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Platel et adhesion and aggregation are mediated by protein
receptors on the platelet surface. Recent advances in our
understanding of the structure and function of these platel et
surface receptors have led to the devel opment of new and
powerful methodsfor regulating platel et function that prom-
iseto be of great benefit in the treatment and, perhaps, pre-
diction of vascular diseases. Thisreview will focuson these
membrane proteins and the ongoing work to target them for
therapeuticintervention.

Glycoproteins I1b and Il1a (allbb3)

Theglycoprotein (GP) [1b/l1lacomplex isan abundant plate-
let surface receptor which mediates platelet aggregation
when GPIIb/I11aon one platel et bindsfibrinogen or fibrin,
which, by virtue of itsdimeric structure, interactswith GPI b/
[11aon another platelet. GPIIb/II1aisalso ableto bind von
Willebrand factor, vitronectin, and fibronectin. Members
of theintegrin family of proteins, GPIIb and Il1a, areinte-
gral membrane proteins that form a calcium-dependent
heterodimer complex on the platelet surface. On resting
platelets, GPIIb/Illaisin aninactive state and is unable to
bind fibrinogen/fibrin. Following platel et activation, GPI1b/
I11abecomes activated through aprocessthat involves pro-
tein kinase C, heterotrimeric G proteins, and calcium. Acti-
vation of GPIIb/ll1aappearsto beamulti-step processwhich
initially involves induction of the receptor followed by re-
versiblefibrinogen binding followed by irreversiblefibrino-
gen binding.

In general, the recognition of ligand by integrin recep-
torsis through atripeptide arginine-glycine-aspartic acid
(RGD) sequence in the ligand. However, fibrinogen bind-
ing to GPIIb/llla is mediated by the carboxy-terminal
dodecapeptide sequence, HHLGGAKQAGDV, in the ¢
chain of fibrinogen where the AGDV sequence has been
suggested to have structural similarity to RGD. Interestingly,
therearetwo RGD sequencesin fibrinogen, RGDS at amino
acids 95-98 and RDGF at amino acids 572-575 in the Aa
chain. Although neither appearsto mediate theinteraction
with fibrinogen, the RGD sequences may play aroleinthe
interaction of GPIIb/Ilawith fibrin. Thus, although fibrino-
gen and fibrin are closely related molecules, theinteraction
of eachwith GPIIb/Iladiffers. Fibrinogen binding requires
activation of GPIIb/Il1aand ismediated through theg-chain
dodecapeptide, while fibrin binding does not appear to re-
quire activation of GPIIb/I1laand may utilizethe Aa chain
RGD sequences. Fibrinogen/fibrin binding to GPI1b/Ilacan
beinhibited by small peptides containing the RGD sequence,
but these peptides also inhibit, to greater or lesser degree,
the interaction of other integrins with their ligands. The
specificity of peptideinhibition of ligand binding residesin
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amino acidsflanking the RGD sequence. Fibrinogen/fibrin
binding to GPIIb/Illacan also beinhibited by monoclonal
antibodies, such as 7E3 and AP2, that interact with and block
the ligand binding site of GPIIb/Il1a and by disintegrins,
naturally occurring small proteins that contain RGD-like
sequences and inhibit ligand binding in the same way as
RGD peptides.

GPl1band GPlllaare highly polymorphic. Thesepoly-
morphisms are important in platel et transfusion reactions,
causing neonatal alloimmune thrombocytopenic purpura
(NITP) in infants and post-transfusion purpura (PTP) in
transfusion recipients. Recent studies suggest that there may
be an association between the Pl (Zw) aleleon GPIllaand
unstable coronary artery syndomes. Persons positive for PIAt
have a leucine at position 33 of mature glycoprotein Illa
and have alower risk of devel opment of symptomatic coro-
nary artery heart disease than persons positive for PI*%, who
have a proline at this position. It has been suggested that
this polymorphism, whichistheresult of the substitution of
cytosine for thymidine at position 1565 in exon 2 of the
glycoprotein ll1agene, affectsthe affinity of GPIIb/II1afor
fibrinogen.

Several antagonists of GPIIb/llla binding of fibrino-
gen have been developed for clinical use (Table 1). c7E3
Fab (abciximab; ReoPro) isthe first GPIIb/I11a antagonist
to beintroduced for clinical use. It isan Fab fragment of a
murine/human chimeric monoclonal antibody to GPIIb/I11a
which binds to the ligand binding site and blocks fibrino-
gen binding. It recognizes both GPIIb/Il1a and the vitro-
nectin receptor (avb3) and hasahigh affinity for the recep-
tor and low off rate. c7E3 Fab has been engineered to mini-
mize the likelihood of an immune reaction by substituting
human constant regions for the murine constant regions.
Nevertheless, in the EPIC trial, there was a 6.5% rate of
antibody formation to the murine component of c7E3.
Integrilinisapeptide GPIIb/l11aantagonist which isbased

Table | Characteristics of GPIIb/llla Antagonists

Stoichio-

Agent Class Size metry T1/2
Abciximab Fab mAb ~50,000 1.5:1 6-12h
Eptifibatide  cyclic peptide ~800 100:1  2-3h
Tirofiban nonpeptide mimetic ~ ~500 100:1  2-3h
Lamifiban nonpeptide mimetic ~ ~500 100:1  2-3h
Xemilofiban  nonpeptide mimetic ~ ~500 4h
Sibrafiban nonpeptide mimetic ~ ~500 23h
Lefradafiban nonpeptide mimetic ~ ~500
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on the sequence of Barbourin, a disintegrin isolated from
the venom of the southeastern pygmy rattlesnake, Sistrurus
m. barbouri. Barbourin was demonstrated to be a specific
inhibitor of GPIIb/111a, which was specific by virtue of a
KGD sequence, instead of an RGD sequence, which inter-
actswith theligand binding site of GPIIb/I11a Integrilinis
acyclic heptapeptide that has high affinity and is specific
for GPIIb/ll1a It has a short plasma half-life and low im-
munogenicity. Tirofiban (Aggrastat, MK-383) and Lamifi-
ban (Ro-44-9883) are optimized non-peptide compounds
synthesized on atyrosine template, which mimic the charge
and spatia orientation of RGD-containing ligands. Likethe
peptide inhibitors, these non-peptide mimetics are small,
have arelatively short half-life, and are non-immunogenic.
Oral GPlIb/Il1a antagonists, including Xemilofiban (SC-
54684A), Sibrafiban (Ro-48-3657), Lefradafiban (BIBU-
104), and Orbofiban (SC-57099B), are orally active
prodrugs that are metabolized into the active compound.
They are structurally similar to the parenteral non-peptide
mimetics and have half-lives that are affected by metabo-
lism and clearance.

GPIIb/Il1a antagonists have been examined in a vari-
ety of coronary syndromesand arelicensed for clinical use.
Large, placebo-controlled, randomized clinical trials have
been performed to examine the effect of GPIIb/Illaantago-
nists in the setting of percutaneous coronary intervention
(EPIC, EPILOG, Simoons et a, CAPTURE, RAPPORT,
IMPACT, IMPACT-II, Kereiakeset a, and RESTORE) and
non-ST segment elevation acute coronary syndromes
(Schulman et al, PURSUIT, PRISM, PRISM-PLUS,
Theroux et a, and PARAGON). In ameta-analysis of per-
cutaneous coronary interventiontrials, for the combined end-
point of death and non-fatal myocardial infarction and for
the composite end-point of death, myocardia infarction, or
revascularization, at 48-96 hours, at 30 days, and at six
months, there is a significant benefit favoring GPIIb/111a
antagonists. No significant different in mortality was ob-
served. Overal, for the composite end-point of death, myo-
cardial infarction, or revascularization, at six monthsthere
were 23 fewer events per 1000 patientstreated. Inasimilar
meta-analysis of acute coronary syndrome trias, for the
combined end-point of death or non-fatal myocardial inf-
arction and for the composite end-point of death, myocar-
dia infarction, or revascularization, at 48-96 hours and at
30 days, there isasignificant benefit of the GPIIb/lIl1aan-
tagonists. For the composite end-point of death, myocar-
dial infarction, or revascul arization, this statistical signifi-
cance a so extends to six months but not for the combined
end-point of death or non-fatal myocardia infarction. Again,
there was no significant differencein mortality at any time
point. The overall benefit at six months for the composite
end-point of death, myocardial infarction, or revascu-
larization was 20 fewer events per 1000 patients treated.

Glycoproteins laand Ila (VLA-2, a2bl)

GPla/llaisareceptor for collagenstypel and IV and medi-
ates von Willebrand factor independent platelet adhesion
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to the vessel wall. Like GPIIb/llla, GPla and GPlla are
member of theintegrin family of adhesion receptors. Bind-
ing of collagen by GPla/llais thought to be mediated by a
GPAGKDGEAGA sequence present inthea 1(1)-CB3 pep-
tide of collagen. The integrin sequences that mediate the
interaction with collagen residein abroad sequence called
the | domain in the extracellular portion of the molecule.
Unlike GPIlb/l1a, GPla/llais constitutively active and does
not require activation to interact with collagen.

Deficiency of GPla/llaresultsin amild bleeding dis-
order characterized by an abnormal platelet response to
collagen. Increasesin the number of GPla/llareceptorson
the platelet surface may aso affect platelet function. Two
aleles of the GPla gene, designated C807 and T807, ap-
pear to be associated with low or high platelet GPlallla
density, respectively, and with slower or faster rate of plate-
let adhesionto typel collagen. Two studies support theclini-
cal importance of the density of GPI&/lla on the platelet
surface. Evidence has been presented that the density of
GPla/lla can moderate the bleeding tendency in von
Willebrand' s disease such that a high GPl&/lladensity on
the platel et surface can reducethe bleeding tendency invon
Willebrand' s disease while alow density can increase the
bleeding tendency. Conversely, there is reported to be an
association between the T807 allele with the attendant high
receptor density and nonfatal M| among individual syounger
than the mean age of 62 years. Although the mechanism of
this association is not proven, the implication is that in-
creased platelet adhesion to collagen increases the risk of
platelet mediated thrombosis after plaque rupture.

Antagonists to GPla/lla have not been developed for
clinical use, but the preceding suggests that such agents
might be useful for modifying platelet behavior. Platelet
adhesionto collagenistheinitial eventinvascular responses
toinjury and isprobably theinitial event in coronary throm-
bosis. Inhibition of thisinteraction might be expected to be
an effective mechanism for reducing the complications of
coronary atherosclerosis.

Glycoproteins Ib, IX, and V
The GPlb, which consists of two disulfide-linked subunits
(GPIba and GPIbb) and GPIX are members of theleucine-
rich glycoprotein (LRG) gene family. This family of pro-
teinsis characterized by a common structural motif in the
extracellular domain composed of aleucine-rich sequence,
PXXLLXXXXXLXXLXLSXNXLXXL. GPlba contains
seven leucine-rich repeatsin the extracellular domain, while
GPlIbb and GPIX each contain asingle leucine-rich repeat
in the extracellular domain. GPlIb and GPIX form atight
complex on the surface of platelets and associate with an-
other platel et membrane glycoprotein, GPV, with astoichi-
ometry of 2:2:1. Complex formation between GPIb and
GPIX, but not GPV, isrequired for surface expression.
The GPIb/IX complex mediates the von Willebrand
factor-dependent adhesion of platelets to collagen. Adhe-
sionisincreased by shear, which isthought toinduce astruc-
tural change in the receptor that enhances the interaction
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withvon Willebrand factor. The A1 domain of von Willebrand
factor forms the principal binding site for GPIb and has
been recently crystallized, yielding new information about
putative sequences involved in the interaction with GPIb.
The A3 domain of von Willebrand factor mediatestheinter-
action with collagens type | and |1l and has aso been
recently crystallized. The model derived from the crysta
structure suggests that the von Willebrand factor-collagen
interactionis primarily through chargeinteractions between
negatively charged residues in the von Willebrand factor
A3 domain and positively charged residues in collagen.
The site of von Willebrand factor binding in GPIb is less
well defined. Binding is thought to occur in the amino-
termina 45 kDatryptic fragment. Within thisregion of GPIb,
an anionic site, YDY'Y PEE??, containing two sulfated ty-
rosine residues, at tyrosine278 and tyrosine 279, has been
further implicated in von Willebrand factor binding. Inhibi-
tory monoclonal antibodies to GPIb and peptide antago-
nists have been described.

Two linked genetic polymorphisms have been reported
in the coding sequence of the gene encoding the a-chain of
GPIb: a C/T transition at nucleotide 1018 that results in
athreonine/methionine dimorphism at amino acid 145 (Kob/
a aloantigen system) in the vVWF-binding domain of the
receptor, and avariable number of 13-amino acid sequence
tandem repeats (VNTRS) in the macroglycopeptide region
of the GPIba gene. Threonine at amino acid 145 islinked
with alleles expressing one or two VNTRS, whereas me-
thionine at amino acid 145 islinked with alleles expressing
three or four VNTRs. Epidemiological studies suggest that
the presence of the methionine/3-4 VNTR alelein GPIba
isarisk factor for the prevalence and severity of coronary
artery and cerebrovascular diseases but not venous throm-
boembolism. No functional differencesin the polymorphic
forms of GPIb that might account for the increased risk of
coronary artery and cerebrovascular diseases have been
identified.

Asmuch or morethan GPIa/lla, GPIb/IX isan attrac-
tive target for platelet inhibition because of the relatively
large number of receptors on the platelet surface and its
prominent role in theinitial platelet responses to vascular
injury. Snake venom inhibitors of GPIb/IX interaction with
von Willebrand factor may provide initial approaches to
regulation of thisinteraction.

Glycoproteins Ic and lla (VLA-5, a5bl)

GPIc/Ilaisaubiquitously expressed receptor for fibronectin
which is present on the platelet surface and mediates the
interaction of platelets with fibronectin. GPIc and GPIla
are members of theintegrin superfamily. GPlla(bl) isable
to form a heterodimer complex with either GPlato gener-
ate acollagen receptor, with GPIcfor generateafibronectin
receptor, or with GPIc¢to generate a laminin receptor as
indicated below. Like GPla/lla, GPIc/llais constitutively
active and bindsfibronectin without requiring platel et acti-
vation. There are two sequencesin fibronectin which inter-
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act with GPIc/lla: an RGD sequence in the tenth type 111

repeat which interacts primarily with the b1 subunit and a
synergy sequencein the adjacent ninth typelll repeat which
interacts primarily with thea5 subunit.

Vitronectin receptor (avb3)

Platel ets express small numbers of the vitronectin receptor
on their surface. The vitronectin receptor, like GPIIb/I113,
is activatable. The presence or absence of the vitronectin
receptor on the surface of platelets from patients with
Glanzmann' s thrombasthenia has been used to assign the
molecular defect to either GPIIb or GPllla Thus, if thereis
no detectable vitronectin receptor, it implies that the mo-
lecular defect responsible for the Glanzmann’ s thrombas-
theniaresidesin the GPIllamolecule.

Endothelial cell avb3 has been shown to play anim-
portant role in angiogenesis and is currently the subject of
intenseinterest asatarget for anti-cancer approaches. avb3
has been shown to mediate the angiogenic effects of basic
fibroblast growth factor (bFGF) and tumor necrosis factor
alpha (TNFa) and inhibition of avb3 inhibits the angio-
genic responsesto these agents but not to vascular endothe-
lial growth factor (VEGF). In avariety of animal models,
inhibition of avb3 inhibitstumor cell growth and metasta-
sishy inhibiting vascul arization of thetumor. Clinical trials
of avb3 antagonistsin cancer are currently underway.

Glycoproteins Ic¢and Ila (VLA-6, a6bl)

GPIc¢lla constitutes the laminin receptor on the platelet
surface. Immunoprecipitation studies suggest that GPIc¢lla
may exist on the cell surface in a complex with proteins
with four transmembrane domains, so-called TM4 proteins,
such as CD9, CD81, and the novel TM4 protein NAG-2.
GPlcdllarecognizes a sequence in the long-arm E8 frag-
ment obtained after elastin digestion of laminin. The bind-
ing requires the presence of divalent cations that bind to
specific sites on the integrin a pha subunit. Recent studies
suggest that the laminin receptor may play arolein mega-
karyocyte differentiation.

Glycoprotein IV (CD36)
CD36isahighly glycosylated transmembane protein present
on platelets, monocytes, endothelial cells, and nucleated
erythrocytes. CD36 is a receptor for thrombospondin and
for collagen. The thrombospondin binding site has been
mapped to a single disulfide loop in the extracellular do-
main of GPIV but the collagen binding siteis unknown.
GPIV iscondtitutively phosphorylated in platel ets. Evi-
dence has been presented to indicate that the binding of
collagen and thrombospondin by GPIV appears to regu-
lated by phosphorylation. Dephosphorylation of GPIV fa
vors binding of thrombospondin and areciprocal decrease
in collagen binding, while phosphorylation favors binding
of collagen and decreased thrombospondin binding. In rest-
ing platelets, CD36 existsin acomplex with src-related pro-
tein tyrosinekinases, including lyn, fyn, yes, and chk/hyl.
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Conclusion

In summary, the platelet surfaceisahighly complex inter-
faceswith blood and the vessel wall. Proteins on the plate-
let surface mediate the interaction of platelets with vessel
wall components and other cells. Increased understanding
of the molecular mechanismsinvolved in theinteraction of
these proteinswith their ligands has |ed to the devel opment
of new conceptsfor regulating platelet function. At present,
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antagonistsof GPlIb/ll1aareinclinical tridsandintheclinic
and show benefitin avariety of coronary syndromes. Orally
active antagonists of GPlIb/llla promise to provide new
approaches to the long-term treatment of vascular disor-
ders. Based on theinitial success of the GPIIb/I11aantago-
nists, it isanticipated that inhibitors of other platelet mem-
brane glycoproteins might be devel oped and provide addi-
tional ways of modifying platelet function.
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