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ABSTRACT

New blood vessel formation is essential for tumor growth and meta-
static spread. Integrinsavb3 and avb5 are arginine-glycine-aspartic acid-
dependent adhesion receptors that play a critical role in angiogenesis.
Hence, selective dualavb3 and avb5 antagonists may represent a novel
class of angiogenesis and tumor-growth inhibitors. Here, an arginine-
glycine-aspartic acid-based peptidomimetic library was screened to iden-
tify avb3 antagonists. Selected compounds were then modified to generate
potent and selective dual inhibitors ofavb3 and avb5 receptors. One of
these compounds, SCH 221153, inhibited the binding of echistatin toavb3

(IC50 5 3.2 nM) and avb5 (IC50 5 1.7 nM) with similar potency. Its IC 50

values for related aIIb b3 and a5b1 receptors were 1294 nM and 421 nM,
respectively, indicating that SCH 221153 is highly selective foravb3 and
avb5 receptors. In cell-based assays, SCH 221153 inhibited the binding of
echistatin toavb3- and avb5-expressing 293 cells and blocked the adhesion
of endothelial cells to immobilized vitronectin and fibroblast growth
factor 2 (FGF2). SCH 221153, but not the inactive analogue SCH 216687,
was effective in inhibiting FGF2 and vascular endothelial growth factor-
induced endothelial cell proliferation in vitro with an IC 50 equal to 3–10
mM. Angiogenesis induced by FGF2 in the chick chorioallantoic mem-
brane assay was also inhibited by SCH 221153. Finally, SCH 221153
exerted a significant inhibition on tumor growth induced by intradermal
or s.c. injection of human melanoma LOX cells in severe combined
immunodeficient mice.

INTRODUCTION

The concept that tumor growth and its metastatic spread are de-
pendent on the formation of new blood vessels has sparked an interest
in identifying protein targets amenable to small-molecule drug dis-
covery (1–3). The angiogenic process depends on vascular endothelial
cell proliferation, migration, and invasion (4). A family of adhesion
receptors known as integrin receptors regulates these processes. Inte-
grins are composed of noncovalently associateda andb chains and
recognize the RGD3 sequence present in their matrix ligands (5).
Nevertheless, they are capable of distinguishing different RGD-
containing proteins, thus showing different specificity for various
ECM cell-adhesive proteins. Among the various members of the
integrin family,avb3 has been found to play a very significant role in
the process of angiogenesis. Integrinavb3 is a promiscuous receptor
inasmuch as it is capable of interacting with a number of ECM

proteins, including VN, fibrinogen, FN, and thrombospondin (4, 6), as
well as to other proteins with different biological functions including
FGF2 (7) and metalloproteinase MMP-2 (8). In addition,avb3 has
been shown to associate with activated platelet-derived growth factor,
insulin, and VEGF receptors to facilitate optimal activation of cell
proliferative signaling pathways (9, 10) and to prevent apoptosis (11).

Integrin avb3 is minimally expressed on resting or normal blood
vessels, but is significantly up-regulated on vascular cells within
human tumors or in response to certain growth factorsin vitro (6,
12–14). For example, FGF2 markedly increasesb3 mRNA and sur-
face expression in cultured human dermal microvascular endothelial
cells (15, 16). FGF2 and tumor necrosis factora stimulate avb3

expression on developing blood vessels in the chicken CAM (12) and
on the rabbit cornea (17). Endothelial cells exposed to growth factors,
or those undergoing angiogenesis in tumors, wounds, or inflammatory
tissue, express high levels ofavb3 (12). Up-regulation ofavb3 ex-
pression is also induced by human tumors cultured on the CAM, by
human tumors grown in human skin explants grafted onto SCID mice,
and on rabbit cornea (13). In fact, recent studies suggest thatavb3

may serve as a useful diagnostic or prognostic indicator of tumors
(18). Furthermore, antagonists ofavb3, including both cyclic RGD
peptides and monoclonal antibodies, significantly inhibited angiogen-
esis induced by cytokines and solid tumor fragments (12). Impor-
tantly, recent findings suggest that these antiangiogenic effects may be
attributable to the ability of these antagonists to induce apoptosis in
proliferating blood vessels (11). Remarkably,avb3 antagonists had
very little effect on preexisting blood vessels, indicating the useful-
ness of targeting this receptor for therapeutic benefit without adverse
side effects. A characteristic feature ofavb3 that makes it an attractive
target for therapeutic intervention is its relatively limited cellular
distribution. It is not generally expressed on epithelial cells and is
expressed only at low levels on a subset of B cells, some cells of
macrophage lineage, smooth muscle cells, and activated endothelial
cells (15, 16). Integrinavb3 is also expressed on certain invasive
tumors including metastatic melanoma (19, 20) and late-stage glio-
blastoma (21), where it contributes to their malignant phenotype.

Recent studies have implicated a related integrin,avb5, in angio-
genesis under certain conditions. For example, Friedlanderet al. (17,
22) have shown that antibody antagonists ofavb3 inhibit FGF2-
stimulated angiogenesis and antagonists of integrinavb5 inhibit
VEGF-stimulated angiogenesis in the corneal and CAM models.
Recent studies have shown that kinase-deleted mutants of Src block
VEGF-induced, but not FGF2-induced, angiogenesis (23). These re-
sults suggest that FGF2 and VEGF may activate different angiogenic
pathways that requireavb3 and avb5, respectively. Therefore, dual
antagonists ofavb3 and avb5 may be useful in blocking tumor-
induced angiogenesis.

In this study, we describe the pharmacological and biological
characterization of a nonpeptide small molecule (SCH 221153) that is
a potent inhibitor of bothavb3 and avb5 integrin receptors. We
demonstrate that SCH 221153 inhibits vascular endothelial cell adhe-
sion and proliferation mediated by FGF2 and VEGF. SCH 221153
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inhibited FGF2-induced angiogenesis in chick chorioallantoic mem-
brane and inhibited the growth of human tumor xenografts in SCID
mice.

MATERIALS AND METHODS

Materials

DMEM, L-glutamine, nonessential amino acids, gentamicin, and synthetic
RGD containing peptides were purchased from Life Technologies, Inc. (Gaith-
ersburg, MD). Fetal bovine serum was from Hazleton Biologicals (Lenox, KS).
Microlite-2 plates were obtained from Dynatech Corporation (Chantilly, VA).
Flash plates were purchased from NEN Life Science Products, Inc. (Boston,
MA). Multiscreen-FB opaque plates (1.0-mm Glass Fiber Type B filter) were
from Millipore (Billerica, MA). Falcon Microtest III microtiter plates are from
Falcon (Franklin Lakes, NJ).avb3-specific monoclonal antibodies (LM609),
avb5-specific monoclonal antibodies (P1F6), and LM609 and P1F6-coupled to
affigel matrix were purchased from Chemicon International, Inc. (Temecula,
CA). 125I-Echistatin labeled by the lactoperoxidase method to a specific
activity of 2000 Ci/mmol was from Amersham International (Chicago, IL).
125I-Fibronectin labeled by lactoperoxidase method to a specific activity of
11.6mCi/mg was purchased from NEN Life Science Products, Inc. Echistatin
was purchased from Bachem (Torrence, CA). Human recombinant FGF2 was
expressed and purified to homogeneity from transformedEscherichia colicells
by Heparin-Sepharose affinity chromatography (24). GRGDSPK and GRAD-
SPK peptides were from Neosystem Laboratoire (Strasbourg, France). Bovine
FN and VN were from Sigma (St. Louis, MO). The 165-amino acid isoform of
VEGF was from Calbiochem (San Diego, CA).

Protein Purification

avb3 was purified as described previously (25). PurifiedaIIbb3 receptor was
provided by Dr. Leslie Parise of the University of North Carolina (NC).
Purified a5b1 receptor was purchased from Chemicon International, Inc.

Solid-Phase Receptor-binding Assay

The receptor-binding assays were performed as described previously (25).
Receptorsavb3, avb5, andaIIbb3 were diluted to 500ng/ml in coating buffer
[20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM CaCl2, 1 mM MgCl2, and 1
mM MnCl2], whereasa5b1 was diluted to 1000ng/ml in 20 mM Tris-HCl (pH
7.4), 150 mM NaCl, 0.2 mM CaCl2, 10 mM MgCl2, and 1 mM MnCl2. An
aliquot of diluted receptors (100ml/well) was added to 96-well Flash microtiter
plates and incubated overnight at 4°C. Coating solution was removed by
aspiration and 200ml of blocking solution [50 mM Tris-HCl (pH 7.4), 100 mM

NaCl, 2 mM CaCl2, 1 mM MgCl2, 1 mM MnCl2, and 3% BSA) was added to
the wells and incubated for 2 h at room temperature. After incubation, the
plates were rinsed three times with 200ml of binding solution (coating buffer
containing 0.1% BSA) and incubated with appropriate radiolabeled ligands for
3 h at room temperature. Fifty pM of radiolabeled echistatin was used foravb3,
avb5, and aIIbb3 receptors. Radiolabeled FN (300 pM) was used fora5b1

receptor-binding assay. After incubation, the plates were sealed and counted in
the Top Count (Packard).

Cell-binding Assay

Cell-binding assays were performed as described before (21).

Cell-Adhesion Assay

One hundred-ml aliquots of 100 mM NaHCO3 (pH 9.6; carbonate buffer),
containing the adhesive molecule under test were added to polystyrene non-
tissue culture microtiter plates at 20mg/ml. After 16 h of incubation at 4°C the
solution was removed and wells were washed three times with cold PBS. For
the cell-adhesion assay, confluent cultures of GM 7373 cells were trypsinized,
washed, and resuspended with the appropriate medium. Previous observations
had indicated that low concentrations of serum were required in some exper-
iments for optimal cell adhesion to FGF2-coated plastic (7). For this reason,
1% FCS was used routinely in cell-adhesion experiments.

Transformed fetal bovine aortic endothelial GM7373 cells were used for the
cell-adhesion assays. They were obtained from the N.I.G.M.S. Human Genetic

Mutant Cell Repository (Institute for Medical Research, Camden, NJ). They
correspond to the BFA-1c 1BPT multilayered clone described by Grinspanet
al. (26). GM 7373 cells (50,000) were resuspended in 200ml of medium and
immediately seeded onto 96-well plates coated with the molecule under test in
the absence or in the presence of the indicated concentrations of SCH 221153,
SCH 216687, GRGDSPK, or GRADSPK. Cell adhesion was allowed to occur
for 2 h at37°C. Then, wells were washed once with 2 mM EDTA in PBS and
once in MEM without serum. The washing procedure was repeated three times.
Adherent cells were fixed in 3.7% paraformaldehyde/0.1M sucrose in PBS,
washed with PBS, and stained with methylene blue/Azur II (1:1, v/v). Plates
were read with a microplate reader at 595 nm.

Cell Proliferation Assays

Short-Term Assay. GM 7373 cells were seeded at 75,000 cells/cm2 in
96-well plates in Eagle’s minimal essential medium containing 10% FCS,
vitamins, and essential and nonessential amino acids. After overnight incuba-
tion, cells were treated with the mitogen under test plus 0.4% FCS in the
absence or in the presence of the indicated concentrations of SCH 221153,
SCH 216687, GRGDSPK, or GRADSPK. After 24 h, cells were trypsinized
and counted. Under these experimental conditions, control cultures incubated
in 0.4% FCS with no addition or with 10 ng/ml FGF2 underwent 0.1–0.2 and
0.7–0.8 cell population doublings, respectively. Cells grown in 10% FCS
underwent one cell population doubling (27).

Long-Term Assay. HUVECs at passage 3 (Clonetics) were seeded at 2500
cells/well in 96-well plates in complete EGM-2 medium (Clonetics). After
24 h, all cell cultures were incubated in EGM-2 medium devoid of FGF2,
VEGF, and heparin. Then wells were divided into three series: one was added
with 10 ng/ml FGF2; the second one was added with 10 ng/ml FGF2 plus 30
ng/ml VEGF; and the third one was left untreated. Next, all series were treated
with the indicated concentrations of SCH 221153 or SCH 216687. After 6
days, cells were stained with crystal violet and plates were read with a
microplate reader at 595 nm.

Chick CAM Assay

Embryos (10 days of age) were used in this assay, as described (12).

Mouse Xenograft Models

Female SCID mice (Charles River Laboratories, Wilmington, MA), 4–6
weeks of age were used for the tumor xenograft studies. In one study, SCID
mice (Charles River Laboratories, Wilmington, MA) were inoculated intrad-
ermally on day 0 with human melanoma-derived LOX cells, which express
very low levels ofavb3. Starting on day 1, SCH 221153 was administered
twice daily through i.p. injection at various doses for 15 days. In another study,
SCID mice were inoculated s.c. with LOX tumor cells on day 0 and starting on
day 1 were treated with SCH 221153 twice daily through i.p. injection for 15
days. SCH 221153 was dissolved in 20% (w/v) HPbCD, and mice in the
vehicle control group received 20% HPbCD. The number of cells number used
was 23 105 for intradermal inoculation and 53 105 for s.c. inoculation. Each
tumor was measured in three dimensions on days 8, 11, and 15. Tumor volume
was calculated with the formula ofV 5 1/6 3 p 3 L 3 W 3 T, whereL, W,
andT represent length, width, and thickness, respectively (28). The data were
expressed as the means6 or the means6 SD. Student’s and Mann-Whitney
tests were used to assess differences between means or meridians using the
InStat software package (GraphPad Software, Inc., San Diego, CA).

RESULTS

Identification of a Potent and Selective RGD Peptidomimetic
Inhibitor of Integrins avb3 and avb5. A library of synthetic com-
pounds mimicking the RGD-motif were designed using combinatorial
methods to explore a diverse array of structures. These compounds
were screened in the solid-phase receptor-binding assay to identify
ones that inhibited the binding of radiolabeled echistatin to human
integrinavb3. The general structures of the compounds in the library
contained three units linked linearly. The basic unit consists of a
2-(aminoalkyl)benzimidazole, which is acylated on the amine to fur-
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nish an amide or urea. The core unit is a proprietarymeta- or
para-methylenebenzoyl bifunctional unit. The acidic unit consists of
a variety of amino-carboxylic acids we wished to explore. This format
of basic-core-acidic groups is well exemplified in knownavb3 antag-
onists. An initial set of 10 10-component mixtures used 10 polar
natural amino acids. A second set of these mixtures used 10 non-
natural amino acids. A third set of 10 single compounds usedg-amino
butyric acid as the amino acid. None of these library materials showed
activity at 100 mg/ml in the receptor-binding assay. A set of 10
compounds using diaminopropionic acid was then prepared and
showed strong activity. Compounds of interest were subsequently
modified by medicinal chemistry efforts to enhance potency and
selectivity for avb3. Fig. 1 shows the structure of the active com-
pound, SCH 221153, identified via this process. SCH 216687 was
inactive in the integrin receptor-binding assays and was used here as
a negative control. Fig. 2 shows that SCH 221153 inhibited the
binding of radiolabeled echistatin toavb3 andavb5 in a dose-depen-
dent manner with an IC50 equal to 3.2 and 1.7 nM, respectively.
Selectivity of this compound was demonstrated by its poor antagonist
activity for aIIbb3 anda5b1 receptors (IC50 values equal to 1294 nM

and 421 nM, respectively). Consistent with these results, SCH 221153
was found to be ineffective in blocking ADP-induced platelet aggre-
gation in vitro (data not shown).

Inhibition of Ligand-binding and Adhesion of 293-avb3 and
293-avb5 Cells by SCH 221153.Next we tested the binding of
radiolabeled echistatin to HEK-293 cells stably expressingavb3 and
avb5 receptors. For this purpose, 293-avb3 and 293-avb5 cells were
harvested from tissue culture flasks, placed in suspension and incu-
bated with125I-echistatin for 2 h in thepresence of diluent or increas-
ing concentrations of SCH 221153 or of cRGD peptide. As shown in
Fig. 3a, both molecules inhibit the binding of radiolabeled echistatin
to 293-avb3 cells in a dose-dependent manner with IC50 values equal
to 348 nM and 92 nM for SCH 221153 and cRGD, respectively. SCH
221153 and cRGD were also similarly effective in blocking the
binding of echistatin toavb5-293 cells in a dose dependent manner
(Fig. 3b). In agreement with these observations, SCH 221153 and
cRGD were similarly effective in blocking the adhesion of 293-avb3

and 293-avb5 cells to VN-coated plastic (results not shown).
Inhibition of Endothelial Cell Adhesion to VN and FGF2 by

SCH 221153.Previous observations have shown that immobilized
FGF2 can mediate endothelial cell adhesion and spreading viaavb3

integrin interaction (7). On this basis, we evaluated the capacity of
SCH 221153 and SCH 216687 to affect the adhesion of fetal bovine
aortic endothelial GM 7373 cells to immobilized FGF2, VN, and FN.
In this experiment, GM7373 cells were seeded onto non-tissue culture
plates coated with the different substrata and allowed to adhere for 2 h
before quantitating the number of adherent cells. Under these condi-
tions, no significant cell adhesion and spreading were observed for
BSA-coated plastic plates. As shown in Fig. 4, SCH 221153 exerts an
inhibitory activity on the cell adhesive capacity of FGF2 and VN
(IC50 equal to 3.0 and 1.0mM, respectively, for the two substrates) that

Fig. 1. Structure of the synthetic RGD mimetics, SCH 221153 and SCH 2116687, used
in the present study.

Fig. 2. SCH 221153 is a potent and selective inhibitor ofavb3 and avb5 integrins.
Binding of radiolabeled echistatin to integrinsavb3, avb5, andaIIbb3 was measured as
described in “Materials and Methods.” Fora5b1 integrin, radiolabeled FN was used as the
ligand. Each data point represents the mean results of three independent determinations.

Fig. 3. Dose-dependent inhibition of the binding of echistatin to 293-avb3 and
293-avb5 cells. HEK-293 cells expressingavb3 andavb5 were cultured and suspended in
binding buffer and allowed to bind to radiolabeled echistatin as described before (21).
Values shown are the means of at least two determinations.
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is 10 times more potent than that exerted by SCH 216687. Both
molecules poorly affected GM 7373 adhesion to immobilized FN with
an IC50 equal to;20 mM.

SCH 221153 Inhibits Endothelial Cell Proliferation Induced by
FGF2 and VEGF. SCH 221153 was evaluated for the capacity to
affect the mitogenic activity exerted by FGF2 in a short-term
proliferation assay. For this purpose, subconfluent endothelial GM
7373 cells were incubated with 10 ng/ml FGF2 or 30 ng/ml VEGF
in the presence of increasing concentrations of SCH 221153 or
SCH 216687, and cells were counted 24 h thereafter. As shown in
Fig. 5A, SCH 221153 inhibits the mitogenic activity of FGF2 and
VEGF in a dose-dependent manner with an IC50 equal to 3–10mM,
whereas SCH 216687 was ineffective. The linear integrin-binding
peptide GRGDSPK, but not the negative control peptide GRAD-
SPK (Fig. 5A), exerted a similar FGF2-antagonist activity.

When tested at a fixed dose equal to 30mM, SCH 221153 retained
its full antagonist activity in the presence of increasing concentrations
of FGF2 as high as 300 ng/ml, thus indicating that its mechanism of
action is not competitive (data not shown). Accordingly, SCH 221153
did not affect the binding of125I-FGF2 to low-affinity heparin sulfate
proteoglycans and high-affinity tyrosine kinase receptors in GM7373
cells.4

To assess its specificity of action, SCH 221153 was tested for the
capacity to affect GM7373 cell proliferation triggered by different
stimuli. Under the same experimental conditions, SCH 221153 inhib-
its the mitogenic activity exerted by FGF2, but not that exerted by
FCS, epidermal growth factor, 12-O-tetradecanoyl phorbol 13-acetate,
or 1,2-dioctanoyl-sn-glycerol (Fig. 5B). Again, SCH 216687 was
ineffective on all of the mitogenic stimuli investigated.

In agreement with the data obtained in the short-term proliferation
assay, SCH 221153 treatment resulted in dose-dependent inhibition of
HUVEC proliferation in a long-term assay. Again, SCH 221153
inhibited the mitogenic activity of FGF2 with an IC50 equal to 3–10
mM, whereas SCH 216687 was ineffective (Fig. 6A). SCH 221153
retained its antagonist activity when HUVECs were stimulated with
FGF2 in the presence of VEGF165 (Fig. 6B).

Inhibition of FGF2-induced Angiogenesis in Chick CAM Assay
by SCH 221153.To assess whether SCH 221153 was able to exert an
anti-angiogenic activityin vivo, we tested SCH 221153 in the chick
embryo CAM assay using FGF2 as an angiogenic stimulus. In this assay,

chick embryos 10 days of age were used to induce angiogenesis in the
CAM using filter discs soaked with FGF2. At least 10 embryos were used
for each group in each experiment. After 24 h, either PBS or different
concentrations of SCH 221153 were applied topically to the surface of
the filter discs. After 48 h, the CAMs were dissected out and the
representative areas were photographed. The blood vessel branch points
present within the area defined by the filter disc were counted in a blinded
fashion using a high power stereo microscope. As shown in Fig. 7a and
b, SCH 221153 was effective in blocking FGF2-induced angiogenesis in
a dose-dependent manner with an IC50 equal to 100 ng/implant. Inter-
estingly, SCH 221153 had very little effect on preexisting blood vessels
of the CAM, indicating that the compound exerts a specific action on
proliferating microvessels (Fig. 7a).

Inhibition of Tumor Growth in Vivo by SCH 221153.Human
melanoma LOX cells express very low levels ofavb5. Accordingly,
SCH 221153 does not affect their proliferative capacityin vitro when

4 M. Presta, unpublished observations.

Fig. 5. Effect of SCH 221153 on endothelial GM 7373 cell proliferation.A, GM 7373
cells were incubated with 10 ng/ml FGF2 plus 0.4% FCS in the absence or in the presence
of increasing concentrations of SCH 221153 (F), SCH 216687 (E), GRGDSPK (Œ), or
GRADSPK (‚). Parallel cultures were incubated with 30 ng/ml VEGF plus 0.4% FCS in
the presence of increasing concentrations of SCH 221153 (f) or SCH 216687 (M). B, GM
7373 cells were incubated with 0.4% FCS supplemented with 30 ng/ml FGF2, 30 ng/ml
epidermal growth factor, 5mg/ml 1,2-dioctanoyl-sn-glycerol, 10 ng/ml 12-O-tetradeca-
noyl phorbol 13-acetate, or 10% FCS in the absence or in the presence of 30mM

GRGDSPK (black bar) or GRADSPK (open bar). All cultures were trypsinized and
counted 24 h after the beginning of treatment. The data are expressed as a percentage of
the proliferation observed in cultures treated with the mitogen alone.

Fig. 6. Effect of SCH 221153 on HUVEC proliferation.A, HUVEC cells grown in
96-well plates were incubated with 10 ng/ml FGF2 in the absence or in the presence of
increasing concentrations of SCH 221153(F) or SCH 216687(E). B, HUVEC cells were
incubated with vehicle, 10 ng/ml FGF2, or 10 ng/ml FGF2 plus 30 ng/ml VEGF in the
absence (black bar) or in the presence of 30mM SCH 221153 (open bar). After 6 days,
cells were stained with crystal violet and plates were read with a microplate reader at 595
nm. In A, data are expressed as the percentage of proliferation observed in cell cultures
treated with FGF2 alone.

Fig. 4. Effect of SCH 221153 on endothelial GM 7373 cell adhesion. Non-tissue
culture plastic 96-well plates were incubated with carbonate buffer containing 20mg/ml
VN (F, E), FGF2 (Œ, ‚), or FN (f, M). Then, GM 7373 cells were seeded onto coated
plates in the absence or in the presence of increasing concentrations of SCH 221153
(closed symbols) or SCH 216687 (open symbols) and allowed to adhere for 2 h at37°C.
Then, adherent cells were fixed, stained, and the plates read with a microplate reader at
595 nm. Data are expressed as the percentage of cell adhesion observed in the absence of
antagonist.
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tested at doses up to 30mM.5 On this basis, this cell line was chosen
to assess the efficacy of SCH 221153 in inhibiting tumor growth in
mice by acting as an anti-angiogenic agent. In one study, LOX cells
were inoculated into SCID mice intradermally on day 0. Starting on
day 1, SCH 221153 was administered through i.p. injection twice
daily at various doses for 15 days. SCH 221153 was dissolved in 20%
(w/v) HPbCD, and mice in the Vehicle Control group received 20%
HPbCD. Each tumor was measured in three dimensions on days 8, 11,
and 15. As shown in Fig. 8a, LOX tumor cells injected intradermally
reached a maximum average tumor volume of 130 mm3 on day 15,
and treatment of mice with SCH 221153 resulted in dose-dependent
inhibition of tumor growth with 71% inhibition being observed at 20
mpk. Increasing the dosage to 50 mpk body weight did not result in
any additional increase in the inhibition of tumor growth. The skin
sections surrounding the tumors were photographed to visualize the
vasculature around the tumors. As shown in Fig. 8c, new blood vessel
growth surrounding the tumors was significantly inhibited in animals
dosed with SCH 221153 (50 mpk).

In the second study, LOX tumor cells injected s.c. into SCID mice
grew to an average size of 1500 mm3, about 10 times the size of
tumors obtained in intradermal tumor models. Nevertheless, treatment
of animals with SCH 221153 resulted in dose-dependent inhibition of
tumor growth also under these experimental conditions. Again, the
compound caused 68% and 71% inhibition of tumor growth when
given at 20 and 50 mpk, respectively. No weight loss or any notice-
able adverse effects were observed in SCH 221153-treated animals
compared with control animals.

DISCUSSION

Inhibition of tumor-induced angiogenesis has been shown to suppress
tumor growth in animal models, and a number of anti-angiogenic factors
are currently being tested in clinical trials (2, 3). For many of these agents,
the precise molecular target(s) has not been defined. Antagonists of
integrin receptorsavb3 andavb5 would represent a class of molecules
with a precise molecular target(s) and a clear understanding of the
mechanism of action (14). Antagonists ofavb3, such as cRGDfV, hu-
manized monoclonal antibody Vitaxin, and a number of peptidomimetic
small-molecular-weight compounds are under investigation as anti-an-
giogenesis agents (29). These antagonists have been shown to induce the
apoptosis of proliferating endothelial cells expressingavb3 without an
apparent effect on normal, nonproliferating endothelium. Additionally, it
has been demonstrated recently that in lymphocytes and MCF-7 cells,
induction of apoptosis by RGD peptides is by direct activation of
caspase-3 (30). Furthermore, it has been shown that exposure of endo-
thelial cells to TNF-a and IFN-g caused selective inhibition of integrin
avb3-dependent cell adhesion and survivalin vitro (31). Administration
of TNF-a and IFN-g to melanoma patients induced detachment and
apoptosis ofavb3-positive endothelial cells of tumor vasculaturein vivo
(31). These results implicate integrinavb3 in the antivascular activity of
TNF-a and IFN-g and demonstrate a new mechanism by which cyto-
kines control cell adhesion via integrin receptors.

In this study, we have characterized an RGD peptidomimetic, SCH
221153, that is a potent inhibitor of integrinsavb3 andavb5 and exhibits
selectivity against relatedaIIbb3 anda5b1 receptors. We have shown that
SCH 221153 inhibits adhesion of 293-avb3 and 293-avb5 cells and
endothelial cells to ECM proteins and to FGF2. In addition, we have
shown that SCH 221153, but not an inactive derivative SCH 216687, is
capable of inhibiting FGF2 and VEGF-induced proliferation of bovine5 Unpublished observations.

Fig. 7. Inhibition of FGF2-mediated angiogenesis in the chick CAM
assay by SCH 221153.a, chick CAMs 10 days of age were exposed to
filter discs soaked with FGF2. After 24 h, either PBS or SCH 221153 (30
ml of 1 mg/ml solution) were applied topically to the surface of the filter
discs. After 48 h, CAMs were dissected out and the representative areas
were photographed.b, the blood vessel branch points present within the
area defined by the filter disc were counted in a blinded fashion using a
high-power stereo microscope. Results were analyzed by Prism Graph
Pad software.
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and human aortic endothelial cells. SCH 221153 also inhibited FGF2-
induced angiogenesis in the CAM assay system and blocked the growth
of LOX melanoma tumors in mouse xenograft models. These studies are
in agreement with previous observations on the capacity of antibody and
RGD-based peptide antagonists of integrinavb3 to inhibit angiogenesis
on the chick CAM, leading to regression of human tumors (12–14).
Furthermore, an antibody againstavb3 blocked human breast cancer
growth and angiogenesis in a nude mouse/human skin chimera model
(13). In an extension of these studies, it was discovered that FGF2 and
VEGF activate two angiogenic pathways mediated by integrinavb3 and
avb5, respectively (22). In both the rabbit corneal eye pocket and the
chick CAM assays, anti-avb3 monoclonal antibody blocked FGF2-in-
duced angiogenesis, whereas antiavb5 antagonists blocked VEGF-in-
duced angiogenesis (17). The biological significance of these distinct
angiogenic pathways is unknown. VEGF is a potent mitogen and angio-

genic agent secreted by several tumors and plays an important role in
eliciting tumor-induced angiogenesis (32). Recent studies have shown
that integrinsavb3 andavb5 are expressed by microvascular endothelium
of high risk neuroblastomas, and their inhibition is associated with
increased endogenous ceramide production, which may contribute to
endothelial cell death (33). These studies clearly indicate that it may be
necessary to inhibit both of these integrins to block angiogenesisin vivo.
Here, we describe a dual antagonist of these integrins and demonstrate its
in vivo efficacy in inhibiting angiogenesis and tumor growth.

Integrin selectivity was considered important because integrins, in
general, bind to the RGD motif present in a number of ECM proteins.
Of particular concern is the platelet fibrinogen receptor,aIIbb3. Inte-
grin aIIbb3 and avb3 are related, in that they share a commonb3

subunit. More importantly,aIIbb3 is a key player of platelet aggrega-
tion, and antagonists ofaIIbb3 may cause unwanted bleeding prob-

Fig. 8. SCH 221153 inhibits LOX mela-
noma cell tumor growth.a, intradermal tu-
mor model: SCH 221153 inhibits the growth
of LOX human melanoma xenograft grown
intradermally in SCID mice in a dose-depen-
dent fashion. SCID mice bearing intradermal
LOX xenografts were treated with various
doses of SCH 221153, as described in “Ma-
terials and Methods.” Mice were inoculated
with tumor cells on day 0, and i.p. treatment
twice a day with SCH 221153 was started on
day 1. Four dose levels, 3.2 mpk, 8 mpk, 25
mpk, and 50 mpk, were used. Each treatment
group included 10 mice, and 20% HPbCD
was used as a vehicle control. Mean tumor
volume, with SE for each group, is plotted
versusdays after tumor-cell inoculation.b,
s.c. tumor model: SCH 221153 inhibits the
growth of LOX human melanoma xenograft
grown s.c. in SCID mice in a dose-dependent
fashion. SCID mice inoculated s.c. with
LOX xenografts were treated with various
doses of SCH 221153, as described in “Ma-
terials and Methods.” Mice were inoculated
with tumor cells on day 0, and i.p. treatment
twice a day with SCH 221153 was started on
day 1. Four dose levels, 3.2 mpk, 8 mpk, 25
mpk, and 50 mpk, were used. Each treatment
group included 10 mice, and 20% HPbCD
was used as a vehicle control. Mean tumor
volume, with SE, for each group is plotted
versusdays after tumor-cell inoculation.c,
the vasculature surrounding the tumors was
photographed in control- and drug- (50 mpk)
treated animals.
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lems. Medicinal chemistry efforts produced SCH221153, which is
700-fold more selective towardavb3 compared withaIIbb3.

Evidence that inhibition of tumor growth by SCH 2211153 is
indirect, presumably via inhibition of angiogenesis comes from two
observations. First, the melanoma-derived LOX cells express very
low levels of theavb3-receptor, ruling out the possibility of direct
effect of SCH 221153 on tumor cells. Indeed, SCH 221153 has no
effect on LOX cell proliferationin vitro. Second, previous studies
have shown that integrinavb3-antagonists inhibit angiogenesis in
different in vivo assays (12–14). Accordingly, SCH 221153 inhibits
FGF2-induced endothelial cell proliferationin vitro and angiogenesis
in the in vivo CAM assay. Visualization of vasculature surrounding
the LOX tumors in thein vivo efficacy study indicates that SCH
221153 causes a significant decrease in the number of blood vessels
surrounding the xenograft tumors (Fig. 8c). Analysis of the pharma-
cokinetic profile of SCH 221153 in mice and rats indicated that this
compound has a short half-life of about 12 min and is cleared rapidly
from blood.6 At 20-mpk doses administered twice daily in mice, the
effective concentration required to inhibit cell attachment to matrix is
maintained for only 4 h subsequent to i.p. dosing in mice. This
analysis suggests that continuous exposure of newly synthesized
endothelial cells to the antagonist is not required to inhibit endothelial
cell adhesion and the formation of new blood vessels.

A number of integrinavb3 antagonists are being developed for use as
angiogenesis inhibitors. These include a humanized form of anti-avb3

monoclonal antibody LM609 (Vitaxin), cRGD peptides, and synthetic
RGD mimetics (34), (35). Small molecular weight compounds with oral
bioavailability will have a number of advantages over antibody-based
approaches. Whereas most of these compounds are targeted specifically
toward theavb3 receptor, it is clear that theavb5 receptor also plays a
critical role, and dual antagonists of bothavb3 andavb5 would have a
definite therapeutic advantage. SCH 221153 is a small-molecular-weight
compound that can inhibit bothavb3- and avb5-receptors, and thus
represents a class of molecules that would have a distinct advantage over
avb3-specific antagonists. Studies by others have shown thatavb3 plays
a critical role in osteoclast-mediated bone resorption, and both anti-avb3

monoclonal antibodies and RGD peptides inhibit bone resorption bothin
vitro and in vivo models (36). Peptidomimetic antagonists ofavb3 are
also being developed for use in osteoporosis indication (34, 35). The
combination of anti-angiogenic, antitumor, and anti-bone resorptive ac-
tivities in a single pharmacological agent offers significant therapeutic
opportunities.
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