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B Abstract The main role of blood platelets is to ensure primary hemostasis, which
is the maintenance of vessel integrity and cessation of bleeding upon injury. While
playing a major part in acute arterial thrombosis, platelets are also involved in inflam-
mation, atherosclerosis, and angiogenesis. ADP and ATP play a crucial role in platelet
activation, and their receptors are potential targets for antithrombotic drugs. The ATP-
gated cation channel P2X; and the two G protein—coupled ADP receptors, P2Y; and
P2Y,, selectively contribute to platelet aggregation and formation of a thrombus. Ow-
ing to its central role in the growth and stabilization of a thrombus, the P2Y;, receptor is
an established target of antithrombotic drugs such as clopidogrel. Studies in P2Y, and
P2X knockout mice and selective P2Y; and P2X antagonists have shown that these
receptors are also attractive targets for new antithrombotic compounds. The potential
role of platelet P, receptors in the involvement of platelets in inflammatory processes
is also discussed.

INTRODUCTION

Blood platelets are anucleated cell fragments released from the bone marrow into
the blood stream by fragmentation of megakaryocytes (1). Under normal condi-
tions, platelets circulate freely in the blood at a concentration of 150 to 300 x
103/L and do not adhere to each other or to the vessel wall. Their main role is to
ensure primary hemostasis, which means the maintenance of blood vessel integrity
and the rapid cessation of bleeding in the event of vascular injury. The same mech-
anisms are involved when platelets are activated at the site of an atherosclerotic
plaque rupture, leading to vessel occlusion and, depending on the vascular bed
involved, ischemic complications such as myocardial infarction, stroke, or periph-
eral artery disease (2). Platelets are themselves involved in the progression of the
atherosclerotic lesions as well as in angiogenesis through release of inflammatory
mediators and growth factors such as RANTES, sCD40L, PF4, TGFgS, PDGF, and
VEGE. Platelets have also been shown to play a role in cancer metastasis (3—8).
Thus, this thin cell particle has a pivotal role in physiology and is involved in
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the pathogenesis of many diseases, of which atherosclerosis and accompanying
thrombosis is the leading cause of mortality and morbidity in Western countries.

Extracellular nucleotides and their receptors play important roles in the cardio-
vascular system, including platelet activation; vasorelaxation or vasoconstriction,
depending on the presence or the absence of the endothelium, respectively; and
the control of vascular tone by perivascular nerves (9). Forty-five years ago, ADP
was identified as a factor derived from erythrocytes that influenced platelet adhe-
siveness to glass (10) and induced platelet aggregation (11). Its presence in large
amounts in platelets (12) and its crucial role in physiological hemostasis and in the
development and extension of arterial thrombosis was rapidly recognized (13, 14),
but molecular identification of its receptors was elusive. These membrane receptors
belong to the P2 receptor family, which consists of two classes: P2X ligand-gated
cation channels and G protein—coupled P2Y receptors (15). To date, seven subtypes
of mammalian P2X receptor (P2X;_7) (16) and eight subtypes of P2Y receptor
(P2Y2.4.6.11—14) (17) have been cloned and characterized. It took approximately
five years from the first reported cloning of a P2 receptor (18) to the complete
identification of the platelet P2 receptors repertoire (19). From the concept of a
unique P2T receptor (T for thrombocyte), originally postulated on the basis of
pharmacological data (20), a model of three P2 receptors emerged (19, 21, 22):
the P2X cation channel, which is activated by ATP, and two G protein—coupled
receptors, P2Y | and P2Y,, both activated by ADP. We now know the role of each
of these receptors during platelet activation and aggregation, which, of course, has
implications for their role in thrombosis. Recent extensive reviews on the role of
the P2 receptors in platelet function and in thrombosis have been published (23,
24). In the present review I highlight the most recent findings concerning these
receptors and present the current views about pending questions. In addition, their
involvement in atherosclerosis, angiogenesis, inflammation, immunity, and cancer
metastasis is discussed.

General Mechanisms of Platelet Activation
and Arterial Thrombus Formation

In the flowing blood, the endothelial cell monolayer provides an antithrombotic sur-
face by separating blood from the subendothelial matrix proteins and by the synthe-
sis and release of prostacyclin and nitric oxide, which both inhibit platelet activation
via their ability to increase cAMP and cGMP, respectively. Endothelial cells also
express CD39 at the luminal surface. CD39 is an enzyme (also called NTPDasel)
that sequentially converts ATP into ADP and AMP, thus eliminating ATP and ADP
from the vicinity of the vessel wall and preventing the interaction of the platelets
with it (25, 26). In contrast, upon vessel wall injury, platelets are pushed to the
vessel wall by the flowing red blood cells and encounter the exposed subendothe-
lial matrix, which contains thrombogenic proteins that cause platelet adhesion,
activation, and aggregation. The first step occurs through interaction of the glyco-
protein GPIbe, a leucine-rich subunit of the GPIb-V-IX complex, with von Wille-
brand factor (vWF), a large multimeric glycoprotein bound onto subendothelial
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collagen fibers (2). This first interaction is reversible and allows platelets flowing
in the vasculature to slow down and roll on the injured vessel wall. A second step
is the firm adhesion of platelets through their binding of collagen to its multiple
receptors, including the «281 integrin and the GPVI immunoglobulin-like recep-
tor along with binding of vWF to the oIIb33 integrin (2). Concomitantly, platelet
activation is triggered by multiple agonists, of whom the strongest are collagen,
which acts via GPVI and thrombin, generated after exposure of tissue factor from
the injured vessel wall, which activates platelets through protease-activated re-
ceptors (PARs) (27). Platelet activation also results from important rapid, positive
feedback loops. One is the synthesis of thromboxane A, (TXA;) through cyclooxy-
genase (COX) and TXA, synthase from phospholipase A,-released arachidonic
acid. TXA, is a potent platelet-aggregating and -vasoconstricting agent that acti-
vates the thromboxane prostanoid receptor (TP receptor) (28). Also released are
large amounts of ADP and ATP, which are stored in the platelet-dense granules
along with serotonin and calcium and which act on the P2 receptors. Despite be-
ing considered as secondary agonists of platelets, both TXA, and ADP greatly
amplify the activation signals and enable robust platelet recruitment at the site of
injury, thereby leading to the formation of the so-called hemostatic plug. All these
pathways converge on the activation of the «IlbgB3 integrin to promote its con-
version from an inactive to an active conformation at the platelet surface, which
leads to the binding of soluble fibrinogen and vWF and subsequent platelet ag-
gregation. Ultimately, thrombin, not only activates platelets but also triggers the
formation of a fibrin clot that stabilizes the thrombus (Figure 1). The formation
of a platelet thrombus is a dynamic process involving continuous remodeling and
modification of its stability and size. The factors regulating this process include
the rheological conditions, the strength of the stimuli, the equilibrium between
inhibitory and activator systems, and the age of the thrombus, to cite a few. All
the steps and molecular partners involved in platelet activation and thrombus for-
mation are potential targets for antithrombotic drugs. Currently, the most widely
used antiplatelet agents are the COX inhibitor aspirin, which inhibits the forma-
tion of TXAj; blockers of fibrinogen binding to the platelet integrin oIIbB3; and
clopidogrel, a selective inhibitor of the platelet ADP receptor P2Y 5 (29, 30).

Current Model of Three P2 Receptors in Platelet Function

As noted above, two G protein—coupled P2Y receptors and one P2X ligand-gated
cation channel are responsible for all the known effects of ADP and ATP, respec-
tively, on platelets (Figure 2). Their identification, structure, and pharmacology
have been extensively presented elsewhere (24, 31). The P2Y receptor is widely
distributed in many tissues, including heart, blood vessels, smooth muscle cells,
neural tissue, testis, prostate, and ovary (15). ADP is its preferred natural ago-
nist; ATP behaves as an antagonist in platelets (32) or as a poor partial agonist in
heterologous transfected or reconstituted systems, depending on receptor density
(33). Approximately 150 P2Y; receptor binding sites are expressed per platelet
(34), which is very low as compared, for instance, with the TP receptors or with
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Figure 2 Current model of three platelet P2 receptors. The P2X; receptor is responsible
for rapid calcium influx and platelet shape change in response to ATP and contributes to the
platelet activation induced by low concentrations of collagen. The P2Y; and P2Y {, receptors
are essential for normal aggregation in response to ADP: the Gq-coupled P2Y; receptor is
responsible for intracellular calcium mobilization, shape change and initiation of aggregation
and the Gj-coupled P2Y |, receptor for completion of the ADP-induced aggregation response
and for potentiation of the aggregation and secretion induced by other agents through various
intracellular pathways. Selective antagonists allow discrimination of the roles of the three
receptors. P2Y; is the target of the antithrombotic drugs ticlopidine and clopidogrel while
P2Y, and P2X, are potential targets for new antiplatelet compounds.

the thrombin receptor PAR-1 (1000 to 2000 receptors/platelet). Selective P2Y,
receptor antagonists exist, among which MRS2179 (35) constitutes a valuable
tool to investigate the role of the P2Y receptor in platelet function in vitro. The
newly described MRS2500 derivative (36) is the most potent and selective P2Y
antagonist for in vivo studies (B. Hechler, unpublished data). As it is coupled to
Gaq, the P2Y receptor triggers the mobilization of calcium from internal stores,
which results in platelet shape change and weak, transient aggregation in response
to ADP (37-40). It also participates in the aggregation response to collagen and
plays a key role in collagen-induced shape change when TXA, formation is pre-
vented (41, 42). Overall, the P2Y receptor mediates weak responses to ADP but
has, nevertheless, a crucial role in the initiation of platelet activation induced by
ADP or collagen.
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The P2Y |, receptor, despite its being well known and characterized on the
basis of both pharmacological and genetic evidence, was the last to be cloned
(43). This receptor is deficient in patients with selective defects of ADP-induced
platelet aggregation and as noted above, is the molecular target of the antiplatelet
drug clopidogrel (44, 45). Its tissue distribution is very limited, although not en-
tirely restricted to platelets as it is also present in the brain, endothelial cells, glial
cells, and smooth muscle cells (23). ADP is the natural agonist of this receptor,
whereas ATP and its triphosphate analogues are antagonists (46, 47). This recep-
tor is coupled to Gj, and is responsible for completion of the platelet aggregation
response to ADP. It plays a central role in amplification of the aggregation induced
by all known platelet agonists, whatever their signaling pathway; these agonists
include collagen, thrombin, immune complexes, TXA,, adrenaline (epinephrine),
and serotonin (24, 48). The P2Y, receptor is also involved in the potentiation
of platelet secretion (49). All these features make the P2Y, receptor a pivotal
player in sustaining platelet aggregation, and in turn, into thrombus growth and
stabilization. The intracellular pathways through which P2Y, amplifies platelet
responses include inhibition of cAMP production, vasodilator-stimulated phos-
phoprotein (VASP) dephosphorylation (50), phosphoinositide 3-kinase (PI 3-K)
activity (51, 52), and activation of the small GTPase Rap1B (53, 54).

Coactivation of the P2Y; and P2Y, receptors is necessary for normal ADP-
induced platelet aggregation because separate inhibition of either of them by selec-
tive antagonists results in a dramatic decrease in aggregation (38, 40, 55). However,
the two receptors have differential roles because, except for collagen-induced ac-
tivation, P2Y has a minor contribution when platelet aggregation is induced by
other agonists, whereas the P2Y |, receptor supports amplification of response by
those agonists. The P2Y; and P2Y |, receptors are also differentially involved in the
procoagulant activity of platelets, which is their ability to contribute to thrombin
generation. Both receptors are indirectly involved in platelet P-selectin exposure
and formation of platelet-leukocyte conjugates, which leads to leukocyte-tissue
factor exposure (56, 57), whereas the P2Y, receptor also directly contributes to
exposure of phosphatidylserine at the surface of platelets where the coagulation
factors bind to concentrate and to localize thrombin generation (56, 58, 59).

The third component of the platelet P2 receptors is P2X,, the ligand-gated
cation channel responsible for the fast calcium entry induced by ATP (31). P2X;
receptors are very quickly desensitized, thereby hampering the study of their func-
tion in platelet activation in vitro. However, when desensitization is prevented by
addition of high concentration of apyrase (ATP-diphosphohydrolase E.C.3.6.1.5.)
to hydrolyze ATP, the selective P2X receptor agonist, alpha, beta-methylene-ATP
(¢ BMeATP), induces a rapid calcium influx associated with a transient shape
change in human platelets (60). Although unable to trigger platelet aggregation
by itself, the P2X; receptor has been shown to participate to collagen- and shear-
induced aggregation (61-63). Because of the issue of desensitization and owing to
its weak effect on platelet aggregation in stirred platelet suspensions, its role was
unknown, and even denied, for a long time (64). Moreover, considerable time and
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effort was required to show that this receptor is not activated by ADP but instead
by ATP (65, 66). Synergistic interplay between P2X; and P2Y has been reported,
suggesting the P2X; receptor plays a priming role in the subsequent activation of
P2Y, (67, 68). Interestingly, the P2X; component of the calcium signal resulting
from simultaneous activation of both receptors is increased when the intracellular
cAMP concentration is high. This could be relevant to the in vivo situation where
platelets are in contact with the endothelium of the healthy vessel wall, which
generates prostacyclin and nitric oxide (68). Whether P2X; also synergizes P2Y
responses remains to be investigated.

Importance of Shear Forces and Flow Conditions

Most of our knowledge of the roles of the P2 receptors in platelet activation and
aggregation comes from studies using classical light transmission aggregometry.
However, hemostasis and arterial thrombosis occur on surfaces and under flow
conditions. Several systems have been used to monitor platelet activation and
thrombus formation under flow with controlled shear rates. These include the cone
and plate viscometer, which allows the measurement of shear-induced platelet
aggregation, and flow chambers or glass capillaries coated with various substrate
proteins to which platelets can attach and form a thrombus (69). Such systems were
pivotal in defining the role of the P2X, receptor in thrombus formation. Indeed,
shear-induced platelet aggregation has been found to depend on the P2X; receptor
(62, 63). Furthermore, on collagen-coated surfaces, at shear rates above 3000 g1
(which are those found in small arteries), thrombus formation is severely inhibited
in P2X-deficient mice (61). The suramin analog NF449 (70), which is a P2X;-
selective antagonist when used at appropriate concentrations, similarly inhibits
thrombus formation under high shear conditions (71). In vivo studies in P2X;-
deficient mice or wild-type mice treated with NF449 have further established the
role of this receptor in the thrombosis of small arteries (61, 71). These results clearly
indicate the relevance of flow systems as experimental systems that complement
use of classical aggregometry. They also establish P2X; as a putative target for
new antiplatelet compounds (see below).

Concerning the P2Y receptors, it has been known for a long time that shear-
induced platelet aggregation initiated by the interaction of vWF with GPIbe is
highly dependent on released ADP (72). This was further demonstrated by Cattaneo
etal., in a patient with a congenital deficiency of ADP-induced platelet aggregation
and in healthy individuals treated with ticlopidine (73, 74). It was subsequently
confirmed that P2Y, is the ADP receptor involved in mediating vWF-dependent
stable platelet aggregation occurring under high shear rate (75, 76), an effect also
found to be dependent on PI 3-K activation (77). Turner et al. (75), demonstrated
a role of P2Y| in this system, and showed that combined inhibition of the P2Y;
and P2Y, receptors resulted in a stronger reduction of shear-induced platelet
aggregation than blockade of either receptor alone.

In flow studies on collagen-coated capillaries, the P2Y |, receptor was reported
to mediate the stabilization of platelet aggregates. Early work using blood from
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individuals treated with clopidogrel showed the formation of loosely packed
thrombi on collagen under various flow conditions (78), consistent with the known
role of P2Y |, in sustaining activation of the «¢IIbB3 integrin. More recently, Goto
et al. (79) reported that P2Y |, inhibition was sufficient to inhibit platelet thrombus
formation on collagen during perfusion of anticoagulated whole blood at a shear
rate of 1500 s~!. On the other hand, Remijn et al. (80) showed that the P2Y; and
P2Y |, receptors both participate in collagen-induced platelet thrombus formation
in a similar system. However, Turner et al. (75) found that inhibition of both recep-
tors was required for efficient inhibition of thrombus formation on collagen-coated
capillaries at a shear rate of 3000 s~!. These discrepancies concerning the respec-
tive contributions of P2Y; and P2Y, to thrombus formation on collagen under
flow conditions might be attributable to the duration of perfusion or to the type of
anticoagulant, which has been reported to influence the action of P2Y, (48). An
important factor is the shear rate applied to the system. All the studies reported
to date were performed under shearing conditions of 1500 to 3000 s~!. However,
increasing the shear rate to 6000 s~! revealed a greater contribution of the P2Y
as compared to the P2Yj, receptor, suggesting differential roles of these receptors
as a function of shear rate (B. Hechler, unpublished data).

A selective role of the P2Y| receptor has also been highlighted in the early steps
of the stable adhesion of platelets to a vVWF surface. Thus, an «IIbB3 integrin-
dependent calcium entry signal, concomitant with firm attachment of platelets
to the substrate, is selectively inhibited by P2Y, receptor antagonists (81). In
line with such findings, Goncalves et al. (82) reported that P2Y; was involved
in calcium influx in an alIbf3-dependent manner, under conditions of temporal
flow gradients that would mimic the turbulence and local modifications in the flow
regimen occurring at sites of stenosis.

Altogether, these data are consistent with the view of a key role of the P2Y,
receptor in the early steps of thrombus formation after the initial tethering of
platelets to the subendothelial matrix by GPIb and vWF. On the other hand, the
P2Y, receptor would be involved in a later stage of thrombus growth and in
ensuring the stability of the platelet plug before fibrin formation/transformation.

Desensitization

An important phenomenon in controlling thrombus growth is the regulation of
platelet reactivity after stimulation and receptor desensitization is a general mech-
anism used by cells to adapt their responsiveness. Once initially activated by ADP,
platelets become unresponsive to a second stimulation with the same agonist. This
so-called refractory state of platelets to ADP is transient and full ADP-dependent
responses recover within 15 to 30 min. This refractoriness is caused by selective
desensitization of the P2Y receptor with a resultant loss of shape change and ag-
gregation (83). Conversely, the P2Y |, receptor remains functional, suggesting that
the two receptors are differentially regulated upon agonist activation. After stimu-
lation of platelets with ADP or related compounds, the P2Y receptor-stimulated
calcium signal is abolished and the receptor internalized, whereas the P2Y,
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receptor conserves its ability to inhibit cAMP formation and to amplify the platelet
aggregation induced by other agonists (84). This could be of major consequence
in vivo because even in platelets refractory to stimulation by ADP the P2Y, recep-
tor would still be able to ensure their reactivity at sites of injury where additional
agonists might be present, thus preventing loss of haemostatic function. The matter
will, nevertheless, require further study because others have reported contradictory
results regarding desensitization of the P2Y |, receptor (85). A key point which
is not yet fully resolved is the intracellular traffic of these receptors upon cellular
activation and in the course of their biosynthesis in the megakaryocyte. The P2X|
receptor is also desensitized very quickly and requires lower concentrations of
nucleotides as compared with the metabotropic receptor P2Y . The physiological
implication of this is not yet well understood but may be related to the need of
thrombus growth confinement at the site of a lesion and prevention of uncontrolled
extension of the platelet aggregates. The impact of desensitization in flow systems
has not yet been studied. In vivo, CD39 knockout mice have reduced thrombosis
owing to persistent P2Y desensitization (86).

Congenital Deficiencies

Comprehensive reviews have been written recently on this subject (see for example
Reference 45). Briefly, no P2X;- and P2Y-deficient patients have been reported
so far. Doubt persists concerning a mutation in the P2X; sequence that has been
reported in a patient with a severe bleeding disorder, as the clinical features do not
correspond to the known characteristics of P2X; (45, 87).

In contrast, four families with congenital deficiency of platelet activation by
ADP have been described, all with defects in the coding sequence of P2Y,,
resulting either in the absence of receptor expression or the expression of non-
functional receptors (43, 45, 88-90). Interestingly, N-glycosylation of the P2Y,
receptor is essential for signal transduction but not for ligand binding or cell surface
expression (91). Whether differences in receptor glycosylation exist in the general
population has not been investigated.

Polymorphisms of the P2Y Receptors

P2Y; and P2Y, have been shown to display gene sequence variations that have
been associated with variable platelet responsiveness to ADP. The P2Y, polymor-
phisms are in the intronic part of the gene with no obvious impact on the coding
sequence. Two haplotypes have been described, HI and H2, where H2 was pro-
posed to be associated with increased platelet reactivity to ADP (92). Furthermore,
the H2 haplotype was associated with peripheral arterial disease in a case-control
study (93). Withrespect to P2Y |, a silent polymorphism was found at position 1622
(A/G) that was associated with increased platelet aggregation to a low concentra-
tion of ADP (0.1 M) in subjects carrying the G allele (94). Interestingly, these
authors also reported the polymorphisms of the P2Y |, gene described by Fontana
et al. (92), but did not confirm the increased platelet response associated with the
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H2 haplotype. Further studies are required to address the questions raised by such
observations. In particular, one would like to see how these polymorphisms result
in levels of receptor expression, which can be measured by radioligand binding
(34, 95). It would also be important to assess in each individual the spectrum of
platelet receptor polymorphisms, including «Ilbg3, GPIba, @281, and PAR-1,
because most of them have been reported to have an impact on platelet reactivity
(96). Finally, because atherosclerosis and its thrombotic sequelae are known to be
multifactorial and influenced by environment, one should be careful in propos-
ing that such variants, especially single nucleotide polymorphisms, necessarily
increase individual susceptibility to this disease and its complications.

The Platelet P2 Receptors as Molecular Targets for
Antithrombotic Drugs

Owing to its central role in the formation and stabilization of a thrombus, the P2Y
receptor is a well-established target of antithrombotic drugs like clopidogrel, which
has proved efficacy in many clinical trials and experimental models of thrombosis.
Studies in P2Y| and P2X; knockout mice and experimental thrombosis models
using selective P2Y; and P2X; antagonists have shown that, depending on the con-
ditions, these receptors could also be potential targets for new antithrombotic drugs.

THE P2Y;, RECEPTOR The restricted tissue distribution of this receptor makes it a
most attractive target for selective antiplatelet drugs (43). Long before its molecular
cloning, the pharmacological importance of this receptor in hemostasis and throm-
bosis was well-recognized. This was due to the fact that the potent antithrombotic
thienopyridine compounds ticlopidine and clopidogrel, of which an active liver
metabolite selectively targets the P2Y |, receptor (43, 97), were used as molecular
tools to characterize platelet responses to ADP and the role of the latter in thrombo-
sis (14, 44). Conversely, patients with a congenital defect of ADP-induced platelet
aggregation were shown to display a clopidogrel-like syndrome, and later found
to carry P2Y |, mutations (43, 45, 95). Clopidogrel treatment leads to inhibition of
platelet aggregation in response to ADP with conserved shape change but blockade
of the ability of ADP to inhibit cAMP production. Platelet aggregation in response
to other agents is also affected through the effect on released ADP, which normally
amplifies their responses and stabilizes the aggregates (see above). The active
metabolite of clopidogrel covalently binds cysteine residues of the P2Y, receptor
(97, 98), thus precluding the binding of ADP (95, 99, 100). Comprehensive reviews
have been published emphasizing the clinical relevance of the P2Y, receptor as a
target for antiplatelet drugs (48, 101) and surveying P2Y, targeting compounds
(44, 102, 103). Large-scale clinical trials have demonstrated the beneficial effects
of thienopyridines in the secondary prevention of major vascular events in patients
with a history of cerebrovascular, coronary, or peripheral artery diseases, and of
major cardiac events after coronary artery stent insertion (44, 104). Clopidogrel
was approved for clinical applications in 1997 after a large phase III clinical trial
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“Clopidogrel versus Aspirin in Patients at Risk of Ischemic Events” (CAPRIE)
involving 19,185 patients with a history of symptomatic atherosclerotic disease.
The CAPRIE trial demonstrated an overall benefit of clopidogrel over aspirin in the
prevention of vascular ischemic events, stroke, myocardial infarction, and vascular
death (105). The Clopidogrel in Unstable angina to prevent Recurrent ischemic
Events (CURE) trial showed a sustained, incremental benefit when clopidogrel was
added to standard therapy (including aspirin) in patients with unstable angina and
non-Q-wave MI. The Clopidogrel for the Reduction of Events During Observation
(CREDO) trial demonstrated the benefit of continuing clopidogrel (plus aspirin)
for 12 months, as opposed to 1 month, after percutaneous coronary intervention.
For a complete review of past and ongoing trials, see Savi & Herbert (44).

Clopidogrel Resistance

One of the disadvantages of clopidogrel is that it has to be metabolized in the
liver to generate an active metabolite. At the “classical” dosage of 75 mg/day, the
steady state is achieved only after three to four days. Moreover, for safety reasons,
i.e., in terms of bleeding risk, this dosage was chosen to achieve approximately
50% inhibition of platelet aggregation induced by ADP in citrated platelet-rich
plasma. Several alternative protocols have been tested, in particular in acute sit-
uations, with loading doses of clopidogrel ranging from 300 mg to 900 mg so
as to achieve a more rapid effect, followed by the chronic dose; this approach
has resulted in improved clinical outcomes (44). Despite appropriate protocols
and improved procedures, important interindividual variability has been observed
in the response to clopidogrel (106). The concept of clopidogrel resistance has
been put forward on the basis of the observation that 5%—10% of patients under
treatment experienced acute or subacute thrombosis after a coronary event or im-
plantation of a coronary stent (107-111). Many studies have been conducted to
measure the biological response to clopidogrel, raising the question of the appro-
priate laboratory tests to define such responses. It would appear from these studies
that classical light transmission aggregometry using ADP as the inducer, flow cy-
tometric measurements of fibrinogen binding and flow cytometric evaluation of
platelet reactivity based on the VASP phosphorylation state are well correlated and
reveal that ~ 30% of patients who receive clopidogrel treatment show responses
that do not differ from those of untreated subjects, raising the question of their risk
for a second ischemic event (109, 111-113). Although strongly suspected (114),
the true clinical impact of low biological responsiveness to clopidogrel remains
to be demonstrated in large prospective clinical trials. However, in a recent study
(115) that assessed 60 consecutive patients classified in quartiles according to the
inhibition of ADP-induced platelet aggregation after clopidogrel treatment, the
patients in the first quartile (no inhibition) had a 40% recurrence of cardiovascular
events during a six-months follow-up, whereas this percentage was null in the
other quartiles, clearly indicating a relationship between the biological parameters
and the clinical outcome. On the other hand, the bleeding tendency was increased
in the fourth quartile. Thus, one may envisage a need for good laboratory tests
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Compounds P2Y; P2Y,, P2X; References
Agonists: ADP + + - —

2MeSADP + + -

o SMeATP - - + (16)
Antagonists: MRS2179 + — + 35)

MRS2279 + - - (33)

MRS2500 + - - (36)

ATP + + -

2MeSATP + + -

2CIATP + + -

AR-C66096MX - + - (119)

AR-C67085MX — + - (119)

AR-C69931MX - + - (58,103, 119-122)

C 1330-7 - + - (43)

INS compounds — + — (123)

AZD6140 - + - (103, 124)

NF449 - - + (70, 71)
Inhibitors: Ticlopidine — + — (43, 44)

Clopidogrel — + — (43, 44, 97)

CS-747 (LY640315) — + — (102)

to monitor and adjust the treatment in individual patients treated with clopidogrel
so as to achieve efficacy but limit the risk of bleeding. The mechanisms respon-
sible for the inter-individual variability and the so-called resistance are not yet
clearly defined. Poor compliance to the treatment, variable metabolization of the
prodrug in the liver (116), drug-drug interactions (117), genetic polymorphisms of
the platelet P2Y, receptor (92), a greater extent of P2Y,-dependent platelet ag-
gregation (118), or upregulation of other pathways are hypotheses that have been
put forward but not yet demonstrated (107, 108). If the interindividual variability
is the consequence of metabolic differences between individuals, one could envi-
sion simply adapting the dosage of clopidogrel. In contrast, if increase in dosage
does not improve the response, then the antiplatelet drug should be changed in
patients with low response to clopidogrel. Clinical trials are currently underway
to address this question. In the case that a possible adjustment of the treatment is
demonstrated, the term resistance will then be wrong and should no longer be used.

New thienopyridine compounds, such as prasugrel (CS-747, LY640315), have
been described recently (Table 1), with apparent higher efficacy, faster onset, and
longer duration of action as compared with clopidogrel (102). Whether prasugrel
will display less variability remains to be demonstrated.

Competitive P2Y;, Antagonists

The fact that ATP was known to be an antagonist of ADP-induced platelet aggre-
gation first prompted the synthesis of ATP analogs with higher potency and better
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stability toward ectonucleotidases. P2T receptor antagonists were discovered in the
mid-1990s and turned out to be competitive P2Y, antagonists. These are the AR-C
compounds (AR-C66096, AR-C67085, and AR-C69931MX), among which AR-
C69931MX or cangrelor has been the most extensively studied in both animals and
humans (58, 103, 119). In vitro, these compounds inhibit ADP-induced platelet
aggregation with high selectivity for P2Y, relative to P2Y; and P2X; and can-
grelor is currently used in many laboratories as the standard pharmacological tool
to monitor the contribution of P2Y, to platelet functions (103). These compounds
have been shown to be effective in several models of arterial thrombosis, as would
be expected for P2Y, antagonists. Cangrelor and the more recent compound
AZD6140 are under clinical evaluation, the latter being orally active, whereas
cangrelor requires intravenous administration (103, 120-122). Other competitive
P2Y |, antagonists are currently in preclinical development (123) (Table 1).

Theoretically, use of such molecules would have an advantage mainly in acute
situations, such as myocardial infarction, where fast blockade of the ADP (P2Y5)
receptor would be beneficial as compared to the delayed action of thienopyridine
compounds. The rapid cessation of activity would also be beneficial in terms of
safety. In fact, inhibition of the P2Y |, receptor results in marked prolongation of
the bleeding time in both animals and humans, which could represent a limitation
of the use of P2Y, targeting compounds in a context of bleeding risk. Whether
competitive antagonists will have a lesser effect on the bleeding time than the
thienopyridine molecules remains to be assessed. This does not seem to be the case
for AZD6140, which displays dose-dependent inhibition of platelet aggregation
to ADP along with dose-dependent prolongation of the bleeding time (124). A
second theoretical advantage of using competitive P2Y |, antagonists could be if
there is less interindividual variability in the response to the treatment. However,
further studies will be needed to explore this possibility.

The P2Y,; Receptor as a Target for New
Antiplatelet Compounds

A consideration of the role of P2Y in platelet aggregation and experimental throm-
bosis provides the rationale for suggesting this receptor to be a relevant target for
new antiplatelet compounds. Thus, P2Y;-knockout mice and animals treated with
selective P2Y| antagonists display mild prolongation of the bleeding time and
an absence of ADP-induced platelet shape change and aggregation at concentra-
tions of ADP below 10 uM (34, 42, 125). These animals also display resistance
to the systemic thromboembolism induced by infusion of a mixture of collagen
and adrenaline, as evidenced by their reduced mortality and platelet consumption
(42, 125). Lower levels of mortality, platelet consumption, and thrombin genera-
tion were likewise observed when thromboembolism was induced by infusion of
tissue factor (59). A role of the P2Y receptor has also been demonstrated in local-
ized thrombosis, using intravital microscopy after ferric chloride injury of mouse
mesenteric arteries (126). The above results clearly indicate that the P2Y | receptor
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should be regarded as an attractive target for antiplatelet compounds. Moreover, a
combination of P2Y deficiency and clopidogrel treatment has been found to con-
fer better thromboresistance than either condition alone, raising the possibility that
a combination of P2 receptor antagonists could improve antithrombotic strategies
(126). In a more precisely calibrated model of laser-induced vessel wall injury
(127), P2Y; was found to be involved in the formation of an arterial thrombus but
in a different way than P2Y, (128). The thrombus formed in P2Y |-deficient mice
seemed to be less stable than in wild-type mice, pointing to a role of the P2Y,
receptor in stabilization of the thrombus at the vessel wall (128). Similar obser-
vations have been reported by Van Gestel et al. (129). Stronger P2Y, antagonists,
such as MRS2500 (36), which shows higher potency and stability in vivo as com-
pared with MRS2179, are currently under evaluation in experimental thrombosis
in our laboratory. Of note, as observed with the P2Y-deficient mice, pharmaco-
logical inhibition of the P2Y receptor results in only moderate prolongation of the
bleeding time, which could be advantageous in terms of safety (42) (B. Hechler,
unpublished data).

The P2X; Receptor as a Target for New
Antiplatelet Compounds

Because the P2X; receptor plays an important role in thrombus formation only
under high shear conditions, it might represent the ideal target for an antithrombotic
drug. P2X-deficient mice have in fact no prolongation of their bleeding time as
compared to the wild type, indicating that they conserve normal hemostasis. In
contrast, they display resistance to the systemic thromboembolism induced by
injection of a mixture of collagen and adrenaline, and to localized laser-induced
injury of the vessel wall of mesenteric arteries (61). Conversely, increased systemic
thrombosis has been reported in mice overexpressing the human P2X; receptor
(130). Moreover, the new P2X; antagonist NF449 (70) has an inhibitory effect on
platelet activation ex vivo and on thrombosis in vivo (71). These results clearly
indicate that the P2X; receptor should be considered as a potential target for
antiplatelet strategies, with the interesting feature that it would be effective only
at sites of severe stenosis where shear forces are very high without a deleterious
effect on normal hemostasis—a feature thought to be unique to P2X;. However,
in view of our recent data in vitro under flow conditions, the same may also be
true for P2Y, (see above).

Currently, other platelet receptors are being evaluated as targets for anti-platelet
drugs, including the TP receptors (131), the PARs (27), GPVI (132), or intracellular
pathways such as the Goq subunit (133) and PI3K (52). Although each of those
targets has advantages and disadvantages, all must be explored. However, owing to
the central role of ADP and ATP in hemostasis and thrombosis, there is no doubt that
their receptors are relevant targets for antiplatelet drugs, and research is very active
in this field. There is no additional proof of concept required for P2Y |, antagonists
that are either irreversible, e.g., clopidogrel, or competitive, e.g., cangrelor. The
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combination of clopidogrel with aspirin is much more efficient than each drug
alone, demonstrating that inhibition of multiple pathways of platelet activation
may be critical. Both P2Y; and P2X receptors appear to be promising targets.
Whether combined inhibition of the P2 receptors would also be beneficial requires
further investigation. The tools now exist to allow progress in preclinical studies,
including better animal models and new antagonists. When—and if—P2Y or
P2X or mixed compounds will be tried in humans is an open question.

Future Directions: The Platelet P2 Receptors
in Inflammation, Atherosclerosis, and Angiogenesis

Inflammation plays a major role in the progression of atherothrombosis and an-
giogenesis. Hence inflammatory markers are elevated in patients with stable or
unstable ischemic diseases (6, 29, 134). Among all blood cell types, monocytes,
T-lymphocytes, and platelets are the key agents and the contribution of platelets
to the development of atherosclerosis has been established in many studies. Upon
activation, platelets release active compounds, including growth factors such as
platelet-derived growth factor (PDGF), which stimulates vascular smooth muscle
cell migration and proliferation, proinflammatory cytokines, and chemoattractants
(II-18 or RANTES) (135), and express P-selectin (136) and CD40L (CD40 ligand
or CD154, a member of the TNF family) (137). These inflammatory mediators
promote the expression of adhesion molecules on endothelial cells and the re-
cruitment and extravasation of monocytes (137-139), thereby contributing to the
inflammatory and procoagulant responses and the exacerbation of atherosclerosis
(4). CD40L is also directly involved in platelet activation and the stabilization of
thrombi (140). Exposure of P-selectin results in the formation of platelet-leukocyte
aggregates (141) and activation of the complement system, thus further propagating
the inflammation (142). Platelets also interact with dendritic cells (143), which ex-
press several P2 receptors (144). Because the purinergic/nucleotide ligand-receptor
system exists in all cell types and tissues involved in inflammation and atheroscle-
rosis, and because they are so important in platelet physiology, they should be
considered also as important partners in atherosclerosis (145). In addition to their
short-term effects on vascular tone and platelet activation, nucleotides and P2 re-
ceptors are involved in long-term trophic effects on cell growth, proliferation, and
death, which have important implications for atherosclerosis as well as angiogen-
esis (9, 145).

What do we know about the contribution of the individual platelet P2 recep-
tors in these processes? So far, most of our knowledge comes from observed
effects of thienopyridines or P2Y |, antagonist effects in vitro, in animal models,
or in patients. Decreased exposure of P-selectin, diminished formation of platelet-
leukocyte aggregates, and subsequent tissue factor exposure have been documented
(56, 121). Inhibition of CD40L exposure and release (146) and diminished circu-
lating levels of CRP (C reactive protein) (29) clearly indicate a prominent role of
the P2Y |, receptor. Thus, in addition to their antiaggregating effect, the efficacy of
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P2Y |, antagonists might also be a consequence of the blockade of the contribution
of platelets to inflammation (29, 44). In most cases, aspirin does not achieve such
inhibition. It is assumed that the role of the P2Y, receptor not only in platelet
aggregation but also in activation of multiple inflammatory and trophic processes
should translate into a role of this receptor in the progression of atherosclerosis.
However, this remains to be experimentally demonstrated.

The involvement of the P2Y| or P2X receptors is less well documented. The
P2Y; receptor has a role in P-selectin exposure, formation of platelet-leukocyte
aggregates, and tissue factor exposure when platelets are stimulated with ADP,
collagen, or low concentrations of thrombin receptor agonist peptides, as has been
shown in vitro (56, 58). So far, no ex vivo data from animal models are available
in terms of markers of inflammation. Using P2Y-knockout mice crossed with
apolipoprotein E (ApoE)-knockout mice, we observed an inhibition of the size of
plaques as compared with the controls (B. Hechler, unpublished data). Whether
this effect is entirely due to platelet inhibition or to involvement of the endothelial
or leukocyte P2Y receptor requires further studies.

The hemostatic system and platelets are known to play a key role in angiogenesis
(5,7, 8). On the other hand, the role of ATP and ADP as mitogenic/apoptotic factors
for vascular cells is known, and the involvement of their receptors is increasingly
studied (9). More specifically, with respect to platelet P2 receptors, early studies
showed the beneficial effect of ticlopidine in the treatment of the diabetic retinal
angiopathy at the non-proliferative stage (147, 148). The precise mechanism is
not yet fully understood, but part of the in vivo effect is probably attributable
to their antiplatelet properties, i.e., inhibition of the P2Y, receptor. Goepfert
et al. have shown that angiogenesis is impaired in an in vivo model (matrigel™
invasion) in CD39-deficient mice, which was tentatively attributed to desensitized
P2Y; or P2Y; receptors (149). Although inhibition of macrophage migration has
been proposed to explain the results, the role of blood platelets, known to display
reduced reactivity by desensitization of P2Y, has not been ruled out. All these
studies are thus preliminary. Further work should tell us the importance of the P2
receptor system and its relevance as a pharmacological target to modulate vascular
remodeling and angiogenesis in an inflammatory context.

CONCLUSIONS

Among the platelet P2 receptors, only P2Y; has as yet been clearly demonstrated
to be a target of clinical relevance, and this demonstration occurred prior to the
receptor’s identification by molecular cloning. However, there is evidence that
P2Y| and P2X; could become relevant clinical targets, alone or in combination
with those of other antiplatelet drugs. Pharmacological tools now exist to probe the
efficacy of P2Y, and P2X, antagonists in various settings, such as in established
experimental thrombosis porcine and canine models, where their use needs to
be compared with responses to P2Y, acting drugs. Finally, both gene-targeted
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animals and emerging pharmacological tools should provide new information to
aid in determining the role of the platelet P2 receptors when platelets are involved
in atherosclerosis, angiogenesis, and inflammation.
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Figure 1  General mechanisms of platelet activation and arterial thrombus formation.
Platelets first adhere to the subendothelial matrix where they become activated and release
secondary agonists such as ATP and ADP secreted from the dense granules and TXA, syn-
thesized from arachidonic acid. All these processes lead to the activation of the olIIbf33
integrin to promote its conversion from an inactive to an active conformation at the platelet
surface, which leads to the binding of soluble fibrinogen and vWF and subsequent platelet
aggregation. Ultimately, thrombin not only activates platelets but also triggers the forma-
tion of a fibrin clot that stabilizes the thrombus.
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