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The platelet glycoprotein GPIIb/IIIa (

 

a

 

IIb

 

b

 

3

 

) antagonist c7E3
Fab (the Fab fragment of the mouse/human chimeric mono-
clonal antibody 7E3; abciximab; ReoPro™) was approved for
human use in the United States in December 1994 based on its
safety and its efficacy in reducing the risk of ischemic compli-
cations after percutaneous coronary intervention (PCI;

 

1

 

 angio-
plasty or atherectomy) (1, 2). The success of this agent reflects
our emerging ability to identify adhesion molecules as thera-
peutic targets, and then construct effective inhibitors that meet
the stringent safety standards required for a new drug. As the
first rationally designed antiplatelet and anti-integrin receptor
drug, c7E3 Fab serves as a prototype for other anti-integrin re-
ceptor, and more generally, antiadhesion receptor, agents de-
signed to treat and/or prevent human disease.

 

Ischemic cardiovascular disease

 

The emergence of ischemic cardiovascular disease as the most
common cause of death in the United States is a remarkably
recent phenomenon, beginning just in the current century (3).
The outlines of the pathophysiology of this disorder are well
established: atherosclerosis of blood vessels begins in early
adulthood, setting the background on which acute occlusive
thrombosis, initiated primarily by platelets in the arterial circu-
lation, occurs on damaged atherosclerotic plaque at some un-
predictable time later in life, resulting in irreversible ischemic
damage to the heart or brain. The risk of dying from ischemic
cardiovascular disease increased, therefore, as a result of the
conquest of many infectious diseases, which resulted in longer
life spans during which atherosclerosis could develop, and the
unfortunate adoption of a variety of practices that accelerate
the atherosclerosis process, including high fat diets and ciga-
rette smoking.

However, it is the hemostatic system that is responsible for
the final thrombotic event; and paradoxically the hemostatic

system has probably been under strong evolutionary pressure
to become highly active. Thus, since the risk of bleeding to
death is great from birth on, especially for animals or humans
in the wild, humans with more active hemostasis were more
likely to survive to sexual maturity and pass on their genes.
This led to the considerable redundancy in our hemostatic sys-
tems, which is perhaps best attested to by our ability to treat
patients with anticoagulants, antiplatelet agents, and even
thrombolytic agents with relative safety (4). Ironically, there
probably has been very little evolutionary pressure against
thrombotic disorders since the vast majority of patients die
from these diseases after they have passed the peak of their re-
productive years, when for all practical purposes, they are ge-
netically dead.

Thus, our originally adaptive hemostatic systems have be-
come maladaptive for those suffering from atherosclerosis,
and so we have found it beneficial to rebalance the hemostatic
systems of individuals with atherosclerotic vascular disease,
both acutely and chronically. Therefore, it is likely that other
therapeutic opportunities lie in identifying where evolutionary
pressures have led to homeostatic systems that have become
maladaptive as a result of changes in our condition.

 

Platelet physiology and the rationale for GPIIb/IIIa antagonists

 

Occlusive thrombus formation in coronary arteries probably
begins with the deposition of platelets on a damaged athero-
sclerotic plaque as a result of the interaction of constitutively
active platelet surface receptors [including GPIb/IX, GPIIb/
IIIa (restricted in ligand specificity to immobilized fibrinogen),
GPIa/IIa (
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2

 

b

 

1

 

), GPIc/IIa (
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5

 

b

 

1

 

), GPIc/IIa (
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6

 

b
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), and perhaps

 

a

 

v

 

b

 

3

 

, GPIV, and GPVI] with adhesive proteins in the plaque
(5–7). Rheologic forces probably contribute significantly in de-
termining the nature of these interactions (8). The adhesive
proteins may be directly exposed by the vascular damage [e.g.,
collagen or von Willebrand factor (vWf)], deposited from
plasma or platelets onto exposed proteins (e.g., the binding of
vWf to collagen), or deposited from plasma or platelets onto
newly formed fibrin (as for example, vWf) (7). Recent evi-
dence identifying large amounts of tissue factor in the lipid-
rich region of atherosclerotic plaques suggests that the genera-
tion of thrombin and deposition of small amounts of fibrin
may be early events in the process (9).

The initial layer of adherent platelets is unlikely to de-
crease blood flow by itself. Under certain circumstances, how-
ever, the platelet GPIIb/IIIa receptors on the luminal surface
of the adherent platelets are activated and undergo a confor-
mational change that results in their binding plasma fibrino-
gen, vWf, or perhaps other glycoproteins with high affinity.
The bivalent structure of fibrinogen and the multivalent struc-
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 PCI, percutaneous coronary inter-
vention.
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ture of vWf allow these proteins to bind to GPIIb/IIIa recep-
tors on two different platelets simultaneously. This permits the
recruitment of an additional layer of platelets, which in turn
can recruit an additional layer of platelets by a similar mecha-
nism, ultimately resulting in vaso-occlusion (7, 10). In addition,
nonocclusive platelet aggregates, if friable, can break off and
embolize downstream to small blood vessels, causing both is-
chemic damage and electrical instability of the heart. The
platelet thrombus also facilitates thrombin generation and fi-
brin deposition (11), and through exposure of P-selectin, may
facilitate leukocyte adhesion and transmigration (12).

The GPIIb/IIIa receptor is expressed only in megakaryo-
cytes and platelets and so is uniquely adapted to its role in
platelet physiology. Presumably reflecting the need for an in-
stantaneous response to hemorrhage, the density of GPIIb/
IIIa receptors on the surface of platelets is extraordinary
(

 

z

 

 80,000 copies spaced 

 

,

 

 200 Å apart), and there is an addi-
tional internal pool of GPIIb/IIIa receptors in 

 

a

 

-granules and
perhaps elsewhere that can be rapidly mobilized to the surface.
If the GPIIb/IIIa receptor were constitutively in its high affin-
ity ligand binding conformation, thrombosis would be ongo-
ing, and so the receptor is under elaborate control mechanisms
that limit its activation both geographically and temporally.
Thus, agents that are released (e.g., ADP and serotonin), syn-
thesized and released (e.g., thromboxane A

 

2

 

), or generated as
part of the hemostatic cascade (e.g., thrombin) when vessels
are damaged are all able to initiate signals that result in the
transformation of the GPIIb/IIIa receptor to a high affinity
state. Adhesion itself and shear forces are also able to initiate
activation signals, as may thrombolytic agents, either directly
or through the paradoxical generation of thrombin. Inhibitors
of activation, including PGI

 

2

 

 and NO also contribute to the fi-
nal result, as may an ecto-ADPase on the surface of endothe-
lial cells and the products of transcellular metabolism (13).
The signal transduction mechanisms involved in converting
these stimuli into changes in the GPIIb/IIIa receptor are com-
plex and still incompletely understood, but involve as a mini-
mum seven transmembrane protein receptors, G proteins,
phospholipases, calcium release, arachidonic acid metabolism,
protein kinase C, adenyl and guanyl cyclases, and other pro-
tein kinases and phosphatases (7). The biochemical and bio-
physical basis of this conformational change and the signaling
events induced by ligand binding will be reviewed in other Per-
spectives in this series (May 15 and July 1). The currently ap-
proved antiplatelet agents, aspirin and ticlopidine, act by in-
hibiting arachidonic acid metabolism and ADP-induced signal
transduction, respectively, but their inhibition of platelet ag-
gregation is incomplete because other pathways can lead to
GPIIb/IIIa activation.

The rationale for blockade of GPIIb/IIIa receptors as a
strategy for preventing or treating ischemic cardiovascular dis-
ease thus rests on data derived from research conducted by
many different laboratories: (

 

a

 

) platelet thrombus formation
secondary to platelet aggregation is the dominant initiating
factor in occlusive vascular disease; (

 

b

 

) the GPIIb/IIIa recep-
tor is a key element in the final common pathway leading to
platelet aggregation; (

 

c

 

) the GPIIb/IIIa receptor is platelet
specific; and (

 

d

 

) patients who lack GPIIb/IIIa receptor func-
tion on a genetic basis (Glanzmann thrombasthenia) have
variably severe mucocutaneous bleeding, but rarely suffer
from spontaneous central nervous system hemorrhage (14).

Blockade of the GPIIb/IIIa receptor has been accom-

plished with monoclonal antibodies (15) or peptides or pepti-
domimetics based on the RGD (arginine-glycine-aspartic acid)
cell recognition sequence (16); the latter mediates the binding
of a number of different ligands to the GPIIb/IIIa receptor and
other integrin receptors. Many RGD-based compounds have
been synthesized, some of which are orally active, and a num-
ber are in human trials (17). Ironically, although fibrinogen
contains two RGD sequences in its A

 

a

 

 chain, data indicate
that fibrinogen binds to GPIIb/IIIa via a dodecapeptide se-
quence at the extreme carboxy terminus of the 

 

g

 

 chain that
probably has structural similarity to the RGD sequence (18).

 

Data from animal models

 

GPIIb/IIIa antagonists are more effective antithrombotic agents
than aspirin in a wide variety of animal models (15). More-
over, when compared with the use of a thrombolytic agent
alone, the combination of a GPIIb/IIIa antagonist and a
thrombolytic agent produces more rapid and extensive clot ly-
sis, reduces the risk of reocclusion, and diminishes infarct size,
even when the dose of the thrombolytic agent is reduced by as
much as 75% (19).

 

Human studies

 

GPIIb/IIIa antagonist therapy with c7E3 Fab, as well as RGD-
based peptides and peptidomimetics, inhibits ex vivo platelet
function to a much greater extent than does aspirin; c7E3 Fab,
and to a more variable extent, the peptides and peptidomimet-
ics inhibit in vivo platelet function more than aspirin as judged
by prolongation of the bleeding time (17, 20–22).

A 2099 patient phase III study in humans demonstrated
that, when used in combination with aspirin and heparin, a bo-
lus 

 

1

 

 12-h infusion of c7E3 Fab begun just before PCI signifi-
cantly reduced the risk of suffering death, myocardial infarc-
tion, or need for urgent coronary artery bypass surgery or
repeat PCI over 30 d in patients who were judged to be at high
risk of suffering such events (1). At 6 mo, the absolute benefit
persisted, even when considering elective PCI and bypass pro-
cedures (2).

However, treatment of patients with c7E3 Fab in this study
resulted in a significant increase in major bleeding, although
there was no increase in fatal or central nervous system bleed-
ing. In a later study, however, in which the heparin dose was
decreased and weight-adjusted, c7E3 Fab treatment was not
associated with an increased risk of major bleeding (23). This
same study demonstrated the efficacy of c7E3 Fab treatment
in preventing ischemic complications of PCI in patients at low
risk of such events as well as those at high risk (24). Studies us-
ing a peptide (intrifiban; Integrilin™) and a peptidomimetic
(tirofiban; Aggrastat™) have also shown favorable trends in
preventing ischemic complications of PCI, but the benefits did
not reach statistical significance. Other studies using GPIIb/
IIIa antagonists suggest that they may be beneficial in treating
unstable angina and myocardial infarction even without PCI.

 

Blood vessel passivation

 

The long-term benefit of therapy with c7E3 Fab after only a
bolus 

 

1

 

 12-h infusion provides important insight into the pro-
cess of blood vessels passivation after injury. Thus, although it
is well established that blood vessels come become highly reac-
tive to platelets immediately after vascular injury, it is less well
appreciated that blood vessels lose their platelet reactivity (i.e.,
become passivated) sometime thereafter. Animal studies in-
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volving damage to a normal vessel suggested that the process
takes up to 

 

z

 

 8 h (25, 26), but data from one of the phase III
studies of c7E3 Fab, based on the time between the initial and
the repeat urgent PCI, suggest that passivation occurs within

 

z

 

 2 d in most patients, but with some patients requiring up to
8 d. These data support a strategy of trying to achieve high
grade GPIIb/IIIa receptor blockade during the period from
vascular injury until passivation has occurred, but no longer,
thus gaining the antithrombotic benefit but limiting the hemor-
rhagic risk. The biochemical basis of blood vessel passivation is
unknown, and insights into the mechanism(s) may provide
new opportunities for improving antithrombotic therapy (27).

 

Mechanism(s) of action

 

Although the predominant antithrombotic benefit of GPIIb/
IIIa antagonist therapy most likely results from inhibition of
platelet aggregation and thus platelet thrombus formation, ad-
ditional related phenomena may contribute. For example,
platelets probably play an important role in thrombin genera-
tion because activated platelets provide a highly efficient cata-
lytic surface that facilitates the reactions leading to thrombin
formation and platelets release, and probably activate, Factor
V (11). Thus, GPIIb/IIIa antagonists can potentially decrease
thrombin generation via two different mechanisms: quantita-
tively by decreasing the number of platelets in a thrombus, and
qualitatively by decreasing platelet activation and release of
Factor V(a). In fact, evidence from clinical studies of c7E3 Fab
(28) and intrifiban (29) and in vitro data using c7E3 Fab (30)
support the ability of GPIIb/IIIa antagonists to decrease
thrombin generation initiated by either contact activation or
tissue factor. Therefore, decreased thrombin production may
contribute to the antithrombotic effects of GPIIb/IIIa antago-
nists, and thus these antiplatelet agents may also function, in
essence, as anticoagulants.

The positive effects of GPIIb/IIIa antagonists in facilitating
thrombolysis in animal models may reflect the ability of
GPIIb/IIIa antagonists to inhibit: (

 

a

 

) clot retraction, which has
been implicated in limiting the diffusion of thrombolytic agents;
(

 

b

 

) release of the fibrinolytic inhibitors plasminogen activator
inhibitor-1 and 

 

a

 

2

 

-plasmin inhibitor from platelet 

 

a

 

-granules;
(

 

c

 

) Factor XIIIa binding to platelets and local release of plate-
let Factor XIII (since Factor XIII cross-links fibrin and cross-
links fibrinolytic inhibitors to fibrin); and (

 

d

 

) thrombin pro-
duction and thus the generation of the thrombin-activatable
fibrinolysis inhibitor (TAFI) (31). These mechanisms may con-
tribute to how GPIIb/IIIa antagonists prevent reocclusion
after thrombolysis, but they cannot account for the increased
rate of thrombolysis achieved when GPIIb/IIIa antagonists are
combined with fibrinolytic agents. One hypothesis to explain
this finding is that when a fibrinolytic agent is administered
alone there is a period of time when the agent’s platelet acti-
vating effects result in increased platelet deposition into the
thrombus, which then delays reperfusion. By preventing this
enhanced platelet deposition, GPIIb/IIIa antagonists can allow
fibrinolysis to proceed unimpeded, resulting in more rapid lysis.

The 

 

a

 

v

 

b

 

3

 

 integrin, which was originally designated the vi-
tronectin receptor, but which also binds fibrinogen, vWf, and
other RGD-containing ligands, shares the same 

 

b

 

 subunit
(GPIIIa or 

 

b

 

3

 

) with GPIIb/IIIa. It is widely distributed on dif-
ferent cell types, including endothelial cells, smooth muscle
cells, and osteoclasts. It has been implicated in a variety of dif-
ferent functions, including bone resorption, tumor invasion

and metastasis, cell adhesion and spreading, and tumor angio-
genesis. Since c7E3 Fab inhibits 

 

a

 

v

 

b

 

3

 

 in addition to GPIIb/IIIa,
it is possible, but unproved, that some of its effects are related
to blockade of 

 

a

 

v

 

b

 

3

 

. For example, in vitro data suggest that
platelet 

 

a

 

v

 

b

 

3

 

 may contribute to its ability to facilitate thrombin
generation (11).

Blockade of 

 

a

 

v

 

b

 

3

 

 receptors by monoclonal antibodies or
peptides decreases the extent of intimal hyperplasia after vas-
cular injury in animal models (32, 33), and intimal hyperplasia
may play an important role in restenosis, a complex phenome-
non that frequently results in the need for repeat PCI within

 

z

 

 6 mo of the initial PCI. However, other factors almost cer-
tainly also contribute to restenosis, including elastic recoil,
neurohumoral lumenal adjustments, mural thrombus forma-
tion, and progressive atherosclerosis. Clinical data regarding
an antirestenosis effect of c7E3 Fab are inconsistent and ana-
tomic data are not available. Since the time course of resteno-
sis is different from that of acute thrombotic occlusion, how-
ever, the optimal doses and durations of therapy may well be
different for these two effects, and thus this subject merits fur-
ther study. c7E3 Fab is alone among the GPIIb/IIIa antago-
nists in clinical trials in potently inhibiting 

 

a

 

v

 

b

 

3

 

, and thus it is
especially important to establish whether any of its beneficial
effects derive from 

 

a

 

v

 

b

 

3

 

 blockade.
It is possible, however, that optimal GPIIb/IIIa antagonist

therapy can decrease the ultimate luminal compromise caused
by vascular injury by mechanisms other than 

 

a

 

v

 

b

 

3

 

 blockade.
Thus, it may decrease the release or generation of agents im-
plicated in inducing intimal hyperplasia (PDGF, ADP, seroto-
nin, thrombin) and may limit the size of the mural thrombus
that becomes incorporated into the atherosclerotic blood ves-
sel wall.

 

The future of GPIIb/IIIa antagonists

 

Trials of a number of GPIIb/IIIa antagonists in myocardial in-
farction and unstable angina are currently ongoing in different
combinations with aspirin, thrombolytic agents, PCI, stents,
and anticoagulants. Other conditions in which platelet throm-
bus formation may contribute to organ damage may also
benefit from GPIIb/IIIa antagonist therapy, including stroke,
cerebral and peripheral arterial angioplasty, thrombotic throm-
bocytopenic purpura/hemolytic uremic syndrome, heparin-
induced thrombosis, microvascular surgery, and cerebral ma-
laria. The risks of excessive hemorrhage are considerable,
however, in these disorders, and so it is uncertain whether the
overall contribution of GPIIb/IIIa receptor blockade will be
beneficial. Few authenticated animal models of these disorders
exist, but our preliminary data indicate that 7E3 treatment
could ameliorate the renal insufficiency and microangiopathic
hemolysis in a primate model containing features of both dis-
seminated intravascular coagulation and thrombotic throm-
bocytopenia purpura/hemolytic uremic syndrome (34).

Orally active GPIIb/IIIa antagonists have been developed
and offer the prospect for chronic therapy, including second-
ary and even primary prevention of thrombotic disease. It will
be a considerable challenge to define an optimal chronic dose
for an oral agent. Development of rapid and simple assays to
monitor and adjust therapy is likely to improve both the safety
and efficacy of these agents.

 

Conclusion

 

The success of GPIIb/IIIa antagonist therapy in preventing is-
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chemic complications of PCI inaugurates rationally designed
antiplatelet therapy and anti-integrin receptor therapy. It is so-
bering to note that c7E3 Fab was only the twentieth biotech-
nology agent approved for human therapy, and perhaps more
importantly, only the second approved biotechnology thera-
peutic that was not a naturally occurring human product. Suc-
cessfully interfering with fundamental biologic processes, such
as cell adhesion, that have been honed by evolution over mil-
lions of years, is not a trivial task, but it is very likely to be
achieved with increasing frequency in the near future.
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