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ARTICLE INFO ABSTRACT

Keywords: Pigment epithelium-derived factor (PEDF) is a secreted glycoprotein involved in various bio-
Sleeping beauty transposon logical processes. Its expression declines during ovarian carcinogenesis where it could decrease
PEDF

macrophages polarization, inhibit angiogenesis and induce apoptosis. Altogether, PEDF repre-
sents an ideal anti-cancer agent against ovarian cancer. We previously proposed the non-viral
Sleeping Beauty transposon (SBT) system to stably integrate the PEDF transgene into ovarian
cancer cells. Here, we report the development of liposomes and lipid nanoparticles for SBT-PEDF
gene therapy. We determined that the SBT-PEDF nanolipid delivery system was the best system to
increase the expression of PEDF in ovarian cancer spheroids. We also developed an ex vivo model
of ovarian tumors which allowed us to show that nanolipoplexe in combination to paclitaxel
exhibits synergistic and effective anti-tumor efficacy on ovarian tumors. These findings demon-
strate that lipid nanoparticle for SBT-PEDF gene therapy may be a promising therapeutic
approach for ovarian cancer.

Liposome
Lipid nanoparticle
Ex vivo ovarian tumor model

1. Introduction

Ovarian cancer is the fifth leading cause of cancer-related death in the world and has the highest mortality of any of the gynecologic
cancers. The most common form of ovarian cancer is the epithelial ovarian carcinoma. Current treatments of advanced ovarian
carcinoma are surgical resection and combinatory chemotherapy. Initially, more than 70% of treated patients respond positively to
treatment; however, in about 70% of patients the cancer reoccurs and is resistant to treatment. Late-stage disease and relative
resistance to chemotherapy displayed by most ovarian cancer represent a significant clinical challenge.

Pigment epithelium-derived factor (PEDF; encoded by SERPINF1) is a 50-kDa secreted glycoprotein belonging to the supergene
family of serpins (serine protease inhibitors). PEDF has several biological activities, which depend on its interactions with cell surface
receptors (PEDF receptor encoded by PNPLA2, laminin receptor, F; ATPase/synthase and low-density lipoprotein receptor-related
protein 6) and their downstream signaling pathways [1,2].

PEDF is involved in various biological processes, such as organogenesis and tissue homeostasis maintenance. PEDF is also a potent
inhibitor of angiogenesis by increasing gamma-secretase activity, an enzyme that cleaves the vascular endothelial-derived growth
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factor (VEGF) receptor (VEGFR, [1,3]). PEDF can also upregulate presenilin 1 expression, which facilitates the association between
tyrosine phosphatases and VEGFR to inhibit VEGF-induced phosphorylation of VEGFR [1,3]. In addition, PEDF suppresses endothelial
cell migration via p38 MAPK pathway activation and induces endothelial cell apoptosis by activating peroxisome
proliferator-activated receptor gamma to induce TP53 expression, and Fas-FasL-caspase 8 pathway [1,3].

PEDF level declines during ageing [4] and carcinogenesis in various types of cancers including ovarian cancer [5-7]. Exogenous
PEDF inhibits the growth of ovarian surface epithelium and ovarian cancer cell lines [5]. It also induces response to paclitaxel
treatment, and decreases ovarian tumor development on chick allantoid membrane assay by inducing apoptosis and inhibiting
angiogenesis [7]. These observations suggest that the decrease of PEDF expression could contribute to early ovarian carcinogenesis. To
reinforce this hypothesis, PEDF expression is significantly negatively correlated with progression of ovarian cancer [8].

More recently, a role of PEDF on macrophages polarization in different types of cancer [9,10], including ovarian cancer [8], is
emerging. It was shown that the overexpression of PEDF leads to the inhibition of ovarian cancer tumor growth and tumor-associated
macrophages polarization through adipose triglyceride lipase (ATGL) and ERK1/2 [8]. In addition, PEDF level is significantly and
negatively correlated with tumor-associated macrophage polarization. M1 and M2 macrophage polarization is a physiological process
associated with different macrophage functions. Macrophages infiltrating tumors have been described as M2 phenotype. This
phenotype is associated with tumor progression and immunosuppression, by promoting tumor angiogenesis, tumor metastasis, and
suppression of tumor immunity [11]. Altogether, these observations suggest that PEDF may also be useful in ovarian cancer
immunotherapy.

Due to its various roles, PEDF has been proposed as an anti-cancer agent against a range of tumors including ovarian tumors [1,3].
Three different strategies were used to increase PEDF level in tumors environment.

1 the systemic administration of PEDF protein or active PEDF peptides [12-18],
2 the PEDF gene therapy by delivering the PEDF gene using different techniques (Table 1) and
3 the cell-based therapy using PEDF virally infected human mesenchymal cells [19-21].

A number of efficient methods to deliver PEDF gene have been developed including viral vectors, microparticles and nanoparticles
(NP) of various compositions [1]. To increase anti-tumor efficiency, some targeted PEDF gene delivery systems have also been
developed (Table 1). However, efforts are still needed to avoid both continuous administration of PEDF peptides/protein or gene to
sustain its expression in tumor environment.

We previously used the non-viral Sleeping Beauty transposon (SBT) system to stably integrate the PEDF transgene into SKOV3
ovarian cancer cells [7]. The transfected cells maintained PEDF expression for at least 6 months, suggesting that this SBT-PEDF system
could be used to maintain PEDF level in tumor environment [7]. Here, we report the development of different delivery systems such as
cationic liposomes and cationic lipid nanoparticles for SBT-PEDF gene therapy to select the best one. The efficacy of selected candidate
was tested in a novel ex vivo ovarian tumor assay.

2. Material and methods
2.1. Material

The miniaturized spinning bioreactors, SpinQ2, were purchased from 3Dnamics (Baltimore, MD, USA).

Table 1
PEDF gene therapy delivery systems as a therapeutic tool against cancer.
Vehicle Target Ligand Content Cancer Animal model Ref.
PLGA NP PEDF gene Colon carcinoma CT26 tumor bearing [22]
mice
PEG-PEI NP Integrin avp3 Cyclic RGD peptide PEDF gene Colon carcinoma SW620 tumor bearing [23]
receptor mice
Adeno-associated PEDF gene Lewis lung LLC tumor bearing mice [24]
virus carcinoma
Cationic liposome Recombinant PEDF Melanoma B16-F10 tumor bearing [25]
adenovirus mice
PEG-PLGA NP PEDF gene Colon carcinoma CT26 tumor bearing [26]
mice
PEG-PLGA NP FGFR1 Truncated bFGF Ptx + PEDF gene Colon carcinoma CT26 tumor bearing [27]1
peptide mice
MAL-PEG-DSPE Integrin avp3 Cys-iRGD PEDF gene Colon carcinoma CT26 tumor bearing [28]
mice
PEG-Chol Folate receptor Folic acid PEDF gene Cervical cancer Hela tumor bearing mice [29]
nanoliposome

Chol: cholesterol, DSPE: 1,2-Distearoyl-sn-glycero-3-phosphorylethanolamine, MAL: maleimide, NP: nanoparticle, PEG: polyethylene glycol, PEIL:
polyethylene imine, PLGA: poly-lactide-co-glycolic acid, Ptx: paclitaxel.
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2.2. Plasmids
Plasmids used to construct the SBT-PEDF system were.

- pCMV3-SERPINF1 (# HG11104-UT) from Sino Biological Inc.
- pSBbi-GN (# 60517) from Addgene (contains a GFP tag)
- pPCMV(CAT)T7-SB100 (# 34879) from Addgene

The plasmid pSBbi-GN was the control (CTRL) transposon and pCMV(CAT)T7-SB100 was the transposase.
The plasmid pSBbi-GN-PEDF, used as PEDF transposon, was generated by cloning the insert of the human PEDF sequence from
pCMV3-SERPINF1 into HindIII-Xbal restriction site of pSBbi-GN.

2.3. Chemical products

18:1 (A9-Cis) PE (DOPE) 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine was from Avanti Polar Lipids Inc.

18:1 TAP (DOTAP) 1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) was from Avanti Polar Lipids Inc.

Poly(D,L-lactic-co-glycolic acid) (PLGA, resomer RG502H) was from Evonik, Germany.

Polyvinyl alcohol (PVAL) 31 kDa MOWIOL 4-88 was obtained from Clariant, Germany.

Protamine sulfate, cholesterol and MTT reagent were from Sigma-Aldrich.

The control transfection reagent JetPei was from Polyplus transfection (Illkirch, France).

The ELISA kit for human PEDF detection was from BioProductsMD (Frederick, MD, USA).

The HistoGel for spheroids embedding was from Histocom AG (Zug, Switzerland).

Anti-active caspase-3 antibodies (#9661) and anti-GFP antibodies (ab13970) were respectively from Cell Signaling Technology
(Leiden, The Netherlands) and Abcam (Cambridge, United Kingdom).

2.4. Cell lines

Experiments were performed on the human ovarian carcinoma cell lines SKOV3 (American Type Culture Collection ATCC, Man-
assas, VA)) and COV318 (ECACC, Sigma-Aldrich). SKOV3 and COV318 cells were cultured in respectively RPMI or DMEM medium
(Gibco, Invitrogen, Basel, Switzerland) supplemented with 10% fetal bovine serum (FBS) and gentamicin (Gibco, Invitrogen, Basel,
Switzerland).

2.5. Liposome preparation

Liposomes were generated with a combination of lipids following a protocol adapted from the lipid supplier (Avanti Polar Lipids
Inc.).

Briefly, lipids were dissolved in chloroform and mixed in a glass vial that rotated in a water-bath at 45 °C (Rotavapor, Buchi,
Switzerland). The chloroform was evaporated with a vacuum pump and the lipid film was resuspended in water prewarmed at 54 °C.
Saline buffer (308 mM NaCl, 40 mM Hepes, pH 7.4) was added to the suspension (final concentration of 5 mg/ml of lipids) that was
sonicated for 5 min at 50% intensity (sonifier S-450D®, Branson Ultrasonic S.A, Switzerland) and passed through a 0.22 pm filter to
sterilize.

2.6. Cationic lipid nanoparticle preparation

Cationic lipid nanoparticles (nanolipids) were generated with the double-emulsion method described by Bose et al. [30].

Briefly, the organic phase contained PLGA (3% w/v) and DOTAP (24% w/w to polymer) dissolved in dichloromethane. The water-
in-oil emulsion was formed by the addition of deionized water containing or not protamine sulfate (10 pg/ml) into the organic phase
with sonication in an ice bath for 5 min at 50% intensity. The primary emulsion was then transferred to 1% w/v PVAL aqueous solution
and sonicated again in an ice bath. The resultant secondary (water in oil in water) emulsion was stirred overnight at room temperature.
After complete evaporation of dichloromethane, the nanolipids were centrifuged at 20 000 rpm for 30 min (Avanti®30 Centrifuge,
Beckman Coulter Inc., Fullerton, CA, USA), washed three times in deionized water, resuspended in deionized water at a concentration
of 10 mg/ml, and kept at 4 °C until use.

2.7. Characterization of delivery systems

The mean particle diameter (z-average), size distribution (polydispersity index) and the {-potential of delivery systems were
determined using a Zetasizer Nano ZS (Malvern Instruments, Malvern, United Kingdom).

2.8. Formation of DNA-delivery system and gel retardation assay

Plasmid DNA incorporation efficiency was verified by gel retardation assay. A mixture of 1 pg total DNA of transposase/transposon
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PEDF (ratio 1:19) was incubated with liposome or nanolipids in phosphate-buffered saline (PBS). Different combinations of DNA/
liposome or nanolipids ratio were tested to form lipoplexes or nanolipoplexes, respectively. After incubation for 30 min at room
temperature, the mixture was centrifuged 4 min at 10 000 rpm and loading buffer (0.25% w/w bromophenol blue in TE buffer) was
added to the complexes, which were applied to 1% agarose gel prepared using Basic agarose premier (MP Biomedicals, Illkirch,
France). Electrophoresis was carried out at 100 V for 20 min at room temperature in 0.5 x TAE buffer. The gels were stained with SYBR
Safe DNA gel stain, as indicated by the manufacturer (Cartshad, CA, USA). Acquisition was accomplished using the Geneflash machine
(Syngene Bioimaging).

2.9. MTT assay

Cells were seeded in 96-well plates at a density of 15 000 cells/well. After 24 h, transfection was performed using either empty
liposomes, lipoplexes, nanolipids or nanolipoplexes with 150 ng total pDNA.

The CTRL transposon plasmid was used instead of the PEDF transposon plasmid to avoid the potential bias effect of the PEDF gene
on cell viability. The cell survival was assessed 48 h post-transfection by MTT assay, following manufacturer’s instructions. Briefly, 48
h post transfection, the medium was replaced with a medium containing 20% MTT solution (5 mg/mL in medium) for 2 h. Acidic
isopropanol solution (150 pL) was added, and then each well was vigorously mixed to dissolve the precipitated formazan. UV-visible
absorption was measured at 540 and 690 nm. Cell viability assay was performed for three independent experiments, run in triplicate.

2.10. Transfection of 2D and 3D ovarian cancer cells

2.10.1. Transfection of 2D ovarian cancer cells

300’000 cells were seeded in 6-well plates in complete medium. The next day, pDNA/liposome (at ratio 1:1, 1:3, 1:6, 1:8 and 1:10)
or cationic lipid nanoparticle (at ratio 1:60) were incubated at room temperature for 30 min. Meanwhile, the cells were washed 2 times
with HBSS and lipoplexes or nanolipoplexes were added dropwise to cells maintained in serum-free medium. Different incubation
times of nanolipoplexes (4 h, 6 h or overnight at 37 °C) were tested. After the incubation time, cells were washed, and complete
medium was added. The cells were harvested 48 h post-transfection.

To evaluate the relative transfection efficiency of our delivery systems, we also transfected cells with JetPei (as positive control of
transfection). JetPei—-pDNA complexes were prepared according to manufacturer’s instructions and equalized to our experimental
conditions.

2.10.2. Transfection of 3D ovarian cancer cells

96-round bottom well plates were coated with 60 pl/well of poly-HEMA solution at 12 mg/ml in 95% ethanol. The coating was
performed twice to ensure homogenous poly-HEMA layer. Plates were kept at 4 °C until use and sterilized for 10 min under UV light
before SKOV3 and COV318 cells were seeded with multichannel pipet at a density of 20 000 cells/well in culture medium supple-
mented with 5% FBS.

Two days after cell seeding, the same number of spheroids (7-15 per experiment) were transferred into 12-well poly-HEMA plates.
Four different transfection conditions for each cell line were tested.

- control (no transfection),

- JetPei (positive control transfection reagent used at 2 pl/pg of DNA)
- liposome 1

- nanolipid 1

Transfection was performed using 1 pg total DNA/100 000 cells (i.e. 3 pg for 15 spheroids). A single combination of DNA/vector
ratio was tested: 1:6 for liposome 1 and 1:60 for nanolipid 1.

A double transfection was performed for each condition at day 2 and day 4 in 12-well plates with the following protocol. Culture
medium was aspirated, and 0.5 ml of fresh medium was added. The different transfection mixtures were incubated for 30 min and
added dropwise to appropriate wells. Then fresh medium (0.5 ml) was added to each well 6 h post-transfection.

At day 7, spheroids were harvested for RNA extraction.

2.11. Transfection on ovarian tumors

2.11.1. Development of an ex vivo tumor assay

The first step was to develop SKOV3 tumors on chicken chorioallantoic membrane as previously described [7]. It is important to
note that the incubation of eggs did not exceed 14 days (or embryonic development day 14) to avoid ethical restrictions. These ex-
periments were conducted in accordance with institution guidelines and EU directive 2010/63/EU for animal experiments. Briefly,
SKOV3 cells were inoculated on chicken chorioallantoic membrane (CAM, 2 x 10° cells per egg) and left for 6 days to form tumors.
Tumors were then collected from CAM and cultured in 12-well plates covered by a miniaturized spinning bioreactor (spin2). Medium
supplemented with 10% or 20% FBS was changed every 2 days and after 8 days in culture, tumors were washed in PBS, fixed in formol
and paraffin-embedded for histological analysis.
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2.11.2. Transfection of ex vivo ovarian tumors

SKOV3-derived tumors were cultured for 7 days and transfected 4 times with the CTRL transposon or the PEDF transposon (6 pg
total DNA) using the cationic lipid nanoparticle “nanolipid 1 at a ratio DNA:nanolipid 1:60 (w:w) at day 0, 1, 4 and 5. Tumors were
treated or not with paclitaxel (10 pM) for 24 h at day 6. Tumors will be then washed in PBS, fixed in formol and, paraffin embedded for
histological analysis.

2.12. RT-qPCR

Total RNA extraction was achieved with the PureLink RNA mini kit (Invitrogen). Reverse transcription was performed with 1 pg of
total RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Life Technologies). Detection of the real-time
qPCR product was performed using the KAPA SYBR FAST qPCR Kit Master Mix (Kapa Biosystems, Axon Lab, Baden, Switzerland) on an
Eco Real-Time PCR System (Labgene Scientific, Chatel-St-Denis, Switzerland). Level of PEDF mRNA expression was measured by qPCR
and normalized with 3 different housekeeping genes (GAPDH, HPRT1 and cyclophilin A, Table 2). Normalization of RT-qPCR data
using three reference genes was performed with the geometric mean of the multiple reference genes. Results were expressed as means
+SEM (n = 3 experiments).

2.13. Immunofluorescence

Slices of 5 pm of ovarian tumors were cut and labeled with anti-GFP antibodies (1/500; overnight, 4 °C). They were then washed
with PBS three times and incubated with secondary antibodies anti-chicken-488 (dilution 1:500) diluted in PBS-3% BSA for 2 h at room
temperature. Slices were washed four times in PBS and mounted with Vectashield with DAPI (Vector Laboratories, Burlingame, USA).
Images were acquired with an EVOS FL Cell Imaging System (ThermoFisher scientific, Bothell, WA, USA).

2.14. Histology

Slices of 5 pm were cut and stained for hematoxylin and eosin (H&E) and active caspase-3 as proposed by Bonnet to evaluate the
structural aspect and the viability of the tumors [31]. We evaluated the percentage of cells positive for caspase 3 staining on each slide
and categorized them as negative, positive with less than 5% of caspase 3-positive cells or positive with more than 5% of caspase 3-pos-
itive cells.

2.15. Statistical analysis

Data are represented as means =+ standard error of the mean (SEM) for three different replicates. Statistical differences between
samples or tested conditions were assessed by the unpaired Student’s t-test or analysis of variance (ANOVA). A significance level of p <
0.05 was considered statistically significant. Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, San
Diego, USA).

3. Results

Cationic liposomes are usually composed of a cationic lipid and neutral helper lipids such as cholesterol and DOPE [32]. We thus
tested these two molecules in combination with DOTAP to produce cationic liposomes.

DOTAP was also used in combination with PLGA to produce lipid nanoparticle. The different liposomes and cationic lipid nano-
particles (nanolipids) were produced by respectively the film dispersion method and the double emulsion solvent evaporation method
as described previously.

3.1. Characterization of liposomes and cationic lipid nanoparticles

The mean particle diameter (average size), size distribution (average polydispersity) and zeta potential of liposome 1 and 2 are
quite similar (Table 3). Liposome 3 average size is a little bit larger than liposomes 1 and 2. Nanolipids present an average size and size
distribution in the similar range as liposomes. Their zeta potential is lower compared with liposomes suggesting that their capacity to
bind plasmid with negatives charges could be decreased compared with liposomes.

Table 2

qPCR primers sequences.
Gene name Forward sequence Reverse sequence
PEDF 5'-TTA CGA AGG CGA AGT CAC CA-3 5'-TAA GGT GAT AGT CCA GCG GG-3'
HPRT1 5'-ATG ACC AGT CAA CAG GGG AC-3' 5'-TGC CTG ACC AAG GAA AGC AA-3'
GAPDH 5'-CGA CCA CTT TGT CAA GCT CA-3’ 5'-CCC TGT TGC TGT AGC CAA AT-3'

Cyclophilin A 5'-TAC GGG TCC TGG CAT CTT GT-3' 5'-CCA TTT GTG TTG GGT CCA GC-3'
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3.2. pDNA loading capacity of liposomes and lipid nanoparticles

The encapsulation efficiency of the plasmid was then determined by agarose gel electrophoresis (Fig. 1). The naked PEDF-DNA
exhibited a bright band on the gel. The plasmid is considered completely packaged by the liposome or nanolipid when the DNA
band is not visible on the gel. In this case, the plasmids-loaded liposome (lipoplexes) or nanolipid (nanolipoplexes) remain in the
loading hole. We thus determined the ratio pDNA:delivery system for each liposome and nanolipid formulation allowing complete
encapsulation of pDNA: 1:6 for liposomes, and 1:60 for nanolipid 1. The addition of protamine in nanolipid 2 preparation seems to
have decreased the encapsulation capacity of the nanolipid since DNA remains visible even at a ratio pDNA:nanolipid 1:150.

3.3. Cytotoxicity of liposomes and lipoplexes

Cytotoxicity is an important problem associated with lipoplexes, limiting their clinical use. The cytotoxicity of liposomes 1 to 3 and
their corresponding lipoplexes at different DNA:liposomes ratio was investigated with SKOV3 and COV318 cells by MTT assays. As
shown in Fig. 2, the cytotoxicity of lipoplexes 2 and 3 was confirmed in all conditions. The cytotoxicity of lipoplexe 1 depends on
pDNA:liposome 1 ratio. The ratio pDNA:liposome 1, which allows the complete incorporation of DNA in liposome, altered cell viability
of COV318 cells but not SKOV3 cells.

3.4. Efficiency of liposomes

We then investigated the expression of PEDF mRNA by RT-qPCR to check the effects of liposome/SBT-PEDF gene delivery systems
atratio 1:6, 1:8 and 1:10 (Fig. 3). The results showed that the increase in PEDF gene expression with these delivery systems is negligible
compared with the commercial transfection reagent JetPei in both SKOV3 and COV318 cells (Fig. 3, left panels). Nevertheless, they
could increase PEDF mRNA expression in these ovarian cancer cells (Fig. 3, right panels). In addition, we cannot observe any difference
in PEDF expression regardless of the tested pDNA:liposome ratio.

3.5. Cytotoxicity and efficiency of nanolipids

Cationic lipid PLGA nanoparticles were also described as more cytotoxic than PLGA nanoparticles due to their positive charges. We
thus evaluated cytotoxicity of nanolipids 1 and 2 and the corresponding nanolipoplexes in ovarian cancer cells using the highest pDNA:
nanolipid ratio which allowed the complete encapsulation of DNA (1:60, w:w). Cells were incubated with pDNA:nanolipid complexes
for 4 h, 6 h and overnight before culture medium change to determine the best conditions of transfection. As shown in Fig. 4A, the
addition of protamine in nanolipid 2 seems to significantly decrease the cytotoxicity of nanolipids in both SKOV3 and COV318 cells.
However, it does not reduce the cytotoxicity of nanolipoplexes.

The expression of PEDF mRNA showed that the increase in PEDF gene expression with these delivery systems is negligible
compared with the commercial transfection reagent JetPei in both SKOV3 and COV318 cells (Fig. 4B, left panels). Nevertheless, they
could increase PEDF mRNA expression in these ovarian cancer cells regardless of the tested incubation time (Fig. 4B, right panels).
Surprisingly, the increase in PEDF expression in both cell lines is more important with nanolipoplexe 1 than with nanolipoplexe 2,
which contains protamine sulfate (often used in gene delivery system for the stabilization and delivery of nucleic acids [33].

3.6. Efficiency of liposome 1 and nanolipid 1 on ovarian cancer spheroids

The efficiency of the best lipoplexe and nanolipoplexe formulations was then evaluated on ovarian cancer spheroids. Considering
previous results, we chose lipoplexe 1 at a ratio 1:6 (pDNA:liposome, w:w), nanolipoplexe 1 at a ratio 1:60 and JetPei reagent to
transfect SKOV3 and COV318 spheroids with SBT-PEDF system. The expression of PEDF mRNA by RT-qPCR showed that nanolipid 1 is
the most efficient to increase PEDF expression in ovarian cancer spheroids (Fig. 5A). Unexpectedly, the transfection of spheroids with
nanolipoplexe 1 was also more efficient to increase PEDF expression in ovarian cancer spheroids than in 2D cultured cells.

We next evaluated the cytotoxicity of nanolipoplexe 1 on SKOV3 and COV318 spheroids. As observed in Fig. 5B, transfection of
SBT-CTRL or SBT-PEDF system with nanolipid 1 did not alter cell viability of both SKOV3 and COV318 spheroids.

Table 3
Characterization of liposomes and cationic lipid nanoparticles.
Delivery system Composition Average size (nm) PDI Average Zeta potential (mV) SD Zeta potential
Liposome 1 DOPE/DOTAP (1/3 M ratio) 184 0.163 76 9
Liposome 2 DOTAP/cholesterol (3/1 M ratio) 181 0.167 78 13
Liposome 3 DOPE/DOTAP/cholesterol (1/4/1 M ratio) 233 0.209 78 10
Nanolipid 1 PLGA/DOTAP (24% w:w) 162 0.127 52 7
Nanolipid 2 PLGA/DOTAP (24% w:w)/protamine 203 0.184 50 6

PDI: polydispersity index, w: weight.
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Fig. 1. pDNA loading capacity of liposomes and lipid nanoparticles. Different pDNA:delivery system ratio (weight:weight; w:w) were used to
determine the pDNA loading capacity of liposome 1 (A), 2 and 3 (B), and nanolipid 1 (C, upper gel) and 2 (C, lower gel). pDNA alone was used as
positive control on the agarose gels.

3.7. Development of an ex vivo tumor assay

Finally, we developed an ex vivo tumor assay to evaluate the efficacy of nanolipid 1 to deliver gene.

The first step was to develop SKOV3 tumors on chicken chorioallantoic membrane (CAM, Fig. 6A). Tumors were then extracted and
cultured in 12-well plates covered by a miniaturized spinning bioreactor (spin'2). The use of this bioreactor should allow to maintain
the tumor structure and viability, and consider the effects of shear stress on transfection efficiency in case this therapy would be
applied intraperitoneally. Indeed, the presence of malignant ascites in peritoneal cavity is often observed in ovarian cancer patients
and is associated to hydrostatic compression and shear stress [34]. Culture medium supplemented with 10% or 20% FBS was changed
every 2 days. After 8 days in culture, tumors were fixed in formol, and paraffin embedded for H&E and active caspase-3 staining to
evaluate the structural aspect and the viability of the tumors. Representative tumors are shown in Fig. 6B-D. The staining of tumors
cultured in bioreactor was less eosinophil than that of tumors just extracted from the CAM, but the structural aspect of the tumors
remained similar. Some clusters of apoptotic cells were sometimes present in the core of the tumors independently of the percentage of
FBS used in the culture medium, but the tumors were still viable after 8 days of culture.

3.8. Efficiency of nanolipoplexes 1 on plasmids transfection in ovarian tumors

Based on these observations, we used this ex vivo tumor assay to perform transfection experiments on SKOV3-derived tumors.

After dissection, tumors were cultured for 7 days and transfected 4 times with the CTRL transposon or the PEDF transposon using
the nanolipid 1 at day 0, 1, 4 and 5. Tissues were then labeled with anti-GFP antibodies to evaluate the transfection efficiency. As
positive control, we used a tumor extracted from CAM, which was obtained after inoculation of SKOV3 cells stably transfected with
CTRL transposon (as described in Ref. [7]). As observed in Fig. 7, tumor extracted from CAM is positive for GFP staining in contrast to
the surrounding tissue, which is the allantoic membrane. Tumor transfected with nanolipoplexe 1 is also positive for GFP staining
confirming the efficiency of transfection.

3.9. Effect of PEDF on paclitaxel-treated ovarian tumors

We then treated transfected tumors with paclitaxel to evaluate the effect of PEDF overexpression on paclitaxel-induced apoptosis of
tumors. As shown in Fig. 8, tumors transfected with PEDF transposon (Fig. 8A and C) were more often and more positively stained for
cleaved caspase 3 than tumors transfected with ctrl transposon (Fig. 8B and C), which are mostly negative for cleaved caspase 3.

4. Discussion

PEDF is known as a promising candidate for inhibiting ovarian tumor growth due to its ability to exert anti-angiogenic and pro-
apoptosis effects. More recently, it was shown that PEDF could also inhibit tumor-associated macrophages polarization suggesting
that PEDF could also modulate tumor immunity. Altogether, PEDF represents an ideal therapeutic candidate against ovarian tumors.
Two main strategies have already been described to evaluate PEDF as a therapeutic agent: the PEDF gene therapy using viral vectors
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Fig. 2. Cytotoxicity of liposomes and lipoplexes. Effect of liposomes (light green) and lipoplexes (dark green) on viability of SKOV3 (A) and
COV318 cells (B) was evaluated by MTT assay. Results are expressed as mean + SEM, n = 3. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
compared to the control (CTRL, in blue).

and systemic administration of PEDF proteins or peptides. Despite these approaches confirm the efficiency of PEDF against different
types of cancer, they are not useable for clinical application. We thus decided to develop a cost-effective therapeutic strategy to induce
and sustain PEDF expression in tumor environment, using the Sleeping Beauty Transposon system to stably introduce PEDF in the
genome of ovarian cancer cells. In this study, we developed different SBT-PEDF gene delivery systems for the treatment of ovarian
cancer and investigated their efficiency to increase PEDF expression in vitro both in 2D and 3D cultured cells and an ex vivo model to
evaluate the efficiency of the best SBT-PEDF gene delivery system to enhance paclitaxel-induced apoptosis.

Cationic liposomes are often used for their high transfection efficiency and biocompatibility [32]. We thus evaluated different
cationic liposomes as delivery system for SBT-PEDF system. However, tested lipoplexes induced a decrease in ovarian cancer cell
viability, especially when liposomes contain cholesterol. The incorporation of cholesterol into liposomes is known to improve the
stability of the liposomal membrane in biologic fluids [35] and consequently, increase their capacity as delivery system [36], but it was
not yet described to increase cytotoxicity of liposomes.

Alternatively, lipid biodegradable polymeric nanoparticles as lipid-based nanoparticles were described to display low or no toxicity
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Fig. 3. Efficiency of liposomes. Transfection efficiency was determined by measuring PEDF gene expression by qPCR in transfected SKOV3 (light
blue bars) and COV318 (dark blue bars) cells. Liposomes efficacy was compared to the commercial reagent JetPei. *p < 0.05; ****p < 0.0001
compared to the control.

[37,38]. We showed that their particle size and transfection efficiency in ovarian cancer cells were comparable to liposomes. As ex-
pected, the nanoliposome cytotoxicity is lower than liposome. In addition, the transfection efficiency of nanolipid is greater than that
of liposome in ovarian cancer spheroids suggesting that nanolipid could be more efficient as gene delivery system than liposome in
vivo. To confirm this hypothesis, we developed an ex vivo model of ovarian tumor culture as animal ethical replacement. We first used
CAM to develop ovarian cancer tumors. CAM is an extraembryonic and highly vascularized membrane easily accessible. Within 3 days
after ovarian cancer cell inoculation on CAM, ovarian tumor was formed. As the tumors were then excised at embryonic development
day 14, the proposed model is classified as non-protected under the Animals Scientific Procedures, and is thus considered as a valid
animal replacement technique. Tumors were then cultured in a mini bioreactor and transfected several times with SBT-PEDF using
nanolipid 1 as delivery system. We determined that the use of this bioreactor allowed to maintain the tumor structure and viability
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Fig. 4. Toxicity and efficiency of nanolipids. A- Effect of nanolipids (light green) and nanolipoplexes (dark green) on viability of SKOV3 and
COV318 cells was evaluated by MTT assay. Results are expressed as mean + SEM, n = 3. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
compared to the control (CTRL, in blue). B- Transfection efficiency was determined by measuring PEDF gene expression by qPCR in transfected
SKOV3 (light blue) and COV318 (dark blue) cells. Nanolipids efficacy was compared to the commercial reagent JetPei. ON: overnight
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Fig. 5. Efficiency of liposome 1 and nanolipid 1 on ovarian cancer spheroids. A- Transfection efficiency was evaluated by measuring PEDF gene
expression by qPCR in transfected SKOV3 (left panel) and COV318 (right panel) spheroids. B- Effect of nanolipoplexes on viability of SKOV3 (left
panel) and COV318 (right panel) spheroids was evaluated by MTT assay. Results are expressed as mean + SEM, n = 3. CTRL: Non transfected
spheroids; CTRL-SBT: spheroids transfected with control SBT system; PEDF-SBT: spheroids transfected with PEDF transposon. ***p < 0.001
compared to the control.

until 8 days of culture. In addition, it allowed to consider the effects of shear stress on transfection efficiency.

Using this ex vivo model, we confirmed the efficiency of nanolipid to transfect PEDF-SBT system in tumors. Despite this model is not
suitable to investigate the anti-angiogenic property of PEDF, we confirmed the anticancer potential of PEDF by demonstrating its
synergistic effect on paclitaxel-induced apoptosis in tumors. Taken together, our findings suggest that the SBT-PEDF delivery nanolipid
may be a promising candidate for intraperitoneal treatment of ovarian cancer.

5. Limitations of the study

The ex vivo transfection of tumors is interesting to evaluate the transfection efficiency of delivery systems or the effect of molecules
on tumor’s cytotoxicity. However, this system is not suitable to evaluate effects of treatment on tumor angiogenesis or immune
modulation. In addition, the stability of nanolipoplexes could be different in peritoneal fluid and in tumor’s culture medium.
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