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A B S T R A C T   

The immunosuppressive tumor microenvironment (TME) of cancer strongly hinders the anti-tumor immune 
responses, thereby resulting in disappointing responses to immunotherapy. Chemoattractive and promotive traits 
of chemokines exerted on leukocytes have garnered interest in improving the efficiency of immunotherapy by 
increasing the infiltration of immune cells in the TME. In this study, a folic acid (FA) -modified gene delivery 
system based on the self-assembly of DOTAP, MPEG-PCL-MPEG, and FA-PEG-PCL-PEG-FA, namely F-PPPD, was 
developed to deliver plasmids encoding the immunostimulating chemokine CKb11. The delivery of plasmid 
CKb11 (pCKb11) by F-PPPD nanoparticles resulted in the high secretion of CKb11 from tumor cells, which 
successfully activated T cells, suppressed the M2 polarization of macrophages, promoted the maturation of 
dendritic cells (DCs), facilitated the infiltration of natural killer (NK) cells and inhibited the infiltration of 
immunosuppressive cells in tumor tissues. Administration of F-PPPD/pCKb11 also significantly suppressed the 
cancer progression. Our study demonstrated a nanotechnology-enabled delivery of pCKb11, that remodeled the 
immunosuppressive TME, for cancer treatment.   

1. Introduction 

As the most deadly gynecologic cancer, ovarian cancer is generally 
characterized by a high recurrence rate, poor prognosis, and high 
mortality rate [1]. Indeed, ovarian cancer is characterized by an 
immunosuppressive tumor microenvironment (TME), which strongly 
hinders anti-tumor immune responses and adversely affects the out
comes of immunotherapay [2]. Therefore, modulating and reversing the 

immunosuppressive TME is a potential approach to treat ovarian cancer. 
Immunotherapy that activates anti-tumor immune responses is gradu
ally developing as the most promising treatment strategy against ma
lignancies [3]. However, immunotherapy-based “immune 
enhancement” strategies often induce severe immune-related adverse 
events [4]. In addition, unfavorable therapeutic responses attributed to 
the immunosuppressive TME also account for the low tumor 
response-to-toxicity profile of immunotherapy, which significantly 
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restricts the clinical application of a majority of immunotherapies [5]. 
Recently, some important studies have revealed that the immune escape 
mechanisms produced by tumor cells caused a local rather than sys
tematic immunosuppression, especially in solid tumors [6–8]. Thus, the 
strategies that target the activation of the anti-tumor immune response 
in TME will demonstrate relatively lower toxicity and better effects 
against tumors [5]. 

Among these recently developed immunotherapies, gene therapy- 
based immunotherapy (immunogene therapy) has shown superior ef
fects. Immunogene therapy can stimulate anti-tumor immune responses 
by delivering and expressing foreign genes into target cells [9–11]. As 
the largest subfamily of cytokines, the chemoattractive and promotive 
traits of chemokines on various subtypes of leukocytes have garnered 
immense attention for improving the effects of immunotherapy by 
increasing the infiltration of immune cells in tumor tissues [12,13]. The 
C–C motif chemokine CKb11, also known as macrophage inflammatory 
protein-3β, is constitutively expressed in lymphoid tissues and could 
chemoattract immunocytes [14]. The mechanisms underlying the effects 
mediated by CKb11 involve specific binding to its receptor C–C che
mokine receptor 7 (CCR7), which is widely expressed in a variety of 
immune cells [15,16]. Moreover, CKb11 is necessary for the homing of T 
cells and dendritic cells (DCs) to lymphatic tissues, which could establish 
close interactions between T cells and DCs thus permitting 
antigen-specific activation [15]. Therefore, it is reasonable to hypothe
size that the expression and secretion of CKb11 in tumor cells via gene 
therapy could lead to a locally high concentration of CKb11 in TME to 
attract and activate immune cells. 

Gene delivery systems play a crucial role in the efficient delivery of 
foreign genes into target cells. Although both viral vectors and non-viral 
vectors have been employed in the delivery system for gene therapy, the 
use of viral vectors is still limited by the potential carcinogenicity, 
immunogenicity and limited DNA loading capacity [17,18]. Recent 
progress in nanotechnology has rendered nanoparticles excellent 

candidates for gene delivery carriers. However, the lack of tumor tar
geting and low transfection efficacy limit the application of nano
particles. As a type of glycoproteins located on the cell surface, the folate 
receptor (FR) can bind to folic acid (FA) with high affinity and mediate 
the active uptake of FA [19]. In contrast to the extremely low expression 
level in most tissues, FR is overexpressed in various cancers, including 
ovarian cancer and breast cancer, to satisfy the FA requirement in 
fast-dividing cancer cells [20,21]. Thus, FA could be used as an excellent 
modifier for the targeted therapy of ovarian cancer, aiming to improve 
the tumor targeting of nanoparticles and reduce systemic toxicity. 

In this study, we designed a tumor-targeting gene delivery system 
based on the self-assembly of FA-modified poly (ethylene glycol)-poly 
(ϵ-caprolactone)-poly (ethylene glycol) (FA-PEG-PCL-PEG-FA) and 
DOTAP to form FA-PEG-PCL-PEG-FA/DOTAP (F-PPPD) nanoparticles. 
The plasmid CKb11 (pCKb11) was encapsulated using F-PPPD nano
particles to form the F-PPPD/pCKb11 complex. The study aimed to 
activate anti-tumor immune responses for treating ovarian cancer by 
employing the FA-modified non-viral vector-based delivery of pCKb11 
(Scheme 1). 

2. Materials and methods 

2.1. Cells and animals 

ID8 cells, a cell line that established from the spontaneously malig
nant transformation of ovarian surface epithelial cells (MOSEC) isolated 
from C57BL/6 mouse in vitro, were kindly provided by the State Key 
Laboratory of Biotherapy (SKLB). ID8 cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) (Gibco, USA), which supplemented 
with 10% fetal bovine serum (FBS), 100 U/mL of penicillin and 100 μg/ 
mL of streptomycin. The cells were maintained in a 37 ◦C incubator with 
humidity and 5% CO2. C57BL/6 female mice (5–6 weeks old) were 
purchased from Beijing Huafukang Biotechnology Co. Ltd. (Beijing, 

Scheme 1. Schematic representation of the process of immunogene therapy through the delivery of plasmid CKb11 (pCKb11) by F-PPPD nanoparticles.  
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China). In this study, all experiments about mice were conducted ac
cording to the guidelines approved by the Animal Experimental Ethics 
Committee of SKLB, Sichuan University. 

2.2. Synthesis of MPEG-PCL-MPEG and FA-PEG-PCL-PEG-FA polymers 

The MPEG-PCL-MPEG polymers were synthesized according to the 
following steps. MPEG (2000) (10.0 g) and ε-caprolactone (ε-CL) (10.0 
g) were added to the flask under nitrogen flow, and maintained at 140 ◦C 
until complete melting. The Tin(II)2-ethylhexanoate was added as a 
catalyst for the ring-opening polymerization, and the reaction was 
allowed to proceed for 6–8 h. Next, hexamethylene diisocyanate (HMDI) 
was added to the mixture as a polymerizing agent and reacted for 
another 6–7 h. The crude product was dissolved in dichloromethane and 
precipitated by adding ice-cold petroleum ether, followed by filtration. 
After repeating the aforementioned step for thrice, the obtained product, 
MPEG-PCL-MPEG, was dialyzed and freeze-dried. Furthermore, FA-PEG- 
PCL-PEG-FA polymers were synthesized based on FA-PEG-PCL. Briefly, 
200 mg of NH2-PEG-PCL (Mw = 5.1 × 103) and 100 mg of FA were 
dissolved in dimethyl sulfoxide (DMSO), followed by the addition of 
dicyclohexylcarbodiimide (DCC, 130 mg) and 4-dimethylaminopyridine 
(DMAP, 150 mg). After stirring at room temperature for 10 h, HMDI was 
added to this mixture and allowed to react for another 6–7 h. Finally, the 
crude product was dissolved in dichloromethane and precipitated by 
adding ice-cold petroleum ether, followed by filtration. After repeating 
the aforementioned step for thrice, the obtained product, FA-PEG-PCL- 
PEG-FA, was freeze-dried and stored at 4 ◦C. 

2.3. Molecular dynamics of the interaction between FA-PEG-PCL-PEG-FA 
and DOTAP 

The structure of DOTAP was first established with Marvin Sketch 
(http://www.chemaxon.com), followed by being refinement at the 
molecular mechanical level via the MMFF94 method [22]. The structure 
was further refined through the AM1 method with Fletcher-Reeves al
gorithm at a semi-empirical level using Hyperchem software (Hyper
Chem, Professional 8.0) [23,24]. In addition, the structures of 
FA-PEG-PCL-PEG-FA were constructed and numerically simulated ac
cording to previously published methods [25]. The interactions between 
DOTAP and FA-PEG-PCL-PEG-FA were investigated in a water envi
ronment (pH = 7.0) and the environment near tumor tissue (pH = 6.7). 
The CHARMM27 was applied as the force field during the process [26]. 
Snapshots of the conformations of the FA-PEG-PCL-PEG-FA/DOTAP 
complex at 0 ns, 2 ns, 4 ns, 6 ns, 8 ns, and 10 ns were recorded and 
used to analyze the interactions. 

2.4. Preparation of the F-PPPD/pCKb11 complex 

Three ingredients, including 10 mg of DOTAP, 15 mg of FA-PEG-PCL- 
PEG-FA, and 75 mg of MPEG-PCL-MPEG were added to a round-bottom 
flask and melted with 2 mL acetone. Next, the acetone was evaporated 
from the mixture in a negative pressure environment using a water bath 
with a temperature of 55 ◦C for 20 min. Finally, 5% glucose solution 
(GS) (7.5 mL) was used to hydrate the product to generate the F-PPPD (2 
mg/mL). Moreover, the MPEG-PCL-MPEG/DOTAP (named PPPD) (90% 
MPEG-PCL-MPEG and 10% DOTAP) nanoparticles were also synthesized 
with the same method. MPEG-PCL-MPEG, FA-PEG-PCL-PEG-FA and 
DOTAP self-assembled and formed a core-shell structure, namely F- 
PPPD. In detail, FA-PEG-PCL-PEG-FA micelles with an amphiphilic 
copolymer and amphiphilic cationic DOTAP were spontaneously 
assembled and folded into nanocomposites. The hydrophobic segment of 
FA-PEG-PCL-PEG-FA, generated from the hydrophobic PCL, contributed 
to the core structure. Meanwhile, the hydrophilic segment in the de
livery system constructed a shell structure and maintained the stability 
of the drug-loading system. The pCKb11 or pvax was then added to this 
solution to obtain the F-PPPD/pCKb11 or F-PPPD/pvax complex via self- 

assembly. The PPPD/pCKb11 complex was prepared using the same 
method. In this study, the pvax vector (Invitrogen, USA) was used as the 
control plasmid vector. The pCKb11 was established based on the pvax 
vector. All plasmid extractions in our study were processed using the 
EndoFree Plasmid Giga kit (Qiagen, Hilden, Germany). 

2.5. Characterization of the F-PPPD/pCKb11 complex 

Transmission electron microscopy (TEM, FEI Tecnai G2 F20, Hills
boro, OR, US) was used to analyze the morphological features of the F- 
PPPD/pCKb11 complex. Briefly, the samples were diluted with distilled 
water and placed on a copper grid. Before drying the grid, samples were 
negatively stained with phosphotungstic acid, then air-dried and 
examined using a TEM. The particle size and zeta-potential of the F- 
PPPD/pCKb11 complex were determined using the NanoBrook 90Plus 
PALS particle size analyzer (Brookhaven Instruments, US). 

2.6. Gel retardation assay 

To detect the plasmids-loading capability of F-PPPD nanoparticles, 
agarose gel electrophoresis assay was performed. First, pCKb11 was 
added to the F-PPPD nanoparticles at different weight ratios (pCKb11:F- 
PPPD) of 1:0, 1:12.5, 1:25 and 1:50. Subsequently, these samples were 
subjected to electrophoresis in a 1% (w/v) agarose gel (Invitrogen, USA) 
in Tris-acetate-EDTA (TAE) buffer (pH 7.4; 120V, 20 min). The Gold 
View was served as a nucleic acid stain. Finally, the gel was photo
graphed using a gel imaging system (Bio-Rad Laboratories, Hercules, 
CA, USA). 

2.7. In vitro gene transfection efficiency 

Since the green fluorescence protein (GFP) is the most frequently 
used reporter, the plasmids encoding enhanced GFP (pEGFP) were used 
as the reporting system for analyzing the transfection efficiency in our 
study. After seeding on the 6-well plate for 24 h, the medium of ID8 cells 
was replaced with the serum-free DMEM medium with 500 μL per well. 
The nanoparticles (15 μL) and pEGFP (5 μg) were separately diluted in 
250 μL of the serum-free DMEM medium. The medium containing 
pEGFP was added to the medium containing nanoparticles and incu
bated for 20 min. Then, the ID8 cells were supplemented with the mixed 
medium for 4 h incubation. Subsequently, the medium was exchanging 
with the complete DMEM medium. After 48 h of culture, the transfected 
ID8 cells were observed under a fluorescent microscope (Olympus IX73, 
U-HPLGPS, Olympus Corporation, Tokyo, Japan). Moreover, the trans
fection efficiency was also measured by flow cytometry (ACEA Novo
Cyte™, ACEA Biosciences Inc., USA). 

2.8. Intracellular trafficking 

First, ID8 cells were pre-seeded in a dish with a glass bottom. The 
pCKb11 that labeled with green fluorescence dye YOYO-1 (YOYO™-1 
Iodide (491/509), Invitrogen, USA) was encapsulated into F-PPPD 
nanoparticles, followed by being transfected into the ID8 cells. Next, the 
transfected ID8 cells were further stained with Lyso-tracker red probe 
and Hoechst 33342. Finally, the images of the stained ID8 cells were 
continuously captured under a confocal laser scanning microscopy 
(LSM880, ZEISS, Germany) for assessing the endosomal escape capa
bility and intracellular localization of F-PPPD/pCKb11. 

2.9. In vitro assays for immune cell stimulation and cytokine secretion 

The ID8 cells were transfected with F-PPPD (vehicle), F-PPPD/pvax, 
PPPD/pCKb11, F-PPPD/pCKb11. The untreated cells were used as a 
negative control. After 48 h culture, the supernatants of the transfected 
tumor cells were collected and used to stimulate primary isolated lym
phocytes, macrophages, and DCs, respectively. Primary murine spleen- 
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derived lymphocytes, bone marrow-derived macrophages and bone 
marrow-derived DCs were isolated according to previously described 
protocols [27–29]. After stimulation with the supernatants derived from 
transfected ID8 cells, lymphocytes were collected and stained with CD8, 
CD4, CD69, and IFN-γ to verify the activation of lymphocytes by flow 
cytometry. The macrophages were stained with CD45, CD11b, F4/80, 
and CD206 to observe the polarization status of macrophages, and the 
DCs were stained with CD11c, CD80, CD86 and MHCII for the detection 
of their maturation. All fluorescence-conjugated antibodies used for 
flow cytometry in this study were purchased from BD Biosciences (CA, 
USA) and Biolegend (USA), and the detailed information was supplied in 
the Supporting information. Furthermore, the supernatants derived 
from lymphocytes and macrophages, which have been stimulated by 
transfected tumor supernatants for 24 h, were collected to measure the 
secretion levels of TNF-α and IFN-γ by ELISA (Invitrogen, USA). The 
ELISA results were shown as the means of triplicate wells. Moreover, the 
proliferation of lymphocytes stimulated by supernatants derived from 
transfected tumor cells for 24 h was measured using the CCK-8 assay 
(Dojindo Molecular Technologies, Japan). Furthermore, supernatants 
derived from stimulated lymphocytes were collected and used to culture 
the ID8 cells for 24 h. The viability of ID8 cells was further evaluated 
using the CCK-8 assay. 

2.10. Murine ovarian cancer model and treatment plan 

An abdominal model of ovarian cancer was established in mice via 
intraperitoneal injection of ID8 cells (5 × 106 cells/mouse). After 
inoculation, mice were randomly allocated into five groups: (A) GS, 5% 
glucose solution; (B) F-PPPD nanoparticles (vehicle); (C) F-PPPD/pvax 
complex; (D) PPPD/pCKb11 complex; and (E) F-PPPD/pCKb11 com
plex. The treatments were initiated on the fourteenth day after inocu
lation. Briefly, the mice in the experimental group (F-PPPD/pCKb11 
complex) were intraperitoneally injected with the complex of F-PPPD 
nanoparticles encapsulating pCKb11 (20 μg per mouse) in 200 μL of 5% 
GS. The mice in the other groups were injected with the same amounts of 
the corresponding nanoparticles and/or plasmids. The treatments were 
administered twice per week for a total of ten times. Furthermore, the 
body weights of mice were recorded every five days. Mice were eutha
nized on the 35th day after treatment. The tumor nodules, blood, ascites 
and vital organs of mice from each group were harvested. After being 
weighted, some tumor tissues were digested into single-cell suspensions 
for analyzing the TME through flow cytometry, and some tumor tissues 
and important visceral organs were lysed using RIPA lysis buffer to 
extract total proteins. The expression levels of CKb11 in the visceral 
organs were measured by ELISA (Abcam, USA). In addition, the 
expression levels of CKb11, TNF-α and IFN-γ in tumor tissues, ascites, 
and serum were also assessed using ELISA. Moreover, the survival of 
mice with the same grouping (ten mice per group) was recorded up to 90 
days after the intraperitoneal inoculation with ID8 cells. The Kaplan- 
Meier curve was used to assess the survival of mice in each group. 

2.11. Flow cytometry analysis of tumor-associated lymphocytes and 
macrophages in the peritoneal cavity 

Mouse peritoneal lavage fluid was collected to analyze the pheno
types of tumor-associated lymphocytes and macrophages. Briefly, cold 
phosphate-buffered saline (PBS) was injected into the enterocoelia of 
mice with a gentle massage. The peritoneal wash fluid was collected, 
followed by lysising red blood cells (RBCs). To analyze the phenotype of 
lymphocytes in peritoneal cavity, the collected cells were stained with 
CD4, CD8, CD69, and IFN-γ and analyzed using flow cytometry. To 
analyze the polarization status of macrophages, the cells in peritoneal 
lavage fluid were stained with CD45, CD11b, F4/80 and CD206, and 
analyzed using flow cytometry. 

2.12. Flow cytometry analysis of tumor-infiltrating immune cells 

The tumor nodules from mice demonstrating abdominal metastasis 
model were collected, digested with collagenase IV (1 mg/mL) (Gibco, 
USA) and filtered through the cell strainer (BD Biosciences, CA, US) to 
obtain single-cell suspensions. These single-cell suspensions were 
stained with fluorescence-conjugated antibodies and analyzed using 
flow cytometry. The maturation of DCs was evaluated by staining with 
CD11c, CD80, CD86, and MHCII, and the natural killer (NK) cells were 
assessed by staining with CD49b and CD107a. Cells stained with CD3, 
CD4, and Foxp3 were used to assess the infiltration of regulatory T cells 
(T-regs). Furthermore, intratumoral infiltration of myeloid-derived 
suppressor cells (MDSCs) was analyzed by staining with CD11b and Gr1. 

2.13. Immunohistochemical staining of CD31 and Ki-67 

The tumor tissues from mice with abdominal metastasis were fixed 
with 4% paraformaldehyde, embedded in paraffin and then sectioned 
for immunohistochemical staining. The CD31 and Ki-67 were stained to 
evaluate the microvessel density (MVD) and tumor cell proliferation of 
the treated tumor tissues. The CD31-stained sections and Ki-67-stained 
sections were photographed under the optical microscope (Olympus, 
Japan). The number of CD31-positive vessels and the proportion of Ki- 
67-positive cells were analyzed in five randomized fields. 

2.14. Terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assay 

To detect the in situ apoptosis of tumor tissues after treatments, the 
TUNEL assay was performed according to the manufacturer’s in
structions. After being stained, these sections were photographed under 
the fluorescence microscope (Olympus, Japan). The apoptotic cell was 
indicated by the colocalization of DAPI and green nucleus. The apoptotic 
index was counted and analyzed in five randomized fields. 

2.15. Toxicity assessment 

To evaluate the potential toxicity of F-PPPD/pCKb11 treatment, the 
histopathological assessment of important organs was conducted. These 
important organs, involving heart, liver, spleen, lung and kidney, were 
harvested from mice of each treatment group, fixed and embedded with 
paraffin wax. Then, these tissues were sectioned and stained with he
matoxylin and eosin (H&E staining). The stained slices were observed 
and evaluated under the optical microscope (Olympus, Japan). More
over, the blood samples of mice were also collected and used for routine 
blood tests. The remaining blood samples were placed at 4 ◦C for 
overnight, and then centrifuged to gain the serum samples. The serum 
samples were used to measure some important serological biochemical 
indicators via an automatic analyzer (Hitachi High-Technologies Crop., 
Japan). 

2.16. Statistical analysis 

Statistical analysis for comparing two groups was performed by 
Student’s test, while One-way analysis of variance (ANOVA) was used 
for statistical analysis of multiple comparisons. Survival analysis was 
performed by the Kaplan–Meier method (Log-rank test). All statistical 
results were analyzed by using GraphPad Prism software version 7 
(GraphPad, San Diego, US). All statistical values in this study were 
shown as a mean ± standard error of measurement (SEM). The differ
ence was considered to be statistically significant at p value < 0.05 (*p 
< 0.05, **p < 0.01). 
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3. Results 

3.1. Preparation and characteristics of F-PPPD/pCKb11 

First, we evaluated the interactions between FA-PEG-PCL-PEG-FA 
and DOTAP in water environment (Fig. 1A and Fig. S1) and the envi
ronment near tumor tissue (Fig. 1B and Fig. S2) using molecular dy
namics simulation. To achieve a suitable interaction site on the surface 
of FA-PEG-PCL-PEG-FA, the position and conformation of DOTAP were 
gradually altered. Meanwhile, FA-PEG-PCL-PEG-FA also coordinated its 
conformation dynamically until it produced a stable binding site for 
DOTAP. The conformation of DOTAP in the environment near tumor 
tissue (pH = 6.7) showed a minor change, while FA-PEG-PCL-PEG-FA 
showed an apparent change in its conformation. The interaction be
tween FA-PEG-PCL-PEG-FA and DOTAP was weaker in the environment 
near tumor tissue with an energy of − 36.27 kcal/mol, when compared 
with that in the water environment (− 42.74 kcal/mol), which suggested 
a relatively easier release in the environment near tumor tissue. The 
ingredients MPEG-PCL-MPEG, FA-PEG-PCL-PEG-FA and DOTAP self- 
assembled and formed a core-shell structure, namely, F-PPPD. The 
structure model of F-PPPD/pCKb11 complexes was shown in Fig. 1C. On 
the surface of F-PPPD nanoparticles, the positive charge carried by the 
hydrophilic head of DOTAP could effectively attract plasmids by the 
interaction of static electricity. The spherical structure of F-PPPD/ 
pCKb11 was identified using TEM (Fig. 1D). The mean diameter of F- 
PPPD/pCKb11 was 162.9 nm, with a zeta potential of − 1.58 mV, 
demonstrating an approximately electroneutral feature of F-PPPD/ 
pCKb11 complexes (Fig. 1E and F). Besides, the agarose gel electro
phoresis assay was performed to detect the gene-loading capability of F- 
PPPD nanoparticles (Fig. 1G). The free plasmids appeared as a bright 
brand (Lanes 1–3), and the cumulative retardation of plasmids was 
observed with mass ratios (pCKb11:F-PPPD) of 1:12.5 (lanes 4–6) and 
1:25 (lanes 7–9). At a mass ratio of 1:50, no bright brand was observed 
(lanes 10–12), indicating the complete encapsulation of pCKb11 by F- 
PPPD nanoparticles. 

3.2. Intracellular distribution and transfection efficiency of F-PPPD/ 
pCKb11 in tumor cells 

Considering the importance of endosomal escape ability for gene 
carriers, we explored the intracellular distribution of F-PPPD/pCKb11 in 
ID8 cells. Continuous tracing (0.5, 2, 4.5, and 6 h) showed that the green 
fluorescence dye YOYO-1 labeled pCKb11 delivered by F-PPPD was 
initially co-located with endolysosomes, which labeled with Lyso- 
tracker (red) in the cytoplasm (Fig. S3A). Then, F-PPPD/pCKb11 grad
ually escaped from the endolysosomes and finally located into the nu
cleus. The overlay of the pCKb11 and nucleus in fluorescence intensities 
and positions manifested the endolysosomal escape ability of F-PPPD 
(Fig. S3B). High transfection efficiency is a prerequisite for effectual 
immunogene therapy. Next, we assessed the transfection efficiency of F- 
PPPD and PPPD in ID8 cells by transfecting with pEGFP-containing 
nanoparticles. The ID8 cells transfected with F-PPPD/pEGFP showed 
enhanced GFP expression compared to that in cells transfected with 
PPPD/pEGFP (Fig. 2A). The transfection efficiency was further detected 
by flow cytometry, showing significantly higher transfection efficiency 
for F-PPPD nanoparticles than that for PPPD nanoparticles (Fig. 2B). To 
effectively stimulate antitumor immune response, the pCKb11 was 
encapsulated into F-PPPD, and the efficiency of nanoparticles for CKb11 
expression in the supernatants of ID8 cells was detected by ELISA. The 
pCKb11 delivered by F-PPPD improved the secretion of CKb11 
compared with delivery by non-targeted PPPD nanoparticles (Fig. 2C). 
These results further demonstrated the potential of F-PPPD for gene 
delivery. 

3.3. Delivery of pCKb11 in F-PPPD significantly promoted the activation 
of lymphocytes in vitro 

Owing to the extensive expression of CCR7 in various subsets of 
immune cells including T cells, macrophages, and DCs, we next inves
tigated the in vitro effects of F-PPPD/pCKb11 on these immune cells. The 
supernatants of transfected ID8 cells were collected and used to stimu
late primary isolated lymphocytes, macrophages and DCs. Stimulation 
with supernatants derived from the F-PPPD/pCKb11 group significantly 
promoted the proliferation of lymphocytes (Fig. 3A). Subsequently, the 
supernatants derived from the stimulated lymphocytes were collected to 
culture fresh ID8 cells. The cell viability of ID8 cells was suppressed after 
incubation with supernatants of the lymphocytes from PPPD/pCKb11 
and F-PPPD/pCKb11 groups, with the strongest inhibition demonstrated 
by the supernatants of the F-PPPD/pCKb11 group (Fig. 3B). As critically 
proinflammatory cytokines that are involved in mediating both innate 
and adaptive immune responses, TNF-α and IFN-γ are essential for tumor 
eradication [30,31]. The incubation of supernatants derived from ID8 
cells transfected with PPPD/pCKb11 or F-PPPD/pCKb11 significantly 
increased the secretions of TNF-α and IFN-γ in lymphocytes, with the 
highest cytokine levels observed in the F-PPPD/pCKb11 groups (Fig. 3C 
and D). IFN-γ is primarily synthesized by activated CD4+ or CD8+ T 
lymphocytes, and CD69 typically works as a classical marker of 
lymphocyte activation [32]. Hence, the subset of activated lymphocytes 
was characterized by the positive expression of IFN-γ or CD69. After 
stimulation with the supernatants derived from transfected ID8 cells for 
24 h, both PPPD/pCKb11 and F-PPPD/pCKb11 groups could effectively 
activate CD4+ and CD8+ T cells, while significantly higher proportions 
of IFN-γ+ and CD69+ T cells were observed in the F-PPPD/pCKb11 
group (Fig. 3E and F). Collectively, these results indicated the success
fully secreted CKb11 protein from ID8 cells that was delivered by 
F-PPPD could effectively activate and promote the secretion of proin
flammatory cytokines from T cells. 

3.4. Delivery of pCKb11 in F-PPPD regulated the polarization of 
macrophages and maturation of DCs 

As an essential component of innate immune cells, macrophages are 
recognized for two distinct polarization statuses, the classically acti
vated M1 phenotype (pro-inflammatory) and alternatively activated M2 
phenotype (immune-suppressive), according to the activation patterns 
and functions [33]. M1 macrophages tend to promote an anti-tumor 
immune response, while M2 macrophages exert tumor-promoting ef
fects. Despite the tumor diversity, the M2-polarized macrophages with 
surface marker such as CD206, exhibit similar profiles that are associ
ated with angiogenesis and suppression of anti-tumor immune responses 
[34]. Most tumor-associated macrophages (TAMs) exhibit an immuno
suppressive M2 phenotype, which makes them good targets for cancer 
immunotherapy by driving the TAMs away from pro-tumoral phenotype 
towards anti-tumoral phenotype [35]. The supernatants derived from 
F-PPPD/pCKb11 transfected ID8 cells significantly inhibited the M2 
polarization of macrophages and increased the proportion of 
M1-polarized macrophages, as indicated by the decreased proportion of 
F4/80+CD206+ cells (Fig. 4A). Next, we evaluated the expression levels 
of some representative genes associated with inflammatory or immu
nosuppressive polarization of macrophages using RT-PCR. After stimu
lation with the supernatants derived from F-PPPD/pCKb11 transfected 
ID8 cells, the expression levels of inflammation-related genes (NOS2, 
CXCL9, IL-6, IL-12 and IRF5) were significantly improved in macro
phages. However, the expression levels of genes associated with 
immunosuppression (Fizz1, IL-10, IRF4, YM-1, CCL17 and CCL22) were 
obviously down-regulated (Fig. 4B). Furthermore, the stimulation with 
supernatants derived from F-PPPD/pCKb11 transfected ID8 cells also 
significantly increased the secretion of proinflammatory cytokines such 
as TNF-α and IFN-γ in macrophages (Fig. 4C and D). The activation of 
STAT1 plays a vital role in promoting M1 polarization in macrophages 
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Fig. 1. Characterization of F-PPPD nanoparticles. The molecular dynamics simulation revealed the interaction modes between the DOTAP and copolymer in water 
environment (A) and environment near tumor tissue (B). The (I), (II), (III), (IV), (V) and (VI) were corresponded to the snapshots of conformations at 0 ns, 2 ns, 4 ns, 6 
ns, 8 ns and 10 ns, respectively. (C) Structure model of F-PPPD/pCKb11 nanoparticles. (D) The TEM image of F-PPPD/pCKb11. (E) Size and (F) zeta potential of F- 
PPPD/pCKb11. (G) Agarose gel electrophoresis assay of the F-PPPD nanoparticles that loaded pCKb11. Lane 1–3, naked pCKb11; lanes 4–12, different mass ratios of 
pCKb11 with F-PPPD nanoparticles (lanes 4–6, 1:12.5; lanes 7–9, 1:25; lanes 10–12, 1:50). 
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[36]. As shown in Fig. 4E, the STAT1 pathway was significantly acti
vated in macrophages that stimulated by supernatants derived from 
F-PPPD/pCKb11 transfected ID8 cells, as indicated by increased protein 
levels of p-P65, p-STAT1, p-IRF3, IRF5, iNOS, and decreased protein 
levels of IRF4 and YM-1. In summary, these results suggested that CKb11 
secreted from ID8 cells after the delivery of F-PPPD could effectively 
promote M1 polarization of macrophages by activating the STAT1 
pathway (Fig. 4F). 

DCs play a critical role in anti-tumor immune responses through 
processing and presenting tumor antigens to T cells. Thus, we further 
assessed the maturation of DCs by measuring the expressions of cos
timulatory molecules CD80, CD86, and MHCII. The supernatants 
derived from F-PPPD/pCKb11 transfected ID8 cells significantly 
increased the maturation of DCs, and that in PPPD/CKb11 group was 
slightly increased (Fig. 5). Taken together, these results collectively 
suggested the pCKb11 delivered by F-PPPD could effectively stimulate 
these crucial immune cells in vitro, manifested as activating T cells, 
inhibiting the M2 polarization of macrophages and inducing the matu
ration of DCs. 

3.5. Administration of F-PPPD/pCKb11 significantly suppressed the 
intraperitoneal progression of ovarian cancer 

Next, we evaluated whether F-PPPD/pCKb11 treatment could 
effectively suppress the intraperitoneal growth of ovarian cancer. When 
compared to treatment with GS, vehicle, or F-PPPD/pvax, treatment 
with PPPD/pCKb11 or F-PPPD/pCKb11 significantly inhibited the 
tumor growth in murine model of ovarian cancer (Fig. 6A–C). The 

average tumor weight and ascites volume were remarkably reduced in 
both PPPD/pCKb11 and F-PPPD/pCKb11 treatment groups, without any 
apparent changes in the body weight (Fig. 6D–F). Moreover, a signifi
cantly potent anti-tumor effect and prolonged overall survival were 
observed in the F-PPPD/pCKb11 treatment group than those in PPPD/ 
pCKb11 treatment group (Fig. 6G). Therefore, pCKb11 delivered by F- 
PPPD nanoparticles demonstrated the highest efficiency in inhibiting 
the intraperitoneal progression of ovarian cancer. Furthermore, the 
tumor vessels were assessed by CD31 staining and the proliferation of 
tumor cells in vivo was evaluated by Ki-67 staining. As shown in Fig. 6H 
and I, the F-PPPD/pCKb11 treatment demonstrated the strongest anti- 
angiogenic and anti-proliferative effects. To explore whether F-PPPD/ 
pCKb11 treatment caused tumor suppression was associated with 
apoptosis, the TUNEL assay was used to detect the intratumoral 
apoptosis. Treatment with F-PPPD/pCKb11 leaded to a significant in
crease in the proportion of apoptotic cells, whereas other treatments 
showed only a few apoptotic cells in the tumors (Fig. 6J). These results 
implied that decreased tumor angiogenesis, suppressed tumor cell pro
liferation and increased intratumoral apoptosis might be the result of 
significantly enhanced intratumoral anti-tumor immunity obtained by 
treatment with F-PPPD/pCKb11. 

3.6. Administration of F-PPPD/pCKb11 significantly reshaped the 
immunosuppressive TME 

The immunosuppressive TME has been identified as the major cause 
of the inadequate response of immunotherapy in ovarian cancer. 
Accordingly, we further assessed whether the improved anti-tumor 

Fig. 2. Transfection efficiency of F-PPPD nanoparticles. (A) Representative images of GFP expression in transfected ID8 cells. (B) The transfection efficiency by flow 
cytometry. (C) The secretion level of CKb11 from ID8 cells by ELISA. (n = 3, **p < 0.01). 
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effect was based on the reshaping of the immunosuppressive TME. The 
administration of F-PPPD/pCKb11 significantly increased the secretion 
of CKb11 at tumor sites and ascites in the ovarian cancer model 
(Fig. 7A). Moreover, the secretions of pro-inflammatory cytokines, such 
as IFN-γ and TNF-α were obviously up-regulated after the treatment with 
PPPD/pCKb11, which were further increased upon treatment with F- 
PPPD/pCKb11 (Fig. 7A). Besides, no changes in the expression levels of 
CKb11, IFN-γ and TNF-α were observed in serums obtained from each 
treatment group, which indicated locally high concentrations of 
immunostimulatory CKb11 and cytokines such as IFN-γ and TNF-α in 
tumor tissues with inapparent systemic inflammatory response 
(Fig. 7A). Furthermore, CKb11 expression levels in the visceral organs 
were also measured (Fig. 7B). No significant difference in CKb11 
expression was detected in organs such as the heart, liver, lung and 

kidney after different treatments, which further demonstrated the 
tumor-targeting ability of F-PPPD. The slight increase of CKb11 
expression was found in the spleen, which might be caused by an acti
vated immune response of lymphocytes after treatment with PPPD/ 
pCKb11 or F-PPPD/pCKb11. 

We next examined the influence of CKb11 based immunogene ther
apy on the infiltration of immune cells in the TME. Treatment with 
PPPD/pCKb11 or F-PPPD/pCKb11 significantly increased the intra
tumoral infiltration of activated CD4+ and CD8+ T cells, as indicated by 
increased expressions of CD69 and IFN-γ (Fig. S4 and S5). In addition, 
treatment with F-PPPD/pCKb11 resulted in a substantial decrease in the 
proportion of the M2 macrophages in peritoneal fluid, with an increased 
M1/M2 ratio (Figure S6). The tumor-associated antigens presented by 
antigen-presenting cells (APCs), especially intratumoral DCs, are 

Fig. 3. Activation of lymphocytes in vitro. (A) Proliferation activity of lymphocytes by CCK-8. (B) The supernatants from stimulated lymphocytes were used to culture 
ID8 cells for 24 h, and then the cell viability of ID8 cells was measured by CCK-8. After being stimulated by the supernatants from different transfected ID8 cells, the 
secretion levels of TNF-α (C) and IFN-γ (D) from lymphocytes were measured by ELISA, and the subsets of activated CD4+ (E) and CD8+ (F) lymphocytes were 
measured by flow cytometry. (n = 3, **p < 0.01). 
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frequently linked with the priming of cytotoxic T cells in the TME. 
Hence, we next examined whether F-PPPD/pCKb11 treatment could 
trigger the maturation of tumor-infiltrating DCs by flow cytometry. 
Treatment with PPPD/pCKb11 or F-PPPD/pCKb11 resulted in up- 
regulating expressions of DCs maturation markers, CD80, CD86, and 
MHCII, in CD11c+ tumor-infiltrating DCs (Fig. S7). The NK cells can not 
only kill tumor cells directly, but also secret various cytokines, chemo
kines, and growth factors to activate other immune cells [37]. The 
intratumoral infiltration of NK cells is associated with better prognosis 
[38]. Treatment with F-PPPD/pCKb11 showed the strongest effect on 
promoting the infiltration of NK cells in tumor tissues, as indicated by 
increased expressions of CD49b and CD107a (Fig. S8). 

The recruitment of immunosuppressive cell populations including T- 
regs and MDSCs has been specially concerned for resulting in immune 
suppression in TME [39,40]. Therefore, we next examined whether the 

delivery of pCKb11 by nanoparticles could effectively remodel the 
immunosuppressive TME in ovarian cancer. Administration of 
PPPD/pCKb11 to mice bearing ovarian cancer significantly suppressed 
the infiltration of T-regs, with a further reduction of the infiltration 
observed in F-PPPD/pCKb11 treated group (Fig. S9). Furthermore, 
compared with the PPPD/pCKb11 treatment, administration of 
F-PPPD/pCKb11 significantly reduced the intratumoral infiltration of 
MDSCs (Fig. S10). Collectively, these results collectively suggested the 
mechanism of the potent anti-tumor effects exerted by F-PPPD/pCKb11 
might be involved in enhancing the anti-tumor immunity, as indicated 
by chemoattracting and activating T cells, suppressing the M2 polari
zation of macrophages, promoting the maturation of DCs, facilitating 
the infiltration of NK cells to tumor sites, as well as inhibiting the 
intratumoral infiltration of immunosuppressive T-regs and MDSCs. 

Fig. 4. Polarization of macrophages in vitro. (A) After being stimulated by the supernatants from transfected ID8 cells for 24 h, the polarization status of macrophages 
in vitro was analyzed by flow cytometry. (B) The mRNA levels of inflammation-related genes (left) and immunosuppression-related genes (right) in stimulated 
macrophages were detected by RT-PCR. The secretion levels of TNF-α (C) and IFN-γ (D) from stimulated macrophages were measured by ELISA. (E) Protein levels 
were detected in the macrophages stimulated by supernatants from F-PPPD/pvax or F-PPPD/pCKb11 transfected ID8 cells. (F) Brief illustration of the mechanism 
that CKb11 induced polarization of macrophages. (n = 3, *p < 0.05; **p < 0.01). 
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3.7. Safety assessment of F-PPPD/pCKb11 treatment 

The safety of F-PPPD/pCKb11 treatment in mice with ovarian cancer 
was assessed. First, no abnormally histopathological changes, including 
necrosis, lesions or inflammation, were observed in the H&E staining of 
vital organs obtained from mice after treatment (Fig. S11). The F-PPPD/ 
pCKb11 treatment was well tolerated by mice, as indicated by the non- 
significant changes in hepatic function indices, renal function indices 
and blood lipid indices (Fig. S12). Moreover, routine blood tests showed 
no hematological changes (Fig. S13). In summary, the preliminary safety 
evaluation demonstrated that this immunogene therapy of pCKb11 
delivered by F-PPPD nanoparticles was well tolerated in mice without 
systemic toxicity. 

4. Discussion 

The effective infiltration and activation of immune cells in tumor 
tissues are the basis and prerequisite for effective tumor immunotherapy 
[41]. Therefore, modulating the distribution and activation status of 

immune cells to enhance anti-tumor immune responses is promising for 
tumor immunotherapy. As the largest subfamily of cytokines, the che
moattractive and promotive traits of chemokines on various subtypes of 
leukocytes have garnered immense attention for enhancing the effects of 
immunotherapy by increasing the infiltration of immune cells in tumor 
tissues [13]. Thereinto, chemokine CKb11 has been reported to attract 
and activate T cells, which suggested its potential as a candidate for 
immune cell recruitment and activation-based tumor immunotherapy. 
Herein, this study was designed to investigate the efficiency of nanoscale 
immunogene therapy. 

The first use of cytokines in tumor immunotherapy was demon
strated more than 30 years ago. However, most cytokine-based immu
notherapy trials have not acquired anticipated effects. The major 
obstacle of cytokine-based immunotherapy is to determine a therapeu
tically relevant dosage that does not demonstrate excessive adverse 
toxicity in patients [12]. The recombinant cytokines used in clinical 
trials have been observed for rapid clearance and short plasma half-life, 
which significantly attenuats the anti-tumor efficiency [42,43]. More
over, the parenteral administration of cytokines at high dose to reach 

Fig. 5. Maturation of DCs in vitro. After being stimulated by the supernatants from transfected ID8 cells for 24 h, the percentages of matured DCs in vitro were 
analyzed by flow cytometry. (n = 3, *p < 0.05; **p < 0.01). 
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Fig. 6. Anticancer effect of F-PPPD/pCKb11 in the peritoneal ovarian cancer model. The appearance of mice (A), representative images of the peritoneal cavity of 
mice (B) and corresponding tumors (C). (D) Tumor weights and (E) ascites volume of mice in different groups (n = 10). (F) Body weight curves. (G) Overall survival 
curves (n = 10). Representative images of the CD31 (H), Ki-67 (I) and TUNEL (J) staining of tumor tissues. (*p < 0.05; **p < 0.01). 
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therapeutically effective concentrations in tumor tissues often induces 
severe systemic toxicities [44]. The application of novel gene therapy 
approaches has remarkably promoted the prospects of chemokine-based 
immunotherapy. The delivery system used in chemokine-based 

immunotherapy should be designed with improved transfection effi
ciency, tumor-specific uptake and stable expression of chemokines, 
effectively inducing the infiltration and activation of immune cells in 
tumor tissues [45]. Although both viral vectors and non-viral vectors 

Fig. 7. F-PPPD/pCKb11 treatment increased CKb11, IFN-γ and TNF-α expressions in peritoneal ovarian cancer model. (A) Ascites, tumor tissue and serum were 
collected after different treatments with GS, F-PPPD, F-PPPD/pvax, PPPD/pCKb11 and F-PPPD/pCKb11, and the expressions of CKb11, IFN-γ and TNF-α by ELISA in 
the ascites, tumor tissues, and serum were measured. (B) In addition, the expressions of CKb11 in visceral organs (heart, liver, spleen, lung, kidney) were also 
detected by ELISA. (n = 5; *p < 0.05, **p < 0.01). 

W. Nie et al.                                                                                                                                                                                                                                     



Bioactive Materials 6 (2021) 3678–3691

3690

have been employed in the delivery system of gene therapy, the use of 
viral vectors is still limited by their potential carcinogenicity, immu
nogenicity and limited DNA loading capacity [17,18]. Thus, non-viral 
nanoparticles with relative safety, high transfection efficiency and low 
immunogenicity were synthesized in this study for the delivery of 
pCKb11. Based on the previous findings showing significantly higher 
expression of FR in ovarian cancer cells than that in normal tissues, we 
utilized FR as the target to improve the tumor-specific uptake of plas
mids [20]. In the present study, the modification of FA in F-PPPD 
nanoparticles significantly increased the transfection efficiency, gener
ated more plasmids uptake in ovarian cancers, and induced higher 
expression of CKb11 proteins when compared with the effects observed 
with PPPD nanoparticles. Moreover, the locally high concentration of 
CKb11 at tumor sites and minor changes in visceral organs also sug
gested excellent tumor-targeting ability and high transfection efficiency 
of F-PPPD plasmids in vivo. Therefore, the F-PPPD nanoparticles 
demonstrated the potential to be served as a reliable gene delivery 
carrier. 

In this study, the administration of F-PPPD/pCKb11 not only 
significantly suppressed the abdominal metastasis of ovarian cancer, but 
also obviously prolonged the overall survival of mice. The mechanism of 
the excellent anti-tumor activity induced by F-PPPD/pCKb11 treatment 
might be involved in enhanced anti-tumor immunity, as indicated by 
chemoattracting and activating T cells, promoting the maturation of 
DCs, suppressing the M2 polarization of macrophages, facilitating the 
infiltration of NK cells to tumor sites, as well as inhibiting the infiltration 
of immunosuppressive T-regs and MDSCs. Inducing the maturation of 
intratumoral DCs that are required for the priming of naive T cells and T 
cell-mediated anti-cancer immunity might be an effective anti-tumor 
strategy [46]. Our results showed the treatment with F-PPPD/pCKb11 
significantly increased the expressions of costimulatory molecules 
CD80, CD86 and MHCII both in vitro and in intratumoral DCs, suggesting 
elevated DCs maturation. In addition, treatment with F-PPPD/pCKb11 
also activated T cells and stimulated the secretions of IFN-γ and TNF-α, 
which are essential for tumor eradication. Another important effect of 
F-PPPD/pCKb11 treatment was suppressing the M2 polarization of 
tumor-infiltrating macrophages, which resulted in the polarization of 
macrophages toward an antitumoral phenotype. Most TAMs exhibit an 
immunosuppressive M2 phenotype, which makes them good targets for 
cancer immunotherapy that acts by driving the TAMs away from the 
pro-tumoral phenotype towards the anti-tumoral phenotype [35]. More 
importantly, FA-targeted vectors are easily cleared by M2 macrophages 
because the expression of FR-β and uptake of FA are characteristic fea
tures of M2 macrophages [47]. FA functionalization leads to the 
aggravated capture of liposomes by M2 macrophages in vivo [47]. Our 
research confirmed the CKb11 led to the suppression of macrophage M2 
polarization, which could solve the problem of phagocytosis of FA by 
macrophages. Furthermore, the intratumoral infiltration of immuno
suppressive cell populations including T-regs and MDSCs, was also 
decreased after treatment with F-PPPD/pCKb11. The significantly 
increased tumor apoptosis in F-PPPD/pCKb11-treated mice was the 
result of a significantly enhanced anti-tumor immune response mediated 
by the delivery of pCKb11. Moreover, the tumor-targeted delivery of 
pCKb11 with F-PPPD was well tolerated in mice without systemic 
toxicity. 

Compared with current immunotherapies, the strategy used in this 
study has some superiorities. The delivery of pCKb11 by F-PPPD nano
particles resulted in the successful production of CKb11 with biological 
activity by tumor cells. The parenteral administration of cytokines at 
high dose to reach therapeutically effective concentrations in tumor 
tissues often induces severe systemic toxicities [12,44]. Our study 
established a locally high concentration of CKb11 in the TME to attract 
and activate immune cells, which has the potential to avoid the adverse 
effects of systemic administration of CKb11 protein. Furthermore, the in 
vivo administration of recombinant proteins that lack proper glycosyl
ation might induce the production of neutralizing antibodies, thereby 

reducing the anti-tumor efficiency [48]. In addition, the targeted de
livery system used in our study is superior to other reported tumor 
targeting gene delivery systems. First, the drawbacks of cationic lipids 
include toxicity, relatively inefficient, and non-specific delivery [49]. 
Second, polyethylene imines (PEIs) are toxic. Although the toxicity de
creases for smaller or linear PEIs, transfection efficiency is also degraded 
[50]. Third, inorganic nanoparticles such as gold nanoparticles and 
silica nanoparticles have toxicity, and exhibit solubility limitations [51]. 
In contrast, the tumor-targeting gene delivery system used in our study 
were safe and easy to prepare, with low immunogenicity and less sys
temic toxicity, and the transfection efficiency was further improved by 
modification with FA. 

5. Conclusions 

In summary, the novel and FA-modified nanoparticle-enabled de
livery of pCKb11 was highly efficient and safe, which successfully che
moattracted and activated T cells, suppressed M2 polarization and 
promoted M1 polarization of macrophages, increased the maturation of 
DCs, facilitated the intratumoral infiltration of NK cells, and inhibited 
the infiltration of immunosuppressive cells in ovarian cancer. The F- 
PPPD-delivered pCKb11 was confirmed to be safe and well-tolerated in 
mice without systemic toxicity, indicating that F-PPPD nanoparticles 
might be served as a reliable gene delivery carrier. Compared with 
current immunotherapies, this strategy exhibits significant potential for 
application as novel immune cell recruitment and activation-based 
cancer immunotherapy in the future. 
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