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ABSTRACT proteins, including VN, fibrinogen, FN, and thrombospondin (4, 6), as
o ) well as to other proteins with different biological functions including
New blood vessel formation is essential for tumor growth and meta- FGF2 (7) and metalloproteinase MMP-2 (8). In additionB, has
static spread. Integrins «,; and a, B, are arginine-glycine-aspartic acid been shown to associate with activated platelet-derived growth factor,

dependent adhesion receptors that play a critical role in angiogenesis. . . o . o2
Hence, selective duake,B, and a,Bs antagonists may represent a novel insulin, and VEGF receptors to facilitate optimal activation of cell

class of angiogenesis and tumor-growth inhibitors. Here, an arginine- Proliferative signaling pathways (9, 10) and to prevent apoptosis (11).
glycine-aspartic acid-based peptidomimetic library was screened to iden-  Integrin o, 5 is minimally expressed on resting or normal blood
tify o, B; antagonists. Selected compounds were then modified to generatevessels, but is significantly up-regulated on vascular cells within
potent and selective dual inhibitors ofa,B; and a,B5 receptors. One of human tumors or in response to certain growth factorsitro (6,
these compounds, SCH 221153, inhibited th_e biqdi_ng of echistatin ®,5 12-14). For example, FGF2 markedly increag8smRNA and sur-
(ICso = 3.2 m) and a,Bs (ICso = 1.7 rm) with similar potency. Its ICso  t506 expression in cultured human dermal microvascular endothelial

values for related o, B5 and a3, receptors were 1294 m and 421 v, . .
respectively, indicating that SCH 221153 is highly selective fow, 5 and cells (15, 16). FGF2 and tumor necrosis factorstimulate e B

a,Bs receptors. In cell-based assays, SCH 221153 inhibited the binding of expression _on developing blood ve_ssels in the chicken CAM (12) and

echistatin to a, 8- and e, B-expressing 293 cells and blocked the adhesion ON the rabbit cornea (17). Endothelial cells exposed to growth factors,

of endothelial cells to immobilized vitronectin and fibroblast growth ~ Or those undergoing angiogenesis in tumors, wounds, or inflammatory

factor 2 (FGF2). SCH 221153, but not the inactive analogue SCH 216687, tissue, express high levels af3; (12). Up-regulation ofw, B85 ex-

was effective in inhibiting FGF2 and vascular endothelial growth factor-  pression is also induced by human tumors cultured on the CAM, by

induced endothellal cell pI’OIiferation in‘ vitro W|th an IC 50 equal t:O 3-10 human tumors grown in human skin explants grafted onto SCID mice’

brane. assey was also inibied by SCH 221155, Final, SOH 2211532 O 18bbit comea (13). In fact, recent studies suggestelf

D L e " may serve as a useful diagnostic or prognostic indicator of tumors

exerted a significant inhibition on tumor growth induced by intradermal - . . .

or s.c. injection of human melanoma LOX cells in severe combined (18)', Furthermore, antagonls'ts ,I'B3’ ',”C',“,d'”g b(?th,CYC"C RG,D

immunodeficient mice. 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

INTRODUCTION attributable to the ability of these antagonists to induce apoptosis in

The concept that tumor growth and its metastatic spread are 8é9||f§rat|ng blood vessel.s .(11)' Remarkabl;(,gS qntagonlsts had
little effect on preexisting blood vessels, indicating the useful-

pendent on the formation of new blood vessels has sparked an intef&& . ; . o
in identifying protein targets amenable to small-molecule drug gibess of targeting this receptor for therapeutic benefit without adverse

covery (1-3). The angiogenic process depends on vascular endothéf%? effects. A characteristic featuremjfB, that makes it an attractive

cell proliferation, migration, and invasion (4). A family of adhesiorfarget for therapeutic intervention is its relatively limited cellular

receptors known as integrin receptors regulates these processes. figiibution. It is not generally expressed on epithelial cells and is

grins are composed of noncovalently associatezhd 8 chains and expressed on!y at low levels on a subset of B ceII's, some cells qf
recognize the RGD sequence present in their matrix ligands (5)r_nacrophage Ilneage,_ smoot_h muscle cells, and actlvat(_ad _endo?hellal
Nevertheless, they are capable of distinguishing different RGIBE!IS (15, 16). Integriny, 35 is also expressed on certain invasive
containing proteins, thus showing different specificity for variouimors including metastatic melanoma (19, 20) and late-stage glio-
ECM cell-adhesive proteins. Among the various members of tfastoma (21), where it contributes to their malignant phenotype.
integrin family, o, 85 has been found to play a very significant role in Recent studies have implicated a related integtijBs, in angio-
the process of angiogenesis. IntegiiyBs is a promiscuous receptor 9€nesis under certain con(_:iltlons. For exe_lmple, Frlgdlggﬂat 17,
inasmuch as it is capable of interacting with a number of ECM2) have shown that antibody antagonistsaf3; inhibit FGF2-
stimulated angiogenesis and antagonists of integjBs inhibit
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inhibited FGF2-induced angiogenesis in chick chorioallantoic menvutant Cell Repository (Institute for Medical Research, Camden, NJ). They

brane and inhibited the growth of human tumor xenografts in SCltrrespond to the BFA-1c 1BPT multilayered clone described by Grinspan

mice. al. (26). GM 7373 cells (50,000) were resuspended in 206f 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,

MATERIALS AND METHODS SCH 216687, GRGDSPK, or GRADSPK. Cell adhesion was allowed to occur

for 2 h at37°C. Then, wells were washed once with & lBDTA in PBS and

once in MEM without serum. The washing procedure was repeated three times.

DMEM, L-glutamine, nonessential amino acids, gentamicin, and synthefilherent cells were fixed in 3.7% paraformaldehydef0.sucrose in PBS,

RGD containing peptides were purchased from Life Technologies, Inc. (Gaittashed with PBS, and stained with methylene blue/Azur II (1:1, v/v). Plates

ersburg, MD). Fetal bovine serum was from Hazleton Biologicals (Lenox, KS)yere read with a microplate reader at 595 nm.

Microlite-2 plates were obtained from Dynatech Corporation (Chantilly, VA).

Flash plates were purchased from NEN Life Science Products, Inc. (Bost&i¢ll Proliferation Assays

MA). Multiscreen-FB opaque plates (10m Glass Fiber Type B filter) were

from Millipore (Billerica, MA). Falcon Microtest |1l microtiter plates are from

Materials

Short-Term Assay. GM 7373 cells were seeded at 75,000 cells/dm
96-well plates in Eagle’s minimal essential medium containing 10% FCS,

Falcon (Franklin Lakes, NJ), B;-specific monoclonal antibodies (LM609), ~. mins. and ntial and non ntial amin ids. After mnicht incub
a, Bs-specific monoclonal antibodies (P1F6), and LM609 and F’lFES-coupIed\fga Ins, and essential a . ° essg 'al amino acids. /AAlter overnig |_cu a-
tion, cells were treated with the mitogen under test plus 0.4% FCS in the

affigel matrix were purchased from Chemicon International, Inc. (Temecula, . L .
CA? 1251-Echistatinplabeled by he Tactoperoxidace. methid to(a Speci@;sence or in the presence of the indicated concentrations of SCH 221153,

activity of 2000 Ci/mmol was from Amersham International (Chicago, IL): CH 216687, GRGDSPK, or GRADSPK. After 24 h, cells were trypsinized

129_Fibronectin labeled by lactoperoxidase method to a specific activity S‘fnd counted. Under these experimental conditions, control cultures incubated

o . o ) B
11.6 uCi/ng was purchased from NEN Life Science Products, Inc. Echistat] 70?)/; FC? with Tci_addglonb?r with 10 ”g’t’T" 'I:GFCZ Il:nderwent_o.llooo/.ZFagg
was purchased from Bachem (Torrence, CA). Human recombinant FGF2 a%_ ’ cte popu”a lon | ?u |r(ljgs,b|respc32(:7|ve y. €lls grown in 0
expressed and purified to homogeneity from transforascherichia colicells underwent one cell population doubling (27).

by Heparin-Sepharose affinity chromatography (24). GRGDSPK and GRAD_III_SOI\Tvge-IIT Eizr:n;gsngsl/'pTe;l;/sEi?\ScegrﬁzlsestigEglfAClzor:r?élgislj)rxveerelc?:eet?ces(; aLiSe?O
SPK peptides were from Neosystem Laboratoire (Strasbourg, France). Bovz eh’ all cell cultures were incubated in EGM-2 medium devoid of FGF2,

\F/,;glr:]dw\;’: :‘,:ce)rr: fcrzrtq)ic?(l:%\r:ri ((Sstérlzog;:'goMoc)A)T_he 165-amino acid isoform %EGF, 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
a,B; was purified as described previously (25). Purifiggl 3; receptor was days, cells were stained with crystal violet and plates were read with a
provided by Dr. Leslie Parise of the University of North Carolina (NC)microplate reader at 595 nm.
Purified ag3, receptor was purchased from Chemicon International, Inc.

Protein Purification

Chick CAM Assay
Solid-Phase Receptor-binding Assay
Embryos (10 days of age) were used in this assay, as described (12).
The receptor-binding assays were performed as described previously (252).
Receptorsy, 35, ,Bs, andq,,, ;5 were diluted to 500ng/ml in coating buffer Mouse Xenograft Models

[20 mw Tris-HCI (pH 7.4), 150 mi NaCl, 2 ma CaCl,, 1 mv MgCl,, and 1 Female SCID mice (Charles River Laboratories, Wilmington, MA), 4—6
mm MnCly], whereasag3, was diluted to 1000ng/ml in 20mTris-HCI (PH \yeeks of age were used for the tumor xenograft studies. In one study, SCID
7.4), 150 v NaCl, 0.2 nm CaCl, 10 mv MgCl,, and 1 mu MnCl,. AN mice (Charles River Laboratories, Wilmington, MA) were inoculated intrad-
aliquot of diluted receptors (1Qol/well) was added to 96-well Flash microtiter ermally on day 0 with human melanoma-derived LOX cells, which express
plates and incubated overnight at 4°C. Coating solution was removed \R%/ry low levels ofa B, Starting on day 1, SCH 221153 was administered
aspiration and 20 of blocking solution [S0 nw Tris-HCI (pH 7.4), 100 M yyjice daily through i.p. injection at various doses for 15 days. In another study,
NaCl, 2 mu CaCl, 1 mv MgCl,, 1 mm MnCl,, and 3% BSA) was added t0 5c|p mice were inoculated s.c. with LOX tumor cells on day 0 and starting on
the wells and incubated f@ h atroom temperature. After incubation, the yay 1 were treated with SCH 221153 twice daily through i.p. injection for 15
plates were rinsed three times with 2@Dof binding solution (coating buffer days. SCH 221153 was dissolved in 20% (w/v) B@D, and mice in the
containing 0.1% BSA) and _incubated_with appropri_ate radiolabeled ligands {hicle control group received 20% I82D. The number of cells number used

3 h at room temperature. Fiftypof radiolabeled echistatin was used &8s, \yas 2 10° for intradermal inoculation and % 10° for s.c. inoculation. Each
a,Bs, and ;B3 receptors. Radiolabeled FN (30pwas used forasBy  tymor was measured in three dimensions on days 8, 11, and 15. Tumor volume
receptor-binding assay. After incubation, the plates were sealed and countegid cajculated with the formula &f = 1/6 X 7 X L X W X T, wherelL, W,

the Top Count (Packard). andT represent length, width, and thickness, respectively (28). The data were
expressed as the meansor the means: 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).

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

Cell-Adhesion Assay

) RESULTS
One hundreg:l aliquots of 100 nrm NaHCO; (pH 9.6; carbonate buffer),

containing the adhesive molecule under test were added to polystyrene nongdentification of a Potent and Selective RGD Peptidomimetic
tissue culture microtiter plates at 2@/ml. After 16 h of incubation at 4°C the |nnibitor of Integrins e, B and a,Bs. A library of synthetic com-
solution was removed and wells were washed three times with cold PBS. F, unds mimicking the RGD-motif were designed using combinatorial
the cell-adhesion assay, confluent cultures of GM 7373 cells were trypsinizgﬁithods to explore a diverse array of structures. These compounds
S

washed, and resuspended with the appropriate medium. Previous observation din th lid-ph tor-bindi to identi
had indicated that low concentrations of serum were required in some exp\gleire screened in the solid-phase receptor-binding assay to identify

iments for optimal cell adhesion to FGF2-coated plastic (7). For this reas@f€S that inhibited the binding of radiolabeled echistatin to human
1% FCS was used routinely in cell-adhesion experiments. integrin e, 85. The general structures of the compounds in the library

Transformed fetal bovine aortic endothelial GM7373 cells were used for te@ntained three units linked linearly. The basic unit consists of a
cell-adhesion assays. They were obtained from the N.I1.G.M.S. Human Gen&i¢aminoalkyl)benzimidazole, which is acylated on the amine to fur-
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QNH Inhibition of Ligand-binding and Adhesion of 293-«, 5 and
/)\ COH 293w, B Cells by SCH 221153.Next we tested the binding of
N NVQ/EN/:,{‘/ O\Q radiolabeled echistatin to HEK-293 cells stably expressipg,; and
QN—[{ il «, Bs receptors. For this purpose, 28385 and 293«, 35 cells were
© © harvested from tissue culture flasks, placed in suspension and incu-
SCH 221153 bated with*3-echistatin fo 2 h in thepresence of diluent or increas-
ing concentrations of SCH 221153 or of cRGD peptide. As shown in
QNH Fig. 3a, both molecules inhibit the binding of radiolabeled echistatin
N//H \/Q/E\N/\/\COzH to 293«, 35 cells in a dose-dependent manner with J@alues equal
- N H to 348 nm and 92 m for SCH 221153 and cRGD, respectively. SCH
O/\ﬂ/ 221153 and cRGD were also similarly effective in blocking the
© binding of echistatin tax,Bs-293 cells in a dose dependent manner

SCH 216687 (Fig. 30). In agreement with these observations, SCH 221153 and
~ Fig. 1. Structure of the synthetic RGD mimetics, SCH 221153 and SCH 2116687, ug¢RGD were similarly effective in blocking the adhesion of 298
in the present study. and 293e, 35 cells to VN-coated plastic (results not shown).

Inhibition of Endothelial Cell Adhesion to VN and FGF2 by
1CsonM SCH 221153.Previous observations have shown that immobilized
= oPs= 3.2 FGF2 can mediate endothelial cell adhesion and spreading, g
v ofs= 1.7  integrin interaction (7). On this basis, we evaluated the capacity of
« osfy= 421.0 SCH 221153 and SCH 216687 to affect the adhesion of fetal bovine
amPs= 12940  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
(ICsoequal to 3.0 and 1.0m, respectively, for the two substrates) that
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Fig. 2. SCH 221153 is a potent and selective inhibitorgB; and «, Bs integrins. 120+

Binding of radiolabeled echistatin to integringfs, «,8s, anda,;,B; was measured as
described in “Materials and Methods.” Fegf, integrin, radiolabeled FN was used as the
ligand. Each data point represents the mean results of three independent determinations.
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nish an amide or urea. The core unit is a proprietargta 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 knowy3; antag- 3 2 4 6 1 2 % 4 & %
onists. An initial set of 10 10-component mixtures used 10 polar Concentration (LognM)

natural amino acids. A second set of these mixtures used 10 non-

natural amino acids. A third set of 10 single compounds ysathino b) 2930, fs

butyric acid as the amino acid. None of these library materials showed 150~
activity at 100 ug/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 ,B5. 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 tq,8; and o, 5 in a dose-depen-
dent manner with an I equal to 3.2 and 1.7 w) respectively.
Selectivity of this compound was demonstrated by its poor antagonist
activity for o, 85 and a3, receptors (IG, values equal to 1294w Concentration (LognM)

and 421 w, respectively). Consistent with these results, SCH 221153Fig. 3. Dose-dependent inhibition of the binding of echistatin to @9@; and
was found to be ineffective in blocking ADP-induced pltelet aggrg?iest vl HECESM el oorssanag s e o orenien
gationin vitro (data not shown). Values shown are the means of at least two determinations.
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o chick embryos 10 days of age were used to induce angiogenesis in the
= 12 /. O\o it VN i FN CAM using filter discs soaked with FGF2. At least 10 embryos were used
£ 100 e/ 10 g 100 for each group in each experiment. After 24 h, either PBS or different
8 \ ] " concentrations of SCH 221153 were applied topically to the surface of
3 il ® the filter discs. After 48 h, the CAMs were dissected out and the
°§ 60 60 60 representative areas were photographed. The blood vessel branch points
g o o S~ w© present within the area defined by the filter disc were counted in a blinded
'S fashion using a high power stereo microscope. As shown in Bignd
% 2 FGF2 20 e v b, SCH 221153 was effective ?n blocking FGF2-induceq angiogenesis in
s N o) L= sonzer | a dose-dependent manner with anJ@qual to 100 ng/implant. Inter-

o1 A TH e ot 1 o 1001 4 M0 10 ogingly SCH 221153 had very little effect on preexisting blood vessels
antagonist (M) of the CAM, indicating that the compound exerts a specific action on
Fig. 4. Effect of SCH 221153 on endothelial GM 7373 cell adhesion. Non-tissygroliferating microvessels (Figay.
culture plastic 96-well plates were incubated with carbonate buffer containingy2ol Inhibition of Tumor Growth in Vivo by SCH 221153.Human

VN (@, O), FGF2 @, A), or FN @, (). Then, GM 7373 cells were seeded onto coated K
plates in the absence or in the presence of increasing concentrations of SCH 221A¥8lanoma LOX cells express very low levels@fBs. Accordingly,
(closed symbojsor SCH 216687 ¢pen symbojsand allowed to adhere f@ h at37°C.  SCH 221153 does not affect their proliferative capatityitro when
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.
120 120
T B

is 10 times more potent than that exerted by SCH 216687. Both 100-—a™> /u/g;g L100
molecules poorly affected GM 7373 adhesion to immobilized FN with= B © aﬁ\‘ToA/“A 2,
an 1C,, equal to~20 um. 2280  \la\ 180 S &

SCH 221153 Inhibits Endothelial Cell Proliferation Induced by ~ § § e \\. g.%
FGF2 and VEGF. SCH 221153 was evaluated for the capacity tog £ ©°] \ 60 8 F
affect the mitogenic activity exerted by FGF2 in a short-terms E .ﬁ‘ s 2
proliferation assay. For this purpose, subconfluent endothelial GM °\°= 4 40 % s
7373 cells were incubated with 10 ng/ml FGF2 or 30 ng/ml VEGF 20 -
in the presence of increasing concentrations of SCH 221153 or
SCH 216687, and cells were counted 24 h thereafter. As shown in 0

Fig. 5A, SCH 221153 inhibits the mitogenic activity of FGF2 and 0 1 10 100 & & ess»“’,\‘z‘?}(c;""*
VEGF in a dose-dependent manner with agJ€qual to 3—1Qum, antagonist (uM) <

whereas SCH 216687 was ineffective. The linear integrin-binding Fig. 5. Effect of SCH 221153 on endothelial GM 7373 cell proliferatidnGM 7373
. . - €lls were incubated with 10 ng/ml FGF2 plus 0.4% FCS in the absence or in the presence
peptide GRGDSPK, but not the negative control peptide GRAE@T increasing concentrations of SCH 2211W9,(SCH 216687 ©), GRGDSPK @), or

SPK (Fig. %), exerted a similar FGF2-antagonist activity. GRADSPK (0). Parallel cultures were incubated with 30 ng/ml VEGF plus 0.4% FCS in

When tested at a fixed dose equal to SCH 221153 retained the presence of increasing concentrations of SCH 22 1l58(SCH 216687([(J). B, GM
q 120, 7373 cells were incubated with 0.4% FCS supplemented with 30 ng/ml FGF2, 30 ng/ml

its full antagonist activity in the presence of increasing concentratiogigermal growth factor, Sg/mi 1,2-dioctanoyl-sn-glycerol, 10 ng/ml Q-etradeca-
of FGF2 as high as 300 ng/ml, thus indicating that its mechanism iy phorbol 13-acetate, or 10% FCS in the absence or in the presence @i 30
action is not compeliive (data not shown). Accordingly, SCH 22115:COPK Hack ba) or CRADSPK bper bal W) cures were ypsized o
did not affect the binding of*A-FGF2 to low-affinity heparin sulfate the proliferation observed in cultures treated with the mitogen alone.
proteoglycans and high-affinity tyrosine kinase receptors in GM7373
cells?

To assess its specificity of action, SCH 221153 was tested for the
capacity to affect GM7373 cell proliferation triggered by differentis 140 o A B
stimuli. Under the same experimental conditions, SCH 221153 inhiEr 120+ \ 200
its the mitogenic activity exerted by FGF2, but not that exerted by 1¢0. o
FCS, epidermal growth factor, 1Q-tetradecanoyl phorbol 13-acetate, & 80 e o/ | 300
or 1,2-dioctanoyl-sn-glycerol (Fig.Bj. Again, SCH 216687 was
ineffective on all of the mitogenic stimuli investigated.

In agreement with the data obtained in the short-term proliferatio“@ 40
assay, SCH 221153 treatment resulted in dose-dependent inhibitiorfof , | . . L 100
HUVEC proliferation in a long-term assay. Again, SCH 221153 ,.ﬁscmmN J:l
inhibited the mitogenic activity of FGF2 with an igequal to 3-10 Ojlo-scwwem] e

; : ; 0 5 10 15 20 25 30 \@ S N

uM, whereas SCH 216687 was ineffective (Figh)6SCH 221153 ) & é;( &
retained its antagonist activity when HUVECs were stimulated with antagonist (M) * ;
FGF2 in the presence of VEGE; (Fig. 6B).

Inhibition of FGF2-induced Angiogenesis in Chick CAM Assay Fig. 6. Effect of SCH 221153 on HUVEC proliferatioA, HUVEC cells grown in
by SCH 221153.To assess whether SCH 221153 was able to exert el piaes vere incubsted with 10 s 762 1 the aence or n e presence o
anti-angiogenic activityn vivo, we tested SCH 221153 in the ChlCkincubated with vehicle, 10 ng/ml FGF2, or 10 ng/ml FGF2 plus 30 ng/ml VEGF in the

embryo CAM assay using FGF2 as an angiogenic stimulus. In this assgggncelflack baj or in the presence of 3fim SCH 221153 ¢pen baj. 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
4 M. Presta, unpublished observations. treated with FGF2 alone.
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Control (PBS) bFGF bFGF + SCH221153

Fig. 7. Inhibition of FGF2-mediated angiogenesis in the chick CAM
70+ assay by SCH 221153, chick CAMs 10 days of age were exposed to
filter discs soaked with FGF2. After 24 h, either PBS or SCH 221153 (30
wul of 1 mg/ml solution) were applied topically to the surface of the filter
50+ discs. After 48 h, CAMs were dissected out and the representative areas
were photographed, the blood vessel branch points present within the

Percent Inhibition

40 area defined by the filter disc were counted in a blinded fashion using a
30 high-power stereo microscope. Results were analyzed by Prism Graph
55 Pad software.

104 100 10 100 10° 10
SCH221153 Concentration (mg/ml)

tested at doses up to 304.° On this basis, this cell line was chosenDISCUSSION

to assess the efficacy of SCH 221153 in inhibiting tumor growth in Inhibiti ‘ induced . is has b h
mice by acting as an anti-angiogenic agent. In one study, LOX cells nhibition of tumor-induced angiogenesis has been shown to suppress

were inoculated into SCID mice intradermally on day 0. Starting otH mor growth in animal models, and a number of anti-angiogenic factors

day 1, SCH 221153 was administered through i.p. injection twi are currently being tested in clinical trials (2, 3). For many of these agents,

daily at various doses for 15 days. SCH 221153 was dissolved in 2362 precise molecular target(s) has not been defined. Antagonists of

L ) ) tegrin receptorsy, 3; and a, 85 would represent a class of molecules
0,
(w/v) HPBCD, and mice in the Vehicle Control group received 20 %’?/ith a precise molecular target(s) and a clear understanding of the

HPBCD. Each tumqr Wfis measured in three @menspns on days 8, f'n]echanism of action (14). Antagonists @fBs, such as cRGDHV, hu-
and 15. As shown in Fig.@ LOX tumor cells |njected3|ntradermally manized monoclonal antibody Vitaxin, and a number of peptidomimetic
reached a maximum average tumor volume of 130°mmday 15, goa)-molecular-weight compounds are under investigation as anti-an-
and treatment of mice with SCH 221153 resulted in dose-dependgyenesis agents (29). These antagonists have been shown to induce the
inhibition of tumor growth with 71% inhibition being observed at Z%poptosis of proliferating endothelial cells expressigg, without an
mpk. Increasing the dosage to 50 mpk body weight did not result §yyarent effect on normal, nonproliferating endothelium. Additionally, it
any a.dditional increase in the |nh|b|t|on Of tumor grOWth. The Skinas been demonstrated recently that in |ymphocytes and MCF-7 Ce"sl
sections surrounding the tumors were photographed to visualize fhguction of apoptosis by RGD peptides is by direct activation of
vasculature around the tumors. As shown in Fig.rw blood vessel caspase-3 (30). Furthermore, it has been shown that exposure of endo-
growth surrounding the tumors was significantly inhibited in animalgelial cells to TNFe and IFN-y caused selective inhibition of integrin
dosed with SCH 221153 (50 mpk). a,Bs-dependent cell adhesion and surviatitro (31). Administration

In the second study, LOX tumor cells injected s.c. into SCID micef TNF-a and IFN<y to melanoma patients induced detachment and
grew to an average size of 1500 mnabout 10 times the size of apoptosis ofy,B5-positive endothelial cells of tumor vasculatimevivo
tumors obtained in intradermal tumor models. Nevertheless, treatmit). These results implicate integi)3; in the antivascular activity of
of animals with SCH 221153 resulted in dose-dependent inhibition ®NF-a and IFN+y and demonstrate a new mechanism by which cyto-
tumor growth also under these experimental conditions. Again, tkimes control cell adhesion via integrin receptors.
compound caused 68% and 71% inhibition of tumor growth when In this study, we have characterized an RGD peptidomimetic, SCH
given at 20 and 50 mpk, respectively. No weight loss or any noticd21153, that is a potent inhibitor of integring8; ande, 85 and exhibits

able adverse effects were observed in SCH 221153-treated aning&léctivity against related,, 8; andas3, receptors. We have shown that
compared with control animals. SCH 221153 inhibits adhesion of 2938, and 293e, 35 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

S Unpublished observations. capable of inhibiting FGF2 and VEGF-induced proliferation of bovine
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Fig. 8. SCH 221153 inhibits LOX mela-
noma cell tumor growtha, 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% BED
was used as a vehicle control. Mean tumor
volume, with SE for each group, is plotted
versusdays after tumor-cell inoculatiorb,
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% BED
was used as a vehicle control. Mean tumor
volume, with SE, for each group is plotted
versusdays after tumor-cell inoculatiore,
the vasculature surrounding the tumors was
photographed in control- and drug- (50 mpk)
treated animals.

and human aortic endothelial cells. SCH 221153 also inhibited FGFRgenic agent secreted by several tumors and plays an important role in
induced angiogenesis in the CAM assay system and blocked the groeltbiting tumor-induced angiogenesis (32). Recent studies have shown
of LOX melanoma tumors in mouse xenograft models. These studies @& integrinsy, 3; ande, 85 are expressed by microvascular endothelium
in agreement with previous observations on the capacity of antibody afdhigh risk neuroblastomas, and their inhibition is associated with
RGD-based peptide antagonists of integrj, to inhibit angiogenesis increased endogenous ceramide production, which may contribute to
on the chick CAM, leading to regression of human tumors (12—-14ndothelial cell death (33). These studies clearly indicate that it may be
Furthermore, an antibody agains{B; blocked human breast cancemecessary to inhibit both of these integrins to block angiogeiresigo.
growth and angiogenesis in a nude mouse/human skin chimera mddete, we describe a dual antagonist of these integrins and demonstrate its
(13). In an extension of these studies, it was discovered that FGF2 @mdivo efficacy in inhibiting angiogenesis and tumor growth.
VEGF activate two angiogenic pathways mediated by integyBy and Integrin selectivity was considered important because integrins, in
a,Bs, respectively (22). In both the rabbit corneal eye pocket and theneral, bind to the RGD motif present in a number of ECM proteins.
chick CAM assays, anti,B8; monoclonal antibody blocked FGF2-in- Of particular concern is the platelet fibrinogen recepiqy, 5. Inte-
duced angiogenesis, whereas @i antagonists blocked VEGF-in- grin o,,8; and o, 35 are related, in that they share a commgn
duced angiogenesis (17). The biological significance of these distisetbunit. More importantlye,,, 35 is a key player of platelet aggrega-
angiogenic pathways is unknown. VEGF is a potent mitogen and andiion, and antagonists af,,,8; may cause unwanted bleeding prob-
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lems. Medicinal chemistry efforts produced SCH221153, which i$. Brooks, P. C., Stromblad, S., Sanders, L. C., von Schalscha, T. L., Aimes, R. T.,
_ : ; Stetlet-Stevenson, W. G., Quigley, J. P., and Cheresh, D. A. Localization of matrix
700 f,0|d more Sel,eCt!v.e,toward"B:“ compared withy, Bs. . metalloproteinase MMP-2 to the surface of invasive cells by interaction with integrin
Evidence that inhibition of tumor growth by SCH 2211153 is avp3. Cell, 85: 683-693, 1996.
indirect, presumably via inhibition of angiogenesis comes from tw@- Giancotti, F, G., and Ruoslahti, E. Integrin signaling. Science (Washington2B€),

! ; ) 1028-1032, 1999.
observations. First, the melanoma-derived LOX cells express Ve kumar, c. C. Signaling by integrin receptors. Oncogde 1365-1373, 1998.

low levels of thea,Bs-receptor, ruling out the possibility of direct 11. Stromblad, S., Becker, J. C., Yebra, M., Brooks, P. C, and Cheresh, D. A. Suppression

effect of SCH 221153 on tumor cells. Indeed. SCH 221153 has no ©f p53 activity and p21WAF1/CIP1 expression by vascular cell integvig3 during
. . . ’ . . angiogenesis. J. Clin. Investi@8: 426—-433, 1996.
effect on LOX cell pm“ferat'onm VItro. Second, previous studies 12. Brooks, P. C., Clark, R. A. F., and Cheresh, D. A. Requirement of vascular integrin

have shown that integrim,B5-antagonists inhibit angiogenesis in  avp3 for angiogenesis. Science (Washington DZj4: 569571, 1994.

differentin vivo assays (12_14)_ Accordingly, SCH 221153 inhibit§3' Bropks, P C., Stromblad, S., Klemke, R., Visscher, D., Sarkar,lF., andlcheresh, D.
. ) . Lo . _ Antiintegrin avB3 blocks human breast cancer growth and angiogenesis in human

FGF2-induced endothelial cell proliferatiamvitro and angiogenesis  skin. J. Clin. Investig.96: 1815-1822, 1995.

in thein vivo CAM assay. Visualization of vasculature surrounding4. Eliceiri, B. P., and Cheresh, D. A. The role of integrins during angiogenesis: insights

. ! - . - into potential mechanisms of action and clinical development. J. Clin. Inves@ig:,
the LOX tumors in thein vivo efficacy study indicates that SCH 1577 535" 1999,

221153 causes a significant decrease in the number of blood vessglshattil, S. J. Function and regulation of @ integrins in hemostasis and vascular

surrounding the xenograft tumors (Figc)8Analysis of the pharma- % bciz'ogy-hThéObe-S':ae'tnosaf“: 1;!9—155& 1b?9|5- ol ies of inteart
. . . . . . . . eresn, D. A. ructure, tunction an lological properties or In e@w&S on
cokinetic profile of SCH 221153 in mice and rats indicated that thiS" |, nan melanoma cells. Cancer Metastasis R]%L?,_EO' plggl_

compound has a short half-life of about 12 min and is cleared rapidly. Friedlander, M., Theesfeld, C. T., Sugita, M., Fruttiger, M., Thomas, M. A ., Chang,
from blood® At 20-mpk doses administered twice daily in mice, the S., and Cheresh, D. A. Involvement of integring33 andav5 in ocular neovascular

. A K . .. diseases. Proc. Natl. Acad. Sci. US#8: 9764-9769, 1995.
effective concentration required to inhibit cell attachment to matrix i, sipkins, D. A., Cheresh, D. A., Kazemi, M. R., Nevin, L. M., Bednarski, M. D., and

maintained for ont 4 h subsequent to i.p. dosing in mice. This Li, K. C. Detection of tumor angiogenesis Vvivo by avp3-targeted magnetic

. . : esonance imaging. Nat. Medl(5): 623—626, 1998.
analy5|s suggests that continuous exposure of neW|y SymheSI_ZLS.dAlbelda, S., M., Mette, S. A,, Elder, D. E., Steward, R., Danjanovich, L., Herlyn, M.,

endothelial cells to the antagonist is not required to inhibit endothelial and Buck, C. A. Integrin distribution in malignant melanoma: association opthe

Ce" adhesion and the forma’[ion Of new blood Vesse|sl subunit with tumor progression. Cancer Réf); 6757—6764, 1990.
20. Petitclerc, E., Stromblad, S., von Schalsck, T. L., Mitjans, F., Piulats, J., Montgomery,

A_ number OT 'nFe_gnmvBS antagOWSts are belng_developed for u§e aS A M.P., Cheresh, D. A, and Brooks, P. A. Integim33promotes M21 melanoma growth
angiogenesis inhibitors. These include a humanized form ofegft- in human skin by regulating tumor cell survival. Cancer Ri. 27242730, 1999.

; ity d 21. Gladson, C., and Cheresh, D. A. Glioblastoma expression of vitronectio\gsfl
monoclonal antibody LM609 (Vitaxin), cRGD peptides, and synthetfe integrin. 3. Clin. Investig.88: 19241932, 1991,

RGD mimetics (34), (35). Small molecular weight compounds with orap, Friedlander, M., Brooks, P. C., Shaffer, R. W., Kincaid, C. M., Varner, J. A., and
bioavailability will have a number of advantages over antibody-based Cheresh, D. A. Definition of two angiogenic pathways by distinet integrins.

e ience (Washington DC270: 1500-1502, 1995.
approaches. Whereas most of these compounds are targeted speuﬂggl@ﬁicieri’ BO.AIID., PaSI’ R. Scﬁwartzberg’ P. L. Hood, J. D., Leng, J., and Cheresh, D. A.

toward thea, 85 receptor, it is clear that the, 85 receptor also plays a  selective requirement for Src kinases during VEGF-induced angiogenesis and vas-
critical role, and dual antagonists of ba#{)B; and «, 85 would have a cular permeability. Mol. Cell. Biol.4: 915-924, 1999.

.. . . .24 Isacchi, A., Statuto, M., Chiesa, R., Bergonzoni, L., Rusnati, M., Sarmientos, P.,
definite therapeutic advantage. SCH 221153 is a Sma"_mmecular'WelgﬁtRagnotti, G., and Presta, M. A six amino acid deletion in basic fibroblast growth

compound that can inhibit both, B85~ and «,Bs-receptors, and thus  factor dissociates its mitogenic activity from its plasminogen activator-inducing
represents a class of molecules that would have a distinct advantage %/élrfpac“y- Proc. Natl. Acad. Sci. USAB: 26282632, 1991.

. . . umar, C. C., Nie, H., Rogers, C. P., Malkowski, M., Maxwell, E., Catino, J. J., and
o, By-specific antagonists. Studies by others have showrndjfat plays Armstrong, L. Biochemical characterization of the binding of echistatin to integrin

a critical role in osteoclast-mediated bone resorption, and botlagByi- avp3 receptor. J. Pharmacol. Exp. The2g3: 843-853, 1997.

: : : i s 6. Grinspan, J. B., Mueller, S. N., and Levine, E. M. Bovine endothelial cells trans-
monoclonal antibodies and RGD peptides inhibit bone resorptlonnh)oth2 formedin vitro with benzog)pyrene. J. Cell. Physiol114: 328338, 1983.

vitro andin vivo models (36). Peptidomimetic antagonistsoQf3; are  27. presta, M., Maier, J. A. M., and Ragnotti, G. The mitogenic signaling pathway but not
also being developed for use in osteoporosis indication (34, 35). Thethe plasminogen activator-inducing pathway of basic fibroblast growth factor is
combination of anti-angiogenic, antitumor, and anti-bone resorptive ac- e el gg ¢ © In fetal bovine aortic endothelial cells. J. Cell
tivities in a single pharmacological agent offers significant therapeutig. Liu, M., Bryant, M. S., Chen, J., Lee, S., Yaremko, B., Lipari, P., Malkowski, M.,
opportunities. Ferrari, E., Nielsen, L., Prioli, N., Dell, J., Sinha, D., Syed, J., Korfmacher, W. A.,

Nomeir, A. A, Lin, C. C., Wang, L., Taveras, A. G., Doll, R. J., Njoroge, F. G.,
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