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Abstract. The in vivo feasibility of the previously established
ID8 and IDS-VEGF ovarian cancer models for non-viral
IL-12 gene delivery by itself or in combination with paclitaxel
chemotherapy, was investigated in C57BL/6 black mice. The
syngeneic mouse ovarian epithelium (MOSE) cancer cell line
and its more aggressive variant, a VEGF-modified strain, were
used to perform these experiments. Tumor growth and survival
were observed in C57/BL6 mice, inoculated with both ID8
substrains. The superiority of IL-12 gene therapy in
comparison to conventional paclitaxel chemotherapy in terms
of tumor size and survival was demonstrated.

Epithelial ovarian cancer (EOC) is the fifth leading cause
of cancer death among women in the United States and
Northern and Western Europe (1). As the fourth leading
cause of death among all cancers of women in Western
countries, around 25,500 women were diagnosed with this
disease in the United States in 2004 (2). Despite high
response rates to cytoreductive surgery followed by
platinum-based chemotherapy, the relapse rate is high, and
consequently, for patients with advanced disease, the 5-year
survival rate is approximately 25% to 35% (3, 4). Therefore,
this tumor has the highest mortality rate among female
reproductive tract malignancies. Ovarian cancer cells from
the primary tumor subsequently disperse into the whole
abdomen through the physiological flow of peritoneal fluid.
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These cells start forming solid secondary lesions and result
in ascites formation. Because the site of disease recurrence
is usually within the peritoneal cavity, intraperitoneal (i.p.)
consolidation strategies may offer advantages by focusing
treatment or the site of residual disease, while minimizing
systemic toxicities (5, 6).

Paclitaxel (PCT) has demonstrated significant antitumor
efficacy in clinical trials against a broad variety of tumors
and has become one of the chemotherapeutic agents of
choice for treating metastatic breast cancer, ovarian cancer
and other cancer entities (7, 8). PCT has clinically
significant, sometimes limiting, toxic side-effects at the
predominantly used dose levels (9). With its current vehicle
Cremophor EL (CEL), PCT presents a number of serious
concerns with clinical implications, such as severe
anaphylactoid hypersensitivity reactions and peripheral
neuropathy (10, 11). It is now well recognized that
alternative formulations need to be pursued to allow better
control of the toxicity and avoid pharmacological
interactions, such as those related to the use of CEL (12).
One such alteration is the use of taxanes, such as taxotere
or a different delivery system.

Interleukin-12 (IL-12) is one of the most potent
experimental antitumor and antimetastatic cytokines (13,
14). It may overcome PCT-mediated T cell suppression (15).
Systemically administered, rIL-12 protein has been
accompanied by dose-dependent toxicities, which limit the
treatment intensity and cause clinical complications (16).
Local non-viral gene delivery of relatively low levels of
IL-12 to the tumor site by direct injection induced an
antitumoral effect without causing systemic toxicity (17),
whereas untreated animals did not show these effects and
responded like control animals. Cationic lipids and polymers
are increasingly being considered for in vivo gene delivery,
due to their relative stability, greater carrying capacity and
ease of large-scale production (18, 19).
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The use of a non-viral, polymeric gene delivery system
controls the molecular composition and simplifies
manufacturing and analysis. Medically used polymers are
known to possess a lower antigenic potential. The transgene
can be up to 7 kDa in size and still be transported efficiently
into cellular targets.

Materials and Methods

Polymer synthesis. The facilitating agent, PPC (MPEG
methoxypolyethylenimine-PEI branched methoxypolyethyle-
neglycol-Cholesterol), was synthesized as a white to yellowish
granular powder, which was dissolved in water at 4.5 mg/mL
prior to complex formation with the biological substance phIL-
12-005. PPC has a molecular weight of about 4000, PEI
(Polyethylinimine) has a low molecular weight of only 1.8 kDa,
while the molecular weights of PEG and cholesterol are 0.55 kDa
and ~0.5 kDa, respectively (US patent number 6,696,038). The
components PEI-cholesterol-chloroformate and methoxypolye-
thyleneglycol (MPEG) were reacted in chloroform under
constant stirring for 4 h at room temperature (20-25°C). The
mix was acidified and the PPC was acetone-precipitated and
vacuum-dried. Its properties are comparable to WSLP (water-
soluble lipopolymer).

Polymer synthesis. The polymer PCC was kindly provided by
Expression Genetics, Inc. (US patent number 6,696,038).

Preparation of p2CMVmIL-12. The p2CMVmIL-12 plasmid was
constructed by using two subunits (mIL-12p35 and mIL-12p40) of
IL-12 ligated into the pCl vector (Promega Corp, Burlingame, CA,
USA) each under the transcriptional control of a separate CMV
promoter, as previously described (20).

Preparation of mIL-12/PPC complexes. The final drug product
consists of 25 ug of p2CMVmIL-12 plasmid DNA forming a complex
with the lipopolymer (PPC) gene carrier at a 20:1 N/P ratio prepared
in 5% glucose.

ID8 mouse ovarian surface epithelial cell line. ID8, a cell line derived
from the spontaneous in vitro malignant transformation of C57BL6
mouse ovarian surface epithelial cells, was maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA,
USA) supplemented with 4% fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin, 5 pg/ml transferrin, and 5 ng/ml
sodium selenite (Roche, Indianapolis, IN, USA) in a 5% CO,
atmosphere at 37°C. ID8 cells were generously provided by Dr. G.
Coukos, the University of Pennsylvania, USA.

Tumor generation and treatment.

In vivo tumor inoculation. Subconfluent wild-type IDS8 cells (Figure
1b) and their VEGF-transfected subtype (Figure 1c) were trypsinized,
washed twice and harvested by centrifugation at 1,000 xg for 5 min.
A single-cell suspension was prepared in phosphate-buffered
saline (PBS) and mixed with an equal volume of cold Matrigel
(BD Biosciences, Bedford, MA, USA) at 10 mg/ml. For flank
injections, a total volume of 0.5 ml containing 5x10° ID8 and
ID8/VEGF- transfected cells were injected subcutaneously into
the flank of 6- to 8-week-old C57BL/6 mice. All procedures were
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performed according to established guidelines of NIH and
University of Utah Animal Care Committee.

The tumors were measured every 3-4 days using a digital
Vernier caliper along the longest width (W) and the corresponding
perpendicular length (L) and the tumor volume (L x (0.5W)2) was
calculated (21). The volume, the area under the efficiency curve
for each given time point and the overall area for each group were
calculated using the formula: (current tumor volume + previous
tumor volume)/2 x (current measurement time point — previous
measurement time point). Fifty ul of Genexol-PM (paclitaxel
formulation using polymeric micelles, Samyang Corp., Korea)
solution were injected intravenously (i.v.) into the tail vein at 16
mg/kg following a biweekly schedule. This regimen is well
established and closely resembles clinical dosing.

The p2CMVmIL-12/PPC complexes were prepared in 5% glucose,
concentrated to a final concentration of 0.5 ug DNA/ul using a
Centricon 100,000 MW concentrator (Millipore Corp., MA, USA), and
then 50 ul of the complexes were injected locally at the tumor site of
C57BL/6 mice at a dose of 25 ug pDNA/mouse on a weekly schedule.
The mice were treated with either Genexol-PM alone, or p2CMVmIL-
12/PPC alone, or in combination. The tumor volume and survival were
compared to uninjected controls. Naked p2CMVmIL-12 and
polymer/empty-plasmid controls had also been compared in earlier
experiments (data not shown).

Statistical analysis. Data were analyzed by analysis of variance and
Student’s t-test. Data were considered statistically significant if p
values were <0.05.

Results

Paclitaxel dose determination. In vitro cytotoxicity assays
showing the sensitivity of ID8 cells towards Paclitaxel was
as had been reported in our previous studies. Further
comparisons between Taxol and Genexol-PM had
demonstrated no difference in in vitro cytotoxicity (22).
IL-12 was shown to be as efficacious against aggressive
VEGF-modified IDS8 cells as PCT. The dosing strategy for
systemic Genexol-PM was determined by iv. injections of
16 mg/kg every 2 weeks for a total of three injections given on
days 1, 14 and 28 for IDS cell injected animals and for a total
of two injections on days 1 and 14 for IDS-VEGF-injected
animals. The treatment groups received either Genexol-PM
only, p2ZCMVmIL-12/PPC only or both. Similar results had
been obtained regarding tumor growth and survival with
either weekly or biweekly injections in various in vivo tumor
models (23). p2CMVmIL-12/PPC performed similarly to 16
mg/kg PCT alone in terms of influence on tumor size, but
showed superiority in animals inoculated with the less
aggressive ID8 variant (Figure 1 a, b, ¢). IL-12 resulted in an
increased survival in mice bearing the more aggressive VEGF-
modified variant of ID8 as compared to the untreated controls
(Figure 1 d). There was no difference between the treatment
groups on comparing IL-12, PCT and their combination.
The combined approach of local IL-12 gene delivery with
systemic PCT treatment, led to a significant (p<0.05)
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Figure 1. a) Effect of Paclitaxel, IL-12 and combination treatment of IDS-VEGF-modified ovarian cancer cells in vivo in a C57BL/6 black
immunocompetent mouse strain, expressed as AUEC (area under efficiency curve). Whereas each treatment (Paclitaxel or IL-12) seperatly showed a
significant difference compared to the untreated control group, the combination treatment including both Paclitaxel and IL-12. Survival curve showing
the differences in survival for Paclitaxel, IL-12 and Paclitaxel+IL-12 treated C57BL/6 black mice, inoculated with IDS8-VEGF-modified mouse ovarian
cancer cells. Whereas 100% of the control animals were dead around day 26, 80% of the Paclitaxel only treated and 90% of the IL-12 only treated
animals were still alive on day 26. Forty % of the animals, which were treated with the combination of IL-12 and Paclitaxel were still alive at day 45. b)
In vivo tumor growth of unmodified ID8 tumor cells was inhibited equally through Paclitaxel, IL-12 or a combination of both. Tumor sizes did not
exceed a size of 5 mm?3 after day 30 for the animals treated with IL-12+ Paclitaxel. Eight mm?3 were not exceeded after day 30 for IL-12 only treated
animals and 10 mm3 were not exceeded after day 30 for Paclitaxel only treated animals. c) In vivo tumor growth of VEGF-modified-1D8 tumor cells was
inhibited equally through Paclitaxel, IL-12 or a combination of both. Tumor sizes were found to be slightly larger than with the unmodified 1DS cells
inoculated animals. Tumor size did not exceed 23 mm? for a period of time of 28 days for the animals treated with IL-12+ Paclitaxel. Fourty-five mm?3
were not exceeded over the same time period for IL-12 only treated animals and a tumor size <50 mm3 was reached after day 28 for Paclitaxel only
treated animals.
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additive effect, when PCT was given every 14 days at a dose
of 16 mg/kg. As compared to the control group, previous
experiments had shown that PCT combined with the
delivery of an empty plasmid (pCI;, Promega Corp.,
Madison, WI, USA) showed no improvement over PCT or
p2CMVmIL-12/PPC complexes alone, though all performed
better than the uninjected controls (p<0.05-0.001). An
almost 50% increase in survival over 46 days was
demonstrated with the combined therapy, as well as with
p2CMVmIL-12/PPC by itself, as compared to the untreated
controls. Genexol-PM was able to shrink the tumor size,
although it showed non-significant 1-week survival deficit
when compared to the other treatment groups.

Discussion

The anti-tumor activity of local, nonviral IL-12 gene delivery
was equivalent to systemic PCT administration in an
immunocompetent ID8 ovarian carcinoma model, based
upon experiments involving tumor size, as well as survival
data (Figure 1 a-d).

Novel approaches using polymers for local drug delivery
have also shown promising results in metastasized breast
cancer or malignant gliomas. Direct intratumoral injections
of biodegradable, thermal gels/PCT resulted in efficacies
equivalent to the maximum tolerated systemic dosage at
doses that were 10-fold lower, with an excellent control of
the release (24, 25). Local delivery aims at reducing the
exposure of healthy tissue to antitumor agents, while
increasing the drug concentration at the tumor site. In
previous experiments only a negligible amount of IL-12 was
found in the blood stream, thus, avoiding the risk of
systemic toxicity of the IL-12 cytokines (19). IL-12 exerted
potent antitumor effects in experimentally-induced and
spontaneous tumors (26), related to the induction of T and
NK cells (27, 28). As a result, IFN-y (interferon-gamma)
production was greatly enhanced. T cell development along
the Thl pathway was promoted (29) and had anti-
angiogenic effects (30). IFN-y affected mammary carcinoma
metastasis (31) by acting on the host cells that secondarily
produced factors to diminish tumor growth. Phagocytic cells
are the main cell population involved in IFN-y-mediated
innate immunity. Neutrophils and macrophages are active
phagocytic cells with tumoricidal properties, releasing
incompletely reduced oxygen intermediates, such as nitric
oxide (NO) (32, 33). Macrophage-depleted mice
demonstrated significantly increased numbers of metastatic
cells in the lungs after inoculation with 4T1 tumor cells (31).
IFN-y activates the macrophage production of NO, directly
killing tumor cells. Consequently, macrophage-depleted
mice have depressed NO production and show enhanced
proliferation of metastatic tumors (7). NK and NKT cells
are also critical components of natural immunity against
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metastatic tumors (34). IFN-y activates NKT cells, which
produce IL-12, through a feedback mechanism to induce
more IFN-y. This primes macrophage populations for
enhanced NO production. The systemic administration of
IL-12 causes severe toxicity secondary to the necessity to
administer supraphysiological concentrations to achieve
adequate levels at the tumor site (16). Here, the local
administration of IL-12 was focused on, using a non-viral
vector system, circumventing these complications. The use
of this delivery system was supported by earlier experiments
on IL-12 levels, which were determined to be 3-fold higher
for complexed IL-12 compared to naked IL-12. Those
increased levels persisted for at least 5 days (35). Our
previous work demonstrated the effects of repeated IL12
gene delivery on survival (20). In contrast to the general
belief that chemotherapy negatively affects the immune
system, PCT also exerts positive effects on the NO pathway
(7, 36). PCT increased the IFN-y concentration indirectly
by mimicking the bacterial lipopolysaccharide, activating
dependent and independent pathways (37), and may also
help increase transfection efficiencies through its antimitotic
function (38). A complicating factor in PCT chemotherapy
has been the wuse of the solubilizer CEL. The
pharmacokinetic behavior of CEL is dose-independent,
although its clearance is greatly influenced by the duration
of the infusion (39). This is important since CEL affects the
activity of various drugs by changing the concentration of
free drug through micellar encapsulation (6). CEL,
therefore, modifies the toxicity profile of certain anticancer
agents (40). Most solid tumors show extensive angiogenesis,
hypervascularization, defective vascular architecture, and
impaired lymphatic drainage/recovery systems compared to
normal tissues. Tumors exhibit particularly enhanced
vascular permeability, sustaining an adequate supply of
nutrients and oxygen for rapid tumor growth. The enhanced
vascular permeability and accumulation of plasma
components in the interstitium occur also in
macromolecules (MW >45 kDa). Many biocompatible
water-soluble polymers show this effect. They are not
cleared rapidly from the sites of the lesion and can remain
localized for up to a week. This concept of enhanced
permeability and retention (EPR) in solid tumors has
become a gold standard in antitumor drug delivery (41-43).
Genexol-PM’s drug encapsulation is essential for optimal
diffusion within the tumor environment and it increases
drug retention compared to CEL. The EPR effect is
responsible for the selective targeting of locally delivered
lipid- or polymer-conjugated anticancer drugs. In the past
success of systemic chemotherapy has been very modest and
always accompanied by significant toxicity. Combining a
systemic chemotherapeutic regimen with local IL-12 gene
therapy may reduce systemic risks. A reduction in the
primary tumor volume can be used to predict a reduction in
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micometastatic tumor volume resulting in clinical benefit.
Using IL-12 as a component of a combined regimen may
create an immune memory, potentially preventing the
recurrence of disease and increasing the overall survival of
the patient. The toxicity profile of non-viral vectors appears
to be favorable. Most toxicity problems are related to
uncapsulated DNA or protein fragments. This can be
circumvented by improved encapsulation to achieve a
balance between delivery and release. Using a polymeric
solubilizer for PCT instead of the commercially used CEL
(44), may achieve a higher component of free drug and an
enhanced EPR effect. The long-term controlled release
effect of this reduction in systemic side effects is observed
as well in macromolecular drugs. We have previously been
able to substantiate these findings (45).

The immunocompetent ID8 mouse ovarian cancer tumor
cell line used in this study and the different antitumoral
effects of IL-12 may provide a model for immunotherapy
and gene therapy studies related to human ovarian cancer.
Local gene therapy resulted in improved survival and can be
combined with traditional chemotherapy. Polymeric delivery
systems offer advantages for both treatment modalities with
improved drug and gene delivery systems. It is probable that
no single vector system is optimal for all gene therapy
applications.
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