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PREFACE

The last two decades have witnessed a burgeoning interest in the development and
application of antithrombotic approaches to the treatment of cardiovascular diseases,
based on recognition of the key roles played by the arterial platelet-thrombus in the
pathogenesis of acute coronary syndromes, ischemic complications of percutaneous
coronary revascularization, coronary artery bypass graft disease, and even de novo native
and peripheral artery atherosclerosis. Aspirin celebrated its 100th anniversary as a thera-
peutic agent in 1997, although only recently has some of its mechanism of action been
elucidated and its efficacy demonstrated in controlled studies. Heparin too has been
employed since its introduction in 1916 as an anticoagulant, but again with only recent
and relatively limited controlled evaluation for the treatment of cardiovascular disease.
Inthe last few years, the pharmacologic armamentarium directed against vascular throm-
bosis has been substantially enriched, with introduction into practice of new fibrinolytic
agents, low molecular weight heparins, direct thrombin inhibitors, antagonists to various
pathways of platelet activation, and the platelet glycoprotein IIb/Illa inhibitors.

Despite this recent expansion in the number of alternatives for antithrombotic therapy,
the clinical efficacy of such compounds in the management of cardiovascular disease has
been at times disappointing. Among the agents directed against the activity and genera-
tion of thrombin, heparin has been used most broadly, but with unproven or limited
effectiveness in many settings. For example, although employed universally during
percutaneous coronary interventional procedures, heparin has never been tested in a
placebo-controlled fashion among these patients. Moreover, small trials of heparin in the
settings of unstable angina or acute myocardial infarction have suggested only modest
efficacy of this agent in limiting ischemic complications. Hirudin and hirulog, potent
direct inhibitors of thrombin activity that overcome many of the intrinsic limitations of
heparin, have only modestly improved clinical outcome compared with heparin in large-
scale trials of coronary intervention or acute ischemic syndromes. Similarly, despite the
theoretical advantages of low molecular weight heparins, the efficacy of these agents has
proven to be variable, with only enoxaparin showing evidence of clinical benefit over
uniractionated heparin in controlled studies. The strategy of clot lysis with fibrinolytic
or "thrombolytic" compounds has been clearly demonstrated in large-scale trials to re-
duce mortality by reestablishing coronary patency during acute myocardial infarction.
Yet even the newest generation of these agents remains limited by an apparent "ceiling"
of reperfusion rates, as well as the consistent failure of these compounds to improve
clinical outcome (with trends toward more frequent ischemic and bleeding complica-
tions) in the settings of unstable angina or percutaneous coronary intervention.

Approaches to inhibition of the platelet have met with somewhat more uniform suc-
cess in the treatment of arterial thrombosis, a finding that suggests that platelet deposi-
tion, activation, and aggregation are the crucial initiating components of the response to
arterial injury. Placebo-controlled trials have consistently demonstrated that therapy
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with aspirin will reduce the risk of ischemic events by up to 30-40% across the broad
spectrum of atherosclerotic diseases of the arterial tree. Through its irreversible inacti-
vation of platelet cyclo-oxygenase, aspirin inhibits the thromboxane-mediated mecha-
nism of platelet activation; compounds directed against other activation pathways of the
platelet have generally exhibited efficacy comparable but not markedly superior to that
of aspirin. The thienopyridines, ticlopidine and clopidogrel, prevent platelet activation
via inhibition of the adenosine diphosphate receptor, with a recent large-scale trial dem-
onstrating modest benefit of clopidogrel over aspirin in reducing the long-term risk of
ischemic events among patients with cardiovascular, cerebrovascular, or peripheral vas-
cular atherosclerosis. Clinical experience with the thienopyridines administered in ad-
dition to aspirin among patients undergoing coronary stent implantation, however, has
suggested that clinical efficacy may be substantially enhanced when more than one
mechanism of platelet activation is inhibited.

~ The limitations of compounds directed against individual pathways of platelet activa-
tion may therefore be overcome by approaches aimed at the "final common pathway" of
platelet aggregation, the surface glycoprotein [Ib/I1Ia receptor. Multiple mechanisms of
platelet activation in response to different agonists all "converge"” to render this trans-
membrane complex competent to bind circulating adhesion molecules and crosslink
adjacent platelets. The clinical hemorrhagic syndrome caused by a rare inherited defect
in this receptor (Glanzmann's thrombasthenia), characterized by mucocutaneous and
postsurgical bleeding, but infrequent spontaneous organ (particularly central nervous
system) bleeding, suggested that therapeutic inhibition of this receptor might be a potent,
yet well-tolerated, means of treating thrombotic disorders. Following the initial devel-
opment by Coller of a monoclonal antibody that blocks the interaction of this receptor
with adhesion molecules, peptide and nonpeptide synthetic molecules with similar activ-
ity were also designed. Systematic programs of controlled clinical trial evaluation have
demonstrated that these agents are markedly effective and safe in reducing the risk of
adverse ischemic events among a broad spectrum of patients with atherosclerotic cardiac
disease. In 1995, the first glycoprotein I1Ib/IITa antagonist, abciximab, received market-
ing approval as an adjunct to percutaneous coronary revascularization, with two addi-
tional agents, eptifibatide and tirofiban, approved by the Food and Drug Administration
in 1998 for the management of patients with unstable angina. This class of therapy isnow
increasingly employed by physicians caring for patients with stable and unstable coro-
nary syndromes.

Platelet Glycoprotein Ila/Illb Inhibitors in Cardiovascular Disease is a comprehen-
sive, definitive, and detailed overview of the preclinical and clinical development of the
class of glycoprotein 1Ib/IIla receptor antagonists. The goal of the book is to elucidate
the theoretical basis for inhibition of platelet aggregation in the treatment of coronary
syndromes, to present and synthesize the evidence demonstrating the efficacy of glyco-
protein IIb/111a blockade in inhibiting ischemic complications of coronary intervention
and the acute coronary syndromes, to provide guidelines for the use of this class of agents
in the clinical management of cardiovascular disease, and to provide a speculative view
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of other potential applications of this class of therapy. In every case chapters have been
authored by acknowledged experts in the field, including the pioneers in the discovery
and characterization of cell surface adhesion molecules and the glycoprotein IIb/IIla
receptor and the principal investigators for the major clinical trials of the receptor antago-
nists. The most current data are included, producing a complete body of knowledge of
the contemporary "state of the art" in this field.

PartI ofthe book concentrates on the basic pathophysiology underlying the theoretical
usefulness and development of this class of agents. In Chapter 1, Drs. Tolleson and
Harrington provide the underpinnings for antithrombotic therapy in cardiovascular dis-
ease by reviewing the role of thrombosis and platelet activity in the pathophysiology of
acute ischemic syndromes or complications of coronary intervention. The function of
cell surface adhesion molecules in mediating platelet adhesion, the essential reaction for
the hemostatic function of platelets, is discussed by Dr. Plow in Chapter 2, followed by
a detailed description of the structure and functions of the glycoprotein IIb/III receptor
by Drs. Law and Phillips. Dr. Coller then recounts the "bench to bedside" development
of the first agent directed against this receptor, the monoclonal antibody fragment
abciximab, and summarizes the pharmacologic properties of the currently available
compounds of this class. ,

Part IT concentrates on the clinical setting in which the role of glycoprotein IIb/Illa
blockade has been most intensively studied thus far: percutaneous coronary
revascularization. The three agents that have been evaluated for this indication
(abciximab, eptifibatide, and tirofiban) are discussed in Chapters 5-8, focusing on data
derived from the pivotal Phase lIl and I'V trials. In Chapter 5, Ireview the EPIC, EPILOG,
and EPISTENT trials, which together established the efficacy of abciximab among the
broad spectrum of patients undergoing coronary balloon angioplasty, atherectomy, or
stent implantation. Drs. O'Shea and Tcheng discuss the IMPACT Il trial testing eptifibatide
among patients undergoing coronary intervention for a variety of indications in Chapter
6, whereas Drs. Salame, King, and Chronos summarize the RESTORE trial of tirofiban
in patients treated by revascularization for acute ischemic syndromes in Chapter 7.
Chapter 8 by Drs. van den Brand and Simoons focuses on the strategy tested in the
CAPTURE trial of pretreatment by glycoprotein IIb/IIla blockade with abciximab for
refractory unstable angina. Part II concludes with a summary chapter by Dr. Topol and
myself integrating the results of the major trials of glycoprotein 1Ib/I11a during coronary
intervention, comparing the different agents and providing practical guidelines for clini-
cal use.

Part I1I focuses on the emerging role of glycoprotein 1Ib/IT1a blockade during the acute

coronary ischemic syndromes of unstable angina and acute myocardial infarction. In
Chapter 10, Drs. Moliterno and White provide a comprehensive review and synthesis of

the results of the four major trials (PURSUIT, PRISM PLUS, PRISM, and PARAGON),
which demonstrated the role of empiric therapy with eptifibatide, tirofiban, or lamifiban
among patients with unstable angina or myocardial infarction without ST-segment eleva-
tion. Drs. Greenbaum, Harrington, and Ohman discuss in Chapter 11 the applications of
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glycoprotein I1b/IIla blockade to the treatment of acute myocardial infarction with ST-
segment elevation as an adjunct to mechanical or pharmacologic reperfusion.

Part IV provides a view into the future development and application of this class of
agents to the treatment of vascular disease. The medicoeconomic aspects of this therapy
in the settings of coronary intervention or acute ischemic syndromes are analyzed by Dr.
Mark in Chapter 12. Drs. Kleiman, Mazur, and Graziadei describe and evaluate the
various techniques of monitoring platelet function in Chapter 13, an issue that is becom-
ing increasingly important for the optimization of platelet inhibitor dosing, particularly
with long-term oral therapy. The “new frontier” of chronic antiplatelet therapy with oral
glycoprotein [1b/I11a agents is discussed by Drs. Kereiakes and Cannon in Chapter 14, a
strategy that holds promise as a means of extending the efficacy of parenteral agents or
providing long-term protection against ischemic events in high-risk individuals. Dr. Sila
writes from the neurologist’s viewpoint in Chapter 15, first summarizing the intracranial
hemorrhagic risk associated with these agents and then speculating on the potential
applications of this class of therapy to the treatment of cerebrovascular disease. Finally,
Dr. Califf summarizes his overview and perspective on the advances made in the man-
agement of vascular thrombosis and new directions for progress in this field.

The pharmacologic inhibition of the platelet glycoprotein I1b/I11a receptor represents
one of the most exciting fields of cardiovascular research, with rapid, logical, evidence-
based development from the laboratory to broad clinical use. The information described
in this book provides a compelling body of data supporting the effectiveness and safety
of these agents in the treatment of thrombotic vascular disease. In the setting of coronary
intervention, glycoprotein [Tb/I11a blockade represents the most important advance in
pharmacotherapy since aspirin and, together with stenting, has established a new stan-
dard ofefficacy for this procedure. In the acute coronary syndromes, these agents provide
protection against important ischemic events among patients treated conservatively or by
revascularization. The rationale for application of these agents to reperfusion therapy
for myocardial infarction is sound, and data from Phase II studies in this setting are
encouraging. The potential clearly exists to extend these therapies to the management of
cerebrovascular and peripheral vascular disease. The field will continue to advance by
development of new parenteral and oral agents, refinement of techniques for platelet
function monitoring, and evaluation of the combination of glycoprotein IIb/IIa blockade
with novel inhibitors of thrombin or other components of the coagulation cascade.

lacknowledge and express my appreciation for the superb contributions by the chapter
authors of this book, who drew on their considerable expertise and first-hand experience
to produce a truly up-to-date and comprehensive discussion of this field. Additionally,
the publisher and production staff at Humana Press, including Paul Dolgert, Fran Lipton,
and Susan Giniger, made exceptional efforts for the timely completion of this project.
Robin Moss deserves recognition for her imaginative book cover artwork. My sincere
gratitude goes to my coeditor, Eric J. Topol, who not only provided experience and
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counsel invaluable to the creation of this book, but has led the clinical development of this
field with vision and energy and has guided and facilitated my own participation in these
reszarch activities. ,

Most importantly, I would like to recognize the support and patience of my wife,
Debra, and our children, Gabrielle, Aaron, and Jacob without whose tolerance and under-
standing of conflicting time demands, no meaningful professional endeavors on my part
would be possible.

A. Michael Lincoff, MD
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1 Thrombosis in Acute Coronary

Syndromes and Coronary Interventions

Thaddeus R. Tolleson, mpD
and Robert A. Harrington, MD

CONTENTS

INTRODUCTION

History

COMPONENTS OF THE THROMBOTIC PROCESS
THE PrROCESS OF THROMBUS FORMATION
REFERENCES

INTRODUCTION

Acute coronary syndromes (ACS), including unstable angina, non-Q-wave myocar-
dial infarction, and ST-elevation myocardial infarction, are the most commonly encoun-
tered conditions facing clinical cardiologists today, accounting for more than 650,000
hospitalizations annually (/). The pathophysiology of ACS is now well described,
beginning with disruption of an atheromatous plaque, with subsequent platelet aggrega-
tion and thrombus formation. The resulting clinical syndromes vary, and depend upon
multiple related factors.

The treatment of ischemic coronary disease, including the ACS, by percutaneous
interventions has dramatically increased over the past decade. The number of coronary
artery lesions treated by percutaneous transluminal coronary angioplasty (PTCA) is
expected to exceed 1,000,000 annually in the next several years. Though its success rate
is now greater than 90%, acute periprocedural occlusion continues to complicate
approximately 6% of all procedures (/). The vast majority of acute occlusions are due,
at least in part, to intracoronary thrombosis.

Though the inciting event leading to plaque rupture is different in ACS and percuta-
neous interventions (spontaneous versus iatrogenic rupture), the resulting arterial patho-
physiology is similar for both events. The complex interaction of the exposed
endothelium, atherosclerotic plaque, platelets, and coagulation cascade results in
thrombosis with compromise in the patency of the vessel in a percentage of patients.
Thus, in both ACS and percutaneous interventions, therapies targeting thrombosis have

From: Contemporary Cardiology: Platelet Glycoprotein IIb/Illa Inhibitors in Cardiovascular Disease
Edited by: A. M. Lincoff and E. J. Topol © Humana Press Inc., Totowa, NJ
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4 Part I / Basic Principles

proven efficacious, even as new therapies are developed and undergoing clinical
trials. This chapter will discuss the pathophysiologic mechanisms responsible for
these interactions.

HISTORY

In 1912, Herrick, an American physician, concluded from his clinical experience and
research that the common feature in acute myocardial infarction (AMI) was sudden
occlusion of a coronary artery (2). Though not readily accepted at first, Herrick’s obser-
vations slowly gained acceptance over the next 50 years. The clinical syndromes of AMI
were described and linked to coronary thrombosis by Levine in Boston (3), as well as
Parkinson and Bedford in Europe (4). Not long after, two groups of researchers in the
United States described the clinical syndrome now known as unstable angina, and again
linked its pathophysiology to coronary thrombus (5,6). Heparin was used in some form
asearly as the 1920s (7), and by the late 1930s was being used to treat venous thrombosis
(8). Wrightis generally credited with being the first American physician to treat a patient
with heparin (9), and was probably the first to use dicoumarol therapeutically as
well (10). He subsequently headed up the American Heart Association Trial of antico-
agulation in AMI in 1948, which showed a significant mortality benefit in the treated
group (11).

The clinical experience with the use of acetylsalicylic acid (ASA) in the treatment of
AMI actually began in the 1940s. Craven, an otorhinolaryngologist in private practice
in California, noted that his tonsillectomy patients who chewed excessive amounts of
aspergum for pain relief had excessive bleeding (9). He then began to treat all his older
male patients with ASA to prevent myocardial infarction (MI). He subsequently pub-
lished two papers, reporting on more than 8400 treated patients, in whom he found no
MI among treated patients (/2,13). However, his work appears to have been largely
ignored at the time.

Though thrombolytic therapy is often viewed as a relatively recent advancement in
the treatment of ACS, reports of the proteolytic activity of urine (later known as uroki-
nase) were first described as early as 1861 (/4). The first report of MI being treated with
a thrombolytic agent, streptokinase, was in 1958 by Sherry and Fletcher (15).

At the end of the 1950s, with these important clinical findings known, the medical
community appeared poised to make significant advances in the treatment of ACS.
Instead, in a remarkable turnaround in conceptual understanding and therapeutic
approach, physicians began to use less anticoagulation in treating the acute ischemic
syndromes over the next two decades. Several key factors likely contributed to this,
including misinterpretation of autopsies and the conclusion that coronary thrombus
follows, rather than precedes MI; inadequate clinical trials employing nonrandomized
designs with insufficient sample sizes; and increasing focus on approaches to limiting
infarct size by reducing oxygen demand.

In 1969, Gifford and Feinstein (/6) reviewed the trials of anticoagulation in AMI,
noting the numerous design deficiencies and the paucity of randomized data. Although
numerous trials of thrombolytic therapy were conducted between 1960 and 1980, none
demonstrated a definitive benefit of therapy. Thus, by the early 1980s, the role of throm-
bosisin ACS, and hence the value of anticoagulation and thrombolytic therapy, remained
controversial.
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DeWood (77), in alandmark paper, showed that total coronary occlusion was present
in 87% of patients in the early hours of transmural myocardial infarction. His group
believed that patients in the early hours of infarction were best treated by emergency
bypass surgery; hence these patients all had coronary arteriography in the acute phase
of their infarction. Subsequent autopsy studies further elucidated the now reemerging
concept of thrombosis as the predominant cause of ACS (/8,79). Ambrose then corre-
lated the progression from stable angina to unstable coronary syndromes with
angiographic evidence of intraluminal thrombus (20). Falk showed through pathologic
studies that patients experiencing sudden death preceded by episodes of unstable symp-
toms often had occlusive thrombus composed of layers of platelet thrombi in various
stages of organization (21).

As the pathophysiologic mechanism of ACS became better understood, treatment
strategies to alter the natural course of this event soon followed. Thus the understanding
of thrombosis as the underlying mechanism in unstable coronary syndromes, as well as
in acute occlusion following percutaneous coronary interventions, led to new therapeu-
tic developments aimed at preventing or inhibiting this phenomenon. Once these thera-
pies reached the clinical phase, randomized controlled clinical trials (RCT) have formed
the basis of evaluating the efficacy of these treatments.

COMPONENTS OF THE THROMBOTIC PROCESS

Fissuring or rupture of an atherosclerotic plaque, with subsequent thrombus forma-
tion reducing or obliterating coronary blood flow, is accepted as the primary mechanism
responsible for the development of unstable angina and MI. The pathologic response that
follows rupture of an atherosclerotic plaque is similar to the physiologic response to any
vascular injury. Whether in ACS or coronary interventions, the process that ultimately
results in arterial thrombosis involves the complex interactions of four components of
the thrombotic process: the endothelium; the atherosclerotic plaque; platelets; and the
coagulation cascade.

The Endothelium

The vascular endothelium controls normal vessel responsiveness and throm-
boresistance (Fig. 1). It is a multifunctional organ system composed of metabolically
active and physiologically responsive component cells that meticulously regulate blood
flow. The endothelium forms an obligate monolayer, which lines the entire arterial tree,
representing the principal barrier between the blood and the arterial wall. As an active
site of protein synthesis, endothelial cells synthesize, secrete, modify, and regulate
connective tissue components, vasodilators, vasoconstrictors, anticoagulants, pro-
coagulants, fibrinolytics, proteins, and prostanoids.

The most important function of the vascular endothelium is to prevent the initiation
and development of nonphysiologic thrombi. The endothelium normally provides a
nonthrombogenic surface because of its surface coat of heparin sulfate and its capacity
to form prostaglandin derivatives, particularly prostacyclin (PGI2), a potent vasodilator
and effective inhibitor of platelet aggregation (22). Endothelial cells also produce the
most potent natural vasodilator known, endothelial-derived relaxing factor (EDRF), a
thiolated form of nitric oxide (23). EDRF formation by the endothelium is critical in
maintaining a balance between vasoconstriction and vasodilation in the process of arte-
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Fig. 1. Endothelium-derived vasoactive substances. The endothelium is a source of relaxing
(right part) and contracting factors (left part). AI/AII = angiotensin I/II; Ach = acetylcholine;
ADP = adenosine diphosphate; Bk = bradykinin; cAMP/cGMP = cyclic adenosine/guanosine
monophosphate; ECE = endothelin-converting enzyme; EDHF = endothelium-derived hyperpo-
larizing factor; ET-1 = endothelin-1; bET-1 = big endothelin-1; 5-HT = 5-hydroxy-tryptamine
(serotonin); L-Arg = L-arginine; NO =nitric oxide; PGH, = prostaglandin H,; PGI, = prostacyclin;
TGFp., = transforming growth factor-f3_;; Thr = thrombin; TXA, = thromboxane A,. Circles
represent receptors: B,=bradykinergic receptor; M = muscarinic receptor; P = purinergic recep-
tor; T = thrombin receptor; S = serotonergic receptor.

rial homeostasis (24). Endothelial cells also secrete anumber of vasoactive agents—such
as endothelin, angiotensin-converting enzyme, and platelet-derived growth factor—that
mediate vasoconstriction (25). In addition, these cells secrete agents that are effective in
lysing fibrin clots, including plasminogen, as well as procoagulant materials such as von
Willebrand factor (Table 1) (26).

In addition to the numerous substances produced and subsequently secreted, endo-
thelial cells also possess receptors for many different molecules on their surface. These
include receptors for LDL (27), growth factors, and various pharmacological agents.
This receptor-ligand interaction on the surface of the endothelial cell serves as the initial
substrate for thrombus formation. In addition, the interaction of endothelial cells with
cellular elements of the blood, specifically platelets, macrophages, and thrombin, is
critical in pathologic thrombus formation in ACS and coronary interventions.

Atherosclerotic Plaque Formation

Our understanding of the pathophysiology of coronary atherosclerosis has changed
dramatically in the last few years. The types of atherosclerotic lesions, the mechanisms
of progression of coronary atherosclerosis with plaque instability and rupture, and the
subsequent thrombotic phenomenon leading to ACS, have now been more clearly elu-
cidated. In 1995, a report from the Committee on Vascular Lesions of the Council on
Arteriosclerosis of the American Heart Association (28) advised a new classification for
atherosclerosis in which lesions are divided into six types (Figs. 2 and 3).

Type I lesions consist mainly of adaptive thickening secondary to smooth muscle cell
proliferation in lesion-prone locations in coronary arteries. Type II lesions consist of
both macrophages and smooth-muscle cells with extracellular lipid deposits, and type I11
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Table 1
The Endothelial Cell and Hemostasis
Product Properties
Ectonucleotidases Surface enzymes that regulate breakdown of platelet-
active and vasoactive nucleotides
Nitric oxide Labile-secreted inhibitor of platelet aggregation and
adhesion; vasodilator
Plasminogen activator inhibitor Secreted, circulating and matrix-bound inhibitor of tPA
Platelet-activating factor Secreted and cell surface-associated platelet and
leukocyte stimulant
Prostacyclin Labile secreted inhibitor of platelet aggregation;
vasodilator
Tissue factor (thromboplastin) Procoagulant only expressed on activated endothelium
Tissue plasminogen activator (tPA) Stored and secreted regulator of fibrinolysis
Thrombomodulin Surface-expressed anticoagulant
Von Willebrand factor and Stored and secreted cofactor for platelet adhesion

clotting Factor VIII

lesions consist of smooth-muscle cells surrounded by some extracellular fibrils and lipid
deposits. This type III lesion, or fatty streak, is the earliest grossly detectable lesion of
atherosclerosis (29). By age 25, most individuals in Western society have fatty streaks,
which consist of an accumulation of lipid (mainly oxidized LDL) within macrophages
or foam cells, and mostly in the extracellular space of the intima. Type IV lesions are
confluent cellular lesions with a great deal of extracellular lipid, whereas type V lesions
consist of an extracellular lipid core covered by a thin fibrous cap. The type VI, or
complicated lesion, occurs as a result of rupture or fissure of a nonseverely stenotic type
IV or V lesion. Depending on changes in the geometry of the disrupted plaque, and
particularly whether the subsequent thrombus completely occludes the artery, the event
may be catastrophic, resulting in MI and/or death, or be clinically silent (30).

In the last few years, a number of studies have demonstrated that arteriographically
mild coronary lesions may be associated with significant progression to severe stenosis
or total occlusion (3/-33). These lesions may account for as many as two-thirds of the
patients in whom unstable angina or other ACS develop (Table 2).

The nonlinear and episodic progression seen in coronary artery lesions likely results
from disruption of type IV and V lesions, with subsequent thrombus formation leading
to either ACS or asymptomatic plaque growth. Following plaque disruption, hemor-
rhage into the plaque, luminal thrombosis, or vasospasm may cause sudden flow obstruc-
tion, giving rise to new or changing symptoms. The magnitude of thrombotic response
following plaque rupture may depend on the thrombogenicity of the exposed plaque
components, local flow conditions determined by the severity and geometry of the
luminal stenosis, and the systemic thrombotic-thrombolytic milieu at the time of plaque
rupture (34).

What factors predispose a percentage of these plaques to become unstable and rup-
ture? Understanding this requires a closer look at the makeup of these lesions. Plaques
are composed of a variable amount of lipid core and a connective tissue matrix cap. The
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Fig. 2. Cross-sections of identical, most proximal part of six left anterior descending coronary
arteries. The morphology of the intima ranges from adaptive intimal thickening always present
in this lesion-prone location to a type VIlesion in advanced atherosclerotic disease. Other cross-
sections show sequence of atherosclerotic lesion types that may lead to type VI. Identical
morphologies may be found in other lesion-prone parts of the coronary and many other arteries.
From ref. 28.

lipid component is derived mainly from plasma LDL, which has been oxidized and
subsequently taken up by monocyte-derived macrophages, now known as foam cells.
Within the core is a soft, hypocellular, and avascular “gruel” containing cholesterol
(35,36). The composition of the cholesterol is critically important, as atheromatous gruel
containing cholesterol esters is soft and prone to disruption (37). Once plaque rupture
occurs, the thrombogenic components of the gruel (tissue factor, collagen, foam cells,
etc.) provide a substrate for subsequent thrombus formation.

The process of plaque disruption can best be understood in terms of factors that
increase the vulnerability of the plaque to rupture, and stresses or strains imposed on the
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Fig. 3. Flow diagram in center column indicates pathways in evolution and progression of human
atherosclerotic lesions. Roman numerals indicate histologically characteristic types of lesions
enumerated in Table 2 and defined at left of the flow diagram. The direction of arrows indicates
sequence in which characteristic morphologies may change. From type I to type IV, changes in
lesion morphology occur primarily because of increasing accumulation of lipids. The loop
between types V and VI illustrates how lesions increase in thickness when thrombotic deposits
form on their surfaces. Thrombotic deposits may form repeatedly over varied time spans in the
same location and may be the principal mechanism for gradual occlusion of medium-sized
arteries. From ref. 28.

plaque, referred to as “triggers”. Plaque vulnerability to rupture is dependent on at least
three interrelated factors: lipid content, the thickness of the fibrous cap, and subintimal
inflammation within the plaque (Fig. 4).

Lirip CONTENT OF THE PLAQUE

The size and consistency of the atheromatous lipid core are important factors for the
stability of a plaque. In general, the bigger the lipid core, the more vulnerable (rupture-
prone) is the plaque (38). Data from Ambrose et al. suggest that in ulcerated, ruptured
plaques, the size of the lipid pool exceeds 40% of the total plaque area in more than 90%
of cases (/9). At body temperature, the cholesterol is in liquid or crystalline form (39);
the ratio of liquid to crystalline cholesterol has been hypothesized to influence the
propensity for plaque disruption (40).

THICKNESS OF THE FiBrous CAp

As this highly thrombogenic lipid core underlies the fibrous cap, the integrity of
the fibrous cap determines the stability of an atherosclerotic plaque. Disruption of the
fibrous cap usually occurs at the point where the cap is thinnest, most commonly at
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Table 2
Angiographic Severity of Culprit Coronary Artery Stenosis
Before the Development of Acute Coronary Syndromes”

Percentage of patients
with diameter
stenosis of culprit

vessel
<50% 50%—70% >70%
Clinical presentation
Unstable angina
Ambrose et al. (3) N=25 72 16 12
Acute myocardial infarction
Ambrose et al. (3) N=23 48 30 22
Little et al. (82) N=41 66 31 3
Giroud et al. (50) N=92 78 9 13
Nobuyoshi et al. (94) N=139 59 15 26
Average of pooled results 65 20 15

“From ref. 34. References in table are found in ref. 34.

the border of the plaque with the normal wall or in the center of the cap overlying a lipid
pool (41).

A dense, fibrous extracellular matrix is the main component of the fibrous cap of
atherosclerotic plaques. The principal constituents of this extracellular matrix are types
I and III collagen (a triple-helical coil derived from specific procollagen precursors),
elastin, and proteoglycans (Fig. 5) (42). Interferon-B (INF-B) elaborated by activated
T-cells reduces collagen synthesis by causing smooth muscle cell apoptosis and by
specifically inhibiting collagen synthesis in smooth muscle cells. Additionally, the matrix
metalloproteinases, such as collagenase and stromelysin, which facilitate intercellular
matrix degradation, are released by lipid-laden macrophages under the influence of
cytokines such as INF-B, macrophage colony-stimulating factor (M-CSF), macrophage
chemoattractant protein-1 (MCP-1), and interleukin-1 (IL-1). These metalloproteinases
can also be expressed by endothelial and smooth muscle cells in the plaque, after being
activated by cytokines (23). Libby has shown that cytokines do not appear to affect the
synthesis of tissue inhibitors of matrix metalloproteinases (43). This lab has also helped
to define the role of another important cytokine, interferon gamma (INF-y). Among the
cells found in human atherosclerotic plaques, only activated T-lymphocytes can elabo-
rate INF-y. This interferon markedly decreased the ability of human smooth muscle cells
to express the interstitial collagen genes when exposed to transforming growth factor-
B (TGF-p), the most potent stimulus for interstitial collagen gene expression known for
these cells (25).

SUBINTIMAL INFLAMMATION

Atherosclerosis has been characterized as a chronic inflammatory disease of the intima
(44). Chronic inflammatory cells are commonly noted on histologic sections of advanced
lesions and at sites of plaque disruption, as well as being a constant feature at the site of
thrombosis (45).
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PLAQUE VULNERABILITY, DISRUPTION, AND THROMBOSIS
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Fig. 4. Schematic illustrating pathophysiologic mechanisms. Reprinted with permission from
ref. 73.

Inflammatory cells, especially activated macrophages and foam cells, play an impor-
tant role in plaque disruption by inducing breakdown of various matrix proteins in the
fibrous cap, causing the cap to thin, thereby making it vulnerable to disruption (/6).
Macrophages have the capacity to synthesize matrix-degrading neutral metal-
loproteinases (MMPs), including interstitial collagenase (MMP-1), gelatinase-A
(MMP-2), gelatinase-B (MMP-9), and stromelysin (MMP-3) (16). This family of
enzymes, which have been detected in foam cells in atherosclerotic plaques taken from
human as well as animal subjects, can digest all the structural matrix components of the
fibrous cap (46). The enzymes are usually localized to the rupture-prone shoulder regions
and to sites of enhanced circumferential stress (47). Thus, the processes of plaque
inflammation and integrity of the fibrous cap are intimately related, and one cannot
properly discuss one or the other without a clear understanding of both processes.

TRIGGERS

Events triggering plaque rupture have been intensely investigated. Coronary plaques
are constantly stressed by a variety of mechanical and hemodynamic forces that may
trigger disruption of vulnerable plaques (48). These include plasma catecholamine surges
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Fig. 5. Black-and-white diagram showing metabolism of collagen and elastin in the plaque’s
fibrous cap. The vascular smooth muscle cell synthesizes the extracellular matrix protein, col-
lagen, and elastin from amino acids. In the unstable plaque, interferon-y (IFN-y) secreted by
activated T cells may inhibit collagen synthesis, interfering with the maintenance and repair of
the collagenous framework of the plaque’s fibrous cap. The activated macrophage secretes
proteinases that can break down both collagen and elastin to peptides and eventually amino acid.
This breakdown of these structural molecules of the extracellular matrix can weaken the fibrous
cap, rendering if particularly susceptible to rupture and precipitation of acute coronary syn-
dromes. IFN-y secreted by the T lymphocytes can in turn activate the macrophage. Plaques also
contain other activators of macrophages, including g tumor necrosis factor-o. (TNF-a), macro-
phage colony-stimulating factor (M-CSF), and macrophage chemoattractant protein-1 (MCP-1),
among others. From ref. 42.

and increased sympathetic activity (49), blood pressure surges, exercise (50), changes
in heart rate and contractility affecting the angulation of coronary arteries, coronary
vasospasm (5/), and various hemodynamic forces (52,53). Hence, plaque rupture is a
function of both internal plaque changes (vulnerability) and external stresses (triggers).
Vulnerability is more important than triggers in determining the risk of a future event,
because if no vulnerable plaques are present in the coronary arteries, there is no rupture-
prone substrate for a potential trigger to affect (54).

Platelets

Once plaque rupture occurs, exposing thrombogenic substances to flowing blood, the
interaction of platelets and coagulation factors, namely thrombin, determines the mag-
nitude and extent of thrombosis at the site (Fig. 6). Platelet deposition occurs almost
instantaneously after deep arterial injury. Triggered by damage to the vessel wall and
local exposure of the subendothelial matrix, platelets adhere to subendothelial collagen.
Atleast two rheological factors potentiate early platelet binding to the subendothelium.
First, platelets are unevenly distributed in flowing arterial blood. Owing to the dynamics
of laminar flow and the relative densities of the blood corpuscles, platelets tend to
concentrate at the periphery, directly adjacent to the endothelium (55). This enhances
maximal platelet-collagen interaction and facilitates binding in areas of endothelial
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Fig. 6. Interaction between antiplatelet and antithrombin agents and the process of thrombosis.
ADP = adenosine diphosphate; ATIII = antithrombin IIT; Epi = epinephrine; GP Ib receptor =
glycoprotein Ib receptor; GP IIb/I11a receptor = glycoprotein IIb/ITla receptor; GP IIb/II1a inhibi-
tors = glycoprotein IIb/IIIa inhibitors; LMWH = low-molecular-weight heparin; TxA, = throm-
boxane A,; VWF = von Willebrand’s factor. Reprinted with permission from ref. 74.

injury. Second, through poorly understood mechanisms, high shear stress is known to
increase activation of platelets (55). Platelets traveling through an area rendered acutely
stenotic by plaque rupture are transiently exposed to high shear stress forces and may
become activated. Adherence is mediated primarily by the von Willebrand Factor (vVWF),
a multimeric glycosylated protein that is synthesized in endothelial cells and secreted
into the subendothelium, where it binds to collagen (55). Coverage of the exposed
site by platelets depends on the recognition of adhesive proteins by specific platelet-
membrane glycoproteins, many of which are integrins (56).

The glycoprotein (GP) Ib receptor, which exists in a complex with glycoprotein-1X
and glycoprotein-V on the platelet surface, binds vWF and is the principal glycoprotein
involved in the initial contact between platelets and the vessel wall (57). Because GP Ib
is a constitutively expressed integrin, resting platelets can bind vWF and thereby adhere
to collagen without first being activated. Platelets then continue accruing at the site of
endothelial cell denudation until the entire area of injury is covered by a platelet mono-
layer, anchored to the subendothelium via the GP Ib-vWF bond.

Platelet activation follows adhesion and can be initiated by several mechanical and
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Table 3

Platelet Granule Content
Alpha granules Dense granules Lysosomes
Fibrinogen Serotonin Glucose-6 phosphatase
Thrombospondin Calcium Acid phosphatase
Beta thromboglobulin ATP Platelet Factor 3
Platelet Factor 4 ADP B-N-Acetyl-galactosominidase
Albumin Pyrophosphate a-Arabinosidase
vWF
Fibronectin
Factor V
o 2 Macroglobulin
Vitronectin

a,-Proteinase inhibitor
Histidine-rich glycoprotein
Platelet-derived growth factor

chemical stimuli. The presence of thrombin and the adhesion of platelets to collagen and
other components of the subendothelial matrix are among the strongest stimulators of
platelet activation. Though they are capable of little or no protein synthesis, platelets
contain, sequestered in their granules, numerous prepacked extraordinarily potent mol-
ecules (Table 3) (58). Once bound and subsequently activated, these platelets release the
contents of their storage granules, which contain, in addition to potent growth factors
(mitogens), various other substances such as serotonin, ADP, thromboxane A2, and
epinephrine that are capable of activating additional nearby platelets. Irrespective of the
agonist, the final common pathway leading to the formation of the platelet plug is platelet
aggregation. These activated platelets, however, do not bind via the aforementioned GP
Ib-vWF interaction, as these sites are already occupied by the initial platelet monolayer.
Instead, further platelet recruitment depends upon the expression of a second platelet
receptor, the glycoprotein IIb/IIla (GP Ilb-11la) receptor complex (Fig. 7).

The GP IIb-IIla receptor belongs to the integrin family of heterodimeric adhesion
molecules, which are formed by the noncovalent interaction of a series of alpha and beta
subunits (59). Integrins are found on virtually all cell types and mediate a diversity of
physiologic responses. Multiple integrins (Ia/Ila, Ic, Ila, receptor for Laminin, etc.) are
present on the surface of the platelet and play a role in platelet adhesion (60). The GP
IIb-IIIa receptor is the most abundant on the platelet surface, with approximately 50,000
copies per platelet. Though clearly the most clinically important interaction is with
fibrinogen, the receptor has also been shown to bind other adhesive proteins involved in
aggregation, such as fibronectin, vitronectin, and vWF (61,62).

The recognition specificity of the GP IIb-Illa receptor is defined by two peptide
sequences. The Arg-Gly-Asp (RGD) sequence was initially identified as the adhesive
sequence in fibronectin, butis also present in fibrinogen, vWF, and vitronectin. All these
ligands contain at least one RGD sequence, whereas fibrinogen contains two RGD
sequences per half-molecule (42). The second sequence involved is the Lys-Gln-Ala-
Gly-Asp-Val sequence, located at the extreme carboxy terminus of the gamma chain of
fibrinogen (63,64). Unlike the RGD sequence, this sequence is found only in fibrinogen.
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Fig. 7. Overview of the processes of platelet activation and aggregation and the inhibition of
platelet aggregation by inhibitors of glycoprotein (GP) IIb/IIla receptors. Platelet activation
causes changes in the shape of platelets and conformational changes in GP IIb/IIIa receptors,
transforming the receptors from a ligand-unreceptive to a ligand-receptive state. Ligand-
receptive GP IIb/IIIa receptors bind fibrinogen molecules, which form bridges between adjacent
platelets and facilitate platelet aggregation. Inhibitors of GP IIb/IIIa receptors also bind to GP ITb/
III receptors, blocking the binding of fibrinogen and thus preventing platelet aggregation. From
ref. 57.

Electron microscopic (EM) and immunological studies suggest that this second
sequence is the predominant site for fibrinogen-GP IIb-11la binding (65,66).

Resting platelets do not express GP IIb-IIla in a configuration suitable for ligand
binding, but upon platelet activation this complex undergoes a conformational change
that allows it to avidly bind fibrinogen (67). Once activated, the original platelet mono-
layer recruits additional platelets, eventually forming a platelet plug via GP IIb-Illa-
fibrinogen-GP IIb-IIla bridging. This process replicates itself as new platelets enter the
injured vascular bed, become activated, expressing GP IIb-IIla receptors in the appro-
priate conformation, and become incorporated into the growing plug. The area of pre-
viously denuded endothelium is thereby quickly covered by the growing platelet plug.
Left unchecked with no compensatory mechanisms, this process would lead to arterial
lumen occlusion. This is prevented as neighboring endothelial cells secrete anti-
aggregatory agents including prostacyclin, endothelial derived relaxation factor (EDRF)
or nitric oxide (NO), as it is now known, and ADPase (34).

The Coagulation Cascade

The initial flow obstruction after arterial injury is usually due to platelet aggregation.
However, a pure platelet thrombus is very unstable, and may be easily dislodged unless
itis subsequently reinforced by fibrin cross-linking. Therefore, both platelets and fibrin
play intimate roles in thrombus formation.

Following arterial injury, in vivo coagulation is initiated by the tissue factor-dependent
pathway. This system becomes activated when tissue factor comes in contact with cir-
culating factor VII, a plasma zymogen (Fig. 8). Recall that the coenzyme tissue factor
is found on the surface of macrophages, fibroblasts, smooth muscle cells, and activated
endothelial cells. The atherosclerotic plaque itself also contains abundant tissue factor,
which is synthesized by lipid-laden foamy macrophages and is predominantly localized
in the necrotic core of the plaque (68).
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Ca* = calcium. Reprinted with permission from ref. 75.

The tissue factor (TF)-VII complex undergoes limited autoactivation, generating the
more potent TF-VIla complex. This process then replicates, leading to a self-amplification
of the TF-VIla complex (35). After self-amplification, the TF-VIla complex then forms
an additional complex with plasma coagulation factor X on the surface of activated
platelets. This is thought to occur on activated platelets because the platelet membranes
contain essential phospholipids that are in the correct configuration to support coagula-
tion. Once factor X is converted to Xa by limited proteolysis, it disengages from the
complex, then reassembles on the platelet with factor V to form the so-called
“prothrombinase” complex (Xa-V). However, in its inactive form, this complex is inef-
ficient in converting prothrombin to thrombin. The mechanism of thrombin-mediated
positive feedback is not fully understood, but moderate levels of thrombin may be
capable of activating factor V to a more potent cofactor, factor Va (69). This then
assembles with Xa to form the Xa-Va prothrombinase complex, with dramatically more
thrombin-generating capability (70). Increased levels of thrombin also enhance the
conversion of factor VIII to VIIIa, which then combines with factor IXa on the platelet
surface, dramatically increasing the conversion of factor X to Xa, and subsequently
generating even more prothrombinase complex (71).

Each of the reactions following the TF—VII interaction occurs on the surface of acti-
vated platelets. Hence, thrombin-mediated platelet activation can be considered another
of the positive feedback mechanisms responsible for the dramatic increase in thrombin
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generation leading to clot formation. More intense platelet recruitment increases the
available platelet surface area, thus enhancing thrombin generation. Thrombin presum-
ably plays a key role in additional platelet recruitment, as thrombin itself is the most
potent physiological activator of platelets (35).

Similar to the mechanisms that limit platelet growth to areas of endothelial injury,
there are also mechanisms to limit thrombin generation and subsequent fibrin formation.
The two principal inhibitors are the heparin sulfate-antithrombin IIT (AT III) system and
the thrombomodulin-protein C-protein S system. AT III binds circulating thrombin,
inactivates it, and eventually clears it through the reticuloendothelial system. Once
bound by heparin, AT III undergoes a conformational change that greatly enhances its
affinity for thrombin (72).

Inthe presence of ongoing thrombin generation, neighboring endothelial cells increase
their concentration of a membrane-bound protein receptor, thrombomodulin (Fig. 9).
This protein is capable of modifying the function (specificity) of thrombin. Whereas the
preferred substrates for free thrombin are factors V, VIII, fibrinogen, and possibly factor
XI, thrombin associated with endothelial-cell thrombomodulin alters its affinity so that
it binds specifically (and virtually exclusively) to a plasma protein referred to as protein
C (35). Limited proteolysis of protein C by thrombomodulin-bound thrombin activates
protein C, which then associates with protein S. This complex is then able to inhibit
factors Va and VlllIa, abolishing the procoagulant properties of these cofactors.

THE PROCESS OF THROMBUS FORMATION

Though it is conceptually useful to view the components of the thrombotic process
individually, it must be understood that these processes occur simultaneously and in
concert. As mentioned previously, without the appropriate substrate (a vulnerable
plaque), the various triggers known to be associated with unstable coronary syndromes
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are of no clinical consequence. Once plaque rupture does occur, the response to this
perturbation is multifactorial, with the final clinical outcome dependent on the interplay
of the components described above, namely, the (dysfunctional) endothelium, the
procoagulant constituents of the exposed plaque, activated platelets, and tissue factor-
dependent coagulation mediated primarily by thrombin. It appears as if most ruptured
plaques are resealed by a small mural thrombus, and only infrequently does a major
luminal thrombus evolve. The factors that seem to determine the thrombotic response
include the character and extent of the exposed thrombogenic substrate; local flow
disturbances secondary to degree of stenosis and surface irregularities; and thrombotic-
thrombolytic equilibrium at the time of rupture (58), incorporating the dynamic interac-
tion between activated platelets and components of the coagulation cascade.

Based on these mechanisms of thrombus formation and propagation, treatment strat-
egies utilizing an understanding of the molecular pathophysiology of this process con-
tinue to be developed. These then form the underpinnings of randomized controlled trials
to evaluate the clinical outcomes of these therapies in populations of patients undergoing
percutaneous interventions or with ACS.
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INTRODUCTION

Platelets are born from megakaryocytes and are bred to adhere. As such, these anuclear
particles represent one of the most highly specialized cells within the body. This func-
tional dedication to adhesion is essential in order to prevent excessive bleeding from sites
of vascularinjury. The rapidity with which platelets seal an injured vessel is aremarkable
testament to their adhesive specialization and is essential to the maintenance and/or
restoration of vascular integrity. As with many physiological systems, an overly exuber-
ant cellular response can have major pathophysiological consequences. In the case of
platelet adhesion, the out-of-control response can be devastating, thrombosis.

Platelet attachment and spreading reactions, together referred to as platelet adhesion,
are essential for the hemostatic function of platelets. Platelet adhesion depends primarily
upon interaction of these cells with components of the subendothelial matrix thatbecome
exposed as a consequence of injury to the endothelial cell lining of the vessel wall.
Engagement of these substrates is mediated by an array of adhesion receptors which are
displayed upon the cell surface. Platelet—platelet interactions, platelet aggregation, are
essential for formation of a complex thrombus, and, thereby, for the thrombotic proper-
ties of platelets. Platelet aggregation depends primarily upon the engagement of the
plasma proteins, fibrinogen, and von Willebrand factor (vWF), by the cell-surface gly-
coprotein, GPIIb-IIla (integrin oy, B3). In theory, the thrombotic function of platelets can
be inhibited without severely compromising their hemostatic function by blockade of
GPIIb-IIIa. Direct evidence that this theory can, in fact, be reduced to practice has been
provided from studies in animal models and from clinical trials in humans.

From one perspective, this volume can be viewed as a testimonial to the principle that
the adhesion and aggregation functions of platelets are sufficiently separable that GPIIb-
IIIa can be targeted for antithrombotic therapy without causing excessive bleeding. This

From: Contemporary Cardiology: Platelet Glycoprotein IIb/Illa Inhibitors in Cardiovascular Disease
Edited by: A. M. Lincoff and E. J. Topol © Humana Press Inc., Totowa, NJ

21



22 Part I / Basic Principles

chapter focuses on the mechanisms underlying platelet adhesion. The major receptor
systems and their ligands will be discussed briefly. GPIIb-IIIa and its role in platelet
aggregation are considered in Chapter 3. Unfortunately, the adhesive and aggregation
functions of platelets are not entirely separable, and a bleeding risk may be intrinsic to
effective blockade of GPIIb-IIla. This overlap may be due to the requirement for some
platelet aggregation for effective hemostasis or, as discussed below, the role of GPIIb-
IITa not only in platelet aggregation but also in platelet adhesion. It is the severity of the
bleeding risk relative to the antithrombotic efficacy that will shape the future of GPIIb-
IITa antagonists.

SUBSTRATE PROTEINS FOR PLATELET ADHESION
The Subendothelial Matrix

In addition to serving as a physical barrier, endothelial cells synthesize and elaborate
components, notably PGI,, NO, and enzyme(s) that degrades ADP (/,2), which prevent
platelet activation and adhesion. When the endothelium is disrupted, these platelet sup-
pressive activities are lost, and components of the subendothelium which support plate-
let adhesion become exposed. As discussed shortly, there are a variety of subendothelial
cell constituents that serve as substrates for platelet attachment and spreading. Further-
more, the matrix is a mutable surface. It can be remodeled as a consequence of its
interaction with plasma proteins and/or by proteolysis, and these alterations influence its
capacity to support platelet adhesion. Another relevant consideration is that, since the
phenotypic properties of endothelial cells from different blood vessels varies, the com-
position of the matrix they deposit will vary as well. Accordingly, certain proteins may
play a dominant role in supporting platelet adhesion in certain blood vessels. Moreover,
even at the same anatomical location, the composition of the atherosclerotic plaque and
the nature of the fissure or injury to the endothelium will expose different substratum.

Some of the major subendothelial matrix proteins that support platelet attachment
and/or spreading reactions are listed in Table 1. From the extent of this list, it is clear that
platelets can adhere to a variety of substrates once the endothelium has been disrupted.
Not all of the adhesive proteins listed in Table 1 support the same spectrum of platelet
responses. For example, under some conditions, platelets attach to but do not spread on
laminin (3), whereas vWF and fibronectin appear to support both cell attachment and
spreading (4—6). Certain collagen types not only support the attachment and spreading
of platelets but also evoke platelet secretion (7). In turn, the secretory response, which
can be induced by a variety of platelet agonists, directly influences the adhesive prop-
erties of platelets by altering their surface. Specifically, as a consequence of the secretory
response, certain adhesion receptors become expressed (e.g., P-selectin) (8) and the
density and/or distribution of others becomes altered [e.g., GPIIb-IIIa (9), GPIb-IX
(10)]. Of the multiple forms of collagen, types I, III, IV, and VI are regarded as being
particularly important in supporting platelet adhesion (11,12).

Although endothelial disruption is the primary stimulus for platelet adhesion, there
is also developing evidence that platelets can interact with activated endothelial cells
(13) and neutrophils, in turn, can interact with the surface of such adherent platelets
(14,15). The role of such cell-cell interactions in thrombus formation remains to be
determined. Although not interacting directly with platelets, erythrocytes also exert a
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Table 1
Major Subendothelial Proteins that Support Platelet Adhesion

Matrix constituent Comment

Collagens Large family of proteins that can support platelet adhesion
aggregation, and secretion

von Willebrand factor Large multimeric protein critical for the hemostatic function
of platelets

Fibronectins Dimeric or multimeric proteins that support attachment and

spreading of platelets

Thrombospondins Trimeric proteins exhibiting both adhesive and antiadhesive
properties for platelets

Laminins Proteins supporting platelet adhesion

marked effect on adhesion of platelet to the vessel wall (1/6). Thus, the subendothelial
matrix, and perhaps even intact endothelium, provides multiple substrates and mechanisms
to support platelet adhesion, and other vascular cells can modulate these interactions.

Nonmatrix Adhesive Proteins

In addition to the subendothelial matrix, proteins that support platelet adhesion can
be derived from two other biologically relevant sources: blood, which comes in contact
with the injured vessel; and platelet alpha-granules, which secrete their content of adhe-
sive proteins when stimulated by agonists. The sources of key platelet adhesive proteins
are listed in Table 2. Some of the platelet adhesive proteins (e.g., vVWF and fibronectin)
reside in all three locations. Fibrinogen and vitronectin are present in platelets and
plasma, but are apparently not synthesized by the endothelial cells. However, they are
components of the provisional matrix formed at sites of vascular injury and are, there-
fore, particularly relevant substrates for platelet adhesion. It should be noted that the
molecular forms of the adhesive proteins derived from these different sources are not
identical. For example, the degree of vWF multimerization differs for the plasma and
platelet forms (/7), and the splicing variants of fibronectin differ depending upon their
sites of synthesis (/8). As still yet another variable, a variety of these adhesive proteins
interact with one another. For example, vVWF, fibronectin, and thrombospondin all bind
to collagen (/9-21). These interactions may indirectly bridge platelets to a matrix pro-
tein or may modulate the adhesive properties of the matrix.

Shear and Platelet Adhesion

Shear rate developed by flowing blood varies with vessel caliber. Local turbulence
may develop as blood flows across the irregularities of an atherosclerotic plaque or a
developing thrombus. Variations in the fluid dynamics of blood greatly influences plate-
let adhesion (22—24). Over the past decade, more and more studies of platelet adhesion
have been conducted under flow conditions to help ensure the biological relevance of the
analyses. Shear is particularly important in defining the contribution of vWF to platelet
adhesion. In in vitro experiments, a role of vVWF in platelet adhesion is readily demon-
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Table 2
Origins of Platelet Adhesive Proteins
Adhesive protein Matrix Plasma Platelets
von Willebrand factor + + +
Fibronectin + + +
Thrombospondin + - +
Vitronectin - + +
Fibrinogen — + +
Laminin + - -
Collagen + - -

“Constituent of provisional matrix.

strable at high but not at low shear or under static conditions (5,25). [By contrast, a role
for fibronectin in supporting platelet adhesion can be demonstrated at both high and low
shear (26).] Nevertheless, patients with von Willebrand Disease have a major bleeding
diathesis, attesting to the importance of vVWF and shear in supporting platelet function.
Shear may exert its influence on platelet:vWF adhesion by affecting the conformation
of the adhesive protein or its platelet receptor, GPIb, or both (24,27,28).

PLATELET ADHESION RECEPTORS

The individual adhesive proteins discussed above interact with platelets by serving as
ligands for specific cell-surface receptors. The major platelet adhesion receptors are
listed in Table 3. Several nomenclature systems have been used to identify the same
membrane proteins of the platelet. The original nomenclature was based on electro-
phoretic mobility, giving rise to glycoprotein (GP) I, II, III, etc., with GPI having the
highest molecular weight. As gel separation and protein detection systems became more
sophisticated, several proteins were discerned with similar electrophoretic mobilities
(e.g., GPI became GPIa, GPIb, and GPIc). Several of the membrane proteins exist on the
platelet surface as noncovalent complexes; thus, GPIb-IX, GPIc-Ila, GPIIb-IIIa, should
be viewed as single membrane proteins with multiple subunits. Despite these ambigu-
ities, the nomenclature based on electrophoretic properties remains widely used. Other
nomenclature systems have arisen from the fact that several platelet membrane proteins
are present and have been assigned different names on other cell types. This is the basis
for the very late antigens (VLAs) and leukocyte differentiation (CD) designations, which
now receive limited usage in the platelet literature. Some receptors also are identified on
the basis of their function (e.g., the vitronectin and the fibronectin receptors). A func-
tional designation has a major limitation since multiple membrane proteins can function
as receptors for the same ligand, e.g., vitronectin (o3 and a,f3) and fibronectin
(onpP3 and asf), and several platelet membrane proteins can function as collagen
receptors (see below). Beyond creating a nomenclature complexity (nightmare), the
functional redundancy of the platelet receptors enables the cell to establish multiple
contacts with a single matrix constituent. In turn, a single ligand may initiate several
distinct functional responses by engaging multiple receptors. The major platelet adhe-
sion receptors are discussed as follows.
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Table 3
Major Platelet Adhesion Receptors
Receptor Common alternative designations Major adhesive ligands
GPla-Ila a,B;, VLA-2 Collagen
GPIb-1X-V vWF
GPlIc-Ila asfy, VLA-5, fibronectin Fibronectin
receptor
GPIIb-IIIa P Fibrinogen, vWF, fibronectin,
vitronectin, thrombospondin
GPIV GPIIIb, CD36 Collagen, thrombospondin
GPVI Collagen
aef Laminin
ayPs Vitronectin receptor Vitronectin, fibrinogen,

fibronectin, vWf
thrombospondin, osteopontin

Platelet Integrins

Many of the adhesive protein receptors on platelets, including GPIIb-IIla, are integrins.
The integrins are a broadly distributed family of heterodimeric cell-surface molecules
that share certain structural, immunochemical, and functional properties (29-33). A
prototypic integrin structure is illustrated in Fig. 1A. The B-subunits, of which eight are
known currently, are highly homologous to one another, exhibiting extensive (35-45%)
identity at the primary amino acid sequence level. The a-subunits, of which 15 are
presently known, are also similar to one another, but exhibit less extensive sequence
identity. The a-subunits are synthesized as single-chain polypeptides; but some, such as
GPIIb (ayy,), are proteolytically processed to a two-chain, disulfide linked form (34-37).
Each a-subunit has a short cytoplasmic tail, a single transmembrane segment and a large
extracellular portion, which contains several cation binding sites. Each -subunit is the
product of a separate gene and combines in a noncovalent complex with an a.-subunit to
form an adhesive protein receptor. Each 3-subunit also spans the membrane once and
typically has a short cytoplasmic tail. The extracellular domain is formed by complex-
ation of the - and (3-subunits, and high affinity binding of adhesive proteins depends
upon contributions from both subunits. A single -subunit can combine with several
a-subunits, with each complex having distinct functional properties. The cytoplasmic
tails of the subunits link to the intracellular cytoskeleton and to signaling pathways,
interactions that determine the roles of integrins in cell adhesion and signal transduction.
Key to the regulation of the ligand binding function of many integrins is their activation
state. Stimulation of cells by a variety of agonists can generate intracellular signals,
which are transmitted from within the cell to the extracellular domain of integrins,
enhancing their affinity for ligands (inside-out signaling). Similarly, occupancy of
integrins can generate signals that are transmitted across the membrane and initiate
intracellular responses (outside-in signaling). Such bidirectional signaling as it relates
to GPIIb-IIIa function are discussed separately in Chapter 3 and reviewed elsewhere
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Fig. 1. (A) Schematic depiction of the structure of a prototypic integrin adhesion receptor.

(38,39). Although it is clear that the other integrins that are present on platelets can be
activated in other cell types, the importance of such activation to the hemostatic function
of platelets is uncertain.

Platelets express two major -subunits, 3; and 35 (3, has been reported to be present
at low levels), and five a-subunits (Table 4). Of the integrins expressed on blood cells,
GPIIb-IIIa (oyy,P3) is the most narrowly distributed and is restricted predominantly to
platelets/megakaryocytes. GPIIb-1IIa may contribute to the association of platelets with
tumor cells (40—42), an interaction important to the metastatic dissemination of neoplas-
tic cells (43,44); and certain tumors have been reported to express GPIIb-I11a (41/).

Particularly relevant to the consideration of GPIIb-II1a blockade is its sister receptor,
o, B3, which shares the same [3; subunit (45—47). The ligand repertoires of oy,3; and o, 3; are
overlapping but not identical, and monoclonal antibodies and low molecular weight
antagonists have been developed, which are selective for each of the B3 integrins. o, 33
is expressed at low levels on platelets (50-500 copies) (48,49) in contrast to GPIIb-II1a
(40,000-80,000) (50). However, in vitro studies have ascribed a functional role of o, 35
in platelet adhesion (57,52). Furthermore, o35 is broadly distributed and is present at
high copy number on many vascular cells including endothelial cells, smooth muscle
cells, and certain leukocytes [see in (47,53)]. Its role in the biology of these cells include
contributions to angiogenesis, chemotaxis, cell adhesion, and migration (54,55). Thus,
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Fig. 1. (B) Schematic depiction of the GPIb-IX complex on the platelet surface [adapted from
ref. (24)].

cross reactivity of GPIIb-IIla antagonists with o33 is an important consideration
although the consequences of such cross-reactivity (beneficial, deleterious, or neutral)
have not been resolved.

Role of GPIb-1X in Platelet Adhesion

GPIb-IX is critical to the hemostatic function of platelets. Patients with Bernard-
Soulier syndrome lack GPIb-IX and have a marked bleeding diathesis (56,57). The
major role of GPIb-IX in hemostasis can be traced to its function as a receptor for vVWF
(22,24,58-60). vWF is composed of multiple functional domains, including domains
involved in binding to GPIb (61/,62) and to matrix collagen (63). Thus, vVWF in the matrix
may directly mediate platelet adhesion, and the plasma and/or platelet forms of the
molecule may bridge the cells to other matrix components. In vitro, vVWF does not
interact directly with GPIb on platelets. An interaction can be measured in the presence
of ristocetin (64), an antibiotic, or botrocetin (65), a snake venom peptide. High shear
appears to serve as the physiologic counterpart of these agonists (25). High shear alters the
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Table 4
Platelet Integrins
Integrin Ligands
a4 Collagen
asfy Fibronectin
amBs Fibrinogen, fibronectin, vitronectin, von Willebrand

factor, thrombospondin, factor XIII, prothrombin

ayPs; Vitronectin, fibrinogen, von Willebrand factor,
thrombospondin, fibronectin, prothrombin, osteopontin

aefy Laminin

conformation of vVWF and/or GPIb-IX, permitting their productive interaction (27,66—68).
Such high shear stress can be attained in the microcirculation or in narrowed arteries.

GPIb-IX is multifunctional, as it can also serve as a binding site for thrombin (69,70).
It also is a target for certain of the drug-induced platelet antibodies and bears several
alloantigens (24). The full primary structures of both GPIb and GPIX was determined
from cDNA cloning approaches (71,72). GPIb is composed of a heavy chain (o) and a
light chain (), and both span the platelet membrane once (see Fig. 1B). GPIba associ-
ates with actin-binding protein (73), thereby establishing a linkage with the cytoskeleton
of the platelet (74). The extracellular portion of the a-chain is highly susceptible to
proteolysis, and a large proteolytic fragment, glycocalicin, can be detected in the plasma
of some patients with thrombocytopenic disorders (75). GPIX is a small, single-chain
polypeptide with a molecular weight of 20,000. All three subunits of the GPIb-IX com-
plex are structurally related and contain leucine-rich structural motifs (28). GPV also is
deficient from Bernard-Soulier platelets and forms a loose association with GPIb-IX
(76), but its role in the function of GPIb-IX is uncertain. An important consequence of
occupancy of GPIb-IX by vWF is the induction of intracellular signaling events, which
ultimately lead to activation of GPIIb-IIla and then platelet aggregation (77). GPIb-1X
has been shown to associate with 14.3.3 (78), a protein that has been implicated in
signaling pathways in many cells. Also, the cytoplasmic tails of the GPIb-IX complex
are subject to phosphorylation of specific serine residues (79), modifications that may
control its interactions with actin binding protein (73) and, consequently, with the
cytoskeleton and signaling pathways. Recent data indicate that vVWF:GPIb-IX may play
a significant role not only in platelet adhesion and activation of GPIIb-IIIa, but also in
mediating direct platelet—platelet interactions (80).

Platelet Collagen Receptors

If functional redundancy is an indication of importance, then collagen must be a
particularly important substrate for platelet adhesion [reviewed in (//,12)]. In addition
to the bridging of collagen to platelets via vVWF (see above) and fibronectin, no fewer
than three other distinct collagen receptors, GPla-Ila (integrin a,,f3,) (81), GPIV (82,83)
and GPVI(84), exist on platelets. Natural deficiencies of all three of these receptors have
been reported to reduce platelet adhesion to collagen (85—87), and the deficiencies of
GPIla-I1a and GPVI lead to bleeding diatheses. Recent studies have suggested coopera-
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tive roles for these receptors in platelet adhesion (88). GPla-1la and GPIV (82) are
involvedinthe initial adhesion of platelets to collagen [although the relative contribution
of these receptors is controversial (86,89)], and GPVI is primarily involved in platelet
activation and aggregation induced by collagen. Collagen structure also plays a signifi-
cantrole in influencing platelet reactivity (90,91). The triple helical structure of collagen
(92) is important in triggering platelet adhesion and secretory responses as is the degree
of multimerization (monomeric vs fibrillar collagen). Superimposed on these variables
are differential effects of shear rates on platelet adhesion to collagens (93). These vari-
ables are considered in detail in several recent articles and reviews (/1,12,88).

GPIIb-I1la as an Adhesion Receptor

Inadditiontoitsrolein platelet aggregation, GPIIb-IIlais a platelet adhesion receptor.
This adhesive function reflects the capacity of GPIIb-IIIa to recognize multiple ligands,
which are present in matrices. These ligands include fibronectin (94), thrombospondin
(95), and vWF (96). Fibrin(ogen) (97) and vitronectin (98), which deposit at sites of
vascular injury, also support platelet adhesion via GPIIb-IIIa. Without exception, all of
these ligands have alternative and/or cooperative platelet adhesion receptors. As an
illustrative example, thrombospondin is recognized by GPIIb-I11a (95) and a5 (51),
with both integrins probably recognizing an RGD sequence within the ligand. GPIV
recognizes a distinct site within thrombospondin (99-/01) and the integrin-associated
protein (IAP) cooperates with GPIIb-IIIa to develop a tight interaction of thrombospondin
with the platelet surface (/02,103). Also without exception, recognition of these adhe-
sive ligands by GPIIb-IIIa is blocked by the same set of monoclonal antibodies (/04) to
the receptor and by the RGD and gamma chain ligand peptides (/05-108). Accordingly,
although not systematically explored in the literature, it is a reasonable prediction that
all of the GPIIb-IIIa antagonists developed to date will block recognition of these adhe-
sive substrates as well as blocking the binding of soluble ligands to the receptor. With
the availability of other platelet receptors to recognize these ligands, such blockade may
not compromise hemostasis; however, numerous in vitro studies [e.g., (109-111)] con-
ducted under both static and flow conditions have demonstrated a role of GPIIb-IIla in
platelet adhesion to various substrates. Thus, the consequences of GPIIb-IIla blockade
on platelet adhesion in the setting of human therapy remains uncertain.
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EF hand Structural motif forming a calcium binding site typified by helices E and F
of parvalbumin

FACS Fluorescent activated cell sorter

FAK Focal adhesion kinase—a cytoplasmic tyrosine kinase

Fey A protein found associated with the Fc receptor complexes FcyRIII and
FcMRI, which contains an ITAM (see below)

GP Glycoprotein

1P3 Inositol triphosphate

ITAM Immune receptor tyrosine activation motif—a consensus motif containing
two tyrosine residues which, when phosphorylated, are important in
initiating signals through a number of cell surface receptors present on cells
of the immune system

Kd Equilibrium dissociation constant

KQAGDV Peptide sequence consisting of the amino acids lysine, glutamine, arginine,
glycine, aspartic acid, and valine

LIBS Ligand-induced binding sites—neoepitopes expressed on GP IIb-IIla
following the binding of ligands like fibrinogen and GP IIb-I1la antagonists
and recognized by LIBS antibodies

Mac-1 The leucocyte integrin CD11b/CD18

MIDAS domain
Mr

nmr
P2X1

P2Y1
PARI, PAR3

Raf-1
RGD

SHC/GRB2

SOS
Src-family

Syk

TGFp

Metal ion-dependent adhesion site—structural motif identified first in
integrin oi-subunits

Apparent molecular weight of a protein determined by electrophoresis on
areduced SDS-polyacrylamide gel

nuclear magnetic resonance spectroscopy

ADP-activated ligand gated ion channel that directly increases intracellular
calcium levels

ADP-activated, Gg-coupled seven-spanning transmembrane receptor
Members of the protease activated receptor family that function as thrombin
receptors in platelets. Activated by cleavage of their amino-terminii leading
to the exposure of a new amino acid sequence that acts as a “tethered ligand”
to activate the receptors

Platelet derived growth factor

Protein Kinase C

A GP IIb-IIIa isotype

Phospholipase C—a phospholipase isoform which, when activated, can
lead to phosphoinositide hydrolysis, diacylglycerol production, and
increases in intracellular calcium levels

A serine/threonine kinase

Peptide sequence consisting of the amino acids arginine, glycine, and
aspartic acid

Two adaptor proteins capable of binding to phosphotyrosine residues of
signaling proteins. SHC can associate with GRB2, which can then associate
with SOS (see below) linking cell surface receptors to the Ras signaling
pathway

Son of sevenless—a guanine nucleotide exchange factor that activates Ras
A family of at least 11 cytoplasmic tyrosine kinases whose prototypic
member is Src

Spleen tyrosine kinase—also known as p72, a tyrosine kinase found in
hematopoietic cells. Known to bind to phosphorylated tyroinse residues in
ITAM motifs via its two SH2 regions

Transforming growth factor 3
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TRAP Thrombin receptor activation peptide—a peptide corresponding to the
amino acid sequence of the “tethered ligand” of the PAR I thrombin receptor.
This peptide can activate PAR1 in the absence of thrombin cleavage
VWF von Willebrand factor

INTRODUCTION

Glycoprotein (GP) IIb-IIIa [oyy,B5 in integrin nomenclature (/)], the most abundant
protein on the platelet surface, is the primary receptor mediating platelet aggregation, a
process central to acute arterial thrombosis and to hemostasis. Indeed, its central role in
aggregation positions GP IIb-IIIa at the heart of thrombosis and has directed aggressive
strategies into developing a new class of drugs, termed GP IIb-IIla antagonists, which
block the binding of adhesive proteins to GP IIb-IIla thus preventing platelet aggrega-
tion. GP IIb-IIla anatagonists have been shown to therapeutically regulate platelet func-
tion to prevent, for example, the thrombotic complications associated with coronary
artery disease (2—4). The pivotal role that GP IIb-1Ila serves in platelet aggregation arises
due to the dynamic nature of this receptor, which displays several functional activities
that are important not only in understanding how this receptor is involved in platelet
aggregation and thrombosis, but also, ultimately, for understanding how GP IIb-IIla
antagonists can be more effectively utilized to optimize their antithrombotic activities.

The first of these activities, and the most well known, is inside-out signaling through
GP IIb-IllIa to generate the receptor function for soluble fibrinogen. On unstimulated
platelets, GP IIb-IIla has low affinity for soluble fibrinogen, i.e., it is in an “inactive”
conformation. However, following stimulation of platelets by a variety of agonists, GP
[Ib-IITa undergoes a rapid conformational change such that it can now bind soluble
fibrinogen. This “activation” of the receptor function of GP IIb-IIla occurs as a result of
“inside-out” signaling events transduced by platelet agonists such as thrombin, adenos-
ine diphosphate (ADP) or collagen, agonists generated at sites of vascular injury such
as occurs during percuteaneous interventions, upon rupture of an atherosclerotic plaque,
or from external trauma. Upon binding to GP IIb-IlIa, the bivalent fibrinogen can fur-
ther mediate platelet aggregation by crosslinking the surfaces of activated platelets.
Several other ligands can also bind to active GP IIb-Illa including fibronectin, vitro-
nectin, and von Willebrand factor (vWf). Indeed, the binding of vW{f may have a unique
role in mediating aggregation under conditions of high shear such as would occur in
coronary arteries.

A second activity does not require prior platelet stimulation. It is now recognized that
when fibrinogen binds to GP IIb-IIla on the platelet surface, or otherwise becomes
immobilized on artificial surfaces, it undergoes a conformational change that allows it
to bind to “inactive” GP IIb-IIIa on unstimulated platelets. This binding results in “out-
side-in” signals being transduced via GP IIb-Illa, which, in turn, can lead to further
platelet activation including the activation of other GP IIb-IIla molecules on the platelet
surface, the induction of platelet secretion, and the consolidation and stabilization of
platelet aggregates. These events also occur when fibrinogen is immobilized on the
vessel wall. While the signaling pathways initiated by ligand binding to GP IIb-111a are
only now being elucidated, it is apparent that the cytoplasmic domains of both GP IIb
and GP IIla are involved in these processes. Proteins have been identified that bind to
these regions and are currently being evaluated for their potential roles in GP IIb-IIla
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signal transduction. These outside-in signaling events are also involved in processes
such as clot retraction where GP IIb-IIla serves as the transmembrane link between
extracellular fibrin and intracellular cytoskeletal proteins. Outside-in GP IIb-II1a signal-
ing also induces the release of platelet alpha granules, to link platelet aggregates to
coagulation, inflammation, and cell proliferation responses.

Additional functions for the extracellular regions of GP IIb-IIla include the reversible
binding of five moles of divalent cations, important not only in the structure and adhesive
protein binding activities of GP IIb-IlIa, but also in the binding of GP IIb-IIla antago-
nists. It is now recognized that GP IIb-II1a undergoes structural transition(s) following
the binding of either adhesive proteins or GP IIb-I1la antagonists resulting in the expres-
sion of neoepitopes, which can be detected by ligand-induced binding site (LIBS) anti-
bodies, a process that may have profound implications for chronic treatment with GP
IIb-I1la antagonists.

Furthermore, a number of other GP IIb-IIIa responses have to be taken into account
when considering the role of GP IIb-Illa in platelet aggregation. For example, the con-
centration of GP IIb-IIIa on the platelet surface can be markedly increased within sites
of thrombosis as platelet stimulation can increase GP IIb-IIla surface expression by as
much as 50%. Also, GP IIb-11la has been shown to shuttle between the plasma membrane
and the alpha granule membrane, providing a mechanism for the packaging of fibrinogen
in alpha granules during megakaryocytopoesis and an as-yet-unknown function in cir-
culating platelets.

Finally, genetic analysis of GP IIb-II1a continues to be an active area of investigation:
multiple point mutations have been identified that result either in defective expression
or function of this receptor resulting in the Glanzmann’s thrombasthenia phenotype:
polymorphisms have been identified and it has been proposed that the P12 isotype is
associated with accelerated coronary artery disease.

This chapter summarizes recent studies pertaining to the structure and function of GP
[Ib-IITa. The themes to be developed are twofold. First, GP IIb-1Ila is not a static recep-
tor, but one whose adhesive functions respond to and initiate signal transduction pro-
cesses within the platelet and whose distribution changes during platelet stimulation.
Second, the central role of GP IIb-Illa in aggregation indicates that it is an attractive
target for effective therapeutic regulation of platelet aggregation and thrombosis. Sev-
eral reviews of this subject have been published (5-7): the emphasis here will be on
concepts relevant to the role of platelets in arterial thrombosis and on recent advances.

GP IIb-111a IN PLATELET AGGREGATION

On unstimulated, discoid platelets as normally exist in circulation, GP IIb-IIla is
distributed between the plasma membrane (~80,000 copies per platelet), the alpha gran-
ule membrane (~40,000 copies per platelet), and the dense body membrane (trace
amounts) (8,9). Only limited receptor functions have been attributed to the GP IIb-IIla
on the surface of unstimulated platelets. One is to bind immobilized fibrinogen—a
reaction that may assist the recruitment of platelets to damaged vessel walls or to platelet
aggregates (/0). Another function of GP IIb-IIla on unstimulated platelets is to bind
prothrombin, which may contribute to the procoagulant activity of platelets (/7). How-
ever, following platelet stimulation, which also may involve alpha granule secretion, not
only is there an up to 50% increase in the GP IIb-11la expressed on the surface membranes
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Fig. 1. Schematic illustrating the role of GP IIb-IIla in platelet aggregation. On resting, discoid
platelets the GP IIb-IIIa is present in an “inactive” conformation and is unable to bind soluble
fibrinogen. Upon activation by classical agonists such as collagen, thrombin, or adenosine diphos-
phate (ADP) the platelet undergoes a shape change and the GP IIb-I11a is activated such that it
can now bind its soluble ligands, fibrinogen, and von Willebrand factor (vWf). Platelet aggrega-
tion is mediated by the bivalent fibrinogen forming bridges between GP IIb-IIla molecules on the
surfaces of neighboring, activated platelets.

of platelets, but GP IIb-I11a becomes a receptor for the soluble forms of several adhesive
proteins, including fibrinogen, vWT, fibronectin, and vitronectin. The affinity of fibrino-
gen for GP IIb-IIIa on stimulated platelets (Kd ~500 nmol/L) and the high concentration
of fibrinogenin plasma (~11 wumol/L) predicts that GP IIb-II1arapidly becomes saturated
with fibrinogen upon platelet stimulation. With time, the initial reversible binding of
fibrinogen to GP IIb-IIla becomes irreversible, possibly contributing to the stability of
platelet aggregates (/2). GP IIb-IIIa also shuttles between the plasma membrane and the
alpha granule membrane, which is independent of platelet stimulation (/3). This shut-
tling allows for the packaging of fibrinogen in alpha granules during megakary-
ocytopoiesis (/4) and for the uptake of GP IIb-I1la ligands in mature platelets (/5). The
function of GP IIb-IIIa shuttling in circulating platelets could potentially allow for the
uptake of GP IIb-IIla antagonists during antithrombotic therapy, a possibility not yet
fully explored (76).

The binding of fibrinogen and vWf{ following platelet stimulation causes platelets to
aggregate. In a simple aggregation reaction, as occurs with a stirred suspension of plate-
lets in a cuvet during laboratory analysis, it is likely that fibrinogen, which is bivalent,
bridges the surfaces of activated platelets (Fig. 1). Aggregation reactions under flow as
occurs during thrombosis and hemostasis within the vasculature are undoubtedly much
more complicated, primarily because of the effect of shear on cellular interactions. For
example, fibrinogen bound to the GP IIb-Illa on the surface of an aggregated platelet
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undergoes a conformational change into an “activated” form, which is capable of medi-
ating further cellular interactions. One is to bind the GP IIb-II1a on unstimulated platelets
(17) which, through a process known as “outside-in” signaling, induces platelet binding
and subsequent stimulation. Another is to bind Mac-1 on neutrophils to initiate the
adhesion of these cells (/8). Thus, these activities of bound fibrinogen are important as
they allow for the recruitment of unstimulated platelets and neutrophils, respectively,
into a growing thrombus. In another example, high shear, as would occur within a
constricted coronary artery induces the binding of vWT to the GP Ib-IX-V complex on
the platelet surface, resulting in platelet activation including the activation of the recep-
tor function of GP IIb-1I1a, vW{, and fibrinogen binding, and further platelet aggregation
(19,20). Both reactions, the interaction of bound fibrinogen with the GP IIb-IIla on
unstimulated platelets and the activation of GP IIb-IIla by vWT, serve to promote throm-
bus growth by mechanisms mediated primarily through the binding of adhesive proteins.

The amount of GP IIb-I11a recruited to the platelet surface during platelet stimulation
is a function of the strength of the platelet agonist. Potent agonists like thrombin cause
most of the alpha granule GP IIb-IIla to be recruited with prebound fibrinogen to the
platelet surface, whereas weak agonists like ADP only marginally increase the platelet
surface GP IIb-111a (27,22). This alpha granule pool of GP IIb-IIla is functionally impor-
tant. Indeed, thrombin stimulation of platelets in which the plasma membrane GP
[Ib-IIIa molecules have been rendered inactive can still induce sufficient functional
GP IIb-II1a to the platelet surface to support platelet aggregation (23). Clinical studies
have shown that thrombin-induced, but not ADP-induced platelet aggregation, is rapidly
restored following discontinuation of infusion of high-affinity GP IIb-Illa antagonists
like the Fab fragment, abciximab, or L-738,167, a synthetic GP IIb-IIla antagonist
(24,25). In these trials, the unbound pool of these antagonists, but not the platelet-bound
pool, is rapidly cleared. Because thrombin, but not ADP, induces maximal surface
expression of the alpha granule pool of GP IIb-IIla, thrombin-induced aggregation is
more rapidly restored. P-selectin is another alpha granule protein that becomes expressed
on the surface of activated platelets (26). Fluorescence-activated cell sorter analysis has
shown that thrombosis associated with percutaneous intervention or with unstable angina
increases the amount of platelet-associated P-selectin, implying that these clinical set-
tings increase the amount of activated platelets within the circulation, and also providing
an assay to measure such platelets (27).

GP IIb-IIIa STRUCTURE

The GP IIb subunit of GP IIb-IIla consists of two disulfide-linked subunits GP IIba.
(Mr=125kD) and GP IIbf (Mr =22 kDa), which are formed when the precursor GP IIb
polypeptide undergoes cleavage into a heavy and light chain. In contrast, GP Illa (Mr =
105 kDa) is a single polypeptide, which contains intrachain disulfide linkages. In both
cases, the proteins have large extracellular domains, single transmembrane domains, and
relatively short cytoplasmic domains (47 amino acids for GP I1la and 20 for GP IIb). The
cytoplasmic domains are accessible to signaling proteins within the platelet and are most
likely involved in signal transduction reactions transmitted by this integrin. Figure 2
shows a rotary shadowing image of purified GP IIb-IIla complexes and a depiction of
how the primary sequences of GP IIb and GP Illa may be accommodated into this
structure (28). Each complex consists of a globular “head” and two “legs” with hydro-



Chapter 3 / GP IIb-IIIa in Platelet Aggregation 41

® 8 \J] fr |

B C D E F

Fig. 2. Electron micrograph of rotary-shadowed GP IIb-IIla complexes. (A) A field of GP IIb-
IITa complexes (bar represents 50 nm). (B-F) Examples of GP IIb-IIla complexes with (below)
diagrammatic representations of the micrographs. The globular “head” includes the ligand bind-
ing sites in GP IIb-111a (29), whereas the “tails” appear to have a more flexible structure and are
used for membrane insertion. [Figure taken from ref. (28).]

phobic feet used for membrane insertion. The fibrinogen binding domain is contained
within the head (29) and extensive experimental approaches have been used to identify
the sequences within the head that constitute the adhesive protein binding pockets
including mutational analysis, peptide inhibition, chemical crosslinking, and blocking
monoclonal antibodies. Although the consensus from these experiments suggest that the
binding pocket consists of the MIDAS (metal ion-dependent adhesion site) domain
(residues 110-294 of GP Illa) (30-32) and the second of the four EF hands on GP IIb
(residues 297-308) (33), this assignment should be viewed with caution, as multiple
binding pockets appear to exist (described in the next sections) and definitive assign-
ments await structural analysis of cocrystals of GP IIb-IIla with its ligands.

LIGAND BINDING PROPERTIES OF GP IIb-IIla

Although both fibrinogen and vWf are ligands for GP IIb-IlIIa, these molecules utilize
different sequences to bind to the GP IIb-IIla and their binding is regulated differently
(Fig. 3). Fibrinogen consists of six polypeptide chains, two alpha, two beta, and two
gamma, arranged in a symmetrical, bivalent orientation. Because peptides containing
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Fig. 3. Model for the structure of GP IIb-IIIa with putative ligand binding sites, cation binding
sites, and LIBS epitopes indicated. The first panel indicates fibrinogen binding pocket on GP IIb-
IITa, which includes (A) the RGD binding site (residues 109—133) [reviewed in (33), (B) an
additional putative fibrinogen binding site (residues 212-217), as determined by peptide blocking
studies and mutagenesis experiments (/89), and (C) the site on GP IIb (residues 294-314)
responsible for binding the carboxy terminal hexapeptide (KQAGDYV) on the fibrinogen gamma
chain (790). Putative Ca®* binding sites are indicated in the middle panel. The four sites on
GP IIb are thought to resemble conventional EF-hands (/917) and involve residues 243-254,
297-308, 365-376 and 426-437, whereas the site on GP Illa from residues 110-294 is similar
to a MIDAS domain (30). Both the MIDAS-like Ca”* binding site on GP IlIla and the second
EF-like Ca®* binding site on GP IIb are also implicated in ligand binding. The third panel depicts
the regions thought to be recognized by the indicated LIBS (ligand-induced binding site) anti-
bodies. These epitopes become accessible following ligand binding. The sites on GP IIla were
mapped using baculovirus expressed recombinant proteins corresponding to different regions of
GP IIla (67) and encompass the following residues: for APS, 1-6; for D3, 422-490; for LIBS2,
LIBS3, LIBS6, and P41, 602-690. The site for PMI1 on GP IIb, residues 844—859, was mapped
using synthetic peptides (192).

the Arg-Gly-Asp (RGD) sequence were the first small peptides identified that blocked
fibrinogen binding and because the fibrinogen alpha chain has two RGD sequences, it
was initially assumed that one or both of these sequences were used to bind GP IIb-I11a
[reviewed in (7)]. Surprisingly, however, mutations of either RGD sequence in recom-
binant fibrinogen has no effect on fibrinogen-GP IIb-IIla interactions as measured either
by platelet aggregation (34) or platelet adhesion to immobilized fibrinogen (35). Con-
siderable attention has therefore been directed to the carboxy terminal hexapeptide on
the gamma chain, Lys-Gln-Ala-Gly-Asp-Val (KQAGDV), a GP IIb-IIla binding
sequence first identified by Hawiger and coworkers who showed that peptides contain-
ing this sequence are effective inhibitors of platelet aggregation (36). This sequence is
contained within both outer nodules of fibrinogen, the structural entity of fibrinogen that
binds GP IIb-IIIa (29). Additionally, antibodies to this sequence block fibrinogen bind-
ing (37), fibrinogen lacking this sequence does not support platelet aggregation and,
when mouse fibrinogen is mutated so that it lacks this sequence, a bleeding diathesis is
induced (38). The data are compelling, therefore, that fibrinogen binding to GP IIb-IIla
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occurs primarily through the gamma chain sequence. Equilibrium binding has shown
that GP IIb-IIIa has one binding site for RGD (39). In contrast, NMR analysis has shown
two binding sites for the gamma chain sequence, the second site being induced by
the binding of the first (40). Although RGD-containing peptides compete for the initial
binding of the gamma chain peptides, it is not yet known whether they bind to the same
or different sites, nor is it known how the second gamma chain site relates to the first.
GP IIb-IlIa is known to undergo a conformational change upon ligand binding (4/) and
Du et al. (42) have found that fixation of platelets with formaldehyde, when GP IIb-IIla
is occupied by a RGD peptide or a peptide from the carboxy terminus of the fibrinogen
gamma chain, preserves the fibrinogen binding conformation of GP IIb-I1la upon pep-
tide elution. Because neither peptide induces fibrinogen binding in the absence of fixa-
tion, it is likely that the fibrinogen-binding conformation of GP IIb-Illa induced by
peptide binding rapidly reverses upon ligand dissociation (43,44).

Fibrin harboring a deletion truncation of the gamma chain QAGDYV sequence is still
capable of supporting clot retraction (45). Because clot retraction is dependent on the fibrin
adhesive property of GP IIb-Illa, this finding suggests that conversion of fibrinogen to fibrin
exposes a different GP IIb-I1la binding site such as RGD or possibly even Lys-Gly-Asp
(KGD), a GP IIb-IIla binding sequence (46) found in the beta chain of fibrinogen.

Proteins other than fibrinogen that bind to GP IIb-Illa, e.g., vW{, fibronectin,
vitronectin, prothrombin, most likely do so by the RGD sequences contained within their
primary amino acid structures. Mutational analysis of the RGD sequence in vWTf support
this assignment (47): such data on the other adhesive proteins are not yet available. Of
these proteins, the binding of vWT is unique and has features that make it ideally suited
to mediate platelet adhesion and aggregation under conditions of high shear as can be
found in stenosed coronary arteries. vWf is a large, disulfide-linked multimer of ~220
kDa subunits that has two motifs that bind to receptors on platelets; in addition to the
RGD (residues 1744—1746), which binds to GP IIb-IIla , it also has an Al domain, a
disulfide-linked loop (residues 449—728) that binds the GP Ib-IX-V complex (48). Both
motifs in soluble vWT are refractory to unstimulated platelets. However, the conforma-
tional change vWf undergoes when it is immobilized on subendothelial structures,
exposed to conditions of high shear, or even when exposed to the antibiotic ristocetin or
the snake venom protein botrocetin, activates it to bind to the GP Ib-IX-V complex on
the platelet surface, an interaction mediated by the A1 domain. GP Ib-IX-V is a signaling
receptor and vWT binding induces platelet activation including the activation of the
receptor function of GP IIb-IIla, which allows it to bind the RGD sequence on vWf and
also to bind fibrinogen (49,50). The ability of vWf to support platelet aggregation under
conditions of high shear (5/) may be related to these dual binding motifs, repeated on
each subunit of vWT{, which together would be expected to bind with much higher affinity
than either would singly and are thus more capable of binding platelets under conditions
of high shear than is fibrinogen. The finding that aggregation initiated by platelet adhe-
sion to vWTf is GP IIb-IIIa dependent and is more important at high shear (20) suggests
that agonist-induced aggregation (e.g., thrombin- or ADP-induced) may be more impor-
tant at low shear. This may, in part, explain why GP IIb-Illa antagonists are more
effective at preventing arterial thrombosis than are agonist inhibitors like ticlopidine and
clopidogrel (3), because high shear conditions such as occurs in coronary arteries would
increase the importance of GP IIb-IIla binding to vW{ with subsequent GP IIb-Illa
activation—an interaction blocked by GP IIb-IIla antagonists but not by the inhibitors
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that affect ADP-induced platelet stimulation. It may also explain why direct thrombin
inhibitors caused bleeding as detected by cerebral hemorrage at doses required to inhibit
arterial thrombosis whereas GP IIb-IIla antagonists apparently do not (2).

The synthetic GP IIb-IIIa antagonists constitute a wide variety of structures, but as a
class do have a common structural feature, a positive and negative charge separated by
a distance of 10-20 A (52), a distance similar to that between the positive charge of
arginine and the negative charge of aspartic acid on RGD (53) and possibly even to that
of the positive charge on lysine and the negative charge of aspartic acid on the KQAGDV
sequence as it exists in a helical conformation (40). Although it is tempting to speculate
that these similarities indicate that synthetic GP IIb-IIla antagonists bind to the RGD or
KQAGDY binding site(s) and are classical competitive inhibitors of fibrinogen binding,
data are not yet available to support this competitive mode of inhibition. Most
disintegrins, a family of proteins found in snake venom and other hemataophagous
organisms express the RGD motif, which causes them to be potent antagonists of the
adhesive protein-binding activity of GP IIb-Illa and other integrins (e.g., o3, otsP;)
(54,55). Barbourinis aunique disintegrin as itexpresses a Lys-Gly-Asp (KGD) sequence,
which causes this disintegrin to specifically inhibit GP IIb-IIla (46), a finding that was
utilized in the synthesis of the cyclic heptapeptide, eptifibatide (4,56).

Ca?* IN GP IIb-1IIa FUNCTION

The primary amino acid sequences of GP IIb-1IIla predicts five divalent cation binding
sites on the GP IIb-IIla complex: the four EF hands on GP IIb; and the one MIDAS
domain on GP Illa (Fig. 3). Five divalent cations binding to GP IIb-I11a have indeed been
observed and the affinities of these sites for Ca* predict that all are occupied by this
divalent cation when platelets are suspended in plasma (57,58). Divalent cation binding
isreversible and reductions in the amount of extracellular cations removes Ca>* from GP
IIb-IITa, dramatically affecting its structure, its binding of adhesive proteins and its
binding of antagonists. For example, suspension of platelets in solutions containing
ionized calcium concentrations of 40 to 50 umol/L as achieved in citrate-anticoagulated
blood causes partial removal of Ca?* from GP IIb-Illa, inducing a loss of fibrinogen-
binding activity (59). At less than 1 umol/L Ca**, as would occur for example in an
EDTA-containing buffer, and at 37°C (but to a lesser extent at 25°C), GP IIb dissociates
from GP Illa within the plane of the plasma membrane (60). Dissociated subunits irre-
versibly loose their structure and their ability to bind fibrinogen and accordingly can no
longer mediate platelet aggregation (6/). The close proximity of the second EF hand of
GPIIb and the MIDAS domain of GP IIla to the site responsible for binding RGD ligands
may account for observations suggesting that binding of Ca?*, RGD ligands and some
GP IIb-IIIa antagonists (e.g., eptifibatide) are mutually competitive (62). Thus, platelet
assays relying on GP IIb-Illa function may not be valid when performed in buffers
containing less than the 1.1 mmol/L Ca** normally found in plasma. One illustration of
this effect was seen in the pharmacodynamic analysis of eptifibatide. The reduced Ca?*
caused by citrate anticoagulation actually increased the binding of eptifibatide but de-
creased the binding of fibrinogen. The combined result of these two effects is that the
apparent inhibitory activity of eptifibatide is markedly overestimated in this condition,
an event that led to a dose that gave 40-50% inhibition of platelet aggregation at steady
state, versus the 80% inhibition that had been targeted in the IMPACT II trial (63). At
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least one additional GP IIb-IITa antagonist has also been shown to be influenced by this
effect of citrate (64); data on others are not yet available.

GP IIb-I11a LIBS EPITOPE EXPRESSION

Ligand binding to GP IIb-IlIa (e.g., adhesive proteins, GP IIb-IIla antagonists, anti-
bodies) induces a conformational change in the receptor, resulting in the formation of
neoepitopes, collectively termed LIBS epitopes (65,66). Figure 3 diagrammatically
illustrates sequences responsible for the various LIBS epitopes and antibodies that rec-
ognize these sequences, although additional LIBS antibodies are known whose epitopes
have not been identified (67). The response of GP IIb-Illa to ligands has proven variable
inthat whereas all ligands and antibodies induce LIBS expression (68), the LIBS epitopes
expressed are different. For example, while tirofiban and eptifibatide, but not lamifiban
(69), induced the binding of the LIBS antibody termed D3, both GP IIb-IIla antagonists
induce the binding of mAb15-758 (70).

LIBS epitope expression is increasingly recognized for its potential impact in limiting
the use of GP IIb-1I1a antagonists, particularly in long-term, oral administration. Reports
have appeared indicating thrombocytopenia in a few individuals as a complication of
exposure to orally available or monoclonally derived GP IIb-Illa antagonists (7/-73).
Hypotheses for this phenomenon are that the LIBS epitopes expressed either cause
platelet clearance directly or induce the production of antibodies to the LIBS epitopes,
which secondarily cause platelet clearance by an immune mechanism. Evidence for this
comes from animal studies where thrombocytopenia was observed in both chimpanzee
and Rhesus monkeys and this condition corresponded to the presence of drug-dependent
antibodies against GP IIb-Illa (74). Accumulation of information on this point for dif-
ferent GP IIb-IIla antagonists could identify LIBS epitopes critical for this response.

STIMULUS-INDUCED GP IIb-IIIa ACTIVATION

The activation of the receptor function of GP IIb-Illa (i.e., inside-out GP IIb-IIla
signaling) is known to occur in response to a wide spectrum of physiological and patho-
physiological conditions (e.g., vascular trauma to initiate normal hemostasis; athero-
sclerotic plaque rupture or percutaneous intervention to initiate thrombosis). It is not
surprising, therefore, that the stimulus pathways resulting in GP IIb-IIla activation are
redundant. Redundancy is found on at least two levels. First, well known in the platelet
literature, GP IIb-I1la activation occurs in response to multiple agonists. A host of
soluble agonists, including thrombin and ADP, several adhesive proteins in the extracel-
lular matrix including collagen, vWf, and fibrinogen and even high shear act on distinct
receptors and are each capable of initiating signal transduction pathways to induce
activation of the receptor function of GP IIb-IIla for soluble adhesive proteins [reviewed
in (5,75)]. This multiplicity of agonists broadens the physiological conditions capable
of initiating platelet aggregation to cause thrombosis and hemostasis. It has only recently
become appreciated that many of the primary agonists, e.g., thrombin, collagen, and
ADP, act on multiple receptors (see Table 1). Indeed it appears that there may be a
synergy between the different receptors with more that one receptor needing to be acti-
vated by a particular agonist for successful platelet activation to occur. In one example,
ADP activates at least three receptors on platelets, a ligand-gated ion channel similar to
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Table 1
Signal Transduction Coupling to Receptors for Platelet Agonists
Stimulus Putative Receptor Second Messenger Pathways Involved
Adenosine P2Y ,pp, P2Tp c, P2Y1 Gg-coupled, activation of PLC
diphosphate (ADP)
P2T sc, P2Y App G;-coupled, inhibition of adenylyl
cyclase
P2X1-like Ligand gated ion channel, increase in
intracellular Ca®* levels
Thrombin PAR 1 G;j-coupled, inhibition of adenyly
cyclase
Possibly G-coupled (yet to be shown in
platelets)
PAR 3/PAR 4 Gg-coupled
GP Ib-IX-V complex? GP Ibp and GP V bind 14-3-3C adaptor
protein

Association with tyrosine kinases and
activation of Syk

Collagen P Tyrosine phosphorylation and activation
of Syk, phosphorylation of PLCy,

GP VI Phosphorylation of associated Fcy chain
protein, recruitment and activation of
Syk
Other to be identified
vWEF GP Ib-I1X-V complex Association with 14-3-3 T

Association with tyrosine kinases and
activation of Syk

Immobilized GP IIb-I1Ia Activation of tyrosine kinases (e.g.,
fibrinogen Src and Syk), activation of PLC, PI3K,
SHIP

P2X1 that allows for rapid Ca** influx, a P2Y 1-like receptor (also known as P2Y s pp and
P2Tp, ) that is coupled to phospholipase C and mediates mobilization of Ca’* from
intracellular stores and platelet shape change, and areceptor (not yet cloned) that inhibits
adenylylcyclase and induces platelet aggregation (P2Y spp or P2T z¢) (76,77). The indi-
rect acting thienopyridine-based platelet inhibitors clopidogrel and ticlopidine and the
direct acting ATP-based antagonist ARL 66096 inhibit ADP-induced GP IIb-IIla acti-
vation most likely by blocking the latter receptor but have no effect on the P2Y1-like
receptor (76,78).

In another example, collagen is now known to bind to at least two receptors, the
integrin a2f31, and a membrane glycoprotein termed GP VI (79-81). The two receptors
are interdependent as antibodies against either receptor will block collagen-induced
platelet activation (82,83) and individuals lacking either receptor are defective in col-
lagen-induced GP IIb-11la activation and have ableeding diathesis (§84—86). a231 appears
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to be the high affinity receptor, which tethers collagen so that it can bind GP VIto initiate
a signal transduction reaction culminating in GP IIb-IIla activation.

A third example is thrombin. It is uniformly recognized that proteolysis of protease-
activated receptor 1 (PAR 1) by thrombin initiates signal transduction reactions within
platelets and GP IIb-IIla activation (87). However, the inability of PAR 1 antagonists to
completely block thrombin-induced human platelet stimulation (88) and the differences
between thrombin-induced responses compared to those induced by thrombin receptor-
activating peptides (TRAP), peptide agonists of PAR 1 (89) suggest that the thrombin
responsiveness of platelets, in part, may be mediated by a receptor in addition to PAR
1. Possible candidates for a second thrombin receptor include the recently identified
PAR 3, although it remains to be established whether this protease activated receptor is
expressed on human platelets (90). The GPIb-IX-V complex may also be a candidate
since it contains a thrombin cleavage site (in GP V) and a high-affinity thrombin binding
site (in GP Iba), and it is known that this complex has signaling capabilities (91,92).

The second level of redundancy is the signal transduction pathways from agonist
receptor stimulation through GP IIb-IIla activation as different receptors use overlap-
ping signal transduction pathways. For example, many of the agonist receptors on plate-
lets are heptahelical receptors (e.g., PAR 1, thromboxane receptor, ADPreceptor), which
as a class are known to be coupled to G proteins, a heterotrimeric family of signaling
molecules consisting of alpha-, beta-, and gamma-subunits that signal by dissociating
into Ga (a GTPase) and beta-gamma dimers, both of which can propagate signals (93).
Support for the direct involvement of Gaq in GP IIb-111a inside-out signaling is provided
by observations showing that platelets from mice made deficient in this alpha-subunit
have defective platelet aggregation in response the ADP and thrombin (94). Gag-
deficient mice also have defective thrombosis in response to collagen and have pro-
longed bleeding times. Interestingly, Gabbeta et al. (95) found the platelets from a
patient with defective GP IIb-IIla activation in response to thrombin or ADP were
partially deficient in Gaq. Receptors for collagen or for vWT activate different intracel-
lular signaling pathways that ultimately result in GP IIb-IIla activation. GP VI is nor-
mally bound to another membrane protein termed Fcy (96). Binding of collagen to GP
VI causes the phosphorylation of the two tyrosine residues in the ITAM domain on the
cytoplasmic face of Fcy. Phosphorylated Fcy then recruits Syk to the membrane so that
it can be phosphorylated, activating its tyrosine kinase so that it, in turn, can phospho-
rylate downstream effectors (e.g., phospholipase Cy) to propagate the signal through to
GP IIb-IIla activation. Platelets from mice in which either the Syk or the Fcy genes are
disrupted are now known to have defective collagen-induced signaling (97). GP Ib, the
receptor for activated vWT may also be coupled to Fcy, as Syk tyrosine phosphorylation
following GP Ib signaling has been observed (98). However, the cytoplasmic domains
of GP Iba and GP V in the GP Ib-IX-V complex also bind protein 14-3-3C (92,99,100),
an adapter protein that binds Raf-1 and PKC, both serine/threonine kinases known to
couple receptors to signaling pathways and to phosphatidyl inositol 3-kinase (/01).
These examples indicate that the intracellular signaling pathways within platelets for GP
IIb-1Ia activation can have diverse origins.

As of this writing it is unknown how signal transduction pathways initiated by the
various agonist receptors are coupled to GP IIb-IIla activation. However, key players
between agonist receptors and GP IIb-II1a have been identified. Two are phospholipase
C (PLC) and protein kinase C (PKC). PLC exists in several isoforms and functions to
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catalyze the hydrolysis of phosphatidylinositol phosphates to produce inositol phos-
phate (IP3), which induces the release of Ca** from intracellular stores, and dia-
cylglycerol, which markedly enhances the catalytic activity of protein kinase C (PKC)
(102). Phosphatidyl inositol phosphate hydrolysis can be mediated by PLCf, which is
activated by Gaq, or by PLCy, which can be activated by kinases such as Syk. Support
for the role of IP3, Ca?*, and diacylglycerol is derived from studies showing that eleva-
tion of the cytoplasmic Ca>* concentration with the calcium ionophore A23187 also
induces GP IIb-IIla activation (/03) and that the GP IIb-Illa activation induced by
certain platelet agonists can be diminished by PKC inhibitors (/04). Another key player
between agonist receptors and GP IIb-11la activation is phospholipase A2 (PLA2), which
catalyzes the release of arachidonic acid from the 2-position of phospholipids.
Arachidonate is metabolized to thromboxane A2 (TXA?2), the final reaction being cata-
lyzed by cyclooxygenase. TXA?2 acts on the TXA?2 receptor, a heptahelical receptor, to
propagate the signaling response.

The effectiveness of aspirin, a cyclooxygenase inhibitor, to block GP IIb-IIla activa-
tion, particularly at low agonist concentrations, demonstrates the importance of this
pathway to GP IIb-1Ila signaling (/05). However, the ability of high agonist concentra-
tions to overcome the effects of aspirin inhibition, even when cyclooxygenase is com-
pletely inhibited, indicates the redundancy of the signal transduction mechanisms for GP
IIb-IIIa activation. Less well understood are the proximal events at GP IIb-Illa, which
result in its activation. Since chemical modifications of GP IIb-IIla have not been
observed during inside-out GP IIb-IIla signaling, it has been assumed that signaling
induces either the association or dissociation of a regulatory protein(s) to the short
cytoplasmic domains of GP IIb-IIla. Although several intracellular proteins have been
identified that bind to peptides corresponding to the cytoplamic domains of GP IIb-IIla
including 33-endonexin [to GP Illa; (/06)] and CIB [to GP Ilb; (107)], it is not yet clear
whether any of these are responsible for the activation of the receptor function of GP I1b-
[IIa following agonist stimulation (see Fig. 4 for possible model). Three transmembrane
proteins have also been shown to bind GP IIb-11la, CD9, a member of the tetraspanin
class of proteins (108,109), CD47, integrin-associated protein, which may assist in
thrombospondin-induced GP IIb-1Ila activation (//0), and CD98, a potential GP IIb-11la
modulator (/11).

FIBRINOGEN BINDING ON UNSTIMULATED PLATELETS

Although GP IIb-IIIa must become activated to bind soluble fibrinogen, this is not the
case for fibrinogen immobilized on surfaces (e.g., vessel walls or plastic) or for fibrino-
gen bound to GP IIb-IIIa. In both instances, immobilization apparently alters the con-
formation of fibrinogen so that the gamma-chain sequence becomes capable of binding
GP IIb-IIIa on unstimulated platelets (/0,17,112,113). Importantly, fibrinogen in this
instance becomes a platelet agonist as binding of GP IIb-I11a by this mechanism initiates
an outside-in signal transduction reaction through GP IIb-111a, resulting in platelet stimu-
lation (see below for discussion of mechanism). There are potentially three important
physiological consequences of this reaction. First, it provides a mechanism for platelet
aggregation where fibrinogen is the primary agonist and where the bound fibrinogen is
responsible for recruiting and activating platelets by outside-in GP IIb-Illa signaling.
Second, fibrinogen bound to GP IIb-IIla on surfaces is also capable of binding Mac-1 to
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Fig. 4. Model for signaling events involving the GP IIb-IIIa cytoplasmic domains in platelet
activation and aggregation. Platelet stimulation by agents such as collagen, thrombin and ADP
leads to the activation of the receptor function of GP IIb-IIIa. It is postulated that the binding of
soluble fibrinogen to GP IIb-111a results in the interaction of GP IIb-IIla with regulatory proteins
and/or the activation of these regulatory proteins (illustrated in A). Possible candidates for such
proteins include CIB and (3;-endonexin (106,107). Upon platelet aggregation, mediated in part
by bivalent fibrinogen crosslinking two GP IIb-IIIa molecules on adjacent, activated platelets,
the cytoplasmic domain of GP IIIa becomes phosphorylated on tyrosine residues 747 and/or 759.
This leads to the recruitment of phosphotyrosine-binding intracellular signaling molecules to the
membrane and to the association of phospho-GP IIla with the cytoskeletal protein myosin
(119,147) (illustrated in B). Alpha granules containing intracellular GP IIb-IIIa are present in
both resting and stimulated platelets. The contents of the alpha granules are released as a conse-
quence of outside-in signaling resulting in the secretion of factors involved in inflammation,
vascular remodeling, and coagulation.

mediate the arrest and adhesion of neutrophils (/8). Third, fibrinogen is one of the
proteins bound to artificial surfaces, including extracorporeal devices such as in-dwelling
catheters. The immobilization of fibrinogen on these surfaces, leading to the generation
of an active conformation of fibrinogen capable of activating GP IIb-Illa, may also
account for the thrombotic potential of artificial surfaces when exposed to plasma pro-
teins (/0). This idea is supported by observations showing that GP IIb-IIla antagonists
reduce platelet loss in animal models of cardiopulmonary bypass (17/4).
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OUTSIDE-IN GP IIb-IIIa SIGNAL TRANSDUCTION

The binding of adhesive ligands to GP IIb-IIla, together with the resultant clustering
of the integrin following adhesion or aggregation, initiates one or more signal transduc-
tion pathways within the platelet leading to secretion of the contents of alpha granules
and dense bodies as well as the activation of the remaining GP IIb-IIla molecules. These
outside-in signals, although required for maximal platelet aggregation, adhesion, and
clotretraction are, in and of themselves, insufficient to induce these responses in that low
concentrations of other agonists (e.g., ADP) are also required as costimuli. However,
since low concentrations of other platelet agonists are normally present at sites of vas-
cular injury such as would occur with plaque rupture or following precutaneous inter-
vention, it can be anticipated that platelet activation via outside-in GP IIb-IIla signaling
occurs in these settings and that GP IIb-IIla antagonists will have effects on platelet
functions like secretion, GP IIb-11la activation, and enhancement of coagulation that are
normally attributed to the classical platelet agonists such as ADP, thrombin, and col-
lagen. In support of this conclusion, Carroll et al. (//5) showed that the GP IIb-Illa
antagonist Ro 44-9883 inhibited alpha granule secretion when platelet aggregation was
induced by ADP or low doses of TRAP or collagen. Observations claiming that GP IIb-
IIIa antagonists do not affect these reactions (/16) apparently were performed under
conditions where aggregation and outside-in GP IIb-IIla signaling were not involved.
The requirement for low levels of other agonists may also allow for a further level of
regulation of platelet aggregation by confluent endothelium, which expresses CD39, an
ecto-ADPase that acts by metabolizing the ADP released by platelets (//7), and throm-
bomodulin (7/78), which neutralizes thrombin. Lack of these two activities at sites of
disrupted endothelium would facilitate platelet activation through outside-in GP IIb-II1a
signaling.

The mechanism by which GP IIb-III propagates outside-in signaling is of extreme
importance in understanding GP IIb-II1a function. Analysis of mutations of GP IIb-IlIa,
either by expressing mutant proteins in heterologous systems or by examination of
naturally occurring mutations identified in patients with Glanzmann’s thrombasthenia,
have shown that two domains of GP IIb-IIla are functionally important in these events:
the extracellular adhesive protein binding pocket, discussed earlier; and, the cytoplasmic
domains, which now appear to act as scaffolds for the recruitment of signaling proteins
to the cell membrane and as anchor sites for cytoskeletal proteins. Recent work has
identified a postaggregation modification of the cytoplasmic domain of GP Illa that may
act to recruit cytoplasmic signaling proteins to propagate outside-in signaling through
GP IIb-IlIa (119). Although stimulation of platelets by any of the classical platelet
agonists does not produce any apparent covalent modification of GP IIb or GP Illa,
subsequent aggregation of these platelets now has been found to induce GP I1la tyrosine
phosphorylation. To determine whether this phosphorylation event is involved in GP
IIb-IIIa signaling, peptides corresponding to the carboxyterminal half of the GP Illa
cytoplasmic domain (residues 740-762), which contained both tyrosines (Y747 and
Y759), were synthesized and examined for their interactions with platelet signaling
proteins. Two proteins, SHC and GRB2, bound to the peptide in which the two tyrosine
residues were phosphorylated whereas neither protein bound to the unposphorylated
peptide. Both SHC and GRB2 are adapter proteins that have been shown to interact with
several phosphorylated receptor complexes, including platelet-derived growth factor
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(PDGF) receptor and the B-cell receptor, and link these transmembrane proteins to the
Ras pathway via the guanine nucleotide exchange factor SOS (/20,121). Thus, it is
attractive to hypothesize that outside-in signaling through GP IIb-IIla is initiated by
fibrinogen (or vWf) binding to GP IIb-IIla and that activation of intracellular signaling
during subsequent aggregation and/or adhesion is mediated by tyrosine phosphorylation
of the GP Illa cytoplasmic domain followed by the recruitment of phosphotyrosine-
binding signaling molecules to the membrane (Fig. 4).

Two types of experiments also indicate the importance of the GP Illa cytoplasmic
tyrosine residues in GP IIb-Illa signaling. First, Liu et al. (/22) introduced peptides
corresponding to the GP Illa cytoplasmic domain into cell lines and found that they
inhibited integrin-mediated cell adhesion to immobilized fibrinogen whereas peptides
containing phenylalanine at either tyrosine 747 or tyrosine 759 were inactive. Second,
expression of GP Illa harboring cytoplasmic tyrosine-to-phenylalanine mutations in
both CHO cells and K562 cells indicates that the GP IIla tyrosine residues are required
for the GP Illa-dependent retraction of fibrin clots (123,124).

The downstream signaling processes induced by outside-in GP IIb-IIla signaling
include protein tyrosine phosphorylation, as well as reorganization of the cytoskeletal/
contractile apparatus within the platelet. Several of the proteins phosphorylated are
tyrosine kinases, including multiple Src-family members (e.g., Src, Lyn, Fyn), Syk, and
FAK (125,126). The effects of tyrosine kinase inhibitors has highlighted the importance
of tyrosine phosphorylation in platelet signaling reactions as a wide range of tyrosine
kinase inhibitors including genistein, erbstatin, tyrphostins B42 and B46, and piceatannol
have been found to inhibit platelet aggregation and secretion (80,127-129). Both Syk
and Src become phosphorylated and activated within seconds of fibrinogen binding to
GP IIb-IIla and translocate to the cytoskeleton on aggregation. Unlike the critical role
of Syk kinase in collagen-induced platelet stimulation (97), gene targeting experiments
have only indicated a partial role for this kinase in inside-out signaling and no role in
adherence to immobilized fibrinogen (/30). Chemical crosslinking studies have demon-
strated that Src is physically associated with GP IIb-11la within platelets as is another Src
family member, Lyn (/317). The lack of any defect in platelet function in platelets from
mice in which the gene for Src has been disrupted is probably due to the redundancy
between members of the Src family of tyrosine kinases (/32).

In contrast to Syk and Src, the FAK tyrosine kinase only becomes phosphorylated and
activated upon full spreading or aggregation of platelets and requires agonist
costimulation in addition to integrin ligation (/33). FAK autophosphorylation at tyrosine
397 leads to its association with Src, which can phosphorylate other tyrosine residues
within the protein to provide docking sites for other phosphotyrosine binding proteins
including GRB2 (7/34). Thus, the common theme emerging from the study of outside-
in GP IIb-IIla signaling involves the tyrosine phosphorylation of a series of proteins,
including the phosphorylation and activation of tyrosine kinases, followed by the assem-
bly of signaling complexes.

Other second messenger pathways have also been implicated in outside-in GP IIb-1IIa
signal transduction events, one of which is the hydrolysis of phosphoinositides. As
described earlier, platelet activation leads to activation of phospholipases leading to the
production of inositol 1,4,5-trisphosphate. This polyphosphoinositide can be phospho-
rylated on the D3 position, subsequent to platelet activation, by at least two types of
phosphoinositide 3-kinases (p85/PI3K and PI3Ky) (/35). D3 phosphoinositides have
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been implicated in actin assembly and filopodial extension in the platelet (/36). The
activation of p85/PI3K and its translocation to the cytoskeleton are dependent on GP IIb-
[ITa outside-in signaling and platelet aggregation (/37). Treatment of platelets with the
PI3K inhibitor, wortmannin, results in the reversal of TRAP-induced platelet aggrega-
tion and affects aggregation induced by the LIBS6 antibody although platelet secretion
remains unaffected. That wortmannin also inhibited the maintenance of GP IIb-IIIa in
its high-affinity conformation suggests that PI3K may be involved in the formation of
stable platelet aggregates possibly by sustaining GP IIb-Illa in an active state (/38).
Another protein involved in this signaling pathway, which is also phosphorylated and
induced to translocate to the cytoskeleton upon GP IIb-IIla-mediated platelet aggrega-
tion, is the inositol 5-phosphatase, SHIP. This 145 kD protein can dephosphorylate
inositol 1,3,4,5-tetrakisphosphate and phosphatidyl inositol 3,4,5-trisphosphate leading
to the further production of D3 phosphoinositides (/39).

The calcium activated protease calpain also becomes activated during platelet aggre-
gation and the work of Du et al. (/40) suggests that calpain may be yet another second
messenger in GP IIb-IIla signaling. These workers have shown that the cytoplasmic
domain of GP Illa can be cleaved by calpain during platelet aggregation and that calpain
mediated hydrolysis lead to inhibition of fibrin clot retraction. However, since calpain
cleaves several proteins in addition to GP Illa, it is not clear which hydrolytic event is
responsible for this effect (/41). The small GTPases including Ras, Rho, Rac, and
CDC42 constitute a still further class of second messengers that appear to be involved
in GP IIb-IIla-mediated signaling. The Rho family (Rho, Rac, CDC42) are important in
GPIIb-Illa-mediated actin assembly (742, /143). Therole that Ras plays in platelet integrin
signaling remains to be established. Although in many cell types Ras is involved
in activation of the MAP kinase cascade, it is not clear that this is its role in platelet
biology. Indeed, Ras may even act to negatively regulate Rho since the Ras-
associated protein GAP can associate with p190 Rho-GAP leading to the inactivation
of Rho (144).

GP IIb-IIIa CYTOSKELETAL INTERACTIONS

Many of the signaling events described above involve the translocation of proteins to
the cytoskeleton leading to reorganization of the cytoskeleton/contractile apparatus
so that it can consolidate a platelet aggregate and retract a clot, processes important to
thrombus stability. Binding of fibrinogen and subsequent platelet aggregation result in
an increased association of GP IIb-IIla with cytoplasmic actin filaments and the forma-
tion of focal contact-like structures (/45,146). Important issues concern how outside-in
signaling induces GP IIb-IIla association with the cytoskeleton and the identity of the
cytoskeletal protein used for integrin attachment. It is estimated that approximately 30%
of GP IIb-IIIa becomes associated with the cytoskeleton following platelet aggregation.
GP IlIa tyrosine phosphorylation is involved in this interaction, since tyrosine phospho-
rylated GP Illa is retained preferentially with the cytoskeletal fraction from aggregated
platelets (/23). Phosphorylated GP Illa appears to bind to platelet myosin as phospho-
rylated GP Illa cytoplasmic domain peptides, but not unphosphorylated peptides have
been found to selectively interact with the heavy chain of platelet myosin (/47). This
suggests a mechanism for regulation of the interaction of GP IIb-1Ila with the platelet
cytoskeleton: the cytoplasmic domain of GP I1la becomes tyrosine phosphorylated upon
integrin ligation and platelet aggregation. In addition to the phospho-GP Illa interacting
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with signaling proteins (described above) it also translocates to the cytoskeleton where
the phosphotyrosine residues may direct binding to the contractile protein myosin. GP
[Ib-IITa on adherent platelets aligns with cytoplasmic actin filaments (/48) and, with
time, redistributes to the abluminal surface causing the platelet to become refractory for
the recruitment of additional platelets (/49). The resultant loss, on the luminal surface,
of accessible, activated GP IIb-IIla, may serve to limit the recruitment of platelets to a
growing thrombus (/49).

Clot retraction is GP IIb-IIla-dependent, where the integrin serves as the transmem-
brane bridge between extracellular fibrin and the cytoplasmic contractile machinery.
The direct binding of GP IIb-Illa with several purified cytoskeletal proteins in addition
to myosin has been demonstrated, e.g., the binding of purified GP IIb and GP II1a to talin
(150), the binding of GP IIb-IIla incorporated into phospholipid vesicles with y-actinin
(151), and the binding of the GP Illa cytoplasmic domain, in a yeast two-hybrid screen,
to skelemin (/52). An unsolved problem is the identification of the cytoskeletal interac-
tions that are responsible for the clot retraction process. In this regard, it is of interest that
mutations in the cytoplasmic domains of GP IIb-IIla that affect integrin signaling can
also inhibit clot retraction (/53), including those mutations involving GP Illa tyrosine
residues (as described above) (123,124). Since tyrosine mutations would prevent GP I11a
phosphorylation, it is possible that one way such mutations can exert their effect on clot
retraction is by preventing the association of phosphotyrosine-GP Illa with myosin. In
support of this idea, tyrosine kinase inhibitors can regulate the cytoskeletal attachment
of GP IIb-IIla and can inhibit the clot retraction process (154).

GP IIb-11Ta GENETICS

Increased understanding of GP IIb-Illa structure-function relationships has come
from the study of patient’s with Glanzmann’s thrombasthenia. This hereditary disease,
which results in a life-long bleeding diathesis, is due to a lack of GP IIb-IIla function.
More than 21 mutations in GP IIb and 19 in GP IIlahave been characterized at the genetic
level (155). The identified mutations cause either defective biosynthesis or normal or
near normal expression of a defective protein due to a loss of function mutation. Muta-
tions that lead to defective expression of GP IIb-IIla include those that produce defective
proteins due to early terminations, deletions or frameshifts, those that generate a GP 11b-
IITa complex that is sensitive to dissociation [e.g., an Arg214Trp point mutation in
GP Illa (156)], and those affecting mRNA stability [e.g., Arg53Stop in GP IIb (157)],
or RNA processing [for example an extensive 3 kb insertion in GP Illa (/58)]. Loss of
function mutations include those that affect the ligand binding and Ca®* binding sites in
GP IIb-IITa and also those that affect GP IIb-IIla signaling. Some of these latter muta-
tions highlight the importance of the cytoplasmic domains in GP IIb-IIIa function. For
example, a patient with a single point mutation in the cytoplasmic domain of GP Illa
where serine 752 is replaced by a proline (S752P) had platelets that expressed near
normal amounts of GP IIb-I11a but that failed to aggregate, to spread, or to undergo focal
adhesion kinase phosphorylation in response to fibrinogen binding (/59). This mutation
helped validate the Chinese hamster ovary (CHO) cell expression system as a model for
studying GP IIb-IIIa. When transfected into CHO cells with GP IIb, GP Illa protein
bearing S752P also showed a loss of GP IIb-IIla function with impaired integrin signal-
ing observed (153).

A recent mutagenesis study of GP IIb-IIla in the CHO cell expression system has
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identified several mutations in GP IIla that affect integrin function. In this study, CHO
cells expressing a constitutively active chimera containing the extracellular domains of
GP IIb and GP Illa were subjected to chemical mutagenesis and screened for those cells
now failing to bind soluble fibrinogen (/60). This screen selected for several mutations
previously identified in Glanzmann’s patients as well as mutations that would be antici-
pated to interfere with ligand or cation binding sites. However, an additional three GP
IITa mutations (Glu312Lys, Gly331Glu, and Ser334Phe) were identified in the mem-
brane-proximal extracellular region of GP Illa, a region not thought to be involved in
ligand binding. These mutations may indicate a region of GP Illa that is important for
generating the active conformation of GP IIb-IIla possibly through an interaction with
some cofactor required for integrin activation.

In addition to the mutations arising in GP IIb-1Ila that lead to Glanzmann’s thromb-
asthenia, there are a number of naturally occurring allotypic variants of GP IIb-11Ia. One
of these is the P1 alloantigen system that has frequently been implicated in syndromes
of immune-mediated platelet destruction. The PIA! and P14? isoforms arise because of a
Leu33Pro amino acid polymorphism in GP Illa (/617). Recently this polymorphism has
generated considerable interest because it has been postulated that the P14%2 genotype
is a possible risk factor for coronary thrombosis. A correlation between the P14%? geno-
type (found in approximately 2% of the Caucasian population) and acute coronary throm-
bosis was observed in one study (71 patients, 68 controls) (/62). This correlation was
strongest in patients who had had coronary events at a relatively young age (less than age
60). However, while a number of studies support this putative association between the
P1422 genotype and increased chance of coronary disease (163,164), it remains contro-
versial since other investigators have failed to observe such an association (/65,166). It
is of interest that Greenland Inuits, a population with a low incidence of thrombotic
disease, have a lower frequency of the PIA? allele than does the general Caucasian
population (/67). In addition, recent data has indicated a functional difference between
P14! and PI1A%-bearing platelets with the PIA? platelets being associated with increased
aggregability inresponse to ADP and epinephrine stimulation (/68). Although it remains
to be established whether the PI**? polymorphism is indeed a risk factor indicator for
coronary disease, recent studies do suggest that platelet glycoprotein polymorphisms
may provide a whole new array of thrombotic risk factors (/69).

GP IIb-IITa IN COAGULATION, INFLAMMATION,
AND VASCULAR CELL PROLIFERATION

It is well known that the presence of platelets in blood shortens the time required for
clot formation. Recent studies (/70-172) have shown that GP IIb-IIla antagonists
reduced tissue factor induced thrombin formation indicating that clot formation and GP
IIb-IITa may be linked. This finding raises the interesting possibility that GP IIb-Illa
antagonists may decrease thrombin formation at sites of vascular injury. In support of
this suggestion, ex vivo samples have prolonged clot formation time when obtained from
patients receiving GP IIb-IIla antagonists (/73). Although unstimulated platelets have
poor clot promoting activity, activated, adherent platelets assemble prothrombinase and
Factor Xase on their surface to greatly enhance the rate of thrombin generation (/74).
Since aggregation induces platelet activation through outside-in GP IIb-IIla signaling,
one possibility is that GP IIb-IIla antagonists reduce thrombin formation by their ability
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toreduce aggregation-induced platelet stimulation. An alternative hypothesis is derived
from the experiments of Byzova and Plow (//) who showed that prothrombin binds to
GP IIb-1IIIa on unstimulated platelets. These authors speculate that prothrombin binding
occurs via the RGD sequence in this proenzyme and found that RGD-containing pep-
tides blocked this interaction. Since GP IIb-IIla binding enhanced the rate of prothrom-
bin activation, a reaction that was blocked by GP IIb-I11a antagonists, these data suggest
that GP IIb-IIla antagonists may also inhibit clot formation because they displace pro-
thrombin binding to the platelet surface. Either explanation could account for the long
clotting times in the platelet rich plasma (PRP) from patients with Glanzmann’s throm-
basthenia (175).

An additional way that GP IIb-Illa may affect coagulation is derived from recent
observations showing that the CD40 ligand is expressed on the platelet surface following
alpha granule secretion (/76). CD40 ligand has been shown to upregulate the expression
of tissue factor in macrophages (/77). These data suggest a third mechanism by which
GP IIb-IIIa antagonists will reduce the ability of ruptured lesions to synthesize thrombin,
i.e., by prevention of outside-in signaling through GP IIb-I1la and the subsequent alpha
granule secretion.

Inflammation is a complicating factor of cardiovascular disease and the fibrinogen
binding activity of GP IIb-I1la may contribute to this process in four ways: 1) by using
the bound fibrinogen to bind the $2 integrin, Mac-1, and recruiting neutrophils into a
growing thrombus (/8); 2) by enhancing, through aggregation, the release of inflamma-
tory mediators such as TGFf (/78); 3) by enhancing the production of inflammatory
mediators from the coagulation cascade such as Factor Xa (/79); and 4) by mediating the
binding of platelets to endothelial cells so that the CD40 ligand expressed on the platelet
surface can effect the release of cytokines (/76). An untested hypothesis is that GP IIb-
IlIa antagonists may reduce the pathological consequences of inflammation in acute
coronary syndromes.

Platelets provide perhaps the most abundant source of PDGF, a growth factor impli-
cated in atherosclerosis and restenosis (/80). PDGF is released with other alpha granule
proteins during platelet stimulation and it has been speculated that sufficient PDGF is
released during thrombosis to affect the vessel wall (181). Tests of this idea using GP I1b-
IITa antagonists in the setting of angioplasty have proven negative in that the large,
randomized clinical trials have not shown that the use of these drugs prevents the need
for revascularization (/82-184). The exception was the EPIC trial using abciximab,
which did show a decreased need for revascularization, a result attributed to the o33
crossreactivity of abciximab (/85). However, since subsequent trials using this drug in
the same indication did not reproduce this effect (/82), it is now believed that the use of
abciximab does not affect this clinical outcome (2). Nonetheless, it remains to be deter-
mined whether other aspects of the mitogenic activity of PDGF such as matrix and
metalloprotease production (/86,187) are affected by the use of GP IIb-IIla antagonists
in other clinical indications and whether the need for revascularization is a true indica-
tion of a smooth muscle cell proliferative response.

CONCLUSIONS

The combined study of Glanzmann’s thrombasthenia, of GP IIb-Illa, and of GP IIb-
IITa antagonists in arterial thrombotic disease have now clearly established the pivotal
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roles of GP IIb-IIla in platelet aggregation and of platelet aggregation in arterial throm-
bosis. Glanzmann’s thrombasthenia provided the first direct link between GP IIb-IIla
and aggregation and the characterization of the wide spectrum of loss of function
mutations in GP IIb-IIla that cause this disease has identified functional domains of this
receptor. The study of GP IIb-II1a helped to establish the integrin family of cell adhesion
receptors. Further, it has characterized functional domains responsible for adhesive
protein binding and for the cation-dependency of GP IIb-IIla and has been instrumental
in identifying the GP IIb-Illa binding domains on ligands and other adhesive proteins
that interact with integrins. Much of this information has proven essential in the past
decade for the design and characterization of parenteral and orally available GP IIb-IIla
antagonists and in the development of strategies for pharmakodynamic monitoring of
these drugs. Itis now established that adhesion is only part of GP IIb-I11a function in that
its signaling in platelets facilitates a wide range of reactions such as platelet shape
change, platelet secretion, consolidation of aggregates, and clot retraction. These func-
tions of GP IIb-IIla indicate that it is not only involved in thrombosis and hemostasis,
but also links platelets and platelet aggregates to coagulation, inflammation, thromboly-
sis, atherosclerosis, and the proliferation of cells in the vessel wall in a dynamic way,
more than would result from simple vessel occlusion. Use of GP IIb-IIla antagonists is
now a proven strategy for the reduction of arterial thrombosis to reduce morbidity and
mortality in human disease.

Future directions on GP IIb-IlIla research can be expected to continue to focus on
extracellular and intracellular domains, providing new insights into the molecular
description of how GP IIb-Illa interacts with its ligands and into how GP IIb-IIIa is
involved in the various signal transduction pathways. One can anticipate that the next
breakthroughs on the extracellular domain will come with the atomic level resolution of
GP IIb-IIla, which will provide a contour map of the GP IIb-Illa surface and a precise
description of the binding sites of this receptor. Such information will undoubtedly
yield new information on the way GP IIb-IIla interacts with adhesive proteins, and may
also provide new insights into the design of therapeutic anatagonists that block the
binding of adhesive proteins. Elucidation of the function of the intracellular domains of
GP IIb-111a would appear to be less of a challenge due to their small size, but only recently
have studies begun to delineate the signaling pathways that mediate GP Ilb-IIla-
dependent process.

The pathways responsible for inside-out signaling are highly redundant, underscoring
the therapeutic advantage of using GP IIb-11la antagonists to prevent arterial thrombosis
as opposed to inhibitors of specific platelet agonists or of specific inside-out signaling
pathways. Additional signaling cascades are involved in outside-in GP IIb-IIIa signal-
ing, and although these are only just being elucidated, it is apparent that the pathways
downstream of the integrin are far from unique in that they involve many of the same
signal transduction proteins involved in the cascades initiated, for example, by the bind-
ing of soluble growth factors to their receptors. These considerations suggest that the
signaling events that are unique to GP IIb-IIIa will undoubtedly be those most proximal
to the integrin, i.e., those events directly involving the cytoplasmic domains of GP IIb-
[ITa. Evidence, both from naturally occurring and experimentally induced mutations of
GP IIb-Il1a, clearly indicates a role for the cytoplasmic domains of GP IIb and GP Illa
in the function of GP IIb-IIla, both in linking the integrin to the platelet cytoskeleton and
in associations with signaling proteins. Recent data also indicates that postaggregation
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tyrosine phosphorylation of the cytoplasmic domain of GP Illa may further influence GP
IIb-IITa interactions with signaling and cytoskeletal proteins. Since these events involve
the interaction of protein(s) with the GP Illa cytoplasmic domain, it is reasonable to
speculate that they may be more specific to GP IIb-IIla signaling. These proximal events
in GP IIb-IIla signaling may offer new targets for pharmacological intervention of GP
IIb-IIIa in platelet aggregation and of platelet aggregation in arterial thrombosis.
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DEVELOPMENT OF ABCIXIMAB AS A GPIIb/IIla ANTAGONIST

The rationale for developing platelet GPIIb/I1Ia antagonists as antithrombotic agents
for use in ischemic cardiovascular disease emerged from integrating data obtained in the
early 1980s by many different investigators working in diverse fields. The data were,
however, often controversial or fragmentary, or required extrapolation to human disease
from in vitro systems or animals models. Thus, for those who are considering embarking
on a similar adventure in drug development, it is important to emphasize that until
efficacy was established in well-controlled, large clinical trials, many individuals
remained skeptical about the potential benefits and safety of this approach.

Pathophysiology of Coronary Artery Occlusion

Despite strong evidence from postmortem examinations for a major role for throm-
bosis in the development of ischemic cardiovascular disease dating back to before 1950
(1), controversies regarding whether the thrombus occurred before or after myocardial
infarction (2) and the role of coronary spasm (3) led to confusion as to the role of
thrombosis in the etiology of ischemic damage. Moreover, a plaque hemorrhage model
was favored by some investigators in which obstruction was primarily caused by a
mechanical flap produced by hemorrhage-induced dissection of the coronary artery (/).
It was only with the advent of cardiac catheterization of patients with myocardial infarc-
tion in the early 1980s that there was general acceptance in the cardiologic community
that thrombosis initiated most myocardial infarctions (4). The success of thrombolytic
therapy provided additional support for the importance of thrombosis in the pathogen-
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esis of myocardial infarction (5,6). Thrombolytic therapy, however, fails to achieve
rapid reperfusion in nearly 15-45% of patients (7). The mechanism(s) of myocardial
infarction in patients resistant to thrombolytic therapy remains a matter of speculation,
but a number of the nonthrombotic theories mentioned above have been proposed (7).

Even after it was established that thrombosis is a major contributor to acute ischemic
syndromes, the relative contributions of platelets and fibrin to this process were unclear.
The efficacy of thrombolytic therapy focused attention on the contribution of fibrin.
These data logically led to attempts to develop strategies to decrease fibrin deposition
by developing more effective inhibitors of thrombin generation and/or thrombin’s action
(8). Detailed pathologic studies identified, however, that a white platelet “head” of
variable size is usually identifiable at the site of athersclerotic plaque rupture or erosion,
indicating that platelets commonly initiate the thrombotic process (7,9,10). In this for-
mulation, the commonly identified large red fibrin “tail” reflects subsequent activation
of the coagulation system (facilitated by thrombin generation on the surface of platelets)
and entrapment of erythrocytes in the rapidly forming fibrin meshwork. Biochemical
evidence of platelet activation during ischemic vascular events (/) provided additional
evidence for a role for platelets, although it was not possible to exclude the possibility
that platelet activation was an epiphenomenon. Animal models of thrombosis secondary
to vascular injury provided compelling evidence that platelets make a major contribution
to thrombus formation (/2—15), but all of the animal models differ significantly from
naturally occurring human cardiovascular disease in the mechanism of injury. More-
over, none of the animal models at that time involved arteries containing the complex
types of atherosclerotic lesions on which virtually all human disease occurs.

Perhaps the most compelling evidence supporting an essential role for platelets in
human ischemic cardiovascular events came from the Second International Study of
Infarct Survival (ISIS-2), a double-blind randomized placebo-controlled study involv-
ing more than 17,000 patients with clinically diagnosed myocardial infarction (6,16).
This study demonstrated an 18.9% decrease in 35-day vascular mortality from taking
aspirin alone (absolute reduction 2.5%), a reduction very similar to the 21.2% achieved
with intravenous streptokinase alone (6). Combining aspirin with streptokinase resulted
in a 39.4% reduction in mortality, with this additive effect suggesting that the agents
operated through different mechanisms of action. Data on the combined use of heparin
and aspirin in ISIS-2 were especially important in conceptualizing the roles for
antiplatelet and anticoagulant agents. Patients were not randomized with regard to
heparin therapy, but the intention of each treating physician to either use or not use
heparin was recorded. Aspirin improved the outcome of patients regardless of whether
intravaneous, subcutaneous, or no heparin use was planned, providing further evidence
that aspirin operates through a mechanism different from that of heparin (6,16). Even the
ISIS-2 data supporting an important role for platelets in myocardial infarction could
be challenged, however, because it could be argued that aspirin’s benefit may have
been due to its effects on nonplatelet proteins or cells since many such effects have been
described (17).

The safety data in ISIS-2 also were extremely important in that they showed that
aspirin alone did not increase the risk of hemorrhagic stroke and actually decreased the
risk of any stroke by ~50% (6,16). Aspirin’s stroke benefit may result from several
mechanisms linked to its antithrombotic action. These include: 1) decreasing the size of
mural thrombi; 2) decreasing the size of the myocardial infarctions so that fewer are
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transmural (the feature most predictive of developing a mural thrombus); 3) decreasing
the extent of secondary thrombus formation on emboli that reach the cerebral circulation;
and 4) decreasing microvascular thrombus formation that may result from even tempo-
rary interruption of the cerebral circulation. The stroke data from ISIS-2, when combined
with those of the U.S. Physician’s Health Study of primary prophylaxis of myocardial
infarction with aspirin (/8), which identified an increased risk of hemorrhagic stroke
with aspirin treatment, lead to the interesting paradox that aspirin decreases the risk of
stroke during and immediately after myocardial infarction, a period of high stroke risk,
but increases the risk of hemorrhagic stroke in the normal population, in which the risk
of stroke is very low. Since the protection from death from myocardial infarction afforded
by aspirin, a relatively weak antiplatelet agent, extended to only a minority of patients
in ISIS-2 and since aspirin’s hemorrhagic toxicity during the first 30 days of treatment
was minimal, it seemed logical to conclude that there was a potential role for more
powerful antiplatelet agents in the treatment of ischemic cardiovascular events due to
thrombosis.

Theories of the pathogenesis of acute reocclusion after percutaneous coronary inter-
ventions (PCI), including balloon angioplasty, atherectomy, and similar procedures,
went through phases similar to those relating to the pathogenesis of myocardial infarc-
tion. Thus, in the 1980s, there was considerable controversy as to the relative roles of
thrombosis versus mechanical dissection resulting in development of an obstructing
intimal flap. Estimates that I obtained at that time from expert interventionalists for a key
role for thrombosis ranged from 20-80%, with complementary estimates of 80-20% for
mechanical dissection. Data from at least one relatively small retrospective study indi-
cated that aspirin and dipyridamole decreased the risk of abrupt occlusion (/9), but the
uncertainty about pathogenesis made it unclear as to whether more potent antiplatelet
agents would further decrease the risk of abrupt occlusion after PCIL.

Glanzmann Thrombasthenia

Although first described in 1918, it was not until the 1960s that Glanzmann thromb-
asthenia was categorized as an autosomal recessive inherited disorder characterized by
mucocutaneous hemorrhage, marked prolongation of the bleeding time, abnormal clot
retraction, and the hallmark failure of platelets to aggregate in response to all of the
agonists thought to operate in vivo, including ADP, epinephrine, collagen, and thrombin
(20,21). Subsequently, it was observed that the platelets of patients with Glanzmann
thrombasthenia are deficient in two different glycoproteins, identified as GPIIb and
GPIlIa based on their migration in polyacrylamide gels after treatment with sodium
dodecyl sulfate (22,23). Soon thereafter, it was established that these proteins exist as a
calcium-dependent complex (24).

The nature and severity of the clinical hemorrhagic syndrome of Glanzmann throm-
basthenia were important factors in the decision to consider GPIIb/IIla as a target for
antithrombotic therapy since the patients’ symptoms could be considered the likely
equivalent of maximal GPIIb/IIla blockade by an antagonist. The spectrum of severity
is wide among patients (20,21,25), but easy bruising, menorrhagia, epistaxis, and vari-
able gingival bleeding (depending largely on dental hygiene and tooth repair) are most
common. Severe gastrointestinal bleeding and bleeding in other organs occurs, but it
usually is episodic and infrequent. Of particular note, unlike the bleeding in hemophilia
A and B (factors VIII and IX deficiencies), spontaneous central nervous system bleeding
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is not common in Glanzmann thrombasthenia (20), highlighting the variability of bleed-
ing syndromes that occur with defects in different components of the hemostatic system.
Thus, since it was known that complete absence of GPIIb/IIla receptors is not incompat-
ible with life, there was reason to hope that even high-grade GPIIb/Illa blockade could
be sustained for at least a short period of time with acceptable toxicity. The ability to
extrapolate these data to the potential use of GPIIb/IIla antagonists to treat thrombotic
cardiovascular disease was limited, however, by the lack of knowledge about the impact
of using a GPIIb/IIla antagonist in combination with heparin, aspirin, a thrombolytic
agent, or perhaps all of them together, since these agents are scrupulously avoided in
thrombasthenia patients. Moreover, the invasive instrumentation that is required for PCI
and frequently occurs during the management of myocardial infarction would add a
serious hemostatic challenge. Thus, the safety considerations that could be deduced from
analysis of patients with Glanzmann thrombasthenia were complex; GPIIb/IIla antago-
nists were likely to cause a significant, but perhaps not unacceptable risk of hemorrhage;
the use of aspirin, heparin, and thrombolytic agents would likely increase the risk sig-
nificantly; and there would likely be a need for fastidious attention to the vascular sites
of entry of invasive devices.

Observations on patients with Glanzmann thrombasthenia had little to offer with
regard to potential efficacy of GPIIb/IIla antagonists. Since itis such a rare disorder, few
patients who have Glanzmann thrombasthenia are old enough to have thrombotic
ischemic vascular disease. Currently, however, with Dr. Uri Seligsohn and his col-
leagues in Israel, we are embarking on a study in Glanzmann thrombasthenia patients
and the much larger number of Glanzmann thrombasthenia carriers whom we have
identified by DNA analysis (26) and whose platelets have ~50-60% of the normal
number of receptors (27), to assess whether partial or complete loss of GPIIb/IIla recep-
tors affords protection from clinical or subclinical cardiovascular disease.

Platelet Physiology

The development of the platelet aggregometer in the 1960s (28) opened the modern
era of platelet function analysis, with the rapid characterization of the aggregation
response to ADP, epinephrine, collagen, and thrombin, among others (29). Italso allowed
for the appreciation of the complex interrelation of platelet aggregation and the release
reaction (30). It further permitted the characterization of antiplatelet agents, most nota-
bly aspirin, which gave a characteristic pattern of inhibition involving the second wave
of aggregation(3/,32) associated with the release reaction, and later identified as being
due to thromboxane A, production (33,34).

Platelet aggregation induced by ADP, epinephrine, collagen, and thrombin (the ago-
nists that fail to aggregate platelets from patients with Glanzmann thrombasthenia) was
established in the late 1970s to result from the binding of the bivalent adhesive glyco-
protein fibrinogen to the platelet surface (35,36), followed by bridging by the fibrinogen
molecule of receptors on two different platelets. Of course, the GPIIb/Illa receptor
became the logical choice to be the fibrinogen receptor, but even here there was contro-
versy as to whether Glanzmann patients lacked the receptor or lacked the ability to
activate the receptor (37). Although several lines of evidence supported the conclusion
that the GPIIb/Illa receptor was, in fact, the receptor that bound fibrinogen (38), it was
this lingering controversy that led us in the early 1980s to try to develop monoclonal
antibodies, which were coming into general use by investigators at that time, to help
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resolve this issue. We wanted to focus on antibodies that would affect platelet function
and thus our screening assay built on our earlier studies (39) and was based on the
agglutination of fibrinogen-coated beads by platelets. We produced antibodies, 10E5
and 7E3, that blocked the agglutination and then discovered that they bound to the GPIIb/
IITa complex, providing very strong evidence for GPIIb/IIla being responsible for the
binding of fibrinogen (40,41).

At approximately the same time, additional molecular biological data from investi-
gators studying adhesion phenomena in many different tissues provided evidence that
GPIIb/IIIa was a member of a large family of receptors with similar structures (42).
Hynes termed these receptors “integrins” to emphasize that they have binding domains
on both the exterior of the cell and the cytoplasmic face; the former interact with adhesive
ligands whereas the latter interact with cytoskeletal proteins and proteins involved in
both receiving and sending signals (42). GPIIb/Illa is a prototypic integrin, being a
heterodimer of an a.-subunit (GPIIb, ayy,) and a B-subunit (GPIlla, (35) (43,44). Mono-
clonal antibody studies demonstrated that GPIIb/I1la is essentially specific for platelets
and megakaryocytes and is expressed at very high density on platelets (~80,000 recep-
tors per platelet (45)) making it one of the densest adhesion/aggregation receptors in any
biologic system. There is also an internal pool of GPIIb/I1la receptors associated with
a granule membranes and perhaps other structures (46,47). At least some GPIIb/IIla
receptors probably cycle between the platelet surface and the internal pools (47). The
;-subunit of GPIIb/IIla can also pair with another a.-subunit, termed c, to form the o, 35
receptor, commonly called the vitronectin receptor (48). This is present on platelets at
extremely low levels (~50—100 molecules per platelet (49)) and is also present on many
other cell types, including endothelial cells, osteoclasts, smooth muscle cells, and acti-
vated lymphocytes (50,51).

Investigators studying the osf3; integrin receptor in the early 1980s made the remark-
able discovery that a very small region of the large fibrinectin molecule was crucial for
binding (52). Ultimately they localized this to a three amino acid motif, arginine-
glycine-aspartic acid [single letter code RGD (52)]. They went on to show that small
peptides containing this sequence could actually block the binding of ligands to the 53,
receptor (53). At approximately the same time, aided by the availability of monoclonal
antibodies, it was discovered that the GPIIb/IIla receptor could bind not only fibrinogen,
but also von Willebrand factor (vWf), fibronectin, vitronectin, and other adhesive gly-
coproteins (54). With only one exception, as these proteins were cloned and their amino
sequences determined, it became clear that the regions responsible for binding to plate-
lets contained RGD sequences (55). Moreover, the binding of all of these ligands could
be inhibited by RGD-containing peptides (56,57). The one exception, ironically, was
fibrinogen itself, where binding to GPIIb/IIla was mediated by the C-terminal
dodecapeptide of the y chain, which contains a glycine-aspartic acid sequence and a
crucial lysine (which, like arginine, is positively charged) two amino acids upstream
(58,59). It appears that the RGD and y-chain peptides bind to the same or nearby sites
in GPIIb/IIa.

The o, 35 receptor binds many of the same ligands as GPIIb/I1la and it is also blocked
by RGD-peptides (60). It appears to have preference for vitronectin (49), however, and
unlike GPIIb/IIIa, it binds to osteopontin when activated (6/). Moreover, it appears to
bind fibrinogen via the latter’s C-terminal RGD sequence in the Ao chain, not the y-chain
dodecapeptide (58,59,62).
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The multiplicity of ligands that can bind to GPIIb/IIla adds complexity to its biology.
Shear conditions may be important in determining the preferred ligand since vW{ appears
to be the most important ligand under high shear conditions, whereas fibrinogen is
favored at low shear (63). One unique feature of the GPIIb/IIla-fibrinogen interaction is
that GPIIb/II1a activation is required for platelets to bind fibrinogen in fluid phase (64),
but platelet activation is not required for GPIIb/IIIa to mediate adhesion to immobilized
fibrinogen (39,65).

The recognition that RGD-containing peptides could inhibit the GPIIb/II1a receptor
opened up exciting new opportunities to synthesize low molecular weight peptides,
peptidomimetics, and nonpeptides that would have favorable pharmacologic features.
This led to the production of literally thousands of compounds, including orally active
compounds, that have high affinity for GPIIb/IIla, and high specificity for GPIIb/Illa
compared to a3 and other integrin receptors (see below) (66,67).

Platelet Adhesion and Aggregation

Our current view is that occlusive thrombus formation in coronary arteries probably
begins with deposition of platelets on a ruptured or eroded athersclerotic plaque, prima-
rily mediated by constitutively active receptors on the platelet surface interacting with
subendothelial proteins [including, but not limited to, GPIb/IX(vWf); GPIIb/Illa
(immobilized fibrinogen); GPla/lla (a,f3;) (collagen); GPIc*/Ila (asf;) (fibronectin);
GPIc/1la (04) (laminin); GPVI (collagen); and perhaps o35 (fibrinogen, vitronectin,
vWI, osteopontin); and GPIV (thrombospondin, collagen) (30)]. The adhesive proteins
may be exposed by the initial injury (e.g., collagen and vWf), deposited from plasma or
released by platelets onto subendothelial proteins (e.g., binding of vWfto collagen) (68),
or deposited from plasma or released from platelets onto newly formed fibrin (e.g., vVWT)
(69). Data demonstrating tissue factor in the lipid-rich core of atherosclerotic plaques,
however, raise the possibility that the generation of at least small amounts of thrombin
and local fibrin formation may be early events (70). The adhesion process is likely to be
much more complex after the release or generation of platelet agonists at the site of
vascular injury since these agents may be able to cause nearby circulating platelets to
expose P-selectin and activate GPIIb/I11a to a high affinity ligand-binding state. Inflam-
matory cytokines may also affect the process, with platelets rolling or skipping along the
surface before settling into stable interactions (68,717). Under the relatively high shear
rates found in coronary arteries, the GPIb/IX-vWT interaction appears to play a crucial
role (68).

The first layer of adherent platelets probably has little effect on blood flow. It is the
recruitment of additional layers of platelets, mediated primarily or exclusively by the
GPIIb/IIIa receptor, which poses the greatest risk of platelet thrombus formation and
resulting vasoocclusion. The activated platelets in the thrombus, as well as microparticles
released from platelets and adherent to the thrombus (72,73), furnish highly effective
catalytic surfaces on which thrombin can be generated, leading to the initiation of fibrin
deposition and further platelet activation and adhesion.

Thus, the rationale for targeting the GPIIb/IIIa receptor focused on its pivotal role in
mediating the platelet—platelet interactions crucial for platelet thrombus formation,
regardless of the agonist responsible for platelet activation. As such, it represents the
final common pathway for platelet aggregation. This model predicts that GPIIb/IIIa
receptor blockade would have little effect on platelet adhesion, which s largely mediated
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by other receptors, and this was not considered a disadvantage since the first layer of
platelets may contribute to maintaining hemostasis without compromising the inhibition
of platelet thrombus function.

Animal Models

The goal of the early animal studies was to assess the role of the GPIIb/IIla receptor
in well-established models of thrombosis, in particular models where aspirin offered less
than complete protection (74). We chose antibody 7E3 for these studies because it
reacted with human, primate, and dog platelets. The binding characteristics of 7E3 are
discussed below in the section, Pharmacokinetics. To avoid the possibility that platelets
coated with 7E3 would be cleared by dog splenic macrophages containing immunoglo-
bulin Fcreceptors, the experiments were conducted with antibodies digested with pepsin
to cleave the Fc region from the immunoglobulin, leaving the F(ab'), (74). In order to
quantify the number of platelet GPIIb/IIIa receptors blocked, we developed an assay
using radiolabeled 7E3 (74).

In vivo dose-response experiments with 7E3-F(ab’), demonstrated that aggregation
was not inhibited or minimally inhibited at =50% receptor blockade, partially inhibited
from 50-80% receptor blockade, and essentially eliminated at >80% receptor blockade
(74,75). Thus, a dose of 7E3-F(ab’), that just achieves 80% receptor blockade will
completely abolish platelet aggregation, but only produce a modest effect on the bleed-
ing time (75). And abolition of platelet aggregation cannot be equated with near 100%
receptor blockade, since 80% receptor blockade will achieve this endpoint.

In the dog model developed by Dr. John Folts, a partially occluded and damaged
coronary artery undergoes cyclical flow reduction as platelets deposit on the blood
vessel wall, aggregate into massive platelet thrombi, and then abruptly embolize distally
(12,13). This model is designed to simulate human unstable angina. Early studies by Dr.
Folts demonstrated that aspirin could preserve patency of the vessel and prevent the
cycles, but cycles were restored by epinephrine infusion or increasing the stenosis
(12,76). Dr. Willerson and his colleagues used this same model to define the roles of
serotonin, thromboxane A,, and thrombin in platelet thrombus formation (77,78). Most
importantly, they demonstrated that a similar phenomenon occurs in some patients after
coronary angioplasty, providing support for the relevance of the model for human
disease (79,80).

7E3-F(ab'), was the most potent antiplatelet agent Dr. Folts tested in this model,
preventing platelet-mediated cyclical flow reductions despite infusing epinephrine,
increasing the vascular stenosis, increasing the vascular damage, and even passing elec-
tric current through the cylinder used to create the vascular stenosis (74,81). Similar
results were obtained when the model was conducted on the carotid artery of nonhuman
primates (75). Dose-response studies demonstrated that the antithrombotic effect could
be achieved with ~60-80% GPIIb/Il1areceptor blockade, which produced only a modest
effect on the bleeding time (74,75). Later studies by Anderson et al. demonstrated that
7E3 could abolish the cyclical flow reductions that occurred in some patients after
coronary artery balloon angioplasty (79,80).

Dr. Chip Gold and his colleagues had developed a dog model of reocclusion after
thrombolysis by producing a severe fixed stenosis of a coronary artery, placing a whole
blood thrombus adjacent to the constriction, and then administering t-PA in varying
doses and regimens (/5). The coronary arteries of most animals were reperfused by the
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t-PA, but reocclusion occurred nearly always, usually within minutes, and sometimes
the reocclusion was followed by cyclical flow reductions similar to those observed in the
Folts model (15). Aspirin had only a minimal effect in this model. Pretreating dogs with
7E3-F(ab'), shortened the time required to achieve reperfusion and completely protected
from reocclusion, even when the dose of t-PA was reduced by as much as 75%
(15,74,82,83). A minority of animals achieved reperfusion with 7E3-F(ab’), treatment
alone, something virtually never observed in the controls. Later studies by Dr. Gold and
his colleagues demonstrated similar results in a subset of patients with acute myo-
cardial infarctions treated with abciximab (84). In a variation of this model designed to
elicit platelet-rich thrombi, t-PA alone did not produce reperfusion, whereas t-PA + 7E3-
F(ab’), was able to achieve reperfusion (85).

Independent animal studies conducted by other investigators using 7E3- F(ab'), pro-
duced very similar results in other animal models of thrombosis, including models that
lasted as long as 5 days (83,86—90).

Chimeric 7E3 Fab

In order to minimize the likelihood that humans treated with 7E3 would develop an
immune response to the murine antibody, murine 7E3(41) was redesigned as a half-
murine, half-human chimeric Fab fragment using recombinant techniques (97,92). The
resulting c7E3 Fab (abciximab; ReoPro™) contains the heavy- and light-chain variable
regions from the murine antibody attached to the constant regions of human IgG; and
kappa chains, respectively. c7E3 Fab is prepared by papain digestion of the intact anti-
body (92).

The antithrombotic effect of c7E3 Fab was tested in a primate carotid artery model in
which injury was induced by electrolytic injury (93). c7E3 Fab treatment produced dose-
response inhibition of thrombus formation; reduced the frequency of, or abolished the
development of, occlusive thrombi; prolonged the time to occlusion; and decreased
thrombus weight. In a baboon femoral artery thrombosis model, c7E3 Fab facilitated
t-PA-induced thrombolysis, much like murine 7E3-F(ab"), did in the comparable dog
coronary artery model (83,94).

Toxicology studies in nonhuman primates with c7E3 Fab given either as a bolus or as
a bolus + continuous infusion for up to 96 h demonstrated that the agent produced
transient mucocutaneous bleeding (gingival bleeding, epistaxis, and bruising) primarily
related to sites of blood collection or restraints (92). Similar results were obtained when
c¢7E3 Fab was combined with aspirin, heparin, and either t-PA or streptokinase (92).

Mechanisms of Action

Although the predominant mechanism by which GPIIb/IIla antagonists prevent
ischemic damage is by inhibiting thrombus formation by interfering with platelet aggre-
gation, other potential effects of GPIIb/IIIa receptor blockade may also be important.
Since activated platelets can facilitate thrombin generation by releasing factor V(a),
binding prothrombin (95), shedding procoagulant microparticles, and providing a highly
efficient catalytic surface for the reactions involved in thrombin generation (72),
decreasing the number of platelets in a thrombus may decrease thrombin generation.
Moreover, in vitro, blockade of GPIIb/IIIa receptors appears to decrease the ability of
platelets to undergo the release reaction, shed microparticles, bind prothrombin, and
support thrombin generation in response to tissue factor stimulation (72). Clinical stud-
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ies with abciximab and eptifibatide also support the ability of GPIIb/IIIa receptor block-
ade to decrease thrombin generation in response to contact activation, as the activated
clotting times (ACTs) of heparinized patients treated with these agents were longer than
those of untreated heparinized patients (96,97).

The enhanced thrombolysis observed with the combination of GPIIb/IIla receptor
blockade and a thrombolytic agent may result from a number of mechanisms, including:
1) inhibition of clot retraction (98,99), which limits the diffusion of thrombolytic agents;
2) inhibition of the release of fibrinolytic inhibitors from platelets, including plasmino-
gen activator inhibitor-1 and o,-plasmin inhibitor (/00,101); 3) inhibition of factor
XIlIa binding to platelets and local release of platelet factor XIII, thus preventing fibrin
crosslinking and crosslinking of fibrinolytic inhibitors to fibrin (/02); and 4) inhibition
of the generation of the thrombin-activatable fibrinolysis inhibitor (TAFI) due to
decreased thrombin generation (/01).

GPIIb/IIIa blockade may also prevent the platelet activation induced by thrombolytic
agents (/03—105), thus allowing the thrombolytic agents to act unopposed by the
increased deposition of platelets into the thrombus.

GPIIb/IIIa receptor blockade may also decrease the release of agents from platelet
granules (72) that have been implicated in producing intimal hyperplasia, one of the
components of the restenosis process. These include PDGF, ADP, and serotonin. At
present, however, there is little evidence that GPIIb/I11a antagonists decrease restenosis
with the dosing regimens currently used (/06,107).

Abciximab, but not the low molecular weight antagonists, crossreacts with the o, 33
receptor (49,108). It is unclear whether any of abciximab’s effects are because of this
crossreactivity. There are only a very few a,[; receptors on platelets (49), but they
appear to contribute to the activation process that increases the catalytic efficiency of
platelets in thrombin generation (72), and activated o35 receptors appear to uniquely
support binding of platelets to osteopontin (6/). Inhibiting o35 produces apoptosis of
cells that require o, 3; for adhesion, most likely as a result of the decrease in the produc-
tion of “survival” signals from the cytoplasmic protein complexes that are created at
focal adhesions where integrin receptors localize and cluster (50,109,110). Thus, it is
possible that o, 5 blockade can decrease smooth muscle cell proliferation or migration,
processes that may be important in intimal hyperplasia, and a number of experimental
animal models support this possibility (/1/-114). Although the EPIC study suggested
an effect of abciximab treatment on clinical restenosis, this was not confirmed in the
EPILOG, CAPTURE, or ERASER studies (/07). The time of treatment with abciximab
was only 12 to 24 h, however, in these studies and animal data indicate that a,f33
upregulation after vascular injury persists for several weeks (/74).

PHARMACOKINETICS OF SELECT GPIIb/IIla ANTAGONISTS

The theoretical considerations that led to the current strategy for the dose and duration
of therapy for GPIIb/IIla antagonists are the need for sufficiently high grade receptor
blockade to prevent platelet thrombus formation despite extraordinary provocation, as
may exist after vascular injury in the presence of low flow; and the need for the high grade
receptor blockade to persist beyond the time necessary for the blood vessel to return to
a state of low platelet reactivity (“passivation”). Animal model data in the Gold model
(82) and a few anecdotal observations (//5) suggested that =80% receptor blockade
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would be required, and data from the EPIC study comparing the bolus alone group to the
group receiving a bolus + 12 h infusion provided compelling support for this
level of receptor blockade, because as soon as the level of receptor blockade in the bolus
only group dropped below 80, there was a marked increase in the onset of new ischemic
events (116).

The duration of therapy depends on the passivation process, about which little is
known. In animal models of vascular injury of normal blood vessels it appears to take
approximately 6-8 h (117,118). Analysis of the time to repeat urgent percutaneous
coronary interventions (PCI) in the control group in EPIC, however, indicates that the
period of high risk after PCI of human vascular lesions is 2 days and that the period of
lower risk extends from days 2-8.

Abciximab (c7E3 Fab: ReoPro™)

Murine 7E3 and abciximab bind with high affinity to human platelet GPIIb/IIla
(nanomolar Kp) (41,45,119—121). Murine 7E3 binds more rapidly to activated than
unactivated platelets, probably because activation results in freer access to its binding
site (119). Smaller fragments of murine 7E3 [F(ab"), and Fab'] show less of a differential
in on-rates, presumably reflecting easier access to the binding site due to their smaller
size (119,120). The dissociation rate of abciximab was estimated as ~40—45 min in one
study (/20), but in two other studies it required ~120 min and ~180 min to displace 50%
of a subsaturating concentration of radiolabeled abciximab from the surface of GPIIb/
[ITa-containing HEL cells and platelets, respectively (45). Platelets are able to internal-
ize at least some 7E3 after it binds to the surface (/22), an observation consistent with
data demonstrating that GPIIb/IIla receptors cycle from the plasma membrane to o
granule membranes and back (47); the significance of this internalization is unknown.

Antibody 7E3 also blocks ligand binding to the o, receptor (49,74,108) and may
crossreact with an activated form of the o3, receptor (Mac-1) (CD11b/18) (123,124).
The importance of these cross reactivities is unclear.

The epitope(s) on GPIIb/IIla and the other integrins that 7E3 binds to are unknown.
Since 7E3 reacts with two different GPIIla (f35)-containing receptors, there is reason to
speculate that its major binding site is on GPIIla (85). It does not, however, react with
isolated GPIIla and so the epitope may only be exposed on GPIIla when GPIIla com-
plexes with an a-subunit (GPIIb or o). Alternatively, the a-subunits may indeed con-
tribute directly to the epitope.

After bolus administration of abciximab at the recommended dose of 0.25 mg/kg,
approximately 65% of the injected antibody becomes attached within minutes to the
GPIIb/IIIa receptors on the platelets in the peripheral circulation and spleen (92,125).
Based on unpublished toxicology studies (/26), itis likely that a small amount also binds
to mature megakaryocytes. In most patients, the initial bolus achieves =80% GPIIb/IIla
receptor blockade, =80% inhibition of ADP-induced platelet aggregation, and marked
prolongation of the bleeding time (92,125,127). Since the total number of molecules of
abciximab that are injected exceeds the number of GPIIb/IIla receptors normally present
by only a factor of 1.5-2.0 (92), the standard dose may not achieve =80% receptor
blockade in patients with either severe thrombocytosis (/28) or marked splenomegaly
with splenic pooling of platelets. The free plasma concentrations of abciximab drop very
rapidly after injection of a bolus dose or when an infusion is terminated, with an initial
half-life of ~30 min (92,7125). Within an hour or so the level is below the Ky, of the
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Fig. 1. Recovery of the platelet aggregation response after discontinuing tirofiban, eptifibatide,
and abciximab. Aggregation was initiated by 20 um ADP for the eptifibatide and abciximab
studies, and 5 um ADP for the tirofiban study. Tirofiban was given as a 10 ug/kg bolus + 0.15
ug/kg infusion for 36 h, eptifibatide was given as 135 ug/kg bolus + 0.5 ug/kg/min infusion for
12 h and abciximab was given as a 0.25 mg/kg bolus + 10 ug/min for 12 h. Data compiled by Dr.
Robert Jordan, Centocor, Malvern, PA.

antibody. The platelet-inhibiting effects of the bolus injection of abciximab can be
sustained by administering a continuous infusion of 10 ug/min or 0.125 ng/kg/min
(92,125,127). Very little abciximab can be detected in the urine, making it most likely
that its major catabolic route involves digestion by the cells that remove platelets from
the circulation (126).

Currently the indicated duration of abciximab treatment is 12 h when the bolus dose
is given immediately before PCI (116,129). Bleeding time returns to normal within
12 h after the end of the infusion in most patients (/25). Platelet aggregation in response
to ADP (20 uM) returns to =50% of baseline within 1 day in most patients and within
2 days in virtually all patients (Fig. 1). Platelet aggregation in response to a thrombin
receptor activating peptide is less inhibited by bolus abciximab treatment than is platelet
aggregation induced by ADP, most likely because activation of the thrombin receptor
induces the release reaction and recruits internal GPIIb/IIIa receptors to the platelet
surface (130).

Abciximab can be detected at low levels on the platelets of patients for as long as 14
or more days after the infusion is ended, most likely reflecting the ability of abciximab
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to redistribute from one platelet to another within minutes to hours (92,7131). Thus
abciximab binding to platelets is reversible (92,131). Platelet transfusion can rapidly
reverse the platelet inhibition produced by abciximab (/32). This is probably partly
because of the ability of the uncoated platelets to function in hemostasis before they have
accumulated a significant amount of abciximab on their surface. Ultimately, however,
when abciximab redistribution is complete, the transfer of abciximab from the heavily
coated to uncoated platelets results in a decrease in the average GPIIb/Illa receptor
blockade. Decreasing the average blockade to <50% results in considerable return of
platelet function.

Tirofiban (MK-383; Aggrastat™)

Tirofiban is a nonpeptide derivative of tyrosine (L-tyrosine, N-(n-butlysulfonyl)-O-
[4-butyl(4-peperidinyl)], monohydrochloride, monohydrate) that is highly selective for
GPIIb/Ila compared with o5 (133,134). It inhibits platelet aggregation of gel-filtered
platelets induced by ADP (10 uM) with an ICs, of 9 nM. Infusion of tirofiban at 10 ng/
min into dogs produced nearly complete inhibition of ADP-induced platelet aggrega-
tion; aggregation returned to ~70% of normal within 30 min of ending the infusion (/34).

In humans, 0.15 ug/kg/min of tirofiban for 4 h produced a 2.5 = 1.1-fold increase in
bleeding time and 97 = 5% inhibition of ADP (3.4 uM)-induced platelet aggregation
(135,136). Plasma clearance was 329 mL/min and the plasma half-life was 1.6 h. The
bleeding time returned to normal and platelet aggregation returned to >80% of
the pretreatment value (Fig. 1) 4 h after stopping tirofiban. Aspirin coadministration
resulted in enhanced bleeding-time prolongation (4.1 = 1.5-fold increase), which was
not because of an effect on tirofiban plasma levels. The plasma concentration of tirofiban
needed to inhibit platelet aggregation by 50% decreased from ~12 ng/mL to ~9 ng/mL when
patients also received aspirin. Peak plasma concentration with the 0.15 ug/kg/min infu-
sion was ~40 ng/mL, and 6 h after stopping the therapy, plasma levels were <3 ng/mL.

A pilot dose-ranging study conducted in patients undergoing coronary artery
angioplasty who were simultaneously treated with aspirin and heparin demonstrated
that: 1) ADP (5 uM)-induced platelet aggregation was inhibited by =93% within 5 min
of administering 10 ug/kg; 2) bleeding time at 2 h was >30 min when a 10 ng/kg bolus
was followed by either a 0.1 or 0.15 ug/kg/min infusion; 3) at the end of the infusions
(16-24 h), platelet aggregation was inhibited by 87 and 95%, respectively; and 4) after
terminating the infusions, platelet aggregation began to return toward normal in 1.5 h,
and by 4 h platelet aggregation was greater than 50% of normal (137).

Eptifibatide (Integrilin™)

Although the precise structure of eptifibatide has not been disclosed, it is reported to
be a synthetic disulfide-linked cyclic heptapeptide patterned after the KGD sequence
found in the snake venom disintegrin from Sistrurus m. barbouri (138,139). It is highly
specific for GPIIb/IIIa inhibition compared with o, inhibition. Animal studies
suggested that eptifibatide produced less prolongation of the bleeding time than other
GPIIb/IIIa inhibitors at doses producing comparable inhibition of platelet aggregation.

More recently it was reported that eptifibatide’s inhibition of platelet aggregation is
significantly augmented when blood is anticoagulated with citrate, the anticoagulant
used in the animal studies (/40). Thus, the extent of platelet aggregation inhibition was
probably overestimated in those early studies. When the citrate effect is considered,
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administration of eptifibatide and other GPIIb/IIla antagonists at comparable platelet
aggregation inhibition doses probably produces comparable levels of bleeding time
prolongation.

Clearance of eptifibatide does not appear to depend on drug metabolism and thus renal
clearance is probably most important. As with abciximab, treatment with eptifibatide
prolongs the ACT of heparinized patients, suggesting an inhibitory effect on thrombin
generation stimulated by contact activation (96,141).

In a pilot study of 21 patients undergoing elective PCI who were also treated with
aspirin and heparin (10,000 U bolus + additional doses to maintain ACT at 300-500 s),
a bolus dose of 90 ug/kg of eptifibatide followed by a 1 ug/kg/min infusion for 4 or 12
h, resulted in a decrease in platelet aggregation response using citrated blood to ADP
(20 uM) from ~80% of a full scale change before eptifibatide treatment to ~15% at 1 h
after the bolus dose and at the end of the infusion (96). There was significant
interindividual variability in response, with the 95% confidence limits extending from
0-30% and 0-40%, respectively, at the two time points. The average aggregation
response was ~55% 4 h after stopping the infusion, but there was marked interindividual
variation (95% confidence limits ~10-90%).

Bleeding times were prolonged from ~6 min before treatment to ~26 min after 1 h and
at the end of the infusion. Bleeding times rapidly returned toward normal after stopping
treatment, being ~12 min 1 h after the infusion was stopped.

A subsequent study (/42) tested 4 different bolus + 18-24 h infusion regimens in
54 patients undergoing PCI who were also treated with aspirin and heparin (180 ug/kg
bolus + 1 ug/kg/min; 135 ug/kg + 0.5 ug/kg/min; 90 ng/kg + 0.75 ng/kg/min; 135 ug/kg +
0.75 wg/kg/min). The 180 ng/kg bolus dose produced high-grade inhibition of ADP-
induced platelet aggregation using citrated blood, and this was consistently sustained by
the 1 ug/kg/min infusion. There was some return toward normal platelet aggregation in
patients treated with the regimens that included the 0.75 ug/kg/min infusion. After
stopping treatment for 4 h, platelet aggregation returned to more than 50% of the pre-
treatment value (Fig. 1). Bleeding time prolongation was found with all regimens (median
values of 22,12,12, and 17 min, respectively, compared to control of 7-8 min) and 1 h
after stopping the infusion, there was a return toward the control values (9, 10, 9, and
11 min, respectively).

Lamifiban (Ro 44-9883)

Lamifiban is a nonpeptide of the structure ([[1-[N-(p-amidinobenzoyl)-L-tyrosyl)-L-
tyrosyl]-4-peperidinyl]oxy acetic acid). It inhibits aggregation of citrated platelet-rich
plasmainduced by ADP (10 uM) with an ICs,0f 25 uM and binds to gel-filtered platelets
with a Kp of 5 nM (743,144). It has little or no effect on a3 function. Binding of
lamifiban to GPIIb/IIIa does not induce the ligand binding conformation of the receptor
as does the binding of some peptides and peptidomimetics (/45), nor does it expose
ligand-induced binding sites (LIBS) on GPIIb/Illa (146).

When infused in humans, a plasma level of 6.1 nM produced 50% inhibition of ADP-
induced platelet aggregation (/47). Doses that nearly completely inhibited platelet
aggregation caused doubling of the bleeding time. Based on a one compartment pharma-
cokinetic model, the volume of distribution for lamifiban was 22 L; free drug T, , was 40 min;
bound drug T,,, was 9.5 h, and plasma clearance was 417 mL/min.

Inapilotdose-ranging study conducted in patients with unstable angina, patients were
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treated with bolus + 72—-120 h infusions of 150 ug + 1 ug/min; 300 ug + 2 ug/min; 600
ug + 4 ug/min; and 750 ug + 5 ng/min (infusions were adjusted downward for patients
weighing <70 kg) (148). At steady state, the 4 and 5 ug/min infusion regimens caused
almost 100% inhibition of ADP (10 uM)- and thrombin receptor activating peptide (100
uM)-induced aggregation in citrated platelet-rich plasma. Lower doses produced less
inhibition, especially of thrombin receptor activating peptide-induced platelet aggrega-
tion. Bleeding times were also prolonged in a dose-dependent fashion, with the 5 ug/min
infusion dose increasing the bleeding time to ~23 min.

Fradafiban (BIBU 52) and Lefradafiban (BIBU 104)

The structures of the nonpeptide RGD mimetics fradafiban and lefradafiban are given
in Fig. 2 (149). Fradafiban is highly selective for GPIIb/Illa compared with a5 and
binds to GPIIb/IIIa with K, 148 nM. Approximately 54,000-89,000 molecules bind per
platelet. Fradafiban has limited oral activity due to poor absorption. Esterification of the
carboxyl group and acylation of the amino group produced a less polar prodrug,
lefradafiban, which is better absorbed; plasma esterases convert lefradafiban to
fradafiban in vivo.

In normal volunteers, infusion of 1 mg of fradafiban intravenously over 30 min pro-
duced 50% receptor blockade (as measured by *H-fradafiban binding), ~35% inhibition
of ADP (20 uM)-induced platelet aggregation, and a plasma level of ~40 ug/mL. Half-
maximal inhibition of ADP-induced platelet aggregation occurred at ~54 ug/mL
fradafiban. At doses of 5 mg or greater, ADP-induced platelet aggregation was com-
pletely inhibited. ADP-induced aggregation was ~40% of control and ~65% of the
receptors remained blocked 2 h after the 5 mg infusion.

A 50-mg oral dose of lefradafiban inhibited ADP-induced platelet aggregation by
90 £ 5% at 2 h, 59 + 14% at 8 h, and <10% at 24 h after administration. Higher doses
produced greater inhibition, but aggregation returned to pretreatment values at 32 heven
with a 150-mg dose. It required 2.3-fold higher plasma levels to half-maximally inhibit
platelet aggregation in citrated whole blood compared to platelet-rich plasma.

When administered every 8 h to normal volunteers, the 25-mg dose of lefradafiban
maintained inhibition of ADP-induced platelet aggregation between 30-75%, whereas
the 50-mg dose maintained it between 50-95%. There was no evidence for desensitiza-
tion during a 7-d course. Minor bleeding resulted in discontinuation of the 100-mg dose
in this study. Interindividual variations in plasma concentrations were <20%. Absorp-
tion was estimated at ~25%, and >90% of the quantifiable drug in plasma was fradafiban.
Fradafiban has low protein binding capacity and its catabolism is estimated as ~65%
renal and ~35% biliary. The dominant half-life was ~12 h, suggesting that the ultimate
plasmalevelislikely to~1.8-fold the initial peak level with an every-8-h dosing regimen.

Xemilofiban (SC-54684A)

Xemilofiban is the ethyl carbolic acid ester prodrug of the GPIIb/IIla antagonist
SC-54701A (150). The latter inhibits ADP (20 uM)-induced fibrinogen binding to
washed human platelets with an ICs, of ~10 nM. In platelet-rich plasma, the ICs,’s of
SC-54701A for collagen and ADP-induced platelet aggregation are ~70 and 35 nM,
respectively. In contrast, the ICs, of the prodrug xemilofiban was at least 100-fold
greater. SC-54701A is highly selective for GPIIb/Illa compared with o, f35.

In dogs, increasing doses of SC-54701A produced progressive inhibition of platelet
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Fig. 2. Structure of fradafiban and lefradafiban.

aggregation and bleeding times, with 35% inhibition of collagen-induced aggregation
and an ~2-fold increase in bleeding time at 0.1 ug/kg/min; 80% inhibition of aggregation
and an ~2.5-fold increase in bleeding time at 0.2 ug/kg/min; and >85% inhibition of
aggregation and a 5-fold increase in bleeding time at 0.3 ug/kg/min. The oral systemic
activity of xemilofiban was ~19% when compared to the intravenous activity of
SC-54701A in dogs. When SC-54701A was administered intravenously, the half-life of
the P phase for elimination (two-compartment open model) was 6.5 h, total plasma
clearance was 0.3 L/h/kg and the volume of distribution was 2.8 L/kg. The compound
was excreted unchanged in the urine, with 75% recovery after 4 d. When xemilofiban
was given orally, most of the dose was rapidly transformed into the free acid, and ~29%
of the administered dose was excreted in the urine. The systemic availability of the active
metabolite, SC-54701A, was ~21%.

In humans, a single-blind placebo-controlled dose-ranging study in 170 patients
undergoing intracoronary stent deployment tested xemilofiban at 5-, 10-, 15-, and 20-mg
oral doses administered twice a day (/57). All patients received aspirin before the pro-
cedure. Oral xemilofiban therapy was initiated on the morning after the procedure and
continued for 14 d. Thirty of the 170 patients received abciximab as a bolus + 12-h
infusion and in these patients xemilofiban was begun 8—18 h after stopping abciximab.
In patients not treated with abciximab, the 20-mg bid dose produced ~70% decrease in
ADP (20 uM)-induced platelet aggregation 4 h after taking the drug, with near return to
baseline values at 12 h. The responses remained similar after 1 and 2 wk of therapy. The
slope of the dose response was similar in patients who were and were not treated with
abciximab.

Inarandomized single-blind placebo-controlled pilot study, 30 patients with unstable
angina undergoing PCI were treated with a loading dose of xemilofiban (35 mg) or
placebo 3 h before the procedure; 4-6 h after the procedure, xemilofiban at a dose of
20 or 25 mg 3 times per day was begun and continued for 30 d (/52). All patients were
heparinized during the procedure and received aspirin throughout the study. The study
was stopped prematurely because of excessive bleeding, at which time 16 patients had
been treated with the 25-mg dose and 4 received the 20-mg dose 3 times per day. Seven
of the 20 patients were withdrawn from the study because of bleeding (4), stent place-
ment (2), and cancelled procedure (1). Two patients had severe bleeding complications
requiring 22 and 54 units of packed red blood cells, and one died. This last patient
developed acute renal insufficiency and this resulted in marked prolongation of the
clearance of SC-54701A. After the loading dose, ADP-induced platelet aggregation was
inhibited =80% in 83% of the patients at 2 h, 85% at 4 h, and 100% at 6 h. Later in the
study, 64% of patients had <80% inhibition of ADP-induced platelet aggregation before
their morning dose of xemilofiban. Plasma levels of the active agent SC-54701A showed
considerable interindividual variability.
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INTRODUCTION

Blockade of the platelet glycoprotein (GP) IIb/II1a receptor as a therapy for ischemic
heart disease was introduced into clinical practice by demonstration that the first of these
agents, abciximab, reduces periprocedural complications among patients undergoing
high-risk coronary angioplasty. From this initial “proof of concept,” subsequent clinical
evaluation of this agent has progressed through a series of large-scale trials, establishing
the broad applicability, marked clinical efficacy, and acceptable safety profile of this
therapeutic strategy in the setting of percutaneous coronary revascularization. Ongoing
studies are now addressing the potential role of abciximab as medical therapy among
patients with the acute ischemic syndromes of unstable angina and myocardial infarc-
tion. This chapter will review the clinical experience with this agent as a pharmacologic
adjunct to elective or urgent coronary intervention.

PHARMACOLOGY OF ABCIXIMAB

Preclinical Data

The development and pharmacology of abciximab are reviewed in detail in Chapter
4 by Dr. Coller. In brief, abciximab (ReoPro™, Centocor, Malvern, PA) is a chimeric Fab
monoclonal antibody fragment that binds to the platelet GP IIb/I1la receptor. A murine
antibody (7E3) was produced by immunization of mice with human platelets and iso-
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lated from hybridoma supernatants by its inhibition of the interaction between platelets
and fibrinogen-covered beads. To limit the risk of thrombocytopenia because of clear-
ance of 7E3-coated platelets by binding of the Fc region of the IgG molecule to the
reticuloendothelial system, 7E3 was cleaved with pepsin into F(ab'), fragments. Animal
experiments and initial human studies were carried out using this F(ab"), form. Because
of continued concerns regarding the potential for thrombocytopenia by crosslinking of
platelets with the bivalent F(ab'), antibody, an Fab antibody fragment was produced by
papain digestion of m7E3 and subsequently evaluated. Finally, to reduce the risk of
immunogenicity to murine protein, genetic reconstruction was used to produce the chi-
meric ¢7E3 Fab antibody fragment currently in clinical use (abciximab), which consists
of human constant regions and murine variable regions of the IgG antibody.

In preclinical canine and primate animal models (see Chapter 4), 7TE3 F(ab'), or c7E3
Fab were shown to markedly diminish thrombus formation and platelet-mediated cyclic
flow reductions in injured and stenosed coronary arteries and to facilitate t-PA-induced
thrombolysis and abolish reocclusion. These antithrombotic effects were observed at
doses that achieved blockade of >60-80% of GP IIb/Illa receptors.

Clinical Studies

Murine 7E3 and abciximab bind with high affinity to both activated and unactivated
platelet GP IIb/Illa, with inhibition of platelet aggregation observed at levels of receptor
blockade >50% and nearly complete abrogation of aggregability at >80% receptor occupancy.
Although binding is reversible, dissociation of the agent from the receptor is slow, and
normalization of platelet aggregation does not occur until 24-36 h following discontinuation
of abciximab infusion (/,2). By flow cytometry, decreasing but measurable levels of platelet-
bound abciximab are present for as long as 15 d, beyond the normal circulating platelet
lifespan, indicating redistribution of abciximab to new platelets entering the circulation (3).

Phase II clinical studies confirmed dose-related inhibition of platelet aggregation and
prolongation of bleeding time by 7E3 in the setting of percutaneous coronary interven-
tion. In a pilot study of 23 patients undergoing elective angioplasty, escalating bolus
doses ranging from 0.15 to 0.35 mg/kg of m7E3 Fab produced levels of receptor block-
ade ranging from ~50-90% (4). Doses of =0.20 mg/kg led to >70-80% inhibition of
platelet aggregation, with partial recovery of platelet function noted by 6 h. Marked
prolongation of bleeding times were observed at all doses, with normalization by 24 h.

Chimeric 7E3 Fab (abciximab) was evaluated in a multicenter open-label dose-
escalation study of 56 patients undergoing elective percutaneous transluminal coronary
angioplasty (2). Levels of receptor blockade and inhibition of platelet aggregation fol-
lowing bolus doses of 0.15, 0.20, and 0.25 mg/kg are detailed in Table 1; although wide
variability was observed among patients, particularly at the lowest dose, platelet aggre-
gation was consistently suppressed to the theoretical target of <20% of baseline by the
abciximab bolus dose of 0.25 mg/kg. In the second phase of this study, GP IIb/Illa
receptor blockade, platelet aggregation, and bleeding times were measured following a
0.25 mg/kg bolus dose, with and without a subsequent 12-h infusion at a rate of 10 ug/
min (Fig. 1). With a bolus only (Fig. 1A), peak receptor blockade and inhibition of
platelet aggregation to <20% occurred by the first (2 h) measurement, with prolongation
of bleeding time to >30 min. Bleeding time returned nearly to normal by 12 h, although
recovery of platelet aggregability occurred more gradually, remaining ~40% and ~30%
inhibited by 12 and 24 h, respectively. Addition of an infusion of abciximab (10 wg/min)
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Table 1
GP IIb/IIIa Receptor Blockade and Inhibition
of Platelet Aggregation After Abciximab Bolus Doses”

Bolus dose GP IIb/Illa receptor blockade Platelet aggregation
to 20 mM ADP
(% Blocked) (% of baseline)
(mg/kg body weight) median (interquartile range) median (interquartile range)
0.15 .54 (15-94) 46 (34-80)
0.20 80 (67-89) 45 (19-71)
0.25 87 (62-96) 18 (9-25)

“Data from Tcheng et al. (2).

following the bolus dose produced consistent levels of receptor occupancy of ~80%,
with inhibition of platelet aggregation to ~20% and prolongation of bleeding time to
>30 min during the 12-h infusion period (Fig. 1B). Following discontinuation of the
infusion, recovery of these parameters occurred at rates similar to those following
administration of the bolus only. The effectiveness of the 12-h abciximab infusion
(10 wg/min or 0.125 ug/kg-min) in maintaining receptor blockade >80% and platelet
aggregability <20% in the majority of treated patients was confirmed in a subsequent
study of 41 normal volunteers (3).

Kleiman et al. evaluated the influence of different agonists on measured inhibition of
platelet aggregation by abciximab among 32 patients undergoing coronary angioplasty
(5). Receptor blockade was ~80% at 2 h following the single abciximab bolus of 0.25 mg/kg,
declining to ~50% by 24 h. This level of receptor occupancy was associated with nearly
complete inhibition of platelet aggregation in response to the traditional agonists ADP
(20 and 5 uM concentrations) and collagen (mean 76%, 88%, and 85% inhibition at 2 h,
respectively). The circulating plasma half-life of abciximab was very short, calculated
at <26 min. Inhibition of platelet aggregation at various time points in response to ADP
and collagen was significantly correlated with the extent of receptor blockade by
abciximab, but was not at all related to circulating abciximab plasma concentrations
(which were very low by 2 h following the drug bolus). Platelet aggregation in response
to stimulation with thrombin receptor-activating peptides (TRAP), an agonist which
mimics platelet activation by thrombin, was significantly less inhibited 2 h following
abciximab than was aggregation in response to ADP or collagen. Addition of exogenous
abciximab to the platelet rich plasma, however, led to more complete inhibition of
aggregation in response to TRAP. These investigators postulated that the continued
ability of platelets to aggregate in response to TRAP 2 h following the bolus of abciximab
may have been related to the “release reaction” induced by thrombin stimulation, in
which GP IIb/Illa receptors in the alpha granule membranes and perhaps other sites of
the platelet are externalized to the platelet membrane. Given the brief circulating half-
life of abciximab, plasma levels of this agent would be insufficient to bind such newly
exposed receptors shortly after the bolus is administered. These findings suggested that
a continued infusion of abciximab following a bolus would be required to provide com-
plete inhibition of platelet aggregation in the setting of intense stimulation by agonists
such as thrombin, where additional unbound GP IIb/IIla receptors are externalized to the
platelet membrane.



96 Part IT / GP IIb/1I1a Blockade During Coronary Intervention

A

GP lib/llla Receptor Blockade (%)

0 ] | | | | |
0 4 8 12 16 20 24
Time (hours)

Platelet Aggregation (% of Baseline)

100

80

60

40

20

0 | | | | | |
0 4 8 12 16 20 24
Time (hours)

Bleeding Time (min)

| | J | ] |

0 q 8 12 16 20 24
Time (hours)

Fig. 1A. Pharmacodynamics of a 0.25-mg/kg bolus dose only of abciximab. The bolus was given
at time 0. Effects were followed for 24 h. Data points for each patient are shown in open circles;
median values are in solid squares, lines join the median values. For each panel: top graph—
percentage of GP IIb/IIla receptors blocked by abciximab; middle graph—inhibition of platelet
aggregation, expressed as percentage of baseline aggregation in response to 20 umol/L ADP;
bottom graph—bleeing time. From Tcheng et al. (2) (with permission).
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Fig. 1B. Pharmacodynamics of a 0.25-mg/kg bolus dose followed by a 10-ug/min infusion
for 12 h of abciximab. The bolus was given at time 0, with the infusion between time 0 and
12 h. Effects were followed for 24 h. See Fig. 1A legend for explanation of data points and
abbreviations.
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PIVOTAL TRIALS OF ABCIXIMAB
DURING CORONARY INTERVENTION

The role of abciximab during percutaneous coronary revascularization has been
assessed in three large-scale placebo-controlled randomized trials, enrolling in total
more than 7000 patients. The first of these trials, EPIC, focused on patients considered
to be at high risk for thrombotic complications. EPILOG extended the findings of EPIC
to the broad spectrum of patients undergoing coronary balloon angioplasty or
atherectomy. EPISTENT investigated the complementarity of abciximab therapy with
the recent dominant revascularization technique in interventional cardiology—elective
coronary stenting.

The three abciximab trials all shared common design and analysis features, which
allow for some degree of comparison and contrast among the studies. All trials were
blinded, except for the asymmetric balloon angioplasty plus abciximab arm of
EPISTENT. All were carried out according to the “intention-to-treat” principle, wherein
patients were randomized before initiation of the interventional procedure and all patients
were included in the efficacy analysis, regardless of whether or not they actually received
study drug or underwent revascularization. Endpoints were adjudicated by independent,
blinded Clinical Events Committees convened for each trial; these committees utilized
data obtained systematically by protocol and identified events that may or may not have
been determined by investigators at the individual clinical sites. Endpoint myocardial
infarctions (MI) were defined by electrocardiographic and enzymatic criteria, which
were similar in the three trials (in general, infarction was identified by new Q-waves or
CK-MB elevations =3 times the control values) with CK-MB values obtained according
to a protocolized schedule in all patients, even among those in whom infarction was not
clinically suspected. Similarly, hemoglobin values were obtained prior to hospital dis-
charge for assessment of bleeding complications in all patients, regardless of whether or
not bleeding events were observed. Bleeding events were classified according to the
criteria of the Thrombolysis in Myocardial Infarction (TIMI) Study Group (6). Major
bleeding was defined as intracranial hemorrhage or blood loss resulting in a decrease in
hemoglobin by >5 g/dL; minor bleeding was defined by spontaneous gross hematuria or
hematemesis, a decrease in hemoglobin by >3 g/dL in association with observed bleed-
ing, or adecrease in hemoglobin by >4 g/dL if a site of blood loss could not be identified.
Observed decreases in hemoglobin were adjusted for the influence of red blood cell
transfusions (7).

The EPIC Trial

Proof of concept that GP IIb/I1la inhibition would diminish ischemic complications
of percutaneous coronary revascularization was provided by the first Phase III study of
this class of agents, the EPIC (Evaluation of c7E3 Fab for Prevention of Ischemic
Complications) trial, leading to the marketing approval of abciximab. This trial evalu-
ated the efficacy of two dosing strategies of abciximab versus placebo among patients
considered to be at high risk for coronary intervention on the basis of acute ischemic
syndromes or clinical and morphologic characteristics (§).

PATIENT POPULATION AND STUDY DESIGN

A total of 2099 patients scheduled to undergo balloon angioplasty or directional
atherectomy were enrolled between November 1991 and November 1992. Criteria con-
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Fig. 2. Kaplan-Meier estimate of the percentage of patients with the composite endpoint of death,
MI, or urgent repeat revascularization within 30 d of randomization, according to treatment
assignment in the EPIC (top), EPILOG (middle), and EPISTENT (bottom) trials. PTCA =
balloon coronary angioplasty. *The EPIC composite endpoint shown in top panel also includes
stent or intraaortic balloon pump placement.

Abbreviations: LD =1low-dose weight-adjusted; PTCA =balloon angioplasty; SD = standard-
dose weight-adjusted.

stituting high-risk status for entry into the trial included acute or recent MI, unstable
angina, complex target lesion angiographic morphology (modified ACC/AHA lesion
score B2 or C), or a moderately complex target lesion (ACC/AHA score B1) in associa-
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tion with advanced age, female gender, or diabetes mellitus. Patients were excluded from
enrollment if more than 80 years of age or for known bleeding diatheses, major surgery
within 6 wk, or stroke within the prior 2 yr.

The enrolled patient population had a median age of 72 years, 83% were male, 24%
diabetic, and 57% had a history of prior MI. Entry criteria included unstable ischemic
syndromes (acute infarction, prior infarction, or unstable angina) in 43% of patients,
whereas 57% were enrolled with high-risk morphologic/clinical criteria.

All patients received aspirin and heparin to achieve and maintain an activated clotting
time (ACT) >300-350 s. The initial heparin bolus was 10-12,000 U, followed by addi-
tional 3000 U boluses to a maximum of 20,000 U. Randomization was in a double-blind
fashion to: placebo, abciximab 0.25 mg/kg bolus, or abciximab 0.25 mg/kg bolus fol-
lowed by abciximab 10 ug/min infusion for 12 h. Heparin infusion was continued, to a
target aPTT of 1.5-2.5 times the control value, and vascular access sheaths remained in
place for the 12-h duration of study drug. Balloon angioplasty or directional atherectomy
were carried out according to institutional practice, with stent implantation reserved for
manifest or threatened vessel closure.

CrLinicAL EFrFicAcy

The primary efficacy endpoint was a composite of death, MI, urgent repeat
revascularization, or stent or balloon-pump placement by 30 days following randomiza-
tion. This composite event rate was reduced from 12.8% among patients receiving pla-
ceboto 11.4% among patients receiving the abciximab bolus (10% relative risk reduction,
P =0.43) and to 8.3% among patients receiving the abciximab bolus and 12-h infusion
(35% relative risk reduction, P = 0.008) (Fig. 2, top). The incidences of MI and urgent
revascularization were significantly reduced by the bolus and infusion of abciximab; the
bolus only regimen resulted in a very modest and statistically insignificant event reduc-
tion (Table 2). Mortality rates were not influenced by abciximab according to the inten-
tion-to-treat analysis, but three patients who died in the abciximab bolus and infusion
arm did so after randomization but before receiving study drug. The treatment effect of
abciximab was present in all subgroups analyzed; a trend was observed toward less
clinical benefit from abciximab in lighter weight patients, a finding that may have been
related to the excess risk of bleeding in this subgroup (see below). Angiographic criteria,
including the presence of thrombus, did not predict the extent of clinical benefit derived
from abciximab therapy (9).

The clinical efficacy of abciximab in EPIC was maintained at 6-mo and 3-yr clinical
follow-up, during which time investigators remained blinded to patient treatment
randomization allocation (/0,11). By 6 mo, the incidence of death, MI, or any
revascularization (urgent or elective) was 35.1% in the placebo group, 32.6% in the
abciximab bolus only group, and 27.0% in the abciximab bolus and infusion group (23%
relative risk reduction, P =0.004) (10). Moreover, use of abciximab was associated with
reduction in the need for target vessel revascularization procedures by 6 mo, from 22.3%
among patients receiving placebo to 16.5% among those receiving the bolus and infusion
of abciximab (26% relative risk reduction, P = 0.007). Most of the reduction in target
vessel revascularization procedures occurred during the first 30 d of follow-up; when
only patients who were free of events by 30 d were considered, target vessel
revascularization rates were reduced during the period between 1 and 6 mo from 16.9 to
14.4% in the placebo and abciximab bolus and infusion groups, respectively. Although
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Table 2
Components of 30-d Composite Endpoint in EPIC, EPILOG, and EPISTENT Trials
EPIC EPILOG EPISTENT
Placebo  Abcix Abcix  Placebo  Abcix Abcix Stent Stent PTCA
Endpoint bolus  bolus + + LD + SD + + +
(% of infusion heparin heparin placebo  Abcix Abcix
patients) n=696 n=695 n=708 n=939 n=935 n=918 n=809 n=794 n=79
Death 1.7 1.3 1.7 0.8 0.3 0.4 0.6 0.3 0.8
MI 8.6 6.2 5.2 8.7 3.7 3.8 9.6 4.5 5.3
Q-wave 2.3 1.0 0.8 0.8 0.4 0.5 1.4 0.9 1.5
Large non-Q 4.0 2.7 3.0 5.6 2.0 2.5 5.8 2.0 2.6
wave (CK =
5X control)
Small non-Q 2.3 2.4 1.4 1.9 1.2 0.9 2.2 1.5 1.1
wave (CK
3-< 5X control)
Urgent 7.8 6.4 4.0 5.2 1.6 2.3 2.1 1.3 1.9
revascularization
Urgent PCI 4.5 3.6 0.8 3.8 1.2 1.5 1.2 0.6 1.3
Urgent CABG 3.6 2.3 2.4 1.7 0.4 0.9 1.1 0.8 0.6

Abcix = abciximab; CABG = coronary artery bypass graft surgery; LD = low-dose weight-adjusted;
MI = myocardial infarction; PCI = percutaneous coronary intervention; PTCA = coronary balloon angioplasty;
SD = standard-dose weight-adjusted

patients did not undergo routine angiographic follow-up in this trial, the finding in EPIC
of a reduced need for repeat revascularization procedures over 6 mo led to speculation
that this agent may reduce restenosis following coronary intervention.

By 3 yr following randomization, patients treated with abciximab had a sustained
reduction in the composite endpoint of death, MI, or any revascularization: 47.2% in the
placebo group versus 41.1% in the bolus and infusion group (P = 0.009) (/7). Patients
receiving the bolus only of abciximab had no long-term clinical benefit (composite event
rate = 47.4% at 3 yr). Survival curves diverged during the first year of follow-up, and
remained largely parallel from 1 to 3 yr. There was a trend toward decreased mortality
by abciximab over 3 yr in the overall cohort, with a more marked 60% reduction by
abciximab among the 555 highest risk patients who had been enrolled with unstable
angina or acute MI (12.7 vs 5.1% in the placebo and abciximab bolus and infusion
groups, respectively, P = 0.01).

SAFETY

The reduction in ischemic events by abciximab in EPIC was associated with a signifi-
cantincreased risk of bleeding complications, a finding which raised concerns regarding
the potential clinical utility of this form of therapy. Compared with placebo, the bolus
and infusion of abciximab resulted in a doubling in the rates of major bleeding (7 vs 14%,
P =0.001) and red blood cell transfusions (7 vs 15%, P < 0.001) (8). Most of the excess
bleeding events associated with abciximab occurred at sites of vascular access, although
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retroperitoneal or spontaneous gastrointestinal bleeding risk was increased as well. No
differences among treatment groups in the incidence of intracranial hemorrhage were
observed. At least two lines of evidence suggested that concurrent heparin therapy may
have played a key role in the pathogenesis of bleeding among patients receiving
abciximab in EPIC (/2). First, heparin dosages in the trial were not weight-adjusted, and
a strong relationship was observed between the risk of bleeding and lighter body weight
(and hence, relative “overdosage” of heparin on a per-weight basis). Second, major
bleeding rates were strongly correlated with total heparin dose and the intensity of
anticoagulation (as measured by peak ACT) during the interventional procedure.

Based upon the data from EPIC linking bleeding complications to heparin dosing, it
was postulated that hemorrhagic risk associated with abciximab might be diminished by
reduction in concomitant intraprocedural heparin dose and by removal of vascular
access site sheaths during the 12-h abciximab infusion, thereby eliminating the need for
postprocedural heparin therapy. These strategies were tested in a subsequent pilot study,
PROLOG (13). A total of 103 patients undergoing coronary intervention with abciximab
were randomized in a 2-by-2 factorial design to receive standard-dose weight-adjusted
heparin (100 U/kg initial bolus) or low-dose weight-adjusted heparin (70 U/kg bolus)
and to undergo late vascular sheath removal (after discontinuation of postprocedural
12-h abciximab and heparin infusion as in the EPIC trial) or early sheath removal (no
postprocedural heparin, vascular sheath removal during abciximab infusion). Efficacy
of abciximab in preventing ischemic complications did not appear to be influenced by
heparin dose or vascular sheath removal, as ischemic event rates were similar in all
treatment groups. Bleeding rates, however, were attenuated independently and in an
additive fashion by reduced-dose weight-adjusted heparin dosing and by early removal
of the vascular sheath (during infusion of abciximab). Composite bleeding rates (TIMI
major or minor bleeding, blood transfusion, or vascular access site hematoma formation
of >5 cm diameter) among patients randomized to standard heparin/late sheath removal,
standard heparin/early sheath removal, low-dose heparin/late sheath removal, and low-
dose heparin/early sheath removal were 32, 11, 12, and 4%, respectively.

Apart from bleeding, abciximab therapy in EPIC was not associated with other major
safety risks. Thrombocytopenia occurred somewhat more frequently among patients
receiving abciximab (platelet count <100,000 per mm? in 3.4% and 5.2% and platelet
count <50,000 per mm? in 0.7% and 1.6% of patients in the placebo and bolus plus
infusion groups, respectively), but was transient and resolved following discontinuation
of abciximab with or without platelet transfusions. No patient exhibited an allergic or
hypersensitivity response to abciximab, although human antichimeric antibody (HACA)
IgG titers were measurable in 6.5% of patients by 30 d after receiving this agent.

SuBGrouP FINDINGS

Although the treatment effect of abciximab was present in all patients in the EPIC
trial, patients enrolled with unstable ischemic syndromes appeared to derive enhanced
benefit (/4,15). Most notable among these were patients enrolled with the diagnosis of
unstable angina. Unstable angina was defined by the presence of early (within 7 d)
postinfarction angina, at least two episodes of angina occurring at rest, or angina occur-
ring despite heparin and nitrate therapy; transient electrocardiographic ST-T wave
changes accompanying these clinical presentations were required to confirm the diag-
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nosis. Among 470 patients with unstable angina who received study drug and underwent
intervention, the 30-d composite efficacy endpoint rate was decreased by 71% with the
abciximab bolus and infusion, from 13.1 to 3.8% (P =0.004) (14). The most serious end-
points of death or MI were reduced by 94% at 30 d (11.1 vs 0.6% in the placebo and
abciximab bolus and infusion groups, respectively, P < 0.001) and by 88% at 6 mo
(16.6 vs 2.0% in the placebo and bolus plus infusion groups, respectively, P < 0.001).
The magnitude of this reduction by abciximab in the risk of death and MI was signifi-
cantly greater among patients with unstable angina than among those enrolled without
unstable angina (interaction: P = 0.004 at 30 d and P = 0.003 at 6 mo). Rates of urgent
repeat revascularization among patients with unstable angina were halved by abciximab
at 30d (5.9 vs 2.6% in placebo and bolus plus infusion arms, respectively, P = 0.145),
but total revascularization rates (urgent or elective) by 6 mo were not suppressed (16.6
vs 17.1%).

A small subgroup of 64 patients in EPIC was enrolled while undergoing angioplasty
within 12 h of onset of acute MI (42 in the setting of direct angioplasty as primary
reperfusion therapy and 22 during “rescue” angioplasty for failed thrombolysis). Of the
23 patients randomized to placebo, 6 (26.1%) suffered a primary composite endpoint
event of reinfarction or urgent repeat revascularization. In contrast, the only endpoint
event among the 22 patients receiving the bolus and infusion of abciximab was 1 death
(4.5% rate) within 24 h of randomization of a patient who was in cardiogenic shock
before the procedure (/6). Over the 6-mo follow-up, 11 of 23 patients in the placebo
group experienced a composite endpoint event (death, reinfarction, or any revascu-
larization), whereas no patient in the abciximab bolus and infusion group, aside from the
1 who had died acutely, suffered a subsequent event (47.8% versus 4.5% composite end-
point event rate in the placebo and bolus plus infusion groups, respectively, P = 0.002).
Major bleeding occurred in 13, 32, and 18% and transfusions were required in 9, 32, and
23% of patients in the placebo, bolus only, and bolus plus infusion groups, respectively.
Of the 13 major bleeding episodes, 9 (including 1 intracranial hemorrhage) occurred
among rescue PTCA patients who had received thrombolytic therapy within the
prior 12 h.

Patients treated by directional atherectomy also appeared to derive enhanced benefit
from abciximab therapy in EPIC (77). Of the 2099 patients in the trial, 197 underwent
atherectomy at the discretion of the interventional physician. Patients treated by
atherectomy had significantly higher rates of endpoint non-Q-wave MI than did those
undergoing balloon angioplasty (9.6 vs 4.9% by 30 d, respectively, P = 0.006), despite
fewer baseline risk factors. Randomization to the bolus and infusion of abciximab was
associated with a 71% reduction in the risk of non-Q-wave MI in atherectomy patients
(15.4% for placebo vs 4.5% for the bolus and infusion, P =0.046), reducing the infarction
risk to that among patient treated by balloon angioplasty. The composite endpoint of
death, MI, or urgent revascularization following atherectomy was similarly reduced
from 18.5 to 7.5% by the abciximab bolus and infusion.

The influence of therapy with abciximab on outcomes during and following saphen-
ous vein graft interventions was evaluated in an analysis of the 101 patients in EPIC
undergoing revascularization of 126 vein graft lesions (/8). Mean graft age was 8 yr.
This analysis was limited by the small sample size, but the bolus and infusion of
abciximab appeared to be associated with a significant reduction in the incidence of
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distal embolization compared with placebo (2 vs 18%, P = 0.017) and a trend toward
less-frequent large non-Q-wave infarction (2 vs 12%).

The EPILOG Trial

The EPILOG (Evaluation in PTCA to Improve Long-term Outcome with abciximab
GP IIb/1I1a blockade) trial was designed to explore the potential role of abciximab
therapy in the broad population of patients undergoing coronary intervention and to
address the excessive hemorrhagic risk observed in the EPIC trial. The first objective of
the trial was therefore to determine if the clinical benefits of abciximab therapy could be
extended to all patients undergoing coronary intervention, regardless of their risk of
ischemic complications. Moreover, based upon the data from the pilot PROLOG trial,
the second key objective was to evaluate whether the incidence of hemorrhagic compli-
cations associated with this agent could be reduced without loss of efficacy by weight-
adjusting or reducing the heparin dose.

PATIENT POPULATION AND STUDY DESIGN

Patients undergoing elective or urgent percutaneous revascularization with an FDA-
approved device were enrolled between February and December 1995 (19). As the EPIC
trial suggested that abciximab provided substantial clinical benefit among patients with
acute ischemic syndromes (/4), patients with unstable angina and associated electrocar-
diographic changes meeting the EPIC criteria during the previous 24 h were excluded.
Patients undergoing primary angioplasty for acute MI were under evaluation in a sepa-
rate dedicated trial (RAPPORT, see Chapter 11), and were therefore also excluded from
EPILOG. Other exclusion criteria included planned stent implantation (based upon
uncertainties regarding the optimal anticoagulation regimen during the time EPILOG
was carried out) or rotational atherectomy (due to the frequent occurrence of CK eleva-
tions following this procedure which may have confounded assessment of the primary
endpoint), percutaneous coronary intervention performed within the prior three months,
or conditions that would be associated with excessive bleeding risk.

Patients representing a broad spectrum of risk strata and clinical indications for
revascularization were enrolled in the trial. Median age was 60 years, 72% were male,
23% were diabetic, and 49% a history of prior MI. Balloon angioplasty was performed
in 95% of cases, directional atherectomy in 5%, and unplanned (“bailout”) stenting in
12%. Despite exclusion of patients meeting EPIC criteria for unstable angina, 47% of
patients enrolled in EPILOG were considered to have other clinical criteria for unstable
angina (without, for example, documented electrocardiographic changes or with symp-
toms occurring more than 24 h before randomization). Other indications for revascu-
larization were recent infarction in 21% and stable ischemia in 32%.

Patients were given aspirin and randomized in a double-blind fashion to one of three
treatment groups: placebo with standard dose, weight-adjusted heparin; abciximab with
standard dose, weight-adjusted heparin; or abciximab with low-dose weight-adjusted
heparin. For those receiving abciximab, a 0.25 mg/kg bolus was administered prior to
balloon inflation or device activation, followed by a 0.125 ug/kg/min (maximum 10 ug/min)
infusion for 12 h. The standard-dose weight-adjusted heparin regimen consisted of an
initial heparin bolus prior to the interventional procedure of 100 U/kg (maximum 10,000
U), with additional weight-adjusted boluses according to an algorithm intended to
achieve and maintain an activated clotting time =300 s. The low-dose weight-adjusted
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heparin group received an initial bolus of 70 U/kg (maximum 7000 U), with additional
boluses as necessary to achieve and maintain an activated clotting time =200 s.
Postprocedural heparin was discouraged, and vascular sheaths were to be removed within
2-6 h (during the abciximab infusion). Specific guidelines or algorithms were provided
for management of vascular access sites, uncontrolled bleeding, urgent coronary artery
bypass surgery, thrombocytopenia, and blood transfusions.

CrinicaL EFrFicacy

Planned enrollment was 4800 patients, but the trial was terminated on the recommen-
dation of the independent Data and Safety Monitoring Committee after entry of 2792
patients when an unexpectedly strong clinical benefit was observed at the first interim
analysis. This interim analysis revealed that the incidence of death or MI at 30 d was
reduced from 8.2% among patients in the placebo group to 2.6% or 3.6% among
patients treated with abciximab and low-dose or standard-dose heparin, respectively
(P <0.0001), meeting the prespecified stopping rule.

The incidence of the primary composite endpoint of death, MI, or urgent revascu-
larization at 30 d was 11.7% in the placebo group, 5.2% in the abciximab with low-dose
heparin group (56% relative risk reduction, P < 0.0001), and 5.4% in the abciximab with
standard-dose heparin group (54 % relative reduction, P < 0.0001) (Fig. 2, middle). The
magnitude of risk reduction by abciximab was similar for each of the components of the
composite endpoint (Table 2), and the treatment effect of abciximab with either heparin
regimen was homogeneous across all patient groups. Proportional hazards regression
identified no significant interactions between baseline variables and the efficacy of
abciximab therapy.

The early suppression of ischemic events by abciximab in EPILOG was maintained
at 6 mo and 1 yr follow-up. In the placebo group, the timing of acute ischemic compli-
cations was clustered early in the course following coronary intervention: 72% of the
primary composite endpoint events had accrued during the first 30 d (54% within 24 h),
with an additional 19% occurring between 30 d and 6 mo and 9% between 6 mo and
1 yr. Therapy with abciximab resulted in a marked reduction in the risk of complications
during the first 30-d period, after which time, incremental event rates were essentially
equivalent among the three treatment arms. The composite endpoint (death, MI, or
urgent revascularization) event rates were 14.7, 8.4, and 8.3% at 6 mo and 16.1, 9.6, and
9.5% at 1 yr in the placebo, abciximab with low-dose heparin, and abciximab with
standard-dose heparin groups, respectively. Thus, the treatment effect achieved by
abciximab early (at 30 d) was maintained without attenuation throughout the 1-yr fol-
low-up period: the absolute reduction in events (number of events prevented per 100
patients treated) in the combined abciximab groups vs placebo was 6.40 at 30 d, 6.35 at
6 mo, and 6.55 at 1 yr. In contrast to the findings of EPIC, however, rates of repeat target
vessel revascularization converged after 30 d. There were no significant differences in
rates of target vessel revascularization among the three treatment groups at 6 mo and 1 yr,
indicating that abciximab had no effect on the incidence of “clinical restenosis.” An
angiographic substudy had been planned, in which 900 patients (300 in each treatment
group) would return for 6-mo angiographic follow-up to assess the influence of abciximab
on angiographic restenosis; because of the early termination of the trial, however, an
insufficient number of patients were enrolled in the Substudy to allow meaningful analy-
sis of this secondary endpoint to be performed.
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SAFETY

Hemorrhagic complications in EPILOG occurred infrequently and were notincreased
by abciximab therapy. Major bleeding occurred in 3.1, 2.0, and 3.5% and red cell trans-
fusions were required in 3.9, 1.9, and 3.3% of patients randomized to placebo, abciximab
with low-dose heparin, and abciximab with standard-dose heparin, respectively. One
patient in each abciximab group, but no patient in the placebo group, suffered a hemor-
rhagic stroke; two patients receiving abciximab with standard-dose heparin experienced
other intracranial bleeding or nonhemorrhagic stroke. When compared with the experi-
ence in EPIC, bleeding in EPILOG was reduced in both placebo and abciximab groups,
likely as a consequence of weight-adjustment and reduction of heparin dosing and early
vascular sheath removal. The treatment effect of abciximab in reducing ischemic com-
plications was enhanced in EPILOG compared with EPIC (56 and 35% relative reduc-
tions in the risk of the primary 30-d efficacy endpoint, respectively), suggesting that
elimination of excess bleeding may permit the full potential benefit of this form of
therapy to be realized.

Thrombocytopenia in association with abciximab appeared to occur less frequently
in EPILOG than in EPIC, particularly among patients receiving the low-dose heparin
regimen. Severe thrombocytopenia (nadir platelet count <50,000 per mm?) occurred in
4(0.4%),4 (0.4%), and 8 (0.9%, P =0.292) patients in the placebo, abciximab and low-
dose heparin, and abciximab and standard-dose heparin groups, respectively.

SuBGrouP FINDINGS

As in the EPIC trial, limited subgroup analyses from EPILOG suggested that patients
atelevated baseline (placebo group) risk for periprocedural complications had enhanced
benefit from abciximab therapy. Notably among these were patients requiring unplanned
stent deployment. Although elective stent use was prohibited by protocol, 326 patients
(12%) underwent stent placement to optimize patency for >40% residual stenosis,
extensive dissection, or abrupt or threatened closure (20). Unplanned stent deployment
occurred significantly less frequently among patients who had been randomized to
abciximab with low-dose heparin than the other treatment regimens (13.7, 13.6, and
9.0% among patients in the placebo, abciximab with standard-dose heparin, and
abciximab with low-dose heparin arms, respectively, P = 0.001). With placebo treat-
ment, the patients who required bailout stents experienced a primary composite endpoint
event by 30 d more than twice as frequently as did their counterparts in whom stents were
not used (22.6 vs 10.0%, respectively) (Table 3). The relative risk reduction for this
ischemic endpoint among stented patients (61%) was similar to that among nonstented
patients (55%); because of their excess baseline (placebo group) risk, however, treat-
ment with abciximab among patients with bailout stents resulted in a substantially
enhanced absolute risk reduction (13.4 vs 5.5 events prevented per 100 patients treated
among the bailout stent vs no bailout stent patients, respectively). This absolute treat-
ment effect was preserved through 6-mo follow-up (Table 3). Among patients requiring
stents, bleeding complications were not increased by abciximab relative to placebo
therapy.

Another patient subgroup of particular interest in EPILOG were those with diabetes
mellitus, given their increased risk for ischemic events following percutaneous coronary
revascularization. Of the 2792 patients in the trial, 638 (23%) were diabetic (2/). Dia-



Chapter 5 / Abciximab During Percutaneous Coronary Intervention 107

Table 3
30-d and 6-mo Clinical Outcome Among Patients
With and Without Unplanned Stents in the EPILOG Trial

Placebo Abciximab + Abciximab +
(%) LD heparin (%) SD heparin (%)

30-d death, MI, or urgent revascularization

Stent (n = 326) 22.6 8.6 9.9

No stent (n = 2369) 10.0 4.4 4.7
6-mo death, MI, or urgent revascularization

Stent (n = 326) 24.2 11.1 12.5

No stent (n = 2369) 13.4 7.8 7.9

LD = low-dose weight-adjusted; MI = myocardial infarction; SD = standard-dose weight-adjusted
Data from Kereiakes et al. (20).

betic patients more frequently had adverse baseline clinical characteristics than did their
nondiabetic counterparts, although angiographic target lesion morphology was similar
in the two groups. By 30 d, the primary composite event rate occurred slightly more
frequently among diabetic than nondiabetic patients randomized to placebo (12.6 vs
11.5%, respectively), but the excess risk in diabetic patients was completely neutralized
by abciximab with low-dose heparin (5.7 and 5.0% event rates in patients with and
without diabetes, respectively) or with standard-dose heparin (2.5 and 6.2% event rates,
respectively). By 6 mo, death and Ml rates were substantially higher in diabetic patients
than in nondiabetic patients randomized to placebo (14.8 vs 10.0%, respectively), but the
early suppression of these ischemic events by abciximab was preserved in both groups.
Among diabetics, 6-mo death or MI was reduced from 14.8% to 7.1% or 4.1% in the
placebo, abciximab plus low-dose heparin, and abciximab plus standard-dose heparin
groups, respectively; in nondiabetics, the event rate was reduced from 10.0% to 5.4% or
6.9%, respectively. In contrast, there appeared to be a differential effect of abciximab on
late target vessel revascularization rates among patients with and without diabetes; by
6 mo, target vessel revascularization rates were reduced by abciximab in nondiabetic
(hazard ratio 0.79, 95% confidence interval 0.63—-0.96) but not in diabetic patients (haz-
ard ratio 1.40, 95% confidence interval 0.94-2.08).

The EPISTENT Trial

The introduction of GP IIb/I1la receptor blockade into clinical interventional practice
was paralleled by the widespread adoption of elective coronary stenting as the predomi-
nant means of percutaneous coronary intervention, based upon the efficacy of these
devices in reducing repeat revascularization rates (22,23). The initial pivotal studies of
GP IIb/IIIa blockade had excluded enrollment of patients undergoing elective stent
implantation, reserving the use of stents for “bailout” indications. In the high-risk setting
of unplanned coronary stenting, the value of abciximab therapy in reducing ischemic
complications was unequivocal (see Subgroup Findings), but the question of the role of
enhanced antiplatelet therapy with GP IIb/Illa inhibitors among patients electively
undergoing “optimal” revascularization by stents remained to be answered. The
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EPISTENT (Evaluation of Platelet Inhibition in STENTing) trial was designed to evalu-
ate the clinical benefit of abciximab therapy in reducing ischemic complications among
patients undergoing elective stent implantation, as well as to assess the clinical efficacy
of abciximab (with balloon angioplasty) relative to stenting.

PATIENT POPULATION AND STUDY DESIGN

A total of 2399 patients undergoing elective or urgent percutaneous coronary
revascularization were enrolled between July 1996 and September 1997 (24). Patients
were eligible for inclusion if they had at least one target lesion suitable for allocation to
either stenting or balloon angioplasty and were not undergoing primary intervention in
the setting of acute MI. Exclusions for excessive bleeding risk were similar to those in
the EPIC and EPILOG trials; patients were also excluded if a stent had previously been
placed in the target lesion, any intervention had been performed in the prior 3 mo, or
rotational atherectomy was planned.

EPISTENT enrolled a broad spectrum of patients, representing “real world” coronary
stenting rather than the ideal or narrow subgroups assessed in previous stent vs balloon
angioplasty trials. Mean age was 59 years, 75% were male, 20% were diabetic, and 34%
had a history of MI. Indications for revascularization were (not mutually exclusive)
recent infarction (within 7 d) in 16%, unstable angina within the prior 48 h in 36%, unstable
ischemic symptoms within the prior 6 mo in 57%, and stable ischemia in 43% of patients.

Patients were treated with aspirin and randomized to one of three treatment groups:
stent plus placebo, stent plus abciximab (0.25 mg/kg bolus and 0.125 pug/kg-min infusion
for 12 h), or balloon angioplasty (PTCA) plus abciximab. Randomization to abciximab
or placebo was blinded in the stented patients. Stenting was to be carried out using
the Johnson and Johnson design unless this stent could not be deployed. Stent implan-
tation in the PTCA plus abciximab group was to be reserved for clear “bailout” indica-
tions, specified by protocol, rather than suboptimal results. Patients randomized to
treatment with abciximab received adjunctive heparin according to the EPILOG low-
dose weight-adjusted regimen (70 U/kg bolus, ACT =200 s), whereas those randomized
to placebo received the standard-dose weight-adjusted regimen (100 U/kg bolus, ACT
=300 s). Vascular sheaths were to be removed early without postprocedural heparin
infusion. Ticlopidine was administered following stent placement. As in the EPILOG
trial, management guidelines and algorithms were provided for management of
bleeding, emergency bypass surgery, blood transfusions, vascular access site care, and
thrombocytopenia.

To evaluate the influence of abciximab therapy on restenosis following percutaneous
coronary intervention, an Angiographic Substudy was performed. Approximately 900
patients—300 in each treatment group—were enrolled consecutively at participating
clinical centers to return for systematic angiography and quantitative measurements of
target lesion coronary luminal dimensions 6 mo following their index procedure.

CrinicaL EFrFicacy

Stents were successfully deployed in 96% of patients for whom they were assigned;
27% of these patients required two or more stents. Crossover to unplanned stenting
occurred in only 19.3% of patients in the PTCA plus abciximab group, attesting to the
compliance of clinical investigators in reserving stents in this group for clear “bailout”
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indications. Angiographic complications of abrupt closure, transient closure, or side-
branch closure occurred infrequently, but were observed in fewer patients receiving
abciximab than placebo.

The primary efficacy composite endpoint of death, MI, or urgent repeat revascu-
larization by 30 d following randomization occurred in 10.8% of patients in the stent plus
placebo arm, 6.9% of patients in the PTCA plus abciximab arm (36% relative risk
reduction, P=0.007), and 5.3% of patients in the stent plus abciximab arm (51% relative
risk reduction, P <0.001) (Fig. 2, bottom). Most ischemic events occurred within the first 12
h following the procedure. Compared with stenting alone, adjunctive use of abciximab
with stenting reduced rates of death, MI, and urgent repeat revascularization, with a
similar magnitude of treatment effect for each of the components of the composite
endpoint (Table 2). Compared with stenting alone, abciximab with PTCA was associ-
ated with equivalent rates of death and urgent repeat revascularization, but greater safety
with regard to lower rates of MI (Table 2). The predominant influence of abciximab on
MI (86%) was reduction in Q-wave or large non-Q-wave infarction (defined prospec-
tively by CK-MB = 5X normal); for the secondary composite endpoint of death or large
MI (Q-wave or large non-Q-wave infarction), event rates were reduced from 7.8 % in the
stent plus placebo group to 4.7% in the PTCA plus abciximab group (40% relative risk
reduction, P = 0.009) and 3.0% in the stent plus abciximab group (62% relative risk
reduction, P < 0.001). The treatment effect of abciximab was homogeneous across all
patient subgroups, as defined by their baseline characteristics or clinical indications for
revascularization.

Long-term clinical follow-up was performed at 6 mo and 1 yr after randomization.
Two principal endpoints were assessed at 60 mo: (1) a composite of death or myocardial
infarction, and (2) the incidence of repeat target vessel revascularization. The rate of
death of myocardial infarction was 11.4% in the stent plus placebo group, 5.6% in the
stent plus abciximab group (P < 0.001), and 7.8% in the PTCA plus abciximab group
(P = 0.013). The absolute reduction in this composite endpoint (number of events
prevented per 100 patients treated) compared with stenting alone was 5.5 at30d and 5.8
at 6 mo in the stent plus abciximab group and 4.4 at 30 d and 3.6 at 6 mo in the PTCA
plus abciximab group. EPISTENT ws the first trial of percutaneous coronary interven-
tion to demonstrate a mortality benefit of a new therapy. At 6 mo, mortality was signifi-
cantly reduced by stenting compared with PTCA among patients receiving abciximab
(0.5% vs 1.8%, P=0.018). By 1 yr, the combined treatment resulted in a lower mortality
rate than either stenting or abciximab alone (stent + placebo =2.4%, PTCA + abciximab
=2.1%, stent + abciximab = 1.0%, P = 0.037).

Rates of repeat target vessel revascularization (percutaneous or surgical) were 10.6%
in the stent plus placebo group, 8.7% in the stent plus abciximab group (P =0.216), and
15.4% in the PTCA plus abciximab group (P = 0.005) by 6 mo. Among stented patients,
treatment with abciximab rather than placebo was associated with a nonsignificant trend
toward reduced rates of target vessel revascularization (18% relative risk reduction,
P = 0.215). Among the subgroup of patients with diabetes, repeat target vessel
revascularization rates following stent implantation were significantly reduced by
abciximab. Stenting alone (with placebo) did not reduce the incidence of subsequent
target vessel revascularization procedures compared with PTCA among diabetes, whereas
the rate of this endpoint was halved by the combination of abciximab and stenting.
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An angiographic substudy was performed of the first 899 patients in the trial. Minimal
luminal diameters (MLD) postintervention and early gain were significantly better
among patients undergoing stenting rather than PTCA. Among stented patients, net gain
in MLD was significantly better with abciximab than placebo (0.86 vs 0.73 mm, P =
0.025), with a trend toward greater follow-up MLD. Among diabetes, net gain and
follow-up MLD were substantially greater among stented patients receiving abciximab
than placebo.

SAFETY

Bleeding complications occurred infrequently in EPISTENT and were not increased
by abciximab therapy. Major bleeding occurred in 2.2, 1.5, and 1.4% and transfusions
(red cells or platelets, including those related to coronary bypass surgery) were required
in2.2,2.8,and 3.1% of patients in the stent plus placebo, stent plus abciximab, and PTCA
plus abciximab groups, respectively (all P = N.S.) No patient in the trial suffered an
intracranial hemorrhage within 30 d postrandomization. Severe thrombocytopenia
(platelet count <50,000 per mm?) occurred in 0% of placebo-treated patients and
0.9-1.1% of abciximab-treated patients.

ComparisoN oF EPILOG anp EPISTENT

Comparison of outcomes in the EPILOG and EPISTENT trials allows assessment of
the relative contributions of stenting and abciximab to the safety of percutaneous
revascularization procedures. Such comparisons are somewhat limited by slight differ-
ences in entry criteria (including exclusion of patients with unstable angina and revers-
ible electrocardiographic changes from EPILOG) and interventional practice (from 1995
to 1997) between the trials. Within these constraints, however, itis illustrative to analyze
the influence of these two major advances in interventional cardiology on the clinical
endpoints of death, MI, or repeat revascularization (Fig. 3).

Despite the widespread belief that stenting improves the safety of percutaneous
revascularization, it is apparent from EPILOG and EPISTENT that stenting has no
beneficial influence relative to angioplasty on the important ischemic endpoints of death
or MI (Fig. 3, top). Rates of death or infarction were numerically higher in the stent-
placebo compared with PTCA-placebo groups of the two trials (9.1% for angioplasty
in EPILOG and 10.2% for stenting in EPISTENT). This finding is concordant with other
randomized trials of stenting vs balloon angioplasty, in which death and MI rates were
slightly higher with stenting (22,23). In contrast, abciximab therapy (with stents or
balloon angioplasty) consistently diminished the risk of death or MI by 50-60%, with
no evidence of an interaction or complementarity with the technique of revascularization.

Revascularization rates within the first 30 d of the index procedure (Fig. 3, bottom),
however, did appear to be diminished by stenting compared with balloon angioplasty
(7.5% with angioplasty plus placebo in EPILOG versus 4.1% with stenting plus placebo
in EPISTENT); this observation is in accordance with the clinical experience of most
practicing interventional cardiologists. The somewhat unexpected finding of these two
trials, however, is that a similar magnitude of suppression of early repeat revascu-
larization rates can be achieved by treatment with abciximab or by stent implantation
(4.7% with abciximab and balloon angioplasty in both EPILOG and EPISTENT vs 4.1%
with stenting and placebo). Moreover, the combination of abciximab with stenting
appears to provide additive beneficial effect (2.6% rate of repeat revascularization with
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Fig. 3. Comparison of 30-d clinical outcomes in the EPILOG and EPISTENT trials among
patients treated with stents or PTCA (balloon angioplasty) and abciximab or placebo. Top: end
point of death or MI. Bottom: endpoint of any repeat revascularization (urgent or elective). The
two abciximab arms (low-dose weight-adjusted heparin and standard-dose weight-adjusted
heparin) of EPILOG are combined for analysis.

abciximab plus stenting in EPISTENT). A mortality benefit by one year is conferred by
the combination of abciximab plus stenting relative to either therapy alone. Late (elec-
tive) revascularization rates are reduced independently by stenting rather than balloon
angioplasty, providing an important complementarity between stenting and abciximab
in improving overall patient outcome. The findings of EPISTENT also suggested that
abciximab may reduce the neointimal hyperplastic component of restenosis, particularly
among a group of patients (diabetics) who have been consistently shown to be at
increased risk for this late complication (25,26).

CONCLUSIONS

The EPIC, EPILOG, and EPISTENT randomized placebo-controlled trials provide a
compelling body of evidence among over 7000 patients of the unequivocal and profound
efficacy of abciximab in reducing the ischemic complications of death, MI, or urgent
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repeat revascularization associated with percutaneous coronary interventional proce-
dures. This clinical benefitis sustained for at least 3 yr of follow-up and appears to extend
to all patients treated, regardless of their underlying risk profile or the modality chosen
for percutaneous revascularization. Specific issues regarding optimization of efficacy
and safety in the use of this and other agents of its class will be addressed in Chapter 9.
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INTRODUCTION

While percutaneous transluminal coronary intervention has revolutionized the manage-
ment of patients with coronary artery disease, this technological advance is neither innocuous
nor a panacea. In addition to the technical limitations of the procedure, it is now well recog-
nized that serious vascularinjury is caused by the treatment device that creates a perfect milieu
for coronary thrombosis (/—3). Clinical trials of the monoclonal antibody abciximab (c7E3
Fab; ReoPro™, Eli Lilly and Company [Indianapolis, IN]/Centocor [Malvern, PA]) directed
at the platelet glycoprotein (GP) IIb/IIla integrin have clearly documented that inhibition of
this receptor during coronary intervention reduces thrombotic complications and improves
clinical outcomes (4-8). These positive clinical trial results, coupled with a clearer under-
standing of platelet physiology, have stimulated the search and encouraged the development
of other parenteral inhibitors of the GP IIb/Illa receptor.

Eptifibatide (Integrilin™, COR Therapeutics, South San Francisco, CA), a peptide
inhibitor of GP IIb/I1]a, is one of a new class of parenteral agents designed and synthe-
sized using the techniques of molecular engineering. This chapter will briefly outline the
biopharmacology of eptifibatide and then focus on the experience to date with this novel
compound in the setting of coronary intervention.

PLATELET PHYSIOLOGY AND EPTIFIBATIDE

As reviewed in other sections, the central role of the platelet in mediating vascular
thrombosis is now clear. The final act among the processes leading to thrombus forma-
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tion is mediated by the binding of dimeric adhesive proteins, such as fibrinogen and von
Willebrand factor (vWf{) to activated GP IIb/Illa (9,10). The GP IIb/Il1a receptor recog-
nizes an Arg-Gly-Asp (RGD) sequence as well as a Lys-Gln-Ala-Gly-Asp-Val sequence
on the fibrinogen molecule (/7). These two areas serve as the linkage sites for GP 11b/
IIIa receptor binding with fibrinogen (/2).

The path leading to the synthesis of eptifibatide has its roots in the search for GP IIb/
[ITainhibitors among the naturally occurring proteins. In these surveys, RGD-containing
peptides isolated from pit viper venoms were discovered to bind the glycoprotein IIb/I1Ta
receptor and inhibit its function (/3). One in particular, barbourin, a protein isolated from
the venom of the Southeastern Pygmy rattlesnake Sistrurus m barbouri, was found to
have a higher specificity for GP IIb/Illa than the rest. Analysis of the differences in amino
acid sequences suggested that the reason for the increased specificity of Barbourin was
that it differed by a single amino acid substitution of lysine (K) for arginine (/4,15).

Eptifibatide was created based on the Lys-Gly-Asp (KGD) sequence found in
barbourin. It is a cyclic, constrained heptapeptide with a terminal half-life of approxi-
mately 1.5-2.5 h. In addition to the specificity for GP IIb/Illa conferred by the KGD
sequence, eptifibatide was engineered with a ring structure to impart resistance to pro-
teolysis. Biological activity is concentration dependent, and the agent is cleared from the
body largely via excretion in the urine of intact compound and break down products (/6).

IMPACT

Two phase 1II trials of eptifibatide as an adjunct to percutaneous coronary revascu-
larization were conducted in the early 1990s to establish the pharmacodynamic and
(preliminary) safety profiles of the agent. The first, the Integrelin to Minimize Platelet
Aggregation and Coronary Thrombosis (IMPACT) study, was a randomized, placebo-
controlled trial of 150 patients undergoing elective percutaneous coronary intervention
(17). Patients were allocated to one of three treatment approaches: placebo; a 90 ug/kg
bolus before the initiation of the coronary intervention followed by a 1.0 ug/kg-min
infusion of eptifibatide for 4 h after the bolus; or the same 90 ng/kg bolus followed by
a 1.0 ug/kg-min infusion of eptifibatide for 12 h. Patients were followed for 30 d after
the procedure; 101 patients were assigned to eptifibatide and 49 received placebo. In
blood collected in citrate, the 90 ng/kg bolus produced an 86% inhibition of platelet
aggregation to stimulation with 20 uM adenosine diphosphate. There was a trend towards
lower composite adverse clinical event rates with the longer infusions (12.2% for pla-
cebo, 9.6% for the 4-h infusion, and 4.1% for the 12-h infusion, P =NS). Major bleeding
event rates were 5% with either eptifibatide treatment compared with 8% with placebo.
Minor bleeding, primarily at the vascular access site, occurred in 40% vs 14%, respec-
tively. Because the bleeding profile appeared acceptable, it was suspected that higher
dosing of eptifibatide (and potentially better clinical efficacy) might still be possible.
This led to the second phase II study in angioplasty, IMPACT Hi/Low.

IMPACT HI/LOW

The IMPACT Hi/Low study was the second phase II, dose-ranging study of
eptifibatide as an adjunct to coronary intervention. The IMPACT Hi/Low study was a
placebo-controlled randomized dose-escalation trial that measured ex vivo platelet
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Fig. 1. Inhibition of platelet aggregation with eptifibatide—the IMPACT Hi/Low trial. Among
the four different doses of Integrilin evaluated in the IMPACT Hi/Low trial, the 135 ug/kg bolus
plus 0.75 ng/kg-min infusion produced a sustained inhibition of platelet aggregation below 20%
of baseline, whereas the 135 ug/kg bolus plus 0.5 ug/kg-min infusion permitted some recovery
of platelet function by the end of the 24-h infusion. The pharmacodynamic profiles of both
regimens were nearly identical in the first 4 h. Data are raw (nonnormalized) results; assays were
conducted on blood suspended in citrate.

aggregation, bleeding time, and plasma eptifibatide concentration in 73 patients (/8).
Four different bolus plus infusion combinations were evaluated. A bolus dose of
eptifibatide of 180 ng/kg followed by a 1.0 ug/kg-min infusion produced almost com-
plete inhibition (>95%) of platelet aggregation (in whole blood anticoagulated with
citrate). Problematically, increasing rates of both minor and major bleeding were
observed with increasing doses of eptifibatide. Given the available pharmacodynamic
profiles coupled with concerns about bleeding, dosing regimens lower than the maximal
doses tested in the IMPACT Hi/Low trial (Fig. 1) were ultimately selected for testing in
the phase III study of eptifibatide, the IMPACT II study.

IMPACT II

The IMPACT II study was designed to be the pivotal, phase I1I study of eptifibatide as an
adjunct to coronary intervention. IMPACT II was a multicenter parallel-group double-
blind randomized, controlled clinical trial that began patient recruitment in November
1993. It was carried out at 82 centers in the United States, with enrollment closed in
November 1994 after 4010 patients had been entered (/9). The study specifically included
arepresentative cross-section of all patients undergoing percutaneous revascularization.

Patients were assigned one of three treatment regimens: a bolus of 135 ug/kg of eptifibatide
initiated just before coronary intervention followed by an infusion of 0.5 ug/kg-min of
eptifibatide for 20-24 h; a 135 ug/kg bolus followed by a 0.75 ug/kg-min infusion for
20-24 h; or placebo bolus and placebo infusion. All patients received 325 mg of aspirin
by mouth before (and continued thereafter) the coronary intervention. Heparin was given
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as a 100 U/kg bolus before the intervention, with additional heparin as needed during the
procedure, to attain and maintain an activated clotting time between 300 and 350 s.

The primary clinical endpoint was the composite occurrence within 30 d of death,
myocardial infarction (periprocedural MB-CK =3 times the upper limit of normal),
urgent or emergency repeat coronary intervention, urgent or emergency coronary artery
bypass surgery, or placement of an intracoronary stent during the index procedure for the
management of true abrupt closure. The principal safety endpoints were major bleeding,
blood transfusion requirements, and stroke. Major bleeding was defined as intracranial
hemorrhage or overt bleeding associated with a decrease in hemoglobin of more than
5 g/dL or a decrease in packed cell volume of 15% or more from baseline.

Primary Composite Clinical Efficacy

InIMPACT 11, the clinical efficacy was determined with analyses based on the inten-
tion to treat principle. Two different approaches were used. The first, the “treated as
randomized” analysis, was of the 3871 (96.5%) of patients who received any study drug
(whether or not they underwent angioplasty). This approach was used because the delay
between randomization allocation (which occurred before arrival of the patient in the
catheterization laboratory) and actual treatment administration (which occurred in the
catheterization laboratory just before the coronary intervention) resulted in dropout of
patients unrelated to either randomization or treatment allocation. Unless otherwise
indicated, data presented in this chapter are derived from the “treated-as-randomized”
analyses. The second approach, the “all-randomized” analysis, included all patients
enrolled in the study, whether or not the patient received any study drug and/or under-
went coronary intervention. All endpoint events were adjudicated by a blinded endpoint
committee.

The “treated-as-randomized” analysis (Table 1) demonstrated a statistically significant
229% reduction in the primary composite clinical endpoint at 30 d with the 135/0.5 treatment
approach compared to placebo (9.1% vs 11.6%, P = 0.035; odds ratio 0.76 [0.59-0.98]). A
trend towards improved outcomes was observed with the 135/0.75 dosing approach (10.0%
vs 11.6%, P = 0.18). In absolute terms, treatment with the 135/0.5 regimen prevented
25 events per 1000 patients in the first 30 d. The “all-randomized” analysis showed only
strong trends favoring a treatment effect. The composite primary endpoint occurred in 151
(11.4%) patients in the placebo group compared with 124 (9.2%) in the 135/0.5 treatment
group (P =0.063) and 132 (9.9%) in the 135/0.75 treatment group (P = 0.22).

Also included in Table 1 are the primary composite endpoint rates as determined by
the principal investigators; in other words, events as recorded on the case report forms
before adjudication. Several comments can be made about these data. Events docu-
mented by the site probably reflect those that were the most clinically apparent (in
contrast to those picked up through the meticulous adjudication process). Also, a greater
relative difference was reported by the principal investigators than by the adjudication
committee; this would suggest that the rigorous adjudication process may produce a
conservative underestimate of the actual benefits of drug treatment.

A consistent, similar degree of benefit was imparted to all patients regardless of risk
profile. Efficacy was realized regardless of baseline demographic characteristics, medi-
cal history, procedures performed, or angiographic features. Representative data are
included in Table 2.
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Table 1
Composite Clinical Efficacy Results: Patients Receiving
Any Study Drug (Treated as Randomized Analyses)
Eptifibatide Eptifibatide
Placebo 135/0.5 135/0.75
(n=1285) (n=1300) (n=1286)

24-h Composite endpoint, n (%; 95% CI)
Significance vs placebo —
Odds ratio vs placebo (95% CI for OR) —

30-d Composite endpoint, n (%; 95% CI)
Significance vs placebo —
Odds ratio vs placebo (95% CI for OR) —

123 (9.6; 8.0-11.2)

149 (11.6; 9.8-13.3)

86 (6.6; 5.3-8.0)
P =0.006
0.67 (0.50-0.89)

118 (9.1; 7.5-10.6)

P =0.035
0.76 (0.59-0.98)

89 (6.9; 5.5-8.3)
P=0.014
0.70 (0.53-0.93)

128 (10.0; 8.3-11.6)

P=0.18
0.84 (0.66-1.08)

24-h Composite endpoint as determined 82 (6.4;5.0-7.7)
by the Principal Investigators, n (%; 95% CI)
Significance vs placebo —
Odds ratio vs placebo (95% CI for OR) —
30-d Composite endpoint as determined by 103 (8.0; 6.5-9.5)
the Principal Investigators, n (%; 95% CI)
Significance vs placebo —

Odds ratio vs placebo (95% CI for OR) —

49 (3.8;2.7-4.8)

P =0.002
0.57 (0.40-0.83)
74 (5.7, 4.4-7.0)

P=0.018
0.69 (0.51-0.94)

50 (3.9; 2.8-4.9)

P =0.004
0.59 (0.41-0.85)
84 (6.5;5.2-7.9)

P=0.142
0.80 (0.59-1.08)

In-laboratory abrupt closure, n (%; 95% CI) 66 (5.1; 3.9-6.3)
Significance vs placebo —
Odds ratio vs placebo (95% CI for OR) —

36 (2.8; 1.9-3.7)
P =0.002
0.53 (0.35-0.80)

48 (3.7, 2.7-4.8)
P =0.081
0.72 (0.49-1.05)

Table 2

30 Day Composite Clinical Efficacy Results vs Placebo by Baseline Characteristics (Treated
as Randomized Analyses). Point Estimates with 95% Confidence Intervals for the Odds Ratios

Eptifibatide
135/0.5

Eptifibatide
135/0.75

Age <65

Age >65

Male

Female

Lowest weight tertile (<77 kg)
Middle weight tertile (77-90 kg)
Highest weight tertile (>90 kg)
Diabetes

No diabetes

Previous intervention

Previous CABG

High-risk stratum

Elective stratum

Balloon angioplasty
Rotablator

Stent implantation

0.687 (0.493, 0.958)
0.875 (0.586, 1.306)
0.706 (0.523, 0.954)
0.919 (0.565, 1.495)
0.847 (0.557, 1.288)
0.781 (0.507, 1.202)
0.630 (0.388, 1.025)
0.827 (0.472, 1.450)
0.743 (0.558, 0.989)
0.979 (0.593, 1.618)
0.685 (0.373, 1.259)
1.005 (0.680, 1.484)
0.620 (0.442, 0.871)
0.752 (0.577, 0.980)
0.551 (0.275, 1.104)
0.377 (0.181, 0.783)

0.816 (0.596, 1.117)
0.897 (0.593, 1.356)
0.834 (0.626, 1.111)
0.870 (0.524, 1.447)
0.951 (0.629, 1.439)
0.846 (0.549, 1.304)
0.729 (0.462, 1.153)
0.725 (0.406, 1.295)
0.872 (0.661, 1.151)
1.108 (0.685, 1.791)
0.969 (0.553, 1.697)
0.885 (0.593, 1.320)
0.817 (0.593, 1.125)
0.851 (0.658, 1.100)
0.577 (0.288, 1.158)
0.473 (0.233, 0.959)
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Fig. 2. Kaplan-Meier plot of probability of endpoint events to 72 h. Components of the composite
clinical efficacy endpoint were death, myocardial infarction, or urgent revascularization. The
majority of events occurred within 6 h of coronary intervention. Both eptifibatide regimens
reduced events to essentially the same degree.

Time to Events

As might be expected from a short-acting parenteral agent, separation and differen-
tiation of the treatment-event curves from placebo occurred early, within the first 24 h
(the period of drug infusion) (Fig. 2). The differences appear most likely because of a
reduction in thrombosis, as manifest by a reduction in angiographically apparent true-
abrupt closure (Table 1). The figures included in Fig. 3, the Kaplan-Meier event curves
to 6 mo illustrates three points. First, the two dosing approaches studied in IMPACT II
are indistinguishable in clinical effect; second, the absolute difference achieved during
treatment remains constant and durable without degradation over time; and third, the
majority of the benefit of eptifibatide treatment was the result of reducing the incidence
of myocardial infarction or death. In particular, Fig. 3B points out that eptifibatide
treatment had no effect on the need for subsequent (clinically driven) revascularization.

With regards to angiographic restenosis, in the 900 patient IMPACT II Angiographic
Substudy (in which all patients were required to return for 6-mo follow-up angiography),
no differences in rates of angiographic restenosis among the treatment groups were
observed (20). Finally, all of the figures illustrate that coronary intervention itself induces
adverse clinical events. Of end-point events to 30 d, over 75% of events occur within the
first 24 h of the procedure.

Components of the Composite Endpoint

The event rates for the individual components of the primary efficacy endpoint were
reduced with eptifibatide treatment consistent with the overall treatment effect seen in
IMPACT II (Table 3). The majority of the treatment effect was in reducing the incidence of
periprocedural myocardial infarction, with lesser absolute contributions from the other ele-
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Fig. 3. Kaplan-Meier plots of probability of endpoint events to 6 mo. (A) is a plot of death or
myocardial infarction; (B) is a plot of all revascularization (percutaneous coronary intervention
or coronary artery bypass surgery). Part (A) illustrates that the benefit achieved early is main-
tained for the entire observation period; absolute differences established early remained constant.
Almost all of the benefitis because of areduction in rates of myocardial infarction; no differences
in death were realized (data not shown). Part (B) indicates that eptifibatide treatment did not
influence subsequent need for revascularization.

ments tracked. Stents were required for abrupt closure in 18 (1.4%) patients in the placebo
group compared to 7 (0.5%) in each of the eptifibatide treatment groups. This finding paral-
leled the greater overall use of stent implantation in the placebo group at the initial coronary
intervention (5.0% vs 2.7% in the 135/0.5 group, P = 0.002). Other statistics concerning the
individual components of the composite endpoint are listed in Table 3.
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Table 3

Primary Composite Efficacy Outcomes and Components: Patients Receiving
Any Study Drug (Treated as Randomized Analyses)

Placebo
(n=1285)

Eptifibatide
135/0.5
(n=1300)

Eptifibatide
135/0.75
(n=1286)

30-d Composite endpoint, n (%; 95% CI)

Significance vs placebo
Odds ratio vs placebo (95% CI for OR)

Endpoint components, n (%; 95% CI)

Death
Myocardial infarction
CK-MB =3x upper normal limit
CK-MB =5x upper normal limit
Q waves
Q waves or CK-MB =5x upper
normal limit
Death or CK-MB =3x upper normal limit
Significance vs placebo
Odds ratio vs placebo (95% CI for OR)
Urgent or emergency bypass surgery
Urgent or emergency repeat percutaneous
revascularization
Stent for abrupt closure

149 (11.6; 9.8-13.3)

14 (1.1; 0.5-1.7)
106 (8.2; 6.7-9.8)
72 (5.6 4.3-6.9)
51 (4.0; 2.9-5.0)
20 (1.6; 0.9-2.2)
59 (4.6; 3.4-5.7)

82 (6.4;5.0-7.7)

36 (2.8; 1.9-3.7)
37 (2.9;2.0-3.8)

18 (1.4; 0.8-2.0)

118 (9.1; 7.5-10.6) 128 (10.0; 8.3-11.6)

P=0.035
0.76 (0.59-0.98)

6 (0.5;0.1-0.8)
86 (6.6 5.3-8.0)
54 (4.2;3.1-5.2)
38 (2.9;2.0-3.8)
12 (0.9; 0.4-1.4)
47 (3.6; 2.6-4.6)

57 (4.4;3.3-5.5)
0.024

0.67 (0.48, 0.95)

19 (1.5; 0.8-2.1)

35(2.7; 1.8-3.6)

7(0.5;0.1-0.9)

P=0.18
0.84 (0.66-1.08)

11 (0.9; 0.4-1.4)
90 (7.0; 5.6-8.4)
46 (3.6; 2.6-4.6)
28 (2.2; 1.4-3.0)
15 (1.2 0.6-1.8)
39 (3.0; 2.1-4.0)

54 (4.2;3.1-5.3)
0.013

0.64 (0.45, 0.92)

26 (2.0; 1.3-2.8)

36 (2.8; 1.9-3.7)

7(0.5;0.1-0.9)

CK denotes creatine kinase; CI, confidence interval; and OR, odds ratio.

Adverse Events

There was no increase in the frequency of major bleeding, blood transfusion, or other
morbidity associated with eptifibatide administration. Rates of major bleeding were
4.8% vs 5.1% vs 5.2% for the placebo, 135/0.5, and 135/0.75 groups, respectively.
Transfusion rates likewise were comparable. The majority (~60%) of all bleeding was
attributable to the vascular access site. Four patients sustained an intracranial hemor-
rhage, one each in the placebo and 135/0.5 groups and two in the 135/0.75 treatment
group. Rates of thrombocytopenia were low overall and indistinguishable among groups,
with no patients developing acute profound thrombocytopenia. Finally, no patients
developed anti-Integrilin antibodies.

ISSUES, QUESTIONS, AND DIRECTIONS

The IMPACT II study adds to the body of evidence focusing on the central role of the
platelet in mediating the ischemic complications of coronary intervention. Following a
unanimous recommendation for approval for commercial distribution by the United
States FDA Cardiac and Renal Drugs Advisory Committee in January 1998, eptifibatide
is now available as an adjunct to percutaneous coronary intervention. Based on the data
from IMPACT 11, a salutary benefit in the range of a 20-25% in adverse clinical events
can be expected, with benefit achieved without a concomitant safety penalty. With
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consideration of the third element (cost) of the treatment decision triad, eptifibatide has
a very favorable overall profile with respect to other standard therapeutics.

Despite what has been accomplished, however, key issues remain. Perhaps the most
daunting is that the treatment effect was less than expected, particularly in the context
of theresults achieved in the EPIC trial with the monoclonal antibody fragment abciximab
(4). Whether greater clinical efficacy can be realized, perhaps by increasing eptifibatide
dosing and/or treatment duration, remains to be discovered. Recent investigations (per-
formed well after the IMPACT II trial had been completed) lend support to the notion
that higher doses of eptifibatide might provide better clinical efficacy. It has recently
been elucidated that the pharmacodynamic effects of eptifibatide were overestimated in
the phase II dose-finding studies. This overestimation was secondary to the use of the
anticoagulant sodium citrate to suspend the blood samples; since citrate chelates cal-
cium, and since calcium normally occupies the ligand binding site within GP IIb/I1la, ex
vivo ADP-induced platelet aggregation was artificially enhanced vis 4 vis the in vivo
clinical effect (27). The best current estimate is that the doses used in IMPACT II
achieved only 30-50% of maximal platelet GP IIb/IIla integrin blockade (22).

Two subsequent studies have direct relevance to the issue of eptifibatide dosing and
the potential for more robust clinical efficacy. In the PRIDE (Platelet Aggregation and
Receptor Occupancy with Integrilin—a Dynamic Evaluation) study, the pharmacody-
namic effects of three different dosing regimens of Integrilin during coronary interven-
tion were intensively investigated (23). Also incorporated into the PRIDE trial was a
lower dose strategy for heparin anticoagulation, using a 70 U/kg heparin bolus to achieve
an activated clotting time of 200-300 s. Inhibition of platelet aggregation was deter-
mined with blood suspended in a calcium chelator (sodium citrate) and in PPACK
(D-Phe-Pro-Arg-CH,Cl, an anticoagulant that does not chelate calcium) using 20 uM
adenosine diphosphate to stimulate platelet aggregation. Representative data from the
135 ug/kg bolus plus 0.75 ug/kg-min infusion and the 180 ug/kg bolus plus 2.0 ug/
kg-min infusion regimens are depicted in Fig. 4. Two findings are illustrated. First, the
ex vivo determinations of inhibition of platelet aggregation are quite dependent on the
anticoagulant used to suspend the blood sample. Second, only the higher dose (180/2.0)
regimen consistently inhibited platelet aggregation to less than 20% of baseline through-
out the duration of treatment. No increase in bleeding was seen with the higher doses
of eptifibatide.

The second trial with direct relevance to the issue of eptifibatide dosing during coro-
nary intervention is the 10,948 patient PURSUIT trial of eptifibatide versus placebo as
an adjunct to the medical management of patients presenting with an acute coronary
syndrome (24). In PURSUIT, the dosing of eptifibatide was a bolus of 180 ug/kg fol-
lowed by an infusion at 2.0 ug/kg-min. Among the 1228 patients in PURSUIT who
underwent coronary intervention during study drug infusion, the relative reduction in the
composite endpoint of death or myocardial infarction at 30 d was 30% with eptifibatide
treatment (16.8% vs 11.8%, P =0.01). In summary, the body of evidence suggests that
ahigher dose than the 135/0.5 regimen studied in IMPACT II will be needed for maximal
efficacy during coronary intervention; from a pharmacodynamic perspective, the 180 ug/kg
bolus plus 2.0 ug/kg-min infusion (continued for 24 h after the procedure) appears to be
the most logical dosing choice in this setting.

A second issue relates to the inverse dose-response results at 30 d between the lower
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Fig. 4. Inhibition of platelet aggregation by eptifibatide—the PRIDE trial. Two dosing regimens
from the PRIDE trial are shown, the 135 ug/kg bolus plus 0.75 ug/kg-min infusion and the 180
ug/kg bolus plus 2.0 ug/kg-min infusion. Blood samples were suspended in either sodium citrate
anticoagulant or PPACK anticoagulant. Assays of blood in citrate reported higher degrees of
platelet inhibition than blood in PPACK at the same concentration of eptifibatide. In PPACK, the
higher dose (180/2.0) regimen suppressed platelet aggregation below 20% of baseline, whereas
the lower dose (135/0.75) regimen did not. Data are normalized to 100% aggregation at baseline.
PPACK: D-Phe-Pro-Arg-CH,Cl.

dose (135/0.5) and higher dose (135/0.75) regimens in IMPACT II. Curiously, the 30-d
(primary endpoint ) mark coincided with the greatest separation of effect between the
two dosing approaches; as noted above, the 6-mo event curves for the two dosing
approaches became virtually identical. These findings appear to be attributable to a
number of factors. First, the efficacy of eptifibatide in IMPACT II was largely secondary
to the (identical) 135 ug/kg bolus used in both arms, not the continuous infusion. Second,
neither of the infusion regimens adequately inhibited platelet function; if anything, the
regimens were more similar than different in biological activity. Finally, the role of
statistical chance cannot be discounted; in fact, the differences between the primary
endpoint rates at 30 d is statistically negligible.

Another issue, particularly in light of the PROLOG (7) and EPILOG (6) trials of
abciximab that report even lower rates of major bleeding with reduced heparin dosing
and early sheath removal, is whether the safety profile of eptifibatide can be further
improved beyond what has already been achieved. Finally, the efficacy of eptifibatide
when combined with elective intracoronary stent implantation has not been delineated.
Although extrapolation of the results of the abciximab trials would suggest that these
approaches make sense, definitive clinical trials have not as of yet been conducted.

In conclusion, the results of the IMPACT II trial affirm the glycoprotein IIb/Illa
hypothesis. Eptifibatide inhibits coronary thrombosis; in IMPACT II, at the end of the
24-h treatment period, there was a highly significant relative reduction of 30-35% in the
composite endpoint of death, myocardial infarction, urgent or emergency repeat coro-
nary intervention or coronary bypass graft surgery, and stent placement for abrupt clo-
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sure with both eptifibatide dosing strategies. The absolute magnitude of this benefit is
maintained out to 6 mo. These findings, combined with those of the trials of the mono-
clonal antibody abciximab (4,6—8) and the nonpeptide mimetic tirofiban (25), support
the routine use of glycoprotein IIb/Illa inhibitors in general, and eptifibatide in particu-
lar, in the setting of percutaneous coronary intervention to reduce morbidity and mor-
tality and improve clinical outcomes.
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INTRODUCTION

Atheromatous plaque rupture, platelet activation with consequent thrombus forma-
tion and impairment of coronary arterial blood flow is acommon theme in acute coronary
syndromes (ACS) (/—4). The importance of antiplatelet therapy in the treatment of acute
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myocardial infarction (MI) was amply demonstrated in the second International Study
of Infarct Survival (ISIS-2). At present, aspirin and to a lesser extent heparin, are used
in nearly all patients with ACS. In spite of the improvements in prognosis that these
treatments have brought, the incidence of adverse events in patients with ACS is still
significant (5—8) and demonstrates the need for further improvement. There has been a
rapid expansion of data from large multicenter trials on the use of IIb/IIla receptor
antagonists in the full spectrum of ACS. This is in part related to a recognition of the
limitations of other antiplatelet agents, a better understanding of the mechanisms of
platelet activation and aggregation. The realization that the GPIIb/II1a platelet receptor
is the final common pathway through which all the platelet agonists exhibit their effects
on platelet aggregation make this receptor a promising target for antiplatelet therapy (9).

LIMITATIONS OF OTHER CLASSES OF ANTIPLATELET AGENTS

Aspirin is a relatively weak antiplatelet agent. It works by acetylating and thus inac-
tivating prostaglandin synthetase/cyclooxygenase (/0) and results in the decreased for-
mation of thromboxane A, (/1), a potent agonist of platelet aggregation (/2). However,
platelets are able to undergo aggregation by a number of thromboxane A,-independent
pathways (via platelet activators such as thrombin, ADP, epinephrine, and subendothe-
lial collagen) (1/3—15) thus limiting the antithrombotic effect of aspirin. In addition,
cyclooxygenase is also needed for the synthesis of a number of antithrombotic prostag-
landins by endothelial cells including prostacyclin (/6), a potent platelet inhibitor.
Apart from its pharmacodynamic limitations, aspirin causes the side effect of gastritis,
which results in a significant proportion of patients being noncompliant and stopping
the medication.

Ticlopidine inhibits the ADP-induction of platelet aggregation (/7). Its use in cardi-
ology is presently restricted to patients receiving coronary stent implantation. Its major
limitation is the significant side effect of neutropenia (/8). Recently, clopidogrel, a
ticlopidine analog, has been shown to decrease ischemic events in patients with athero-
sclerotic vascular disease (19).

THE PLATELET GLYCOPROTEIN IIb/IIIa
RECEPTOR AND ITS INHIBITORS

Whereas there are a number of receptors involved in platelet activation and adhesion
to the plaque surface, the GP IIb/Illa platelet receptor is one that mediates platelet
aggregation. The GP IIb/IIla receptor belongs to the integrin family of adhesion mol-
ecules and binds the bivalent molecule fibrinogen, as well as fibrinogen, von Willebrand
factor, and vitronectin, and is therefore able to form crossbridges between adjacent
platelets. Platelet activation results in the expression of approximately 70,000 copies of
the GP IIb/Illa receptor on the cell surface.

The GP IIb/Illa inhibitors are a relatively new class of compounds that offers several
potential advantages to other currently available therapies. These compounds are spe-
cific to platelets; they inhibit platelet aggregation induced by all platelet agonists, whereas
at the same time they do not affect platelet adhesion.

Coller et al. developed the 7E3 monoclonal antibody to the GP IIb/Illa receptor (20),
which was further refined to a chimeric antibody (abciximab) in order to minimize the
immune reaction to the foreign protein (2/7). Likewise, a number of peptide and
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Fig. 1. Structure of tirofiban.

nonpeptides that either contain or mimic the arginine-glycine-asparagine (RGD) amino
acid sequence necessary for ligand binding to the GP IIb/IIla receptor have been devel-
oped. The small molecule (either peptidic or nonpeptidic) GP IIb/Illa inhibitors are
designed to avoid antibody-induced disadvantages such as immunogenicity and to have
rapid onset of action and rapid off-rate with cessation of drug delivery.

TIROFIBAN: DEVELOPMENT AND INITIAL STUDIES

Tirofiban (Aggrastat®, Merck & Co., Inc., Rahway, NJ) is a synthetic, short-
acting, highly selective nonpeptide tyrosine derivative (N-(butylsulfonyl)-O-[4-(4-
piperidinyl)butyl]-L-tyrosine monohydrochloride monohydrate) that inhibits fibrino-
gen binding to the platelet GP IIb/I1la receptor. Its structural formula is shown in Fig.
1. Structure-function studies on peptides derived from the venom of vipers led to the
development of RGD and KGD (Lys-Gly-Asp)-containing synthetic peptide GP IIb/II1a
inhibitors. NMR studies on one of the viper’s disintegrins, echistatin, revealed the char-
acteristics of the RGD unit (22). A directed search for compounds to mimic the RGD
stereochemistry, followed by a potency-optimization strategy (23), resulted in the devel-
opment of the nonpeptide tyrosine analog, tirofiban, a molecule that inhibits the binding
of fibrinogen to GP IIb/I1la in a concentration-related manner with a ICs, of 10 ng/mL
and a K; of 2.1 nM in vitro (24). Whereas abciximab acts like a cap over the whole of
the GP IIb/Illa integrin and the peptidic analogs bind competitively to the RGD recog-
nition site, tirofiban mimics the geometric, stereotactic and charge characteristics of
the RGD sequence. Following the promising in vitro results with tirofiban, the anti-
aggregatory and antithrombotic efficacy with tirofiban was demonstrated in canine
models of coronary artery injury (25). Subsequently, the safety, tolerability, pharmaco-
kinetics, and pharmacodynamics were assessed in placebo-controlled trials in healthy
volunteers (26-28) and then in patients with coronary artery disease (29,30). Dose
ranging studies of adjunctive tirofiban were performed in patients with unstable angina
treated with heparin and aspirin (3/,32) or with heparin, aspirin, and angioplasty (33).
Based on these studies, three large multicenter clinical trials [RESTORE (34), PRISM
(35), and PRISM-PLUS (36)] were conducted in patients with ACS. The Randomized
Efficacy Study of Tirofiban for Outcomes and Restenosis (RESTORE) trial differed
from the other two tirofiban trials (PRISM and PRISM-PLUS) in that it was designed for
drug evaluation in patients undergoing coronary intervention. RESTORE will therefore
be discussed more in relation to the other similarly designed trials EPIC (37), EPILOG
(38), CAPTURE (39), and IMPACT-II (40).

The potential advantages of tirofiban are that it is a highly selective inhibitor of
fibrinogen binding to platelet GP IIb/IlIa, it has an early onset of action with a rapid
reversal of antiplatelet activity after discontinuation, it is suitable for repeat administra-
tions, and, being a small molecule, it is relatively inexpensive to manufacture.
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Fig. 2. RESTORE trial in management of ACS. CABG = coronary artery bypass graft surgery;
PTCA = coronary angioplasty.

THE RESTORE TRIAL: STUDY DESIGN
FOR EVALUATION OF TIROFIBAN IN PATIENTS
UNDERGOING PERCUTANEOUS CORONARY INTERVENTIONS

The prognostic benefit of using antiplatelet therapy in patients with ACS has been
known for some time (4/). However, in spite of the use of aspirin, the morbidity and
mortality of patients in this group remain a significant problem (42,43). The hope that
anincremental prognostic benefitin patients with unstable angina/non-Q-wave MI could
be obtained with the use of thrombolytic therapy (44,45) or coronary intervention
(45—47) has not (yet) been realized. A contributing cause for the lack of prognostic
benefit in using fibrinolytic therapy for unstable angina/non-Q-wave MI could have
been the lack of sufficient antiplatelet efficacy of the therapeutic regimen, as platelets
are able to undergo aggregation by a number of thromboxane A2-independent pathways,
thus limiting the antithrombotic effect of aspirin.

The RESTORE trial was started in January 1995 and completed enrollment in Decem-
ber 1995. RESTORE was arandomized, double-blind, placebo-controlled trial designed
to evaluate the efficacy and safety of tirofiban in approximately 2100 patients receiving
aspirin and heparin and undergoing coronary interventions using balloon angioplasty or
directional atherectomy within 72 h of presentation with an episode of unstable angina
or acute MI (see Figs. 2 and 3 for design).

Unstable angina was defined as typical anginal pain at rest or with minimal effort and
either 1) electrographic changes; 2) hemodynamic changes suggestive of myocardial
ischemia; or 3) angiographic evidence of thrombus in the target vessel immediately
before percutaneous transluminal coronary angioplasty (PTCA) or directional coronary
atherectomy (DCA) characterized by a stenosis of >70% with a hazy appearance, intra-
luminal filling defect, overhanging edge, high degree of eccentricity or reduced throm-
bolysis in myocardial infarction (TIMI) flow grade. Acute MI was defined as typical
ischemic pain lasting >20 min with ST-T-wave changes or pathologic Q-waves and a
serum creatine kinase elevation greater than twice the upper limit of normal or an elevated
creatine kinase-MB fraction value.

Patients received 300 to 325 mg of aspirin orally within 12 h of PTCA or DCA.
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Guidelines for heparin administration during PTCA were a maximal initial bolus of
10,000 U before the procedure (weight adjusted to 150 U/kg for patients <70 kg), and
intraprocedural heparin administered as required to maintain an activated clotting time
(ACT) of 300 to 400 s. After the lesion was crossed with the guide wire, the patient was
randomized to receive either a bolus of tirofiban (10 ug/kg body weight) or placebo
intravenously over 3 min. Each patient then received a corresponding intravenous infu-
sion of tirofiban (0.15 ug/kg per min) or placebo for 36 h. Operators were urged to place
intracoronary stents only in urgent “bail-out” situations such as actual or threatened
abrupt closure. The choice between DCA or PTCA was left to the discretion of the
operator. Investigators were advised to discontinue heparin administration at the conclu-
sion of the PTCA or DCA procedure and to remove sheaths when the ACT was <180 s.

The clinical endpoints of the study were death from any cause; new MI; CABG for
angioplasty failure or recurrent ischemia; repeat target vessel revascularization for
recurrent ischemia; implantation of an intracoronary stent because of actual or threat-
ened abrupt closure of the target vessel; and a composite endpoint, which was the occur-
rence of any of these events (34). Endpoints were evaluated at 2, 7, and 30 days, and at
6 mo. The prespecified primary hypothesis of the study was that tirofiban would result
in areduction in the 30-d composite endpoint compared with placebo (34). The statistical
significance of differences between treatment groups with respect to the composite
endpoint and its components was assessed using logistic regression analysis. All tests
were two-sided, and statistical significance was declared if P < 0.05.

Selected study sites enrolled all consecutive patients in the angiographic substudy
until a total of approximately 500 patients had been enrolled. Follow-up angiography
was performed as close to 6 mo after the index procedure as possible; however, angio-
graphy performed between 17 and 30 wk after the initial PTCA or DCA was accepted.
If repeat cardiac catheterization was necessary before the end of 16 wk and there was
evidence of restenosis, this early angiogram was used as the follow-up angiogram and
a repeat 6-mo follow-up angiogram was not necessary. However, if there was no evi-
dence of restenosis, angiography was repeated between 17 and 30 wk. All follow-up
angiography was completed before the end of study week 30. Patients who underwent
intracoronary stent placement at the time of the initial procedure were not required to
return for coronary arteriography.
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All physicians and technicians in the angiographic core laboratory were blinded to
treatment group assignment, the investigative center’s interpretation of the angiogram
and the clinical outcome of the patient. A previously described and validated automated
edge detection algorithm was utilized for quantitative angiographic analysis (48).
Restenosis in the target culprit lesion was prospectively defined as follows: 1) =50%
diameter stenosis at the time of follow-up angiography in those patients who had a <50%
stenosis after the initial intervention; 2) late loss in minimal luminal diameter =0.72 mm
(49); 3) late loss =50% of the initial gain in minimal luminal diameter. Flow before and
after PTCA was assessed according to both the conventional TIMI flow grade classifi-
cation scheme (50) and the corrected TIMI frame count (5/). Thrombus grade was
assessed using the standard TIMI definitions (46).

THE RESTORE TRIAL: EFFICACY OF ADJUVANT
TIROFIBAN IN PATIENTS UNDERGOING
PERCUTANEOUS CORONARY INTERVENTION

Atotal of 2141 patients received study drug infusion and were included in the efficacy
and safety analyses as prespecified in the protocol (34). The baseline characteristics of
all patients included in the RESTORE trial were similar between patients treated with
tirofiban or placebo. For patients in the 6-mo angiographic substudy, baseline clinical
characteristics again did not differ between placebo and tirofiban groups and were simi-
lar to those of patients in the overall trial. Fifty-nine percent of substudy patients in the
placebo group and 50.2% in the tirofiban group had one diseased vessel, 25.9% and
32.7% had two diseased vessels, and 11.2% and 15.2% had three diseased vessels,
respectively (P = NS for treatment group differences). Unstable angina pectoris was the
most common inclusion criterion in the placebo (67.3%) and tirofiban (66.8%) groups.
The intervention was performed during acute MI (i.e., as primary angioplasty) in 2.0%
of the placebo group and 2.4% of the tirofiban group. The intervention was performed
as a nonprimary procedure within three days of acute MI in 30.7% of the placebo group
and 30.8% of the tirofiban group. The initial procedure performed was most frequently
conventional PTCA (92.2% in the placebo group, 91.9% in the tirofiban group), whereas
DCA was performed in the remainder of patients.

During and immediately following the period of drug administration the composite
endpoint and its components, excluding death, were substantially reduced. At two days,
for placebo and tirofiban groups, respectively, the frequency of death was 0.2% and
0.2%, M1 4.4% and 2.7% (relative risk reduction—39%), repeat PTCA 3.2% and 1.1%
(relative risk reduction—66%), CABG 1.4% and 0.9% (relative risk reduction—36%),
and stenting for acute closure 2.5% and 1.5% (relative risk reduction—40%). Attwo and
seven days postintervention, there were 38% (8.7 vs 5.4%; P =0.005) and 27% (10.4 vs
7.6%; P = 0.022) reductions in the composite endpoints, respectively, reflecting the
reductions in nonfatal MI and repeat angioplasty. However at 30 d, the primary compos-
ite endpoint showed a relative reduction that was half that seen at 24 h, being 12.2 vs
10.3% in the placebo and tirofiban groups, respectively, a 16.2% relative reduction
(P =0.169, see Fig. 4). The effect, however, was consistent across all the components
of the composite endpoints (except death, which was a low-frequency event, 0.7% for
placebo vs 0.8% for tirofiban). The relative benefit was comparable for all subgroups of
patients treated. Likewise, at the 6-mo follow-up, the composite endpoint of death from
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any cause, new MI or target vessel revascularization was 24.1% in the tirofiban arm vs
27.1% in the placebo group, P = 0.11 (Fig. 5). It is important to note that the absolute
reduction in events was therefore 3%, similar to the absolute reduction at 2, 7, and 30 d,
and also comparable to results of the EPILOG study at 6 mo. These same trends were
observed in patients treated both with conventional PTCA (267 [26.8%] of 997 vs 237
[24.1%] of 985) and those treated with DCA (23 [31.5%] of 73 vs 21 [24.4%] of 86.)
Except for death (which rarely occurred), all differences in the incidence of endpoint com-
ponents were in the same direction, favoring tirofiban, but none was statistically significant.

Of the total of 2141 patients in the RESTORE trial, 619 (315 for the placebo group,
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Table 1
6-mo Follow-Up: RESTORE Angiographic Substudy
Placebo group Tirofiban group P Value
(n=205) (n=211)
=50% loss of gain 103 (50%) 105 (50%) 0.99
% DS =50%" 110 (57%) 100 (51%) 0.26
Loss = 0.72 (mm) 90 (44%) 88 (42%) 0.69

“Requires initial postcoronary angioplasty stenosis < 50% (193 for placebo, 196 for tirofiban). Data
presented are number (%) of patients; DS = diameter stenosis.

314 for the tirofiban group) were enrolled in the 6-mo angiographic restenosis substudy.
Paired serial angiograms were available for 416 (67.2%) of these 619 patients (205 for
the placebo group, 211 for the tirofiban group). Among tirofiban-treated patients, 1057
(99%) of 1071 were available for 6-mo follow-up, and among placebo patients, 1051
(98%) of 1070 were available. Coronary angiography at the 6-mo follow-up showed that
there was no difference between the placebo and tirofiban groups in either the
preinterventional corrected TIMI frame count (CTFC: 47.8 = 33.0 vs 52.0 = 34.5,
respectively, P =NS) or the TIMI flow grade distribution. After PTCA or DCA there was
no significant difference in the CTFC between the two groups (18.2 = 11.3 for placebo
vs 20.2 = 12.5 for tirofiban). Moreover, tirofiban at 6-mo follow-up did not reduce the
incidence of restenosis as prospectively defined (Table 1) (48).

COMPARATIVE EFFICACY OF ADJUNCTIVE
TIROFIBAN VS OTHER GP 11b/IIIa INHIBITORS
IN PATIENTS UNDERGOING CORONARY INTERVENTIONS

Tables 2 and 3 outline the differences in the patient population and treatment protocols
for the trials evaluating adjunctive GP IIb/Illa inhibitors in patients with coronary artery
disease undergoing percutaneous intervention. The efficacy of GP IIb/Illa inhibitors in
these trials was measured in terms of the frequency of endpoints (single or composite).
A comparison of efficacy between the different agents must therefore take into account
any difference in the way the endpoints were defined. The endpoint definitions in
RESTORE differed from those of the other trials in this group in that all ischemia-related
repeat target vessel percutaneous interventions were included, not just urgent/emergent
ones. In contrast, the 30-d analysis of the other trials (EPIC, EPILOG, CAPTURE, and
IMPACT-II) included only those repeat revascularization procedures (CABG and repeat
angioplasty) that were considered to have been performed on an urgent/emergent basis.
In order to better evaluate the RESTORE data in comparison with these other trials, the
Endpoint Committee blindly readjudicated the 30-d revascularization endpoints to
determine whether or not they were performed on an emergent basis. The RESTORE
event rates were then recalculated, including only those cases deemed emergent
revascularizations (see Table 4 and Fig. 6).

EFFICACY RESULTS FROM RESTORE IN CONTEXT

The efficacy results at 30 d for the adjunctive GP IIb/I1]a trials of coronary interven-
tion in ACS showed a significant drug-related benefit over placebo in EPIC, EPILOG,
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Table 2
Trials of Adjunctive GP IIb/IIIa Inhibitors in Patients
with Coronary Artery Disease Undergoing Percutaneous Coronary Intervention

Trial N Phase Drug Start Finished Published

EPIC 2099  Phase Il Abciximab  Nov 1991  Nov 1992  Apr 1994 (37)

6-month follow-up Apr 1994 (54)

IMPACT II 4010  Phase IIl  Eptifibatide = Nov 1993  Nov 1994  May 1997 (40)

CAPTURE 1265 Phase 111 Abciximab  May 1993  Dec 1995  May 1997 (39)

EPILOG 2792 Phase III Abciximab Feb 1995 Dec 1995  June 1997 (38)

RESTORE 2141 Phase I1I Tirofiban Jan 1995 Dec 1995  Sept 1997 (34)

6 month-follow-up July 1998 (55)
Table 3

Differences in Patient Populations and Treatment Protocols
between the Trials of GP IIb/IIIa Inhibitors in Patients
with Coronary Artery Disease Undergoing Percutaneous Coronary Intervention

Patient population

Treatment protocol

EPIC High-risk group including acute MI,
unstable angina on ECG criteria,
high-risk clinical or angiographic
characteristics

EPILOG Elective or urgent percutaneous
coronary intervention; excluded
AMI and unstable angina with

ECG changes

CAPTURE Unstable angina with ECG changes
refractory to intravenous heparin
and nitrates

RESTORE Within 72 h of an episode of ACS

IMPACT-II Elective, urgent or emergent
percutaneous coronary
intervention

Abciximab bolus, abciximab bolus +
infusion, placebo + infusion. All patients
had nonweight adjusted heparin 10,000
12,000U bolus; ACT goal 300-350 s

Abciximab + infusion, heparin at
70 U/kg or 100 U/kg

Abciximab bolus and infusion, heparin
bolus at 100 U/kg max or 10,000 U

Tirofiban + weight adjusted heparin
(150 U/Kg), ACT maintained at
300-400 s

Eptifibatide bolus of 135 mg/kg with
infusion of 0.5 ug/kg/min or
0.75 ng/kg/min, + heparin 100 U/kg
heparin, ACT kept at 300-350 s

CAPTURE, and IMPACT-II. When the RESTORE 30-d data were analyzed on the same
basis as the 30-d data from EPIC, EPILOG, CAPTURE, and IMPACT-II trials, i.e.,
defining the 30-d endpoint of revascularization as urgent revascularization, there was a
24% relative reduction (2.5% absolute reduction) in composite endpoint, P = 0.052,
indicating that, unlike initial impressions suggesting a lack of benefit from tirofiban at
30 d, there was indeed a preserved late benefit. When the 2- and 7-d data were similarly
reanalyzed by the adjudication committee, there was a 40% (P = 0.002) at 2 d and 30%
(P =0.015) at 7 d relative reduction in the frequency of the composite endpoint, similar
to the primary analysis and clearly demonstrating an early effect. These reductions in
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Table 4
Efficacy Data for the Use of Adjunctive GP IIb/IIIa Inhibitors
in Patients with Coronary Artery Disease Treated with Percutaneous Coronary Intervention

Composite end point

Absolute Relative

Trial Treatment Placebo reduction reduction P Value®
RESTORE 30 d 10.3% 12.2% 1.9% 16% 0.169
RESTORE readjudicated 30 d 8.0% 10.5% 2.5% 24% 0.052
RESTORE 6 mo 24.1% 27.1% 3.0% 11% 0.11
EPIC 30d 8.3% 12.8% 4.5% 35% 0.008
EPIC 6 mo 27% 35.1% 8.1% 23% 0.001
EPILOG 30d

Low-dose heparin 5.2% 6.5% 56% <0.001

Standard-dose heparin 5.4% 11.7% 6.3% 54% <0.001
EPILOG 6 mo

Low dose heparin 8.4% 6.3% 43% <0.001
(death, M1, or urgent revascularization)

Standard-dose heparin 8.3% 14.7% 6.4% 44% <0.001
EPILOG 6 mo

Low dose heparin 22.8% 3.0% 43% 0.07
(death, MI, or any revascularization)

Standard-dose heparin 22.3% 25.8% 3.5% 14% 0.04
CAPTURE 30d 11.3% 15.9% 4.6% 23% 0.012
CAPTURE 6 mo 30.6% 30.4% -0.2% ~0% NS
IMPACT-I130d

135/0.5 eptifibatide 9.2% 11.4% 2.2% 19% 0.063

135/0.75 eptifibatide 9.9% 11.4% 1.5% 13% 0.22

9All P values computed based on intention to treat.

adverse outcomes were larger than those obtained in the initial analysis that included all
revascularizations and more consistent with both the EPIC trial, in which the relative
reduction was 35%, and IMPACT-II trial, in which the co