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ABSTRACT

Members of the integrin family influence several aspects of tumor
progression and metastasis, including cell survival, proliferation, and
angiogenesis. Specific integrins such as o, 8; and a5 are involved in
regulating endothelial cell function, and thus angiogenesis. We evaluated
the effect of the a, B4/, Bs integrin antagonist S247 on the growth and
angiogenesis of colon cancer liver metastases in an orthotopic murine
model. Murine colon cancer cellswereinjected into the spleens of BALB/c
mice to produce liver metastases. On day 7, miniature osmotic pumps
wer e implanted into the subcutis to continuously infuse either saline or 70
mg/kg/day S247. All mice were sacrificed when control mice became
moribund. Mice that received S247 developed significantly fewer liver
metastases than did controls (P < 0.05). Using the same model, a subse-
quent survival study was performed. Mice wer e sacrificed when moribund
as determined by an observer blinded to the treatment given. Treatment
with S247 significantly prolonged overall survival (P < 0.05). Interest-
ingly, primary tumors in the spleen were the cause of death in the
S247-treated group as S247 appear ed to have little effect on these tumors.
Immunohistochemical staining demonstrated a significant reduction of
vessels in liver metastases of S247-treated mice (P < 0.001), a significant
increasein endothelial cell apoptosis (P < 0.05), and a significant decrease
in pericyte coverage (P < 0.0001). To determine the role of S247 on
angiogenesis, we examined the effect of S247 in vitro on human umbilical
vein endothelial cells (HUVECSs) and human vascular smooth muscle cells
(hVSMCs). The addition of S247 to HUVECs and hVSMCs growing on
vitronectin-coated flasks and in Matrigel significantly impaired cell
growth and colony formation, respectively (P < 0.05). Furthermore, S247
completely inhibited the attachment of HUVECs and hVSMCs and in-
creased apoptosis by six- to 9fold compared with controls. In in vitro
invasion assays, S247-treated cells demonstrated decreased migration
(P < 0.05). In conclusion, S247 demonstrated significant antimetastatic
and antiangiogenic activity and impaired both endothelial and hvSMC/
pericyte function in vitro and in vivo. The use of agents such as integrin
antagoniststhat target multiple cell typesinvolved in angiogenesis may be
a mor e effective method of inhibiting angiogenesis than agents targeting
only the endothelial cells.

INTRODUCTION

Integrins are heterodimeric transmembrane receptor complexes
composed of noncovalently bound « and B chains that serve as
receptors to the ECM.3 At present, 18 « and 8 8 subunits are known,
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forming 24 different o3 heterodimers and thereby defining ligand
specificities (reviewed in Refs. 1, 2). Integrins can mediate cellular
adhesion to proteins of the ECM and to adjacent cells, and this
ligand/receptor interaction can initiate intracellular signaling. Ligands
for various integrins include fibronectin, collagen, and vitronectin, all
components of the ECM. Certain integrins can also bind to soluble
ligands such as fibrinogen or to other adhesion molecules on adjacent
cells (2, 3).

Integrins appear to play a central role in mediating angiogenesis,
which depends largely on EC interactions with the ECM and peri-
cytes. Integrins appear to be involved in mediating EC adhesion to the
ECM and, in turn, to contribute to EC migration, survival, and
proliferation (1). Therefore, integrins may contribute not only to
angiogenesis by initiating the development of new blood vessels but
also to the survival of the newly formed vasculature.

To date, the integrins o, 85 and o, B5 appear to be the ones most
closely associated with tumor angiogenesis (4, 5). Although only
minimally expressed in quiescent blood vessels, a5 is significantly
up-regulated during angiogenesisin vivo (6). The interaction of «,, 35
and the ECM has been identified as a crucia event for EC survival in
nascent vessels (7). In some cancer systems such as breast cancer,
ay, B; expression correlates with the aggressiveness of the disease (6).
An alternative angiogenic mechanism seems to be provided by the
integrin a,,Bs, which may be involved in VEGF-mediated angiogen-
esis (8). Therefore, antibodies, antagonists, and small inhibitory pep-
tides to these receptors have been developed as potential antiangio-
genic strategies. For example, in one study, application of an a5
monoclonal antibody suppressed angiogenesis of human melanoma
fragments on chick chorioallantoic membranes and induced apoptosis
of vascular ECs (7). In a mouse model using s.c. implanted RKO
colon cancer cells, treatment with an «,, 35 antagonist resulted in
decreased tumor growth and neovascularization as well as an in-
creased tumor apoptotic index in vivo, as determined by immunohis-
tochemical analysis (9). These studies imply that «,,8; may be a
potential target on ECs for specific antiangiogenic therapy.

A structure-activity-relationship-based rational medicinal chemis-
try effort led to the discovery of a small peptidomimetic antagonist of
ayB; and o Bs, S247 (10, 11). S247 is a potent antagonist of «, B3
(ICs, for inhibition of adhesion of transfected HEK 293 cells to
vitronectin = 0.4 nv) and o Bs (IC5, = 1.5 nm) in vitro. Oral
administration of S247 to BALB/c mice implanted with s.c. CT26
murine colon carcinoma cells led to a significant, dose-dependent
inhibition of primary tumor growth, as well as inhibition of the
concomitant hypercalcemia observed in this model (10). Moreover,
administration of S247 to mice in which MDA-MB-435 human breast
carcinomas were orthotopically implanted in the mammary fat pads
produced a dramatic reduction (>90%) in metastatic burden in the
lungs (10, 11).

Inhibiting angiogenesis may be a rationale for preventing the
growth of colon cancer hepatic metastases (12, 13). In the current

HUVEC, human umbilical vein endothelia cell; FBS, fetal bovine serum; OD, optical
density; TUNEL terminal deoxynucleotidyl transferase-mediated nick end labeling; MTT,
3-[4,5-dimethyl-thiazol-2-yl] 2,5-diphenyltetrazolium bromide.
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study, we evaluated the effect of the integrin antagonist S247 on the
growth and angiogenesis of colon cancer liver metastases in an
orthotopic murine model. We also sought to determine the cellular
processes involved in angiogenesis that were altered by the inhibition
of integrin activity. Treatment with S247 significantly impaired the
development of liver metastases and improved survival. This obser-
vation was associated with a decrease in blood vessel counts, an
increase in apoptotic ECs, and a decrease in vessel coverage by
perivascular cells (presumed to be pericytes). In vitro, S247 had
similar effects on both ECs and hV SMCs. These observations not only
demonstrate that S247 is a novel and effective antiangiogenic com-
pound but also suggest that targeting e, g3 may inhibit both ECs and
perivascular cells. We propose that through the reduction of vessel
coverage by perivascular cells, ECs might be more susceptible to
apoptotic stimuli, thereby enhancing the antiangiogenic effect of
therapy.

MATERIALS AND METHODS

S247. S247 is ahighly potent and selective antagonist that inhibits binding
of purified a, 35 to vitronectin in a solid-phase receptor binding assay in vitro
(IC5o = 0.18 nm; Ref. 14). In preliminary studies, human placenta-derived
ay, B3 or human platelet-derived «,,B5 (15) were bound to 96-well microtiter
plates and incubated with human plasma-derived vitronectin (14) conjugated to
biotin (16) for detection purposes. Densitometric determination after coincu-
bation of the labeled ligand with a competitor provides data that when analyzed
using four-parameter fitting techniques (17) yields the | C5,. Comparison of the
ICgos for each receptor is a means to assess compound selectivity between the
two known B; integrins, «,B; and «,,8; and to predict the effect of a
compound in cell-based in vitro and in vivo efficacy models. S247 is greater
than three orders of magnitude more selective for «, 35 than for «, 85, with an
ICq, for purified «,,B5 binding to vitronectin of 244 nwm.

Characterization of S247 in cell-based assays dependent on «, 35 function
indicated that this compound is effective at antagonizing physiological «,f.
In human «,Bs-transfected HEK 293 cell binding assays, S247 inhibited
adhesion to vitronectin with an 1C5, of 0.4 nv. Evaluation of the ability of
S247 to antagonize «, 35 in the HEK 293 cell transfectants demonstrated that
this compound inhibited cell adhesion dependent on «, 85 (IC5, = 1.5 nwm).
This is a desirable property in an angiogenesis inhibitor as «, 85 plays a
significant role in the formation of neovasculature and in tumor cell adhesion
and migration. S247 and a biologically inactive analogue, S286, were obtained
from Pharmacia Corporation (Oncology Pharmacology, Discovery Research,
Pharmacia Corporation, St. Louis, MO).

Chemicals and Cell Cultures. Human vitronectin was purchased from
Promega (Madison, WI). The following antibodies were used for immunohis-
tochemical and Western blot analysis: monoclonal rat antimouse CD31
(PharMingen, San Diego, CA); HRP-conjugated goat antirat 1gG and Texas
Red-conjugated goat antirat 1gG (Jackson Research Laboratories, West Grove,
PA); HRP-conjugated rat antimouse 1gG (Serotec, Harlan Bioproducts for
Science, Inc., Indianapolis, IN); HRP-conjugated goat antimouse 1gG (Jackson
Research Laboratories); goat antimouse 1gG (Jackson Research Laboratories);
HRP-conjugated goat antimouse and HRP-conjugated goat antirabbit 1gG
(Bio-Rad Laboratories, Hercules, CA); mouse antihuman FAK (Becton Dick-
inson; for Western blotting); mouse antihuman FAK (Upstate Biotechnology,
Lake Placid, NY; for immunoprecipitation); rabbit antihuman phosphorylated
Akt and total Akt (Cell Signaling, Beverly, MA); and mouse antihuman
a-SMA (Dako, Carpinteria, CA). Recombinant VEGF and PDGF were pur-
chased from R&D Systems (Minneapolis, MN).

CT26 murine colon carcinoma cells, syngeneic to BALB/c mice, were
obtained from the National Cancer Institute Tumor Bank (Bethesda, MD).
HT29 human colon cancer cells and hVSMCs were purchased from the
American Type Culture Collection (Manassas, VA). HUVECs were obtained
from the American Type Culture Collection or Clonetics (San Diego, CA).
Both colon cancer cell lines lack the integrin «, 85 but express «, 85 (12, 18,
19). Cells were maintained as previously described (20) and used in passage
2—6 after their receipt from the supplier. HT29-derived conditioned medium
was harvested from 70% confluent cell cultures grown in 1% FBS-containing

medium for 48 h. For animal injection, cells were harvested from 50—60%
confluent cultures and suspended in serum-free HBSS after determination of
>90% viability by trypan blue dye exclusion.

Animals and Tumor Cell Inoculations. Eight-week-old male BALB/c
mice (obtained from the National Cancer Institute’s Animal Production Area,
Frederick, MD) were acclimated for at least 1 week and caged in groups of 5.
Each mouse was anesthetized by i.p. injection of 10 ul of pentobarbital
sodium/gram body weight. Single-cell suspensions (10,000 cells/50 wl/mouse)
were injected into the spleen as described previously (21). All animal studies
were conducted according to a protocol approved by the Animal Care and Use
Committee of The University of Texas M. D. Anderson Cancer Center.

For one experiment, mice were randomly assigned to the S247 treatment
group or the control group (10 mice/group). On postinjection day 7, miniature
osmotic pumps (Alzet Durect, Cupertino, CA) were implanted into the subcutis
on the backs of the mice. The pumps contained either saline (contral) or 70
mg/kg/day S247 dissolved in saline and delivered the substances at a rate of 25
wul/h over 14 days. All mice were sacrificed when control mice became
moribund (postinjection day 20). A second experiment was designed to addi-
tionally investigate the development and response of colon cancer metastases
to S247 treatment. Mice underwent splenic injections with CT26 cells as
described above, and osmotic pumps (delivering 70 mg/kg/day S247 or saline;
5 mice/group) were implanted on day 7. Additionally, a bolus injection of
10.75 mg/kg S247 or saline was given i.p. as aloading dose to accelerate the
achievement of an effective serum concentration to potentially improve the
efficacy of this therapy. The serum concentration of S247 was then maintained
by the osmotic pump. Mice were sacrificed on day 7 (before treatment), day
14, or day 21 (after 7 or 14 days of treatment) after splenic injection.

Simultaneously, a survival study was performed [n = 15 mice (S247) and
17 mice (saline)]. Seven days after splenic injection of CT26 cells as described
above, osmotic pumps delivering 70 mg/kg/day S247 or saline over 28 days
were implanted s.c., and mice received an i.p. bolus injection of 10.75 mg/kg
S247 or saline. Mice were checked twice daily and sacrificed when moribund
as determined by an observer blinded to the therapy delivered. Remaining mice
were sacrificed after 28 days of treatment.

Necropsy and Tissue Preparation. The mice were sacrificed by carbon
dioxide asphyxiation and cervical dislocation. Spleens and livers were excised
and weighed, and the numbers of surface liver metastases were counted. If no
metastases were visible, the livers were cut in 1-2-mm slices to search for
metastases within the parenchyma. Tumor sections were embedded in optimal
cutting temperature compound (Sakura, Torrance, CA), frozen at —70°C, and
later sectioned (8—10-wm thick), mounted on positively charged slides (Fisher
Scientific, Pittsburgh, PA), air-dried for 30 min, and stored at —20°C.

Standard | mmunohistochemistry. To study the overal tissue morphol-
ogy, slides were stained with H& E (21). For assessment of angiogenesis, tumor
vessels were stained for CD31 as previously described (21) and visuaized with
3,3'-diaminobenzidine (Research Genetics, Huntsville, AL). Background
counterstaining was performed with Gill’s 3 hematoxylin (Sigma, St. Louis,
MO) and mounted with Universal Mount (Research Genetics). For determi-
nation of pericyte coverage, double-staining for CD31 and a-SMA was per-
formed using a previously described modification (22) of a procedure devel-
oped by Eberhard et al. (23).

Immunofluorescent Staining for CD31 and TUNEL. For immunofluo-
rescent staining, frozen tissue was fixed in cold acetone and chloroform,
washed with PBS, and incubated with primary and secondary antibodies as
described previously (21, 22). The TUNEL assay was performed with a
commercial kit (Promega) according to the manufacturer’s protocol. Findly,
tissue was counterstained and mounted with 4’,6-diamidino-2-phenylindole
fluorescence mounting medium (Vector Laboratories, Inc., Burlingame, CA).
ECswere identified by red fluorescence, and DNA fragmentation was detected
by localized green (tumor cell apoptosis) and yellow (EC apoptosis) fluores-
cence within the nuclei of apoptotic cells.

Quantification of Apoptotic Cells. Tumor and EC apoptosis was deter-
mined by localized green (tumor cell) or green with red, producing yellow
(EC) fluorescence. Apoptotic tumor cells were counted in four random areas at
X100 magnification. Quantification of apoptotic ECswas expressed as amean
of the ratio of apoptotic ECs to the total number of ECsin four different areas
containing distinct TUNEL -positive cells at X200 magnification. Morpholog-
ically necrotic areas were excluded from all analyses.
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Quantification of Vessel Density and Pericyte Coverage. Tumor vessels
were counted at the tumor edge in high vessel density areas (hot spots) in four
distinct fields (at 3, 6, 9, and 12 o’clock) at X100 magnification, a modifica-
tion of the method described by Weidner (24). Necrotic areas were excluded.

The percentage of pericyte-covered vessels was then determined by the
method of Eberhard et al. [percentage of pericyte coverage = (number of
tumor microvessels that demonstrate pericyte colocalization/total number of
tumor microvessels) X 100; Ref. 23]. Pericyte-covered vessels were counted in
four distinct high-density areas (hot spots) near the tumor edge at X200
magnification. Large tumor vessels were excluded (22, 23). (Note: Pericytes
were defined as a single layer of a-SMA-positive cells surrounding CD31-
positive cells.)

Determination of Cell Growth in Vitro. All in vitro experiments were
performed at least in triplicate. For in vitro assays, 96-well plates were
precoated with vitronectin (2 wg/ml) for 18 h at 4°C and then washed with PBS
containing 2% BSA (Sigma).

To examine monolayer cell growth, HUVECs, hVSMCs, HT29 human
colon cancer cells, and CT26 murine colon cancer cells were plated in
vitronectin-coated wells in equal densities. After attachment, cells were incu-
bated in 10% FBS-containing medium with or without 10 um S247 or S286.
After 48 h, the cell number was assessed by performing an MTT assay (22) or
by using alamarBlue (BioSource International, Camarillo, CA) as a redox
indicator.

To determine three-dimensional growth in an ECM-like environment,
HUVECs and hV SMCs were seeded into Matrigel (Collaborative Biomedical
Products, Bedford, MA) that was prepared as indicated by the manufacturer.
After attachment, cells were treated with 10% FBS-containing medium with or
without S247 (10 um) and/or VEGF (10 ng/ml for HUVECS), or PDGF-BB
(20 mg/ml for hVSMCs). After 8 days of treatment, the colonies with diam-
eters > 10 wm were counted.

Determination of S247's Effect on «,B; Signaling. To determine the
effect of S247 on «, 35 signaling, HUV ECs were trypsinized and suspended in
medium containing 10% FBS and 2 u.g/ml vitronectin with or without S247 or
S286 (10 um). After 30 min, protein was harvested from cell lysates, and FAK
was immunoprecipitated from 300 ug of the protein. Finally, Western blotting
was performed for phosphorylated tyrosine and FAK as described previously
(25). In addition, FAK was immunoprecipitated from HUVEC monolayer
cultures treated with 10 um S247 for 30 min. In a separate experiment,
HUVECs growing on vitronectin-coated flasks were incubated with or without
10 ng/ml VEGF for 1 h in 10% FBS-containing medium. S247 or S286 (10
M) was then added for 30 min, and protein was harvested from cell lysates.
Western blot analysis was done for total and phosphorylated forms of Akt.

Determination of S247's Effect on Cell Attachment. To determine the
effect of S247 on cell attachment, HUVECs and hV SMCs were suspended in
10% FBS-containing medium and then seeded on vitronectin-coated 96-well
plates with or without S247 or S286 (10 um). After 30 min, cells were washed,
and attached cells were counted at X200 magnification. In addition, MTT
solution in 10% FBS-containing medium was added, and the absorbance was
read at 570 nm after 90 min as described above.

Determination of Apoptosis of S247-treated Cells. HUVECs, hVSMCs,
and HT29 and CT26 colon cancer cells were plated on vitronectin-coated
flasks and incubated for 48 h to a final confluence of 60% in 10% FBS-
containing medium. S247 or S286 was added to afina concentration of 10 um.
Floating and attached cells were harvested after 8 and 24 h (brief trypsiniza-
tion), resuspended in minimal essential medium containing 10% FBS, stained
with 50 pwg/ml propidium iodide (Sigma), and analyzed by flow cytometry.

Determination of Migration and Invasion of S247-treated HUVECsand
hVSMCs in Vitro. Matrigel-coated invasion chambers (Becton Dickinson)
were seeded with 40,000 HUVECs or hVSMCs in 10% FBS-containing
medium. After 2 h, the medium was changed to 10% FBS-containing medium
(chambers) or HT29-derived conditioned medium (wells), and S247 or S286
was added to afina concentration of 5 um. We used alower concentration of
S247 in this experiment to reduce the pronounced effect of S247 on cell
detachment. After 20 h, the invasion assay was stopped, nonmigrated cells
were removed, and migrated cells were fixed and stained using a HEMA-3 kit
(Biochemical Sciences, Swedeshoro, NJ). Migrated cells were counted in five
distinct areas at X100 magnification (22).

Statistical Analysis. Differencesin Gaussian distributions were tested with
the two-sided t test or Welch t test. Other analyses for statistical significance

were determined by the Mann-Whitney t test (InStat; GraphPad Software, San
Diego, CA), unless otherwise specified. Significant outliers because of varia-
tions in tumor growth were excluded from additional analysis based on the
Grubbs' test (GraphPad Software). Survival data were evaluated for statistical
significance by the method of Kaplan and Meier using the log-rank test
(Statistica 99, Kernel release 5.5A; StatSoft Inc., Tulsa, OK). The overal
survival was calculated as the interval between implantation of tumor cells and
death (or a moribund state as determined by a blinded observer).

RESULTS

Effect of S247 Therapy on Metastatic Potential of CT26 Colon
Cancer Liver Metastases. No apparent toxicity from S247 or saline
delivered via osmotic pump was observed. When control mice became
moribund on day 20, the experiment was terminated. Necropsy con-
firmed that al control mice had liver metastases. Mice in the S247
treatment group developed significantly fewer liver metastases
(P < 0.01; Fig. 1). This reduction in liver metastases occurred
independent of a direct effect on primary tumor growth as the splenic
tumor volume (primary tumor site) was not significantly different
between the groups (mean + SE: controls, 835 + 198 mm?>;, S247
group, 674 + 144 mmd).

To investigate the effect of S247 in more detail, an experiment was
implemented in which mice were sacrificed at various time intervals
after tumor injection. No mice developed macroscopicaly visible
liver metastases by day 7, before S247 or sadline delivery began. All
mice in the control group developed visible liver metastases within 14
days, but there were no visible liver metastases in the S247 treatment
group after 14 days and significantly fewer visible liver metastases
after 21 days (P < 0.05; Fig. 2).

Effect of S247 on Survival of Mice with Colon Cancer Liver
Metastases. We also studied the effect of S247 on the survival of
mice with liver metastases. After 28 days of treatment (day 36 of the
experiment), the experiment was terminated because of the limited
capacity of the osmotic pumps. At day 36, all 17 control mice had
died, whereas 4 of 15 mice treated with S247 were still aive. Of these
long-term survivors, 2 had no liver metastases, and the other 2 had one
and three liver metastases each. Compared with saline, S247 treatment
led to asignificant improvement in overal surviva (P < 0.05; Fig. 3).
In contrast to the effect of S247 on the reduction of liver metastases,
both control and S247-treated mice had large splenic tumors at the
time the experiment was terminated (not significant; Fig. 3B). We
believe that the mice in the S247 group died of their primary splenic
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Fig. 1. Effect of therapy with the e, g integrin antagonist S247 on the development of
liver metastases. CT26 colon cancer cells were injected into the spleens of BALB/c mice.
Starting on day 7, mice were treated with 70 mg/kg/day S247 or saline by continuous
infusion via a s.c. implanted osmotic pump. When control animals became moribund, all
mice were sacrificed, and liver metastases were harvested. Treatment with S247 signifi-
cantly decreased the number of liver metastases (+P < 0.01; horizontal lines indicate
median number of liver metastases).
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Fig. 2. Effect of therapy with S247 on the development of liver metastases after 14 and
21 days of tumor growth. CT26 colon cancer cells were injected into the spleens of
BALB/c mice. On day 7, osmotic pumps containing 70 mg/kg/day S247 or saline were
implanted for continuous therapy. Additionally, abolus of 10.75 mg/kg S247 or saline was
given i.p. Mice were sacrificed on day 7 (before implantation of the osmotic pumps), on
day 14, or on day 21, and liver metastases were counted (horizontal lines indicate the
median number of liver metastases). S247 led to significantly fewer liver metastases at 14
and 21 days (+P < 0.05).

bed tumors and gastric compression because there was minimal tumor
burden in the liver. In contrast, animals from the control group
appeared to have died of their hepatic tumor burdens, given the large
amount of tumors found in the livers at necropsy.

Effect of S247 on Tumor Cell and EC Apoptosis in Colon
Cancer Liver Metastases. Theimpact of S247 on tumor cell and EC
apoptosis was assessed by immunohistochemical analysis of liver

A

metastases from mice treated for 14 days with S247 or saline (Fig. 4).
On H&E-stained sections, the metastases from S247-treated mice
demonstrated vast necrotic regions that were nearly absent in controls
(Fig. 4). Immunofluorescent TUNEL staining with and without con-
current staining for CD31 was performed to quantify tumor cell and
EC apoptosis. In the control group, tumor cell and EC apoptosis was
minimal, whereas S247-treated metastases demonstrated significantly
more apoptotic tumor cells (P < 0.01; Fig. 5A). Furthermore, vessels
in liver metastases from mice treated with S247 also demonstrated
significantly more apoptotic ECs than did controls (Fig. 5B). Inter-
estingly, no apparent effect of S247 was seen in normal liver tissue or
liver sinusoidal ECs (data not shown).

Effect of S247 on Angiogenesis in Colon Cancer Liver Metas-
tases. On CD31 immunohistochemical analysis, liver metastases
from S247-treated mice demonstrated significantly fewer vessels than
did liver metastases from control mice (P < 0.001; Figs. 4 and 6A).
In addition, concurrent staining for CD31 and a-SMA was performed
to quantify the percentage of tumor vessels that were covered by
pericytes because these cells are hypothesized to be stabilizing factors
for ECs (25). S247-treated tumors demonstrated significantly less
pericyte coverage of vessels compared with control tumors
(P < 0.0001; Fig. 6B). Representative photomicrographs are dis-
played in Fig. 4.

Effect of S247 on Cell Growth and 45 Signaling in Vitro.
Because of the profound impact of S247 on tumor cells and ECs in
vivo, we additionally evaluated S247’s effects in vitro on HUVECsS,
hVSMCs, HT29 cells, and CT26 cells. In monolayer cell cultures on
vitronectin-coated surfaces, S247 significantly decreased the growth
of HUVECs and hVSMCs after 48 h compared with medium only
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Fig. 3. Effect of therapy with S247 on the survival of mice i Conteol
with liver metastases. CT26 colon cancer cells were injected into '-—L
the spleens of BALB/c mice. Continuous treatment with 70 mg/ 0
kg/day S247 or saline was started on day 7 via osmotic pump, and o 2 W 3 oE & 8 R N
abolus of 10.75 mg/kg S247 or saline was given i.p. to accelerate Time (Days)
therapeutic serum concentrations. Mice were sacrificed when Y
moribund as determined by an observer blinded to the treatment
given. On day 36, the experiment was stopped because the os-
motic pumps ran empty. A, therapy with S247 significantly im-
proved the overall survival of mice with liver metastases CO ntrnl 5247
(P < 0.05; log-rank test). B, representative photographs of livers
from mice in each group are shown. Mice treated with S247
developed significantly fewer liver metastases compared with the 5,p|en ic Tumor 5p|mic Tumor

control group. In contrast, the weight and volume of the primary
splenic tumors were not significantly different.

Liver
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Control
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CD31

Fig. 4. Immunohistochemical analysis of liver metas-
tases treated with S247. CT26 colon cancer cells were
injected into the spleens of BALB/c mice, and 7 days
later, mice began continuous treatment with S247 or saline
for 14 days. Liver metastases were harvested, and frozen
sections were stained by immunohistochemistry. Repre-
sentative areas are shown for H& E (X50), CD31 (X 100),
CD31/a-SMA (X200; brown/blue, respectively), and
TUNEL staining (<100).

CD31 / a-SMA

TUNEL

(P < 0.001; Fig. 7A). In addition, S247 significantly decreased the
number of CT26 cells within 48 h (P < 0.05; data not shown). There
was no significant decrease in the number of HT29 cells within 48 h,
but after 96 h, most HT29 cells underwent anoikis (data not shown).
In a separate experiment, addition of S286, an inactive analogue to
S247, showed no activity in a proliferation assay using HUVECs
incubated with 10% FBS-containing medium with increasing doses of
S286 up to 100 um (data not shown).

Studying the three-dimensional growth in an ECM-like environ-
ment, S247-treated HUVECs and hVSMCs formed significantly
fewer colonies (P < 0.05) compared with cells treated with 10%
FBS-containing medium only (data not shown). The inhibitory effect
of S247 on colony formation by HUVECs and hV SMCs could not be
overcome by the addition of VEGF or PDGF-BB, respectively (not
significant; data not shown).
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We additionally sought to determine the effect of S247 on «, 35
signaling. By Western blot analysis, incubation with S247 for 30 min
did not decrease the phosphorylation of FAK of HUVECs in suspen-
sion or as attached cells in the presence of vitronectin (data not
shown). Similarly, S247 did not affect the phosphorylation of Akt in
HUVECSs that have been prestimulated with VEGF for 1 h. (data not
shown).

Effect of S247 on Cell Attachment and Apoptosisin Vitro. Inthe
cell attachment assay, most HUVECs and hVSMCs in 10% FBS-
containing medium with or without S286 attached within 30 min. In
contrast, the presence of S247 completely blocked cell attachment
(P < 0.0001; Fig. 7B). We aso evaluated the effect of S247 on cell
death in monolayer cultures on vitronectin-coated flasks. Within 24 h,
S247 caused six to nine times more detachment and subsequent
anoikis of HUVECs and hV SMCs compared with controls, whereas
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Fig. 5. Quantification of TUNEL-positive tumor cells and ECsin liver metastases from
S247-treated mice. Tissue sections were double stained for TUNEL-positive or CD31-
positive cells by fluorescent immunohistochemistry. Single TUNEL-positive cells (apo-
ptotic tumor cells) and both TUNEL- and CD31-positive cells (apoptotic ECs) were
counted in four distinct areas where there was a high density of CD31- or TUNEL -positive
cells (hot spots). A, liver metastases from S247-treated mice contained significantly more
apoptotic tumor cells than controls (+, P < 0.01). B, in S247-treated mice, vesselsin liver
metastases contained more apoptotic ECs compared with controls, asindicated by theratio
of apoptotic ECs/total ECs (xP < 0.05).

S286 had no significant effect on cell death (Fig. 7C). S247 caused
about a 3-fold increase in anoikis in CT26 cells but had no effect on
HT29 cells within 24 h (data not shown).

Migration and Invasion of HUVECsand hVSM Cs Treated with
S247 in Vitro. To minimize the effect of S247 on detachment,
HUVECs and hVSMCs were plated in Matrigel-coated invasion
chambers with HT29-conditioned medium as a chemoattractant. After
attachment of the cells, S247 was added. S247 had no effect on cell
morphology or attachment in any cell line studied. However, the
addition of S247 significantly reduced the migration of HUVECs
compared with controls (P < 0.05). The effect of S247 was even more
distinct in hVSMCs (P < 0.01; Fig. 8). In contrast, treatment with
S286 did not impair cell migration in either cell line.

DISCUSSION

The liver is the most common and critical site for the development
of colorectal cancer metastases. The development of metastases re-
sults from a series of interlinked steps, described in detail elsewhere
(26, 27). Integrins, in particular «, B3, mediate the binding of ECs (and
tumor cells) to the ECM, thereby affecting EC adhesion, migration,
proliferation, and survival. However, the importance of «, 85 in me-
diating colon cancer growth and metastasis is poorly understood. We
therefore studied the effect of a novel «,B5 integrin antagonist on
colon cancer metastasis in a murine model. In our study, continuous
therapy with S247 significantly decreased the development of liver
metastases. Although control mice developed liver metastases within
14 days, S247-treated mice were free of macroscopicaly visible
metastases at 14 days. After 21 days, when control mice became

moribund, S247-treated animals demonstrated significantly fewer
liver metastases. In addition, treatment with S247 significantly im-
proved survival. However, despite its favorable effects in inhibiting
liver metastasis development, the effect of S247 on growth of the
primary splenic tumor was minimal. Severa authors have demon-
strated that ECs in different organs are phenotypically distinct as the
regulation of angiogenesis itself is al'so organ dependent (23, 28, 29).
Furthermore, integrin expression and their ECM ligands vary in
different organs (30-32). Likewise, the response to antiangiogenic
therapy, including integrin antagonists, potentially may therefore de-
pend on the site of tumor growth. In the survival experiment, all
S247-treated mice developed a splenic tumor that was not signifi-
cantly different from the splenic tumors of the animals from the
control group. We believe the primary tumor led to death in the
S247-treated animals for two reasons: (a) the primary splenic tumor
distorted the stomach, which likely led to proximal bowel obstruction;
and (b) mice in the S247-treated group had very little hepatic tumor
burden.

Only a few publications have previously reported on the effect of
anti-a, 35 therapy on the development of liver metastases. In a study
of a,Bs-positive murine RAW117 large cell lymphoma sublines in-
jected i.v. into mice, treatment with an anti-B; monoclonal antibody
inhibited the formation of liver metastases (33). In alandmark study,
Brooks et al. (7) implanted tumor fragments derived from various
human carcinomas on chick chorioallantoic membranes. Application
of an o, B3 antibody (LM609) not only prevented the growth of these
tumors but induced regression in most cases. Because «, 85 staining
was not detectable on tumor cells, the major effect of the antibody was
hypothesized to be through the inhibition of angiogenesis. In fact, the
anti-a,, 35 antibody induced apoptosis of proliferating angiogenic vas-
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Fig. 6. Effect of S247 on vessel development and pericyte coveragein liver metastases.
Frozen sections from liver metastases of S247-treated and control mice were stained for
CD31 or CD31l/a-SMA. Four distinct areas at the tumor edge containing the most strongly
stained vessels (hot spots) were evauated. A, liver metastases from S247-treated mice
developed significantly fewer vessels compared with control mice (P < 0.001). B,
vesselsin liver metastases from S247-treated mice had significantly less pericyte coverage
(+P < 0.0001).
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Fig. 7. Effect of S247 on growth, attachment, and apoptosis of HUVECs and hV SMCs.
A, HUVECs and hVSMCs were plated on vitronectin-coated flasks at equal densities and
incubated with or without S247 or S286 (10 um) for 48 h. A MTT or alamarBlue assay
was performed, and the absorbance was read to provide an estimate of cell count based on
metabolic growth rate. Data are presented as percent maximal proliferation to normalize
the two assays. S247 significantly reduced the growth of both HUVECs and hVSMCs
compared with controls as indicated by the decreased cell number relative to cellsin 10%
FBS as control medium (+*P < 0.001). B, cells were suspended in 10% FBS-containing
medium and then seeded on vitronectin-coated flasks with or without S247 or S286 (10
um). After 30 min, cells were washed and counted at <200 magnification. The addition
of S247 completely abolished cell attachment, whereas treatment with S286 had no effect
(*P < 0.0001). C, cells were plated on vitronectin-coated flasks and incubated for 48 h
to a final density of 60%. Then, the medium was replaced with 10% FBS-containing
medium with or without S247 or S286 (10 um). Floating and attached cells were harvested
after 24 h and stained with propidium iodide, and the fraction of apoptotic cells was
determined by flow cytometry (subdiploid population). After 24 h, S247 caused a
6-9-fold increase in apoptosis compared with controls.

cular cells without affecting quiescent blood vessels (7). Therefore,
anti-a,, B; therapy seems to target newly sprouting blood vessels
without affecting ECs in mature vessels (7). Similarly, HT29 and
CT26 colon cancer cellslack «, 35 expression (12, 18, 19). However,
our data suggest that anti-«, 35 therapy alone might be very effective

in inhibiting the development and growth of metastasis of human
colon cancer.

The delay in metastasis growth caused by anti-«, 35 therapy in our
study isin agreement with findings in studies investigating antiangio-
genic therapy. Most antiangiogenic therapy is intended to decrease the
development of new blood vessels. Although rare reports on tumor
regression exist (34), the vast mgjority of studies demonstrate that
antiangiogenic therapy leads to inhibition of tumor growth rather than
regression of established tumors (21, 35). Thus, therapy with a com-
bination therapy of antiangiogenic and antitumor agents might lead to
tumor regression and thereby improve therapeutic results (36).

Using immunohistochemical analysis, we studied the mechanism of
the inhibition of tumor growth by the «, 85 antagonist S247 in micein
which treatment did not completely suppress liver metastasis forma-
tion. On average, the vessel count was decreased by 60% in S247-
treated mice compared with controls. Thisfinding is supported by our
additional finding of a significant increase in apoptotic ECs. In addi-
tion, S247 caused an increase in tumor cell apoptosis. Furthermore,
morphological evaluation of metastases from S247-treated mice re-
vealed vast necrotic regions in comparison to control tumors. The
effect of S247 on tumor cell apoptosis might be secondary to its effect
on tumor vessels; still, a possible direct effect of S247 on the CT26
cellsused in our experiments cannot be excluded because of effects of
S247 on both «, 85 and «,Bs. The absence of the integrin «,35 has
been demonstrated in a variant of CT26 cells (12); however, this
tumor cell line adheres to vitronectin-coated plates and expresses the
integrin «,Bs (18, 19, 37), the most widely expressed vitronectin
receptor integrin in malignant tumor cells (31). S247 is a potent
antagonist of «,Bs (1.5 nv), as well as «, B3, as determined in a cell
binding assay using HEK 293 cells transfected with recombinant
human «,Bs. «,Bs mediates cell adhesion and acts coordinately with
growth factor-derived signaling events to promote and enable cell
migration (38, 39). Thus, tumor cell metastasis can be regulated by
a,Bs in a manner independent of tumor cell growth (39). In our in
vitro studies, we did observe an effect of S247 on CT26 cell adhesion
to vitronectin, suggesting an effect of S247 directly on «, 35 function.
However, this effect was much less pronounced than that seen on
HUVECSs or VSMCs (~33%). Taken together with the fact that S247
did not affect primary tumor growth in vivo, we theorize that the major
antitumor effect was its ability to inhibit angiogenesis of metastasis.

Morphologically, we noted S247 led to smaller, less clearly defined
vesselsin metastases compared with controls. Therefore, we sought to
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Fig. 8. Effect of S247 on invasion of HUVECs and hVSMCs. Cells were plated on
Matrigel-coated invasion chambers in 10% FBS-containing medium. After 2 h, the
medium was changed to 10% FBS-containing medium (chambers) or human HT29-
derived conditioned medium (wells) with or without S247 or S286 (5 um). After 20 h,
migrated cells were fixed and stained with H&E and then counted in five distinct areas
at X100 magnification. Treatment with S247 significantly inhibited invasion of both
HUVECs and hVSMCs compared with controls [#P < 0.05 (HUVECs), P < 0.01
(hVSMCs)].
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determine the effect of S247 on pericyte coverage because pericytes
are EC-supportive structures. Pericytes are known to be closely asso-
ciated with ECs and seem to be critical for proper vascular develop-
ment and maintenance (40). Colocalized ECs and pericytes have
recently been used to define mature blood vessels (23). We have
previoudy shown that in addition to pericytes providing a direct
mechanical stabilizing function on ECs, pericytes are also likely to
protect ECs from apoptosis by a paracrine mechanism via VEGF
secretion (25). Because pericytes are present in tumor vessels to
varying degrees (23), we developed an immunohistochemical method
to study the colocalization of perivascular cells and ECs. In S247-
treated metastases, pericyte coverage was significantly decreased.
Therefore, anti-«,, 35 therapy affects not only ECs but also perivascu-
lar cells. These novel in vivo findings are supported by previous
in vitro studies showing that «, 85 binding to the ECM is necessary
for hVSMCs to migrate in response to insulin-like growth factor |
(41, 42).

To better understand the mechanism of S247 therapy on the cells
that comprise the tumor vasculature, we evaluated S247's effect on
proliferation, adhesion, migration, and apoptosis of ECsand hVSMCs
in vitro. Cell growth and colony formation of HUVECs and hVSMCs
were significantly reduced by S247 in monolayer or three-dimen-
sional cell cultures, respectively. With prolonged exposure of attached
monolayer HUVEC and hVSMC cultures to S247, most cells became
round, detached from the vitronectin-coated flask surface, and under-
went anoikis. Anoikis describes the subset of apoptosis triggered by
loss of anchorage. The preceding change in cell shape (round) governs
the subsequent anoikis (43) and seems to indicate one mechanism of
the activity of S247. In contrast, treatment with S286 (an inactive
analogue of S247) had no effect on cell shape, and cells remained
attached. Furthermore, the addition of S247 completely inhibited new
attachment of HUVECs and hV SMCs, whereas S286 had no effect on
cell attachment in either cell line. There was also a less prominent
direct effect of S247 on cell growth of CT26 and HT29 colon cancer
cells, possibly attributable to the inhibitory action of S247 on «, f3s.

To date, the molecular mechanisms of S247's interfering with
adhesion and apoptosis remain unknown. Among a variety of signal-
ing cascades, the phosphorylation of FAK and activation of the
phosphatidylinositol 3’-kinase/Akt pathway have been demonstrated
to be involved in o, B5-mediated adhesion, migration, and cell sur-
vival (44-46). However, incubation of HUVECs with S247 did not
decrease the phosphorylation of either FAK or Akt. Because integrins
areinvolved in numerous pathways, S247 islikely to inhibit signaling
independently of FAK or Akt. For example, the integrin-mediated
activation of Ras has recently been implicated in preventing anoikisin
a manner that is independent of phosphatidylinositol 3'-kinase (47).
Furthermore, there is evidence of cross-signaling between different
integrin receptors. In macrophages that were transfected with «, 35
integrin, the inhibition of «, 5 also partialy blocked ag3;-mediated
phagocytosis (48). Moreover, cell behavior may be dependent on
different integrins that are expressed secondary to alterations in cul-
ture conditions (43).

Finally, we determined the effect of S247 on migration and inva-
sion of HUVECs and hVSMCs. The addition of S247 significantly
decreased migration of both HUVECs and hVSMCs in Matrigel.
Interestingly, the effect of S247 was more prominent on hVMSCs,
suggesting that these cells are as important and relevant targets for
anti «, B3 integrin therapy.

In conclusion, the novel integrin antagonist S247 targets ECs and
perivascular cells both in vitro and in vivo. In cell cultures, S247
caused detachment and apoptosis and inhibited cell growth, attach-
ment, and migration. In a murine model, S247 therapy significantly
inhibited the development of liver metastases from colon cancer and

increased survival. The major effect of S247 appeared to be related to
its ability to inhibit tumor angiogenesis. The vast decrease in vessel
numbers seen might be due not only to an increase in apoptotic ECs
but also to reduced coverage of vessels by perivascular cells (peri-
cytes). Therefore, anti-a, 35 treatment may also affect the stabilization
of ECs through a decrease in pericyte coverage, in addition to its
known apoptotic effect on activated ECs. Studies are needed to
additionally address perivascular cells astargets for anti-a, 35 therapy.
S247 seems to be a very promising antiangiogenic compound that
may also interfere with integrins other than «, B3, thereby increasing
its therapeutic effect. For clinical studies, combination therapy with
S247 and known cytotoxic agents may be promising as a strategy to
inhibit the growth of primary tumors and metastases.
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