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Abstract

Ovarian cancer is the most lethal gynecologic cancer.

Claudin-3 and -4, the receptors for Clostridium perfringens

enterotoxin (CPE), are overexpressed in more than 70% of

these tumors. Here, we synthesized and characterized poly

(lactic-co-glycolic-acid) (PLGA) nanoparticles (NPs) modified

with the carboxy-terminal–binding domain of CPE (c-CPE-NP)

for the delivery of suicide gene therapy to chemotherapy-

resistant ovarian cancer cells. As a therapeutic payload, we

generated a plasmid encoding for the diphtheria toxin sub-

unit-A (DT-A) under the transcriptional control of the p16

promoter, a gene highly differentially expressed in ovarian

cancer cells. Flow cytometry and immunofluorescence demon-

strated that c-CPE-NPs encapsulating the cytomegalovirus

(CMV) GFP plasmid (CMV GFP c-CPE-NP) were significantly

more efficient than control NPs modified with a scrambled

peptide (CMV GFP scr-NP) in transfecting primary chemother-

apy-resistant ovarian tumor cell lines in vitro (P ¼ 0.03).

Importantly, c-CPE-NPs encapsulating the p16 DT-A vector

(p16 DT-A c-CPE-NP) were significantly more effective than

control p16 DT-A scr-NP in inducing ovarian cancer cell death

in vitro (% cytotoxicity: mean � SD ¼ 32.9 � 0.15 and 7.45 �

7.93, respectively, P ¼ 0.03). In vivo biodistribution studies

demonstrated efficient transfection of tumor cells within 12

hours after intraperitoneal injection of CMV GFP c-CPE-NP in

mice harboring chemotherapy-resistant ovarian cancer xeno-

grafts. Finally, multiple intraperitoneal injections of p16 DT-A

c-CPE-NP resulted in a significant inhibition of tumor growth

compared with control NP in chemotherapy-resistant tumor-

bearing mice (P ¼ 0.041). p16 DT-A c-CPE-NP may represent a

novel dual-targeting therapeutic approach for the selective

delivery of gene therapy to chemotherapy-resistant ovarian

cancer cells. Mol Cancer Ther; 16(2); 323–33. �2016 AACR.

Introduction

Ovarian cancer remains the most lethal gynecologic malignan-

cy in the United States (1). Despite the initial positive clinical

response to surgery and chemotherapy, the majority of ovarian

cancer patients eventually becomes resistant to chemotherapy and

develops recurrent disease that is lethal in most cases (2, 3).

Hence, there is an extreme need to develop more effective ther-

apeutic strategies to target chemotherapy-resistant ovarian cancer.

The use of targeted therapies represents an ideal approach to

maximize antitumor efficacy while minimizing treatment-related

toxicity (4). With the aim of identifying ovarian cancer–specific

targets, our group as well as others have evaluated the genetic

alterations found in ovarian tumors (5–7). Data have consistently

found that the genes encoding for claudin-3 and claudin-4 are

highly differentially expressed in ovarian cancer cells compared

with normal ovarian cells. More importantly, we showed higher

expression of claudin-4 in chemotherapy-resistant versus

matched chemotherapy-naive tumors and in the subpopulation

of CD44þ ovarian cancer stem cells compared with CD44�

counterparts (8, 9).

Claudin-3/-4 are the high-affinity receptors for Clostridium

perfringens enterotoxin (CPE), a polypeptide of 319 amino acids

associated with C. perfringens type-A food poisoning (10). Inter-

estingly, although the full-length CPE is highly toxic when

injected intravenously in animals, the carboxy-terminal fragment

(i.e., the C-terminal 30aa) of CPE is devoid of any toxicity while

sufficient for binding to its receptors (11). Accordingly, several

strategies have been developed that used the c-CPE as a tumor-
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specific carrier for diagnostic and therapeutic agents (12, 13).

Importantly, recent data from our research group showed that

c-CPE conjugated to the Near-Infrared Dye CW800 is highly

effective in identifying microscopic/metastatic ovarian tumor in

the abdomen of mice harboring ovarian cancer xenografts (12,

14). Taken together, these evidences suggest that therapeutic

systems that harness the targeting specificity of c-CPE may poten-

tially be highly effective for the treatment of this disease.

Gene therapy represents an attractive alternative treatment

modality in the management of ovarian cancer. Consistent with

this view, a recent work by Huang and colleagues demonstrated

that biodegradable poly(b-amino-ester) polymers may efficiently

deliver transcriptionally targeted diphtheria toxin subunit A

DNA (i.e., the catalytic domain of the full-length diphtheria toxin:

DT-A) to ovarian cancer cells in vivo, resulting in strong inhibition

of tumor growth (15). This study demonstrated that ovarian

cancer cells are sensitive to DT-A exposure and that a DT-A–based

gene therapy is an approach that should be considered for the

treatment of this disease.

Poly-(D,L-lactic-co-glycolic)-acid-(PLGA)-nanoparticles-(NP)

are well characterized, nontoxic, and effective systems for the

delivery of DNA to cancer cells (16). A recent study by our group

evaluated the DNA delivery properties of a novel nonviral NP

system containing a blend of PLGA and poly-(beta-amino)-ester

(PBAE; ref. 17). Data showed that the addition of PBAE to PLGA

generated cationic NPs that were efficient in transfecting tumor

cells in vitro. More importantly, results revealed increased plas-

mid-loading capacity and improved transfection efficiency after

conjugation of NPs with cell-penetrating peptides (i.e., mTAT,

bPrPp, and MPG) via a PEGylated phospholipid linker (DSPE-

PEG2000; ref. 17).

Here, we synthesized and characterized PLGA/PBAE NPs con-

jugated to the c-CPE peptide and tested their efficiency in deliv-

ering suicide gene therapy to chemotherapy-resistant ovarian

cancer cells both in vitro and in vivo. As a therapeutic payload,

we encapsulated a plasmid into the NPs, which encodes for the

DT-A under the transcriptional control of the p16 promoter.

The cyclin-dependent kinase inhibitor p16 is encoded by the

CDKN2A gene. P16 plays a pivotal role in the regulation of the

transit through the G1 phase of the cell cycle by inhibiting the

activity of CDK4 and CDK6. The binding of p16 to CDK4/6

prevents their association with cyclin D and the subsequent

phosphorylation of substrates that are essential for the G1–S

transition (18). Because of its function, p16 is considered a tumor

suppressor gene. Deletions and mutations of p16 are commonly

detected inmany neoplasms, including ovarian cancer (19). Gene

expression profiling analysis identified CDKN2A as one of the

top differentially expressed genes in ovarian cancer cells com-

pared with normal ovarian cells (6). Moreover, multiple studies

showed that p16 is overexpressed in the majority of ovarian

tumors (up to 87%) and p16 overexpression correlates with

tumor progression and poor prognosis (20–23). The upregula-

tion of p16 mRNA has been suggested to be a consequence of the

inactivation of the retinoblastoma (RB) tumor suppressor gene, a

frequent genetic alteration seen in many cancer types (18).

This study was designed to exploit the overexpression of

claudin-3/-4 as well as the p16 promoter by using c-CPE

NPs encapsulating a p16 transcriptionally regulated plasmid

encoding DT-A. This approach may constitute an effective dual-

targeting approach to safely deliver suicide gene therapy selec-

tively to chemotherapy-resistant ovarian cancer cells. To test

this hypothesis, p16 expression was evaluated by real-time PCR

on 70 fresh ovarian tumor biopsies available in our laboratory.

Next, p16 Luciferase and the p16 DT-A plasmids were generated

and activity tested in vitro against multiple primary ovarian

cancer cell lines. PLGA/PBAE NPs conjugated to the c-CPE

peptide were synthesized and characterized. They were then

evaluated for their in-vitro and in-vivo transfection efficiency.

Finally, the therapeutic efficacy of c-CPE NPs encapsulating the

p16 DT-A DNA was tested in animals harboring chemotherapy-

resistant ovarian cancer xenografts.

Materials and Methods

Reagents

PLGA, 50:50 was purchased fromDURECT Corporation. PBAE

was synthesized by aMichael addition reaction of 1,4-butanediol

diacrylate (Alfa Aesar Organics) and 4,40-trimethylenedipiperi-

dine (Sigma) as reported previously (24). The backbone plasmid

pGL4.17[luc2/Neo] was purchased from Promega.

Primary cell lines and specimens

Protocol approval was obtained from the Institutional Review

Board at the Yale University (New Haven, CT), and all patients

consented for tissue collection according to the institutional

guidelines. The primary cell lines and the normal ovarian epithe-

lial cells used in the current study were collected at the time of

primary staging surgery or at the time of relapse after sterile

processing of fresh tumor biopsy samples as described previously

(25). The primary cell lines OSPC ARK-1 and CC ARK-1 were

authenticated by whole-exome sequencing (WES) in July 2016 at

the Yale Center for Genome Analysis (New Haven, CT) and

chosen because of their high expression of claudin-3/-4 and

p16 and their resistance to multiple chemotherapeutic agents

verified by in vitro extreme drug resistance assays (Oncotech Inc.;

Supplementary Table S1; ref. 25). OSPC ARK-1 cell line harbored

wild-type TP53 genes, while CCARK-1 demonstrated loss of TP53

function by WES [i.e., loss of heterozygosity (LOH; data not

shown)].

qRT-PCR

Fresh-frozen samples as well as primary cell lines were tested by

qRT-PCR for the expression of p16 at mRNA level. Quantitative

PCR was performed using a 7500 Real-Time PCR System with the

manufacturer's recommended protocol (Applied Biosystems) to

evaluate expression of p16. The primers and probe for p16 were

obtained from Applied Biosystems (assay ID Hs00233365_m1).

The comparative threshold cycle (Ct) method was used to deter-

mine gene expression in each sample using GAPDH (assay ID

Hs99999905_m1) mRNA level as internal control. In our anal-

ysis, a DCt <4 (calculated as the difference between the Ct of the

p16 and the Ct of the GAPDH) arbitrarily identified high p16

expressors, whereas a DCt >6 identified low p16 expressors. Three

normal ovarian tissues were analyzed and used as controls to

define our cutoffs.

Plasmid constructions

P16 LUC.. A 0.4-kb fragment containing the p16 promoter

sequence (from the pGL410-p16-436-E2: a gift by Dr. DiMaio,

Yale University) was cloned into the pGL4.17[luc2/Neo] vector

following digestion of both plasmids with XhoI and HindIII

restriction enzymes.

Cocco et al.
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p16 DT-A.. A 0.5-kb fragment containing the DT-A–coding

sequence was extracted from the pNHS103_V6 (a gift by

Dr. Deans, University of Utah, Salt Lake City, UT) using the

following primers: forward (Hindtaf) 50-cgcaagcttatgggcgctgat-

gatgtt-30; reverse (xbadtaR) 50-gactctagattatcgcctgacacgatt-30. PCR

was conducted on a GeneAmp PCR system 2700 (Applied Bio-

systems; protocol: 94�C 5minutes, 40 cycles at 94�C 30 seconds/

55�C 30 seconds/72�C 45 seconds, and final elongation at 72�C

for 7 minutes). The HindIII and XbaI restriction enzymes were

used to clone this PCR product downstream the p16 promoter in

the pGL410-P16-436-E2.

CMVDT-A..DT-A sequencewas releasedbydigestionof p16DT-A

and cloned downstream the cytomegalovirus (CMV) promoter

contained in the acceptor vector pGL4.17-CMV-LUC (available in

our laboratory) in place of the luciferase sequence.

All plasmids were sequenced by the Keck DNA sequencing

laboratory at Yale using the following primers: pGL4.17FP 50-

gctgtccccagtgcaagtgc-30; pGL4rew 50-ctgctcgaagcggccggccgcc-30

anddtaendf 50-tgggaacaggcgaaagcgtta-30. pGL4.17[luc2/Neo] vec-

tor was used as negative control

pCDNA3 CMV GFP.. This plasmid was a kind gift by Dr. Wu

(Johns Hopkins University. Baltimore, MD).

Transfection studies

The OSPC ARK-1 and the CC ARK-1 cell line were transfected

with the X-tremeGENE 9 DNA Transfection Reagent (Roche

Diagnostics) according to the manufacturer's protocol. The

activity of the p16 promoter was evaluated following transfec-

tion of tumor cells with the p16 LUC. After incubation (48

hours), protein lysates were quantified using a BCAKit (Thermo

Fisher Scientific), and luciferase activity was measured follow-

ing incubation of 20 mL of total protein lysates with 100 mL of

luciferase substrate for 5 minutes. Absorbance was read using a

TD-20/20 Luminometer (Turner Designs). Data are presented

as fold increase in relative light units (absorbance/mg of protein

loaded) normalized to the control (cells transfected with the

pGL4.17). The CMV LUC plasmid was used as positive control.

Trypan blue exclusion test was instead used to evaluate

the cytotoxic effect of the p16 DT-A. The pGL4.17 and the CMV

DT-A vectors were used as negative and positive control, respec-

tively. Data are presented as percentage of dead cells consid-

ering cells transfected with the pGL4.17 as 100% viable.

Synthesis of DSPE-PEG-c-CPE

DSPE-PEG (2000) maleimide (AVANTI Polar Lipids) was

covalently linked to a modified version of the c-CPE (we intro-

duced a cysteine at N-terminal of c-CPE sequence to promote the

reaction between the thiol group of the cysteine and the malei-

mide group attached to the DSPE-PEG). Briefly, 4 mg of c-CPE

were resuspended in distilled DMSO (100 mL). The solution was

vortexed and sonicated to ensure the complete dissolution of the

peptide. The same procedure was performed to dissolve 2.5mg of

DSPE-PEG (2000) maleimide. The solutions were then mixed,

and the reaction was incubated at room temperature for 2 hours.

After incubation, the solution was slowly added into 1 ml deio-

nized water. The peptide in solution was added to a dialysis bag

(3.500 cutoff) and dialyzed against water twice. The same pro-

cedure was used to generate the DSPE-PEG-scr using a modified

version of the c-CPE found to have lower affinity for the claudin-

3/-4 [we introduced two amino acids substitutions in residues

critical for the c-CPE binding to the claudins (Y306A, L315A);

ref. 26].

c-CPE–conjugated NP formulation

NPs were formulated using a modified double-emulsion

solvent evaporation technique as described previously (17).

Briefly, a mix of PLGA and 15% PBAE was dissolved in dichlor-

omethane (DCM:oil phase). DNA was dissolved in 1� TE

buffer and added dropwise under vortex to the solvent–poly-

mer solution. This blend solution was then sonicated on ice

using a probe sonicator (Tekmar Company) to form the first

water-in-oil emulsion. The first emulsion was quickly added

into a 5% aqueous solution of poly(vinyl alcohol) (PVA)

codissolved with DSPE-PEG-c-CPE or the DSPE-PEG-scr under

vortex and then sonicated to form the second emulsion. The

second emulsion was then added to a stirring 0.3% PVA

stabilizer solution and stirred overnight. NPs were then pelleted

down and washed 3 times with diH2O prior to lyophilization.

Dried NPs were stored at �20�C until use.

Scanning electron microscopy

Morphology of scr-NP and c-CPE-NP was analyzed using an

XL-30 scanning electron microscope (FEI). The images were

analyzed with ImageJ.

DNA release and loading

scr-NP or c-CPE-NP (1 mg) encapsulating the CMV GFP plas-

mid was incubated at 37�C in 1 mL of PBS or in culture medium

(RPMI1640 supplementedwith 10%FBS) on a rotating shaker. At

different time points (ranging from 1 to 168 hours), NPs were

pelleted, and 100 mL of supernatant was removed and stored for

the analysis. An equal volume of fresh PBS was used to replace the

collected supernatant. At the endof 168hours, DCMwas added to

the remaining particle pellet, and the DNA was extracted. DNA

content of each stored sample was analyzed using a Pico Green

assay (Invitrogen).

Zeta potential

Zeta potentials of scr-NP and c-CPE-NP were measured using a

Zetasizer Nano ZS (Malvern) with diH2O as a dispersant at pH6.

Surface density of the peptides on NPs

The concentration of scr or c-CPE peptides on the NP surface

was measured using a Micro BCA Kit (Thermo Fisher Scientific).

In vitro transfection of c-CPE-NP

The primary chemotherapy-resistant ovarian cancer cell line

OSPC ARK-1 and the normal human epithelial ovarian cells

(HOSE) were plated in 6-well plates at a density of 150,000

cells per well. The day after, 500 to 1,000 mg/mL of c-CPE-NP

encapsulating different DNA cargo was suspended in culture

medium, briefly sonicated, and then added to the cells. After 72

hours of additional incubation at 37�C, the delivery properties

of the CMV GFP c-CPE-NP were evaluated by flow cytometry

and fluorescence microscopy, while Trypan blue exclusion test

was used to evaluate the cytotoxic activity of c-CPE-NP encap-

sulating p16 DT-A or CMV DT-A plasmids. Treatments of cells

with unconjugated NP or scr-NP encapsulating the same plas-

mids were used as controls.
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In vivo biodistribution of c-CPE-NP and therapeutic studies

C.B-17/SCID female mice 5 to 7 weeks old were purchased

fromENVIGOandhoused in apathogen-free environment at Yale

University. They were given basal diet and water ad libitum. All

experimental procedures were approved by the Institutional Ani-

mal Care and Use Committee (IACUC). Xenografts derived from

the chemotherapy-resistant primary ovarian cancer cell lineOSPC

ARK-1were established as described previously (14). Briefly,mice

were injected subcutaneously with 5 � 106 OSPC ARK-1 cells.

After 4 to 5 weeks, 2.5 mg of c-CPE-NP encapsulating CMV GFP

DNA labeled to the Cy5 dye (the conjugation was performed

using the Label IT TrackerCy5Kit purchased fromMirus according

to the manufacturer's protocol) was injected intraperitoneally.

Mice were sacrificed at different time points (ranging from 6 to 24

hours) after particle injection, and tumors and healthy organs

were excised and visualized with an In-Vivo FX PRO system

(Bruker; excitation/emission: 550/635 nm; 10-second exposure).

In additional time course experiments, animals were also injected

using c-CPE-NP encapsulating the Near-Infrared Dye NIR790 in

place of DNA to evaluate the uptake of NPs in vivo. Tumor

fluorescence quantification was performed calculating the mean

fluorescence intensity of three different regions of interest on the

tumor surface. Data are presented as mean � SD for each time

point considered and are normalized on the mean fluorescence

intensity detected on the tumors of mice not injected with the

particles. In the therapeutic study, mice harboring sub-cute OSPC

ARK-1–derived tumors were treated with 2.5 mg of p16 DT-A

c-CPE-NP starting one week after tumor implantation. Mice

received a total of 8 injections. Weight and tumor size were

recorded twice a week. Tumor volume was calculated by the

formula: V ¼ length � (width)2/2 and was plotted as mean �

SEM.Mice were euthanized according to the rules and regulations

set forth by the IACUC at Yale University.

Fluorescence microscopy

The tumors visualized with the In-Vivo FX PRO system for the

biodistribution analyses were immediately fixed in cold 4%

paraformaldehyde and stored at 4�C for 48 hours. After incuba-

tion, specimens were transferred in 30% sucrose in PBS for 72

hours and then embedded in optimal cutting temperature com-

pound. Cryosection slides of 10 mm were cut by the Research

Histology Department at Yale University. Tissue was stained with

Hoechst 33328 for 10 minutes (1:5,000; room temperature).

Images were captured using an Axio Observer.Z1 inverted fluo-

rescence microscope and analyzed with velocity software (Impro-

vision, PerkinElmer).

Statistical analyses

Statistical comparisons between groups were done by the

unpaired Student t test using Microsoft Excel. P < 0.05 was

considered statistically significant.

Results

The p16 promoter is highly active in ovarian tumors

The aforementioned dual-targeting therapeutic approach relies

on (i) the overexpression of claudin-3/-4 on the surface of ovarian

tumor cells and (ii) the transcriptionally regulated expression of

DT-A by the p16 promoter. The extremely elevated expression of

claudin-3/-4 by the majority of ovarian cancers has been widely

demonstrated using gene expression profiling analyses by us as

well as other groups (5–7, 27). More importantly, recent data

showed that overexpression of claudin-4 is consistently detected

in the chemotherapy-resistant cells when compared with chemo-

therapy-naive matched samples as well as in a subpopulation of

CD44þ ovarian cancer cells, which are stem cell like and chemo-

therapy-resistant (8, 9).

Our previously published genetic analyses also indicated pref-

erential expression of p16 by primary ovarian tumor cells when

compared with normal epithelial ovarian cells. To confirm these

results in a separate cohort of ovarian cancer patients, the expres-

sion levels of p16 were evaluated on RNA samples extracted from

70 fresh ovarian tumor specimens by qRT-PCR (the histology and

clinical stage of tumor samples from which RNA was extracted are

presented in Supplementary Table S2). As shown in Fig. 1A, more

than80%of the fresh ovarian cancer sampleswere found to express

moderate to high levels of p16mRNA. These results confirmed our

previous findings and suggest that a majority of ovarian tumors

maybe sensitive to gene therapies transcriptionally regulatedby the

p16 promoter. To assess whether the abundance of the p16mRNA

corresponded to an elevated activity of the promoter, the primary

chemotherapy-resistant ovarian cancer cell lines OSPC ARK-1 and

CCARK-1were transfectedwith thep16LUC.The luciferase activity

was measured 48 hours later. As shown in Fig. 1B, the luciferase

activity was significantly higher in lysates extracted fromp16 LUC–

transfected cells when compared with the empty plasmid (fold

increase in luciferase activity: mean � SEM ¼ 136.7 � 20.8; P ¼

0.023and28.155�4.88;P¼0.0014 forOSPCARK-1andCCARK-

1, respectively).We then testedwhether the p16 promoterwas able

to induce the expression of the DT-A in ovarian tumor cells. As

shown in Fig. 1C, the transfectionof tumor cellswith the p16DT-A,

but not with the empty plasmid, was highly cytotoxic, indicating

that p16 was active in promoting the DT-A expression (% cyto-

toxicity: mean� SEM¼ 68.45� 0.15; P < 0.001 and 44.55� 2.55;

P ¼ 0.003 for OSPC ARK-1 and CC ARK-1, respectively). Interest-

ingly, both the p16 DT-A and the CMV DT-A (positive control)

plasmids had a similar cytotoxic effect, suggesting an exquisite

sensitivity of ovarian tumor cells to the cytotoxic activity of the DT-

A (Fig. 1C). In contrast, negligible cytotoxicity was detected in

HOSE control cells (i.e., P16 mRNA low) when challenged with

p16 DT-A (data not shown).

Characterization of the c-CPE NP

The characterization of the CMV GFP c-CPE-NP and scr-NP

included the evaluation of the morphology and the size of the

particles, the determination of the zeta potential, the quantifica-

tion of the amount of scramble or c-CPEpeptide conjugated to the

particles' surface, and the evaluation of the DNA release profile.

SEM micrographs revealed that both particle formulations were

spherical in shape with a diameter of approximately 170 nm

(Fig. 2A). Particles were positively charged (zeta potential: mV �

SD¼ 33.3� 0.5 and 34.9� 0.6 for the scr-NP and the c-CPE-NP,

respectively), had a similar plasmid loading (3.33�1.38mgDNA/

mg scr-NP � SD and 3.37 � 0.75 mg DNA/mg c-CPE-NP � SD),

and comparable peptide-coating density (mg scr-peptide/mg scr-

NP� SD¼ 3.13� 0.26 and mg c-CPE/mg c-CPE-NP� SD¼ 3.5�

0.21; Supplementary Table S3). When incubated at 37�C in PBS,

both c-CPE-NP and scr-NP showed an initial slow release of the

DNA, followed by a burst between 12 and 72 hours of incubation

(Fig. 2B). Similar results were obtained when the experiment was

performed in culture medium (Supplementary Fig. S1; Supple-

mentary Table S3). Importantly, the chemical characteristics and
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the DNA release profile of the particles were comparable with the

ones obtained previously during the characterization of similar

particle formulations (i.e., PLGA/PBAE NP conjugated to cell-

penetrating peptides; ref. 17), suggesting high reproducibility of

the NP system.

c-CPE-NP specifically delivers DNA to ovarian cancer cells

in vitro

To assess whether c-CPE-NPs were able to efficiently transfect

ovarian tumor cells in vitro, OSPC ARK-1 primary ovarian

cancer cells were incubated with different doses (i.e., 500 and

1,000 mg/mL) of c-CPE-NP encapsulating the CMV GFP plasmid

for 72 hours in complete medium. After incubation, flow cyto-

metry and fluorescencemicroscopy were used to evaluate the GFP

expression. As representatively shown in Fig. 3, c-CPE-NPs were

significantly more efficient than unconjugated NP or scr-NP in

transfecting OSPC ARK-1 tumor cells (Fig. 3A and B; % of

transfected cells at 1,000 mg/mL: mean � SD ¼ 5.65 � 1.65,

5.7 � 1.22 and 14.05 � 4.6 for unconjugated NP, scr-NP, and

c-CPE-NP, respectively; P¼ 0.028 for unconjugated vs. c-CPE-NP

and P ¼ 0.03 for scr-NP vs. c-CPE-NP). Importantly, when

claudin-3/-4 negative normal HOSEs were incubated with the

same doses of particles, extremely low transfection was observed,

suggesting that the presence of the claudin-3/-4 on the cell

membrane is essential to promote c-CPE-NP internalization (Fig.

3C). Fluorescencemicroscopy was used to confirm the expression

of the GFP within the tumor cells transfected with the CMV GFP

c-CPE-NP (Fig. 3D and E).

p16 DT-A c-CPE-NPs are highly cytotoxic in vitro

We then evaluated the cytotoxic effect of p16 DT-A c-CPE-NP

against chemotherapy-resistant ovarian tumor cells. As shown

in Fig. 4, c-CPE-NP showed higher cytotoxic effect than uncon-

jugatedNP and scr-NPwhen incubatedwithOSPCARK-1 ovarian

tumor cells for 72 hours (% cytotoxicity:mean � SD ¼ 9.5 �

15.04, 19.1� 9.42, and 40� 12.35 for unconjugated NP, scr-NP,

and c-CPE-NP, respectively; P ¼ 0.02 for unconjugated NP vs.

c-CPE-NP and P ¼ 0.04 for scr-NP vs. c-CPE-NP). No significant

difference in cell toxicity was found between p16 DT-A c-CPE-NP

and CMV DT-A c-CPE-NP. This confirms data obtained after

transfection of cells with the nude plasmids and suggests that

ovarian tumor cells are extremely sensitive to the cytotoxic effect

of the DT-A (Fig. 4). Consistent with the results obtained with

CMV GFP c-CPE-NP, extremely low toxicity was reported follow-

ing incubation of HOSE with c-CPE-NP.

c-CPE-NPs are highly efficient in transfecting ovarian cancer

cells in vivo

In the current study, intravenous administration of the c-CPE-

NP was initially attempted in tumor-bearing SCID mice. How-

ever, low concentrations (i.e., 500 mg) of c-CPE-NP injected

intravenously caused massive thrombosis in the pulmonary

vasculature. This high toxicity was not surprising considering

the cationic nature of our NPs (zeta potential �30 mV; Sup-

plementary Table S3), which confers a strong tendency to

aggregate when resuspended in injectable volumes of solvent

(28). A way to potentially avoid this effect would be to perform

a continuous and slow infusion of the particles using drug

delivery pumps. This approach, although widely utilized in

clinical practice for the intravenous delivery of therapeutics in

patients (29, 30), is challenging in preclinical models and has

been successful only for subcutaneous or intraperitoneal deliv-

ery of drugs in mice (31, 32). Accordingly, we chose to inject

NPs intraperitoneally. This route of administration has been

shown to be highly effective for the delivery of chemotherapy in

ovarian cancer patients. Moreover, intraperitoneal delivery of

suicide gene therapy by biodegradable poly(b-amino ester)

Figure 1.

p16 expression and activity in ovarian tumors. A, p16 mRNA is expressed at

moderate to high levels byqRT-PCR inmore than 80%of the fresh ovarian tumor

samples tested.B,Activity of the p16 promoter following transfection of primary

chemotherapy-resistant ovarian cancer cells with the p16 LUC plasmid.

Luciferase activity was tested 48 hours after transfection as described in

Materials and Methods. Data are presented as relative light units (RLUs)

normalized on the activity found in lysates of cells transfected with the empty

plasmid chosen as the control. C, Cytotoxicity assay results following

transfection of OSPC ARK-1 and CC ARK-1 primary chemotherapy-resistant

ovarian cancer cells with the p16 DT-A plasmid. Data are presented as the

percentage of cytotoxicity normalized to controls (i.e., cells transfected with the

empty plasmid considered 100% viable). CMV DT-A plasmid was used as a

positive control.
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polymers has already been shown to be efficacious in the

treatment of ovarian cancer xenografts (15).

To assess whether the c-CPE-NPs were able to accumulate into

ovarian tumors, 1 mg of c-CPE-NP encapsulating the NIR790 dye

were injected intraperitoneally in tumor-bearing mice. At differ-

ent time points (i.e., 3, 12, 24, 96, and 144 hours), animals were

imaged using an In-Vivo imaging system (Bruker). As shown in

Supplementary Fig. S2, c-CPE-NPs were able to rapidly accumu-

late into ovarian tumors and to persist at the tumor site for up to

96 hours after NP injection. Next, to evaluate whether c-CPE-NPs

were also able to transfect ovarian tumor cells in vivo, 2.5 mg of

c-CPE-NPs encapsulating the CMV GFP plasmid labeled with the

Cy5 fluorescent dye (red fluorescent signal) were injected intra-

peritoneally in xenografts derived from the OSPC ARK-1 primary

chemotherapy-resistant cell line. At different time points, mice

were sacrificed, organswere excised, and redfluorescent signalwas

visualized ex vivo on the tumors as well as on control mice organs,

including kidney, spleen, liver, and lungs.

As shown in Fig. 5A and B, tumor fluorescence peaked 12 hours

after injection with NPs and was found to be significantly higher

than background fluorescence detected in healthy tissues and in

tumors excised from noninjected mice (P ¼ 0.007). These results

suggest a specific uptake of the c-CPE-NPs by ovarian cancer cells

and indicate that c-CPE-NPs are capable of delivering DNA

specifically to chemotherapy-resistant ovarian tumor cells in vivo.

These data also suggest that c-CPE-NPs are transported to the

bloodstream through the peritoneal lymphatic system and are

able to reach tumor sites prior to clearance by the reticuloendo-

thelial system (33–35). We believe that the relatively long reten-

tion of the c-CPE-NP in vivo may be due to the presence of the

polyethylene glycol (PEG) in the particles coating polymer that

has been shown to significantly reduce particles uptake bymacro-

phages (36). Importantly, the time required for the c-CPE-NP to

deliver DNA to ovarian tumors (8–12 hours; Fig. 5A and B)

corresponded to the time of the burst release of DNA from the

c-CPE-NP, whichwas evaluated in our DNA release profile experi-

ments (12–72 hours; Fig. 2B; Supplementary Fig. S1; Supplemen-

tary Table S3). These findings suggest that the majority of the

therapeutic DNA will be released from the c-CPE-NPs once

particles are internalized into the targeted ovarian tumor cells.

To evaluate whether the successful delivery of DNA also

resulted in the transfection of tumor cells in vivo, immunofluo-

rescence was used to visualize GFP-expressing cells on tumor

slides derived from mice treated 12 hours before with the c-CPE-

NP encapsulating the CMV GFP labeled with the Cy5 dye. As

representatively shown in Fig. 5C (bottom), the majority of cells

in which the DNA was successfully delivered by the c-CPE-NP

(Fig. 5C, bottom, red image) also expressedGFP (Fig. 5C, bottom,

green and merge images). Tumors excised from noninjected

control mice were visualized using the same parameters to eval-

uate tissue autofluorescence (Fig. 5C, top). These data confirmed

the in vitro results and suggest that the c-CPE coating confers a high

tumor-targeting specificity to the delivery system presented here.

p16 DT-A c-CPE-NPs are effective in inhibiting ovarian tumor

growth in vivo

Finally, the therapeutic potential of p16 DT-A c-CPE-NP was

tested in xenografts derived from the primary chemotherapy-

resistant ovarian cancer cell line OSPC ARK-1. During the ther-

apeutic portion of this study, multiple (n ¼ 8) intraperitoneal

injections of particles were administered due to the relatively low

DNA loading into the c-CPE-NP (3.37 � 0.75 mg/mg

particles; Fig. 2B; Supplementary Table S3). This strategy allowed

for the delivery of a total dose of DNA to the tumor that has been

previously described to be in the therapeutic range in gene therapy

studies (between 50 and 100 mg; refs. 37, 38).

As shown inFig. 6A andSupplementary Fig. S3, the treatment of

xenografts with p16 DT-A c-CPE-NP was highly effective in

reducing tumor growth and significantly increasedoverall survival

when compared with control groups, including mice treated with

Figure 2.

Particle characterization. A,

Representative SEM micrographs

depicting scr-NP (left) and c-CPE-NP

(right) encapsulating the CMV GFP

plasmid (CMV GFP scr-NP and CMV

GFP c-CPE-NP, respectively). B,

Release of plasmid DNA over a 1-week

period fromCMVGFP scr-NP (left) and

CMV GFP c-CPE-NP (right). Both

particle formulations showed an initial

slow release of the DNA followed by

a burst between 12 and 72 hours of

incubation in PBS at 37�C.
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the vehicle and mice treated with c-CPE-NP encapsulating the

empty plasmid (tumor volume at day 20 after first injection:

mean� SEM¼ 0.46� 0.06, 0.41� 0.043, and 0.26� 0.047 cm3

in the vehicle group, in the c-CPE-NP encapsulating the empty

plasmid group and in the p16DT-A c-CPE-NP group, respectively;

P¼ 0.029 for the vehicle vs. the experimental group and P¼ 0.041

for the NP control vs. the experimental group). Importantly,

the treatment of mice with the c-CPE-NP encapsulating the

empty plasmid did not result in tumor growth inhibition when

compared with the vehicle-treated mice, suggesting that the
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Figure 3.

c-CPE-NP transfection efficiency in vitro. A,

Representative flow cytometry plots depicting the

percentage of positive cells for GFP expression

following incubation of OSPC ARK-1 ovarian tumor

cells with 1,000 mg/mL of unconjugated NP, scr-NP,

or c-CPE-NP encapsulating the CMV GFP plasmid for

72 hours. c-CPE-NPs were significantly more efficient in

transfecting tumor cells when compared with

unconjugated NP and scr-NP. B and C, Quantification of

flow cytometry data following incubation of OSPC

ARK-1 ovarian tumor cells and claudin-3 and -4 negative

HOSE cells with 500 or 1,000 mg/mL of unconjugated

NP, scr-NP, or c-CPE-NP encapsulating the CMV GFP

plasmid for 72 hours. D and E, Fluorescence microscopy

images confirmed the expression of GFP within the

OSPC ARK-1 ovarian tumor cells (E). Unstained cells

imaged using the same protocol as a control for cell

autofluorescence (D).
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therapeutic effect observed in the experimental group was spe-

cifically due to the activity of p16 DT-A. Furthermore, no signif-

icant weight loss or major organ toxicity at the time of a full,

detailed gross necropsy was reported in any of the treated groups,

suggesting extremely low in vivo intrinsic toxicity of the c-CPE-NP

(Fig. 6B, P > 0.05).

Discussion

Ovarian cancer remains the most lethal gynecologic malignan-

cy in the United States and Europe (1). In this study, we synthe-

sized and characterized a blend of PBAE/PLGANPsmodifiedwith

the carboxy-terminal domain of CPE (c-CPE-NP), and we tested

their efficacy in delivering suicide gene therapy selectively to

chemotherapy-resistant ovarian cancer cells in vitro as well as

in vivo. As therapeutic DNA, we encapsulated in the c-CPE-NP a

plasmid encoding for the DT-A under the transcriptional control

of the p16 promoter.

High transfection capacity is essential for the effectiveness of a

DNA delivery system. In a recent study by Mangraviti and collea-

gues, PBAE-based NPs encapsulating DNA encoding for the

herpes simplex virus type I thymidine kinase (HSVtk) were

synthesized and used in combination with ganciclovir (a prodrug

activated by the HSVtk enzyme) for the treatment of brain tumor.

When the immortalized F98 and 9L glioma cells were treatedwith

these particles, 100% of cell killing was achieved, indicating an

Figure 4.

Cytotoxic effect of c-CPE-NP encapsulating the p16 DT-A

plasmid on ovarian tumor cells in vitro. OSPC ARK-1 ovarian

tumor cellswere incubatedwith 500mg/mLof unconjugated

NP, scr-NP, or c-CPE-NP encapsulating the p16DT-Aplasmid

for 72 hours in complete medium. After incubation, cells

were counted using the Trypan blue exclusion test as

described in Materials and Methods. c-CPE-NP induced a

significantly higher cytotoxic effect when compared with

unconjugated NP and scr-NP. A similar toxic effect was

observed following incubation of tumor cells with c-CPE-NP

encapsulating the CMV DT-A plasmid (i.e., positive control).

In contrast, no significant differences in cytotoxicity were

detected in HOSE cells (i.e., claudin-3 and -4 negative).
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Figure 5.

c-CPE-NP transfection efficiency in vivo in ovarian tumor cells. SCID mice harboring subcutaneous OSPC ARK-1 xenografts were injected intraperitoneally with

2.5 mg of c-CPE-NP encapsulating the CMV GFP plasmid labeled to the Cy5 dye. Mice were sacrificed at different time points and organs, including kidney,

liver, spleen, lungs, and tumors (labeled from 1 to 5, respectively) were excised for histologic examination and visualization using an In-Vivo FX-PRO imaging system

(excitation/emission: 550/635 nm; exposure time, 10 seconds). A and B, Tumors fluorescence peaks at 12 hours after particles' injection and is significantly

higher than fluorescence detected in healthy organs or tumors excised from control (i.e., noninjected) mice (B; P¼ 0.007). C, Fluorescence microscopy images on

tumor slides excised from mice 12 hours after treatment with c-CPE-NP encapsulating the CMV GFP plasmid labeled with the Cy5 dye. Most of the cells in

which the DNA was successfully delivered by the c-CPE-NP (bottom, red image) also expressed GFP (bottom, green and merge images). Tumors excised

from noninjected control (CTRL) mice were visualized using the same parameters to evaluate tissue autofluorescence (top).
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extremely high transfection efficiency of the delivery system (39).

Here, we show that the treatment of ovarian tumor cells with p16

DT-A c-CPE-NP induced up to 40%of cell death, suggesting lower

transfection efficiency in our human system. However, several

studies reported that primary tumor cells (i.e., OSPC ARK-1 and

CC ARK-1) are transfected with much less efficiency than immor-

talized cell lines, regardless of the transfection techniqueused (i.e.,

Lipofectamine 2000, FuGENE HD, or electroporation; refs. 40–

42). Moreover the high cell mortality found by Mangreviti and

colleagues was also partially influenced by the well-described

bystander effect that characterizes the inducible HSVtk/GCV sys-

tem (43). Taken together, these data using primary human tumors

suggest that p16 DT-A c-CPE-NPs are highly efficient in killing

chemotherapy-resistant ovarian cancer cells in vitro.

Importantly, we further showed that c-CPE-NPs are also able to

efficiently transfect tumor cells in vivo within few hours after

injection and that treatment of tumor-bearing mice with p16

DT-A-c-CPE-NP results in a significant inhibition of tumor growth.

Low transfection efficiency and high toxicity are the major

obstacles in gene therapy systems. PBAE polymer-blend NPs have

already been reported to have a high transfection capability and a

strong safety profile when injected locally (i.e., intracranial

administration through convection-enhanced delivery; ref. 39).

Accordingly, our data demonstrate that intraperitoneal injection

of the c-CPE-NP resulted in the transfection of ovarian tumor cells

in vivo without causing any evident signs of toxicity. Consistent

with previous reports, once injected intraperitoneally, it is

thought that c-CPE-NP can reach the lymphatic vasculature and

subsequently be introduced in the bloodstream (33, 34). Because

of their small size (150 nm), the c-CPE-NPs can flow through the

capillary system and eventually reach the tumor (16). The in vivo

data presented here clearly indicate that the amount of DNA

successfully delivered to the tumor cells by the c-CPE-NPs was

sufficient to obtain a therapeutic effect.

Our preclinical results were obtained using a primary clear cell

ovarian cancer cell line (i.e., CC ARK-1) with a partial loss of TP53

function (i.e., loss of heterozygosity) and a primary high-grade

serous ovarian cancer cell line (i.e., OSPC ARK-1) harboring a

wild-type p53 genebyWES (Materials andMethods). Althoughno

significant differences in transfection efficiency and plasmid

expression were detected in the p53-mutated versus p53wild-type

cell lines using c-CPE-NP encapsulating the DT-A plasmid under

the transcriptional control of the p16 promoter, as missense or

activating p53mutations are identified in a large number of high-

grade serous ovarian cancers, our results with OSPC ARK-1 may

not be representative of the majority of ovarian serous carcino-

mas. Additional experiments with serous ovarian cancer cell lines

that carry p53 mutations are therefore warranted.

In conclusion, we developed a novel dual-targeting system for

the delivery of suicide gene therapy selectively to chemotherapy-

resistant ovarian cancer cells in vitro as well as in vivo. The presence

of c-CPE peptide on the surface of the PBAE/PLGA particles

allowed specific binding to the claudin-3/-4 receptors, which are

highly differentially expressed in ovarian cancer cells. Important-

ly, the functionalization of the NP transporting the lethal DT-A

plasmid in combination with the transcriptional control of the

Figure 6.

c-CPE-NPs encapsulating the p16 DT-A plasmid are

effective in inhibiting ovarian tumor growth in vivo.

Mice harboring subcutaneous OSPC ARK-1–derived

chemotherapy-resistant ovarian cancer were

treated intraperitoneally with multiple doses of

c-CPE-NP encapsulating the p16 DT-A plasmid

starting 1 week after tumor implantation. Tumor

sizes and mouse weights were monitored over the

course of the entire experiment twice a week. A,

Treatment ofmicewith c-CPE-NP encapsulating the

p16 DT-A plasmid significantly reduced tumor

growth compared with controls (Ctrl), including

mice injected with the vehicle (i.e., PBS) and mice

treated with the same doses of c-CPE-NP

encapsulating the empty plasmid. B, No significant

major organ toxicity or weight loss in mice was

reported over the entire course of the study.
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DT-A expression by the p16 promoter (i.e., a promoter specifically

active in ovarian cancer cells) ensured the strong therapeutic

efficacy and the high safety profile of this novel treatment modal-

ity. To our knowledge, this report represents the first preclinical

evidence of a successful c-CPE–based dual-targeting gene therapy

approach for the treatment of chemotherapy-resistant ovarian

cancer in vitro and in vivo. Importantly, if the CPE-based DNA

delivery system described here is proven successful in the treat-

ment of ovarian cancer patients in clinical trials, it may have far-

reaching effects for the field of oncology because it may also be

considered for the experimental treatment of multiple other solid

tumors found to overexpress claudin-3/-4, including pancreatic,

breast, and prostate cancers (44–47).
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