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ABSTRACT

Purpose: In the present study, we sought to determine
the potential of sustained transgene expression by a single
i.m. administration of recombinant adeno-associated virus 2
(rAAV) encoding angiostatin and endostatin in inhibiting i.p.
ovarian cancer growth and dissemination in a preclinical
mouse model.

Experimental Design: Cohorts of female athymic nude
mice received either no virus or 1.2 x 10" particles of rAAV
encoding green fluorescence protein or endostatin plus
angiostatin, i.m. Three weeks later, the mice were i.p.
injected with 10° human epithelial ovarian cancer cell line
SKOV3.ipl. As a measure of effectiveness of the therapy,
tumor weight, abdominal distension, ascites volume and
vascular endothelial growth factor level, and tumor weight
were determined. Immunohistochemistry was done to
determine tumor cell apoptosis and endothelial cell prolifer-
ation following the therapy. Tumor-free survival was
recorded as the end point.

Results: Results indicated a significant tumor-free
survival (P < 0.003) following therapy with rAAV encoding
endostatin and angiostatin compared with untreated or
rAAV-green fluorescence protein—treated mice. Ascites
volume in rAAV endostatin and angiostatin—treated mice
was significantly lower than naive mice and contained less
hemorrhage and tumor conglomerates. The level of vascular
endothelial growth factor in the ascites of antiangiogenic
vector treated mice was also significantly less compared
with the untreated mice. Immunohistochemical analyses
indicated increased tumor cell apoptosis and decreased
blood vasculature following rAAV endostatin and angiostatin
treatment.

Conclusion: The results indicate that antiangiogenic
genetic prevention from stable systemic levels of angiostatin
and endostatin by i.m. administration of rAAV can be used
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for the treatment of i.p. ovarian cancer growth and
dissemination.

INTRODUCTION

Ovarian cancer is the second most common gynecologic
malignancies in women (1). Because ovarian carcinoma
frequently remains clinically silent, a majority of patients
with the disease have advanced i.p. dissemination during
diagnosis. The mean survival rate for disseminated ovarian
cancer is <5 years (2, 3). Despite a better understanding of the
disease pathology, surgery, and chemotherapy remain the major
therapeutic interventions for ovarian cancer. Like most of the
solid tumors, ovarian cancer growth and metastasis is dependent
on new blood vessel formation by the process of angiogenesis
(4, 5). Thus, therapies targeting angiogenesis are promising for
the control of tumor growth in patients with ovarian cancer.
Because the tumoristatic antiangiogenic therapy targets endo-
thelial cells, effects of this therapy should be sustained without
toxicity. Gene therapy approaches seem promising for this
purpose.

We recently showed using a recombinant adeno-associated
virus (rAAV) that stable systemic expression of antiangiogenic
factors following i.m. vector administration results in significant
inhibition of a human epithelial ovarian cancer cell line,
SKOV3.ipl, grown as a s.c. xenograft in nude mice (6).
Although this study showed the effects of rAAV antiangiogenic
gene therapy, unlike s.c. tumors, the growth of epithelial ovarian
cancer is highly disseminative, accompanied by excessive i.p.
ascites and exfoliation of tumor cells in the peritoneal cavity,
which limits the efficacy of drugs and other therapeutic
molecules from reaching tumor cells. The presence of excess
ascites at the time of laparotomy for ovarian cancer patients has
also been associated with poor prognosis (7) and the amount of
vascular endothelial growth factor (VEGF) in ascites correlates
to the disease pathology (8, 9).

Thus, in the present study, we sought to determine if rAAV-
mediated expression of angiostatin and endostatin as secretory
factors following i.m. administration of the vector will reduce
VEGF levels, ascites burden, and prolong survival in a
preclinical mouse model of i.p. ovarian cancer. The results
indicate the effectiveness of this molecular therapy.

MATERIALS AND METHODS

Cells and Reagents. Human embryonic kidney cell line
293 was purchased from American Type Culture Collection
(Manassas, VA) and maintained in Iscove’s modified essential
medium supplemented with 10% newborn calf serum. The
human epithelial ovarian cancer cell line SKOV3.ipl was a gift
from Dr. Janet Price (M.D. Anderson Cancer Center, Houston,
TX) and was maintained in Eagle’s MEM containing nonessen-
tial amino acids and 1 mmol/L sodium pyruvate supplemented
with 10% fetal bovine serum. The cells were cultured in 37°C
with 5% CO,. The SKOV3.ipl cells were harvested from
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subconfluent culture by brief exposure to 0.25% trypsin, stopped
with medium, containing 10% serum, were washed twice, and
resuspended in PBS. Only single-cell suspension with >95%
viability was used for in vivo injection.

Restriction endonucelases and other modifying enzymes
were purchased from either New England Biolabs (Beverly,
MA) or Promega Co. (Madison, WI). A mouse monoclonal
antibody for Ki67 (clone SP6) and a rabbit polyclonal
poly(ADP-ribose) polymerase (PARP) p85 fragment were
obtained from Research Diagnostics, Inc. (Flanders, NJ) and
Promega, respectively. Secondary antibodies and color
reagents were purchased from Amersham (Piscataway, NJ).
The mouse VEGF ELISA kit was purchased from R&D
System, Inc. (Minneapolis, MN).

Recombinant Plasmids, Production, and Purification of
rAAV. Construction of recombinant plasmids containing
secretable form of human angiostatin and endostatin as
bicistronically expressed proteins and that encoding green
fluorescence protein (GFP) was recently published (6).
Production and purification of rAAV was done by transient
transfection in 293 cells followed by iodixanol gradient
centrifugation and heparin affinity column chromatography
(10). The particle titer of purified virions was determined by
quantitative slot blot analysis (11).

In vivo Studies. Six-week-old female athymic nude
mice were purchased from the National Cancer Institute-
Frederick Animal Production Area (Frederick, MD). All the
animal studies were done in accordance with guidelines of the
Institutional Animal Care and Use Committee, and all
experimental procedures were approved by the Institutional
Animal Care and Use Committee and the Occupational Health
and Safety Department of the University of Alabama at
Birmingham. Approximately 10'' genomic particles of rAAV
encoding GFP or endostatin and angiostatin, in normal saline,
were injected in a volume of 100 pL in the quadriceps muscle
in the hind limbs. Naive animals did not receive any vector.
Each group consisted of 10 mice. Three weeks after vector
administration, each mouse received 10° SKOV3.ipl cells by
i.p. injection. The onset of i.p. tumors was determined based
on significantly increased abdominal circumference due to
ascites. Comparisons were made between animals in the
control (mice without AAV or tumor challenge), naive (mice
with SKOV3.ipl cells but no rAAV), and rAAV (rAAV GFP/
endostatin + angiostatin + SKOV3.ipl challenge) groups for
abdominal volume. The abdominal area was carefully checked
to detect palpable tumors in these groups. The animals were
monitored twice every week for body weight and tumor
formation in the peritoneal cavity and were euthanized when
they become moribund, the day of euthanasia considered as
the limit of survival. Ascites fluid and peritoneal tissues were
harvested for further analyses. The weight of solid peritoneal
tumors and ascites volume were recorded. Blood samples were
collected from all animals before vector administration, before
tumor cell implantation, and at sacrifice.

Immunohistochemistry. Immunohistochemical studies
were done in 5-um sections of paraffin-embedded tumor
tissues using antibodies for Ki67 and anti-PARP p85 for the
determination of proliferation and apoptosis indices respec-
tively. Antigen retrieval was achieved by incubating the slides

in 0.05% trypsin for 20 minutes at 37°C and endogenous
peroxidase was blocked by incubation with 3% H,O, for 10
minutes in room temperature. The anti-Ki67 monoclonal
antibody was used in a working dilution of 1:50, and the
anti-PARP p85 polyclonal antibody in a dilution of 1:50.
Furthermore, the slides were stained with a donkey anti-rabbit
horseradish peroxidase—linked secondary antibody (1:500
dilution). To determine the proliferation and apoptotic indices,
stained slides were examined under high power (x40). A
minimum of 10 randomly chosen fields were counted to
determine the total number of cells and that stained positive in
each field. The percentage proliferation and apoptosis was
calculated using the formula: (number of positively stained
cells/total number of cells in a field) X 100. The antigen-
antibody complex was visualized with diaminobenzidine
tetrahydrochloride, and tissues were counterstained minimally
with hematoxylin.

ELISA. Ascites fluid was harvested on the day of
sacrifice of the animals due to tumor burden and the volume
measured. The ascites fluid was briefly centrifuged to remove
loose cells and the supernatant frozen at —80°C until analysis.
The VEGF levels in ascites were determined using a
commercial ELISA kit (R&D System), which recognized the
164 and 120 amino acid residues of mouse VEGF.

Toxicity Analysis. Hepatic toxicity was assessed by
quantitative measurement of serum alanine aminotransferase
using a commercial kit (TECO Diagnostics, Anaheim, CA),
and histopathology of serial liver sections by H&E staining.
The effects of rAAV treatment in other major peritoneal
organs, including kidney, ovary, and spleen were also
determined histopathologically by H&E staining of tissues
obtained from control and rAAV-treated mice.

Statistical Analysis. Data were compiled as mean + SE
in quantitative experiments. For statistical analysis of differ-
ences between the groups, an unpaired Student’s ¢ test was
done. Ps < 0.05 were considered to indicate significant
difference between data sets.

RESULTS

Development of Mouse Model of i.p. Ovarian Cancer.
An experimental model of ovarian cancer was developed with
6-week-old female athymic nude mice. To establish i.p. tumor,
each mouse was injected with 10° SKOV3 ip.1 cells i.p.
Mice that developed ascites or lost 10% of body weight were
euthanized. With this amount of tumor cells, mice developed
palpable tumor between days 15 and 20. Upon sacrifice, in
the peritoneum, visible tumors were found under the
diaphragm, intestine, and in the peritoneal cavity. The mean
survival of untreated mice was found to be 45 days after
tumor cell implantation.

Treatment with rAAV Endostatin and Angiostatin
Significantly Decreases Ascites Volume and VEGF Levels.
Because SKOV3.ipl cells form tumors around 2 weeks
following i.p. administration and that optimal expression of
rAAV transgenes does not occur until 2 to 3 weeks after
vector injection, the present study was designed to pretreat the
mice with rAAV before tumor challenge. Based on the kinetics
of TAAV transgene expression, we evaluated the therapeutic
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Fig. I Recombinant AAV encoding endostatin and angiostatin as
bicistronically expressed proteins. rAAV containing human endostatin
and angiostatin as a bicistronic cassette was subcloned under the control
of the CMV promoter. Poly4, SV40 late polyadenylation signal
sequence; /7R, inverted terminal repeat sequence of AAV.

efficacy of a one-time i.m. injection of rAAV endostatin and
angiostatin (Fig. 1) before tumor cell implantation. Cohorts of
mice were given 10'' genomic particles of rAAV encoding
endostatin and angiostatin as bicistronically expressed proteins
from a single vector or rAAV encoding GFP to determine
vector-related nonspecific effects.

By serum ELISA, we determined that this dose of vector
produced a mean 196 ng/mL endostatin and 227 ng/mL
angiostatin systemically beginning 3 weeks. The peak level
expression achieved at 3 weeks after vector injection was
found to be stable for over 4 months without any diminution
or toxicity. The SKOV3.ipl cells were implanted i.p. at a dose
of 10% cells per mouse. Approximately 2 weeks following
tumor cell injection, abdominal distension was noted in the
group of mice, which received no treatment. However, in the
group of mice treated with rAAV endostatin and angiostatin,
there was a significant decrease in the ascites volume
(P < 0.05) as shown in Fig. 2. In addition, the ascites from
naive mice was more hemorrhagic, whereas that from rAAV
endostatin and angiostatin treated group was clear. The
VEGF levels in ascites fluid also showed a significant
decrease in the group of mice treated with rAAV endostatin
and angiostatin (P < 0.05) indicating the specificity of the
antiangiogenic effect (Fig. 3).

Recombinant AAV Endostatin Plus Angiostatin Thera-
py Decreases Tumor Cell Proliferation and Increases
Apoptosis. The mean tumor weight in rAAV endostatin and
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Fig. 2 Effects of rAAV endostatin + angiostatin therapy in ascites
volume. The mean ascites volume was determined in naive and rAAV
endostatin + angiostatin—treated mice following peritoneal lavage and
expressed as percentage relative to levels obtained in naive mice. *, P <
0.05 compared with naive animals.
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Fig. 3 Ascites VEGF levels following rAAV endostatin + angiostatin
therapy in ascites volume. VEGF level in the ascites was determined by
ELISA. Columns, mean compared with that obtained in naive mice as
100%; bar, £SE. *, P <0.0001 compared with naive mice.

angiostatin—treated group was significantly less (P < 0.0002)
compared with naive mice as shown in Fig. 4. To determine if
stable systemic levels of endostatin and angiostatin from
rAAV transgene effects on the proliferation and apoptosis of
ip. ovarian cancer cells, immunohistochemistry was done
with Ki67 and anti-PARP antibodies respectively. The in situ
effects of angiostatin and endostatin gene transfer are
illustrated in immunohistochemical analysis of tumor cell
proliferation and apoptosis compared with naive animals
(Fig. 5). Whereas >30% of implanted tumor cells in the
rAAV-treated group were apoptotic compared with animals in
the naive group, no significant differences was found between
the naive and rAAV-GFP—treated animals (P > 0.05, data not
shown) indicating the specificity of the transgenic factors. The
median proliferation index of tumor cells in rAAV endostatin

Mean tumor weight (gm)
&

0 -
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Fig. 4 Effects of rAAV endostatin + angiostatin gene therapy in tumor
burden. Tumor nodules from the peritoneal cavity of naive and rAAV
endostatin + angiostatin—treated mice were collected and weighed.
Columns, mean weight of tumors. *, P < 0.0002 compared with naive
animals.
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Fig. 5 Immunohistochemical analysis of tumor tissues for tumor cell
proliferation and apoptosis. Lp. tumor nodules were isolated during
sacrifice and fixed in buffered formaldehyde. Immunohistochemical
staining to determine tumor proliferation and apoptosis was done in 5-pum
sections using the Ki67 and anti-PARP antibody, respectively, and
visualized under a light microscope. Magnification X 20.

and angiostatin treated mice was 22%, significantly less than
in control group, which showed a proliferation index of 61%.

Stable Antiangiogenic Gene Transfer Increases Tumor-
free Survival of Mice. Following tumor cell implantation,
mice were monitored at least twice every week as described in
Materials and Methods for tumor growth up to 150 days when
the experiments were terminated. The result of tumor-free
survival is shown in Fig. 6. There was a significant protective
effect of AAV-mediated antiangiogenic gene expression with
both endostatin and angiostatin compared with control or
rAAV-GFP—treated animals (P < 0.003). There were no
apparent effects such as loss of body weight, general mobility,
or food uptake in the long-term surviving rAAV- endostatin
and angiostatin—treated mice compared with untreated mice
that were not tumor challenged. Serum alanine aminotransfer-
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Fig. 6 Tumor-free survival following rAAV therapy. Following no
treatment (¢) or i.m. injection of 10" particle of rAAV encoding GFP
(o) or endostatin + angiostatin (e), 10° SKOV3.ipl cells were i.p.
injected. The animals were monitored for body weight, abdominal
distension, and peritoneal tumor growth. When the animals became
moribund or the tumor size/abdominal volume reached Institutional
Animal Care and Use Committee stipulated limits, they were
euthanized. Tumor-free animals were maintained for 150 days before
terminating the experiment. *, P < 0.003 compared with naive and
rAAV-GFP—treated animals.
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Fig. 7 Serum alanine aminotransferase (4L7") measurement following
rAAV therapy. Serum samples from control (untreated and unchal-
lenged), naive (no treatment but challenged with SKOV3.ipl cells), and
rAAV (endostatin + angiostatin and challenged with SKOV3.ipl) were
used to determine the ALT levels by a colorimetric method. Points, mean
+ SD.

Control Naive

ase levels, as a measure of hepatotoxicity, suggested no
difference between control and rAAV treatment groups (Fig. 7).
The absence of microscopic abnormalities in liver, ovary,
spleen, and kidney in rAAV-treated group was also confirmed
by histopathology (data not shown).

DISCUSSION

Although the growth of ovarian cancer depends on
neovasculature, unlike organ-localized solid tumors, the
growth of i.p. ovarian cancer is highly disseminative. The
end-stage disease is characterized by the accumulation of i.p.
ascites fluid, decreasing intracellular levels of given drugs,
posing a great challenge. We recently showed that production
of systemically stable levels of angiostatin and endostatin by
rAAV gene transfer abrogated the growth of s.c. implanted
human ovarian cancer cell line SKOV3.ipl (6). As a logical
extension of these studies, we determined the effects of stable
systemic expression of angiostatin and endostatin following a
single i.m. administration of the vector on ip. growth and
dissemination of SKOV3.ipl cells.

Results indicated a significant protective effect of rAAV-
mediated expression of endostatin and angiostatin against i.p.
growth of ovarian cancer in nude mice. Peritoneal dissemi-
nation of ovarian cancer originates by their release into
ascites, which initiates the process of metastasis. Many reports
have suggested that the major angiogenic factor which plays
an important role in the vascularization of neoplastic tissue
and ascites formation is VEGF, also known as vascular
permeability factor. The VEGF induces ascites accumulation
by increasing the permeability of diaphragmatic and tumor-
associated vasculature (12, 13).

Previous studies have reported that administration of
monoclonal antibody to human VEGF can prevent ascites
formation in a mouse model of i.p. ovarian carcinoma with
SKOV3 cells (14). Compared with protein or pharmacothera-
pies, gene transfer approach provides greater benefit of stable
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systemic levels of the antiangiogenic factors. The advantages
of using rAAV over other vectors are nonpathogenicity, long-
term transgene expression, and absence of vector-related
cellular immune response (15, 16). Our studies established
that a single i.m. administration of rAAV encoding angiostatin
and endostatin results in systemic levels of these factors
between 177 to 277 and 176 to 206 ng/mL, respectively, in
serum after 3 weeks and remained stable for over 4 months
without any apparent toxicity.

The antiangiogenic mechanism of endostatin and angios-
tatin are beginning to be discovered. Although angiostatin seems
to exert antiangiogenic effect by primarily inhibiting the
proliferation and invasion of endothelial cells (17, 18) and
inducing endothelial cell apoptosis (19), endostatin reduces
endothelial cell proliferation (20) and migration (21) and
significantly reduces the invasion of endothelial as well as
tumor cells into the reconstituted basement membrane (22).
Thus, a combination of angiostatin and endostatin is likely to
increase the inhibitory effect on ascites formation as observed in
the present studies.

The results of these studies indicate that antiangiogenic
gene therapy by stable systemic levels of angiostatin and
endostatin following i.m. administration of rAAV can be used for
the treatment of i.p. ovarian cancer growth and dissemination.
This strategy may be combined with other therapies, including
chemotherapy to increase the survival of ovarian cancer patients.
A recent study involving i.m. administration of rAAV encoding
angiostatin in human glioma xenografts (23) and i.m. adminis-
tration of rAAV endostatin in a colorectal cancer model have also
shown therapeutic efficacy (24). However, the growth character-
istics of i.p. ovarian cancer limit intratumoral administration due
to dissemination of the tumor cells and poor transduction
efficiency of the primary tumors. Thus, administration of the
vector in skeletal muscle may result in a therapeutically stable
systemic level of the factors. Due to the lack of an effective
screening method, insidious onset and nonspecific symptoms, a
majority of women present with late-stage disease. In this
situation, cytoreductive surgery and chemotherapy form the
major therapeutic interventions. Although these therapies have
increased the initial clinical response rates, recurrent disease
remains a formidable challenge. As in the primary disease, the
growth of recurring ovarian cancer is highly dependent on
angiogenesis. Hence, antiangiogenic prevention of recurring
cancer may prove beneficial in extending survival rates.
Furthermore, ~10% to 15% of the patients develop the disease
due to genetic predisposition. To such “at-risk” population, this
approach could possibly help to delay or prevent the onset of the
primary cancer.

Although in our studies we did not observe any toxicity
following rAAV therapy, if constant systemic levels of the
antiangiogenic factors prove toxic to patients, the approach
presented in this study may be improved to achieve localized
production of the factors within the tumor. Furthermore,
although several preclinical studies have shown that stable
levels of systemically secreted proteins using rAAV resulted in
the phenotypic correction of inherited metabolic defects (25),
accumulation of antiangiogenic factors in other organs due to
unregulated expression may lead to ischemic conditions or

impair wound healing. Thus, future studies are warranted to test
the efficacy of regulated expression of these factors by using
inducible promoters, for a safe muscle-based rAAV antiangio-
genic gene therapy.
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