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Abstract

Cancers originating from digestive system account for 290,000 or ~20% of all new cancer cases

annually in the US. We previously developed paclitaxel-loaded tumor-penetrating microparticles

(TPM) for intraperitoneal (IP) treatment of peritoneal tumors [1–3]. TPM is undergoing NIH-

supported IND-enabling studies for clinical evaluation. The present study evaluated the hypothesis

that TPM, via inducing apoptosis and expanding the interstitial space, promotes the delivery and

transfection of lipid vectors containing siRNA. The in vivo model was the metastatic human

Hs766T pancreatic tumor that, upon IP injection, produced widely distributed solid tumors and

ascites in the peritoneal cavity in 100% animals. The target gene was survivin, an anti-apoptotic

protein induced by chemotherapy and associated with metastases and poor prognosis of patients

with gastric and colorectal cancer. The siRNA carrier was pegylated liposomes comprising

cationic and neutral lipids plus a fusogenic lipid (PCat). PCat-loaded with survivin siRNA (PCat-

siSurvivin) was active in cultured cells (decreased survivin mRNA and protein levels, reduced cell

clonogenicity, enhanced paclitaxel activity), but lost its activity in vivo; this difference is

consistent with the well-known problem of inadequate delivery and transfection of siRNA in vivo.

In comparison, single agent TPM prolonged animal survival and, as expected, induced survivin

expression in tumors. Addition of PCat-siSurvivin reversed the TPM-induced survivin expression

and enhanced the antitumor activity of TPM. The finding that in vivo survivin knockdown by

PCat-siSurvivin was successful only when it was given in combination with TPM provides the

proof-of-concept that tumor priming promotes the delivery and transfection of liposomal siRNA.
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The data further suggest the TPM/PCat-siSurvivin combination as a potentially useful chemo-gene

therapy for peritoneal cancer.
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1. Introduction

Cancer originating from the digestive system, including cancers of the esophagus,

gallbladder, liver, bill duct, pancreas, stomach, small intestine, colon and rectum, accounts

for 290,000 new cases or about 20 percent of all newly diagnosed cancers annually in the

United States. Peritoneal carcinomatosis due to loco-regional spread is common and

presented with 10 to 30% of cases at the time of initial surgery [4,5].

The survival advantage of intraperitoneal (IP) therapy of peritoneal cancer was first

demonstrated 17 years ago and has since been confirmed in multiple clinical trials [6–11].

However, several difficulties, including local toxicity and ineffectiveness against bulky

tumors, have prohibited IP therapy from becoming a common standard of care. To address

these problems, we developed paclitaxel-loaded tumor penetrating microparticles (TPM).

TPM comprises two components, one component releases the drug rapidly to produce tumor

priming (i.e., induce apoptosis and thereby expand the interstitial space) to promote the

transport of the remaining microparticles and the second component releases the drug slowly

to provide sustained drug exposure [12,13]. Studies in mice with metastatic IP pancreatic

and ovarian tumors show superior delivery and activity of TPM compared to the intravenous

paclitaxel solutions used off-label in previous IP studies [1–3]. Based on its promising

preclinical activity, TPM is currently undergoing NIH-supported IND-enabling studies, in

preparation for clinical evaluation.

We have since made several observations that suggest it may be possible to further improve

the efficacy of IP TPM. We found that tumor priming using either paclitaxel or TPM

enhances the delivery and efficacy of doxorubicin-loaded liposomes (85 nm diameter given

intravenously), the penetration and dispersion of fluorescent latex beads (2 μm diameter

given IP) in peritoneal tumors, and the penetration and dispersion of siRNA-loaded cationic

liposomes in 3-dimensional tumor cell spheroids and tumor histocultures [1,13,14]. Based

on these observations, we hypothesized that TPM can be used to promote the delivery of

siRNA vectors.

siRNA produces post-transcriptional gene silencing and represents a promising approach to

reverse the chemotherapy-induced upregulation of chemoresistance genes. Its therapeutic

potential is indicated by the demonstration of gene silencing in patients with melanoma [15].

siRNA, typically comprising 20–27 nucleotides, has high negative surface charge that is

unfavorable for cellular uptake. A popular siRNA carrier is cationic liposome that forms

multilamellar structures with the anionic siRNA upon mixing; the resulting lipoplex protects
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siRNA from degradation and facilitates cellular uptake. Lipoplex, however, are relatively

large in size (e.g., >100 nm diameter) which may impede effective delivery in vivo [16–18].

The present study evaluated whether TPM promotes the delivery of lipid vectors containing

siRNA and whether the efficacy of TPM is enhanced by combining it with siRNA targeting

the anti-apoptotic survivin. Survivin was selected because (a) it is highly and selectively

expressed in a majority of human cancers including gastric and colorectal cancer and

peritoneal metastases, compared with most differentiated adult normal tissues including liver

[19–25], (b) high survivin expression is correlated with more extensive peritoneal

metastases (depth of invasion, lymph node metastasis) and shorter overall survival of

patients with gastric and colorectal cancer [26–29], (c) high level survivin expression

correlates with chemo/radio-resistance in multiple tumor types and its inhibition enhances

cell death induced by chemo/radio-therapy [30,31], and (d) paclitaxel induces survivin

expression whereas survivin siRNA (siSurvivin) significantly increases paclitaxel-induced

cell death [32].

The present study used pegylated cationic liposomes (PCat) as siRNA carrier and measured

the effectiveness of in vivo delivery and survivin knockdown in a metastatic IP pancreatic

human H766T xenograft tumor model. This model was selected due to its relative ease; IP

injection of Hs766T cells produced carcinomatosis and ascites in the peritoneal cavity, and

deaths in 100% animals with median survival time (MST) of 24 days post-implantation [3].

2. Materials and methods

2.1. Chemicals and reagents

Poly-lactide-co-glycolide (PLGA) polymers were purchased from Boehringer Ingelheim

(Ingelheim, Germany), paclitaxel from Hande Tech (Houston, TX), lipids (1,2-dioleoyl-3-

trimethylammoniumpropane or DOTAP, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine or

DOPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene

glycol)-2000] or DSPE-PEG, cholesterol) from Avanti Polar Lipids, Inc. (Alabaster, AL,

USA), cefotaxime sodium from Hoechst-Roussel (Somerville, NJ), poly(vinyl alcohol) or

PVA from Sigma Chemical (St. Louis, MO), chromatography solvents from Fisher

Scientific (Fair Lawn, NJ), gentamicin from Solo Pak Laboratories (Franklin Park, IL), and

all other cell culture supplies from Life Technologies (Grand Island, NY). Survivin siRNA

(siSurvivin, human specific, #6351), survivin monoclonal antibody (71G4B7E), and

caspase-3 polyclonal antibody (#9661) were purchased from Cell Signaling Technology

(Danvers, MA), survivin polyclonal antibody (C-19, sc-8807) from Santa Cruz

Biotechnology (Santa Cruz, CA), and Ki67 (MM1 clone) antigen kit from Novocastra Lab

(Newcastle, UK). All chemicals and reagents were used as received.

2.2. Preparation of TPM

TPM comprised two paclitaxel-loaded PLGA microparticles, i.e., Priming and Sustaining

TPM. The Priming TPM, which releases paclitaxel rapidly (70% of dose in one day under

sink condition [1]), was prepared using 50:50 LA:GA with an inherent viscosity of 0.12 dl/g

in chloroform. The Sustaining TPM, which releases paclitaxel slowly (1% of dose in one

day under sink condition [1]), was prepared using 75:25 LA:GA with an inherent viscosity
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of 0.39 dl/g in chloroform. Preparation of paclitaxel-loaded PLGA microparticles was as

previously described [1,2]. Briefly, PLGA and paclitaxel were co-dissolved in methylene

chloride and emulsified in PVA. After evaporation of methylene chloride, microparticles

were collected, washed and lyophilized. Particle size was determined using LS230 laser

diffraction particle size analyzer (Beckman Coulter, Brea, CA); the average volume-based

diameter was 4.8 μm. Blank PLG microparticles were prepared similarly, except without

paclitaxel.

2.3. Preparation of liposomes and lipoplex

PCat liposome comprised two neutral lipids (DOPE, cholesterol), one cationic lipid

(DOTAP), and one pegylated lipid (DSPE-PEG2000) at ratio of 50:30:19:1 of

DOTAP:Cholesterol:DOPE:DSPE-PEG. DOTAP provides the positive charge. Cholesterol

was used to increase the liposome stability. DOPE was used to increase the elasticity of the

liposome bilayer and to promote the fusion of liposome with cell membrane and with

endosomal membrane [33]. DSPE-PEG was used to provide stealth property and to improve

the in vivo stability of liposomes. Briefly, lipids were combined and dissolved in 9:1 v/v

mixture of chloroform and methanol (e.g., 10 mg lipids in 5 mL chloroform/methanol). The

organic phase was evaporated under nitrogen to yield a thin lipid film, which was dried

under vacuum in a desiccator for approximately 12 hr. The lipids were then hydrated with

RNase-free buffer (1 ml per 10 mg of lipids) at 60°C for 2 hr, with gentle vortexing every 20

min. The resulting liposomal suspension was passed through a liposome extruder with a 100

nm membrane to obtain liposomes of about 100 nm diameter.

siRNA lipoplex was formed by gently mixing liposomes with siRNA solution (between 2

μM to 10 μM) at room temperature, in a 1:4 siRNA-to-DOTAP charge ratio. Particle size

distribution and zeta-potential were measured using Zetasizer Nano ZS90 (Malvern,

Westborough, MA). Pilot studies showed that more than 90% of siRNA remained in the

PCat lipoplex after 24 hr.

The in vitro and in vivo toxicities of blank PCat carrier (no siRNA) or PCat-siRNA lipoplex

were compared to another cationic liposome that had been given to humans, i.e., 50:50

DOTAP:Cholesterol (referred to as DC liposomes [34,35]). DC liposomes were prepared

using the procedures described above.

2.4. Effect of paclitaxel on siRNA transfection in vitro

As TPM contains paclitaxel, we evaluated whether paclitaxel affected the siRNA

transfection in human pancreatic Hs766T cells (gift from Dr. Byoungwoo Ryu, John

Hopkins Medical Institute, Baltimore, MD). Cells were maintained in DMEM medium

containing 10% fetal bovine serum, 2 mM L-glutamine, antibiotics (90 μg/ml gentamicin

and 90 μg/ml cefotaxime sodium, or 100 units/mL penicillin and 100 ug/mL streptomycin),

at 37°C in a humidified atmosphere with 5% CO2. All transfections were carried out in

nearly confluent cultures (over 80% confluence); this was to align with the cell density

found in vivo.
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Cells were treated with vehicle (0.1% ethanol), paclitaxel, PCat loaded with survivin siRNA

(PCat-siSurvivin), paclitaxel plus PCat loaded with non-target siRNA (PCat-siNT), or

paclitaxel plus PCat-siSurvivin. The study used 10 nM paclitaxel, which was near its IC50 in

the clonogenicity assay (see Results). Antitumor activity was measured using the clonogenic

assay (cells seeded 24 hr post-siRNA treatment; colonies counted 10 day later). Survivin

mRNA and protein levels were measured using RT-PCR and western blot, respectively.

Briefly, total RNA was extracted using the Rneasy Plus Mini Kit (Qiagen, Valencia, CA),

and reversed transcribed to cDNA using qScript cDNA SuperMix (Quanta Biosciences,

Gaithersburg, MD). Real-time RT-PCR (triplicate samples, 5 μL cDNA per reaction) was

performed with PerfeCTa® MultiPlex qPCR SuperMix (Quanta Biosciences) in CFX96

Real-Time PCR Detection Systems (Bio-Rad, Hercules, CA). The prime probe sets

(Integrated DNA Technologies) used were: survivin, forward: 5’ –

CAACCGGACGAATGCTTTT – 3’; reverse: 5’ – AAGAACTGGCCCTTCTTGGA – 3’;

probe: 5’ – /5HEX/CCAGATGAC/ZEN/GACCCCATAGAGGAA/3IABkFQ/ - 3’;

GAPDH, forward: 5’ – AATCCCATCACCATCTTCCAG – 3’; reverse: 5’ –

AAATGAGCCCCAGCCTTC – 3’; probe: 5’ – /5Cy5/

CCAGCATCGCCCCACTTGATTTT/3IAbRQSp/ – 3’. The multiplex thermal reaction

program was: 3 min at 95°C, 40 cycles of 15 sec at 95°C and 1 min at 61°C. Survivin

mRNA expression relative to GAPDH control expression was calculated using the ΔΔCt-

method [36]. For protein analysis, cells were collected and lysed, and protein concentrations

were measured using BCA kit (Thermo Fisher, Rockford, IL). Cell lysates were run on a

Bolt 12% Bis-Tris Plus Gel (Life technologies, Carlsbad, CA). The gel was then transferred

to a nitrocellulose membrane using the Trans-blot Turbo Transfer System (Bio-Rad). Blots

were probed with survivin and β-actin primary antibodies. The secondary antibody was a

HRP-conjugated anti-rabbit antibody. Chemiluminescence was detected and the band

intensity analyzed using BioRad Molecular Imager ChemiDoc XRS. Protein levels were

normalized to β-actin loading control.

2.5. Toxicity of DC and PCat liposomes in vitro and in vivo

The in vitro cytotoxicity of blank PCat and DC liposomes (i.e., no siRNA) was studied in

three human cancer cell lines: ovarian SKOV3, breast MCF7 and prostate PC3, using the

microtetrazolium assay [37]. The in vivo toxicity used PCat or DC liposomes containing

survivin siRNA, and was studied in immunocompetent CD1 mice (female, 6–8 weeks old;

Charles River, Wilmington, MA). Animals were cared in accordance with institutional

guidelines. Anesthesia was attained using inhalation Isoflurane® (diluted to 15% in light

mineral oil, Abbott Lab, North Chicago, IL), and animals were euthanized using an

Isoflurane® overdose. Mice were given intravenous injection of lipoplex via the tail vein;

the survivin siRNA dose was 1 nmole and the amount of DOTAP was 12 mg. On day 7 after

dosing, liver function tests (i.e., alanine aminotransferase (ALT) and aspartate

aminotransferase (AST) levels) were performed, and the spleen weight/size was determined.

2.6. In vivo antitumor activity

The antitumor activity study used human xenograft tumors implanted in immunodeficient

athymic Nu/Nu mice (female, 6–8 weeks old; Charles River). We used the metastatic IP

Hs766T pancreatic tumor model described earlier [1,2]. Briefly, IP implantation of tumor
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cells (20 millions) resulted in multiple solid tumor nodules throughout the peritoneal cavity

and/or aggregates of tumor cells in ascites fluid and death in 100% animals.

Treatments were initiated 10 days after tumor implantation, or at approximately 40% of

MST of control animals. All treatments were administered by IP injections, between 10:00

am-3:00 pm. TPM were suspended in 0.01% Tween 80 in physiological saline. Animals

were given a single TPM dose (80 mg/kg paclitaxel, 1:1 ratio of Priming and Sustaining

TPM; injection volume was 0.033 ml/g body weight). PCat-siSurvivin containing 1 nmole

survivin siRNA (0.5 ml/mouse per dose) was administered twice at 72 and 120 hr post-TPM

administration. A pilot study in mice (n=3) established that PCat-siNT, given intravenously,

had no pharmacological effect on survivin expression, cell proliferation or apoptosis, or

animals, and was not further studied. Animals were randomized according to body weight

into four treatment groups: (a) blank TPM (without paclitaxel) plus blank PCat liposomes;

(b) blank TPM plus PCat-siSurvivin; (c) TPM plus blank PCat liposomes; (d) TPM plus

PCat-siSurvivin.

The study used TPM containing 80 mg/kg paclitaxel-equivalent (40 mg/kg each for Priming

and Sustaining TPM). This TPM dose was selected because our earlier studies have shown

that 40 mg/kg Priming TPM promoted the penetration of fluorescent latex beads (2 μm

diameter) into peritoneal tumors [1].

Treatment efficacy was measured as increase in life span (ILS) relative to untreated controls.

ILS was calculated as (MSTtreated group-MSTcontrol group) divided by MSTcontrol group ×
100%, where MST, median survival time, was expressed in days post-treatment. Tumor-free

cures refer to animals that did not show tumor nodules in the peritoneal cavity on the last

study day which was 240 days (250 days post-implantation), or 14-times the MST of

controls. Moribundity was indicated by slowing or loss of righting reflex and inability to eat

or drink. In addition, ascites development led to an increase in body weight with abdominal

distension. Moribund-mice or mice with weight gain of 20% over one week or when the

weight exceeded 130% of the initial value with visible abdominal swelling, indicative of

ascites fluid build-up, were euthanized.

Post-mortem autopsy was performed. Deaths that occurred within 10 days post-treatment

and accompanied by significant body weight loss (>15%) were considered toxicity-related

deaths. Deaths that occurred at later times and were accompanied by the presence of tumors

and ascites in the peritoneal cavity were considered due to disease progression.

2.7. In vivo cellular and molecular pharmacodynamic endpoints

We studied the effects of TPM, alone or in combination with PCat-siSurvivin, on survivin

expression, apoptosis and proliferation. Tumor nodules were excised, fixed with 10%

formalin, processed, embedded in paraffin, and cut into 6 μm histologic sections. Tumor

sections were analyzed for total survivin levels, apoptotic cells (caspase 3 staining), and

proliferating cells (Ki67 staining) using previously described immunohistochemical methods

[38]. Briefly, paraffin-embedded tumor sections were deparaffinized, rehydrated, and boiled

in 10 mM sodium citrate buffer (pH 6) for 15 min for antigen retrieval. After washing,

quenching of endogenous peroxidase activity with 3% hydrogen peroxide for 5 min, and
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blocking with 10 mg/ml bovine serum albumin, tissue samples were incubated with primary

antibody (1:500 dilution for Ki67, 1:200 dilution for survivin, and 1:100 dilution for

caspase-3) at room temperature for 2 hr, followed by incubation with biotinylated secondary

antibody for 30 min and then with streptavidin-peroxidase complex for 30 min. 3,3’-

Diaminobenzidine was the chromogen. The histological sections were counterstained with

hematoxylin, dehydrated, and mounted using Permount® (Fisher). For negative controls, the

primary antibody was replaced with blocking reagent.

Microscopic fields (400× magnification) from the most intensively labeled areas of the

tumor were randomly selected. At least 6 microscopic fields per sample were analyzed. On

average, about 500 tumor cells were counted per sample for control groups, and about 200

cells for TPM-treated groups. The lower numbers in TPM-treated groups were due to their

smaller tumor size and lower cell density. For quantitative image analysis of survivin

expression levels in solid tumors, the integrated density or sum of all the pixels of survivin

staining was quantified using ImageJ software (NIH, Bethesda, MD), and normalized to the

total cell number in the same field.

2.8. Analysis of paclitaxel

Paclitaxel was measured using high performance liquid chromatography, as previously

described [1]. For paclitaxel in TPM, TPM were dissolved in methylene chloride and

analyzed without extraction. For paclitaxel in tumors, the excised tumors were rinsed free of

residual drug-containing peritoneal fluid using distilled water, blot dried, and homogenized

with ice-cold PBS; the homogenates were extracted with ethyl acetate using cephalomannine

as the internal standard. The stationary phase consisted of a cleanup column (Nova-Pak C8,

4 μm particle, 3.9 mm × 75 mm; Waters, Milford, MA) and an analytical column

(Bakerbond C18, 5 μm particle, 4.6 mm × 250 mm; Mallinckrodt Baker, Phillipsburg, NJ).

Samples were injected into the cleanup column and eluted with a mobile phase (37.5%

acetonitrile in water) at a rate of 1.0 ml/min. The analytical mobile phase (49% acetonitrile

in water) was passed through the analytical column at 1.2 ml/min. Paclitaxel was detected

by UV absorbance at 229 nm; the detection limit was 1 ng per injection.

2.9. Statistical Analysis

Survival data of different treatment groups were analyzed with the logrank and Wilcoxon

test, and Kaplan-Meier plot, using SAS (Cary, NC). Wilcoxon test emphasizes early

differences with more weight for early failures, while logrank test has equal weight to all

[39]. Differences in antitumor activity among multiple treatment groups were analyzed with

the Tukey test after ANOVA. For comparisons of in vitro drug activity and in vivo tumor

pharmacokinetics, differences between two treatment groups were analyzed using two-tailed

unpaired Student’s t-test. p values of less than 0.05 were considered statistically significant.

To our knowledge, previous studies on protein or mRNA knockdown, while typically

describing the % decrease on multiple time points, did not provide analysis of the duration

of knockdown that is statistically significant compared to, e.g., untreated controls (see

examples in [40,41]). We used the following method to establish the duration of knockdown

of mRNA and protein expression; this was defined as the duration over which the levels in

control and treated groups were separated by at least one 95% confidence interval (CI).
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First, we obtained the standard-error-of-the-mean (SEM) values of 3 repeated experiments

of protein or mRNA levels. Plotting the SEM values against the respective protein or mRNA

levels showed increasing SEM with increasing protein or mRNA levels; the best-fitting

linear equation was then used to interpolate the representative SEM for each protein or

mRNA signal. Next, we constructed bands with width of ½ * 95% CI for individual data

points. For example, for n of 3 per time point, the 95% CI was 4.30 * SEM and the band

width was 2.15 * SEM. These procedures yielded mRNA or protein levels with their

corresponding CI bands, for untreated control and siRNA-treated groups (see Figure 3). The

duration over which the bands for the control and treated groups were separated, determined

graphically, represented the duration of significant mRNA/protein knockdown.

3. Results

3.1. Characterization of liposomal siRNA

Figure 1 shows the size and surface charge (zeta potential) of PCat- and DC-liposomes and

their lipoplex with siSurvivin. Blank liposomes were stable at 4°C, with no significant

changes in particle size and zeta potential after two months. Upon mixing with siRNA, the

respective particle size increased from 109±1.3 to 221±1.7 nm and from 111±0.3 to 209±4.8

nm, and the zeta potential reduced from 66±1.7 to 47±3.0 mV and from 75±4.3 to 54±2.4

mV for PCat- and DC-liposomes, respectively (mean±SD, n=3 experiments).

Figure 2 compares the in vitro and in vivo toxicity of blank PCat- and DC-liposomes, alone

or with siSurvivin. Blank PCat-liposomes were consistently less toxic in three human cancer

cells (>10-fold lower). In immunocompetent CD1 mice, PCat-siSurvivin did not alter the

liver function and did not cause spleen enlargement (p>0.1), whereas DC-siSurvivin RNA

treatment significantly reduced liver function and enlarged the spleen (p<0.05).

3.2. Transfection and antitumor activity of PCat-siRNA in cultured cells

The transfection efficiency of PCat-siSurvivin was measured by monitoring the survivin

mRNA and protein levels and the treatment-induced cytotoxicity. The effect of paclitaxel,

the active pharmaceutical ingredient in TPM, was also studied. The study comprised three

control groups (culture medium, blank PCat vector, PCat-siNT) and the PCat-siSurvivin

treated group, with or without paclitaxel treatment (total of 8 groups).

Figure 3 shows the survivin mRNA and protein levels. In general, the control groups (total

of six) were indistinguishable; the average mRNA levels showed time-dependent

fluctuations over 78 hr of between 70–120% of the baseline level whereas the average

protein levels showed greater fluctuation of between 60–170% (Figure 3A).

To facilitate inter-group comparison, the data in the three control groups within each of the

two arms of with or without paclitaxel were combined to construct the average mRNA/

protein levels and the corresponding 95% confidence intervals (Figure 3B). The averaged

control data were compared with the data in the PCat-siSurvivin treated group. The

comparisons showed that PCat-siSurvivin significantly suppressed the mRNA level,

beginning at 2 hr. The maximum reduction of 60–75% was maintained between 6 to 16 hr,

followed by gradual recovery to the pretreatment level at 78 hr. The only difference due to
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paclitaxel co-treatment was a slightly shorter duration of statistically significant mRNA

suppression compared to without paclitaxel (24 vs. 40 hr). Changes in survivin protein levels

generally mirrored changes in mRNA levels. The PCat-siSurvivin-treated group showed

significantly reduced protein levels, beginning at 5 hr. The maximum reduction of 45–65%

was maintained between 12–22 hr, followed by recovery to the pretreatment level at 54 hr.

Similar to the observation for the mRNA level, the paclitaxel co-treatment yielded a slight

shorter duration of statistically significant protein knockdown compared to without

paclitaxel (25 vs. 30 hr).

With respect to antitumor activity, single agent PCat-siNT had no effect on clonogenicity,

whereas single agent PCat-siSurvivin yielded a slight but statistically significant inhibition

(14±2%) (Figure 3C). In comparison, single agent paclitaxel was more effective (45±3%

inhibition), and the combination of paclitaxel and PCat-siSurvivin was the most effective

(74±4% inhibition). The above data collectively indicate PCat-SiSurvivin produced survivin

knockdown and inhibited the clonogenicity of tumor cells in vitro.

3.3. Effect of TPM on PCat-siSurvivin transfection in vivo

The transfection efficiency of PCat-siSurvivin in vivo was monitored by measuring the

treatment efficacy and protein levels in IP tumors.

Figure 4A shows the photographs of animals on day 11 after treatment. The control group

(blank TPM plus blank PCat) and the single agent PCat-siSurvivin group showed ascites

development (indicated by abdomen distension with 20% weight gain over 1 week). In

contrast, the TPM group showed substantially less ascites (i.e., less abdomen distension and

less weight gain). Adding PCat-siSurvivin to TPM nearly abolished ascites development.

Figure 4B shows the Kaplan-Meier analysis of animal survival. Both control and PCat-

siSurvivin groups showed MST of 17 days (27 days post-implantation), indicating PCat-

siSurvivin had no appreciable activity. In comparison, TPM alone significantly prolonged

the MST to 25 days (35 days post-implantation) with 47% of ILS. Adding PCat-siSurvivin

to TPM further increased MST to 52 days (62 days post-implantation) with 205% of ILS

(Wilcoxon p=0.03 and logrank p=0.06 compared to TPM). The TPM/PCat-siSurvivin

combination group yielded higher tumor-free cures (6/24 or 25%), compared to TPM alone

(2/25 or 8%); however, the difference is not significant (p=0.11, Chi square test).

Figure 5 shows the micrographs of tumors stained for total survivin, Ki67, and caspase 3,

and the corresponding quantitative image analysis results. Single agent PCat-siSurvivin had

no effect on these cellular and molecular endpoints. TPM significantly inhibited

proliferation, induced apoptosis, and enhanced the survivin protein level. The increased

survivin protein level is consistent with the literature reports that chemotherapeutic agents

including paclitaxel induce survivin expression [42–44]. These cellular and molecular

effects of TPM were maintained for at least 6 days. Addition of PCat-siSurvivin to TPM

significantly reduced the survivin protein level and significantly enhanced the TPM-induced

antiproliferation and apoptosis (p<0.05 for all three effects).

Wang et al. Page 9

J Control Release. Author manuscript; available in PMC 2015 March 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



With respect to treatment toxicity, single agent PCat-siSurvivin did not cause additional

body weight loss compared to untreated controls. TPM treatment resulted in a mild body

weight loss (<7%), as would be expected due to the known toxicity of paclitaxel. In

comparison, adding PCat-siSurvivin showed similar body weight loss as TPM and did not

enhance the toxicity of TPM (p=0.5).

3.4. Improved TPM activity was not due to the changes in tumor pharmacokinetics of
paclitaxel

Analysis of paclitaxel concentrations in tumor tissues showed no difference in in animals

receiving single agent TPM or the combination of TPM with PCat-siSurvivin (Figure 6).

This data indicates the improved efficacy was not due to increases in paclitaxel

concentrations in tumors.

4. Discussion

Cationic liposomes are popular siRNA carriers. The cationic lipid forms lipoplex with the

anionic siRNA and thereby improves siRNA stability and facilitates cellular binding and

internalization [18,45–47]. The current study used PCat, a 4-component, positively charged,

pegylated lipid siRNA vector. The pegylated DSPE was to provide stealth property in vivo,

the cationic DOTAP to achieve cellular internalization, and the fusogenic lipid (DOPE) to

destabilize the endosomal membrane and promote siRNA release. The design of PCat was

based in part on our previous study on the quantitative relationship between surface charge,

pegylation, and endocytosis; the results demonstrate (a) the cell membrane binding and

internalization of liposomes show a positive triphasic relationship with surface charge and a

negative biphasic relationship with pegylation (breakpoint at 2% pegylation), (b) the

negative consequences of pegylation were partially offset by increasing charge, and (c) the

equations to optimize liposome stealthness and internalization [48]. The selected PCat

contained 1% pegylated DSPE and had a positive surface charge with zeta potential of +66

mV (reduced to +47 mV upon complexing with siRNA). After complexation, PCat-

siSurvivin showed broader size distribution. This could be due to the presence of the

fusogenic lipid DOPE, as shown in an earlier study [49]. PCat was significantly less toxic

compared to another DOTAP-based liposome (50:50 DOTAP:cholesterol) that has been

safely administered to humans [34,35], both in cultured cells and in animals. The lower

toxicity of PCat is likely due to the inclusion of 1% DSPE-PEG2000, as shown in an earlier

study [50], and/or the lower surface cationic charge density.

The in vitro results show that PCat was an efficient siSurvivin carrier in cultured pancreatic

Hs766T cells, producing survivin mRNA and protein knockdown and reducing tumor cell

clonogenicity. However, under in vivo conditions, PCat-siSurvivin alone did not produce

protein knockdown in tumors and had no antitumor activity in animals. The lack of in vivo

activity of single agent PCat-siSurvivin in spite of its in vitro activity is consistent with the

well-known difficulty in delivering and achieving successful transfection of siRNA in solid

tumors in vivo (e.g., [14,18]).

In comparison, paclitaxel showed significant antitumor activity in cultured Hs766T cells,

and the paclitaxel-loaded TPM similarly was active in mice bearing IP Hs766T tumors.
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TPM induced survivin expression in tumors, as previously observed for paclitaxel [32,51].

In tumor-bearing animals, adding PCat-siSurvivin to TPM reversed the drug-induced

survivin upregulation, enhanced the apoptosis and antiproliferation drug effects in tumors,

and extended the survival time. Because single agent PCat-siSurvivin was inactive in vivo,

the enhanced activity for the TPM+PCat-siSurvivin combination indicates synergy, and the

ability of TPM to enable the survivin knockdown by PCat-siSurvivin in vivo indicates TPM

co-treatment improved the in vivo delivery and transfection of PCat-siSurvivin. The latter is

consistent with our previous finding that TPM, by producing tumor priming, promoted the

penetration of fluorescent latex beads (2 μm diameter) into peritoneal tumors whereas blank

particles had no effect [1].

Paclitaxel, a drug with broad spectrum activity, is used to treat multiple types of solid

tumors including ovarian, lung and breast cancer, but has not been used to treat

gastrointestinal cancers. On the other hand, results of a recently completed phase III trial

established that paclitaxel, in the form of albumin-stabilized paclitaxel nanoparticles

(Abraxane®) and given in combination with the standard-of-care gemcitabine therapy,

significantly prolonged the survival of chemo-naïve patients with metastatic pancreatic

cancer [52].

In summary, the synergy between TPM and PCat-siSurvivin provides the proof-of-concept

that TPM-mediated tumor priming improves the delivery and activity of siRNA therapeutics

in vivo, and supports the development of the combination of TPM and PCat-siRNA for IP

treatment of tumors that reside in the peritoneal cavity and show high survivin expression,

e.g., liver, gastric, colorectal, and pancreatic cancer [26–29,53].
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Abbreviations used

Blank TPM or
blank liposomes

microparticles or liposomes not loaded with drug or siRNA

DC liposomes comprising DOTAP:cholesterol in 50:50 ratio

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine

DOTAP 1,2-dioleoyl-3-trimethylammoniumpropane

DSPE-PEG 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000]

GA glycolide

ILS increase in life span

IP intraperitoneal

LA lactide
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MST median survival time

PCat liposomes comprising DOTAP:cholesterol:DOPE:DSPE-PEG in

50:30:19:1 ratio

PLGA poly(D,L-lactide-co-glycolide)

siNT non-target siRNA

siSurvivin survivin siRNA

TPM tumor penetrating microparticles loaded with paclitaxel

CI confidence interval

SEM standard error of the mean
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Figure 1. Characterization of liposomes and siRNA lipoplex
Top panel: DC liposomes and DC-siSurvivin lipoplex. Bottom panel: PCat liposomes and PCat-siSurvivin lipoplex. Solid lines:

liposomes. Dotted lines: lipoplex.

Wang et al. Page 16

J Control Release. Author manuscript; available in PMC 2015 March 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. In vitro and in vivo toxicity of liposomes and siRNA lipoplex
(A) In vitro toxicity. Monolayer cultured ovarian SKOV (diamond), breast MCF7 (circle), and prostate PC3 (triangle) cells were

treated with PCat (solid line) or DC (dashed line) liposomes for 6 hr, and cell viability was measured at 72 hr after treatment

using MTT assay (n=4). (B) Spleen weight. Immunocompetent CD1 mice were given intravenous injections of physiological

saline, PCat-siSurvivin or DC-siSurvivin (n=5 per group). The siSurvivin dose was 1 nmole and the DOTAP dose was 0.12 mg,

per injection. Spleen was removed 7 days after treatment and weighed. (C) Liver functions. Animals were treated as above.

Blood samples were obtained via cardiac puncture and liver function tests (i.e., alanine aminotransferase (ALT) and aspartate

aminotransferase (AST) levels) were performed.
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Figure 3. Effect of paclitaxel on PCat-siRNA transfection
HS766T cells (over 80% confluence) were treated with paclitaxel (10 nM) for 4 hr, followed by PCat-siSurvivin treatment for 6

hr. (A) Fluctuation of mRNA and protein levels in the control groups over time: vehicle or single agent paclitaxel (diamonds),

empty PCat vector (squares), PCat-siNT (triangles). 0 hr (indicated by vertical dashed line) refers to initiation of treatments.

Baseline samples were taken at 4 hr before initiation of treatment. (B) Effect of PCat-siSurvivin on survivin mRNA and protein

levels. The mean values of experimental data of the PCat-siSurvivin groups were compared to the combined results of the three

control groups shown in Figure 3A. Symbols are mean values of experimental data (3 experiments). Shaded areas are the 95%

confidence intervals of the experimental data. 0 hr (indicated by vertical dashed line) refers to initiation of treatments. (C) In

vitro antitumor activity was determined using clonogenic assay. The PCat-siSurvivin concentration was 100 nM. *p<0.01

compared to vehicle control or PCat-siNT control, without paclitaxel treatment (top panel). **p<0.01 compared to single agent

PCat-siSurvivin (top panel), and to single agent paclitaxel or paclitaxel+PCat-siNT combination (bottom panel).
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Figure 4. Antitumor activity in vivo
Antitumor activity was evaluated in immunodeficient mice bearing IP Hs766T human pancreatic xenograft tumors. All

treatments were administered by IP injections. Day 0 represents the day of treatment initiation, which corresponded to 10 days

post-tumor implantation. MST is expressed in days post-treatment. The total paclitaxel dose in TPM microparticles was 80

mg/kg (1:1 ratio of Priming and Sustaining TPM, see text). PCat-siSurvivin was administered in two doses (1 nM siRNA per

dose), at 72 and 120 hr after TPM. The control group received either blank liposomes (no siRNA) or blank microparticles (no

paclitaxel); the results were not different and were combined. (A) Photographs of animals obtained on day 11 after treatment.

(B) Kaplan-Meier curves. *p<0.01 (both log rank and Wilcoxon) compare to Control and siSurvivin. **p=0.03 (Wilcoxon) and

p=0.06 (logrank) compare to TPM.
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Figure 5. TPM enhanced functionality of PCat-siSurvivin in animal tumors on molecular and cellular levels
Immunodeficient mice were implanted with tumors and treated as described in the Figure 4 legend. Tumors were excised and

processed for immunohistochemical staining and quantitative image analysis of survivin, Ki67, and caspase-3. *p<0.05 between

TPM and TPM+PCat-siSurvivin combination.
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Figure 6. PCat-siSurvivin did not alter tumor pharmacokinetics of TPM
Animals were treated as described in Figure 4. Paclitaxel concentrations in tumor tissues were analyzed; the results showed no

difference in paclitaxel concentrations for animals receiving single agent TPM or the TPM+PCat-siSurvivin combination

(p=0.97, 0.50 and 0.60 for the 96, 120 and 144 hr samples, respectively).
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