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Abstract

Kaposi's sarcoma (KS) is the most frequent tumor of HIV-
1-infected individuals (AIDS-KS). Typical features of KS
are proliferating spindle-shaped cells, considered to be the
tumor cells of KS, and endothelial cells forming blood ves-
sels. Basic fibroblast growth factor (bFGF), a potent angio-
genic factor, is highly expressed by KS spindle cells in vivo
and after injection in nude mice it induces vascular lesions
closely resembling early KS in humans. Similar lesions are
induced by inoculating nude mice with cultured spindle cells
from AIDS-KS lesions (AIDS-KS cells) which produce and
release bFGF. Here we show that phosphorothioate anti-
sense (AS) oligonucleotides directed against bFGF mRNA
(ASbFGF) inhibit both the growth of AIDS-KS cells derived
from different patients and the angiogenic activity associ-
ated with these cells, including the induction of KS-like le-
sions in nude mice. These effects are due to the block of the
production of bFGF which is required by AIDS-KS cells
to enter the cell cycle and which, after release, mediates
angiogenesis. The effects of ASbFGFare specific, dose de-
pendent, achieved at low (0.1-1 ,uM), nontoxic, oligomer
concentrations, and are reversed by the addition of bFGF
to the cells, suggesting that ASbFGFoligomers are promis-
ing drug candidates for KS therapy. (J. Clin. Invest. 1994.
94:1736-1746.) Key words: endothelial cells * cell invasion
* cell cycle

Introduction

Kaposi's sarcoma (KS)' is an angioproliferative disease which
in recent years has become epidemic in association with HIV-
1 infection (AIDS-KS) (1-4). Characteristic histological fea-

G. Barillari's present address is Department of Experimental Medicine,
II University of Rome, Rome00173, Italy.

Address correspondence to Dr. Barbara Ensoli, Laboratory of Tumor
Cell Biology, National Cancer Institute, National Institutes of Health,
Bldg. 37, Rm. 6A09, 9000 Rockville Pike, Bethesda, MD20892.

Received for publication 28 March 1994 and in revised form 20
June 1994.

1. Abbreviations used in this paper: AS, antisense; CM, conditioned
media; ECGF, endothelial cell growth factor; H-UVE, human umbilical
vein-derived endothelial; KS, Kaposi's sarcoma.

tures of KS include the proliferation of spindle-shaped cells
(KS cells) of vascular origin considered to be the "tumor"
cells of KS, and of normal endothelial cells forming blood
vessels (angiogenesis), inflammatory cell infiltration, and
edema ( 1-5 ). Previous observations suggested that, at least in
early stages, KS is not a real tumor but a cytokine-mediated
hyperplastic/proliferative disease with angiogenic factors play-
ing a key role in its development (6-9). For example, superna-
tants from spindle cells derived from KS lesions of AIDS pa-
tients (AIDS-KS cells) (6-8) demonstrate angiogenic proper-
ties. Specifically, they induce normal endothelial cells to
migrate, degrade, and cross the basement membrane (invasion),
and to proliferate (8, 10); the events required for angiogenesis
( 11 ). When AIDS-KS cells are placed into the chorioallantoic
membrane of 9-day-old fertilized chick eggs they induce the
formation of blood vessels, and when injected into nude mice
they induce vascular lesions closely resembling early KS in
humans (7). These KS-like lesions are of mouse cell origin,
regress when the proliferation of AIDS-KS cells terminates, and
are not elicited by fixed cells (7). Similar effects are obtained
by inoculation of AIDS-KS cell derived supernatants (12, and
our unpublished data). Thus, AIDS-KS cells produce factors
which can induce proliferative events and histological changes
similar to those found in human KS (9).

Several observations suggested that, among the cytokines
produced by AIDS-KS cells (8, 9), basic fibroblast growth
factor (bFGF), a well-characterized angiogenic factor ( 11, 13 ),
is a major contributor to the development of KS lesions. In
vitro, AIDS-KS cells derived from different patients all express
high steady-state levels of bFGFmRNA(8), and contain abun-
dant amounts of all bFGF protein isoforms (18, 23, and 25
kD) in their nuclei and cytoplasm (8). Moreover, they release
biologically active bFGF into the extracellular media in the
absence of cell death (8) .2 This extracellular bFGF induces both
the growth of AIDS-KS cells themselves and normal endothelial
cells (8). bFGF is also a predominant' cytokine expressed in
vivo in spindle cells of human KS lesions and detected at both
mRNA( 14, 15) and protein level (15a). In addition, inoculation
of bFGF alone into nude mice induces the formation of vascular
lesions closely resembling early KS in humans as well as the
lesions induced by inoculation of AIDS-KS cells, with the ex-
ception that inflammatory cell infiltration and edema are more
evident when KS cells are inoculated (15a) since they also
produce inflammatory cytokines (8, 9).

To determine the role of bFGF in KS development and to
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evaluate potential drug candidates for KS therapy, phosphoro-
thioate-modified antisense (AS) oligodeoxynucleotides (24-
mers) complementary to bFGF mRNAwere tested for their
ability to block AIDS-KS cell growth in vitro and also inhibit
angiogenesis in vitro and in the KS nude mice model. The
results demonstrate that ASbFGF oligomers block AIDS-KS
cell growth in vitro and inhibit the formation of angiogenic,
KS-like, lesions induced by inoculation of AIDS-KS cells in
nude mice. These effects are specific, obtained at low, nontoxic
concentration, and are due to the inhibition of the production
of bFGF which is required by AIDS-KS cells to enter the cell
cycle and to promote endothelial cell growth and invasion.

Methods

Cell cultures. AIDS-KS3, -KS4, and -KS6 cell cultures were established
from KS lesions of AIDS patients and cultured as previously described
(6-8). Human umbilical vein-derived endothelial (H-UVE) cells were
established and cultured in the presence of endothelial cell growth factor
(ECGF) supplement (30 jig/ml) (Collaborative Research Inc., Bedford,
MA) or acidic FGF(aFGF) (10 ng/ml) (R & D Systems, Minneapolis,
MN, or Boehringer Mannheim Biochemicals, Indianapolis, IN) and hep-
arin (45 ,tg/ml) (Sigma Chemical Co., St. Louis, MO), as previously
described (6-8, 16).

Oligodeoxynucleotides. ASbFGFand sense (S) bFGF phosphoro-
thioate oligodeoxynucleotides (24-mers) were prepared on 1 /Lmol or 10
Imol scales with an Applied Biosystems Model 380B DNAsynthesizer
(Foster City, CA) using previously reported procedures (17). These
include substitution of 0,0-diisopropyl-phosphorodithioic acid disulfide
for iodine-water-pyridine and reversing the normal oxidation-then-cap
sequence within each cycle, as described in U.S. patent No. 5, 292, 875;
preparative reversed-phase high-performance liquid chromatography,
detritylation, isolation of the final product in the form of its sodium
salt, and analysis by capillary gel electrophoresis ( 18), which generally
indicated 2 85% full-length product by comparison to size standards.
Unmodified phosphodiester oligomers were obtained by use of iodine-
water-pyridine for the oxidation step. The sequence of the AS oligomers
synthesized is as follows. AS complementary to the translation start site
(AUG codon) of bFGFmRNA: 5' GATGCTCCCGGCTGCCATGGT-
CCC3'; Splice donor-acceptor site 1 (codon 60): 5' TTGTAGCTT-
GATGTGAGGGTCGCT3'; Splice donor-acceptor site 2 (codon 94-
95): 5' ATCCGTAACACATTTAGAAGCCAG3'. Corresponding
sense phosphorothioate oligomers having reverse complementary se-
quences were synthesized as controls. A random oligonucleotide phos-
phorothioate (24-mer), used to monitor the extent of sequence non-
specific inhibition, was synthesized as a degenerate oligonucleotide by
coupling a mixture of four nucleotides at each stage (theoretically it
contains 428 = 7.2 X 1016 sequences). This oligomer was kindly pro-
vided by J. Lisziewicz (LTCB, NCI). All oligomers were resuspended
in sterile and endotoxin-free water at a concentration of 1 mM. Further
dilutions were made in cell growth media.

Cell growth assays. AIDS-KS cell growth was evaluated by both
[3H]thymidine incorporation assay and by the cell counting method.
For the thymidine incorporation assay, cells were seeded in 96-well
plates (Costar Corp., Cambridge, MA) at 0.8-1 x 103 cells/well and
the day after the oligomers or the medium in which the oligomers were
diluted and 1 tCi of [3H]thymidine (6.7 Ci/mmol; NEN Research
Products, Boston, MA) were added to each well (five replicates per
sample) in medium containing 10% fetal bovine serum (FBS) (GIBCO
BRL, Grand Island, NY) and in the absence of any cell growth supple-
ment (3-5), as previously described (16, 19, 20). 24, 48, 72, or 96 h
later, cells were harvested and the cpm of incorporated thymidine were
determined with /3-Counter (1250 Beta Plate; LKB/Pharmacia, Piscata-
way, NJ). The results were expressed as percent of cell growth com-
pared with values in the absence of the oligomers (percent of control).

For the cell counting method, AIDS-KS cells were seeded in 12-

well plates (Costar) at 3 x 103 cells/well (in duplicates) and cell
number was determined 4 d after the addition of the oligomers or me-
dium alone by Trypan blue dye exclusion, as previously described (8,
19, 20).

For H-UVE cells, cell growth was evaluated by [3H] thymidine in-
corporation 48 h after the addition of the oligomers or controls to com-
plete media (containing 10% FBS and ECGFor aFGF) (6-8), as
described above and elsewhere (16, 19).

Cell cycle analysis. The distribution of the cells in the different
phases of the cell cycle was determined by FACSanalysis after labeling
the nuclei with propidium iodide (Boehringer Mannheim Biochemi-
cals). Briefly, AIDS-KS cells were plated in T75 cm2 flasks ( 1 X I0
cells/flask). Cells were then collected, fixed in cold 70% ethanol for
30 min in ice, centrifuged, and resuspended in 500 ul of the staining
solution (100 qg/mI propidium iodide, 0.1% Triton X-100 [Sigma
Chemical Co.], 37 gg/ml EDTA [Digene, College Park, MD] in phos-
phate buffered saline [PBS]) and 500 ,1 of RNase (200 U/ml; Sigma
Chemical Co.). Nuclei were then analyzed by flow cytometry using the
Cellfit software (Becton Dickinson, San Jose, CA). The results were
expressed as percent of cells in S-phase.

Rescue of cell growth with recombinant bFGF protein. Rescue
assays were performed by both the cell counting method and FACS
analysis and expressed as cell number or as percent of the cells in S-
phase, respectively, after the addition of bFGF (Boehringer Mannheim
Biochemicals) to oligomers-treated cells. In both cases, 48 h after the
addition of the oligomers, cells were washed twice with media con-
taining 15% FBS and medium alone or bFGF (50 ng/ml) were added
to the cells and the assays continued as described above.

bFGFstaining of cytospin preparations. A double-indirect immuno-
peroxidase method with affinity-purified mouse monoclonal anti-bFGF
antibodies (1:150 dilution) raised against purified bovine brain bFGF
(Promega, Madison, WI), was used to stain cytospin preparations as
described elsewhere (20). Slides were counterstained with Harris Hema-
toxylin. SK-HEP cell line, a known bFGF-producing cell line (8) and
a T cell line (H9) or PBS were used as positive and negative controls,
respectively. The percentage of positive cells in duplicate samples for
each experiment and in three fields per slide was evaluated and expressed
as the mean (±SD) of both cytoplasmic and nuclear stained-positive
cells.

bFGFstaining of mouse tissues. Frozen tissue sections from the site
of inoculation of mice injected with SbFGFor ASbFGF-treated AIDS-
KS cells were stained with rabbit polyclonal anti-bFGF antibodies
(Santa Cruz Biotechnology Inc., Santa Cruz, CA) by the peroxidase-
antiperoxidase method. To reduce background staining, slides were in-
cubated with normal swine serum (1:5 dilution) (Dakopatts, Glostrup,
Denmark) for 30 min at room temperature before the addition of the
primary antibody. Slides were then incubated (30 min, room tempera-
ture) with the primary antibody diluted to 1:20 or 1:40 in 1%PBS-BSA.
Swine anti-rabbit (1:100 dilution, Dakopatts) and then peroxidase-
antiperoxidase (rabbit) (1:100 dilution; Dakopatts) were added to the
slides for 30 min each at room temperature. After each incubation, slides
were washed in PBS for 10 min with gentle shaking. The peroxidase
reaction was then developed as described elsewhere (20) and slides
were counterstained with Mayer's hematoxylin solution (Sigma Chemi-
cal Co.) before evaluation.

Preparation of conditioned media (CM) from AIDS-KS cells. CM
were prepared as described previously (6-8) from AIDS-KS4 or -KS3
cells cultured for 24 h with serum-free medium with or without 0.5 JIM
of AS or SbFGF oligomers. These CMwere diluted 1:2 (in H-UVE
cell growth media without ECGFor aFGF/bFGF and heparin and con-
taining 20% FBS) for the cell growth assays with H-UVE cells or used
undiluted or diluted in serum-free medium for the H-UVE cell invasion
assays (see below).

H-UVE cell invasion through Matrigel. H-UVE cells (1.5 X 105)
were resuspended in 800 MI of serum-free medium containing 0.1%
BSA (Sigma Chemical Co.) and placed in the upper compartment of
the Boyden chambers (NeuroProbe, Inc., Cabin John, MD). The CM
or serum-free medium (negative control) were placed in the lower com-
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Figure 1. Effect of ASbFGFoligo-
mers directed against different se-
quences of bFGFmRNAon AIDS-
KS cell growth. Percentage of
AIDS-KS4 cell growth in the pres-
ence of medium alone (o), or in
medium containing 0.1, 1, or 10
,gM of AS (-), or S (m) phospho-
rothioate oligomers directed
against the translation start site
(AUG codon), the SD-A site 1
(SD-Al), or SD-A site 2 (SD-A2)
of bFGF mRNA. Cell growth was
evaluated at 48 h by the [3H]-
thymidine incorporation method
and results were expressed as the
percentage of cell growth com-
pared to results in the absence of
the oligomers (percent of control).

partment. The two compartments of the Boyden chambers were sepa-
rated by 12 pM pore polycarbonate filters (Poretics Corp., Livermore,
CA) coated with Matrigel (Collaborative Research) (diluted to a final
concentration of 0.5 mg/ml) which polimerizes at 37TC forming a base-
ment membrane (21). The assay was performed as previously described
(22). After 6 h of incubation at 370C in a 5% CO2 atmosphere, the
cells on the upper surface of the filters were removed, and the filters
were fixed in ethanol and stained by toluidine blue and hematoxylin/
eosin. Invaded cells present on the lower surface of the filter were
quantitated "blindly" by light microscopy. The assays were carried out
in duplicate and five fields/filter were counted.

Injection of AIDS-KS cells in nude mice. AIDS-KS3 or -KS4 cells
were cultured for 48 h (at 50% confluence) in the presence or in the
absence of 1 HtM of ASbFGF or SbFGF oligomers. Cells were then
trypsinized, washed in PBS, and 3 X 106 cells were inoculated subcuta-
neously in the lower back of BALB/c nu/nu athymic mice, as previously
described (7). Untreated cells cultured under the same conditions and
medium only were used as controls. Mice were examined and sacrificed
at 4 d after injection. At this time tissue samples were taken from the
site of injection for both positive and negative animals. Specimens were
either quick-frozen and cryosectioned for immunohistochemical staining
or fixed in formalin. Tissue slides were analyzed microscopically after
hematoxylin/eosin staining. Histological examination was performed
on coded samples without prior knowledge of the macroscopic results.
Histological changes such as angiogenesis, spindle cells proliferation,
acute and chronic inflammatory cell infiltration and edema were scored
using as negative controls the sites injected with medium alone in the
absence of cells.

Results

Antisense bFGFphosphorothioate oligomers inhibit AIDS-KS
cell growth specifically and in a dose-dependent fashion. Initial
experiments were performed to determine the effect on AIDS-
KS cell growth of AS and corresponding S oligomers, used as
controls, directed against three different bFGF sequences: the
translation start site (AUG codon) and splice donor-acceptor
(SD-A) sites one and two of bFGF mRNA(23-25). The se-
quence of each of these oligomers is reported in Methods. The
phosphorothioate modification was chosen because it renders
the oligomers less susceptible to degradation (26). As shown
in Fig. 1, inhibition of AIDS-KS cell growth was greatest and
more specific with the AS oligomer directed against the SD-A
site 1 of bFGF mRNAcompared with the other AS oligomers
tested. Computer analysis suggested that the more selective ef-

fect of ASbFGFdirected against the SD-A site 1 as compared
with the other oligomers could be due to mRNAconformation.
For example, the sequence targeted by the oligomer directed
against the SD-A site 2 is presented as a loop while the sequence
targeted by ASbFGF against the SD-A site 1 is exposed and
likely accessible to the oligomer. Therefore, the SD-A site 1
oligomer, referred hereafter simply as ASbFGF, was chosen for
further experiments.

As shown in Fig. 2 A, ASbFGF inhibited the growth of
AIDS-KS4 cells in a dose-dependent fashion with optimal ef-
fects at 0.5-1 jsM. After 48 h, these oligomer concentrations
inhibited 53-73% of cell growth, respectively, while the corre-
sponding S oligomer (SbFGF) had no effects. At concentrations
of 2.5 ,tM and greater, inhibition by ASbFGF was almost
complete (85-97%), however, at these concentrations, some
inhibition was also observed with the S oligomer (35-65%)
(Fig. 2 A).

To determine whether the phosphorothioate modification
contributed to the inhibition of cell growth, ASbFGF and
SbFGF unmodified phosphodiester oligomers were used for
similar experiments. As shown in Fig. 2 B, these oligomers had
effects very similar to those with phosphorothioates, suggesting
that the chemical modification does not contribute to cell growth
inhibition. To verify the extent of non-sequence-specific inhibi-
tion by the ASbFGF oligomer, a phosphorothioate random
oligomer of the same length was utilized as control. As shown
in Fig. 2 C, the random oligomer had very limited effect, indicat-
ing that most of the inhibition by ASbFGFis sequence specific.
These results indicated that ASbFGFblocks KS cells growth
specifically, at low and nontoxic concentration, and in a dose-
dependent fashion.

The inhibition of AIDS-KS cell growth by ASbFGFis time-
dependent, is rescued by exogenous bFGF and is associated
with reduction of intracellular bFGFcontent. To determine the
kinetic of AIDS-KS cell growth inhibition by ASbFGF, AS or
SbFGFoligomers (0.5 and 1 tiM) were added to the cells and
growth was monitored at serial time points by the thymidine
incorporation method. The levels of inhibition of cell prolifera-
tion by ASbFGFincreased with time and lasted for more than
96 h after a single addition of the oligomer. As shown in Fig.
3 A, by 96 h, the addition of 0.5 and 1 4tM of the ASbFGF
oligomer resulted in 68 and 86% cell growth inhibition, respec-
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Figure 2. (A) Dose-dependent inhibition of AIDS-KS cell growth by AS
oligomer directed against the first SD-A site of bFGFmRNA.Percentage
of AIDS-KS4 cell growth in the presence of medium alone (c), or in
medium containing increasing concentrations (0.1-10 pLM) of ASbFGF
(i), or SbFGF (-) phosphorothioate oligomers directed against the SD-
A site 1 of bFGF mRNA. Cell growth was evaluated at 48 h by the
[3H]thymidine incorporation method and results were expressed as de-
scribed in the legend to Fig. 1. Similar or identical cell growth inhibitory
effects were obtained with six different preparations of the same phospho-
rothioate oligomers. (B) Unmodified phosphodiester ASbFGFoligomers
block AIDS-KS cell growth at levels similar to phosphorothioates. Per-
centage of AIDS-KS4 cell growth in the presence of medium alone (o),
or in the medium containing increasing concentrations (0.1 -10 UM) of
AS (n) or S (-) phosphodiester oligomers directed against SD-A 1 of
bFGF mRNA. Cell growth was evaluated at 48 h and results expressed
as described in the legend to Fig. 1. (C) The inhibitory effect of ASbFGF
on KS cell growth is sequence specific. Percentage of AIDS-KS4 cell
growth in the presence of medium alone (c) or in medium containing
increasing concentrations (0.1-5 1M) of ASbFGF(-), or a random
phosphorothioate oligomer (i*). The random oligomer was used to moni-
tor the extent of sequence-nonspecific inhibition. Cell growth was evalu-
ated at 48 h and results expressed as described in the legend to Fig. 1.
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Figure 3. Cell growth inhibitory effect of ASbFGFover time after a single addition to AIDS-KS cells. Percentage of AIDS-KS4 cell growth at 24,
48, 72, and 96 h after the addition to the cells of medium alone (o o), or medium containing 0.5 or 1 pAM of ASbFGF(- *), or SbFGF
(m *) oligomers. Cell growth was evaluated by [3H]thymidine incorporation method. (B) ASbFGFoligomer blocks ADS-KS cell growth
by reducing the number of cells entering the S-phase of the cell cycle. This effect is reversed by the addition of recombinant bFGF protein to the

cells. The percentage of AIDS-KS4 cells in S-phase (right panel) and cell number (left panel) were determined 4 d after the addition of 0.5 ILM
of ASbFGF (m), 0.5 AMof SbFGF (m), or medium alone (a). 48 h after the addition of the oligomers, cells were washed twice with media
containing 15% FCS and medium alone or bFGF (50 ng/ml) were added to the cells. The results are the average of duplicate samples from three

experiments. In the presence of ASbFGF, AIDS-KS cell number and the percentage of cells in S-phase were reduced to 49-54% and 42%,
respectively, as compared with S-treated or untreated cells. Cell death was undetectable. In both cases cell growth inhibition was reversed by the

addition of bFGF. (C) ASbFGFoligomer inhibits bFGF protein expression by AIDS-KS cells. From the upper to the lower panels: AIDS-KS4
cells cultured for 24 h in medium alone, with ASbFGFor with SbFGFoligomers (0.5 1sM). The numbers to the right are the percent bFGF-positive
AIDS-KS cells (±SD). The values in parenthesis represent the relative intensity of the cytoplasmic staining with + indicating minimal detectable
signal. In AS-treated AIDS-KS cells nuclear bFGF staining was reduced from 36% (±9) to 3% (±1) positive cells. SK-HEP1 cell line, a known
bFGF producing cell line (8), was used as a positive control (84%±5 bFGF positive cells), while a T cell line (H9) was used as a negative control
(0%). The average results of three fields per slide (100 cells/field) are reported. The results were reproduced in two different experiments.

tively, while the S oligomer had no significant effects (0-10%
inhibition).

To verify that inhibition of DNAsynthesis corresponded to
an actual decline in the number of proliferating cells, both the
cell number and the percentage of cells in S-phase were exam-

ined by Trypan blue dye exclusion and FACSanalysis 96 h after
the addition of 0.5 jLM of ASbFGFor SbFGFand compared to
untreated cells. As shown in Fig. 3 B, in the presence of
ASbFGF, the percentage of cells in S-phase was reduced to
42% and the number of KS cells was reduced to 49-54% of
the levels found with cells treated with the S oligomer or with
untreated cells. No cell death was detected. This inhibition was

reversed by the addition of recombinant bFGF protein to AS-
treated cells, i.e., cell growth increased (both cell number and
the percentage of cells in S-phase) reaching the same levels
detected in the absence of the AS oligomer (Fig. 3 B).

To confirm that ASbFGFreduced bFGFprotein production,
AIDS-KS cells were treated for 24 h with the ASbFGF or

SbFGF oligomers (0.5 gM) or with medium alone and then
were stained by double-indirect immunoperoxidase with affinity
purified anti-bFGF monoclonal antibodies. The number of
bFGF positive cells and the intensity of both the cytoplasmic
and nuclear bFGF staining were greatly reduced in ASbFGF-

treated compared to SbFGF-treated or untreated cells (Fig. 3
C). This could be due to the degradation of bFGF mRNAby
RNase H, as suggested in previous work with phosphorothioate
oligomers (23-26). These results indicated that ASbFGF
blocks cell growth by reducing the number of cells entering the
cell cycle. This is dependent on the presence of bFGF, and is
associated with inhibition of the expression of bFGF in nuclei
and cytoplasms (23-25).

ASbFGFoligomer blocks the growth of KS cells derived
from different patients but not that of normal endothelial
cells. The previous observations were extended to AIDS-KS
cells derived from different patients (AIDS-KS3, -KS4, and -

KS6) (6-8). As shown in Fig. 4,A and B, ASbFGFat 1

1IM specifically inhibited the growth of these cells but not
that of H-UVE cells. Normal endothelial cells were chosen
as control cells because they may represent the cell type of
origin of AIDS-KS cells (5, 9) and because they normally
produce little or no bFGF, but they proliferate in response to
the cytokine (8).

ASbFGFoligomer blocks the angiogenenic activity of KS
cells. AIDS-KS cells release biologically active bFGF into the
cell culture supernatants (8),2 and CMfrom AIDS-KS cells
induce endothelial cells to migrate, degrade, and cross the base-
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Figure 3 (Continued)

ment membrane (invasion) and to proliferate (8, 10) (Fig. 5,A
and B). These events, required for angiogenesis (11), are typi-
cal of KS (1-5, 9) and are also observed in nude mice after
injection of AIDS-KS cells or bFGF (7)(15a). To verify that

bFGFmediates these activities of AIDS-KS cells, CMprepared
from AIDS-KS cells treated for 24 h with either AS bFGF, S
bFGF oligomers, or with medium alone were used to test the
effect on H-UVE cell growth and cell invasiveness through a
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Figure 4. ASbFGFoligomer inhibits the growth of AIDS-KS cell cultures derived from different patients (AIDS-KS3, -KS4, and -KS6). Percentage
of AIDS-KS3, -KS4, and -KS6 cell growth after the addition to the cells of medium alone (n) or medium containing 0.1, 1, and 10 tLM of the
ASbFGF(m) or the SbFGF (-) oligomers. Cell growth was evaluated and results expressed as described in the legend to Fig. 1. (B) ASbFGF
oligomer does not inhibit the growth of normal endothelial cells (H-UVE). Percentage of H-UVE cell growth 48 h after the addition of growth
medium (E) or growth medium containing 0.1, 1, and 10 tiM of the ASbFGF(m) or the SbFGF (m) oligomers. Cell growth was evaluated by
[3H]thymidine incorporation method as described in Methods.

reconstituted basement membrane (Matrigel) (22). As shown
in Fig. 5,A and B, CM-derived from AIDS-KS cells cultured
in media alone or from cells treated with the S oligomer (0.5
,qM) promoted H-UVE cell growth and invasion, while CM
obtained from cells treated with 0.5 OMof the AS oligomer no

longer induced these activities (Fig. 5,A and B). Thus, ASbFGF

BA

I

a
*i

can block both the growth and the invasive promoting activities
of AIDS-KS cells in vitro.

ASbFGFoligomer blocks KS-like lesion formation induced
by inoculation of AIDS-KS cells in nude mice and this is associ-
ated with inhibition of bFGFexpression. To determine whether
ASbFGFwas also able to inhibit the formation of KS-like le-
sions induced by inoculation of AIDS-KS cells in nude mice,
AIDS-KS3 or -KS4 cells were cultured for 48 h in the presence

of either 1 ,tM of ASbFGF, SbFGF, or medium alone and equal
numbers of cells were injected subcutaneously into the lower
back of nude mice as described previously (7, 15a). As shown
in Table I, with untreated or S-treated cells macroscopic vascu-

lar lesions developed in 8/9 (89%) and in 7/8 (88%) of the
mice inoculated, respectively. In contrast, with AS-treated cells,
lesions developed in only 3/8 (37%) of the animals (P < 0.005
by chi square comparison of S-treated or untreated cells and
AS-treated cells). In addition, the histopathology of the lesions
induced by AS-treated cells was reduced as compared with
lesions from S-treated or untreated cells (Table I). Examples
of the histological results from these experiments are shown in
Figs. 6,A-D. The histopathological features observed in sites

0 bFGF * AIDS-KS CM E AIDS-KS CM/S bFGF * AIDS-KS CM/ASbFGF Medium

Figure 5. AIDS-KS cells treated with ASbFGFoligomer loose the ca-

pacity to induce H-UVE cell growth (A) and invasion (B). (A) Percent
increase of H-UVE cell growth in the presence of CMderived from
AIDS-KS4 cells cultured in the absence of oligomers (AIDS-KS CM,
i), CMfrom AIDS-KS4 cells treated with 0.5 pMof SbFGFoligomer
(AIDS-KS CM/SbFGF, *), CMfrom AIDS-KS4 cells treated with 0.5
jLM of ASbFGFoligomer (AIDS-KS CM/ASbFGF, *). bFGF (5 ng/
ml) (-) and medium alone (ri) were used as positive and negative
controls, respectively. Similar data were obtained with CMfrom AIDS-
KS3 cells. CMwere prepared as described in Methods and cell growth
was evaluated at 48 h by [3H]thymidine incorporation. (B) Number of
invaded H-UVE cells per field in the presence of CMfrom AIDS-KS4
cells cultured in the absence of oligomers (AIDS-KS CM, m), CMfrom
AIDS-KS4 cells treated with 0.5 jLM of SbFGF(AIDS-KS CM/SbFGF,
m), CMfrom AIDS-KS4 cells treated with 0.5 jM of ASbFGF(AIDS-
KS CM/ASbFGF, *). Medium alone was used as negative control (o).
The assays were performed and evaluated as described in the Methods
section. The values reported are the average of 10 fields.

Table I. Treatment of AIDS-KS Cells with ASbFGFOligomer
Inhibits the Formation of KS-like Lesions Induced by Inoculation
of the Cells in Nude Mice

Mice injected with

ASbFGF-treated cells SbFGF-treated cells Untreated cells

3/8 (37%)* 7/8 (88%) 8/9 (89%)

* Histopathology of these lesions was reduced up to 50% as compared
with lesions from SbFGF-treated or untreated cells. Reported is the
number of mice developing macroscopic vascular lesions closely resem-
bling early KS versus the number of mice inoculated with AIDS-KS
cells cultured for 48 h in the presence of ASbFGF (1 NM), SbFGF
(1 ILM) or medium alone. In parenthesis is reported the percentage of
lesion-positive animals. (P < 0.005 by chi square comparison of S-
treated or untreated cells versus AS-treated cells).
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Figure 6. ASbFGFinhibits the formation of KS-like lesions induced by inoculation of AIDS-KS cells in nude mice. Shown are examples of the
histopathology (40x, lOOx, and 400x original magnifications from the left to the right panels, respectively) of the sites of injection from mice
inoculated with either untreated AIDS-KS4 cells (A), cells treated for 48 h with 1 tiM of SbFGF oligomer (B), or cells treated for 48 h with 1
tiM of ASbFGFoligomer which did not induce (C), or induced (D) a macroscopic vascular lesion. In this experiment, 3/3 mice inoculated with
untreated cells or S-treated cells, respectively, developed lesions characterized by the same histopathology (angiogenesis, spindle cells, inflammatory
cell infiltration and edema) (A and B), while one-third animals inoculated with AS-treated cells developed a smaller lesion which was characterized
by a reduced histopathology (D).

inoculated with untreated AIDS-KS cells (Fig. 6 A) (angiogen-
esis, spindle cell growth, acute and chronic inflammatory cell
infiltration and edema) were similar or identical to sites inocu-
lated with S-treated cells (Fig. 6 B), while they were absent

(Fig. 6 C) or greatly reduced (Fig. 6 D) in sites inoculated
with AS-treated cells.

To determine the level of bFGF expression in these tissues,
frozen sections from the sites of injection of mice inoculated
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Figure 7. Inhibition of KS-like lesion formation by ASbFGF is associated with inhibition of bFGF protein expression. Expression of bFGF in sites
inoculated with (A) SbFGF-treated or (B) ASbFGF-treated AIDS-KS cells. Frozen sections from the sites of injection of mice inoculated with S-
treated and AS-treated cells from the previous experiments (Fig. 6) were stained with anti-bFGF antibodies by immunohistochemistry as described
in Methods. Shown are 40x (left panels) and lOOX (right panels) original magnifications. Similar results were also obtained with different mice.

with S-treated and AS-treated cells from the previous experi-
ment (Fig. 6) were stained by immunoperoxidase with anti-
bFGF antibodies. As shown in Fig. 7, bFGF was highly ex-
pressed in mice inoculated with S-treated cells (Fig. 7 A), while
its expression was greatly reduced in mice inoculated with AS-
treated cells (Fig. 7 B). These results indicated that the block
of KS-like lesion formation by ASbFGFoligomers is associated
with inhibition of bFGF expression in vivo.

Discussion

We and others have previously shown that bFGF is highly
expressed in spindle cells of KS lesions both in vitro and in
vivo (8, 14, 15, 15a) and that KS cells release this cytokine in
the absence of cell death and in a biologically active form which
mediates endothelial cell growth (8) .2 Recent data suggest that
inflammatory cytokines (tumor necrosis factor, IL-1, and y-
IFN), which are elevated in individuals at high risk to develop
KS (27), are responsible for the increased expression of bFGF
in KS spindle cells. Specifically, these cytokines increase both
the production and the release of biologically active bFGFfrom
AIDS-KS cells and enhance the efficiency of these cells to
induce KS-like lesions in the nude mice model.2 This is in
agreement with previous data indicating that the same inflam-

matory cytokines activate bFGF expression in normal vascular
cells (28, 29).

The results shown herein indicate that bFGF is essential for
growth of AIDS-KS cells. Block of bFGF production by
ASbFGF oligomers led to the arrest of KS but not normal
endothelial cell growth in the absence of cell death, using KS
cells from a number of different patients (Figs. 1-4). This
effect is sequence specific, dose dependent, and is specific for
cells producing and responding to the cytokine in autocrine
manner. Furthermore, KS cell growth inhibition is achieved
with relatively low (0.1-1 MM) concentrations of ASbFGF
oligomers, and is reversed by the addition of exogenous bFGF
(Figs. 2 and 3). After a single addition of ASbFGFoligomer
at 0.5-1 MM, KS cell growth is progressively inhibited reaching
values up to 68-86% inhibition by 96 h (Fig. 3 A). Cell cycle
analysis indicate that this progressive decline of cell growth is
due to a reduction of the cells in S-phase and to their accumula-
tion in GO-GI (Fig. 3 B). Thus, in the absence of bFGF AIDS-
KS cells cannot enter the S-phase of the cell cycle. However,
this block is reversed by the addition of exogenous bFGF (Fig.
3 B). The progressive decline of cell growth may also be due
to the fact that the intracellular storage of bFGF must be de-
pleted before full inhibitory effects by ASbFGF are evident.
This is suggested by the reduced, but still detectable, bFGF
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content after treatment of KS cells with 0.5 MMASbFGF for
24 h (Fig. 3 C).

AIDS-KS cells promote endothelial cell growth, migration,
and invasion through Matrigel and when inoculated in nude
mice they promote angiogenic lesions closely resembling early
KS (Figs. 5 and 6; Table I) (7, 8, 10). Injection in mice of
recombinant bFGFalone induces similar effects ( 15a). Wehave
previously shown that endothelial cell growth induced by CM
from KS cells can be blocked by specific antibodies directed
against bFGF (8). Here we demonstrate that after treatment
with ASbFGFoligomers, AIDS-KS cells loose the capacity to
induce endothelial cell growth, migration and invasion (Fig.
5,A and B), and to induce KS-like lesions in the nude mice
model (Fig. 6; Table I). In particular, about 90%of the animals
injected with untreated or S-treated AIDS-KS cells developed
macroscopic vascular lesions, while with AS-treated AIDS-KS
cells lesions developed only in 37%of the animals (P < 0.005).
In addition, the lesions induced with ASbFGF-treated AIDS-
KS cells were characterized by a reduced histopathology (Fig.
6) and contained a much lower level of bFGF than lesion from
S-treated mice (Fig. 7). Interestingly, in mice inoculated with
AS-treated cells, the histopathology of the lesions was reduced
in all its components, including inflammatory cell infiltration
and edema (Fig. 6 D). This was somewhat unexpected since
bFGFdoes not mediate inflammatory cell infiltration. However,
since proliferating AIDS-KS cells, in addition to bFGF, also
constitutively produce several inflammatory cytokines (8, 9,
12), this may be an indirect effect due to a lower growth rate
and, consequently, reduced cytokine production after ASbFGF
treatment of the cells. Production of inflammatory cytokines
by AIDS-KS cells may also contribute to the residual lesion
formation observed with AS-treated cells. Specifically, in-
flammatory cytokines which are known to activate bFGF ex-
pression (28, 29), may induce endogenous (mouse) bFGF. Pre-
liminary results suggest that this is the case. The injection at
day 2 of AS or SbFGFoligomers complementary to the mouse
sequence in the same sites inoculated with AS- or S-treated KS
cells further reduced lesion formation.

The results of this study indicate that (a) bFGF is essential
for growth of spindle cells derived from HIV-1-associated KS;
(b) bFGF mediates the angiogenic activity of these KS spindle
cells; and (c) bFGF is a key cytokine in the development of
KS-like lesions in the nude mouse model. Since bFGF is ex-
pressed at high levels by spindle cells in human KS lesions ( 14,
15a), this cytokine could be a good target for blocking KS
development and progression, at least during the early stages
of the disease. Furthermore, bFGF is present in KS lesions from
both AIDS-associated and classical KS patients (14), sug-
gesting that therapies specifically directed toward this molecule
may be of benefit for all forms of KS. Drugs currently used or
recently proposed for the treatment of KS include a-IFN (30-
32), fumagillin (33) and a sulfated polysaccharide-peptidogly-
can compound (SP-PG) (12). a-IFN has been shown to block
the progression of KS in 30-50% of the patients treated (30-
37), particularly in the early phase of the disease, and recent
evidence in other systems suggest that this is due to a block of
bFGF activity (34). Fumagillin and SP-PG are currently in KS
clinical trails. Both these drugs have been reported to inhibit
angiogenesis and reduce the growth of tumors, including KS,
(12, 33) likely by blocking the activity of angiogenic factors,
however, their exact mechanism of action and efficacy in KS
are yet unknown.

Since several lines of evidence indicate that bFGF is a key
molecule in the development of KS lesions, treatments that
specifically target bFGF production, namely ASbFGF oligo-
deoxynucleotides, could replace or be combined with other drug
to increase the therapeutic effect, as recently proposed by Folk-
man and Ingber (35) for combined use of fumagillin and a-IFN
in cancer therapy. The theoretical advantages of using ASbFGF
oligomers in KS therapy include: (a) high specificity of
ASbFGFoligomers in inhibiting the expression of this molecule
(23-25); (b) the relative specificity for AIDS-KS cells; and (c)
the in vitro and in vivo inhibition at low, presumably nontoxic,
concentrations which may be achievable in vivo, as suggested
by results with phosphorothioate oligomers directed to other
targets (36-39). It is well documented that angiogenesis is
essential to tumor growth and even though it can be blocked
by several drugs, compounds specifically blocking the produc-
tion of angiogenic factors are lacking (35). Our data and results
by others (23-26, 36-39) suggest that AS phosphorothioate
and other types of oligonucleotide analogues against angiogenic
factors may have broad applications in cancer therapy.
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