cells viability using
CCK-8 assay.

2.5. In vivo antitumor efficacy evaluation

The mice model of abdominal ovarian cancer was established by
intraperitoneal injection of 5 � 106 ID8 cells. Two weeks after
Figure 1 Characteristics of F-DPC/pIL-12/iPDL-1 complexes. (A) The

logical characteristics of F-DPC/pIL-12/iPDL-1 by TEM observation (scale

1 complexes. (D) Zeta-potential of F-DPC/pIL-12/iPDL-1 complexes. (E

pIL-12. Lanes 2e4, bare pIL-12; lanes 5e13, different mass ratios of pIL

lanes 11e13, 1:50).
tumor inoculation, the tumor-bearing mice were randomly allo-
cated into seven groups and received corresponding treatment by
intraperitoneal injection: (A) Untreated; (B) F-DPC nano-
particles (vehicle); (C) F-DPC/pvax; (D) iPDL-1; (E) F-DPC/
pIL-12; (F) DPC/pIL-12/iPDL-1;(G) F-DPC/pIL-12/iPDL-1. The
dosage of pIL-12 or pvax was 20 mg per mouse. The treatment
plan is twice a week, for a total of twelve times. During the
treatment schedule, the body weight of mice was continuously
monitored and recorded. At the endpoint, the serum, tumor
nodules, ascites and vital organs of mice were collected and
processed for subsequent study. Moreover, the expression levels
of IL-12, TNF-a and IFN-g in serum, ascites and tumor tissues
were quantified by ELISA assay.

2.6. Immunomodulation effect in vivo

To explore the changes of immune cells in TME after various
treatment, the tumor modules, ascites and spleens from experi-
mental mice were harvested and prepared into single-cell sus-
pension. Then, the samples were stained with fluorescence-
conjugated antibodies for analyzing lymphocytes activation as
well as natural killer (NK) cells activation. The stained cell
samples were analyzed by flow cytometry.

2.7. Effect on tumor proliferation and angiogenesis

Immunohistochemical and immunofluorescence staining were per-
formed on tumor sections to explore the effect of different treatment
on tumor proliferation and angiogenesis. The immunohistochemical
staining of Ki67 and CD31 were carried out according to our
previous research. All the stained tumor sections were observed
under a light microscope (Leica, Wetzlar, Germany) and the
structure model of F-DPC/pIL-12/iPDL-1 complexes. (B) Morpho-

bar Z 20 nm). (C) Particle sizes distribution of F-DPC/pIL-12/iPDL-

) Agarose gel electrophoresis assay of F-DPC nanoparticles loading

-12 with F-DPC nanoparticles (lanes 5e7, 1:12.5; lanes 8e10, 1:25;
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positively stained cells in five randomly selected areas were
quantitatively analyzed.

2.8. Safety assessment

For drug safety evaluation, important serological biochemical
indicators in treated mice were detected using a biochemical
analyzer (Roche, Basel, Switzerland). Moreover, vital organs
including heart, liver, spleen, lung and kidney were prepared as
paraffin embedded tissue sections and applied for H&E staining.
The stained sections were examined by two independent pathol-
ogists to identify organ histological morphology and distinguish
pathological changes among different treatment groups.

2.9. Statistical analysis

The statistical analysis in the study were carried out using
Graphpad Prism software v7.0 (CA, USA). For two groups com-
parison, Student’s t-test was adopted, while for multiple compar-
isons, one-way ANOVA analysis was used. All the results were
shown as a mean � standard error of measurement (SEM). The
P value < 0.05 was considered statistically significant at
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

3. Results and discussion

3.1. Preparation and characterization of tumor-targeting
F-DPC/pIL-12/iPDL-1

Commonly-used gene delivery systems include viral and non-viral
vectors38. However, the low safety, limited gene load, high
Figure 2 Gene transfection efficiency of F-DPC/GFP in ovarican cancer

bar Z 100 mm). (B) The transfection efficiency measured by flow cytomet

presented as mean � SEM (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.0
immunogenicity, and difficulty in preparation restricted the clin-
ical application of viral vectors. In this study, non-viral PEG-PCL
copolymers were synthesized by hydrophilic PEG and hydro-
phobic PCL with high chemical stability, long circulation and
biodegradability39. Moreover, FA modification confers tumor
targeting capabilities on PEG-PCL copolymers. The PEG-PCL
and FA-PEG-PCL copolymers were successfully synthesized
(Supporting Information Figs. S1 and S2). FA-PEG-PCL, PEG-
PCL, DOTAP, pIL-12 and iPDL-1 corporately formed a
coreeshell structure by self-assembly. The core consists of the
hydrophobic part of the PCL segment and the hydrophobic tail of
DOTAP, and the hydrophobic small molecule PDL-1 inhibitor is
also loaded in the hydrophobic core. The outer shell is mainly
composed of hydrophilic PEG segment, which contributes to the
structural stability of the nanocomposite. Moreover, the positive
charge possessed by DOTAP can effectively attract pIL-12
through electrostatic interactions. The structural model of the F-
DPC/pIL-12/iPDL-1 complexes is shown in Fig. 1A.

The spherical structure of the F-DPC/pIL-12/iPDL-1 com-
plexes was demonstrated by TEM observation (Fig. 1B). Ac-
cording to DLS assay, the average diameter of the F-DPC/pIL-12/
iPDL-1 complexes was about 182.9 nm and the zeta potential was
approximately 0 mV (Fig. 1C and D), indicating that the F-DPC/
pIL-12/iPDL-1 composite was nearly electrically neutral. The
gene encapsulation capacity of F-DPC nanoparticles was analyzed
by agarose gel electrophoresis. The bare plasmid showed bright
bands (Lanes 2e4), and the plasmid displacement was partially
restained (Lanes 7) when the mass ratio of pIL-12 to F-DPC was
1:12.5. When the mass ratio of pIL-12 to F-DPC is greater than
1:25 (Lanes 10, 1:25; Lanes 113, 1:50) (Fig. 1E), the plasmid
migration was completely retarded, suggesting that IL-12 plasmid
was fully encapsulated by F-DPC nanoparticles.
cells. (A) Representative images of GFP expression in ID8 cells (Scale

ry. (C) The secretion level of IL-12 from ID8 cells by ELISA. Data are

01, ns, not significant.
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3.2. F-DPC efficiently delivered pDNA into tumor cells

Previous clinical trials revealed that the administration of recom-
binant cytokine IL-12 failed to achieve the expected antitumor
effect due to insufficient concentrations in the tumor, yet adversely
evoked a dose-related severe toxic response40,41. Hence, targeted
delivery of IL-12 expression gene into ovarian cancer cells through
a vector system is an ideal approach to stimulate anti-tumor im-
mune response and avoid systemic toxicity42,43. The successful
transfection of IL-12 expression gene into cells is crucial for
subsequent expression of the IL-12 protein. Therefore, we
explored the intracellular localization of F-DPC/pIL-12/iPDL-1 in
ID8 cells by time-lapse confocal microscopy (Supporting Infor-
mation Fig. S3). Serial tracer analysis (0.5, 1, 3 and 5 h) showed
that pIL-12 labeled with green fluorescent dye YOYO-1 delivered
Figure 3 Increased PDL-1 expression and promoted apoptosis of ID8

cytometry. The supernatant from transfected cells was collected to stimul

vested to incubate tumor cells. The expression of PDL-1 on ID8 cells in

presented as mean � SEM (n Z 3). ****P < 0.0001. (B) Apoptosis of

labeled tumor cells with different complexeses and added lymphocytes

Annexin V staining method was subsequently analyzed. Data are presente
by F-DPC was initially co-localized with lysosomes in the cyto-
plasm. Subsequently, pIL-12 escaped from the lysosome and
eventually entered the nucleus, as demonstrated by the almost
complete overlap of YOYO-1-labeled pIL-12 and the nucleus,
indicating the lysosomal escape ability of the F-DPC/pIL-12/
iPDL-1 complexes.

High transfection efficiency is a prerequisite for effective gene
therapy. The hydrophobic core of the micelle provided spaces for
insoluble small molecule drugs, while the positively charged
cationic DOTAP could further compress the particle size through
electrostatic interactions with negatively charged nucleic acids44,
endowing the vector system with high drug and gene delivery
efficiency. Moreover, FR is highly expressed in epithelial ovarian
cancers and positively correlated with the stage and grade of
tumor, and its expression level is not affected by chemotherapeutic
cells. (A) Expression of PDL-1 on ID8 cells was detected by flow

ate lymphocytes, and then the lymphocytes culture medium was har-

each treatment group was analyzed using flow cytometry. Data are

ID8 cells was detected by flow cytometry. We transfected the CFSE-

for co-incubation for 48 h. The apoptosis of tumor cells using PE-

d as mean � SEM (n Z 3). ****P < 0.0001.
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drugs, with FR expression remaining high after neoadjuvant
chemotherapy for ovarian cancer37,45,46. Therefore, we modified
the PEG-PCL copolymers with FA to enhance drug accumulation
at the ovarian tumor site and reduce off-target effects. The
transfection efficiency of F-DPC complexes and DPC complexes
in ID8 cells were identified by transfecting plasmid encoding
green fluorescent protein (pGFP), respectively. After 24 h of
transfection, large numbers of GFP-positive cells were observed in
the F-DPC/pGFP group and the DPC/pGFP group. The GFP
expression was higher in ID8 cells transfected with F-DPC/pGFP
compared with that transfected with DPC/pGFP (Fig. 2A). The
gene transfection efficiency in ID8 cells was further examined by
flow cytometry, and similar results were observed (Fig. 2B). After
24 h transfection, the transfection efficiency was approximately
80% in the F-DPC/pGFP group and about 60% in the DPC/pGFP
group, indicating higher in vitro transfection efficiency of F-DPC
than that of DPC. Furthermore, we detect the IL-12 expression
Figure 4 Polarization of macrophages in vitro. (A) After being stimul

larization status of macrophages in vitro was analyzed by flow cytometry

macrophages were measured by ELISA. (D) The mRNA levels of immunos

phenotype-related genes (right) in stimulated macrophages were detected

**P < 0.01, ***P < 0.001, ****P < 0.0001. (E) Protein levels in the macr

or F-DPC/pIL-12/iPDL-1 transfected ID8 cells were analyzed by Western
levels in the supernatants using ELISA assay after 24 h trans-
fection. The results showed that both DPC/pIL-12/iPDL-1 and
F-DPC/pIL-12/iPDL-1 groups had high IL-12 secretion, and
F-DPC/iPDL-1/pIL-12 complexes could significantly improve
IL-12 secretion compared with DPC/pIL-12/iPDL-1 complexes
(Fig. 2C). These results further demonstrate that F-DPC can
deliver pIL-12 more effectively into tumor cells.

3.3. Increased PDL-1 expression and promoted apoptosis in ID8
cells by F-DPC/pIL-12/iPDL-1

Previous study revealed that IL-12 could result in IFN-g secretion
from lymphocytes, subsequently inducing upregulated expression
of PDL-1 on tumor cells47. To identify the PDL-1 expression on
tumor cells, we collected the supernatant derived from transfected
cells to stimulate lymphocytes, and then the lymphocytes culture
medium was harvested to reversely incubate tumor cells. The
ated by the supernatants from transfected ID8 cells for 48 h, the po-

. The secretion levels of TNF-a (B) and IFN-g (C) from stimulated

uppressive M2 phenotype-related genes (left) and proinflammatory M1

by RT-PCR. Data are presented as mean � SEM (n Z 3). *P < 0.05;

ophages stimulated by supernatants from F-DPC/pvax, F-DPC/pIL-12,

blot.
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expression of PDL-1 on ID8 cells was significantly increased in
F-DPC/pIL-12 group and DPC/pIL-12 group, which reached
77.09% and 58.67%, respectively (Fig. 3A). These results indi-
cated that F-DPC/pIL-12 can enhance the secretion of IL-12,
further induce more expression of PDL-1 on tumor cells, lead-
ing to immune escape. One essential strategy for cancer immu-
notherapy is "immune normalization”, which is unblocking
immune responses and selectively regulating immunity in the
TME based on immune escape mechanisms35,48. The anti-PD-1/
PDL-1 pathway is by far the most explicit representative of the
"immune normalization” strategy, and many drugs against this
pathway have been marketed and proven effective in improving
the antitumor immune response against multiple tumor types35. It
is thus speculated that combined application of immune check-
point inhibitor will be beneficial to improve the immunosuppres-
sive state of TME and enhance the efficacy of immunotherapy. We
transfected the CFSE-labeled tumor cells with different com-
plexeses and added lymphocytes for co-incubation for 48 h. The
apoptosis of tumor cells was analyzed using PE-Annexin V
staining. The flow cytometry result revealed that F-DPC/pIL-12/
iPDL-1, DPC/pIL-12/iPD-L1, F-DPC/pIL-12, iPDL-1, F-DPC/
pvax, F-DPC (vehicle), and Control group exhibited apoptotic cell
rates of 21.58%, 17.01%, 12.81%, 6.59%, 6.08%, 6.19%, and
6.33%, respectively. F-DPC/pIL-12/iPDL-1 group showed the
highest apoptosis rate among all groups (Fig. 3B), indicating the
simultaneous delivery of both pIL-12 and iPDL-1 with F-DPC
could significantly enhance the antitumor effect.
Figure 5 Promoted maturation of DCs in vitro. After being stimulated

percentages of DCs maturation markers were analyzed by flow cytometry

(n Z 3). *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001.
3.4. F-DPC/pIL-12/iPDL-1 modulated the M1/M2 polarization
status of macrophages

It is hypothesized that the antitumor ability of F-DPC/IL-12/iPDL-1
is mainly through the modulation of tumor immune micr-oenvir-
onment. Therefore, the states of macrophage polarization, DC
maturation, and T lymphocyte activation were studied. Firstly, we
collected the supernatants of ID8 cells from each group to stim-
ulate the bone marrow derived macrophages and stained the cells
with anti-CD45, anti-CD11b, anti-F4/80, anti-CD206 antibodies
to identify the polarization status. Results showed that the per-
centages of CD45þCD11bþF4/80þCD206high cells in F-DPC/pIL-
12/iPDL-1, DPC/pIL-12/iPDL-1, F-DPC/pIL-12, iPDL-1, F-DPC/
pvax, F-DPC (vehicle) and control group (Untreated) were 1.55%,
4.59%, 9.75%, 15.51%, 13.84%, 15.40% and 16.83%, respec-
tively. These results demonstrated that F-DPC/pIL-12/iPDL-1
treatment significantly reduced the polarization of macrophages to
the tumor-associated M2 phenotype (Fig. 4A).

TNF-a and IFN-g can mediate both innate and adaptive im-
mune responses and are important pro-inflammatory cytokines for
tumor eradication49. Our results showed that the supernatant from
F-DPC/pIL-12/iPDL-1 transfected ID8 cells could significantly
promote the secretion of TNF-a and IFN-g by macrophages
(Fig. 4B and C). Next, we assessed the expression levels of
representative immunosuppression-related and proinflammatory-
related genes in macrophages using RT-PCR. After macrophages
stimulated with the supernatants from transfected ID8 cells, the
by the supernatants from transfected ID8 cells for 48 h, the relative

(A, CD80, B, CD86, C, MHCII). Data are presented as mean � SEM



Figure 6 Increased proliferation and activation of lymphocytes boost tumor killing capability. (A) The lymphocytes were stimulated by su-

pernatants from transfected tumor cells and analyzed by CCK-8. (B) The supernatants from stimulated lymphocytes were used to incubate ID8

cells for 48 h, and then the cell viability of ID8 cells was measured by CCK-8. The secretion levels of TNF-a (C) and IFN-g (D) from lym-

phocytes were measured by ELISA. (E) The tumor cells besieged by lymphocytes were observed under a light microscope. (F) The proportions of

activated lymphocytes subsets were determined by flow cytometry. Data are presented as mean � SEM (n Z 3). ***P < 0.001, ****P < 0.0001.
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expression levels of immunosuppression-related genes (Il-6,Mrc1,
Irf4, Ym-1, Fizz1, Ccl17, Ccl22, Il-10, Arg-1) were all significantly
downregulated, while inflammation-related genes (Tnf-a, Ifn-g,
Ciita, Cxcl10, Cxcl9, Irf-5, Nos2) were significantly upregulated
(Fig. 4D), indicating restrained immune suppression and
strengthened antitumor immunity. Activation of STAT1 plays a
crucial role in promoting M1 polarization of macrophages50. As
shown in Fig. 4E, in macrophages stimulated by supernatants from
F-DPC/pIL-12 and F-DPC/pIL-12/iPDL-1 transfected ID8 cells,
the STAT1 pathway was markedly activated, with increased levels
of protein P-STAT1, P-P65, and P-IRF3 and decreased levels of
protein IRF4 and PPAR-g. Taken together, these results suggest
that IL-12 secreted by ID8 cells after F-DPC/pIL-12/iPDL-1
transfection can effectively inhibit macrophage M2 polarization
and promote macrophage M1 polarization through activation of
STAT1 pathway (Fig. 4E).

3.5. F-DPC/pIL-12/iPDL-1 treatment stimulated the maturation
of DCs

Dendritic cells (DCs) play an critical role in antitumor immune
response by processing and presenting tumor antigens to T cells51.
Thus, we assessed the maturation of DCs by measuring the
expression of co-stimulatory molecules including CD80, CD86
Figure 7 Therapeutic effect of F-DPC/pIL-12/iPDL-1 in ID8 peritoneal

and representative images of the peritoneal cavity of mice. (B) Images of c

curves. Data are presented as mean � SEM (n Z 6). *P < 0.05; ****P
and MHCII. As seen in Fig. 5, after being stimulated with su-
pernatant from transfected ID8 cells, higher proportions of
CD11cþCD80þ, CD11cþCD86þ and CD11cþMHCIIþ DC cells
were detected in the F-DPC/pIL-12/iPDL-1 group and DPC/pIL-
12/iPDL-1 group than that in the F-DPC/pIL-12 group. These
results indicate that the F-DPC/pIL-12/iPDL-1 and DPC/pIL-12/
iPDL-1 can significantly promote the maturation of DCs and the
F-DPC/pIL-12/iPDL-1 exhibited superior effect (Fig. 5A‒C).

3.6. F-DPC/pIL-12/iPDL-1 strengthened lymphocytes
activation and their killing capability against tumor cells

IL-12 can stimulate the proliferation of NK cells and cytotoxic T
lymphocytes, and increase their cytotoxicity, as well as being the
most potent stimulator for IFN-g production by lympho-
cytes41,49,52,53. It can also induce immune memory against tumor
and has significant antitumor effects in multiple pre-clinical
models, and has shown moderate efficacy in cutaneous T-cell
lymphoma (CTCL), Hodgkin and non- Hodgkin’s lymphoma, as
well as Kaposi’s sarcoma in some small-sized, non-randomized
clinical trials40,41.

Therefore, the supernatants of ID8 cells after transfection were
collected to stimulate the spleen derived lymphocytes. The
lymphocyte viability was evaluated by the CCK-8 method, and the
dissemination model of ovarian cancer. (A) The tumor burden of mice

orresponding abdominal tumors. (C) Tumor weights. (D) Body weight

< 0.0001).



Figure 8 F-DPC/pIL-12/iPDL-1 treatment increased the expression of IL-12, IFN-g and TNF-a in vivo. Tumor tissues, ascites and serums were

collected after different treatments with GS, F-DPC (vehicle), F-DPC/pvax, iPDL-1, F-DPC/pIL-12, DPC/pIL-12/iPDL-1 and F-DPC/pIL-12/

iPDL-1, and the expressions of IL-12 (A), IFN-g (B) and TNF-a (C) in tumor tissues, ascites and serums were detected by ELISA. Data are

presented as mean � SEM (n Z 3). **P < 0.01, ***P < 0.001, ****P < 0.0001).
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results showed increased lymphocyte viability in the F-DPC/pIL-
12/iPDL-1, DPC/pIL-12/iPDL-1 and F-DPC/pIL-12 treatment
groups, among which, the effect in F-DPC/pIL-12/iPDL-1 treat-
ment group was very significant (Fig. 6A). Then, ID8 cells were
incubated with the supernatant of stimulated lymphocytes and it
was shown that the viability of ID8 cells in F-DPC/pIL-12/iPDL-1,
DPC/pIL-12/iPDL-1, and F-DPC/pIL-12 treated groups were all
inhibited, with viability in the F-DPC/pIL-12/iPDL-1 treated
group being the lowest (Fig. 6B), indicating that the combination
of pIL-12 and iPDL-1 had a stronger inhibitory effect on tumor
cells. In addition, the supernatant of ID8 cells transfected with
F-DPC/pIL-12/iPDL-1 also efficiently increased the secretion of
TNF-a and IFN-g from lymphocytes (Fig. 6C and D). More-
over, microscopic observation showed that the number of lym-
phocytes in the F-DPC/pIL-12/iPDL-1 treatment group increased
remarkably, indicating that proliferation was significantly pro-
moted (Fig. 6E). It was also revealed that higher percentages of
CD4þCD69þ, CD4þIFN-gþ, CD8þCD69þ and CD8þIFN-gþ

lymphocyte subsets in F-DPC/pIL-12/iPDL-1, DPC/pIL-12/iPDL-1,
F-DPC/pIL-12-treated groups, with the percentage in the
F-DPC/pIL-12/iPDL-1-treated group being the highest (Fig. 6F).
These results jointly indicate that the combination of pIL-12 and
iPDL-1 can exert a stronger stimulatory effect on lymphocytes
than pIL-12 alone.

3.7. Combination therapy markedly inhibited pertitoneal
dissemination of ovarian cancer by reprogramming the TME

The antitumor effect of the F-DPC/pIL-12/iPDL-1 complexes in a
mouse model with peritoneal ovarian cancer was invetigated.



Figure 9 Representative images of the CD31 and Ki-67 staining of tumor tissues. (A) Expression of vascular endothelial marker CD31 in

tumors of different treatment groups. (B) Expression of proliferative marker Ki-67 in tumors of different treatment groups. Scale bar Z 50 mm.

Data are presented as mean � SEM (n Z 5). ***P < 0.001, ****P < 0.0001.
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Compared with GS, vehicle or F-DPC/pVAX treatment, F-DPC/
pIL-12, DPC/pIL-12/iPDL-1 and F-DPC/pIL-12/iPDL-1 treatment
significantly inhibited tumor dissemination in ovarian cancer
mouse models (Fig. 7A and B). F-DPC/pIL-12, DPC/pIL-12/
iPDL-1 and F-DPC/pIL-12/iPDL-1 treated groups showed an
obvious reduction in average tumor weight but no significant
change in body weight (Fig. 7C and D). Moreover, the F-DPC/
pIL-12/iPDL-1 treatment had more significant antitumor effects
compared with the F-DPC/pIL-12 and DPC/pIL-12/iPDL-1
treatments, indicating that the F-DPC complexes delivering both
pIL-12 and iPDL-1 exerted the strongest anti-tumor effect in
ovarian cancer treatment. Then, we investigated the targeted de-
livery capability of the F-DPC/pIL-12/iPDL-1 complexes in vivo
and its remodeling effect on ovarian cancer TME. The expression
levels of IL-12 in tumors and ascites were increased in the F-DPC/
pIL-12, DPC/pIL-12/iPDL-1 and F-DPC/pIL-12/iPDL-1 groups,
and the expression was highest in the F-DPC/pIL-12/iPDL-1
group (Fig. 8A). It was also disclosed that there was no significant
difference in the serum levels of IL-12 among different groups.
These results indicate that the F-DPC complexes delivering
pIL-12 could achieve high expression of IL-12 in tumor sites, and
in combination with iPDL-1 can synergistically upregulate the
expression of IL-12 at the tumor site. In addition, the F-DPC/pIL-
12 DPC/pIL-12/iPDL-1 and F-DPC/pIL-12/iPDL-1 groups also
had significantly upregulated secretion of the anti-tumor cytokines
such as IFN-g and TNF-a in tumor sites and ascites in ovarian
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cancer models (Fig. 8B and C), with the secretion level in the F-
DPC/pIL-12/iPDL-1 group being the highest. However, there was
no significant change in the expression of IFN-g and TNF-a in the
serum of each treatment group, indicating that F-DPC/pIL-12/
iPDL-1 treatment led to higher local concentrations of immu-
nostimulating effectors IFN-g and TNF-a in tumor tissues, while
reducing the potential systemic inflammatory response. The above
results demonstrate the excellent tumor-targeting ability of the F-
DPC/pIL-12/iPDL-1 complexes.

The effects of pIL-12 and iPDL-1 combined immunotherapy
on immune cell infiltration in TME were studied in the research.
Results showed that DPC/pIL-12/iPDL-1 or F-DPC/pIL-12/iPDL-1
treatment significantly increased the intratumoral infiltration of
CD4þCD69þ, CD8þCD69þ, CD4þIFN-gþ, and CD8þIFN-gþ

cell subsets (Supporting Information Fig. S4‒S7). NK cells can
directly kill tumor cells and also secret various cytokines, che-
mokines and growth factors to activate other immune cells, and
increased intratumoral infiltration of NK cells is correlated with a
better prognosis54. Our results showed a remarkable increase in
CD49bþCD107aþ cell subsets in ascites of the DPC/pIL-12/iPDL-1
and F-DPC/pIL-12/iPDL-1 treatment groups (Supporting Infor-
mation Fig. S8). In addition, the F-DPC/pIL-12/iPDL-1 treatment
group showed the highest proportion of CD49bþCD107aþ cell
subset in the spleen compared with that in the DPC/pIL-12/iPDL-1
treatment group, indicating that F-DPC/pIL-12/iPDL-1 could
promote the activation of NK cells more significantly (Supporting
Information Fig. S9). Taken together, the antitumor effect of
F-DPC/pIL-12/iPDL-1 may be related to the enhancement of
antitumor immunity by promoting the activation of NK cells in
spleen and tumor site.

3.8. F-DPC/pIL-12/iPDL-1 suppressed tumor angiogenesis and
proliferation with low toxicity

Furthermore, we examined tumor vascular proliferation and tumor
cell proliferation by CD31 staining and Ki-67 staining assays,
respectively. Results showed that the F-DPC/pIL-12/iPDL-1 treat-
ment group exerted the most potent anti-angiogenic effect and anti-
proliferative effect indicated by the fewest Ki67 positive ratio and
microvessel density (Fig. 9). These suggested that F-DPC/pIL-12/
iPDL-1 can effectively reduce tumor angiogenesis and inhibit tumor
cell proliferation. For evaluating the safety of F-DPC/pIL-12/iPDL-1
treatment on ovarian cancer-bearing mice, H&E staining of vital
organs (heart, liver, spleen, lung and kidney) in each treatment group
was performed, which showed no obvious pathological changes or
inflammatory infiltration in each treatment group (Supporting Infor-
mation Fig. S10). In addition, no significant changes in liver function
indexes, kidney function indexes and lipid index, and the relevant
serum markers were within the normal ranges (Supporting Informa-
tion Fig. S11). Preliminary safety evaluation results indicated that
immunogene therapy with F-DPC/pIL-12/iPDL-1 complexes was
well tolerated in mice with no obvious systemic toxicity.

In summary, F-DPC/pIL-12/iPDL-1 complexes exhibited sig-
nificant anti-tumor effects in ovarian cancer both in vitro and
in vivo. The possible mechanism is the remodeling the TME of
ovarian cancer, which enhances the activation of anti-tumor im-
munity and alleviates immunosuppression. Specifically, it can
promote T lymphocytes activation, increase cytotoxic T cells
infiltration into the tumor, promote maturation of DCs, inhibit
macrophage polarization toward M2 phenotype, and promote
infiltration of NK cells into the tumor site. Our results showed that
F-DPC/pIL-12/iPDL-1 treatment significantly increased the number
of activated CD4þ and CD8þ T cells compared to F-DPC/pIL-12 or
iPDL-1 alone, suggesting that the combination of the two immu-
notherapeutic agents could significantly promote cytotoxic T cell
activation and increase their intratumor infiltration. F-DPC/pIL-12/
iPDL-1 also significantly increases the expression of co-stimulatory
molecules like CD80, CD86 and MHCII in DCs, indicating
improved maturation of DCs and and subsequently leading to
enhancement in T cell-mediated anti-tumor immunity. Moreover,
we found that F-DPC/pIL-12/iPDL-1 distinctively promoted the
activation of STAT1 pathway, restraining the polarization of mac-
rophages toward the M2 phenotype, and significantly increase
CD49b and CD107a expression in splenic and intratumoral NK
cells, indicating enhanced natural killer cell activity. Furthermore, it
can significantly upregulate the secretion levels of pro-
inflammatory cytokines such as IFN-g and TNF-a to enhance
antitumor immune effects. Taken together, our results proved that
the F-DPC/pIL-12/iPDL-1 complexes can effectively enhance im-
mune activation and improve the immunosuppressive state of TME,
and finally play a strong specific anti-tumor immune effect.

4. Conclusions

In this study, a novel FR-targeted non-viral vector system-F-DPC
is designed to achieve efficient delivery of pIL-12 and small
molecule iPDL-1, which actively targets ovarian cancer and dis-
plays impressive immunomodulatory and anti-tumor effects. Our
results show that F-DPC/pIL-12/iPDL-1 complex is more
powerful to activate T lymphocytes, inhibit macrophage M2 po-
larization, increase DCs cells maturation, and promote NK cells
activation in TME than DPC/pIL-12/iPDL-1. Moreover, it is
validated that F-DPC/pIL-12/iPDL-1 combination therapy ex-
hibits superior anti-tumor effect in mice model of abdominal
ovarian cancer, with neovascularization and tumor proliferation
inhibited markedly without obvious systemic toxicity. In conclu-
sion, the treatment strategy of FR-targeted delivery of immunos-
timulating gene and checkpoint blocker based on F-DPC
nanoparticles shows great application potential and might be a
promising option for ovarian cancer therapy.
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