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Abstract

Vitronectin (Vn) is a multifunctional 75-kD glycoprotein that
is present in plasma and the extracellular matrix. Vn functions
as a complement regulatory protein in plasma, and promotes
the growth and attachment of cells in tissue culture. Recent
cDNA cloning reveals that like other adhesive proteins, Vn
contains the sequence Arg-Gly-Asp and binds to some

members of the integrin class of adhesive membrane receptors.
In liposomes, the platelet membrane glycoprotein complex
lIb/II1a binds Vn, as well as fibrinogen, von Willebrand factor,
and fibronectin. Weexamined the binding of purified Vn to
resting and stimulated human platelets. Vn bound to throm-
bin-stimulated platelets in a calcium-dependent, specific, and
saturable manner with a Kd of 320 nM and 8,000 sites per

platelet. Epinephrine or ADPstimulation led to specific bind-
ing with Kds of 93 and 116 nM, respectively. Binding was

inhibited by the tetrapeptide Arg-Gly-Asp-Ser and by mono-

clonal and polyclonal antibodies to GPIIb/IIIa. Endogenous
platelet Vn stores were identified in immunoblots of gel-fil-
tered platelets and the surface expression of endogenous plate-
let Vn was thrombin inducible. Monoclonal as well as polyclo-
nal antibodies to Vn inhibited platelet aggregation, suggesting
that Vn plays a role in the formation of stable platelet aggre-
gates. (J. Clin. Intest. 1990. 85:1372-1378.) integrin*
GPIIb/IIIa S-protein * receptor * Arg-Gly-Asp

Introduction

Vitronectin (Vn),' also known as S protein (1) and serum-

spreading factor (2), is a multifunctional 75-kD acidic glyco-
protein present abundantly in plasma (200-500 gg/ml) and
the extracellular matrix (2). Plasma Vn functions in the com-

plement cascade to prevent innocent bystander cytolysis by
binding fluid phase C5b-7 and forming soluble, noncytolytic
complexes (3). Vn also forms complexes with thrombin and
anti-thrombin III that, in vitro, retain thrombin catalytic activ-
ity (4-6). Vn promotes the growth in tissue culture of multiple
cell lines by mediating cell attachment to the substratum (7),
and a similar function in vivo is likely. Vn is present in the
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extracellular matrix of glomerular and aortic basement mem-
brane, in the elastic layers of normal vessels walls, and in
normal human dermis (2, 8).

Recent cDNA cloning and amino acid sequencing reveal
that Vn contains the tripeptide arg-gly-asp (RGD) and shares
cell adhesion properties with other RGD-containing proteins
(9) including fibrinogen, von Willebrand factor, and fibronec-
tin. The latter three proteins have known roles in platelet ag-
gregation and share a commonreceptor on the platelet surface
(10). Fibrinogen binding to the platelet glycoprotein complex
Ilb/Ila (GPIIb/IIIa) is critical for normal platelet aggregation
(11-14). Von Willebrand factor binds to GPIb to mediate
platelet adhesion, but is also capable of binding via an RGD-
containing domain to the GPIIb/IIIa complex (15, 16). Fibro-
nectin also binds to GPIIb/IIIa on the activated platelet surface
via an RGDdomain (17-19). Antibodies to GPIIb/IIIa, fi-
brinogen, and fibronectin are capable of inhibiting platelet
aggregation, suggesting that these platelet adhesive proteins
may participate in a macromolecular complex that is critical
for normal platelet aggregation (19-23).

GPIIb/IIIa on platelets is a promiscuous receptor for fi-
brinogen, von Willebrand factor, and fibronectin, and may
also bind Vn (24). The purified GP Ilb/Ila complex, when
incorporated into liposomes, binds fibrinogen, fibronectin,
von Willebrand factor, and Vn in an RGD-dependent man-
ner (24).

To investigate the role of Vn in platelet aggregation, we
examined the binding of purified Vn to resting and to acti-
vated human platelets, and studied the effects of several anti-
Vn antibodies on platelet aggregation.

Methods

Purification of Vn. Vn was purified by the method of Dahlback and
Podack (25). 1 liter of fresh frozen plasma was absorbed with BaCl2 and
then precipitated twice with polyethylene glycol (PEG) 3350 to a final
concentration of 20%. The precipitate was dissolved in 10 mMNa
phosphate, 2 mMEDTA, 2 mMbenzamidine HCI, 1 mMglutathione,
and 1 mMPMSF, pH 7.0, and loaded onto a DEAE-Sephacel column.
Vn was eluted from the exchange column with a 2-liter linear salt
gradient to 0.3 MNaCl. Vn was detected by fused rocket electrophore-
sis and the Vn-containing fractions were concentrated by ammonium
sulphate precipitation. The precipitate from a 70% ammonium sul-
phate cut was dissolved in 50 mMTris-HCI, 0.15 MNaCl, 2 mM
EDTA, 2 mMbenzamidine HCI, and 1 mMglutathione, pH 7.4,
dialyzed against the same buffer, and loaded onto a blue Sepharose
column equilibrated in the same buffer. After washing the column to
remove ceruloplasmin, the Vn was eluted with start buffer plus 1 M
NaCl. Vn-containing fractions were concentrated by ultrafiltration
(Amicon Corp., Danvers, MA) and further purified by gel filtration
with S-200. Vn was assessed for purity by 7.5% SDS-PAGEreduced
and unreduced, followed by silver staining of the gels (Bio-Rad Labora-
tories, Richmond, CA).

Antibodies. Polyclonal antisera to Vn was obtained by immuniza-
tion of rabbits and goats with purified Vn followed by successive
bleeds. Anti-Vn IgG was purified from antisera by 40% ammonium
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sulfate precipitation followed by dialysis and purification by DE-32
chromatography. The monospecificity of the polyclonal anti-Vn anti-
sera and IgG was confirmed by Western blots of purified Vn, plasma,
or serum using the antisera or IgG as a probe. Monoclonal anti-Vn
antibodies 01 1-023, 011-58, 011-207, 011-251, and 01 1-292 were ob-
tained from Cytotech (San Diego, CA). Polyclonal anti-GPIIb, anti-
GPIIIa, and anti-GPIV were a gift of Dr. AdamAsch (Cornell Univer-
sity Medical College, New York, NY). Monoclonal anti-GPIIb/IIIa
(7E3 and lOE5) were a gift from Dr. Barry Coller (State University of
NewYork, Stonybrook, NY). Monoclonal anti-Vn receptor (LM609)
was a gift from Dr. David Cheresh (Scripps Clinic, La Jolla, CA) (26).

Crossed immunoelectrophoresis. Vn was labeled with carrier-free
'25I (Amersham Corp., Arlington Heights, IL) by the iodogen method

(27) to a sp act of 1-2 X 106 cpm/,ug protein. The functional activity of
251I-Vn was assessed by measuring incorporation into SC5b-9 com-

plexes. '251-Vn was added to serum before incubation with zymosan
(10 mg/ml; Sigma Chemical Co., St. Louis, MO) at 370C for 1 h.
Zymosan was removed by centrifugation at 3,000 rpm for 10 min and
crossed immunoelectrophoresis was performed on the serum using
polycional anti-C5 and anti-C9 antisera as precipitating antibodies for
SC5b-9 (3). The agarose gel was washed extensively with Tris-buffered
saline (10 mMTris, 0.15 MNaCl, pH 7.4) and distilled water before
drying and staining with 90% methanol, 7% acetic acid, 0.25% Coo-
massie blue (Bio-Rad Laboratories). The gels were subjected to autora-
diography to demonstrate incorporation of functionally active '251I-Vn
into SCSb-9 complexes.

Binding studies and time course. Gel-filtered human platelets were
isolated from platelet-rich plasma collected in acid citrate dextrose
containing PGEI and aspirin as previously described (28). 100 AI of
platelet suspensions (1 X 105/MI) were incubated with 251I-Vn in buffer
containing 0.14 MNaCl, 2.7 mMKCl, 0.42 mMNaH2PO4, 12 mM
NaHCO3, 5.5 mMglucose, 5 mMHepes, 2 mMCaCl2, 1 mMMgCl2,
and 1%albumin, pH 7.4. Platelets were activated with 10 AtM epineph-
rine, 6 AMADP, or 0. 10 U/ml thrombin without stirring. In thrombin
experiments, the thrombin inhibitor pro-phe-arg chloromethylketone
was added at 4 min to a final concentration of I AM. After incubation
for 1 h, the platelets were spun through 400 A1 silicone oil and the
bound radioactivity was quantitated (20). In some experiments, bind-
ing was performed in the presence of 100 AMtetrapeptide arg-gly-asp-
ser (RGDS) or arg-gly-glu-ser (RGES) (Peninsula Laboratories, Inc.,
Belmont, CA), 5 mMEDTA, 8 AMpurified human fibrinogen (gift of
Dr. M. Mosesson, Mt. Sinai Medical Center, Milwaukee, WI), 100
,4g/ml monospecific polyclonal anti-GPIIb/IIIa or anti-GPIV antibod-
ies, or 10 Ag/ml monoclonal anti-GPIIb/IIIa antibodies lOE5 or 7E3.
For the time course, gel-filtered, epinephrine-stimulated human plate-
lets were incubated with 200 Ag/ml '251-Vn for various times, after
which aliquots were removed and binding was measured as previously
described. Specific binding was determined for resting and stimulated
platelets in competitive inhibition studies: binding was performed in
the presence of 1 Ag of '251I-Vn and various concentrations of unlabeled
Vn with resting platelets and with platelets stimulated with 0.1 U/mi
thrombin. Nonspecific binding was defined as noninhibitable Vn bind-
ing in cold competition studies. For infinite dilution studies, '251I-Vn at
200 Ag/ml was incubated with thrombin-stimulated platelets for 30
min. Someplatelet suspensions were diluted 10- or 50-fold in the same
buffer for 10 min before measuring binding.

Immunoblotting. 108 gel-filtered resting platelets were pelleted by
centrifugation at 2,000 g for 10 min and solubilized in buffer contain-
ing 1% SDS. Platelet extract, whole human plasma, and purified Vn
were electrophoresed unreduced in a 7.5% SDS-polyacrylamide gel
and transferred to nitrocellulose for immunoblotting (29). The nitro-
cellulose was probed with polyclonal anti-Vn antibody followed by
horseradish peroxidase-conjugated goat anti-rabbit IgG and devel-
oped with the substrate chloronaphthol. Similar studies were also per-
formed using monoclonal anti-Vn antibodies as probes and the appro-
priate second antibodies. In other experiments, anti-Vn antibody was
preabsorbed with Vn immobilized on nitrocellulose before use of the
antibody as a probe for similar immunoblots.

Measurement of the surface expression of endogenous platelet Vn.
The activation-dependent surface expression of platelet Vn was exam-
ined using '25I-monoclonal anti-Vn antibody 011-251 or a control
monoclonal antibody. Antibody was labeled with 1251 by the iodogen
method to a sp act of 106 cpm/,ug. 100 Al of gel-filtered platelets (1
X 105/I1A) in the presence of 1251_0 11-251 or an irrelevent '25I-labeled
monoclonal antibody were stimulated with 10 !LM epinephrine or with
1 U/ml thrombin for 4 min without stirring. After incubation for 30
min the platelets were spun through silicone oil and the bound radioac-
tivity in the platelet pellets was counted.

Platelet aggregation. Platelet aggregometry was performed using a
Payton aggregometer (Payton Associates Ltd., Ontario, Canada) as
previously described (20). Platelet-rich plasma or gel-filtered platelets
(1 X 106) were aggregated by thrombin (0.50, 0.25, or 0.10 U/ml),
epinephrine (10, 5, or 2 AM), ADP(6 ALM), or collagen (1505Og/ml) in
the presence of control or monospecific polyclonal anti-Vn antibodies
(100Ig/ml) or monoclonal anti-Vn or control antibodies (10 ,ug/ml).
Platelet secretion was monitored by measurement of ATPrelease from
dense granules using a Lumi aggregometer (Chrono-Log Corp., Ha-
vertown, PA) as previously described (30).

Results

Binding of 12SJ_ Vn to human platelets. The binding of func-
tionally active '251I-Vn to resting and stimulated gel-filtered
human platelets was examined over a range of Vn concentra-
tions in competitive binding studies with specific binding de-
fined as that which is inhibitable by cold excess Vn. The spe-
cific binding of Vn to platelets stimulated with 0.1 U/ml
human thrombin was saturable. The data were analyzed by the
computer LIGANDprogram and revealed a Bmax of 8,000 sites
per platelet and a Kd of 320 nM (Fig. 1). Nonspecific binding
was 0.002% of total input. Binding to resting platelets (data not
shown) was not saturable and represented a maximum of 35%
of total binding to stimulated platelets. The binding to resting
platelets was similar to the measured nonspecific binding of
Vn to activated platelets. In addition, '251I-Vn binding to rest-
ing platelets was not inhibited by a 1 00-fold excess of cold Vn,
verifying that binding to resting platelets was nonspecific. LI-
GANDanalysis revealed that binding to resting platelets was
of very low affinity (Kd of 1O gM) and equaled the nonspecific
binding measured in stimulated platelets. Vn binding to epi-
nephrine-stimulated platelets was similar with a Kd of 93 nM
and 23,828±1,683 sites/platelet. ADP-stimulated platelets
bound 13,173+233 molecules Vn/platelet with a Kd of 116
nM. Subsequent binding data are expressed as specific bind-
ing. A time course revealed that maximal binding occurred at
20 min (Fig. 2). Binding was reversible by 87% in infinite
dilution studies (Fig. 2). Binding to stimulated platelets was
inhibited by 10 mMEDTA, 8 gMpurified fibrinogen, 100 ,uM
synthetic RGDS, and by polyclonal as well as monoclonal
antibodies to the glycoprotein IIb/IIIa complex (Figs. 3 and 4).
Binding was not inhibited by 100 ,uM RGESor by an irrele-
vant antibody (anti-GPIV). In contrast, binding to resting
platelets was not calcium dependent and was not inhibited by
RGDSor by antibodies to GPIIb/IIIa (data not shown). Plate-
let-bound 125I-Vn comigrated with purified Vn as a single band
at 75 Kd in an autoradiograph of a 7.5% unreduced SDS-poly-
acrylamide gel (data not shown). There was no evidence of
disulfide-linked dimers of platelet-bound Vn.

Immunoblotting of endogenous platelet Vn. The presence
of endogenous platelet Vn was investigated in immunoblots of
gel-filtered resting human platelets. 108 gel-filtered platelets
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Figure 1. '25I-Vn binding to plate-

B lets. Vn was radiolabeled using the
iodogen method and its functional

.01 - activity was confirmed in crossed
immunoelectrophoresis demon-
strating incorporation of 1251-Vn

.008 -
into SCOb-9 complexes. Gel-fil-
tered aspirinated human platelets
were incubated with buffer or
human thrombin (0.1 U/ml) in

.006- the presence of '251I-Vn and vary-
ing amounts of cold Vn for 60

N \ min at room temperature. Bound
C - 0markVn was separated from unbound

0 by centrifugation through silicone
3a oil and the bound radioactivity in

0 the platelet pellet was quantitated.
.002- A depicts Vn binding to throm-

bin-stimulated platelets. Open cir-
cles, total binding; closed circles,

0 i nonspecific binding defined as
0 .5 1 noninhibitable by excess cold Vn;

Bound pM triangles, specific binding (total
binding-nonspecific binding).

Points represent the mean of duplicates. Binding was saturable with
8,000 sites per platelet. B is a Scatchard plot of the data. Individual
replicates are plotted. A Kd of 320 nMwas derived from ligand anal-
ysis of the data.

were solubilized, subjected to 7.5% SDS-PAGEunder nonre-
ducing conditions, and electroblotted to nitrocellulose paper.
Blots were probed with monospecific polyclonal anti-Vn IgG
(Fig. 5) or with the monoclonal anti-Vn antibody 01 1-251. A
single major band with an apparent Mr of 75 kD was identified
in lane 4 containing platelet lysate, as well as in control lanes
containing purified Vn (lane 3), or whole plasma (lane 2).
Polyclonal anti-Vn IgG preabsorbed with immobilized Vn
failed to react with platelet extract, further confirming the
specificity of the antisera. In addition, identical results were
obtained using monoclonal anti-Vn antibody 01 1-251.

Surface expression of endogenous platelet Vn. The activa-
tion-dependent surface expression of endogenous platelet Vn
as measured by 251I-anti-Vn monoclonal 01 1-251 binding was
examined after epinephrine or thrombin stimulation of gel-fil-
tered aspirinated, PGEI-treated platelets. Fig. 6 depicts the
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Figure 2. Time course and infinite dilution. Gel-filtered, epineph-
rine-stimulated (10 MM)human platelets were incubated with '25I-Vn
(200 ug/ml) at room temperature for various times after which ali-
quots were removed and bound Vn was quantitated. Maximal bind-
ing occurred at 20 min. For infinite dilution experiments, aliquots
were removed after 30 min, diluted 10- or 50-fold with buffer, and
incubated 10 min before measuring bound Vn. 87% of bound Vn
was removed by 50-fold dilution (circle). Points represent the mean
of duplicates.

binding of labeled anti-Vn monoclonal and control monoclo-
nal to resting and epinephrine- and thrombin-stimulated
platelets. Although 10 ,uM epinephrine induced the binding of
exogenous Vn, it did not induce the surface expression of en-
dogenous Vn. Gel-filtered aspirinated human platelets stimu-
lated with 10 ALMepinephrine did not release granule contents
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Figure 3. Inhibition of Vn binding by EDTA, RGDS, and fibrino-
gen. Gel-filtered human platelets were incubated with buffer, 10 mM
EDTA, 100 ,M RGDS, 100 MMRGES, or 8 MAMfibrinogen before
the addition of 100 jg/ml '251-Vn (1.5 MM)and thrombin (0.10
U/ml). Each bar represents the mean of duplicates in representative
experiments portrayed as percentage of total specific binding. EDTA,
RGDS, and fibrinogen inhibited the specific binding of 251I-Vn to
stimulated platelets. Control peptide RGESdid not inhibit binding.
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Figure 4. Inhibition of Vn binding by anti-GPIIb/IIIa antibodies.
Gel-filtered human platelets were incubated with buffer, polyclonal
anti-GPIIb/IIIa, or control (anti-GPIV) antibodies (100 ug/ml) or
monoclonal anti-GPIIb/IIIa antibodies IOE5 or 7E3 (10 jig/ml) be-
fore the addition of 1251-Vn (1.5 uM) and thrombin (0.1 U/ml). Both
polyclonal and monoclonal anti-GPIIb/IIIa antibodies but not con-
trol antibody inhibited specific Vn binding.

as measured by ATP release using a Lumi aggregometer (data
not shown). Thrombin stimulation leads to the surface ex-
pression of endogenous platelet Vn but 10 MMepinephrine
does not. These data suggest that the release and surface ex-
pression of platelet Vn is dependent on the release of platelet
granule contents and not only on the induction of competent
Vn binding sites. Surface expression was not inhibited by the
anti-Vn receptor monoclonal antibody LM609 directed
against the endothelial cell Vn receptor (CD5 1) (26), but was
inhibited by anti-GPIIb/IIIa antibodies (data not shown) as
was the case with fluid phase binding of Vn.

Platelet aggregometry. The role of Vn in platelet aggrega-
tion was examined in aggregometry experiments. Experiments
were performed using platelet-rich plasma stimulated with epi-

4 3 2 Figure5. Immunoblot-
ting of resting gel-fil-

a200 kO) tered human platelets.
Gel-filtered resting

1 16 kD human platelets were
.92 kD solubilized in 1%SDS

and run unreduced in a

.'F k 7.5% gel, transferred to
nitrocellulose, and

45 kO probed with a mono-
specific polyclonal anti-
Vn antibody. Lane I
contained molecular
weight markers. Lane 2
contained normal
human plasma and
demonstrated the
monospecificity of this

antisera. Lane 3 contained purified Vn. Lane 4 contained solubilized
gel-filtered platelets. A single band with an apparent M, of 75 kD
corresponded to endogenous platelet Vn. Antibody preabsorbed with
Vn immobilized on nitrocellulose was used as a probe and failed to
react with platelet extract in a similar experiment, further confirming
the identity of the band in lane 4 as Vn.

° 2000 Figure 6. Surface ex-
pression of endogenous
platelet Vn. Gel-filtered,
aspirinated, PGE1-g 1000 treated human platelets
were incubated withO* ~~~~~~~~~~buffer, epinephrine ( 10

0o 0_ _AM), or thrombin (1.0
Resting 1 Om eHi 1 U thrombin U/ml) in the presence

of 3 tg/ml '251-labeled
monoclonal anti-Vn antibody or an irrelevant labeled monoclonal.
After incubation the platelets were spun through silicone oil and the
bound radioactivity in the platelet pellet was counted. There was no
difference in the surface expression of Vn on resting or epinephrine-
stimulated platelets (active GPIIb/IIa sites but no platelet granule se-
cretion), whereas thrombin-activated platelets bound 10-fold more
Vn. This dose of thrombin has been shown to induce secretion of
platelet granule contents. 10 uMepinephrine did not induce platelet
release of granule contents as measured by ATP release by Lumi ag-
gregometry (data not shown). In control studies, no difference in the
binding of an irrelevant '251-monoclonal antibody was noted. Solid
bars, monoclonal anti-Vn; open bars, control monoclonal antibody.

nephrine, ADP, thrombin, or collagen in the presence of poly-
clonal or monoclonal control or anti-Vn antibodies. Buffer,
epinephrine (10, 5, or 2 MtM), ADP(5 MM), thrombin (0.5, 0.2,
and 0.1 U/ml), or collagen (150 Mg/ml) were used to induce
-platelet aggregation in platelet-rich plasma in the presence of
normal rabbit IgG, polyclonal monospecific anti-Vn IgG (100
,gg/ml), or monoclonal anti-Vn (10,Mg/ml). Polyclonal anti-Vn
IgG but not control IgG inhibited epinephrine-induced plate-
let aggregation in platelet-rich plasma (Fig. 7). In addition,
anti-Vn IgG but not control IgG inhibited ADP- and throm-
bin-, but not collagen-induced platelet aggregation in platelet-
rich plasma (data not shown). Similar results were obtained
with the monoclonal anti-Vn antibodies 011-292 and 011-58
(10 ug/ml). In similar experiments with gel-filtered platelets,
polyclonal anti-Vn and monoclonal anti-Vn antibodies
011-292 and 011-58 inhibited thrombin-induced aggregation
(Fig. 7). Control antibodies had no effect on aggregation. Sev-
eral other monoclonal anti-Vn antibodies at the same concen-
tration did not inhibit platelet aggregation, presumably be-
cause they recognized epitopes not critical to platelet function.

Discussion

Vn is a member of a large family of proteins that share a
commonRGDsequence and function in cell adhesion (9). Its
role in plasma in inhibiting the complement cascade has been
well documented (3). It also appears to have procoagulant
activity and prevents the heparin-catalyzed inactivation of
thrombin by anti-thrombin III (4-6). Although Vn binds to
cells via an RGD-containing domain and is related to other
multifunctional adhesive glycoproteins, its function as a cell
adhesion molecule in biological systems has not been well de-
fined. In vitro, it can mediate attachment of cells to plastic
surfaces (7), but its role in the extracellular matrix or in other
biological systems has been unclear.

Our data demonstrate specific and saturable binding of
purified Vn to the activated platelet surface with a Kd of
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Figure 7. Inhibition of platelet aggregation
by anti-Vn antibodies. Monospecific poly-
clonal anti-Vn IgG or control IgG (100
qg/ml) were added to platelet rich plasma
before the addition of epinephrine (10, 5,
or 2 MM), ADP(6 MM), thrombin (0.5,
0.25, or 0.1 U/ml), or collagen (150
Mqg/ml). In A, 2 ,M epinephrine-induced
aggregation in platelet rich plasma was in-
hibited by anti-Vn IgG but not by control
IgG. In the presence of anti-Vn IgG, a pri-
mary wave but no secondary wave is seen.
In B, thrombin induced aggregation of gel-
filtered platelets was inhibited by monoclo-
nal anti-Vn antibody 01 1-292 but not by
an irrelevant monoclonal antibody.

93-320 nMand 8,000-23,000 sites per platelet with different
agonists. These data are consistent with those reported for
fibrinogen, von Willebrand factor, and fibronectin binding to
platelets (1 1-13, 15, 17, 18). The affinities of all four ligands
for the platelet surface are similar, but fibrinogen and Vn are

found in equimolar concentrations in plasma (7 MM), and in 3-
and 170-fold molar excess over fibronectin and von Wille-
brand factor, respectively. This suggests that in vivo Vn may

compete with fibrinogen for binding. Binding is inhibited by
EDTA, as well as by the cell adhesion peptide RGDS, purified
fibrinogen, and by antibodies to the platelet glycoprotein Ilb/
I11a complex, suggesting that this complex is the site for Vn
binding to activated platelets. Endogenous Vn is expressed on

the platelet surface after stimulation and release. Only 1,080
molecules of anti-Vn antibody bound per platelet. Steric con-

siderations may limit the availability of epitopes, and therefore
the amount of antibody bound does not accurately reflect the
amount of Vn present within the platelet or the number of Vn
binding sites on the platelet membrane. Aspirinated platelets
stimulated with epinephrine do not release their granule con-

tents (31, 32), and although they bind exogenous Vn, they do
not express endogenous stores. The discrepancy observed in
the Bma with different agonists is most consistent with com-

petition from released platelet Vn stores with thrombin but
not epinephrine or ADPin aspirinated platelets. Vn binding to
resting platelets was nonsaturable and was not inhibited by
excess cold Vn, EDTA, or antibodies to GPIIb/IIIa. When
analyzed by the LIGANDprogram, binding to resting platelets
had a Kd of 10 MM, which is not within a physiologic range for
this ligand. The inhibition of platelet aggregation that was ob-
served with antibodies to Vn suggests that Vn may serve to

stabilize the macromolecular complex responsible for platelet
aggregation.

Since the initial submission of this paper, the binding of Vn
to activated platelets has also been reported (33). In contrast to
our data, only 5,000 sites/platelet were identified, and the
binding measured was not reversible. Both studies support the
role for GPIIb/IIIa in Vn binding to the platelet surface. Com-
petition from released stores of endogenous platelet adhesive
proteins for binding to GPIIb/IIIa may explain the observed
differences in Vn binding.

GPIIb/IIIa functions as a promiscuous receptor for multi-
ple RGD-containing proteins (10, 34). Purified GPIIb/IIIa in-
corporated into liposomes binds fibrinogen, fibronectin, von

Willebrand factor, and Vn (24). Other receptors for Vn have
been identified (26) that share an identical beta subunit
(GPIIIa) (35). This family of receptors, termed integrins, func-
tions in cell-cell and cell-matrix interactions (36, 37). This
family of receptors includes the fibronectin receptor, a Vn
receptor, and platelet GP Ifb/illa. Recently, a new integrin-
type Vn receptor on platelets has been reported with an alpha
chain that is identical to that of the Vn receptor on endothelial
cells (CD5 1) (38). This recently described receptor is not me-

diating the binding observed in our studies, since IOE5 which
does not recognize the Vn alpha chain inhibited Vn binding as

well as 7E3 and polyclonal anti-Ilb/Illa, but LM609 did not.
In addition, the copy number identified by LM609 is report-
edly only 1,485/platelet (39, 40) or may be lower (Coller, B. S.,
D. A. Cheresh, E. Asch, and U. Seligsohn, manuscript submit-
ted for publication). Wecannot rule out a small contribution
of binding mediated by the Vn receptor, but RGD-containing
ligands bind to the Vn receptor on endothelial cells in an
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activation-independent manner, and this is not true of the Vn
binding to platelets that we have characterized. In addition, a
monoclonal antibody to the endothelial cell Vn receptor
(LM609) had no measurable effect on Vn expression on the
platelet surface. Weconclude that GPIIb/IIIa and not the re-
cently reported endothelial cell Vn receptor is responsible for
the activation-dependent platelet Vn binding that we have ob-
served.

Platelet activation leads to a conformational or microen-
vironmental alteration of the GPIIb/IIIa complex, which re-
sults in the induction of binding sites for several ligands (34).
Fibrinogen appears to be the major ligand for the GPIIb/IIIa
complex, but fibronectin and von Willebrand factor also bind
to this complex on the platelet surface (41). Antibodies to
fibrinogen and fibronectin inhibit platelet aggregation, as do
antibodies directed against the GPIIb/IIIa complex (20, 21,
42). Recent evidence suggests that thrombospondin, another
alpha granule protein, participates in a macromolecular com-
plex on the platelet surface between fibrinogen bound to
GPIIb/IIIa and a specific platelet membrane thrombospondin
receptor (43, 44). Antibodies to thrombospondin, as well as
antibodies directed at the receptor inhibit platelet aggregation,
and interfere with fibrinogen binding (20, 43). Although Vn
can form disulfide-linked dimers and under these conditions
may form a bivalent ligand linking platelets, our autoradiogra-
phy data suggest that platelet bound Vn is monomeric. Vn,
like fibronectin, and in contrast to thrombospondin, fibrino-
gen, and von Willebrand factor is univalent with respect to the
platelet surface. The binding site is RGDdependent and there
is only one RGDper Vn molecule. Therefore, the role of Vn in
supporting platelet aggregation is not likely to be that of a
primary ligand like fibrinogen. The mechanism by which anti-
bodies directed against Vn inhibit platelet aggregation are not
clear. However, since several monoclonal antibodies to Vn
had no effect on platelet aggregation, a specific domain of Vn
appears to be important in this regard.

Our data suggest that in vivo Vn may play a role in platelet
aggregation, perhaps by participating in the formation of a
large complex on the platelet surface composed of fibrinogen,
von Willebrand factor, thrombospondin, and fibronectin. Fi-
brinogen binding to OPlIb/Illa is critical for normal platelet
aggregation. The stabilization of the platelet aggregate appears
to occur secondary to release of platelet granule contents.
Anti-Vn antibody prevents the second wave of platelet aggre-
gation in both platelet-rich plasma and gel-filtered platelets.
Similar data have been published with antibodies to thrombo-
spondin (43, 45, 46). Secreted Vn, released upon platelet stim-
ulation like thrombospondin, or bound to the platelet surface
from plasma, may serve to stabilize the platelet aggregate.

Recently, the binding of Vn to other cell types has been
described and a variety of cellular receptors have been identi-
fied (35, 47). The role of Vn in mediating platelet-cell or cell-
cell interactions remains to be defined. Vn in the extracellular
matrix may facilitate platelet adhesion to exposed subendo-
thelium. Endogenous platelet Vn may serve to stabilize the
platelet-platelet interactions when platelets are activated and
platelet granule contents are released. Recent data have dem-
onstrated platelet activation by the cytolytic complement
complex C5b-9 (48). Platelet Vn may also serve to inactivate
C5b-9 that binds to innocent bystander platelets in areas of
inflammation and complement activation.
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