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ABSTRACT

Angiogenesis is characteristic of solid tumor growth and a surrogate
marker for metastasis in many human cancers. Inhibition of tumor an-
giogenesis using antiangiogenic drugs and gene transfer approaches has
suggested the potential of this form of therapy in controlling tumor
growth. However, for long-term tumor-free survival by antiangiogenic
therapy, the factors controlling tumor neovasculature need to be system-
ically maintained at stable therapeutic levels. Here we show sustained
expression of the antiangiogenic factors angiostatin and endostatin as
secretory proteins by recombinant adeno-associated virus 2 (rAAV)-
mediated gene transfer. Both vectors provided significant protective effi-
cacy in a mouse tumor xenograft model. Stable transgene persistence and
systemic levels of both angiostatin and endostatin were confirmed by
in situ hybridization of the vector-injected tissues and by serum ELISA
measurements, respectively. Whereas treatment with rAAV containing
either endostatin or angiostatin alone resulted in moderate to significant
protection, the combination of endostatin and angiostatin gene transfer
from a single vector resulted in a complete protection. These data suggest
that AAV-mediated long-term expression of both endostatin and angiosta-
tin may have clinical utility against recurrence of cancers after primary
therapies and may represent rational adjuvant therapies in combination
with radiation or chemotherapy.

INTRODUCTION

Increasing evidence demonstrates the importance of angiogenesis
in solid tumor growth and metastasis (1-4). In the absence of neo-
vasculature, tumors do not grow beyond a few millimeters and remain
dormant (5, 6). Thus, novel antiangiogenic treatment strategies that
can effectively control tumor growth are under intense investigation.
Although many antiangiogenic factors have been implicated in the
regulation of tumor growth and metastasis, the most potent have been
angiostatin, endostatin, thrombospondin-1, tissue inhibitor of metallo-
proteases, and soluble vascular endothelial growth factor (VEGF)
receptors (7-10).

Preclinical studies using purified antiangiogenic factors indicated
therapeutic effects of antiangiogenic compounds in minimizing the
size of established tumors (11-15). However, clinical trials with some
of these factors have not demonstrated expected antitumor effects
(16—-19). Administration of purified antiangiogenic factors, athough
capable of producing significant growth inhibition of tumor cells in
anima models, may be limited by their short half-life. Hence, pro-
duction of antiangiogenic factors after gene transfer may overcome
these limitations.
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The potential of antiangiogenic gene therapy in cancer is currently
being evaluated using viral and nonviral vectors (20—23). In contrast
to genetic therapies targeting tumor cells directly with genes encoding
prodrug-converting enzymes or cytokines/chemokines for oncolysis,
which requires high-efficiency transduction of recombinant vectors to
cancer cells directly, antiangiogenic gene therapy requires vectors
capable of sustained, long-term expression without vector-associated
toxicity or immunity. Additionally, systemic levels of antiangiogenic
factors by gene transfer may be accomplished by targeting nontumor
cells, using normal tissues to provide a stable platform for transgene
expression as secretory proteins. Adeno-associated virus (AAV)-
based vectors are nonpathogenic and less immunogenic compared
with other gene therapy vectors. The AAV genome persists stably in
transduced cells and affects long-term transgene expression. Thus,
AAV meets the requirements for gene transfer vectors that may be
used for antiangiogenic therapy.

The present study evaluated recombinant AAV (rAAV) encoding
secretable forms of human angiostatin and endostatin. The results
demonstrate a strong antiproliferative effect of rAAV-mediated an-
giostatin or endostatin gene transfer on primary human umbilical vein
endothelial cells (HUVEC) in vitro and significant protective effect
against the growth of a human angiogenesis-dependent tumor xe-
nograft in vivo. Furthermore, the combination of both angiostatin and
endostatin long-term gene therapy from a single vector resulted in a
synergistic effect over therapy with vectors encoding a single factor
alone.

MATERIALS AND METHODS

Cellsand Reagents. Human embryonic kidney cell line 293 was purchased
from American Type Culture Collection and maintained in Iscove's modified
essential medium supplemented with 10% newborn calf serum. Human ovarian
cancer cell line SKOV3.ipl was a kind gift of Dr. David Curiel (The Univer-
sity of Alabama at Birmingham, Birmingham, AL) and maintained as de-
scribed previously (24). Primary HUVEC were a gift of Dr. Rg Singh (The
University of Alabama at Birmingham, Birmingham, AL). Restriction endo-
nucelases and other modifying enzymes were purchased from either New
England Biolabs (Beverly, MA) or Promega Corp. (Madison, WI). Mouse
monoclonal (clone 79735) and goat polyclonal antibodies to human angiostatin
were obtained from R&D Systems (Minneapolis, MN), and a mouse mono-
clona antibody to human endostatin (clone EN2.1.99) was obtained from
Leinco Technologies (St. Louis, MO). Secondary antibodies and colorimetric
substrates were purchased from Amersham (Piscataway, NJ). Purified recom-
binant human angiostatin was purchased from R&D Systems.

Construction of Recombinant Plasmids, Production, and Purification of
rAAV. All rAAV plasmids were constructed using pSub201 as the back bone
(25). cDNA containing human angiostatin and endostatin sequences were
isolated from a plasmid pBlast human Endo::Angio (Invivogen, San Diego,
CA). For construction of the rAAV plasmid encoding endostatin, a region
containing the human interleukin 2 secretory signal sequence was genetically
fused to the endostatin coding region, amplified from the plasmid pBlast
human Endo::Angio by PCR, and subcloned into an AAV plasmid containing
cytomegalovirus (CMV) promoter, sequences of internal ribosome entry site
(IRES), and a green fluorescent protein (GFP) gene followed by a synthetic
polyadenylation signal sequence (polyA). Construction of rAAV encoding
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human angiostatin was done in two steps. Initialy, the coding region of human
angiostatin was amplified by PCR from the plasmid pBlast human
Endo::Angio and subcloned in pBluescript vector (Stratagene, La Jolla, CA)
with a double-stranded oligomer (5'-TCGAGATGGAACATAAGGAAGTG-
GTTCTTCTACTTCTTTTATTTCTGAAATCAGGTCAAG-3 and 5'-
GATCCTTGACCTGATTTCAGAAATAAAAGAAGTAGAAGAACCA-
CTTCCTTATGTTCCATC-3') containing the plasminogen secretory signal
sequence, in a three-way ligation. Subsequently, the region containing the
secretory sequence and angiostatin gene was excised and subcloned down-
stream of CMV promoter in a rAAV plasmid as described for rAAV-
endostatin construct.

A bicistronic rAAV plasmid containing both endostatin and angiostatin was
constructed in three steps. First, the IRES and endostatin sequences were
amplified by PCR and subcloned in pBluescript vector (Stratagene). Then, a
region containing plasminogen secretory signal and angiostatin was isolated
from the plasmid described above and subcloned upstream of IRES-endostatin
cassette in pBluescript vector. Later, the portion containing plasminogen
secretory sequence, angiostatin, IRES, and endostatin was isolated and sub-
cloned in arAAV vector containing CMV promoter and a synthetic polyA.

Packaging of all of the recombinant AAV plasmids was done in an adeno-
virus-free system as described previously (26). Purification of virionswas done
by discontinuous iodixanol gradient centrifugation followed by affinity puri-
fication on a heparin-agarose column (26). Particle titers of the purified virions
were determined by quantitative slot blot analysis as described previously
(27-29).

Western Blot Analysis. Western blot analysis was performed using con-
ditioned media obtained from rAAV-transduced 293 cells. Briefly, conditioned
media obtained after mock-transduction, transduction of AAV-endostatin,
AAV-angiostatin, or AAV-endostatin plus AAV-angiostatin vectors was con-
centrated 5-fold, and 20 ul from each was electrophoretically separated on
10% SDS polyacrylamide gels (SDS-PAGE). Proteins were transferred to
polyvinylidene difluoride membranes and immunodetection performed using
mouse monoclonal antibodies to either human angiostatin (clone 79735) or
endostatin (clone EN2.1.99) as primary antibody and goat antimouse second-
ary antibody conjugated to horseradish peroxidase as secondary antibody.
Detection of bands was by enhanced chemiluminescent substrate as previously
described (30).

Endothelial Cell Proliferation Assay. Early passage HUVECs were
seeded into gelatin-coated 96-well tissue culture plates at a density of 5 X 10°
cells'well and grown in EGM-2 medium containing hydrocortisone, human
fibroblast growth factor B, VEGF, ascorbic acid, heparin, human epidermal
growth factor, and 10% fetal bovine serum (Clonetics Corp., San Diego, CA).
Twenty-four h later, 100 wl of fresh medium containing 1, 10, or 25 ul of
conditioned medium from 293 cells transduced with 100 multiplicity of infec-
tion of rAAV encoding various trasgenes were added. As a positive control,
purified recombinant human angiostatin was added at concentrations of 1, 10,
or 25 ng/ml. Each condition was performed in triplicate. Seventy-two h later,
cell proliferation was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide assay with a commercia kit (Promega), following the
manufacturer’s instructions. Proliferation index was expressed in percentage
compared with HUVEC grown in the presence of complete medium without
addition of any conditioned medium or recombinant angiostatin.

In Vivo Studies. Six-week old female athymic nude mice were purchased
from the National Cancer Institute-Frederick Animal Production Area (Fred-
erick, MD). Maintenance of the animals was done following the guidelines of
the Institutional Animal Care and Use Committee, and all experimental pro-
cedures were approved by the Ingtitutional Animal Care and Use Committee
and the Occupational Health and Safety Department of the University of
Alabama at Birmingham. Particles (3 X 10') of rAAV encoding GFP,
endostatin, angiostatin, or endostatin plus angiostatin, in normal saline, were
injected in a volume of 100 ul into the quadriceps muscle of the hind limbs.
Nalive animals did not receive any vector. Three weeks after vector adminis-
tration, each mouse received implantation s.c. in two sites on bilateral flanks
with 107 SKOV 3.ip1 cells. Tumor size was measured at |east twice every week
with a digital caliper for two-dimensional longest axis (L in mm) and shortest
axis (W in mm), and tumor volume calculated using the following formula:
volume in mm® = (L X WA)/2. When tumor growth exceeded 1800 mm?,
animals were humanely euthanized. Surviving mice were sacrificed 130 days
after tumor cell implantation and experiments were terminated. Blood samples

were collected from all animals before vector administration, before tumor cell
implantation, and at sacrifice, for ELISA measurements of serum angiostatin
and endostatin levels. Regions of the quadriceps muscle of sham or vector
injection were also isolated at the time of sacrifice for immunohistochemistry
and in situ hybridization.

ELISA for Serum Angiostatin and Endostatin Levels. For the measure-
ment of serum angiostatin, a sandwich ELISA was developed. Ninety-six-well
ELISA plates were coated overnight at 4°C with a mouse antihuman angiosta-
tin monoclonal antibody (clone 79735) at a concentration of 10 wg/ml in borate
saline buffer (BS; pH 8.6). Next day, the antibody was discarded and wells
blocked with 150 ul of BSA in BS (BS-BSA) for 45 min at room temperature.
Serum samples, diluted 1:3 in BS-BSA were added to the wells and incubated
overnight at 4°C. All of the samples were analyzed in triplicate. After washing
five times with PBS containing 0.5% Tween 20, a polyclona antihuman
angiostatin antibody, biotinylated using the EZ-Link Sulfo-NHS-LC-Biotin
reagent (Pierce), was added at a concentration of 1 pug/ml in BS-BSA and
incubated at room temperature for 5 h. The contents were then discarded and
plates washed five times with PBS containing 0.5% Tween 20 after which
streptavidin-conjugated alkaline phosphatase was added and incubated for 30
min at room temperature. Color development was done with the addition of
pNPP chromogenic substrate (Sigma) and incubated at room temperature for
20 min. Absorbance at 405 nm was measured in an ELISA plate reader. As a
reference standard, known concentrations of human recombinant angiostatin
from 0 to 1000 ng/ml wereincluded in triplicate. Serum endostatin levels were
determined using a commercial ELISA kit (Cytimmune Sciences Inc, College
Park, MD) following the manufacturer’s protocol.

In Situ Hybridization. A digoxigenin (DIG)-labeled DNA probe contain-
ing sequence of CMV promoter was generated by PCR using PCR-DIG
labeling mix™“s (Roche Molecular Diagnostics, Indianapolis, IN) following
manufacturer’s protocol. Formalin-fixed tissues were sectioned at 5-um thick-
ness, deparaffinized in xylene, and rehydrated through a series of graded-
ethanol and PBS. Slides were then treated with 0.01 m citrate buffer (pH 6.0)
at 42°C for 3 h. Prehybridization was performed at 65°C for 2 h in hybrid-
ization solution (ULTRAhyb, Ambion, TX). The hybridization reaction was
carried out with approximately 400 ng/ml of DIG-labeled DNA probe at 65°C
overnight. After thoroughly washing the excess probe, immunohistochemical
detection of hybridization signals was performed using the DIG nucleic acid
detection kit (Roche Molecular Diagnostics). Counterstaining of sections was
done with diluted eosin solution for 1-2 min and slides mounted in Crystal/
Mount (Biomeda, Forest City, CA).

Immunohistochemistry. Quadriceps muscles of mice were harvested and
fixed immediately in alcoholic-formalin (PenFix; Richard-Allan, Kalamazoo,
MI) for 18 h at room temperature. Tissues were dehydrated in graded alcohol
and embedded in paraffin. Five-um sections on glass sides were deparaf-
finized in xylene and rehydrated via ethanol and placed in PBS. Antigen
retrieval was performed by boiling for 10 minin 0.01 m citrate buffer (pH 6.0)
in amicrowave oven. All sections were pretreated with a 3% agueous solution
of H,0, for 5 min to quench endogenous peroxidase. Sections were then
treated with 3% goat serum for 1 h at room temperature to reduce nonspecific
staining followed by 1-h incubation with monoclonal antibodies to either
endostatin (clone EN2.1.99, 10 wg/ml) or angiostatin (clone 79735, 5 ng/ml).
The remainder of staining procedure was performed using a Universal Mouse
Kit (Biogenex, Sam Ramon, CA), which contained biotinylated goat antibody
to mouse immunoglobulin and a horseradish peroxidase-streptavidin complex.
Diaminobenzidine tetrahydrochloride was used as a substrate for the visual-
ization of antigen-antibody complex. Slides were minimally counterstained
with hematoxylin.

Statistical Analyses. Nonparametric Kuskall Wallis tests or Wilcoxon's
rank-sum test were used to test for differencesin cell proliferation between the
groups, depending on the number of groups included in the test. The associ-
ation for the presence or absence of tumor with each treatment condition was
tested for statistical significance using x? test. Next, the distribution of tumor
volumes was examined and log transformed to fit a normal distribution. A
general linear mixed model was fit to the data. The dependent variable was the
logged tumor volume and the predictors were treatment, day after treatment,
and an interaction between treatment and day. All three were statistically
significant predictors. P < 0.05 was considered to indicate significant differ-
ence between data sets.
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RESULTS

Generation of High-Titer rAAV Encoding Human Angiostatin
and/or Endostatin. On the basis of the long-term expression capa-
bilities of rAAV in transduced muscle tissue without deterioration of
transgene-positive cells by host immune cells, we chose muscle as a
secretory organ for angiostatin and endostatin transgene expression.
We included signal peptide sequences upstream of both angiostatin
and endostatin genes. The human interleukin 2 secretory signal was
included upstream of the endostatin gene, and the human plasminogen
signal sequence was included upstream of the angiostatin gene (Fig.
1A). Because previous studies using purified recombinant angiostatin
and endostatin indicated that a combination of both the factors re-
sulted in significant therapeutic benefit, we also produced a vector
capable of bicistronic expression of angiostatin and endostatin using
an IRES sequence (Fig. 1A), to determine whether long-term expres-
sion of these two antiangiogenic factors from the same vector would
provide greater advantage over vectors encoding a single factor. The
rAAV were packaged in a helpervirus-free system and purified using
discontinuous gradient centrifugation and affinity chromatography.
The titer of the vectors ranged between 1-5 X 10™ particles/ml.

Expression of Angiostatin and Endostatin as Secretory Pro-
teins. The purified rAAV were tested in 293 cells for expression of
antiangiogenic factors as secretory proteinsin the medium. Cellswere
either mock-transduced or transduced with rAAV encoding endostatin
alone, angiostatin alone, or the bicistronic vector containing both
angiostatin and endostatin. After transduction, the cells were cultured
for 48 h. The conditioned medium was harvested, concentrated, and
subjected to SDS-PAGE and Western blot analysis using monoclonal
antibody specific for either human angiostatin or endostatin. Results,
shown in Fig. 1, B and C, documented expression of both angiostatin
and endostatin as secretory proteins after rAAV-mediated gene trans-
fer in vitro. The endostatin and angiostatin antibodies recognizing 20
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Fig. 1. Recombinant adeno-associated virus 2 (rAAV) encoding endostatin and/or
angiostatin and Western blot analysis for transgene expression. A, rAAV containing
human angiostatin (Angio) or endostatin (Endo) gene either in different vectors (a & b),
or as hicistronically expressed proteins from a single vector (c) were subcloned under the
control of the cytomegalovirus promoter (CMV-P). Secretory signal sequences (SS) of
either interleukin 2 or human plasminogen gene were included upstream of the angiostatin
and endostatin genes respectively for systemic secretion. ITR represents the inverted
terminal repeat sequences of AAV. B and C, 293 cells were either mock-transduced (M)
or transduced with rAAV encoding angiostatin (A), endostatin (E) or a bicistronic cassette
encoding both endostatin and angiostatin (E+A). Forty-eight h after transduction, the
culture supernatant was analyzed by Western blots using antibodies specific for human
endostatin (B) or angiostatin (C). polyA, polyadenylation signal sequence.
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Fig. 2. Endothelial cell proliferation assay to determine the biological activity of
endostatin (Endo) and angiostatin (Angio) produced after recombinant adeno-associated
virus 2 (rAAV) transduction. rAAV encoding green fluorescent protein (GFP), Endo,
Angio, or Endo + Angio was transduced into 293 cells at a multiplicity of 100.
Forty-eight h later, 1 (), 10 (E5), or 25 (M) wl of supernatant from the infected cells was
tested on human umbilical vein endothelial cell (HUVEC) cultures. Cell proliferation was
determined 72 h later using 3-(4,5-dimethylthiazol-2-yl)-2,5,-dipheny! tetrazolium bro-
mide colorimetric assay and results expressed as percentage of control HUVEC with no
treatment.

and 38 kDa proteins, respectively, also indicated the specificity of
detection. Of interest, the detected amount of both factors was com-
parable when transduced as asingle transgene or a bicistronic cassette.
As expected, no signal was seen in conditioned medium from mock-
transduced 293 cells.

Characterization of Biological Activity of rAAV-Produced An-
giostatin and Endostatin. We next determined the biological activity
of rAAV-expressed angiostatin and endostatin. Because our strategy for
AAV-mediated gene therapy was to express the antiangiogenic factors as
secreted proteins, the in vitro evauation of biologica activity was per-
formed similar to in vivo strategy. rAAV encoding antiangiogenic factors
were transduced into 293 cells, and the transgene products were obtained
as secreted protein in the supernatant. Different concentrations of the
supernatants were then added to early passage HUVEC culturesgrown in
the presence of 10 ng/ml VEGF. Differences in cell proliferation were
assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5,-diphenyl tetrazolium bro-
mide colorimetric assay. Results (Fig. 2) demonstrated a significant
inhibition of HUVEC proliferation by conditioned media from both
AAV-endostatin and AAV -angiostatin-transduced 293 cells as compared
with medium from mock-transduced cells (P < 0.002). The results also
showed a dose-dependent growth-inhibitory effect with increasing
amounts of conditioned medium. Interestingly, there was no statistically
significant augmentation in the inhibitory effects on HUVEC prolifera-
tion in conditioned medium from cells transduced with angiostatin-
endostatin bicistronic construct as compared with constructs expressing
only a single factor (P > 0.05). There was no inhibitory effect on
HUVEC praliferation when conditioned medium obtained from rAAV-
GFP-transduced cells was used, demonstrating specificity of the rAAV-
expressed antiangiogenic proteins. Purified recombinant human angiosta-
tin was used as a positive control. Although we did not quantitatively
determine the amount of angiostatin or endogtatin in the conditioned
media in these experiments, results indicated inhibitory effects compara:
ble with that of 25 ng/ml purified angiostatin protein when 10-25 ul of
conditioned medium was tested (Fig. 2).

In Vivo Vector Administration and Development of Xenogr aft
Tumor Model. Asamodel to evaluate the in vivo efficacy of AAV-
mediated long-term expression of angiostatin and endostatin, we used
athymic (nude) mouse s.c. xenografts of an angiogenesis-dependent
human ovarian cancer cell line, SKOV3.ipl. Pilot studies indicated
palpable SKOV3.ipl tumors in nude mice 8—10 days after s.c. injec-
tion of 107 SKOV3.ipl cells (data not shown). Because the present
studies were primarily designed to evaluate the potential of AAV-
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Fig. 3. Growth of SKOV3.ipl tumor xenografts in athymic nude mice after injection
of recombinant adeno-associated virus 2 (rAAV) encoding endostatin and angiostatin.
Mice received i.m. injection with saline (), or with 3 X 10 particles of AAV-GFP ([J),
AAV-endostatin (A), AAV-angiostatin (M) or AAV-endostatin + angiostatin (*), and 3
weeks |ater challenged by bilateral s.c. injection of 107 SKOV3.ip1 cells (six mice/group).
A, average tumor volume in each group. The x and ** denote P < 0.001 and P < 0.0001,
respectively, by comparison to naive and AAV-GFP control groups. B, tumor-free
survival. GFP, green fluorescent protein

mediated antiangiogenic gene therapy as a preventive therapy against
tumor recurrence, animals first received injection with rAAV encod-
ing angiostatin or endostatin. Because optimal expression of rAAV
transgenes after i.m. injection is reached at about 3 weeks after
administration, tumor challenge was done 3 weeks after vector. Each
animal received two tumor implants on bilateral flanks. All naive mice
and control mice receiving injection with rAAV-GFP developed pal-
pable tumors by day 8 after tumor cell implantation. Animals that
developed tumors were monitored until tumor volume reached 1800
mm?, and then animals were euthanized. Tumor-free animals were
monitored up to 130 days before terminating the experiment.
Inhibition of Tumor Growth after Injection of rAAV Express-
ing Endostatin, Angiostatin, or Endostatin Plus Angiostatin. The
results of the in vivo studies are shown in Fig. 3. Growth kinetics of
SKOV3.ipl tumors are shown in Fig. 3A, and tumor-free survival of
mice is presented in Fig. 3B. There was a significant protective effect
of AAV-mediated antiangiogenic gene expression with both endosta-
tin and angiostatin compared with control or AAV-GFP-treated ani-
mals, as assessed by either tumor-free survival or tumor-growth
kinetics. However, when both the factors were expressed from the
bicistronic vector, the effect was more pronounced than therapy with
vector expressing only a single factor (P < 0.0001). Protection by
AAV-endostatin alone was significantly less than by AAV-angiostatin
aone (Fig. 3B). Interestingly, serum levels of endostatin or angiostatin
were comparable in all mice within the same group irrespective of
observed tumor growth. Mean tumor volumes were significantly less
in animals that received angiostatin or endostatin gene therapy com-
pared with either naive animals or those given rAAV-GFP
(P < 0.001). Of note, in mice that received vector encoding both
angiostatin and endostatin, only one anima developed a palpable

tumor, which regressed after day 30 (data not shown), after which all
mice in that treatment group remained tumor free.

Serum ELISA for Circulating Angiostatin and Endostatin
Levels. To determine the circulating levels of serum angiostatin, we
developed a sandwich ELISA as described in the “Materials and
Methods.” Using purified recombinant human angiostatin, the sensi-
tivity of the ELISA was demonstrated to be 12 ng/ml. Serum samples
were obtained from all animals (a) before tumor cell implantation and
(b) before sacrifice of the animals because of either tumor burden or
termination of the experiment. Results indicated that serum angiosta-
tin levels remained stable up to 130 days after AAV-angiostatin
injection, and levels were comparable with those in mice that received
injection with the bhicistronic AAV construct expressing both an-
giostatin and endostatin (Fig. 4A). Serum endostatin levels were
determined using a commercial kit and demonstrated a pattern of
endostatin expression that was similar to that for angiostatin (Fig. 4B).
The serum angiostatin and endostatin levels appeared to have stabi-
lized before the tumor cell implantation on day 21 after vector
administration.

Long-Term Retention and Expression of rAAV-Endostatin/An-
giostatin. An advantage of rAAV vectors in muscle-based gene ther-
apy is the sustained presence of transgene(s) as either integrated or
episomal copies for long-term expression. Because antiangiogenic
gene therapy is directed toward inhibiting proliferation of tumor
neovasculature and not tumor cells directly, a critical requirement for
antiangiogenic therapy is stable expression of these factors at thera-
peutic levels. Studies have reported that administration of rAAV into
muscle not only results in long-term expression of the transgene but
also that vector administered this way does not €licit host immune
response against the transgenic protein, which would otherwise elim-
inate transgene expressing cells (31, 32). Thus, in the present study,
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Fig. 4. Levels of human endostatin and angiostatin in mouse serum after injection of
recombinant adeno-associated virus 2 (rAAV) encoding green fluorescent protein (GFP),
endostatin (E), or angiostatin (Angio or A). Serum samples were obtained before tumor
challenge ([J) and at the time of sacrifice of mice because of either tumor burden or
termination of the experiment (). A, a sandwich ELISA was developed for measuring
human angiostatin. B, ELISA for human endostatin used a commercial kit. Data show
mean + SD of calculated concentrations of each factor (mean of triplicates).
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Fig. 5. In situ hybridization and immunohisto-
chemistry for long-term transgene persistence and
expression. Five-um sections of injected muscles
were used for in situ hybridization (left panels) and A
immunohistochemistry (right panels). A, uninjected.
B, AAV-endogtatin. C, AAV-angiogtatin. D, AAV- s
endogtatin + angiogtatin bicistronic. For in situ hy- 3
bridization, inserts show a larger magnification of ¥
representative areas. For immunohistochemistry, A, ¥
B, and D were stained with antibody specific for e - i
human endostatin, and C was stained with antibody W
specific for human angiostatin. I

(i) In situ hybridization

we used skeletal muscle as a target tissue for stable expression of
rAAV and systemic secretion of endostatin and angiostatin using a
signa peptide. To demonstrate persistence and expression of AAV
transgene, we performed in situ hybridization and immunohistochem-
istry, respectively. Because the kringle 1-4 region of plasminogen
(representing angiostatin) and the internal collagen XVIII domain
(representing endostatin) show significant homology between human
and mouse, we used a DIG-labeled probe to the transgene CMV
promoter region for in situ hybridization analysis. Also, because all of
the vector constructs used in the study contained the CMV promoter,
it was possible to use the same probe for detection of vector genome
in al treatment groups. Results (Fig. 5, left) demonstrate the persist-
ence of AAV transgene in skeletal muscle of mice after 130 days.
Although the in situ data cannot demonstrate stable integration of the
vector into cell genomes, based on previous preclinical and clinical
studies, it is clear that rAAV administered in skeletal muscle estab-
lishes long-term presence (33).

Immunohistochemistry was performed in paraffin sections of the
transduced muscle to determine the expression of endostatin/angiosta-
tin. Representative results (Fig. 5, right) indicate the presence of each
antiangiogenic factor in the AAV-injected muscle tissue. On the basis
of the immunohistochemistry results, it is most likely that the cells
showing positive staining for angiostatin or endostatin are only those
in which in situ hybridization identified the vector genome.

DISCUSSION

Antiangiogenic therapy is a promising approach for the control of
solid tumor growth and metastasis. Although severa drugs have
shown promise in controlling tumor neovasculature, a major problem
in pharmacotherapy is side effects of constant drug administration and
the limited half-life of antiangiogenic proteins (34). Gene therapy, on
the other hand, offers advantages of maximizing cost effectiveness
and maintaining sustained levels of antiangiogenic factors, which may
enhance antitumor efficacy.

Although many factors are known to play important roles in new
blood vessel formation, two major factors that play a key role are
VEGF and fibroblast growth factor. Previous reports have presented
contradictory results on the efficacy of antiangiogenic factors in
controlling tumor growth in preclinical studies and clinical trials (19,
22, 35, 36). In the present study, we evaluated the potential of human
angiostatin and endostatin using rAAV for stable transfer of genes
encoding these factors. The magjor advantages of AAV vectors are

(ii) Immunohistochemistry

nonpathogenicity, less immunogenicity, and long-term stable expres-
sion of the antiangiogenic factors.

Because the initial discovery that biologicaly driven antiangio-
genic agents are much safer and effective, studies have focused on
testing their potential in preclinical and clinical applications (7-23).
However, the possible mechanisms of action of these factors have
only recently begun to be uncovered. Whereas angiostatin, a proteo-
Iytic fragment of plasminogen, acts by binding to avB3 integrin (37,
38), endostatin, an internal fragment of collagen XVIIl, is believed to
act by binding to tropomyosin, integrins, and matrix metalloproteases
(39—41). Thus, it is clear that these two factors act on distinct
pathways and targets. Hence, a treatment using these two factors
should have an additive or even synergistic effect compared with
therapy using only one factor. Results of our in vivo studies clearly
demonstrate this. An apparently synergistic tumor protective effect
was observed in mice that received the bicistronic vector encoding
both angiostatin and endostatin as compared with mice that received
vectors encoding only one of the factors.

The effect of a combination treatment of endostatin and angiostatin
over that using a single factor therapy was reported previously using
purified protein therapy (14). Interestingly, results of previous studies
have suggested differencesin the efficacy of protein as compared with
gene therapy approaches. Whereas administration of 20 mg/kg en-
dostatin as denatured purified protein was effective in controlling the
growth of an angiogenesis-dependent Lewis lung carcinoma (11),
gene therapy approaches using adenoviral or retroviral vectors pro-
duced only a modest therapeutic effect (42, 43). The reasons for this
could be different pharmacokinetics and tissue distribution of the
denatured purified protein compared with the in vivo-expressed factor
or the nature of vectors used.

Despite encouraging results from preclinical studies using protein
therapy, a major concern for clinical applications is the limited half-
life of the purified proteins. Furthermore, the half-lives of endostatin
and angiostatin are different, which may complicate drug scheduling.
Stable gene therapy approaches such as described here can overcome
these limitations by maintaining stable systemic levels of both an-
giostatin and endostatin. Although rAAV vectors have been used in
many preclinical and afew human clinica studies, a mgjority of these
applications have been in the context of genetic metabolic defects to
provide long-term expression of defective enzymes/factors (33, 44).
However, a few studies with antiangiogenic factors have provided
promising preclinical data, indicating the potential of long-term gene
therapy targeting the inhibition of tumor neovasculature (45, 46). Our
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data provide evidence that synergy between angiostatin and endostatin
delivered by AAV-dependent gene transfer will be clinically relevant
to control recurrence and metastasis of primary cancers.

Almogt al early preclinical studies of antiangiogenic tumor gene
therapy have been performed in immunodeficient mice and, hence, can-
not predict the role of host immunity on long-term transgene expression.
A potential advantage of rAAV is the proven long-term in vivo expres-
sion of AAV-encoded transgenes administered in skeletal muscle of
immunocompetent individuals. Because rAAV does not encode any viral
proteins, host immune response against the vector isminima (31, 32). In
addition, potent antigen presenting cells, especially dendritic cells, are not
transduced efficiently by rAAV. Undiminished expresson of AAV-
transgene as a secreted protein in muscle has been recorded for over 4
years in immunocompetent animals (47).

Persistence and stable expression of AAV-encoded antiangiogenic
factors is evident from our results of ELISA for serum levels and in
situ DNA hybridization studies of injected muscle tissue. Recent
studies using intratumoral administration of rAAV encoding endosta-
tin in a mouse glioma model and i.m. administration of rAAV-
endostatin in a colorectal cancer model have also shown therapeutic
efficacy (45, 46). A limitation in the intratumora administration of
rAAV isthe poor transduction efficiency in primary tumors as well as
the lack of accessible tumor sitesfor treatment in many patients. Thus,
administration of the vector in skeletal muscle may represent a pre-
ferred approach, especially for treatments in the setting of minimal
residual disease.

On the other hand, if constant systemic levels of antiangiogenic
factors become toxic to the experimental animals or patients, the
approach presented in this study may not prove superior over local-
ized production of the factors within tumors. In such situations,
development of targeted AAV with increased infectivity to tumor
cells may be highly beneficial. Accumulation of antiangiogenic fac-
tors in other organs because of unregulated expression may also lead
to ischemic conditions or impair wound healing. Thus, future studies
will be necessary to test the safety of long-term expression of an-
giostatin and endostatin, and the development of vectors alowing
regulated expression of transgenes by inducible promoters, for exam-
ple, may be warranted for full development of this genetic therapy
(48, 49).
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