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Foreword

In his classic textbook The Principles and Practice of Medicine
published in 1892, William Osler established clearly the
pathologic link between thrombotic coronary occlusion
and myocardial infarction. Early in the Twentieth Century,
Obraztov and Stazhenko in Russia and Herrick in the
United States reported that coronary thrombosis was not
always immediately fatal. For decades the terms ‘coronary
thrombosis’ and ‘myocardial infarction” were used inter-
changeably. We now know that coronary thrombi — occlusive
and non-occlusive — cause an important clinical syndrome,
an acute coronary syndrome, that has a wide spectrum of
presentations and that its prevalence is the highest of any
cardiovascular condition requiring hospital admission.

The deposition of platelets and fibrin are of such
importance in the development and progression of athero-
sclerosis that this condition is now frequently referred to as
‘atherothrombosis’ Both platelets and the coagulation
system are also responsible for the conversion of chronic
coronary artery disease to acute coronary syndrome.
Powerful antiplatelet agents and anticoagulants have been
developed to prevent or halt this conversion. In addition,
fibrinolytic agents have become available to lyse fresh
thrombi. Clinicians must use these drugs both with under-
standing and care. Understanding, because they act on
different aspects of the thrombotic process and their
pharmacology must be understood, and care, because when
given inappropriately or in excessive dosage they can cause
severe — occasionally fatal — bleeding. Indeed up to now we
have never “gotten a free lunch” as increased bleeding has
always been the price of reduced thrombosis.

The Clinical Guide to the Use of Antithrombotic Drugs in
Coronary Artery Disease is more than its name implies. It is
not a ‘cookbook’, but provides a detailed, contemporary
review of platelet function, coagulation and fibrinolysis. It
then describes, systematically and with clarity, the pharma-
cology of antiplatelet drugs, anticoagulants and fibrinolytic
agents, as well as the clinical trials on which their use is
based. The editors, Drs. Angiolillo, Kastrati and Simon
bring great complementary strengths to this effort. They
and their authors have provided an authoritative, yet
eminently practical and readable book that will be especially
useful to clinicians.

Within the specialty of cardiology a number of impor-
tant subspecialties have developed; these include, among
others, interventional cardiology, electrophysiology,
heart failure, cardiac imaging, and preventive cardiology.
To these, we can now add thrombocardiology and it
may be appropriate to add the subtitle: A Textbook of
Thrombocardiology to the title of Clinical Guide to the Use of
Antithrombotic Drugs in Coronary Artery Disease.

Eugene Braunwald mMp

Hersey Distinguished Professor of Theory and
Practice of Medicine

Chairman, TIMI Study Group

Brigham and Women’s Hospital

Harvard Medical School

Boston, MA

USA






Preface

The understanding of the importance of platelets and
coagulation factors in atherothrombotic events has led
to the widespread use as well as continuous development
of new antithrombotic agents. This field of cardiovascular
pharmacology has advanced at a very rapid rate. Under-
standing the basic principles of atherothrombosis as well as
the pharmacological agents currently available or under
clinical development are key to health care professionals
treating patients with atherothrombotic manifestations, in
particular coronary artery disease.

In Clinical Guide to the Use of Antithrombotic Drugs in
Coronary Artery Disease we have created chapters which
describe a) the basic concepts of atherothrombosis, b) the

pharmacological principles, indications for use, and pitfalls
of antithrombotic agents most commonly utilized in
treating patients with coronary artery disease, and c) special
clinical scenarios which may imply a multi-pharmacological
approach or which represent undesired effects of anti-
thrombotic agents.

We would like to thank the contributors who responded
with great enthusiasm to our quest to create a current and
practical textbook.

Dominick ] Angiolillo
Adnan Kastrati
Daniel I Simon
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Figure 2.3

Under physiological conditions, platelets do not adhere to intact endothelium. (b) If the endothelial monolyer is disrupted,
subendothelial matrix proteins are exposed, including collagen and von Willebrand factor (vWF). Platelets initiate initial contact with the
subendothelium via their membrane adhesion receptors GPIb and GPVI. (c) This contact results in activation of platelet integrins o, 3,
(fibrinogen receptor) and a3, (collagen receptor). Interaction of o, 3, and o3, with extracellular matrix proteins leads to ‘spreading’
and firm adhesion of platelets. (d) Subsequently, platelets secrete mediators and recruit other circulating platelets. (e) Platelets form
microaggregates via a fibrinogen bridging mechanism between two GPI1b/Illa receptors. (f) Formation of microparticles in the
microenvironment of platelet aggregates catalytes thrombin and subsequently fibrin generation, which stabilizes the growing
thrombus.
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Figure 2.4

Detection of vulnerable plaques by soluble GPVI. (a) A soluble dimeric form of human platelet GPVI conjugated to an Fc fragment,
radiolabeled with iodine-125 (1) was used. GPVI is essential to establish the first interaction of platelets with an exposed collagen
surface. Therefore, we made use of this natural mechanism to detect thrombogenic, and thus vulnerable, plaques. (b) Gamma-camera
images of wild-type (wt) and ApoE~"~ mice with and without (control animals) experimental carotid injury. Images were aquired 24 hours
after administration of 7.4 MBq ["*1]GPVI or ['**1]Fc-fragment (control compound). The imaging time was 20 minutes. The arrow
indicates the area of carotid injury. (c) Representative photomicrographs of injured and control carotid arteries of wild-type mice and
the corresponding ex vivo autoradiographs.
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Schematic overview of the processes involved in platelet-mediated endothelial progenitor cell (EPC) recruitment to vascular lesions with
exposed subendothelial matrix, finally resulting in differentiation to endothelial cells — a process that could initiate and sustain healing

of vascular lesions.
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Schematic representation of the role of COX-1 and COX-2 on the vasculature. Endothelial cells express both COX-1 and COX-2, resulting in
the generation of PGI, and TXA,, respectively. Conversely, platelets express only COX-1. PGl, and TXA, mediate opposing effects on the
platelet. TXA, is a potent platelet activator, whereas PGl, is a platelet inhibitor. In atherosclerosis, PG, generation inhibits TXA,-induced
platelet activation and aggregation. Administration of a non-selective non-steroidal anti-inflammatory drug (NSAID) decreases
generation of both TXA, and PGl,, leading to reduced platelet aggregation. However, selective inhibition of COX-2 decreases PG, without
a concomitant inhibition of TXA,, and hence increases platelet aggregation. AA, arachidonic acid; PDGF, platelet-derived growth factor;
EGF, epidermal growth factor; cAMP, cyclic adenosine monophosphate; IP,, inositol trisphosphate; DAG, diacylglycerol; PIP,
phosphatidylinositol biphosphate; PhC, phospholipase C.
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Design of the JUMBO-TIMI 26 trial 2
PCl, percutaneous coronary
intervention; GPIlb/Illa, glycoprotein
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adverse cardiovascular events.

Figure 9.7.

Design of the TRITON-TIMI 38 trial."
ACS, acute coronary syndrome; STEMI,
ST-elevation myocardial infarction;
UA/NSTEMI, unstable angina/non-ST-
elevation myocardial infarction; PCl,
percutaneous coronary intervention;
LD, loading dose; MD, maintenance
dose; CV, cardiovascular; Ml,
myocardial infarction; UTVR, urgent
target vessel revascularization.
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Figure 10.3

Mean inhibition of ADP-induced
platelet aggregation on maximum and
final response by different dosages of
AZD6140 and clopidogrel standard
dosage after 14 days of therapy in
patients with stable atherosclerotic
disease.
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Figure 10.4

Mean inhibition of ADP-induced
platelet aggregation on maximum and
final response following one single oral
dosage of AZD6140, 50-400 mg and
clopidogrel 75mg in patients with
stable atherosclerotic disease.

Figure 10.5

Individual inhibitory effect on
response to ADP-induced platelet
aggregation by AZD6140, a direct
acting, reversible P2Y,, receptor
antagonist, 100 mg twice daily and
clopidogrel 75 mg daily in patients
with stable atherosclerotic disease
after one single dosage and after
14 days of therapy.

The inhibitory effects of cangrelor come from its molecular
structure, which is analogous to that of the competitive antagonist
ATP. During development, cangrelor was referred

to as AR-C69931MX, where MX stands for the tetrasodium salt.
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Fondaparinux reduces all-cause
mortality compared with enoxaparin
in patients with NSTE ACS.
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Fondaparinux reduces major bleeding substantially compared with
enoxaparin in patients with NSTE ACS.
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0ASIS 6: fondaparinux reduces death or MI
compared with standard care in STEMI.
(Reproduced from Yusuf S et al. JAMA
2006;295:1519-30.%)
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Combined analysis of OASIS-5 and -6 showing superiority of

fondaparinux compared with UFH or enoxaparin.

Figure 17.8

Combined analysis of OASIS-5 and -6 showing major bleeding at 30

days: fondaparinux versus UFH/enoxaparin.
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The role of the coagulation cascade
leading to platelet activation and the
sites of action of various
anticoagulants. See text for details.
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Figure 18.2

Tissue factor, platelet, and fibrin deposition during thrombus
formation. Using color-coded antibodies during the experimental
induction of thrombi in mice, the constituents of a growing
thrombus (25% of maximum size) includes predominantly platelets
(red), tissue factor (green), fibrin (blue), tissue factor + platelets
(yellow), with lesser amounts of fibrin (turquoise) and platelets +
fibrin (magenta). (Adapted with permission from ref.>’)
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Figure 28.1

In a patient admitted for ST-segment-elevation myocardial infarction (STEMI) after 5 hours from symptom onset, an urgent coronary
angiogram (a) showed that the left anterior descending (LAD) coronary artery was occluded in its distal segment (asterisk). A successful
primary percutaneous coronary intervention (PPCl) was performed, with implantation of a bare metal stent (b). An echocardiogram (c)
documented a left ventricular (LV) apical aneurysm with a thrombotic formation (arrowheads). The patient was discharged with aspirin
(100 mg) indefinitely, clopidogrel (75 mg) for 30 days and warfarin for 6 months, aiming at an INR in the range 2-3. The patient
prematurely discontinued clopidogrel after 14 days, and was admitted after further 7 days for a recurrent episode of STEMI (on day 21
from the first episode). Repeat angiography documented a thrombotic occlusion (arrows) of the previously deployed stent (d).
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Fundamentals of the thrombosis cascade:
interaction between platelets and the

coagulation cascade

Lina Badimon, Antonio Fernandez-Ortiz, and Gemma Vilahur

Introduction

Arterial thrombosis comprises three basic pathways: platelet
activation and aggregation, blood coagulation with fibrin
formation, and fibrinolysis. Platelet activation and blood
coagulation are complementary, mutually dependent pro-
cesses in hemostasis and thrombosis. Indeed, platelets inter-
act with several coagulation factors, while the coagulation
product thrombin is a potent platelet-activating agonist.'”
Additionally, inflammatory pathways can aggravate the
atherothrombotic process.

This chapter highlights the molecular machinery used
by platelets and coagulation components in order to inter-
play and thus initiate and accelerate the thrombotic pro-
cess, as well as discussing the mechanisms involved in clot
dissolution.

Platelet involvement in
thrombus formation

The endothelium is a dynamic autocrine and paracrine
organ that regulates contractile, secretory, and mitogenic
activities in the vessel wall and the hemostatic process
within the vessel lumen by producing several locally active
substances. Indeed, under physiological conditions,
endothelial cells exhibit antithrombotic properties such as
(a) exposure of negatively charged heparin-like gly-
cosaminoglycans and of neutral phospholipids in the exter-
nal layer of the cell membrane; (b) synthesis, exposure, or
secretion of platelet inhibitors (prostacyclin, nitric oxide,
and ectoADPase), coagulation inhibitors (thrombomodu-
lin, protein S, tissue factor pathway inhibitor, and gly-
cosaminoglycans), and fibrinolysis activators (tissue-type
plasminogen activator and urokinase-type plasminogen
activator). When activated by damage, endothelial cells shift

from antithrombotic to prothrombotic, characterized by
exposure of anionic phospholipids on the outer leaflet of
the cell membrane, secretion of platelet-activating agents,
exposure of coagulation factor receptors or cofactors, and
secretion of inhibitors of fibrinolysis. Endothelial damage
also exposes the subendothelial layer, which contains highly
thrombogenic components such as collagen, von Willebrand
factor (vVWF), and other molecules (e.g., fibronectin and
laminin) that bind to platelet receptors, promoting platelet
attachment (Figure 1.1).** Under high-shear-rate condi-
tions, circulating vWF may also interact with the exposed
collagen, providing a further substrate for platelet adhesion.
Besides platelet receptors, platelet membranes include phos-
pholipids that play a key role in platelet function since they
act as second messengers, and as cofactors for platelet pro-
coagulant activity. The platelet cytosol is mainly constituted
by a complex membrane system, cytoskeletal structures
(microtubules and microfilaments), and granules (dense
granules, a-granules, and lysosomes), all of which are
actively involved in thrombus formation. Cytoskeletal struc-
tures are essential in shape changes after activation, whereas
granules contain active components that are excreted upon
platelet activation,® thus promoting thrombus formation,
atherosclerotic plaque progression (e.g., local release of
growth factors), and the inflammatory process itself
(Figure 1.2).

As already mentioned, collagen and vWF are the main
substrates for platelet adhesion although a role of fibronec-
tin and laminin has also been described.”® However, plate-
lets adherent to fibronectin are easily detached under
increased shear stress compared with platelets adherent to
vWF or collagen, indicating that platelet adhesion
to fibronectin is less stable when compared with adhesion
to vVWF and/or collagen. As depicted in Figure 1.3 fibronec-
tin and laminin bind to glycoprotein (GP) VI; collagen
binds to the platelets' GPla/Ila receptor complex; and vWF
binds to the GPIb/IX/V receptor complex. vVWF transiently
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Figure 1.1
Recepetors on the platelet surface. GP, glycoprotein.

bridges the platelet GPIb/IX/V receptor either with other
platelet GPIb/IX/V receptors or with vessel wall constitu-
ents (collagen [, III, and VI), thereby tethering the platelet to
the vessel surface.” The GPIb/IX complex consist of two
disulfide-linked subunits (GPIbo. and GPIbp) tightly (not
covalently) complexed with GPIX in a 1:1 heterodimer.
GPIbB and GPIX are transmembrane glycoproteins and
form the larger globular domain. The major role of GPIb/
IX is to bind immobilized vWF on the exposed vascular
subendothelium and initiate adhesion of platelets. GPIb
does not bind soluble vWF in plasma; apparently it under-
goes a conformation change upon binding to the extracel-
lular matrix and then exposes a recognition sequence for
GPIb/IX. The vWF-binding domain of GPIb/IX has been
narrowed to amino acids 251-279 on GPIba.. The GPIbo-
binding domain of vWF resides in a tryptic fragment
extending from residue 449 to residue 728 of the subunit
that does not contain an RGD (arginine—glycine—aspartate)
sequence." The cytoplasmic domain of GPIb/IX has a major
function in linking the plasma membrane to the intracellu-
lar actin filaments of the cytoskeleton and functions to sta-
bilize the membrane and to maintain the platelet shape.
Moreover, through a mechanism that is not yet understood,
the engagement of vWF with GPIb/IX/V, specifically under
high shear, initiates platelet signalling mechanisms, as
evidenced by an influx of calcium ions, the secretion of
granule contents,' and the formation of active IIb/IIla
complexes. In contrast, GPVI binding to matrix collagen,
although characterized by a slower binding kinetics, once
initiated promotes a firm adhesion of platelet to the vessel
surface.

In addition to vessel-induced platelet attachment, plate-
lets can also be vaguely and/or powerfully activated by
interacting with circulating agents with different induction

activity such as epinephrine (adrenaline), thrombin, serot-
onin, thromboxane A, (TXA,), and adenosine diphosphate
(ADP) via specific platelet surface receptors (Figures 1.3
and 1.4). Once activated, intracellular Ca** increase causes
discoid platelets to become spherical, pseudopodia to
appear, and granules to become centralized and come into
contact with membrane invaginations, leading to the secre-
tion of active substances. These active substances themselves
amplify the process by increasing platelet adhesion and
aggregation (ADP, vWE, fibrinogen, and thrombospondin),
by participating in plasma coagulation (factor V and fibrin-
ogen), by enhancing vascular tone and by vascular contrac-
tion (serotonin), and by promoting cell proliferation and
migration (platelet-derived growth factor, PDGF). Platelet
activation also induces phospholipase A, (PLA,) activation,
which triggers arachidonic acid metabolism. Platelet
cyclooxygenase-1 (COX-1) catalyzes the conversion of ara-
chidonic acid to prostaglandin (PG) G,/H,, and the latter is
converted to TXA,. These substances can bind to specific
receptors on other platelet membranes, leading to new
platelet recruitment (Figure 1.3). An essential process in
platelet recruitment is the exposure and activation of the
integrin receptors GPIIb/IIIa (o, 3,) on the platelet surface.
This activation allows the binding of these receptors to
adhesive proteins (primarily fibrinogen) favoring platelet—
platelet interaction (i.e., the aggregation process)
(Figure 1.3)." About 50000 GPIIb/IIIa receptors are ran-
domly distributed on the surfaces of resting platelets. The
heterodimeric complex is composed of one molecule of
GPIIb (disulfide-linked heavy and light chains) and one of
GPIIIa (single polypeptide chain). It is a Ca**-dependent
heterodimer, non-covalently associated on the platelet
membrane.” Ca** is required for maintenance of the com-
plex and for binding of adhesive proteins. On activated
platelets, the GPIIb/IIIa is a receptor not only for fibrino-
gen, but also to a lesser extent, for fibronectin, vWF,
vitronectin, and thrombospondin. The receptor recognition
sequences are localized to small peptide sequences (RGD)
in the adhesive proteins. Fibrinogen contains two RGD
sequences in its 0i-chain: one near the N-terminus (residues
95-97) and a second near the C-terminus (residues 572—
574). Fibrinogen has a second site of recognition for GPIIb/
[Ila, which is a 12-amino acid sequence located at the
C-terminus of the y-chain of the molecule. This dodecapep-
tide is specific for fibrinogen and does not contain the RGD
sequence, but competes with RGD-containing peptides for
binding to GPIIb/IITa."* At the same time as GPIIb/IIIa acti-
vation, platelet membrane phospholipids translocate, lead-
ing to exposition of negatively charged phosphatidylserine
(PS) at the outer part of the membrane. PS forms a critical
catalytic surface for coagulation factor activity.’
Accumulation of PS also induces emission of microvesicles,
which probably play a major role in disseminating platelet
procoagulant activity.'> Since PS-expressing platelets
enhance coagulation, and, in turn, the coagulation product
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thrombin stimulates platelets, both processes are in a strong
positive-feedback loop, which can have a control function
in hemostasis and thrombosis.' In fact, thrombin genera-
tion measurements with platelets in plasma indeed demon-
strate synergistic activity of PS-expressing platelets and the
coagulant system.'¢

Coagulation cascade
Clot formation

Thrombin is one of the most potent known agonists for
platelet activation and recruitment and constitutes a bridge
between platelets and the coagulation cascade.

The blood coagulation system involves a sequence of
reactions integrating zymogens (proteins susceptible to
activation by enzymes via limited proteolysis) and cofactors
(non-proteolytic enzyme activators) in three groups: (i)
contact activation (generation of activated factor XI (FXIa)
via the Hageman factor (FXII), (ii) the conversion of FX to
FXa in a complex reaction requiring the participation of
factors IX and VIII, and (iii) the conversion of prothrombin
to thrombin and fibrin formation (Figure 1.5). Clotting fac-
tors are synthesized mainly in the liver and circulate in the
bloodstream, except tissue factor (TF) and FV, FXI, and
FXIII, which are also found in extravascular cells and plate-
lets. The clotting enzymes do not collide and interact on a
random basis in the plasma, but interact in complexes in a
highly efficient manner on platelet and endothelial surfaces.
In fact, the major regulatory events in coagulation (activa-
tion, inhibition, and generation of anticoagulant proteins)
occur on membrane surfaces.

The so-called intrinsic pathway (i.e., contact activation)
plays a minor role in physiological haemostasis. Vessel wall
sulfatides and glycosaminoglycans have been suggested to

be the in vivo triggers of the intrinsic pathway. However, the
physiological role of this system is unclear, because absence
of Hageman factor (FXII), prekallikrein, or high-molecular-
weight kininogen (HMWK) does not impair normal hemos-
tasis, although they induce a prolongation of the activated
partial thromboplastin time (aPTT). Once activated, FXII,
prekalikrein, and HMWK result in FXI activation, which in
turn induces the activation of FIX in the presence of Ca*".
FIX is a vitamin K-dependent enzyme, as are FVII, FX, pro-
thrombin, and protein C. Thereafter, FIXa forms a catalytic
complex with FVIII on the membrane surface and effi-
ciently activates FX in the presence of Ca**. FVIII forms a
non-covalent complex with vWF in plasma, and its func-
tion in coagulation is the acceleration of the effects of FIXa
on the activation of FX to FXa. Absence of FVIII or IX pro-
duces the hemophilic syndromes, whereas FXI deficiency is
associated with abnormal bleeding.

The initiating event for the activation of the extrinsic
coagulation pathway is the exposure of TF to flowing blood.
TF, also known as thrombokinase, thromboplastin, CD142,
and FIII, is a 47 kDa membrane glycoprotein that consists of
a large extracellular domain with two fibronectin type III
modules joined by a hinge region, a single transmembrane
domain, and a short cytoplasmic tail.'”'® The two modules
in the extracellular domain are important for TF function
in coagulation.

Ruptured plaque, damaged vessels, and dysfunctional
endothelium express TF on their surfaces, although TF may
also be carried by leukocytes, lymphocytes, and (as recently
detected) activated platelets.'**' Furthermore, non-func-
tional or encrypted TF present in microparticles (MPs)
from monocytes and neutrophils is present in blood from
healthy subjects, and the term bloodborne TF was intro-
duced for such TE" The concept of bloodborne TF was
corroborated by Chou et al*? in elegant experiments using
in vitro microscopy for studying thrombus formation in
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Figure 1.5

living mice. It was found that low-TF mice (1%) in contrast
to wild-type mice developed very small platelet thrombi
lacking TF or fibrin. Furthermore, wild-type and low-TF
mice were then given transplants of bone marrow from
wild-type or low-TF mice to produce chimera. Arterial
thrombi in wild-type bone marrow/low-TF chimeric mice
showed decreased platelet thrombus size but normal TF and
fibrin levels, whereas low-TF bone marrow/wild-type chi-
mera had decreased thrombus size and decreased TF and
fibrin levels. It was therefore concluded that bloodborne
TF associated with MPs derived from hematopoietic cells
contributes to thrombus propagation in the microvascular
system. Nevertheless, the occurrence of circulating
TF-containing MPs,” elevated levels of TF antigen meas-
ured in patients with acute coronary syndromes,*
neutrophil-associated TF, and platelet-associated TF are
all phenomena that raise new questions regarding the
role and potential of TF in inflammation, thrombosis, and
haemostasis.

Once TF is exposed to the circulation, it forms a complex
with FVII or FVIIa (about 1% of the FVII protein is nor-
mally present in an activated form in the circulation)® on
the surface of the TE-bearing cell.”® There is a disulfide bond
in the membrane-proximal domain of TF that links adja-
cent strands in the same B-sheet; this has been called
a cross-strand bond. This cross-strand bond is reduced
in cryptic TE but not in the active form. The high-affinity

(K, < 10pmol/l) binding between exposed TF and circulating
FVII/VIIa creates a reactive vessel surface that proteolyti-
cally cleaves FIX and FX. The rate of this surface-bound
reaction depends not only on biochemical factors (number
and surface density of TF/VIIa complexes, intrinsic kinetic
activity, and local phospholipid composition)* but also on
the rate at which the substrates FIX and FX are transported
by the flowing medium to the reactive surface®® and the rate
at which product is removed.”” Moreover, the local accumu-
lation of reaction product may be critical in overpowering
endogenous inhibitors and successfully initiating coagula-
tion. Nevertheless, once coupled, the TF/FVIIa complex
activates FIX and FX, generating low amounts of FXa (ini-
tiation phase). Eventually, the final step of the initiation
phase of the hemostatic process is the formation of a lim-
ited amount of thrombin that not only causes back-activa-
tion of FV, FVIIL, and FXI but also influences a wide range
of physiological responses, as illustrated in Figure 1.6.%%%!
The role of thrombin in platelet activation and aggrega-
tion involves protease-activated receptor (PAR)-1 and
PAR-4 at much lower concentrations than those needed to
produce its coagulant effect. Once cleaved, PAR-1 rapidly
transmits a signal across the plasma membrane to internally
located G-proteins, culminating in the formation of platelet—
platelet aggregates.*” PAR-1-dependent formation of plate-
let—platelet aggregates through GPIIb/IIla tends to be
transient unless strengthened by additional inputs from the
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P2Y,, ADP receptor or from the PAR-4 receptor. Conversely,
thrombin signalling through PAR-4 is quite distinct from
that through PAR-1. PAR-4 is cleaved and signals more
slowly, but, despite its slower response, generates a large
intracellular calcium flux that does not require additional
input from the P2Y, ADP receptor to form stable platelet—
platelet aggregates.®

It has been proposed that during the initial stage of coag-
ulation, where a low level of thrombin is generated, the
plasma inhibitors antithrombin IIT (ATIII) and TF pathway
inhibitor (TFPI) can prevent the formation of fibrin. ATTII
is present in plasma at high concentrations; it binds
thrombin and other activated clotting factors and inhibits
their enzyme activities, whereas TFPI binds to FXa first, and
the TFPI/FXa complex then binds to and inhibits FVIIa/TF
activity.

The second phase — the propagation phase — occurs on
the surface of the thrombin-activated platelet through com-
plex formation between FIXa and FVIIIa (the tenase com-
plex) and between FXa and FVa (the prothrombinase
complex). As a result, a full burst of thrombin is generated
on the thrombin-activated platelet surface.”*¢ In turn,
thrombin is capable of cleaving fibrinopeptides A and B
from fibrinogen, yielding insoluble fibrin, which effectively
anchors the evolving thrombus.” FXIII, once activated by
thrombin, stabilizes the fibrin plug by creating covalent
links between fibrin monomers. The resulting fibrin mesh
holds the platelets together and contributes to the attach-
ment of the thrombus to the vessel wall. If fibrinolysis is
impaired, this platelet/fibrin clot can propagate rapidly,
resulting in an occlusive thrombus and the subsequent acute
clinical event.

In vitro microscopy has provided evidence that plasma
fibronectin may be a substitute for fibrinogen to occlude

the injured vessel and play a significant role in platelet
thrombus formation under high-shear conditions.’®
Fibronectin is a glycoprotein dimer of 250kDa subunits
that is present in a soluble form in plasma and other body
fluids and in an insoluble form in tissues.*® Moreover,
plasma fibronectin has been demonstrated to be a substrate
for FXIIIa, thereby becoming incorporated into fibrin
clots.®” Fibrin crosslinked to fibronectin by FXIIIa consti-
tutes a three-dimensional matrix that increases adhesion
and spreading of fibroblasts compared with fibrin alone,
and thus causes altered shear moduli and denser fibrin
clots.*!

Aside from altering the structure of the fibrin network, a
possible role of fibronectin in blood clots is to mediate
interactions between cells or platelets and fibrin. Thus, as
described above, fibronectin as well as fibrin may interact
with platelet GPIIb/IIIa during clot retraction, a function
that is deficient in Glanzmann's thrombasthenia.*’

Physiological pathways involved in
clot dissolution

Fibrinolysis is the enzymatic process leading to fibrin clot
solubilization by plasmin originating from fibrin-bound
plasminogen (Figure 1.5). Plasmin is also able to proteolyze
FVIIL, FV, vWE and FXIII, as well as selected components of
the extracellular matrix. Proteolysis of fibrin by plasmin
induces generation of fibrin degradation products (FDP).
The most specific of stabilized FDP are D-dimers. Elevated
plasma levels of D-dimers are a marker for increased
thrombin formation and fibrin degradation turn-over.

Plasminogen is synthesized by hepatocytes and has a high
affinity for fibrin through peptidic loops called ‘kringles’ The
principal plasminogen activator is tissue-type plasminogen
activator (tPA), which also exhibits two ‘kringle’ loops with a
high affinity for fibrin. tPA is synthesized mainly by endothe-
lial cells, and is secreted locally after stimulation of the
endothelium by histamine, epinephrine, thrombin, FXa, and
hypoxia. The second plasminogen activator is urokinase-type
plasminogen activator (uPA), which is synthesized by numer-
ous cell types, including fibroblasts, epithelial cells, and pla-
cental cells, and plays a minor role in physiological fibrinolysis.
The native form of uPA is pro-urokinase, a single-chain pro-
tein, which is turned into a two-chain protein by plasmin or
the contact factors (FXII, prekallikrein, and HMWK).

Under physiological conditions, thrombin also plays a
pivotal role in maintaining the complex balance of initial
prothrombotic events and subsequent endogenous antico-
agulant and thrombolytic pathways. Thrombin generated at
the site of injury binds to thrombomodulin, an endothelial
surface membrane protein, initiating activation of protein
C, which in turn (in the presence of protein S) inactivates
FVa and FVIIIa (Figure 1.5). Thrombin stimulates succes-
sive release of both tPA and plasminogen activator inhibitor
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type 1 (PAI-1) from endothelial cells, thus initiating endo-
genous lysis through plasmin generation from plasminogen
by tPA, with subsequent modulation through PAI-1.* PAI-1
is present in large excess in flowing blood, and prevents
inappropriate plasmin generation by forming an inactive
covalent complex with tPA and uPA. PAI-1 plasma levels are
increased in inflammatory states, insulin resistance syn-
dromes, and obesity. Finally, besides PAI-1, another regula-
tor of fibrinolysis is thrombin-activable fibrinolysis inhibitor
(TAFI), which is synthesized by hepatocytes and is able to
decrease plasminogen binding to fibrin.** TAFI circulates as
an inactive protein, which is activated by the thrombin/
thrombomodulin complex and then eliminates the arginine
and lysine residues exposed on the surface of fibrin.

Summary

Thrombosis is the final step in the clinical complication of
atherosclerotic plaque progression, and is therefore a com-
mon process in the presentation of coronary artery disease,
cerebrovascular disease, peripheral artery disease, and revas-
cularization procedures. In addition to platelets, coagula-
tion and fibrinolysis, inflammatory pathways are also
activated within a growing thrombus and can participate in
the clinical complication of silent atherosclerosis. Plaque—
platelet—fibrin—leukocyte interactions are currently under
intensive investigation in order to evaluate their real impact
in clinical thrombosis. Advances in the cellular and molecu-
lar characterization of all the partners participating in the
process might open up new possibilities to reduce or inhibit
the impact of this highly relevant problem for patients with
high cardiovascular risk.
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Platelet receptors and their role in

atherothrombosis

Harald Langer and Meinrad Gawaz

Introduction

Unlike other cells, Figure 1 platelets lack a nucleus and
therefore cannot adapt rapidly to their microenvironment
with extensive de novo protein synthesis, although evidence
for protein synthesis from mRNA in platelets has been
described.! Thus, platelets need to be equipped with a suffi-
cient supply of pre-existing molecules ready to react properly
and efficiently within seconds to different (patho)physio-
logical requirements. One of the predominant characteris-
tics of platelets is the presence of a wide range of receptors,
which are either constitutively expressed on the platelet sur-
face or partially stored in storage granules and rapidly
brought to the surface upon activation. Although the ‘origi-
nal’ role of platelets is primary hemostasis, they express
many receptors not directly involved in the thrombotic
process. Thus, besides their role in hemostasis/thrombosis,
platelets are significantly involved in various pathophysio-
logical mechanisms, including inflammation, immu-
nomodulation, tumor progression, and atherogenesis.*™
The border between physiological hemostasis and initiation
or progression of diseases mediated by platelets is narrow
and shifting. This chapter gives an overview of the central
role of platelet receptors in platelet function, and focuses on
their role receptors in atherothrombosis.

Platelet receptors

The mechanisms of hemostasis and thrombosis require
close interplay between platelets, endothelium, plasma
coagulation factors, and the structures of the vessel wall
(extracellular matrix). Adhesion processes regulated by
numerous specific adhesion receptors play a major role in
these mechanisms. Platelets express glycoproteins (GPs) on
their membranes that mediate the interactions of the plate-
lets among themselves (GPIIb/IIIa) as well as with the sub-
endothelial matrix (von Willebrand factor (vWF) receptors

and collagen receptors), with plasma coagulation factors
(von Willebrand receptor), and with endothelial cells
(GPIIb/IIla) and leukocytes (P-selectin). Besides adhesion
receptors, platelets possess a variety of signal transduction
receptors that respond primarily to soluble agonists such as
adenosine diphosphate (ADP) and thrombin and play a
major role in platelet activation.

Platelet adhesion receptors are classified into four groups
according to their characteristic molecular structures:
integrins, leucine-rich glycoproteins, selectins, and receptors of
immunoglobulin type (Figure 2.1). The function of many
platelet receptors has been elucidated, although the physio-
logical role of various other receptors remains obscure. In
this chapter, the focus is on platelet receptors that are
already or will become pharmacological targets for anti-
thrombotics in the treatment of cardiovascular diseases
(Figure 2.1).

Integrins

Integrins are adhesion receptors that link structures of the
cytoskeleton with the extracellular matrix.” They are non-
covalently linked heterodimers consisting of a- and
B-subunits, interact with numerous glycoproteins (e.g., col-
lagen, fibronectin, fibrinogen, laminin, thrombospondin,
vitronectin and vWF), mediate platelet aggregation, and
contribute to tissue differentiation and development. Five
different integrins have been described on platelets: three of
the B, class and two of the f3, class. The B, and B, integrins
recognize the arginine—glycine—aspartate (RGD) amino acid
sequence — a sequence found in extracellular matrix pro-
teins, including fibrinogen.

Leucine-rich receptors

The leucine-rich family is represented in platelets by the
GPIb/IX/V complex, the second most common receptor on
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platelets (after o, 3, integrin). It forms an adhesion com-
plex for vWF and plays a central role in primary hemostasis.
Despite the high shear forces that exist in arterial flow, it is
capable of establishing a firm contact to vWF immobilized
in collagen fibrils. Its absence or deficiency leads to Bernard—
Soulier syndrome, the second most common bleeding
disorder linked to a platelet receptor.

Receptors of immunoglobulin type

The role of the immunoglobulin-type receptor family is
currently under intense investigation. Next to intercellular
adhesion molecule 2 (ICAM-2) and platelet—endothelial
cell adhesion molecule 1 (PECAM-1), which are involved in
the interaction of platelets with leukocytes, GPVI, one of
the two major platelet collagen receptors, has been recog-
nized as playing a central role in platelet function, and may
be a potential therapeutic target for cardiovascular
diseases.®” Therefore, this receptor and its implications in
atherothrombosis are discussed in detail below.

Selectins

The selectins are an important group of adhesion receptors
present on platelets (P-selectin), endothelium (E- and
P-selectin), and lymphocytes (L-selectin). Following plate-
let activation, P-selectin is rapidly released and surface-
expressed. Selectins mediate multiple transient weak
interactions with ligands, thereby facilitating the establish-
ment of stable binding via other involved receptors.

Seven transmembrane receptors

The major agonist receptor family is represented by the
seven transmembrane receptors, including thrombin recep-
tors, the prostaglandin family receptors, and the ADP recep-
tors. By binding of thrombin, platelets can be activated via a
G-protein-linked pathway. Platelet activation by ADP plays
a key role in the development and pathogenesis of athero-
thrombosis, and therefore these mechanisms are of particu-
lar pharmacological and medical interest.® Platelets are
presently the only cells known to express ADP-specific puri-
noreceptors, including the P2Y, and P2Y, receptors.

Role of platelets in early
atherosclerosis

Atherosclerosis is a systemic inflammatory disease charac-
terized by the accumulation of monocytes/macrophages
and lymphocytes in the intima of large arteries.” Rupture or
erosion of the advanced lesion initiates platelet activation
and aggregation on the surface of the disrupted atheroscle-
rotic plaque. Thrombotic vascular occlusion is associated
with ischemic episodes, including acute coronary syn-
dromes and cerebral infarction. While it is widely accepted
that platelets play a significant role in thromboembolic
complications of advanced atherosclerotic lesions,
their involvement in the initiation of the atherosclerotic
process has received scant attention. In the last few years,
however, it has become increasingly evident that endothelial
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denudation is not an absolute prerequisite for platelet
attachment to the arterial wall.!® The intact, non-activated
endothelium normally prevents platelet adhesion to the
extracellular matrix. Under inflammatory conditions, plate-
lets can adhere to the intact, but activated, endothelial cell
monolayer."™" Even under high shear stress, platelet adhe-
sion to the intact endothelium occurs in vivo and is coordi-
nated in a multistep process that involves platelet tethering,
followed by rolling and subsequent firm adhesion to the
vascular wall.'*"® These processes involve receptor interac-
tions via selectins, integrins, and immunoglobulin-like
receptors, which induce receptor-specific activation signals
in both platelets and the respective adhesive cell type.

The initial loose contact between circulating platelets and
vascular endothelium (‘platelet rolling’) is mediated by
selectins, present on both endothelial cells and platelets.'****
P-selectin is rapidly expressed on the endothelial surface in
response to inflammatory stimuli by translocating from
membranes of storage granules (Weibel-Palade bodies) to
the plasma membrane within seconds. Endothelial P-selectin
has been demonstrated to mediate platelet rolling in both
arterioles and venules in acute inflammatory processes.'*'®
E-selectin, which is also expressed on inflamed endothelial
cells, allows a loose contact between platelets and endothe-
lium in vivo, t0o.' In line with the concept of endothelial
inflammation as a trigger for platelet accumulation, the
process of platelet rolling does not require previous platelet
activation, since platelets from mice lacking P- and/or
E-selectin roll as efficiently as wild-type platelets."

GPIIb/IIa (o, B,) is the major integrin on platelets and
plays a key role in platelet accumulation on activated
endothelium. In the presence of soluble fibrinogen, o3,
mediates heterotypic cell adhesion to « [3,-expressing cells,
including endothelial cells.”>** Moreover, platelets adhere
firmly to activated endothelial cells via o, 3,, a mechanism
that can be blocked by antagonists of 3, integrins.” In vivo,
firm platelet adhesion to the endothelium can be inhibited
by anti-oy, 3, monoclonal antibodies, and platelets defective
in a3, do not adhere firmly to activated endothelial cells.”!
Taken together, these data indicate that, apart from mediat-
ing platelet aggregation, the platelet fibrinogen receptor
o, B, is of paramount importance in mediating firm attach-
ment of platelets to the vascular endothelium. Recently, a
new receptor for platelet o, 3,, ADAMIS5, has been identi-
fied, which is able to mediate platelet adhesion to endothe-
lial cells, activation of platelets, and thrombus formation.?

Among the integrins expressed on the luminal side of
endothelial cells, the vitronectin receptor (c [3,) appears to
play a crucial role in promoting platelet adhesion. The vit-
ronectin receptor is upregulated in response to endothelial
cell activation, for example by interleukin (IL)-1B or
thrombin."** Inhibition of «f, attenuates platelet—
endothelial cell interaction."” Hence, both platelet o, 3, and
endothelial o 3, are involved in mediating firm platelet
adhesion to activated endothelial cells. However, direct

binding of o, 3, to endothelial o 3, has not been reported
so far. In fact, heterotypic cell adhesion through o3, and
o B3, requires the presence of fibrinogen, which bridges the
platelet fibrinogen receptor to the endothelial vitronectin
receptor.”’ The affinity of platelet a3, for its ligand under-
lies strict regulation and increases with platelet activation
(‘inside-out integrin signaling’). During adhesion, platelets
are activated and release proinflammatory cytokines and
chemoattractants (e.g., IL-1 and RANTES (CCL5)) and
surface-express CD40 ligand (CD40L). Interaction of plate-
lets with endothelial cells triggers secretion of chemokines
and expression of adhesion molecules, and promotes adhe-
sion of leukocytes. In this manner, the adhesion of platelets
to the endothelial surface might generate signals for recruit-
ment and extravasation of monocytes during atheroscle-
rotic plaque formation, a process of paramount importance
for atherogenesis. In vivo experiments in ApoE—/— mice in
the early and advanced stages of atherosclerosis showed that
platelets adhere to the arterial wall in vivo in the absence of
endothelial cell denudation. Inhibition of this interaction
significantly reduced atherosclerosis formation, indicating
that platelet adhesion plays a critical role in the initiation of
atherosclerosis.”

In summary, platelet—endothelial cell interactions involve
a multistep process, in which selectins, integrins, and immuno-
globin-like adhesion receptors play a predominant role.
These receptor-dependent platelet—endothelial cell interac-
tions allow transcellular communication via soluble media-
tors and therefore play an important role in the initiation
and progression of vascular inflammation and atheropro-
gression (Figure 2.2).

Activated platelets roll along the endothelial monolayer
via GPIb/P-selectin or P-selectin glycoprotein ligand 1
(PSGL-1)/P-selectin. Thereafter, platelets adhere firmly
to vascular endothelium via B, integrins, release proinflam-
matory compounds (IL-1B and CD40L), and induce a
proatherogenic phenotype of endothelial cells (chemotaxis:
monocyte chemotactic protein 1: (MCP-1); adhesion:
(ICAM-1). Subsequently, adherent platelets recruit circulat-
ing leukocytes, bind them, and activate them by receptor
interactions and paracrine pathways, thereby initiating leu-
kocyte transmigration and foam cell formation. Thus, plate-
lets provide the inflammatory basis for plaque formation
before physically occluding the vessel by thrombosis upon
plaque rupture.

Platelet adhesion to vascular
lesions (Figure 2.3)

At the site of vascular lesions, rupture of an atherosclerotic
plaque results in discontinuity of the endothelial barrier,
with exposure of thrombogenic subendothelial matrix pro-
teins. Platelets are the first cellular components to cover
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such a defect by a complex cascade with distinct interacting
mechanisms.”

Numerous studies have shown that the initial contact of
circulating platelets with the vascular lesion is mediated via
interaction of platelet GPIb/V/IX with collagen-bound
vWE. Recent data have revealed that a further membrane
glycoprotein, the platelet collagen receptor GPVI, plays a
critical role in the adhesion process. Fibrillar collagen is the
major extracellular matrix protein. Inhibition of interaction
of GPVI with collagen by anti-GPVI monoclonal antibodies
or soluble dimeric GPVI attenuates thrombosis at arterial
lesions in vivo.”® In contrast to GPIb/V/IX, it directly medi-
ates adhesion to subendothelial collagen and the activation
of other adhesion receptors such as GPIIb/IIIa and o,f3,.
These integrins are essential for firm adhesion of platelets.
While o3, binds directly to collagen, the GPIIb/IIIa recep-
tor mediates irreversible adhesion through binding to an
RGD sequence in the C1 domain of vWE. The firm integrin-
mediated adhesion results in activation and change in shape
of platelets. During this process, platelets form pseudopo-
dia, which allow effective coverage of the injured vessel wall.
The adhesive and activated platelets produce thromboxane
A, (TXA,) from arachidonic acid (AA), which strengthens
the activation process by binding to the specific thrombox-
ane receptor. Following TXA,, ADP is released from plate-
lets and intensifies the process of adhesion, activation, and
finally aggregation.

Platelet aggregation and
thrombus formation
(Figure 2.3)

Aggregation is the amplification step that, within minutes,
leads to the accumulation of platelets into the hemostatic
thrombus. It is mediated by adhesive substrates bound to
the membranes of activated platelets. After platelets have
established contact with the thrombogenic substrate, the
interaction of further platelets from the circulation with

already-adherent platelets is mediated via the activated
GPIIb/IIIa receptor. A principal outcome of platelet acti-
vation is a change in the ligand-binding function of
oIIbPIIL During the initial phase (primary aggregation),
platelets are connected to each other only by ‘loose’ fibrin-
ogen bridges. Seconds to minutes later, this contact is fol-
lowed by an irreversible stabilization of the fibrinogen
bridges at the GPIIb/IIIa complex. Furthermore, platelets
are shedding microparticles from their cell membrane,
which catalyze fibrin formation and stabilization of the
thrombus. Stability of the aggregate is as important as its
rate of growth, determining whether a thrombus will
occlude an artery. CD40L, another recently described
receptor expressed on platelets, seems to be crucial for sta-
bilization of the aggregates. Table 2.1 gives an overview of
the main receptor/ligand interactions involved in the proc-
ess of thrombus formation, from the initiation of adhe-
sion to thrombus formation.

Depending on the extent of thrombus formation within
coronary vessels, this process determines the extent of clini-
cal manifestations, ranging from asymptomatic coronary
heart disease to fatal myocardial infarction.”

Perspectives
Plaque imaging

At late stages, there are sufficient modalities to measure the
extent of atherosclerotic disease and therapeutic success,
including clinical parameters, laboratory markers such as
troponin and creatinine kinase, and imaging techniques
such as coronary angiography and computed tomograph
(CT). However, in the early stage of atherosclerosis, there
are to date no practicable facilities to image patients with
vulnerable atherosclerotic plaques, which are prone to
plaque rupture with subsequent thrombosis. In recent stud-
ies, we have made use of the platelet collagen receptor GPVI
to detect vulnerable atherosclerotic lesions. Using a soluble
dimeric form of human GPVI conjugated to an Fc fragment
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Under physiological conditions, platelets do not adhere to intact endothelium. (b) If the endothelial monolyer is disrupted,
subendothelial matrix proteins are exposed, including collagen and von Willebrand factor (VWF). Platelets initiate initial contact with the
subendothelium via their membrane adhesion receptors GPIb and GPVL. (c) This contact results in activation of platelet integrins o, 3,
(fibrinogen receptor) and o.,P, (collagen receptor). Interaction of o, 3, and o3, with extracellular matrix proteins leads to ‘spreading’
and firm adhesion of platelets. (d) Subsequently, platelets secrete mediators and recruit other circulating platelets. (e) Platelets form
microaggregates via a fibrinogen bridging mechanism between two GPl1b/Illa receptors. (f) Formation of microparticles in the
microenvironment of platelet aggregates catalytes thrombin and subsequently fibrin generation, which stabilizes the growing

thrombus. (see color plate)

that was radioiodinated, we were able to visualize lesions of
injured carotic arteries in mice by ex vivo and in vivo imag-
ing (Figure 2.4).?® As an experimental model for vulnerable
plaques in atherosclerosis, ApoE—/— knockout mice were
used and wire-induced injury of the carotid artery was per-

formed. In general, the thrombogenity of atherosclerotic
plaques is one of the most promising approaches to detect
vulnerable plaques, and is currently being evaluated using
new imgaging modalities such as positron emission tomog-
raphy (PET)-CT.
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Receptors and agonists involved in thrombus

formation

Phase of thrombus

formation Agonist Receptor
Adhesion vWEF GPIb/V/IX
Collagen o,3,, GPVI
Fibrinogen o Bs
Fibronectin o,
Laminin oB,
Activation o-thrombin PAR-1, PAR-4
GPIb/V/IX
ADP P2Y,
P2Y,,
TXA, TP
Aggregation Fibrinogen, vVWF o, B, (activated)
P-selectin PSGL-1, GPIb/V/IX
CD40L oy B, (activated)

vWE, von Willebrand factor; GP, glycoprotein; PAR, protease-activated
receptor; PSGL, P-selectin glycoprotein ligand.

Prevention of atherothrombosis by
application of soluble GPVI

Future approaches to the treatment or prevention of athero-
sclerosis and its complications may include techniques for
the inhibition of platelet receptors, other than those already
established. One very attractive candidate is the platelet col-
lagen receptor GPVI, as it is crucial for the central processes
leading to atherothrombosis. It has recently been shown
that local delivery of soluble GPVI can prevent thrombosis
in mice and rabbits.”® Therefore, local or systemic applica-
tion of soluble GPVI may be a potential new modality for
therapy of atherothrombosis.

Role of platelets in regenerative
medicine

Emerging evidence suggests that circulating endothelial
progenitor cells (EPCs) home to sites of endothelial
denudation®*' and that EPCs recruited at the site of a vas-
cular lesion accelerate reendothelization and lesion repair.*
Recently, stem cell therapy has been introduced into the
treatment of ischemic cardiac diseases. In the three largest
trials using progenitor cells, which were administered by
intracoronary injection during myocardial infarction, stem
cell treatment was associated with an increase in neovascu-
larization and global left ventricular ejection fraction.**
The exact mechanisms responsible for the homing of pro-
genitor cells to the sites of vascular lesions are not yet well
understood. A new mechanism has recently been identified,
by which platelets can recruit endothelial progenitor cells to
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Detection of vulnerable plaques by soluble GPVI. (a) A soluble
dimeric form of human platelet GPVI conjugated to an Fc
fragment, radiolabeled with iodine-125 (**°l) was used. GPVI is
essential to establish the first interaction of platelets with an
exposed collagen surface. Therefore, we made use of this natural
mechanism to detect thrombogenic, and thus vulnerable,
plaques. (b) Gamma-camera images of wild-type (wt) and

ApoE~"~ mice with and without (control animals) experimental
carotid injury. Images were aquired 24 hours after administration
of 7.4 MBq ['®I]GPVI or [**I]Fc-fragment (control compound). The
imaging time was 20 minutes. The arrow indicates the area of
carotid injury. (c) Representative photomicrographs of injured
and control carotid arteries of wild-type mice and the
corresponding ex vivo autoradiographs. (see color plate)
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Schematic overview of the processes involved in platelet-mediated endothelial progenitor cell (EPC) recruitment to vascular lesions with
exposed subendothelial matrix, finally resulting in differentiation to endothelial cells — a process that could initiate and sustain healing
of vascular lesions. (see color plate)

exposed collagen at sites of vascular lesions in vitro* and in
vivo.*® This mechanisms involves platelet receptors, platelet-
derived chemokines, and other mediators, including
P-selectin, platelet-derived growth factor (PDGF)-AB, and
stromal cell derived factor 1 (SDF-1). Making use of this
mechanism, new strategies for the enrichment of progeni-
tor cells at sites of vascular lesions could be developed to
improve vascularization and ventricular function in
ischemic myocardium (Figure 2.5).
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Laboratory assessment of platelet function

and coagulation

Alan D Michelson, Andrew L Frelinger Ill, and Jeffrey | Weitz

Introduction

Platelet function and coagulation can be assessed in the
laboratory by numerous tests. Consistent with the focus of
this book, this chapter will focus specifically on tests that
can be used to guide the clinical use of antithrombotic drugs
in coronary artery disease.

Laboratory assessment of
platelet function

Introduction

Platelets have a well-defined, critical role in coronary
artery thrombosis and in other common cardiovascular
diseases, including stroke, peripheral vascular disease, and
diabetes mellitus."* Accordingly, antiplatelet therapy has
been demonstrated to be beneficial in these clinical set-
tings.” However, there is variability between patients in the
response of their platelets to antiplatelet therapy.* There is
therefore increasing interest in the use of platelet function
tests to monitor the effects of antiplatelet drugs in cardio-
vascular diseases, with the goal of guiding antiplatelet
therapy to the optimal dose for prevention or treatment of
thrombosis while minimizing hemorrhagic side-effects.*
In the setting of cardiovascular disease, these tests are fre-
quently used for the measurement of ‘aspirin resistance’ or
‘clopidogrel resistance’*® The clinical relevance of ‘resist-
ance, also referred to as response variability, is discussed in
subsequent chapters in this book. This chapter will review
the current options for platelet function testing, with a
particular focus on point-of-care tests. Tables 3.1 and 3.2
summarize laboratory methods that can potentially be
used to guide the clinical use of antiplatelet drugs in
coronary artery disease.

The bleeding time

The bleeding time, the first test of platelet function, was
developed in the early 1900s.” The basis of the test is the
timed, platelet-dependent cessation of bleeding from a
standardized in vivo wound. Although the bleeding time is
therefore a physiologically relevant test, it has many disad-
vantages: non-specificity (e.g., affected by von Willebrand
factor), insensitivity, high interoperator variability,
and frequent scar formation.” The bleeding time is there-
fore no longer recommended as a clinical test of platelet
function.

Platelet aggregometry

Although a number of other platelet function tests were
developed subsequent to the bleeding time, platelet
aggregometry, as described in 1962 by Born, became the de
facto ‘gold standard’?® In this test, platelet-to-platelet aggre-
gation in response to an agonist is measured in platelet-rich
plasma by turbidometry or, as described subsequently, in
whole blood by electrical impedance. The fundamental
advantage of platelet aggregometry is that it measures, albeit
in an ex vivo system, the most important function of plate-
lets — their aggregation with each other in a glycoprotein
(GP) IIb/1IIa (integrin o, f3,)-dependent manner.

Turbidometric platelet aggregation has been the platelet
function test most often used in clinical trials. Several stud-
ies have reported that platelet aggregometry can predict
major adverse cardiac events (MACE), although the number
of MACE in all these studies was low.”™"!

Nevertheless, there are major disadvantages to platelet
aggregometry as a clinical test of platelet function, includ-
ing poor reproducibility, high sample volume, requirement
for sample preparation, length of assay time, requirement of
a skilled technician, and expense.®
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Platelet function tests for the monitoring of response
to aspirin and clopidogrel

Aspirin
Thromboxane as the endpoint:
Serum thromboxane B,
Urinary 11-dehydrothromboxane B,

Arachidonic acid as the stimulus:
VerifyNow aspirin assay
Platelet aggregation (turbidometric)
Platelet aggregation (impedance)
Platelet surface P-selectin, platelet surface-activated
GPIIb/IIa, leukocyte—platelet aggregates
(flow cytometry)

+ Plateletworks

Thromboelastogram
Impact cone and plate(let) analyzer

Other:
Platelet function analyzer 100 (PFA-100)

Clopidogrel
P2Y,, signaling-dependent:
+ Vasodilator-stimulated phosphoprotein (VASP)
phosphorylation state

ADRP as the stimulus:
VerifyNow (P2Y , assay)
Platelet aggregation (turbidometric)
Platelet aggregation (impedance)
Platelet surface P-selectin, platelet surface-activated
GPIIb/IIIa, leukocyte—platelet aggregates
(flow cytometry)
Plateletworks
Thromboelastogram
Impact cone and plate(let) analyzer (with ADP)

Reproduced with permission from Michelson AD et al.
Eur Heart ] 2006;8:G53-8.%

VerifyNow

VerifyNow (Accumetrics, San Diego, CA) (Figure 3.1), for-
merly known as the Ultegra rapid platelet function analyzer
(RPFA), is a point-of-care test that is FDA-approved to
measure the aspirin- or thienopyridine-induced defects in
platelet function. VerifyNow uses the same principle (and
therefore has the same fundamental advantage) as platelet
aggregometry, i.e., it measures the most important function
of platelets — their aggregation with each other in a GPIIb/
IITa-dependent manner. Fibrinogen-coated beads are
included in the VerifyNow system to augment the GPIIb/
ITa-dependent signal.'* There is a direct relationship
between the results of testing with the VerifyNow GPIIb/IIIa
assay and both platelet aggregometry and GPIIb/IIIa receptor

Figure 3.1
VerifyNow point-of-care device for the measurement of platelet
function.

occupancy. Advantages of the VerifyNow system include
point-of-care, simplicity, rapidity (results in 5 minutes), low
sample volume, no sample preparation, and a whole blood
system.

There are three currently available VerifyNow assays: the
GPIIb/IIIa assay (sensitive to GPIIb/IIIa antagonists), the
Aspirin Assay (sensitive to aspirin), and the P2Y,, Assay
(sensitive to thienopyridines).'? In the VerifyNow Aspirin
Assay, arachidonic acid is used as the agonist. This assay is
aspirin-specific because arachidonic acid-induced platelet
aggregation requires the activity of cyclooxygenase-1
(COX-1) — which is specifically blocked by aspirin. In the
VerifyNow P2Y,, Assay, adenosine diphosphate (ADP) is
used as the agonist. ADP stimulates platelet aggregation via
its two receptors: P2Y, and P2Y ,. While the agonist utilized
in the VerifyNow P2Y , assay is ADP 20 pmol/l, a second
agent, prostaglandin E, (PGE,) 22nmol/l is also added in
order to suppress intracellular free calcium levels and
thereby to reduce the platelet activation contribution from
ADP binding to its P2Y, receptor.

The level of platelet function, as determined by VerifyNow
GPIIb/IIIa Assay, predicts the incidence of MACE in patients
treated with a GPIIb/IITa antagonist (abciximab)."” In aspi-
rin-treated patients pre-percutaneous coronary interven-
tion (PCI) the level of platelet function (or ‘aspirin
resistance’), as determined by the VerifyNow Aspirin Assay,
predicts the incidence of post-PCI myonecrosis.'*

TEG PlateletMapping system

The thromboelastograph (TEG) was invented more than
50 years ago, but has recently been updated as the TEG
PlateletMapping system (Haemoscope, Niles, IL). As blood
clots in a rotating sample cup, the cup motion is transmit-
ted by the strengthening clot to a suspended pin. In the
PlateletMapping system, a weak clot is generated in



22 Clinical guide to the use of antithrombotic drugs in coronary artery disease

heparinized blood by the addition of reptilase and factor
XIII. By adding a platelet agonist (arachidonic acid or
ADP) the clot strength is greatly enhanced, allowing this
test to be sensitive to inhibition of platelet function.'
Advantages of the TEG PlateletMapping system include
that it is a point-of-care (although, unlike the VerifyNow
device, pipetting is required), whole blood assay that
also provides information on clot formation and clot lysis.
Although small studies suggest that the TEG
PlateletMapping system can predict MACE, additional
studies need to be performed to determine its possible role
in monitoring antiplatelet therapy.

Impact cone and plate(let)
analyzer

In the Impact cone and plate(let) analyzer (Diamed, Cressier,
Switzerland), whole blood is exposed to uniform shear by
the spinning of a cone in a standardized cup.'® After auto-
mated staining, platelet adhesion to the cup is evaluated by
image analysis software. Advantages of the Impact include
point-of-care, simplicity, rapidity, low sample volume,
physiologically relevant high shear, and a whole blood sys-
tem. The assay has been used to monitor GPIIb/IIla antago-
nist therapy. The ex vivo addition of arachidonic acid or
ADP enable the Impact to be used to monitor aspirin or
thienopyridines, respectively.'® However, additional studies
need to be performed to determine its possible role in mon-
itoring antiplatelet therapy.

PFA-100

The Platelet Function Analyzer 100 (PFA-100 assay, Dade
Behring, Newark, DE) draws an anticoagulated blood sam-
ple under high-shear conditions through a 150 pm diam-
eter, collagen-coated aperture in the presence of ADP or
epinephrine (adrenaline)."” The time taken for a clot to
occlude the aperture is reported as the closure time.
Advantages of the PFA-100 include simplicity, rapidity, low
sample volume, physiologically relevant high shear, no sam-
ple preparation (although, unlike the VerifyNow device,
pipetting of the blood sample is required), and a whole
blood system. Although it is conceptually less specific for
aspirin resistance than the other assays listed in Table 3.2
(all of which are directly dependent on the aspirin-sensitive
arachidonic acid/COX-1/thromboxane A, metabolic path-
way), the PFA-100 has been widely used in clinical studies
of aspirin resistance.'” Furthermore, aspirin non-responder
status in patients with recurrent cerebral ischemic attacks
has been reported to predict MACE."® The PFA-100 has also
been used to monitor GPIIb/IIla antagonists, and failure to
observe non-closure in the PFA-100 may be associated with
an increased incidence of subsequent MACE." However,
the PFA-100 is not recommended for monitoring clopidog-
rel therapy.'”?

VASP phosphorylation state

As in the VerifyNow P2Y,, assay, the combination of ADP
and PGE, is used in the flow cytometry-based vasodilator-
stimulated phosphoprotein (VASP) assay.”’ Under these
conditions, the phosphorylation of VASP (identified by a
monoclonal antibody specific for the phosphorylated form
of VASP) is directly proportional to the degree of inhibition
of the P2Y, receptor.”> Comparison of the VASP assay with
ADP-induced platelet aggregation (turbidometry) demon-
strated that the level of thienopyridine-induced inhibition
is higher in the VASP assay, presumably because platelet
aggregation can still occur via ADP stimulation of P2Y, in
the presence of a thienopyridine.?' Patients with a poorer
platelet response to clopidogrel, as determined by the VASP
assay, have been reported to have a higher incidence of sub-
acute stent thrombosis.”® The advantages of the VASP assay
include direct dependence on the target of clopidogrel
(P2Y,,), low sample volume, and a whole blood system.
Disadvantages of the VASP assay include the expense and
the need for sample preparation, a flow cytometer, and an
experienced technician.

Summary

Because of the variability between patients in the response
of their platelets to antiplatelet therapy, there is increasing
interest in the use of platelet function tests to monitor the
effects of antiplatelet drugs, with the ultimate goal of guid-
ing antiplatelet therapy to the optimal dose for prevention
or treatment of thrombosis while minimizing side-effects.
Aspirin ‘resistance’ or response variability can be assessed by
assays that use thromboxane as the end point or arachidonic
acid as the stimulus (Table 3.2). Clopidogrel ‘resistance’ or
response variability can be assessed by a P2Y , signaling-
dependent assay (VASP phosphorylation state) or by using
ADP as the stimulus (although ADP activates platelets via
two receptors, P2Y, and P2Y,,, only the latter of which is
blocked by thienopyridines*) (Table 3.2).

Turbidometric platelet aggregation remains the gold
standard platelet function test, in part because most large
clinical trials of antiplatelet agents have used this endpoint.
However, turbidometric platelet aggregation has many dis-
advantages, e.g., expense and the requirements for a high
sample volume, a skilled technician, and sample prepara-
tion. True point-of-care assays, e.g., VerifyNow, overcome
these problems and therefore show great promise for clini-
cal utility in patients with coronary artery disease who are
treated with antiplatelet agents. In patients treated with
antiplatelet drugs, the degree of platelet inhibition, as deter-
mined by VerifyNow and several other new platelet function
assays, has been shown to predict MACE.** Nevertheless,
no published studies address the clinical effectiveness of
altering therapy based on a laboratory finding of aspirin or
clopidogrel ‘resistance’ or hyporesponsiveness.>*
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Laboratory assessment of
coagulation

Introduction

Anticoagulants are central to the prevention and treatment
of venous thromboembolism and are widely used in acute
coronary syndromes. For many years, unfractionated
heparin was the cornerstone of parenteral anticoagulation
therapy. Although low-molecular-weight heparin (LMWH)
and fondaparinux have challenged heparin for treatment of
acute coronary syndromes, heparin is still used in patients
undergoing PCI. The anticoagulant response to heparin is
unpredictable, and when given in conjunction with other
antithrombotic drugs, there is a risk of bleeding with
heparin. Consequently, coagulation monitoring is recom-
mended to optimize efficacy while maintaining safety.

Bivalirudin has emerged as an alternative to heparin in
PCI patients. Although there may be less of a need to moni-
tor bivalirudin than there is for heparin, coagulation moni-
toring is often performed. LMWH and fondaparinux are
not routinely monitored. However, there are circumstances
in which coagulation monitoring is helpful. For example,
quantification of LMWH or fondaparinux levels at the time
of PCI would better inform decisions about supplemental
heparin. Likewise, assessment of drug levels in patients with
renal impairment is important, because both LMWH and
fondaparinux are renally excreted. Therefore, adjusted doses
may be needed to avoid drug accumulation.

For chronic anticoagulation, oral agents are preferred over
parental drugs. Currently, the vitamin K antagonists are the
only available oral anticoagulants. These drugs, the prototype
of which is warfarin, require coagulation monitoring because
they have a narrow therapeutic window. In addition, their
metabolism is influenced by common genetic polymor-
phisms, they interact with numerous other drugs and the
anticoagulant response is dependent on dietary intake of
vitamin K. Several new oral anticoagulants are under devel-
opment. In contrast to warfarin, which inhibits the synthesis
of factors II (prothrombin), VII, IX, and X, these novel agents
target specific clotting enzymes. Drugs that block thrombin
or factor Xa are in the most advanced stages of development.
Although designed to be administered in fixed doses without
coagulation monitoring, there are likely to be circumstances
in which monitoring will be needed. For example, some of
these drugs are renally excreted and they may accumulate in
patients with renal impairment. In addition, assessment of
drug levels is important in patients who require urgent sur-
gery or to inform management decisions in those with major
hemorrhagic complications.

Overview of coagulation assays

Several techniques, including clot-based tests, chromogenic
or color assays, and enzyme immunoassays (EIA), are used

for coagulation testing. Of these, clot-based and chromoge-
nic assays are used most often. Whereas clot-based tests
provide a more global assessment of coagulation function,
chromogenic assays are designed to measure the level of
function of specific clotting factors.

Clot-based assays

Clot-based assays are often used for evaluation of patients
with suspected bleeding abnormalities and to monitor anti-
coagulation therapy (Table 3.3).2 Most of these tests are
performed in citrated plasma, and the endpoint for all of
them is fibrin clot formation. Some of the technical and
analytic variables that can influence assay results are listed
in Table 3.4.

Prothrombin time (PT)

This test is performed by adding a thromboplastin reagent
that contains tissue factor (which can be recombinant in
origin or derived from an extract of brain, lung, or placenta)
and calcium to plasma and measuring the clotting time
(Figure 3.2a). The PT varies with reagent and coagulometer,
but typically ranges between 10 and 14s. The PT is pro-
longed with deficiencies of factors VII, X, and V, of pro-
thrombin, or of fibrinogen, and by antibodies directed
against these factors.” This test also is abnormal in patients
with inhibitors of the fibrinogen-to-fibrin conversion reac-
tion, including high doses of heparin and the presence of
fibrin degradation products. Typically, PT reagents contain
excess phospholipid so that non-specific inhibitors (i.e.,
lupus anticoagulants), which react with anionic phospholi-
pids, do not prolong the clotting time.”® The PT is most fre-
quently used to monitor warfarin therapy.

Commercially available thromboplastins vary in their tis-
sue factor source and method of preparation, leading to dif-
fering sensitivities to factor deficiencies;* therefore, PT
results reported using different reagents are not inter-
changeable.”® The International Normalized Ratio (INR)
corrects for differences in thromboplastin potency. The
World Health Organization has established a reference
thromboplastin against which commercially available rea-
gents are compared. The International Sensitivity Index
(IST) describes the responsiveness of each thromboplastin
reagent to reductions in the vitamin K-dependent clotting
factors compared with a sensitive standard, which is assigned
an ISI of 1.0. Commercial thromboplastins derived from
animal sources are less sensitive than the reference standard
and commonly have ISI values of 1.2-2.8.%' Using the IS],
we can convert PT to an INR with the formula INR =
(patient PT/mean normal PT)®". Although the INR
has helped to standardize anticoagulant monitoring, prob-
lems persist. The precision of INR determination varies,
depending on reagent—coagulometer combinations.



24 Clinical guide to the use of antithrombotic drugs in coronary artery disease

Causes of clot-based assay prolongation

Scenario aPTT INR TCT
Factor deficiency Prolonged Normal Normal

+ HMWK

+  Prekallikrein

+  Factor XII

+  Factor XI

+ Factor IX

* Factor VIII
Factor deficiency Prolonged Prolonged Normal

* Factor X

* FactorV

+  Prothrombin
Factor deficiency Normal Prolonge Normal

+ Factor VII
Factor deficiency Prolonged Prolonged Prolonged

+ Fibrinogen
Non-specific inhibitor May be prolonged (depends on reagent) Usually normal Normal
Heparin (therapeutic doses) Prolonged Less affected than aPTT, Prolonged

may be normal
LMWH Normal Normal Prolonged
Hirudin, bivalirudin, argatroban Prolonged Variably prolonged Prolonged
Warfarin (therapeutic doses) Less affected than INR, may be normal Prolonged Normal
Vitamin K deficiency Less affected than INR, may be normal Prolonged Normal
Liver dysfunction Less affected than INR, may be normal Usually prolonged Prolonged
DIC Less affected than INR Usually prolonged Usually
prolonged

aPTT, activated partial thromboplastin time;
INR, International Normalized Ratio;
LMWH, low-molecular-weight heparin;
TCT, thrombin clotting time;

HMWHK, high-molecular-weight kininogen;
DIC, disseminated intravascular coagulation.

Unreliable reporting of the ISI by thromboplastin manufac-
turers also complicates INR determination.’” Finally, with
new batches of thromboplastin reagent, each laboratory
must establish a mean normal PT using blood from at least
20 healthy volunteers.*

Activated partial thromboplastin time
(aPTT)

The aPTT is performed by first adding a surface activator
(e.g., kaolin, celite, ellagic acid, or silica) and diluted phos-
pholipid (e.g., cephalin) to citrated plasma (Figure 3.2b).
The phospholipid in this assay is called partial thrombo-
plastin because tissue factor is absent. After incubation
to allow optimal activation of contact factors (factor XII,
factor XI, prekallikrein, and high-molecular-weight kinino-
gen), calcium is then added, and the clotting time is meas-
ured.”

Although the clotting time varies according to the rea-
gent and coagulometer used, the aPTT typically ranges
between 22 and 40s. The aPTT may be prolonged with defi-
ciencies of contact factors, of factors IX, VIII, X or V, of pro-
thrombin, or of fibrinogen. Specific factor inhibitors, as well
as non-specific inhibitors, may also prolong the aPTT.
Fibrin degradation products and anticoagulants (e.g.,
heparin, direct thrombin inhibitors, or warfarin) also pro-
long the aPTT, although the aPTT is less sensitive to warfa-
rin than is the PT.”

Thrombin clotting time (TCT)

The TCT is performed by adding excess thrombin to plasma
(Figure 3.2c). The TCT is prolonged in patients with low
fibrinogen levels or dysfibrinogenemia and in those
with elevated levels of fibrin degradation products.”®
These abnormalities are commonly seen with disseminated
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Variables that can influence the accuracy of clotting test results

Assay Variable

Explanation

Clot-based and chromogenic assays
(e.g., activated activated partial
thromboplastin time, International
Normalized Ratio, thrombin clotting
time, and anti-factor Xa assays)
Abnormal hematocrit

Clotted specimen

Delay in performing assay

Anticoagulant contamination

Whole blood assays (e.g., activated
clotting time)
Hemodilution

Anticoagulant contamination

intravascular coagulation. The TCT is also prolonged by
heparin and direct thrombin inhibitors.®

Activated clotting time (ACT)

The ACT (Figure 3.2d) is a point-of-care whole blood clot-
ting test used to monitor high-dose heparin therapy or
treatment with bivalirudin.”® The dose of heparin or biva-
lirudin required in these settings is beyond the range that
can be measured with the aPTT.* Typically, whole blood is
collected into a tube or cartridge containing a coagulation
activator (e.g., celite, kaolin, or glass particles) and a mag-
netic stir bar, and the time taken for the blood to clot is then
measured.”® The reference value for the ACT ranges between
70 and 180s. The desirable range for anticoagulation
depends on the indication and the test method used. During
cardiopulmonary bypass surgery, the desired ACT range
with heparin may exceed 400-500s.% In contrast, in patients

Improper filling of tube

Platelet count and function

Opverfilling or underfilling the tube changes
the ratio of blood to anticoagulant.
Consequently, overfilling may cause falsely
low results, whereas underfilling may cause
falsely high results

A hematocrit >60% can produce falsely
elevated results, whereas a hematocrit <20%
can cause inappropriately low results

Poor blood collection technique can induce
clotting that results in consumption of
coagulation factors (especially fibrinogen)
and a falsely prolonged result

Failure to separate plasma from cells and the
subsequent neutralization of heparin by
platelet factor 4 released from platelets may
result in falsely low values in heparinized
samples

If the sample is drawn from an indwelling
line used for anticoagulant infusion, it can
easily be contaminated, even if the initial
volume drawn is discarded. Samples are best
drawn from peripheral veins

Decreased platelet count or function may
result in a falsely prolonged ACT

Decreased concentration of clotting factors
may result in falsely prolonged results

If the sample is drawn from an indwelling
line used for anticoagulant administration, it
can easily be contaminated. Samples are best
drawn from peripheral veins

undergoing PCI, a target ACT of 200s is advocated when
heparin is administered in conjunction with a GPIIb/IIIa
antagonist, whereas an ACT between 250 and 350 is tar-
geted in the absence of such adjunctive therapy.*® The ACT
does not correlate well with other coagulation tests.

Ecarin clotting time (ECT)

For the ECT, venom from the Echis carinatus snake is used
to convert prothrombin to meizothrombin, a prothrombin
intermediate that is sensitive to inhibition by direct
thrombin inhibitors.”” The ECT cannot be used to detect
states of disturbed coagulation and is useful only for thera-
peutic drug monitoring. This assay is insensitive to heparin
because steric hindrance prevents the heparin—antithrombin
complex from inhibiting meizothrombin.” Because ecarin
also activates the non-carboxylated prothrombin found in
plasma of warfarin-treated patients, levels of direct thrombin
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Figure 3.2

(@) Prothrombin time (PT). Thromboplastin reagent containing tissue factor (TF) and calcium is added to citrated plasma. Formation of
extrinsic tenase results in rapid fibrin formation via the extrinsic and common pathways. (b) Activated partial thromboplastin time
(aPTT). A partial thromboplastin reagent consisting of a surface activator and dilute phospholipid is added to citrated plasma. After
incubation to allow activation of the contact factors and generation of factor IXa, calcium is added to induce clotting via the intrinsic
and common pathways. (c) Thrombin clotting time (TCT). Thrombin is added to citrated plasma and directly converts fibrinogen to
fibrin. (d) Activated clotting time (ACT). In contrast to the PT, aPTT, and TCT, which are done in citrated plasma, the ACT is performed in
whole blood. Clotting is initiated by adding an activator of the intrinsic pathway, such as celite, kaolin, or glass beads. Once thrombin
(factor lla) is generated, it induces both platelet aggregation and fibrin formation.

inhibitors can be assayed even with concomitant warfarin
treatment.”” Although the ECT has been used in preclinical
research, the test has yet to be standardized and is not widely
available. A chromogenic variant of this assay has also been
developed in which ecarin is added to a plasma sample and
meizothrombin generation is measured with a chromogenic
substrate.”®

Chromogenic assays

Anti-factor Xa assays are used to measure levels of heparin
and LMWH. These are chromogenic assays that use a factor
Xa substrate onto which a chromophore has been linked
(Figure 3.3). Factor Xa cleaves the chromogenic substrate,
releasing a colored compound that can be detected with a
spectrophotometer and is directly proportional to the
amount of factor Xa present.”” When a known amount of
factor Xa is added to plasma containing heparin (or
LMWH), the heparin enhances factor Xa inhibition by anti-
thrombin, rendering less factor Xa available to cleave the
substrate.”® By correlating this result with a standard curve
produced with known amounts of heparin, it is possible to
calculate the heparin concentration in the plasma.

Use of anticoagulant assays to
monitor therapy

Anticoagulant drugs in clinical use include vitamin K antag-
onists (such as warfarin), heparins (unfractionated heparin,
LMWH, and fondaparinux) and thrombin inhibitors (biva-
lirudin, hirudin, and argatroban).

Vitamin K antagonists (VKAs)

VKAs are effective for primary and secondary prevention of
venous thromboembolic events in patients with atrial fibril-
lation or prosthetic heart valves, for prevention of stroke,
recurrent infarction, or cardiovascular death in patients
with acute myocardial infarction, and for the primary pre-
vention of acute myocardial infarction in high-risk men.*
The VKA dosage is usually adjusted to attain a desired INR
(Table 3.5). Because of the variability in the anticoagulant
response to VKA,* which reflects genetic variations in
metabolism and environmental factors such as medications,
diet, and concomitant illness,* regular coagulation moni-
toring and dosage adjustment are required to maintain the
INR within the therapeutic range.*
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Figure 3.3

Factor Xa heparin assay. Factor Xa is added to plasma containing
a synthetic factor Xa substrate that has a chromophore attached
to one end. When the substrate is cleaved by factor Xa, the
chomophore undergoes a color change, which can be quantified.
The extent of color change is directly proportional to the enzyme
activity. If heparin or low-molecular-weight heparin (LMWH) is
present in the plasma sample, it will promote factor Xa inhibition
by antithrombin, rendering less factor Xa available to cleave the
substrate. By comparing the result with the extent of substrate
hydrolysis in samples containing known amounts of heparin, the
heparin concentration in the plasma can be calculated.

Optimal therapeutic range for the INR in various
indications

Indication for warfarin therapy Therapeutic INR range
Venous thromboembolism 2.0-3.0
(prevention and treatment)
Atrial fibrillation 2.0-3.0
Valvular heart disease 2.0-3.0
Heart valves:
+ Tissue valves 2.0-3.0
+  Mechanical valves
— Bileaflet aortic position 2.0-3.0
— High-risk valve 2.5-3.5
Acute myocardial infarction:
+ Prevention of embolism 2.0-3.0
+ Prevention of reinfarction 3.5-4.5

Heparins

Heparins are indirect anticoagulants that activate anti-
thrombin and promote its capacity to inactivate thrombin
and factor Xa.*"*? To catalyze thrombin inhibition, heparin
binds both to antithrombin via a high-affinity pentasaccha-
ride sequence and to thrombin. In contrast, to promote fac-
tor Xainhibition, heparin needs only to bind to antithrombin
via its pentasaccharide sequence. Heparin molecules con-
taining < 18 saccharide units are too short to bind to both

thrombin and antithrombin, and therefore cannot catalyze
thrombin inhibition. However, these shorter heparin frag-
ments can catalyze factor Xa inhibition, provided that they
contain the pentasaccharide sequence.®’ Because almost all
of the chains of unfractionated heparin are of sufficient
length to bridge antithrombin to thrombin, heparin pro-
motes thrombin and factor Xa inhibition equally well and is
assigned a ratio of anti-Xa to anti-Ila of 1.*

The anticoagulant response to heparin is unpredictable
because of variable non-specific binding to endothelial cells,
monocytes, and plasma proteins.* Because of this variable
anticoagulant response, coagulation monitoring is routinely
performed when heparin is given in greater than prophylac-
tic doses. The aPTT is the test most often used to monitor
heparin.”® Unfortunately, aPTT reagents vary in their
responsiveness to heparin, and the aPTT therapeutic range
differs, depending on the sensitivity of the reagent and the
coagulometer used for the test.**® The aPTT has proved
more difficult to standardize than the PT, and the com-
monly quoted therapeutic range of 1.5-2.5 times the con-
trol value often leads to systematic administration of
subtherapeutic heparin doses.”® Consequently, it is recom-
mended that the therapeutic aPTT for heparin correspond
to that which results in a heparin concentration of 0.35-0.7
anti-factor Xa units/ml.* However, evidence supporting the
concept of an aPTT therapeutic range that predicts efficacy
and safety (with respect to bleeding) is tenuous.”

Approximately 25% of patients require doses of heparin
of >35000U/day to obtain a therapeutic aPTT and are
called heparin-resistant.*® Most of these patients have thera-
peutic heparin levels when measured with the anti-factor
Xa assay, and the discrepancy between the two tests is the
result of high concentrations of procoagulants such as
fibrinogen and factor VIII, which shorten the aPTT.”
Heparin therapy in these patients can be managed safely
with heparin levels.”’ Less often, patients with a subthera-
peutic aPTT also have a subtherapeutic heparin level despite
large doses of heparin. This scenario usually reflects a com-
bination of increased levels of heparin-binding proteins and
increased heparin clearance.” Rarely, this form of heparin
resistance is caused by low levels of antithrombin.

Although the aPTT response is linear with heparin levels
within the therapeutic range, the aPTT becomes immeasur-
able with higher heparin doses.” Thus, a less sensitive test
of global anticoagulation such as the ACT is used to moni-
tor the level of anticoagulation in patients undergoing PCI
or aortocoronary bypass surgery.** Although several retro-
spective studies have defined an inverse relationship between
the likelihood of a thrombotic event and the ACT after
heparin administration for PCI,>"** more recent data sug-
gest that ischemic endpoints do not increase with decreas-
ing ACT values, provided that the ACT is > 2005s.>

LMWH is derived from unfractionated heparin by chem-
ical or enzymatic depolymerization. With a mean molecular
weight about one-third that of unfractionated heparin, only
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25-50% of LMWH molecules contain 218 saccharides.”
Consequently, these agents have ratios of anti-factor Xa to
anti-factor Ila that range from 2:1 to 4:1.

LMWH has gradually replaced heparin for most indica-
tions. LMWH is typically administered in fixed doses when
given for prophylactic purposes or in weight-adjusted doses
when given for treatment. LMWH has advantages over
heparin that enable once- or twice-daily subcutaneous
administration without coagulation monitoring (Table 3.6).
Exceptions include patients with renal dysfunction (shorter
LMWH chains are cleared via the kidneys), those at extremes
of weight, and perhaps infants and pregnant women who
are receiving full treatment doses.”>**>* LMWH has little
effect on the aPTT. Consequently, when monitoring is
required, anti-factor Xa levels are measured with an LMWH
standard.*®

Pitfalls in the monitoring of LMWH by anti-factor Xa
levels include poor comparability between commercially
available anti-factor Xa chromogenic assays,* differences in
ratios of anti-factor Xa to anti-factor Ila among the various
LMWH preparations,™ and the importance of timing of
blood sampling in relation to dosing.* In general, it is rec-
ommended that blood samples for LMWH monitoring be
obtained 4 hours after a subcutaneous injection. Although
the relationship between anti-factor Xa levels and clinical
outcomes is unclear,”**® typically recommended therapeutic
anti-factor Xa levels for twice-daily LMWH therapy range
from 0.5 to 1.0 U/ml and for once-daily treatment between
1.0 and 2.0 U/ml.*®

Although the aPTT may be prolonged with high doses of
LMWH, this assay is not used for monitoring. Because
LMWH has less effect on the ACT than heparin does,** !
empiric LMWH dosing algorithms have been developed in
the PCI setting.”®**

The most recent heparin derivative is fondaparinux. A
synthetic analog of the antithrombin-binding pentasaccha-
ride found in heparin and LMWH, fondaparinux binds
antithrombin with high affinity. Fondaparinux increases

Advantages of LMWH over heparin and their
consequences

Advantage Mechanism

Better bioavailability after
subcutaneous injection

Can be given subcutaneously
for prevention or treatment of

thrombosis

Longer half-life Can be given once- or
twice-daily

More predictable Routine coagulation

anticoagulant response

Less platelet activation and
binding to platelet factor 4

monitoring is not necessary

Reduced risk of heparin-
induced thrombocytopenia

the rate of factor Xa inhibition by antithrombin by about
two orders of magnitude. Because it is too short to bridge
antithrombin to thrombin, fondaparinux has no effect on
the rate of thrombin inhibition by antithrombin.

Fondaparinux has almost no effect on clot-based tests of
coagulation. Routine coagulation monitoring is not recom-
mended with fondaparinux. If monitoring is required, how-
ever, anti-factor Xa levels can be measured using
fondaparinux as the reference standard. This test will allow
assessment of drug levels in ug/ml. With a specific activity
of about 700 anti-factor Xa U/mg, drug levels of fonda-
parinux in pg/ml can be converted to U/ml. However, the
relationship between anti-Xa levels and clinical outcomes is
uncertain.

Direct thrombin inhibitors

Direct thrombin inhibitors bind directly to thrombin and
block the interaction of thrombin with its substrates. Three
parenteral direct thrombin inhibitors have been licensed for
limited indications in North America. Hirudin and arga-
troban are approved for treatment of patients with heparin-
induced thrombocytopenia, whereas bivalirudin is licensed
as an alternative to heparin in patients undergoing PCI, as is
argatroban.

Hirudin and argatroban require routine monitoring. The
TCT is too sensitive to small amounts of hirudin and arga-
troban to be used for this purpose.” Although the ACT has
been used to monitor the higher doses of direct thrombin
inhibitors required in interventional settings, it does not
provide an optimal linear response at high concentrations.”
The aPTT is recommended for therapeutic monitoring;
however, each direct thrombin inhibitor has its own dose
response, and the sensitivity of the test to drug levels varies
between aPTT reagents. When hirudin therapy is monitored
with the aPTT, the dose is adjusted to maintain an aPTT
that is 1.5-2.5 times the control, whereas for argatroban, the
target aPTT is 1.5-3 times the control (but not to exceed
100s). The aPTT appears less useful in patients requiring
higher doses of direct thrombin inhibitor in cardiopulmo-
nary bypass procedures, because this test becomes less
responsive at increasing drug concentrations.® The ECT
appears to be useful for both low and high concentrations
of direct thrombin inhibitors and is less affected by interfering
substances than the aPTT.* However, as stated above, it is
not routinely available.

The responsiveness of the INR to different drug concen-
trations differs with assay reagent and with the type of direct
thrombin inhibitor.* Although all direct thrombin inhibi-
tors prolong the INR, argatroban has the greatest effect on
this test. This feature complicates the transitioning of
patients with heparin-induced thrombocytopenia from
argatroban to VKA.* In general, with doses of argatroban
up to 2 ugkg ' min~', argatroban can be discontinued when
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Examples of point-of-care anticoagulant monitoring devices

Device Tests Deflection method

Hemochron tube ACT, PT, aPTT Rotating magnet

Hemochron cuvette ACT, PT, aPTT Forced flow through narrow channel

Hepcon ACT, PT, aPTT Movement of plunger in and out of blood

i-STAT ACT Cleavage of thrombin substrate detected
electrochemically

Coumatrak ACT, PT, aPTT Blood flow through capillary channel

CoaguChek

CoaguChek S PT Movement of iron particles in blood

the INR is >4.%° After argatroban is discontinued, the INR is
repeated in 4-6 hours. If the repeat INR is below the thera-
peutic range, the argatroban infusion is resumed, and the
procedure is repeated daily until the desired therapeutic
INR on VKA alone is reached. For doses >2 pgkg ' min~},
the effect of argatroban on the INR is less predictable. It
is reccommended that the dose of argatroban be temporar-
ily reduced to 2 pgkg ' min~' and the INR checked after
4-6 hours. The procedure outlined previously should then
be followed.

Another approach, which avoids discontinuation of the
argatroban infusion, is to use factor X levels to monitor the
VKA. These levels can be determined using a chromogenic
assay. Factor X levels <45% are associated with INR values
>2 when the effect of argatroban has been eliminated.®

Point-of-care monitoring

Most coagulation assays are performed in centralized labo-
ratories using blood collected from indwelling lines or via
venipuncture. This approach introduces problems with
respect to turnaround time, venous access requirements,
and difficulties associated with sample transport and
processing. To circumvent these problems, several point-of-
care coagulation tests have been introduced. These devices
use various methods for clot detection in venous or capil-
lary blood (Table 3.7). Of these, the ACT remains the most
commonly used, reflecting, at least in part, the lack of rapid,
readily available, inexpensive alternatives.

Point-of-care INR monitoring is both feasible and practi-
cal®”” and is used by many specialized coagulation clinics to
streamline care. Although there are concerns about discrep-
ancies between INR results obtained by near-patient testing
and those measured in hospital laboratories, several investi-
gators have reported that self-management with point-of-
care INR devices is safe for selected patients and results in
the same quality of care provided by specialized anticoagu-
lation clinics.®*7! Although point-of-care aPTT results
appear to be clinically reliable and reproducible, there is less
experience with these techniques.”” The varying responsive-

ness of aPTT reagents and the need for calibration with
heparin levels to establish an appropriate aPTT range limit
the utility of these tests. There is a point-of-care device that
can be used to monitor anti-Xa levels. This clot-based test
detects LMWH levels above or below 1.0 U/ml. Warfarin,
liver disease, and coagulation factor deficiencies can pro-
duce falsely high readings with this system.” A point-
of-care test based on the ECT has also been developed for
monitoring direct thrombin inhibitors, but the test has yet
to be fully validated.”"

Point-of-care tests are more expensive than centralized
assays.”? Therefore, cost—effectiveness analyses are needed to
justify their widespread use.

Conclusions and future directions

With heparin and warfarin still firmly entrenched in our
armamentarium of anticoagulants, coagulation monitoring
remains an integral part of optimal patient management.
The evolution to new heparin derivatives and oral antico-
agulants that require little or no monitoring is likely to
reduce the need for coagulation testing. However, even with
these new agents, monitoring will still be necessary — at least
in certain circumstances. This need will be challenging,
because the correlation between drug levels and clinical
outcomes for these new agents is largely unknown.
Furthermore, many of the new drugs have little effect on
clot-based tests of coagulation, and their effects on chro-
mogenic assays are variable among members of the same
drug class. Therefore, drug-specific monitoring assays may
be needed, which will be a challenge for treating physicians,
patients, and laboratory management. How these challenges
will play out is likely to become clearer as development of
these new drugs progresses.
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Cyclooxygenase inhibition in

atherothrombotic disease

Orina Belton, Sarah McClelland, and Des Fitzgerald

Introduction

Cyclooxygenases are rate-limiting enzymes in the
generation of products that exert a broad spectrum of effects
in human systems. The enzymes have been the target for the
development of inhibitors in the treatment of inflammation
and pain, most recently the ‘coxibs’ or cyclooxygenase-2
selective inhibitors. Cyclooxygenases also have potent
effects in the cardiovascular system, and their inhibition has
both therapeutic and harmful effects in patients with
atherothrombosis, heart failure, and other forms of cardio-
vascular disease.

Overview of cyclooxygenase
and prostaglandin generation

The prostanoids, which include the prostaglandins (PGI,
(prostacyclin), PGE,, PGD,, and PGF,) and thromboxane
(TXA,), are a group of biologically active lipids that play a
critical role in several physiological and pathological proc-
esses such as gastric cytoprotection, renal haemodynamics,
modulation of vascular tone, and the regulation of inflam-
mation and thrombosis.

PGs mediate their effects in part through transmembrane
G-protein-coupled receptors, several of which exist for each
prostaglandin.! For example, there are at least four different
PGE-type (EP) receptors and two TXA, receptors (TP), the
latter being alternatively spliced variants derived from a sin-
gle gene.” As these are cell surface receptors, PGs act in a
paracrine or autocrine fashion. PGs also activate peroxiso-
mal proliferator-activated receptors (PPARs), nuclear
membrane proteins that dimerize with other proteins
to form transcription factors.” In this way, PGs may
act as intracellular signaling molecules and regulate gene
expression.*

PGs and TXA, are derived from arachidonic acid by
cyclooxygenases (COX), also referred to as prostaglandin H
synthases (PGHS). Two isoforms of COX exist: COX-1 and
COX-2 (although a COX-3 has been described, this is an
alternatively spliced variant of COX-1). The COX enzymes
are homodimers; however heterodimerization has been
described. COX-1 and COX-2 are bifunctional enzymes
that carry out two sequential reactions in spatially distinct
but mechanistically coupled active sites: a cyclooxygenase
reaction, in which arachidonic acid is converted to PGG,,
an unstable intermediate; and a peroxidase reaction, where
PGG, undergoes a two-electron reduction to PGH,.” PGH,
serves as a substrate for cell-specific isomerases and syn-
thases to produce the PGs and TXA,. Cells tend to express a
predominant isomerase (PGI, synthase, TXA, synthase,
PGE, synthase, and PGD synthase) closely coupled with
COX that largely determines which product is generated.
However, cyclooxygenases can couple to different isomer-
ases in the same cell® and cells can express more than one
isomerase.” A summary of the action of the COX enzymes is
shown in Figure 4.1.

Although COX-1 and COX-2 catalysis are indistinguish-
able, the differences in gene and promoter structure, in pro-
tein sequence, and in subcellular localization explain the
differential regulation of COX-1 and COX-2 in tissues. The
primary structures of COX-1 and COX-2 from numerous
species are known.®> Both isoforms contain signal peptides
of varying lengths. Mature, processed COX-1 and COX-2
contain 576 and 587 amino acids, respectively. There is a
60-65% sequence identity between COX-1 and COX-2
from the same species and 85-90% identity among indi-
vidual isoforms from different species. X-ray crystallo-
graphic studies have shown that the overall topology of the
enzymes is not affected by the variations in amino acid resi-
dues and that the structures of human and murine COX-1
are virtually superimposable on those of COX-2.%° The
major sequence differences between COX isoforms occur in
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Inhibits mitogenesis Mitogenesis activation Gastric cytoprotection Myometrial contraction
Inhibits leukocyte adhesion Leukocyte adhesion Vasodilation Nociception Cardiomyocyte hypertrophy
Inhibits SMC proliferation SMC proliferation Allergic asthma Neuronal functions
Vasodilation Vasoconstriction Airway hyperreactivity

Figure 4.1

Overview of eicosanoid biosynthesis and their biological effects. Cyclooxygenase COX-1 and -2 catalyse identical reactions. The
cyclooxygenase reaction results in the formation of prostaglandin G, (PGG,) from arachidonic acid. In a subsequent peroxidase reaction,
PGG, undergoes a two-electron reduction to PGH,. PGH, serves as a substrate for cell-specific isomerases and synthases, producing the
individual PGs and thromboxane A, (TXA,). The eicosanoids exert their effects via a panel of cell-specific G-protein coupled receptors to
mediate a broad range of biological effects. CAMP, cyclic adenosine monophosphate; SMC, smooth muscle cell.

the membrane binding domains' and in the active site —
the latter resulting in important differences in substrate and
inhibitor selectivity (discussed below).

The gene structure of COX-1I facilitates continuous tran-
scription of a stable message, and therefore, traditionally, it
has been believed that COX-1 is constitutively expressed
under physiological conditions and that COX-1-derived
PGs play an important role in cellular housekeeping func-
tions. However, there is now increasing evidence to suggest
that COX-1 is induced at sites of inflammation'' and in
atherosclerosis.'” Conversely COX-2, which is constitutively
expressed in some tissues, such as kidney and brain,"” under
normal conditions is a highly inducible enzyme. The struc-
ture of COX-2 is similar to that of immediate early genes
such as intercellular cell adhesion molecule 1 (ICAM-1),

and its expression is rapidly induced in response to
cytokines,' growth factors,' free radicals,'® and
oxidized lipids'” — factors known to play a role in athero-
thrombotic disease. While COX-2 potentiates early
inflammation, recent evidence suggests a role for COX-2 in
the resolution phase.”® Furthermore, while COX-2 was
initially believed to function only in pathophysiological
responses, it is now clear that it also plays a physiological
role in the brain, kidney, and cardiovascular systems.

Cyclooxygenase inhibitors

Both COX isoforms are targets of non-steroidal anti-
inflammatory drugs (NSAIDs). NSAIDs, including aspirin
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are a structurally diverse group of agents with proven anti-
inflammatory, analgesic, and antithrombotic properties.
The NSAIDs share a common mechanism of action in that
they are competitive or non-competitive inhibitors of the
COX enzyme(s). Most of the traditional NSAIDs, such as
indomethacin and ibuprofen, are reversible competitive
inhibitors of COX. Aspirin differs from other NSAIDs in
that it covalently modifies the enzyme and consequently is
an irreversible inhibitor. Aspirin inhibits both COX-1 and
COX-2 by acetylation of Ser530 and Ser516, respectively, in
the substrate-binding site. This modifies the positioning of
arachidonic acid relative to Tyr385, which initiates the
oxidation of the substrate.'” In the case of COX-1, this abol-
ishes the enzymatic activity, and in the case of COX-2, it
converts the enzyme to a lipoxygenase.

NSAIDs show some level of isoform selectivity. Various
experimental models have been used to test the selectivity
of NSAIDs in vitro, including purified enzymes, intact cell
systems, and cells transfected with recombinant enzymes.
The selectivity of the compound is evaluated by calculating
a ratio of the IC, values for COX-2 and COX-1. However,
depending on the model used, the absolute IC,, value and
values for the IC, ratio of COX-2 to COX-1 vary, although
the order of selectivity stays constant from one model to
another. Aspirin is 10 to 100 times more potent against
COX-1 than COX-2, as the acetylserine side-chain can
rotate in the slightly larger site of COX-2, allowing limited
access of substrate to the active site.*” Naproxen and
diclofenac are equipotent in inhibiting COX-1 and COX-2,
whereas indomethacin, piroxicam, sulindac, and tolmetin
are more active against COX-1 than COX-2.”'

The available evidence suggests that the anti-inflammatory
and analgesic properties of traditional NSAIDs are a conse-
quence of COX-2 inhibition, whereas the gastrointestinal
(GI) toxicity associated with chronic administration of these
compounds is due to inhibition of COX-1 (although it has
been suggested that inhibition of both isoforms is necessary
for gastric damage to occur). Because of the difference in
expression profiles between COX-1 and COX-2, it was
believed that selective inhibitors of COX-2 would have the
beneficial effects of traditional NSAIDs while sparing the GI
tract. As discussed above, although COX-1 and COX-2 are
similar in structure and catalytic activity, a single amino acid
change in the substrate pocket (from isoleucine in COX-1 to
valine in COX-2 at residue 523), creates a side-pocket or
channel accessed by selective COX-2. This side-channel is
blocked off by the larger isoleucine in COX-1.

COX-1 and COX-2 in
atherothrombotic disease

Thrombosis is the late complication of atherosclerosis,
a progressive inflammatory disease characterized by

mononuclear infiltration, macrophage and foam cell
formation, smooth muscle cell proliferation, and lipid accu-
mulation. Platelet and leukocyte recruitment on endothelial
cells occurs early in the course of vascular inflammation. As
seen at sites of inflammation in general, there is increased
expression of COX-1 and COX-2?* and disordered PG gen-
eration.” The main products generated are TXA,, a potent
platelet activator and vasoconstrictor, largely derived from
COX-1 in platelets; PGI,, a potent platelet inhibitor and
vasodilator, largely generated via COX-2 in vascular
endothelium; and PGE,, which has both pro- and anti-
inflammatory activity.*

COX-1 and TXA, generation

COX-1 plays a key role in atherothrombosis. It is the only
COX isoform expressed in the platelet, where it is responsi-
ble for the generation of its principal product, TXA,.*>*
Studies have shown enhanced TXA, biosynthesis (measured
as increased urinary excretion of its stable metabolite
11-dehydro-TXB,) in patients with atherosclerosis and
coronary artery thrombosis,” and several studies have
shown increased TXA, generation in murine models of
atherosclerosis.'>*

Platelets adhere to injured vascular endothelium early in
the course of atherosclerosis and are activated. Activated
platelets in turn release mitogenic factors such as platelet-
derived growth factor (PDGF) and epidermal growth factor
(EGF), which promote the development of atherothrom-
botic lesions by stimulating the proliferation and migration
of vascular smooth muscle cells (VSMCs) through a distinct
TXA,/PGH, receptor,” leading to atherosclerotic plaque
formation. TXA, also promotes platelet activation and so
contributes to the development of arterial thrombosis and
the complications of atherosclerosis, such as myocardial
infarction and stroke. Antagonism of the TP receptor has
been shown to retard plaque formation in hypercholestero-
laemic rabbits,* prevent arterial thrombosis in rats,* and
decrease atherosclerosis in the apoE™** and LDLR”™*
mouse models. This is supported by other studies, which
show that deletion of the TP receptor gene retards murine
atherogenesis.”

Similarly, several studies have implicated COX-1 in the
development of atherothrombotic disease. Selective inhibi-
tion of COX-1, at a dose that suppressed the increase in
TXA,, markedly attenuated lesion development in the
ApoE™" mouse."? Likewise, inhibition of COX-1 and COX-2
(but not of COX-2 alone),” and low-dose aspirin®*® inhibit
the development of atherosclerotic lesion formation in the
LDLR knockout model. In experimental models,
disruption of the COX-1 gene abolishes TXA, formation.
However, in human disease, COX-1 may not be the
sole source of the increased TXA, generation seen in
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atherosclerosis. Continued TXA, formation is seen in
patients on doses of aspirin that abolish platelet COX-1
activity.””*® These reports further show that continued TXA,
formation in patients on aspirin is associated with carotid
intima—medial thickness and subsequent risk of serious
cardiovascular events. In one study, the persistent TXA,
formation in patients with unstable angina treated with
aspirin was abolished by the addition of a non-selective COX
inhibitor, which, together with other studies, suggests an
extraplatelet source for the increased TXA,.

This is supported by two recent studies. In the first, selec-
tive disruption of COX-1 in bone marrow-derived cells
failed to suppress atherosclerosis in apoE™~ or LDLR™~
mouse models despite elimination of platelet TXA, produc-
tion. In contrast, COX-17" disruption abolishes
atherosclerosis in the apoE™ mouse.* Similarly, selective
disruption of the TP receptor in bone marrow-derived
cells fails to prevent atherosclerosis, suggesting that TP
expression in cells other than platelets (and macrophages)
contributes to the protective effect.*’

COX-2 and PGl, generation

PGI, is generated by large-vessel endothelium and VSMCs,
and its biosynthesis is increased in vascular disease. PGI,
inhibits platelet activity and the release of mitogens such
as PDGF and EGF from platelets, endothelial cells, and
macrophages, and thus, when synthesized by endothelial
cells, will suppress VSMC proliferation in atherosclerotic
plaques."" PGI, also inhibits leukocyte adhesion and
activation, platelet aggregation, and VSMC migration.

PGI, mediates its actions largely through the IP receptor,
a transmembrane G-protein coupled receptor, predomi-
nantly coupled to Gs. Genetic disruption of the IP receptor
leads to increased vascular deposition of platelets in the
mouse following arterial injury, reinforcing the importance
of PGI, in maintaining vascular homeostasis. The IP recep-
tor also mediates the vascular effects of PGI, in the cara-
geenan-induced paw injury model of inflammation, with IP
receptor-deficient mice displaying reduced inflammatory
swelling.*

PGI, is generated through COX-1 and COX-2, although
COX-2 is the major source of PGI, in patients with athero-
sclerosis, based on studies of metabolite excretion.”> COX-2
expression is increased in atherosclerotic plaque, which is
not surprising given the role of cytokines and growth
factors in the pathogenesis of this disease. The increase in
COX-2 expression is evident in endothelial cells, VSMCs,
monocytes, and macrophages.”>** COX-2 expression in
macrophages and VSMCs generates eicosanoids that might
be expected to have proinflammatory effects such as
increased vascular permeability, chemotaxis, and cell
proliferation. COX-2 limits cell death (a feature of

atherosclerotic plaques) in several tissues, including
cardiomyocytes,'® and so could promote VSMC growth
indirectly.

Several studies have examined a role for COX-2 and PGI,
generation in atherothrombotic disease. The majority of
these studies have employed selective inhibitors in the
apoE™™ and LDLR™" murine atherosclerotic models. The
results to date have been conflicting and variable in con-
cluding that COX-2 promotes, inhibits, or has no effect on
the development of atherosclerosis. A summary of the out-
comes of in vivo studies is shown in Table 4.1. Most evi-
dence suggests that COX-2 promotes atherosclerotic plaque
formation in that selective COX-2 inhibition in the apoE™"~
and LDLR™" knockout models decreases atherosclerosis.
This is further supported by a study that showed that genetic
deletion of macrophage COX-2 reduces lesion formation —
consistent with the strong evidence of macrophage involve-
ment in lesion formation. However, a recent study has
shown that selective inhibition increases the rate of athero-
sclerotic lesion formation in mice,* while accelerated
atherosclerotic plaque formation has been reported in mice
deficient in both apoE and the IP receptor.* Interestingly, it
has also been shown that PGI, mediates the atheroprotec-
tive effects of estrogen in female mice, in that deletion of the
[P receptor abrogates the effect of estrogen.*

One possible explanation for these disparate findings is
that COX-2 is involved in both the initiation and resolution
phases of inflammation. COX-2 expression in the early
phase of the inflammatory reaction is associated with infil-
tration of polymorphonuclear neutrophils whereas at later
time points it is associated with the egression of inflamma-
tory cells and resolution.'® A possible explanation is that the
PGs generated by COX-2 differ during the phases of inflam-
mation and resolution. Thus, PGE, increases during the
acute inflammatory response, whereas cyclopentenone PGs
form as the inflammation resolves.* Therefore, it is possible
that COX-2 plays a differential role in early and later
atherosclerosis.

Cardiovascular effects of COX
inhibition
Aspirin and atherothrombosis

Given their often opposing roles in the production of the
pro- and antithrombotic prostanoids, it is unsurprising that
inhibition of the COX isoforms has variable effects depend-
ing on which isoform is inhibited and on the balance of
inhibition. Platelets express only COX-1, producing TXA,,
which, acting on the TP receptors on the platelet surface,
activates the platelet, or enhances its activation. Hence, the
product of COX-1 in the platelet is prothrombotic. The
vascular endothelium expresses both COX-1 and COX-2.
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Summary of the effect of COX-2 inhibition on the development of atherosclerosis in murine models of the disease

Ref Model Intervention Duration Outcome

35 LDLR "~ Nimesulide 18 weeks No change in lesion size

60 LDLR ™"~ Rofecoxib 6 weeks >30% reduction

61 apoE "~ MF-tricyclic 16 weeks No change in lesion size

12 apoE "~ SC-236 8 and 16 weeks No change in lesion size

62 apoE™" Celecoxib 15 weeks No change in lesion size

63 apoE ME-tricyclic 3 weeks 84% increase

64 C57Bl/6 COX-2"" bone marrow 8 weeks >50% reduction

65 apoE "~ Indomethicin phenethylamide 9 weeks >50% reduction

66 apoE”"LDLR~  COX-17" bone marrow 8 weeks Increased atherosclerosis

44 apoE "~ Rofecoxib 16 weeks Increased atherosclerosis
Celecoxib on normal chow

67 COX-27"" Chow /1% cholesterol 3 weeks 10 days Increased aortic lipid

C57Bl/6 Rofecoxib Pro-inflammatory high-density

The major product of COX-2 in this setting is PGI,, which
suppresses platelet activation and causes vasorelaxation.
The balance between the pro- and antithrombotic effects
of COX in the vasculature was proposed in 1976 to be a
critical factor in regulating hemostasis in vivo,* and this
balance is altered by inhibition of the COX isozymes.
Inhibition of COX-1 and COX-2 results in the balanced
inhibition of platelet TXA, generation and endothelial PGI,
generation.

Aspirin, the only known irreversible COX inhibitor,
inhibits COX-1 preferentially for several reasons.”' As
aspirin irreversibly inhibits COX, new COX protein must
synthesized de novo to overcome the effect of aspirin on
platelets. However, endothelial cells can quickly synthesize
new COX-2 protein, and thus vascular PGI, production is
restored. Hence, COX blockade by aspirin is intrinsically
antithrombotic, as it tips the balance between platelet
COX-1-derived TXA,, and endothelium-derived PGI,,
towards the antithrombotic effects of PGL,.

Low-dose aspirin (75 mg/day) is routinely prescribed
for the secondary prevention of myocardial infarction
and stroke, due to its aforementioned antithrombotic
properties. A meta-analysis concluded that aspirin therapy
reduces the combined endpoint of serious vascular events
by one-quarter and vascular mortality by one-sixth in high-
risk patients with vascular disease.*® Interestingly, aspirin
does not prevent the majority of primary cardiovascular
events.” In atherosclerotic vascular disease, especially in
unstable coronary syndromes, TXA, synthesis is only partly
suppressed by aspirin. This is evidenced by relatively large
amounts of thromboxane metabolites in urine despite
inhibition of platelet TXA, production.”® Therefore, the

lipoprotein

benefit of aspirin in patients with atherothrombosis may
exceed that which is explained by platelet TXB, inhibition
alone. It has been proposed that aspirin inhibits platelets
independently of COX acetylation, has anticoagulant
properties, suppresses vascular inflammation, and enhances
fibrinolysis.”’ However, very low doses of aspirin are
effective, and prevention of clinical events appears to be
dose-independent. This supports the theory that platelet
COX suppression is the primary mechanism by which
benefit is derived. However, some aspirin benefit may
occur downstream from platelet inhibition. For example,
proteins secreted by activated platelets adhere to the vessel
wall and promote atherosclerosis and thrombosis.*”
Low-dose aspirin downregulates soluble CD40 ligand, a
platelet inflammatory mediator the expression of which
closely correlates with urinary 11-dehydro-TXB,, a marker
of in vivo platelet activation and hence is mediated in part
by the platelet.”® Furthermore, aspirin indirectly suppresses
the peroxidase function of the COX enzyme, thereby inhib-
iting hydroperoxide generation and vascular nitric oxide
inactivation.™

Chronic administration of aspirin, however, is associated
with serious side-effects, most notably in the GI tract.
COX-1 in the gut wall is responsible for the production of
cytoprotective PGs, in particular PGE,. Inhibition of these
PGs leads to the development of severe gastric pathologies.
Since the adverse effects of aspirin and indeed traditional
NSAIDs were attributed to COX-1 inhibition and the ben-
eficial inflammatory effects to COX-2 inhibition, it was
postulated that selective COX-2 inhibition would provide
anti-inflammatory and analgesic effects without the GI
side-effects.
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COX-2 inhibitors and
atherothrombosis

Heralded as a major breakthrough in the management of
chronic inflammatory conditions, the coxibs showed at
least equal clinical efficacy in terms of pain relief and
resolution of inflammation as the traditionas NSAIDs, with
significantly fewer gastric side-effects.>* In clinical trials,
etoricoxib was shown to be effective in the treatment of
rheumatoid arthritis,”” while lumiracoxib was found to be
superior to the traditional NSAIDs diclofenac and naproxen
in patients with osteoarthritis.*®

However, despite their beneficial GI profile, concerns
were soon raised regarding the cardiovascular safety of
selective COX-2 inhibitors. It was feared that ongoing plate-
let TXA, generation (platelets express only COX-1), com-
bined with inhibition of endothelial COX-2, with the
resultant suppression of antiplatelet PGI, generation, would
tip the balance of pro versus antithrombotic prostanoid
formation in the vasculature, resulting in thrombosis.

Despite these early safety concerns, no clinical trials were
designed to address the cardiovascular effects of COX-2
inhibition directly. Data came initially from studies to
address the efficacy and GI effects of the coxibs, and later
from studies addressing the potential role of COX-2 inhibi-
tion in colon cancer chemoprevention. The outccomes of
trials investigating the efficacy of selective COX-2 inhibitors
are summarized in Table 4.2.

The results of two large-scale clinical trials published in
2000 pointed towards a potential increase in cardiovascular

events in coxib-treated patients; however, the data gener-
ated in these trials were difficult to interpret and compare.
The CLASS (Celecoxib Long-term Arthritis Safety Study)
trial reported no increase in cardiovascular events;”
however, the VIGOR (Vioxx Gastrointestinal Outcomes
Research) trial reported a twofold increase in cardiovascu-
lar events in the rofecoxib (Vioxx)-treated group.”® Patient
populations differed significantly between the two trials,
however, with osteoarthritis patients being examined in
CLASS and rheumatoid arthritis patients, who may have
been at increased risk for cardiovascular events, in VIGOR.
Placebos used also differed, with ibuprofen and diclofenac
being used in CLASS, and naproxen in VIGOR. It was sug-
gested that, since naproxen has significant antiplatelet
effects, it may have lowered the cardiovascular event rate in
the placebo group, thereby artificially inflating the event
rate in the rofecoxib-treated group.

Definitive evidence for an increased risk of cardiovascu-
lar events in patients receiving selective COX-2 inhibitors
came in 2005, when two long-term studies designed to
examine the cancer chemoprotective effects of rofecoxib
(APPROVE: Adenomatous Polyp Prevention on Vioxx)®®
or celecoxib (APC: Adenoma Prevention with Celecoxib),”®
were halted prematurely due to increased cardiovascular
events in the coxib-treated groups. The APPROVe trial
found that patients receiving 25 mg/day rofecoxib were
almost four times as likely to experience a cardiovascular
event as those receiving placebo, while the APC trial found
that the risk of cardiovascular events was increased 2.3-fold
in patients receiving 200 mg/day celecoxib and 3.4-fold in

Summary of cardiovascular outcomes in clinical trials investigating the effects of selective COX-2 inhibitors

Trial Drug Duration Control Cardiovascular (CV) outcome

CLASS Celecoxib 800 mg/day 1 year Ibuprofen 2400 mg/day ~ No change in CV risk reported

(n=8059)* and diclofenac

VIGOR Rofecoxib 50 mg/day 9 months Naproxen 500 mg/day Increased CV risk in rofecoxib

(n=8076) group

TARGET Lumiracoxib 1 year Naproxen or ibuprofen Trend towards increased CV

(n=18000)>* events (0.86 vs 0.75 per 100
patient-years)

APPROVe®® Rofecoxib 50 mg/day 3 years Placebo Increased incidence of CV events

n= -fold) with rofecoxib. Iria

(n=2600) (3-fold) with rofecoxib. Trial
halted after 18 months

CRESCENT Rofecoxib 25 mg/day 12 weeks Celecoxib or naproxen Increase in 24-hour systolic blood

(n=404)% pressure with celecoxib

APC study Celecoxib 200 mg or 400 mg 2.8-3.1years  Placebo Dose-related increase in CV

(n=2035)" twice daily events with celecoxib. Trial halted
after 18 months

CABG surgery Parecoxib (40 mg/day 30 days Placebo Increased CV events with

study (n=1671)""  intravenously) and valdecoxib

(20 mg/day)

parecoxib and valdecoxib vs
placebo
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those receiving 400 mg/day celecoxib. Rofecoxib was
subsequently voluntarily withdrawn from the market
by its manufacturer. A third trial published in 2005,
designed to assess the suitability of use of the selective
COX-2 inhibitor valdecoxib and its intravenous prodrug
parecoxib for pain relief following coronary artery bypass
graft (CABG) surgery also uncovered an increased risk of
thrombotic cardiovascular events, this time over a short
term (10 days). The incidence of adverse cardiovascular
events was increased fourfold in the paracoxib/valdecoxib
treatment group.”

Interestingly, the increased cardiovascular event rate
found in the APPROVe and APC trials was seen only after
18 months of daily coxib administration. Therefore, it seems
unlikely that the increase in thrombotic events is a direct
result of an imbalance between platelet TXA, and endothe-
lial PGI, generation, and is suggestive of additional and as
yet unidentified pathological mechanisms. This is an ongo-
ing area of intensive research, with recent studies suggesting
a possible link between chronic COX-2. inhibition and
atherosclerotic plaque destabilization,” and also providing
evidence that atherosclerotic risk factors are increased in
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Schematic representation of the role of COX-1 and COX-2 on the vasculature. Endothelial cells express both COX-1 and COX-2, resulting in
the generation of PGl, and TXA,, respectively. Conversely, platelets express only COX-1. PGl, and TXA, mediate opposing effects on the
platelet. TXA, is a potent platelet activator, whereas PGl, is a platelet inhibitor. In atherosclerosis, PG, generation inhibits TXA,-induced
platelet activation and aggregation. Administration of a non-selective non-steroidal anti-inflammatory drug (NSAID) decreases
generation of both TXA, and PGl,, leading to reduced platelet aggregation. However, selective inhibition of COX-2 decreases PGl, without
a concomitant inhibition of TXA,, and hence increases platelet aggregation. AA, arachidonic acid; PDGF, platelet-derived growth factor;
EGF, epidermal growth factor; cCAMP, cyclic adenosine monophosphate; IP,, inositol trisphosphate; DAG, diacylglycerol; PIP,
phosphatidylinositol biphosphate; PhC, phospholipase C. (see color plate)
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murine models genetically deficient in COX-2 A complete
understanding of the role of the COX isoforms in the
vasculature, in particular in the pathogenesis of atheroscle-
rosis and thrombosis, is as yet elusive.

Conclusions

COX-1 and COX-2 are expressed widely throughout
the vasculature, and are responsible for the production of
prostanoid products that have pro- and anti-thrombotic,
-inflammatory, and -atherosclerotic actions. Pharmaco-
logical inhibitors of the COX enzymes are widely used both
for resolution of inflammation and pain, in the case of the
non-selective NSAIDs, and for secondary prevention of
thrombotic cardiovascular events, in the case of aspirin.
Indeed, important insights into the complex vascular roles
of the COX isoforms have been gleaned from the use of
selective COX inhibitors. The disparity in the cardiovascu-
lar effects of COX-1 and COX-2 inhibition highlights the
importance of, and critical differences between, the roles of
the COX isoforms in the vasculature (shown schematically
in Figure 4.2). While the beneficial effects of platelet COX-1
inhibition have been successfully harnessed for thrombosis
prophylaxis, the pathological prothrombotic effects of
selective COX-2 inhibitors have underlined the importance
of establishing the precise roles of the COX isozymes in the
vasculature.
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Introduction

Platelets play a key role in the pathophysiology of acute
coronary syndromes (ACS) and complications following
percutaneous coronary intervention (PCI). Three classes of
platelet-inhibiting drugs — aspirin, thienopyridines, and
platelet glycoprotein (GP) IIb/IIla inhibitors — are most
commonly used for the prevention and treatment of
disorders of arterial vascular thrombosis.! These antiplatelet
agents have different mechanisms of action. Aspirin inhibits
the cyclooxygenase (COX)-1 enzyme, thereby blocking
thromboxane A, (TXA,) synthesis in platelets.” For several
decades, aspirin has been the sole option for antiplatelet
therapy in the treatment and prevention of the manifesta-
tions of cardiovascular disease. Although an incredibly
cost-effective therapy, patients at risk continue to experience
thrombotic events despite aspirin therapy.’ Glycoprotein
(GP) IIb/IIIa inhibitors are very potent antiplatelet agents,
as they inhibit the final common pathway that mediates
platelet aggregation. However, although GPIIb/IIIa inhibitors
effectively prevent periprocedural thrombotic complications,
their short duration of action and parenteral dosing do not
allow long-term protection. This has raised interest in
developing and testing oral GPIIb/IIIa inhibitors. However,
despite the promising rationale behind the use of these
agents, clinical trials have failed to show any benefit. In
particular, a pooled analysis from oral GPIIb/IIIa antagonist
trials have shown increased mortality with these agents.*
This has led investigators to evaluate the effects obtained
with combinations of oral antiplatelet agents inhibiting
other platelet-activating pathways, namely aspirin and
thienopyridines, which inhibit the adenosine diphosphate
(ADP) P2Y,, receptor.

Purinergic receptors

ADP is one of the most important mediators of
both physiological hemostasis and thrombosis.>®
Following platelet activation, ADP is not only released
from its intracellular storage granules but also further
activates platelets, amplifying this process. There are
two main purinergic receptor types in the membrane:
the guanosine triphosphate (GTP)-coupled protein
receptors known as G-protein-binding sites and the ligand-
gated ion channel.>® The latter receptor is designated P2X,
and the former P2Y, and each plays a specific and comple-
mentary role in platelet activation and aggregation
(Figure 5.1).

P2X, mediates extracellular calcium influx, utilizes
adenosine triphosphate (ATP) as an agonist, and leads to
alteration in shape. There are two known P2Y receptors:
P2Y, and P2Y ,, which utilize ADP as an agonist. Activation
of the P2Y, receptor leads to a series of signaling events
that initiate a weak and transient phase of platelet aggrega-
tion. In particular, P2Y, is coupled to a G, protein, and
its intracellular signaling pathways involve activation of
phospholipase C (PLC), resulting in diacylglycerol (DAG)
and inositol trisphosphate (IP,) production. DAG activates
protein kinase C (PKC) leading to phosphorylation of
myosin light-chain kinase and granule secretion; IP,
leads to mobilization of intracellular calcium. Activation
of the P2Y , receptor results in a complex series of intracel-
lular signaling events that result in activation of the GPIIb/
IITa receptor, granule release, amplification of platelet
aggregation, and stabilization of the platelet aggregate.
The P2Y,, receptor is coupled to a G, protein, and its
intracellular signaling pathways involve activation of
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Purinergic receptors. Three P2 receptors are present on human platelets: P2X,, P2Y,, and P2Y,,. P2X, mediates extracellular calcium
influx and utilizes adenosine triphosphate (ATP) as an agonist. P2Y, and P2Y,, are G-coupled proteins that utilize adenosine diphosphate
(ADP) as an agonist. The binding of ADP to the G -coupled P2Y, receptor leads to activation of phospholipase C (PLC), which generates
diacylglycerol (DAG) and inositol trisphosphate (IP,), leading to granule secretion and mobilization of intracellular calcium, inducing
alteration in shape and initiating by a weak and transient phase of platelet aggregation. The binding of ADP to the G,-coupled P2Y,,
receptor liberates the G, protein subunits o, and Byand leads to stabilization of platelet aggregation. The ¢ subunit leads to inhibition
of adenylyl cyclase (AC), which reduces cyclic adenosine monophosphate (CAMP) levels. The decrease in cAMP production reduces the
activation of specific protein kinases (PKA), which in turn decreases phosphorylation (P) of vasodilator-stimulated phosphoprotein
(VASP), leading to increased platelet activation and aggregation; the subunit BY activates kinases (PI3K), which induce granule

secretion.

phosphatidylinositol 3’-kinase (PI3K) and inhibition of
adenylyl cyclase (AC). PI3K activation leads to GPIIb/IIla
activation. Inhibition of AC decreases cyclic adenosine
monophosphate (cAMP) levels. Reduction of cAMP levels
influences the activity of cAMP-dependent protein kinases,
which in turn reduce cAMP-mediated phosphorylation of
vasodilator-stimulated phosphoprotein (VASP) and elimi-
nate its protective effect on GPIIb/IIla receptor activation
(Figure 5.1).

P2Y,, receptor antagonists:
basic principles

Thienopyridines inhibit the ADP P2Y,, receptor.’
Ticlopidine, a first-generation thienopyridine, in combina-
tion with aspirin, enhances platelet inhibition.”® This is due
to the additive effects on platelet inhibition achieved with
blockade of the cyclooxygenase (COX)-1 and P2Y,,

pathways.”® Dual antiplatelet therapy was first explored in
the emerging clinical setting of coronary stenting. In fact,
in the initial era of coronary stenting, the antithrombotic
regimen of choice for the prevention of stent thrombosis
was still not established, and various combinations of
antiplatelet agents and anticoagulants were used, with
elevated complication rates. The lack of a safe and effica-
cious antithrombotic drug regimen for patients undergoing
coronary stenting significantly limited the growth of coro-
nary interventions. Landmark clinical trials demonstrated
that, in patients undergoing coronary stenting, better
clinical outcomes were achieved with the combined use of
aspirin and ticlopidine than with aspirin alone or aspirin
plus warfarin.”'? These results, accompanied by a better
knowledge of stent deployment techniques," played a
pivotal role in the growth of coronary stenting. However,
there are two major limitations with the use of ticlopidine:
its safety profile (i.e. ticlopidine leads to elevated rates
of neutropenia, thrombocytopenia, rash, and adverse
gastrointestinal effects) and its inability to induce platelet
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inhibition rapidly." This led researchers to pursue
the development of an antiplatelet agent with the same
beneficial properties as ticlopidine, but without its
limitations. Thus, clopidogrel, a second-generation
thienopyridine, was developed. Today, clopidogrel has
largely replaced ticlopidine.

Clopidogrel selectively and irreversibly inhibits the P2Y,,
receptor.® It is an inactive prodrug that requires oxidation
by the hepatic cytochrome P450 (CYP) system to generate
an active metabolite. In particular, the thiophene ring
of clopidogrel is oxidized to form an intermediate
metabolite (2-oxoclopidogrel), which is further oxidized,
resulting in opening of the thiophene ring and the forma-
tion of a carboxyl and a thiol group. The reactive thiol group
of the active metabolite of clopidogrel forms a disulfide
bridge to one or more cysteine residues of the P2Y,
receptor, resulting in its irreversible blockade for the life of
the platelet. Thus, P2Y, receptor blockade occurs early in
the cascade of events leading to the formation of the platelet
thrombus and effectively inhibits platelet activation
and aggregation processes.® In fact, platelet P2Y, blockade
prevents platelet degranulation and the release reaction,
which elaborates prothrombotic and inflammatory media-
tors from the platelet, and also inhibits transformation of
the GPIIb/IIIa receptor to the form that binds fibrinogen
and links platelets.

The major benefits of clopidogrel over ticlopidine
include its better safety profile'* and its ability to yield
antiplatelet effects more rapidly through the administration
of a loading dose." The fact that clopidogrel is well toler-
ated at high doses makes it possible to achieve antiplatelet
effects within hours of administration.'® This has important
clinical implications in patients with ACS and PCI, in
whom thrombotic occlusions (e.g., reinfarction and
stent thrombosis) most commonly occur within the
first 24-48 hours. In addition to the better safety and
pharmacodynamic profiles, there is also evidence that use
of this second-generation thienopyridine leads to better
clinical outcomes.'® In fact, pooled data from more than
10000 patients undergoing PCI showed lower rates of
major adverse cardiac events at 30 days following treatment
with clopidogrel than following treatment with ticlopi-
dine.'® Overall, the safety, pharmacodynamic, and clinical
advantages of clopidogrel have led to its widespread
adoption over ticlopidine as the antiplatelet agent of choice
in patients undergoing PCIL."

Clopidogrel: clinical trials

The safety and efficacy of clopidogrel have been tested
in a large number of clinical trials. These trials have been
performed in patients with different manifestations of

atherothrombotic disease, including coronary artery
disease, cerebrovascular disease, and peripheral vascular
disease. The main results of trials performed over the past
decade with clopidogrel are summarized below.

In the CLASSICS trial (CLopidogrel ASpirin Stent
International Cooperative Study), the safety/tolerability of
clopidogrel versus ticlopidine was assessed.'* Patients
(n=1020) were randomized after successful stent placement
and initiated on a 28-day regimen of either (a) 300 mg
clopidogrel loading dose and 325 mg/day aspirin on day 1,
followed by 75 mg/day clopidogrel and 325 mg/day aspirin;
(b) 75mg/day clopidogrel and 325 mg/day aspirin; or (c)
250 mg twice-daily ticlopidine and 325 mg/day aspirin.
The primary endpoint (major peripheral or bleeding
complications, neutropenia, thrombocytopenia, or early
discontinuation of study drug as the result of noncardiac
adverse events) occurred in 9.1% of patients in the ticlopi-
dine group and 4.6% of patients in the combined clopidog-
rel group (relative risk 0.50; 95% confidence interval (CI)
0.31-0.81; p = 0.005).

The CAPRIE (Clopidogrel versus Aspirin in Patients
at Risk of Ischemic Events) trial examined the effects
of 75mg clopidogrel once daily versus 325 mg aspirin
once daily in a large secondary prevention population
consisting of 19185 patients with recent ischemic stroke,
recent myocardial infrction (MI), or established peripheral
arterial disease (PAD).'® Patients were followed up for a
mean of 1.9 years. The annual incidence of the primary
endpoint (combined incidence of vascular death, MI, or
ischemic stroke) was 5.32% with clopidogrel and 5.83%
with aspirin, representing an 8.7% reduction in relative risk
with clopidogrel above aspirin (p = 0.043).

The CURE (Clopidogrel in Unstable Angina to Prevent
Recurrent Events) study examined outcomes with
clopidogrel plus aspirin versus aspirin alone in patients
(n = 12562) with unstable angina or non Q-wave ML"
Patients were randomized to receive either clopidogrel
(300 mg loading dose and 75 mg thereafter) or placebo
in addition to aspirin for up to 1 year. Patients on clopi-
dogrel and aspirin experienced a significant 20% reduction
in the first primary outcome (composite vascular death,
MI, or stroke) compared with patients receiving aspirin
and placebo (p < 0.001). Significantly more patients in
the clopidogrel plus aspirin group had major bleeding
(3.7% vs 2.7%), but there was no increase in life-threatening
bleeds. In the PCI-CURE study,” which included
2658 patients from the CURE study undergoing PCI,
pretreatment with clopidogrel followed by long-term
therapy after PCI was shown to be superior to a strategy of
no pretreatment and short-term therapy for only 4 weeks
after PCI (31% reduction in cardiovascular death or MI;
p=0.002).

The CREDO (Clopidogrel for the Reduction of Events
During Observation) trial was a randomized, double-blind,
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placebo-controlled trial conducted among 2116 patients
who were to undergo elective PCI or were deemed at high
likelihood of undergoing PCL.*' At 1 year, long-term
clopidogrel therapy was associated with a 26.9% relative
reduction in the combined risk of death, MI, or stroke (95%
CI 3.9-44.4%; p=0.02; absolute reduction 3%). Clopidogrel
pretreatment (300 mg loading dose) did not significantly
reduce the combined risk of death, MI, or urgent target
vessel revascularization at 28 days (reduction 18.5%; 95%
CI —14.2% to 41.8%; p=0.23). However, in a prespecified
subgroup analysis, patients who received clopidogrel at least
6 hours before PCI experienced a relative risk reduction
of 38.6% (95% CI —1.6% to 62.9%; p=0.051) for this
endpoint compared with no reduction with treatment less
than 6 hours before PCI. In a recent analysis from the
CREDO trial, the difference in outcomes between placebo
and clopidogrel-pretreated patients was not significant until
at least 15 hours of pretreatment, with a 58.8% (p=0.028)
reduction in the primary endpoint in patients pretreated
with clopidogrel for 15 hours or more compared with
placebo.”” The risk of major bleeding at 1 year increased,
but not significantly (8.8% with clopidogrel vs 6.7% with
placebo; p=0.07).

Recently, based on the results of two large-scale clinical
trials, the use of clopidogrel has also been approved by the
US Food and Drug Administration (FDA) in patients with
ST-elevation MI (STEMI).** The CLARITY (Clopidogrel
as Adjunctive Reperfusion Therapy) study and the PCI-
CLARITY substudy were designed to address whether a
beneficial effect of clopidogrel, including a loading dose,
would be attained among STEMI patients who were being
treated with thrombolytic therapy and undergoing
coronary angiography during the index hospitalization.”
A total of 3491 patients who presented within 12 hours after
the onset of STEMI were randomly assigned to receive
clopidogrel (300 mg loading dose followed by 75 mg daily)
or placebo. Patients were scheduled to undergo coronary
angiography after 48 hours, and those who underwent PCI
during the index hospitalization formed the basis of
PCI-CLARITY (n=1863). Clopidogrel pretreatment sig-
nificantly reduced the incidence of cardiovascular death
or ischemic complications both before and after PCI (at
30 days), without a significant increase in major or minor
bleeding. In the COMMIT (ClOpidogrel and Metoprolol in
Myocardial Infarction Trial) trial, in which 45852 patients
with acute MI were studied, adding clopidogrel 75 mg daily
to aspirin and other standard treatments, including
fibrinolytic therapy, safely reduced in-hospital mortality
and major vascular events.”

In contrast to studies showing a clear benefit of dual
antiplatelet therapy across the spectrum of patients with
ACS, results of the CHARISMA (Clopidogrel for High
Atherothrombotic Risk and Ischemic Stabilization,
Management, and Avoidance) trial showed that in high-risk,
but non-acute, patients (n=15603) with either clinically

evident cardiovascular disease or multiple risk factors,
clopidogrel plus aspirin was not significantly more effective
than aspirin alone in reducing the rate of MI, stroke, or
death from cardiovascular causes.”® This study actually
showed dual antiplatelet therapy to be harmful in patients
without documented atherothrombotic disease (1 = 3284),
as these patients had higher mortality, while in the sub-
group of patients with clinically evident atherothrombosis
(n = 12153), there was a 12% relative risk reduction in
event rates with clopidogrel (p = 0.046).” Most recently, a
subgroup analysis of the CHARISMA trial identified
patients who were enrolled with documented prior MI,
ischemic stroke, or symptomatic PAD, also known as the
CAPRIE-like population (n = 9478).” In this subgroup,
there was a 17% relative risk reduction in event rates
(p = 0.01) with clopidogrel. Of note, the greatest benefit
was observed in patients with prior MI (n = 3846), in
whom there was a 23% relative risk reduction in event rates
(p=10.031), whereas no benefits were seen in patients with a
history of coronary artery disease (CAD) but without prior
MI. The findings of this study suggest that patients with a
greater thrombotic burden (e.g., a history of plaque rupture
and thrombosis) are most likely to derive benefit from an
extended duration of dual antiplatelet therapy. However,
studies specifically designed for these patients are warranted
to test this hypothesis.

The CARESS (Clopidogrel and Aspirin for Reduction
of Emboli in Symptomatic Carotid Stenosis) trail was a
randomized, double-blind study in subjects with recently
symptomatic 250% carotid stenosis.”® Patients were
screened with transcranial Doppler ultrasound, and if
asymptomatic microembolic signals (MES) were detected,
they were randomized to clopidogrel plus aspirin or
aspirin monotherapy. MES, a marker of future stroke
and transient ischemic attack (TIA) risk, were detected
in 110 of 230 patients by online analysis at baseline, of
whom 107 were randomized. In this study, combination
therapy with clopidogrel and aspirin was shown to be more
effective than aspirin alone in reducing asymptomatic
embolization.

ACTIVE W (Atrial Fibrillation Clopidogrel Trial With
Irbesartan for Prevention of Vascular Events) was a trial
comparing oral anticoagulants (OAC) versus combined
antiplatelet therapy with aspirin and clopidogrel for pre-
vention of vascular events (first occurrence of stroke, non-
central nervous system (CNS), embolism, MI, or vascular
death) in 6706 patients with atrial fibrillation (AF).” The
incidences of thromboembolic events and major bleeds
were compared in patients with paroxysmal AF (n = 1202)
and persistent or permanent AF (n = 5495). The incidence
of stroke and non-CNS embolism was lower for patients
treated with OAC, irrespective of the type of AF. There were
more bleedings of any type in patients receiving clopidogrel
plus aspirin, irrespective of the type of AF. The ACTIVE A
arm of this trial will be evaluating, in patients with AF not
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able or not willing to take OAC, if combined antiplatelet
therapy with aspirin and clopidogrel will be superior to
aspirin plus placebo for prevention of vascular events. The
ACTIVE I arm of this trial will be evaluating if irbesantan is
more efficacious than placebo in reducing the composite
endpoint in the overall study population.

The MATCH (Management of ATherothrombosis with
Clopidogrel in High-risk patients) trial was performed to
find out whether aspirin added to clopidogrel would
further reduce the risk of recurrent ischemic vascular events
in high-risk patients after TIA or ischemic stroke.*® This was
a randomized, double-blind, placebo-controlled trial to
compare aspirin (75 mg/day) with placebo in 7599 high-risk
patients with recent ischemic stroke or TIA and at least one
additional vascular risk factor who were already receiving
clopidogrel 75 mg/day. Adding aspirin to clopidogrel in
high-risk patients with recent ischemic stroke or TIA was
associated with a non-significant difference in reducing
major vascular events, and the risk of life-threatening or
major bleeding was increased.

P2Y,, receptor antagonists:
limitations

Despite the clinical benefits achieved with the adjunctive
use of clopidogrel in high-risk patients, clinical experience
with this drug has led us to appreciate some of its limita-
tions. The major limitations of clopidogrel are attributed to
its irreversible antiplatelet effects and to the broad variabil-
ity of platelet inhibition achieved with this agent.® The first
limitation, which is inherent to the family of thienopyrid-
ines, is a significant increase in bleeding risk in patients
requiring surgery who have not withheld clopidogrel treat-
ment for at least 5-7 days (i.e., the life of the platelet). The
development of an antiplatelet agent with a reversible
mechanism of action, allowing platelet function to return
more rapidly to baseline status, would allow patients to
undergo surgery more expeditiously without any increase
in bleeding risk. The second limitation, platelet inhibition
variability, may explain why the antiplatelet effects achieved
with a loading dose of clopidogrel are not always rapid and
why elevated platelet reactivity may persist in some patients
despite the adjunctive use of this antiplatelet drug. Although
the mechanisms leading to inadequate clopidogrel-induced
antiplatelet effects are not fully elucidated, they may include
clinical, cellular, and genetic factors.® Furthermore, although
the best method of assessing antiplatelet drug response has
not been fully established,® it is well known that enhanced
platelet reactivity plays a key role in atherothrombotic
complications. Currently, there is sufficient evidence
to support the belief that the persistence of enhanced plate-
let reactivity, despite the use of clopidogrel, is a clinically
relevant entity.

The inefficient conversion of clopidogrel to its active
metabolite appears to play a pivotal role in the inadequate
clopidogrel-induced antiplatelet effect.® In fact, approxi-
mately 85% of the prodrug is hydrolyzed by esterases to an
inactive carboxylic acid derivative, and only about 15% is
metabolized by the CYP system in the liver to generate an
active metabolite.® One way to increase the generation of
the active metabolite of clopidogrel is to raise the dose of
the drug, and numerous studies have focused on the impact
of high loading doses of clopidogrel. Most of these studies
have compared 600 mg with 300 mg loading dose regimens,
and have shown that a 600 mg loading dose leads to an ear-
lier, higher, and more sustained (up to 48 hours) inhibition
of platelet function, with better response profiles.’! This
may explain why at least 12—15 hours of pretreatment
with a 300 mg loading dose are necessary before any clinical
benefit can be observed in patients undergoing PCL.*? Using
a 600 mg loading-dose regimen, full antiplatelet effects
are achieved after 2 hours.”? As a result, 600 mg loading
doses of clopidogrel have been shown to be equally effica-
cious if initiated 2-24 hours prior to PCL.*

Despite the wide use of high clopidogrel doses in daily
clinical practice, studies assessing high-dose regimens are
few, and these regimens still have not been approved by the
US FDA. To date, the clinical impact of a 600 mg clopidog-
rel loading dose has been observed in two small studies in
patients undergoing PCI, in which pretreatment was shown
to be associated with better clinical outcomes — primarily a
reduction in periprocedural MI — when compared with
pretreatment with a 300 mg loading dose.*** The large
(n = 14000) ongoing CURRENT/OASIS-7 (Clopidogrel
Optimal Loading Dose Usage to Reduce Recurrent Events/
Optimal Antiplatelet Strategy for Interventions) trial has
been designed to determine whether high-dose clopidogrel
leads to better clinical outcomes than standard-dose
clopidogrel in patients with NSTE-ACS who are undergo-
ing PCL.® Patients randomized to the high dose will receive
a 600 mg loading dose and then a 150 mg/day maintenance
dose from days 2 through 7; patients randomized to the
standard dose will receive a 300 mg loading dose and then a
75 mg/day maintenance dose from days 2 through 7. All
patients will receive clopidogrel 75 mg/day from days
8 through 30. In addition, all patients will receive
aspirin 2300 mg on day 1, and then be randomized to
receive low-dose (75-100 mg) or high-dose (300-325mg)
aspirin.

The impact of increasing the loading dose of clopidogrel
to 900 mg has been evaluated recently. Although 600 mg
and 900 mg loading doses were associated with greater and
faster platelet inhibition than was a 300 mg loading dose, no
major differences were observed between the 600 and
900 mg loading-dose regimens.*®*” Thus, although the
clopidogrel response is dose-dependent, there is a threshold
(likely attributable to the absorption rate of the drug) that
does not allow enhancement of the platelet inhibitory effects
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beyond a certain dose.*® Importantly, despite the better
degree of platelet inhibition achieved with high loading
doses, a wide variability in the effects achieved still persists.
A higher maintenance dose of clopidogrel (150 mg/day) has
also been evaluated; this resulted in enhanced platelet
inhibition compared with the standard 75 mg dose,**™*!
but the antiplatelet effects achieved remain highly variable,
and over 50% of patients did not reach the suggested
therapeutic targets of P2Y , inhibition.”®* The wide
variability of antiplatelet effects achieved with clopidogrel
points to the need for drugs with more favorable pharma-
cokinetic and pharmacodynamic profiles.’ Indeed, the
adjunctive use of a GPIIb/IIIa inhibitor in patients with
poor clopidogrel response and in whom more potent
platelet inhibition is warranted (i.e., high-risk patients)
represents a currently available therapeutic option in the
acute phase of treatment.*” Nevertheless, alternative
treatment strategies are needed that can yield rapid and
potent inhibition in the acute phase of treatment and guar-
antee sustained platelet inhibition without wide variability
in individual response during the maintenance phase of
treatment.*” Numerous antiplatelet agents are currently
under advanced clinical development, and further studies
will address if these agents can be associated with better
clinical outcomes without any compromise in safety. These
agents include P2Y,, receptor antagonists administered
orally and intravenously, as well as agents with reversible
and irreversible antiplatelet effects. These agents are
described in Chapters 9-11 and 14. Other novel antiplatelet
agents under advanced clinical testing that block other
key platelet receptors and enzymes are described in
Chapter 11.
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Timing, dosing, and length of clopidogrel therapy

Nicolas von Beckerath, and Adnan Kastrati

Timing of clopidogrel therapy
Value of pretreatment

In the initial trials in which dual antiplatelet therapy con-
sisting of aspirin and ticlopidine was compared with aspirin
and anticoagulation in patients treated with percutaneous
coronary intervention (PCI), ticlopidine pretreatment was
not recommended. Despite the lack of pretreatment, dual
antiplatelet therapy was clearly more effective than aspirin
and anticoagulation in preventing periprocedural throm-
botic events.! However, soon after long-term post-PCI treat-
ment with thienopyridines became the standard of care for
patients receiving stents, reports began to emerge suggest-
ing that pretreatment with these agents might also protect
patients from periprocedural thrombotic events.>’
Thienopyridine therapy does not achieve its full inhibitory
potential before about 7 days unless a loading dose is
administered;* on the other hand, platelets account for a
large proportion of periprocedural ischemic events, includ-
ing distal embolization of platelet aggregates, thrombotic
occlusion of side-branches, and thrombotic occlusion of
the treated vessel segment. Steinhubl et al* analyzed out-
comes in 175 consecutive patients with ticlopidine treat-
ment prior to coronary stenting at the Cleveland Clinic
Foundation. Longer duration of ticlopidine pretreatment
was strongly associated with a lower incidence of procedure-
related non-Q-wave myocardial infarction (MI): the inci-
dence of MI was 29% for a duration of pretreatment <1 day,
14% for 1-2 days, and 5% for >3 days; p of the test for trend
= 0.002).” Results of the early angioplasty trials utilizing
aggressive antiplatelet therapy with glycoprotein (GP) IIb/
IITa receptor antagonists suggested that dual antiplatelet
therapy without thienopyridine pretreatment does not
achieve sufficient platelet inhibition at the time of the pro-
cedure. In the EPISTENT (Evaluation of Platelet IIb/IIIIa
Inhibitor for Stenting) trial, about 1600 patients were rand-
omized to stenting with either placebo or abciximab in
addition to aspirin and heparin.” Among patients rand-
omized to placebo, ticlopidine pretreatment was associated

with a significant decrease in the incidence of the composite
endpoint of death, MI, or target vessel revascularization
(TVR) at 1 year (adjusted hazard ratio, 0.73; 95% confi-
dence interval (CI) 0.54-0.98; p = 0.036).” A similar level of
benefit was found in subset analyses of both the PCI-Clarity
(PCI-Clopidogrel as Adjunctive Reperfusion Therapy) and
PCI-CURE (PCI-Clopidogrel in Unstable Angina to Prevent
Recurrent Events) trials.®’

Pretreatment with a 300 mg
loading dose

Clopidogrel pretreatment with a 300 mg loading dose given
3-24 hours before the intervention was evaluated in the
CREDO (Clopidogrel for the Reduction of Events During
Observation) trial.® CREDO was a double-blind rand-
omized trial in which clopidogrel pretreatment was com-
pared with placebo pretreatment. The mean duration of
pretreatment in this trial was 9.8 hours.” Clopidogrel pre-
treatment did not significantly reduce the combined end-
point of death, MI, or urgent target vessel revascularization
at 28 days (reduction 18.5%, 95% CI, —14.2% to 41.8%;
p=0.23).® Analyses of prespecified subgroups revealed that
patients who received clopidogrel at least 6 hours before
PCI experience a nearly significant relative risk reduction of
38.6% (95% CI,—1.6% to 62.9%; p=0.051) for the combined
endpoint at 28 days compared with no reduction in those
patients who were pretreated less than 6 hours before PCL.®
In a subsequent analysis of the CREDO data in which the
duration of clopidogrel pretreatment was entered as a con-
tinuous variable, the difference in outcomes between pla-
cebo- and clopidogrel-pretreated patients was not significant
until at least 15 hours between pretreatment and PCI, with
a 58.8% (p=0.028) reduction in the primary endpoint in
patients pretreated with clopidogrel (Figure 6.1). In fact, the
model in which the time from pretreatment to PCI was
entered as a continuous variable suggests that at least
24 hours are needed to achieve the optimal effect of
pretreatment when a 300 mg loading dose is used.
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Figure 6.1

Relationship between the duration of study drug treatment
before percutaneous coronary intervention and log odds of the
primary combined 28-day endpoint of death, myocardial
infarction (MI), and urgent target vessel revascularization (UTVR):
dashed line, placebo; full line, clopidogrel. (Reprinted with
permission from Steinhubl SR et al.?)

In the light of more recent results on the use of a 600 mg
loading dose,'*'* the authors of this analysis concluded that
pretreatment with a 300 mg loading dose should be given at
least 15-24 hours before the intervention and, if such long
pretreatment period is not possible, pretreatment with
600 mg should be used at least 2 hours before PCI.’

Pretreatment with a 600 mg
loading dose

Platelet function studies have shown that, in contrast to
administration of a 300 mg loading dose of clopidogrel,
administration of a 600 mg loading dose results in platelet
function inhibition similar to that achieved with chronic
therapy within 2 hours."*!* In a randomized (albeit small)
trial, administration of a 600 mg loading dose significantly
reduced the incidence of periprocedural MI in patients
treated with PCI as compared with administration of a
300 mg loading dose."> Moreover, the results of the ISAR-
REACT (Intracoronary Stenting and Antithrombotic
Regimen—Rapid Action for Coronary Treatment) trial are
highly suggestive for a benefit resulting from pretreatment
with a 600 mg loading dose in low- to intermediate-risk
patients.'” In this double-blind randomized trial including
2159 patients, it was tested whether administration of the
GPIIb/IIIa antagonist abciximab reduces the incidence of
ischemic complications in patients undergoing elective stent
placement after pretreatment with a 600 mg loading dose of
clopidogrel at least 2 hours before the intervention. The
composite endpoint (death, MI, and urgent target-vessel
revascularization at 30 days after PCI) was reached in 4%

(45 patients) in the group treated with abciximab and in 4%
(43 patients) in the group treated with placebo (relative risk
associated with abciximab 1.05; 95% CI 0.69—1.59; p=0.82).
The trial could not directly assess the benefits of the 600 mg
loading dose, since all patients in the trial received it.
However, the event rate was lower than that in low-risk sub-
groups in the placebo groups of similar controlled trials of a
GPIIb/IIIa inhibitor (see, e.g., reference 5). Since other trials
have indicated a benefit from a GPIIb/IIIa inhibitor, the
data from ISAR-REACT (the lack of such an effect after
clopidogrel pretreatment) suggest a favorable effect of the
600 mg loading dose given at least 2 hours before the inter-
vention. In a subsequent analysis of the ISAR-REACT trial,
clinical outcomes were examined relative to the duration of
pretreatment with the 600 mg loading dose (2-3, 3—6, 6-12,
and <12 hours) (Figure 6.2)." No significant differences
were observed in outcome (the primary endpoint of the
trial) between patient groups regarding the duration of pre-
treatment, irrespective of assignment to abciximab or pla-
cebo. In other words, this retrospective analysis of the
ISAR-REACT trial suggests that when 600 mg of clopidogrel
are given as pretreatment, a pretreatment duration of
2-3 hours is sufficient. Increasing the pretreatment dura-
tion above 2-3 hours does not result in an incremental
clinical benefit.'

It has to be underscored, though, that the results of the
ISAR-REACT trial, in which low- to intermediate-risk
patients were included, cannot be applied to high-risk
patients who present with an acute coronary syndrome. In
fact, the ISAR-REACT 2 (Intracoronary Stenting and
Antithrombotic Regimen: Rapid Early Action for Coronary
Treatment 2) trial has demonstrated that, despite pretreat-
ment with a 600 mg loading dose, adjunctive therapy with
the GPIIb/IIa inhibitor abciximab is beneficial. In this double-
blind randomized trial, which included 2022 patients,
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Kaplan—Meier event curves for the 30-day occurrence of death,
myocardial infarction (MI), or urgent revascularization relative
to clopidogrel loading-dose interval. (Adapted from Kandzari DE
et al.’®)
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abciximab reduced the risk of adverse events in patients
with non-ST-segment elevation acute coronary syndromes
(ACS) undergoing PCI after pretreatment with a 600 mg
loading dose of clopidogrel (relative risk 0.75; 95% CI
0.58-0.97; p=0.03)."> The benefits provided by abciximab,
however, were confined to those patients who presented
with an elevated plasma level of troponin. Apparently, the
higher platelet activity observed in patients with ACS'"'®
requires a more potent inhibition than that provided by
clopidogrel alone.

Dosing of clopidogrel therapy

Pharmacology of different
loading doses

The effect of clopidogrel on platelet function is most com-
monly assessed by measuring adenosine diphosphate
(ADP)-induced platelet aggregation with optical aggregom-
etry. This method was also used in the initial phase I and II
studies onsingle- andrepeated-dose pharmacodynamics.*'**
Single high doses (loading doses) of clopidogrel are being
used to achieve a rapid onset of the antiplatelet effect of
clopidogrel before PCI. Although other loading doses have
also been used, most data are available for 300, 600, and
900 mg loading doses. The effects of single clopidogrel doses
ranging from 100 to 600 mg had already been studied in one
of the phase I trials."” Notably, in this early study, inhibition
of ADP-induced platelet aggregation was similar 2 and
24 hours after ingestion of the studied clopidogrel doses
(100, 200, 400, and 600 mg), indicating a rapid onset of the
effect of single oral doses of clopidogrel. Since similar inhi-
bition of ADP-induced platelet aggregation was observed
with the 400 and 600 mg doses, it was assumed that a pla-
teau response is reached in this dosing range." The first
study that systematically analyzed the time course of the
onset of the antiplatelet effect of a clopidogrel loading dose
used a dose of 375mg.”" In this study, the bulk of the
antiplatelet effect was reached within 2 hours and the maxi-
mal effect was reached within 5 hours. Prompted by the
need to further optimize peri-interventional thienopyridine
therapy and by the failure of the CREDO trial to show a
significant reduction of early thrombotic events after PCI
by administering a 300 mg dose 6—24 hours before the inter-
vention, more studies followed in which different loading
doses were investigated in detail.'**>* At least three studies
showed that the administration of a 600 mg loading dose is
more effective in suppressing ADP-induced platelet aggre-
gation than a 300 mg dose.'***** Two randomized studies
compared the effects of 300, 600, and 900 mg loading
doses.”* The ISAR-CHOICE (Intracoronary Stenting and
Antithrombotic Regimen: Choose Between 3 High Oral
Doses for Immediate Clopidogrel Effect) trial was a double-
blind randomized trial including 60 patients with stable

coronary disease prior to cardiac catheterization (20 patients
treated with 300, 600, and 900 mg, respectively).”* In this
trial, ADP-induced platelet aggregation was assessed before
and 4 hours after administration of clopidogrel. In addition,
clopidogrel and its metabolites (the active thiol metabolite
and the carboxyl metabolite that lacks any antiplatelet activ-
ity) were measured before and serially after administration
of clopidogrel. The main results of this trial were that
administration of a 600 mg loading dose results in more
intense inhibition of platelet aggregation than administra-
tion of a 300 mg loading dose and that no further significant
inhibition of platelet aggregation can be achieved with
administration of a single 900 mg dose (Figure 6.3).
Pharmacokinetic data offer an explanation for both find-
ings. Loading with 600 mg resulted in higher plasma con-
centrations of unchanged clopidogrel and the active
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Maximal ADP-induced platelet aggregation 4 hours after
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clopidogrel. Platelets were stimulated with a final concentration
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measurements and bars denote meanzstandard deviation.
(Reprinted with permission from von Beckerath N et al.??)
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metabolite compared to loading with 300mg (p<0.03).
With administration of 900 mg, no further increases in the
plasma concentrations of clopidogrel or its active metabo-
lite (p=0.38) were achieved (Figure 6.4). This strongly sug-
gests that intestinal absorption becomes the bottleneck when
single doses > 600 mg are administered.

The pharmacokinetic data from ISAR-CHOICE clearly
show that by far the largest proportion of clopidogrel is
rapidly metabolized to its inactive and more stable carboxyl
metabolite. With repeated administration of single high
doses of clopidogrel a more intense inhibition of ADP-
induced platelet aggregation may be achieved, but the pract-
ibility of such an approach is likely to be limited. In the
ALBION (Asssessment of the Best Loading Dose of
Clopidogrel to Blunt Platelet Activation, Inflammation and
Ongoing Necrosis) trial, the antiplatelet effects of 300, 600,
and 900 mg loading doses were studied in 103 patients with
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Figure 6.4

Plasma concentrations of the active metabolite (a), unchanged
clopidogrel (b), and the carboxyl metabolite (c) before and serially
after administration of a 300, 600, and 900 mg doses of
clopidogrel. Data are presented as meanzxstandard error of the
mean and analyzed by repeated measures ANOVA with contrasts
for the three different clopidogrel doses. (Reprinted with
permission from von Beckerath N et al.?)

non-ST-segment elevation ACS in a randomized manner.”
The main outcome measure was inhibition of ADP (5 and
20 pmol/l)-induced platelet aggregation (IPA). ADP-
induced platelet aggregation was assessed before and 1, 2, 3,
4,5, 6, and 24 hours after administration of the clopidogrel
loading dose. When platelets were stimulated with 5pmol/l
ADP, IPA after administration of 600 and 900 mg was sig-
nificantly higher than that after administration of 300 mg.
No difference was observed between those patients treated
with 600 mg and those treated with 900 mg of clopidogrel.
When platelets were stimulated with 20 pmol/l ADP, a trend
toward higher values for IPA was observed after administra-
tion of 900 mg as compared with 600 mg. At no single time
point, however, did this difference reach the level of signifi-
cance. Compared with IPA after 300 mg of clopidogrel, IPA
after 900 mg was significantly higher at more time points
than IPA after 600 mg. Altogether, the platelet aggregation
data from the two studies show that very little (non-signifi-
cant) extra antiplatelet effect is achieved with single doses
exceeding 600 mg.”>** Moreover, the data from both trials
suggest that the speed of onset of the effect is very similar
with all three loading regimens. The difference between the
300 and 600 mg loading doses of clopidogrel is in the degree
rather than in the speed of onset of their effect. A large vari-
ability in response to clopidogrel loading doses has been
observed that (at least partly) results from variable intesti-
nal absorption.? In addition, a failure to metabolize clopi-
dogrel to its active thiol metabolite has been observed in

individual patients resistant to a high clopidogrel loading
dose.”

Daily maintenance dose

In the initial studies on repeated-dose pharmacodynam-
ics, the antiaggregatory effects of daily maintenance doses
ranging from 10 to 150 mg were studied.** In these dose-
finding studies, with administration of 75 mg once daily
the same degree of inhibition of platelet aggregation was
achieved as with ticlopidine 250 mg twice daily, which was
the target level of inhibition. Based on these results, the
currently recommended maintenance dose of clopidogrel
(75mg/day) was chosen for the phase III CAPRIE
(Clopidogrel versus Aspirin in Patients at Risk of Ischemic
Events) trial and all subsequent clopidogrel trials with
clinical endpoints.” Thus, all available data showing clini-
cal benefit with clopidogrel therapy stem from the use of a
75 mg daily maintenance dose. This is the only mainte-
nance dose approved by the FDA for the approved indica-
tions for this drug. Only recently has restriction to a daily
dose of 75mg as a unique dose for maintenance clopidog-
rel therapy been questioned.” A wide variability in the
response to the current maintenance dose regime® and an
increasing number of reports that show a relationship
between the intensity of platelet function inhibition and
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the incidence of ischemic events after PCI*® have fueled

the discussion on the use of an increased maintenance
dose of clopidogrel. Until recently, however, there were
only very few data were available on the functional conse-
quences of treatment with an increased (150 mg) daily
dose of clopidogrel. The 150 mg daily maintenance dose
has only been used in one of the dose-finding studies in
healthy male adults.! In that study, subjects received either
25mg (n=6),50mg (n=6), 100mg (n=5), or 150mg (n=6)
clopidogrel once daily, and altogether 8 subjects received
placebo. The treatment period was 16 days. A direct com-
parison with the antiplatelet effect of ticlopidine (250 mg
twice daily) was missing. A dose-dependent inhibition of
ADP-induced platelet aggregation was observed. ADP-
induced platelet aggregation before dosing on day 16 was
79%, 55%, 37%, 39%, and 27% for treatment with placebo
and daily doses of 25, 50, 100, and 150 mg respectively.* In
two other dose-finding studies that incorporated a com-
parison with the antiplatelet effects of ticlopidine (250 mg
twice daily) — one in healthy volunteers and one in patients
with documented atherosclerotic disease — a similar degree
of platelet function inhibition was observed with 75 and
100 mg of clopidogrel daily.** Therefore, it was assumed
that a plateau response is reached with administration of
75mg once daily. More recent reports, however, clearly
show that administration of a higher daily maintenance
dose (150 mg) results in a more intense inhibition of platelet
aggregation than administration of 75 mg once daily.**™**
Sixty patients after pretreatment with 600 mg of clopidog-
rel and within 12 hours after successful PCI were included
in the ISAR-CHOICE2 (Intracoronary Stenting and
Antithrombotic Regimen: Choose a High Oral mainte-
nance dose for Intensified Clopidogrel Effect 2) trial.*
They were allocated to receive one of two clopidogrel daily
maintenance doses (75 or 150 mg) for 30 days in a double-
blind randomized manner. Platelet function was evaluated
30 days after the intervention with optical aggregometry
and with a new point-of-care test (VerifyNow P2Y , assay)
that has been shown to correlate with the results of optical
aggregometry.”” Maximal ADP (5 pumol/l)-induced platelet
aggregation 30 days after PCI in the group treated with
150 mg/day (45.1% + 20.9%) was significantly lower than
in the group treated with 75 mg/day (65.3% =+ 12.1%;
p<0.001).

The VerifyNow P2Y , assay also indicated a higher degree
of platelet function inhibition in the group treated with
150 mg/day (60.0 + 72.0 P2Y,, Reaction Units) than in the
group treated with 75mg/day (117.0 + 64.3 P2Y,, Reaction
Units; p=0.004). In the ExcelsiorACT study, it was shown
that in patients with increased ADP-induced platelet aggre-
gation despite pretreatment with a 600 mg loading dose,
increasing the daily maintenance dose from 75 to 150 mg
results in a significant improvement of platelet inhibition in
individual patients.’ Moreover, in that study, adjustment of
the daily maintenance dose after initial testing resulted in

more consistent platelet inhibition of the entire cohort.’ In
the OPTIMUS (Optimizing Antiplatelet Therapy in diabe-
tes MellitUS) trial, it was shown that the 150 mg daily main-
tenance dose results in more intense inhibition of platelet
aggregation in diabetic patients who respond poorly to the
75 mg daily dosing regime.”” The intensified clopidogrel
effect of the 150 mg daily maintenance dose has the poten-
tial to further reduce the incidence of ischemic events after
PCI. Whether the whole spectrum of patients undergoing
PCI or only certain subgroups such as those with an
increased thrombotic risk or blunted response to the usual
clopidogrel dose would benefit from the daily dose of
150 mg of clopidogrel is still not known This and the opti-
mal duration of such a regime need to be investigated in
specifically designed and sufficiently powered clinical trials.
These trials will clarify also whether the higher dose carries
the risk of increased bleeding complications as compared
with the conventional maintenance dose.

Length of therapy after
coronary stenting

Bare metal stent implantation

The risk of stent thrombosis after implantation of a bare
metal stent is highest during the first few days following the
procedure, and disappears almost completely after 4 weeks.**
Therefore, for a long time, the standard duration of
thienopyridine therapy after bare metal stent implantation
was 4 weeks. CREDO evaluated not only the possible benefit
of clopidogrel loading before PCI but also the possible ben-
efit of long-term (12-month) treatment with clopidogrel
after PCL.* In the CREDO trial, clopidogrel therapy (loading
with 300 mg 3-24 hours before PCI and extended clopidog-
rel therapy beyond 4 weeks) was associated with a 26.9%
relative reduction in the combined risk of death, MI, or
stroke (95% confidence interval, 3.9%—-44.4%; p=0.02;
absolute risk reduction, 3%). Although the treatment effect
from day 29 until the end of follow-up at 1 year was not a
prespecified analysis, continued treatment with clopidogrel
beyond 4 weeks was associated with a further relative risk
reduction of 37.4% in the combined endpoint (95% CI 1.8—
60.1%; p=0.04). Thus, clopidogrel therapy beyond 4 weeks
was beneficial, at the cost of a non-significant increase in
the risk of major bleeding (from 6.7% to 8.8%; p=0.07),
most cases of which were associated with aortocoronary
bypass surgery.® Interestingly, prolonged clopidogrel
therapy did not result in a reduction in urgent target
vessel revascularization (2.0% in the clopidogrel group
and 2.2% in the placebo group). Accordingly, the authors
suggested that the reduction in the primary endpoint
was generated by the reduction in the overall cardiovascu-
lar risk of the patients rather than by a reduction of
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Maximal aggregation induced by (a) 5pmol/l and (b) 20 umol/lI ADP in patients treated with two different clopidogrel daily maintenance
doses (150 and 75mg). Individual data are shown, along with mean (thick lines) and SD (thin lines). (Adapted from von Beckerath N et al. *°)

postprocedural complications.® Based on the results of the
CREDO trial, the ACC/AHA/SCAI 2005 guideline update
for percutaneous coronary intervention recommended at
least 4 weeks and ideally up to 12 months of clopidogrel
therapy in all patients receiving bare metal stents who are
not at a high risk of bleeding.”

Drug-eluting stent implantation

Delayed endothelial coverage after drug-eluting stent (DES)
implantation prolongs the window of vulnerability to stent
thrombosis following the procedure. Instructions for the
use in the USA of commercially available DES specify treat-
ment with clopidogrel for at least 3 or 6 months after
implantation of sirolimus-eluting or paclitaxel-eluting
stents, respectively. These regimens were shown to be safe
and effective in the clinical trials for the CYPHER and
TAXUS stents when judged by 1-year outcome. European
guidelines recommend at least 6 months of clopidogrel
therapy after implantation of a drug-eluting stent inde-
pendent of the drug that is being eluted from the stent.*
Premature discontinuation of this minimum length of
clopidogrel therapy after DES implantation is clearly associ-
ated with stent thrombosis.””*® Reports about late cases of
stent thrombosis® and an excess of the combined rate of
death and MI occurring after discontinuation of clopidog-
rel therapy more than 6 months after DES implantation*
have cast doubt on whether the recommended regimens are
sufficient. The prolonged risk of thrombosis after DES
implantation has been supported by recent pathological
studies.* In fact, the process of endothelialization was com-

plete after 6-7 months following bare metal stent implanta-
tion, whereas it remained largely incomplete, even after
more than 40 months, after DES implantation.*" A local
hypersensitivity reaction to the drug-eluting polymer may
also play a role.* Moreover, platelet hyperreactivity after
cessation of clopidogrel therapy has been hypothesized to
contribute to the phenomenon of stent thrombosis soon
after scheduled discontinuation of clopidogrel therapy after
DES implantation. One-year clopidogrel therapy is the most
frequent regimen applied after DES implanation. As more
long-term data after DES implantation are being
accumulated,*” the duration of clopidogrel therapy after this
procedure is expected to increase, especially in high-risk
patients such as those with stenting of the left main coro-
nary artery.
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Resistance to antiplatelet drugs: aspirin

Wai-Hong Chen and Daniel | Simon

Introduction

Platelets play a pivotal role in mediating thrombotic com-
plications of atherosclerotic vascular disease and percutane-
ous coronary intervention (PCI). Platelets adhere to the
subendothelium via interaction with collagen and von
Willebrand factor (vVF) at sites of spontaneous or iatro-
genic plaque disruption. After adhesion, platelets undergo
conformational changes and release agonists with pro-
thrombotic and/or vasoactive properties such as thrombox-
ane A, (TXA,) and adenosine diphosphate (ADP), which
result in amplification and propagation of platelet activa-
tion and aggregation, eventually leading to thrombus
formation in combination with coagulation factors.

Aspirin is the cornerstone of oral antiplatelet therapy for
preventing ischemic events of atherothrombotic disease.
Aspirin inhibits platelet cyclooxygenase-1 (COX-1) by irre-
versible acetylation of a serine residue at position 529, which
prevents the conversion of arachidonic acid to TXA,.! The
antithrombotic effect of aspirin results from the decreased
production of TXA,, a potent vasoconstrictor and platelet
agonist. The Antithrombotic Trialists' Collaboration reported
that aspirin therapy was associated with 15% reduction in
vascular mortality, a 34% reduction in myocardial infarction,
and a 25% reduction in stroke among high-risk patients with
atherothrombotic disease.” Aspirin has also been shown to
reduce the acute ischemic complications of coronary
angioplasty.””

While the benefits of aspirin are widely accepted, there are
still some patients who suffer ‘breakthrough’ events despite
daily aspirin therapy. It has been estimated that 10-20% of
aspirin-treated patients may experience recurrent thrombotic
events during long-term follow-up,® suggesting that the
antiplatelet effects of aspirin may not be equivalent in all
patients. In addition to these clinical observations, measure-
ments of platelet aggregation, platelet activation, and bleed-
ing time have indeed confirmed wide variability in patients'
responses to aspirin therapy.”” It is on the basis of this
constellation of clinical and laboratory evidence of a dimin-
ished or absent response to aspirin treatment in some indi-
viduals that the concept of ‘aspirin resistance’ has emerged.

Definition(s) of aspirin
resistance

Aspirin resistance may be defined as the inability of aspirin
to produce an anticipated effect on one or more in vitro
tests of platelet function, mainly platelet aggregation, and
has been referred to as laboratory aspirin resistance. A clini-
cal definition of aspirin resistance is the failure of the drug
to prevent an atherothrombotic event despite prescription
of aspirin. This phenomenon has also been described as
aspirin treatment failure. Laboratory definitions of aspirin
resistance have involved either detecting the failure of aspi-
rin's pharmacological effect or the failure of aspirin to pre-
vent or inhibit platelet aggregation (Table 7.1). Aspirin
resistance, defined by its pharmacological action, is persist-
ent production of TXA, despite therapy, measured by the
presence of TXA, metabolites in serum or urine. In contrast,
persistent platelet aggregation despite aspirin treatment
defines failure of aspirin-mediated platelet inhibition, and
this may occur via non-thromboxane mediated pathways of
platelet activation. It has been suggested that aspirin resist-
ance is a misleading term since in some situations, aspirin
successfully inhibits thromboxane synthesis, but platelet
aggregation persists. The term ‘aspirin non-response’
encompasses the failure of aspirin to both inhibit throm-
boxane synthesis and reduce platelet aggregation."

Mechanisms of aspirin
resistance

Although much is currently known about the effects of
aspirin on platelets, the mechanisms of aspirin resistance
have not been fully established. It is likely that clinical, phar-
macological, biological, and genetic factors (contribute to
the variable platelet response to aspirin (Table 7.2).'"""
Patient non-compliance with prescribed therapy' and
reduced gastrointestinal absorption'” are obvious causes of
aspirin resistance/failure. Cigarette smoking has been shown
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Laboratory assays for measuring antiplatelet effects of aspirin

Advantages

Disadvantages

Bleeding time

Urinary 11-dehydroTXB,
clinical outcomes

Light transmission aggregometry
clinical outcomes
Platelet Function Analyzer-100
clinical outcomes
VerifyNow Aspirin

In vivo test; physiological

COX-1-dependent; correlation with

Gold standard; correlation with
Simple; rapid; correlation with

Simple; rapid; point-of-care;

Non-specific; operator-dependent;
insensitive

Not platelet-specific; indirect measure;
dependent on renal function; uncertain
reproducibility

Time-consuming; expensive; poor
reproducibility

Dependent on vVWE and hematocrit; no
instrument adjustment

No instrument adjustment

correlation with clinical outcomes

TXB,, thromboxane B,; COX-1, cyclooxygenase-1, vVWF, von Willebrand factor.

Potential mechanisms of aspirin resistance

Clinical
+  Non-compliance with aspirin prescription
+ Reduced aspirin absorption
+ Cigarette smoking: accentuation of platelet thrombosis

Pharmacological
+ Inadequate dose
¢ Drug interaction: inhibition of aspirin access to COX-1
binding site by concurrent intake of NSAIDs
+  Duration of treatment: reduced antiplatelet response
with long-term therapy

Biological

+ Increased platelet turnover: newly formed platelets not
acetylated by once-daily aspirin dosing

+ Alternative pathways of thromboxane biosynthesis:
COX-2 in platelets and endothelial cells

+ Alternative pathways of platelet activation:
erythrocyte-induced platelet activation; increased
platelet sensitivity to collagen, ADP, or catecholamine

Genetic
¢ Polymorphisms of COX-1, COX-2, TXA, synthase, or
other enzymes involved in arachidonic acid metabolism
+  Polymorphisms of platelet glycoprotein receptors

COX, cyclooxygenase; NSAIDs, non-steroidal anti-inflammatory drugs;
ADP, adenosine diphosphate; TXA,, thromboxane A,.

to increase platelet thrombus formation in aspirin-treated
patients with coronary artery disease.'® Intake of non-
steroidal anti-inflammatory drugs (NSAIDs) can interfere
with the binding of aspirin to COX-1," but the clinical sig-
nificance remains controversial.'"®'” The issue of whether
a higher aspirin dose is associated with a greater platelet-
inhibitory response is also contentious in the literature, and
is influenced by the assay used and the platelet agonist

tested.***® Reduction in the platelet-inhibitory effect during
long-term treatment has been observed,” but the mecha-
nisms remain unknown. Increased platelet turnover as seen
after coronary artery bypass graft surgery can lead to inad-
equate suppression of platelet COX-1 because of increased
proportion of non-aspirinated platelets.”® Alternative path-
ways of TXA, production by COX-2 from platelets® and
endothelial cells’® have been attributed to aspirin resistance.
Persistent platelet activation despite aspirin inhibition of
TXA, may be a reflection of the redundancy of platelet acti-
vation pathways from ADP, collagen, and other agonists.”**
Genetics plays an important role in determining laboratory
response to antiplatelet drugs. Polymorphisms involving
COX-1, COX-2,% platelet glycoprotein receptors,”* and
ADP receptor gene P2Y,,* have all been reported to affect
platelet response to aspirin.

Prevalence of aspirin
resistance

As the antiplatelet effects of aspirin may not be uniform
among all patients and over time, the exact prevalence of
aspirin resistance remains uncertain. In the majority of pre-
vious studies, it has been reported to range from 5% to 60%
of the population. Variability in aspirin-mediated platelet
inhibition has been noted not only in patients with cere-
brovascular disease, coronary artery disease or presenting
for coronary artery bypass surgery, but also in patients with
some atherosclerosis-related conditions, and even in nor-
mal subjects.”®?»?*442 The absence of standardized diag-
nostic criteria and a single validated method of identifying
aspirin-resistant individuals, as well as the lack of precise
biological mechanisms for this phenomenon, has led to a
wide range of population estimates.
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Clinical relevance of aspirin
resistance

An emerging number of studies linking laboratory meas-
ures of aspirin resistance to adverse clinical outcomes have
been reported, and prospective series are summarized in
Figure 7.1. Grotemeyer et al” determined aspirin respon-
siveness in 180 stroke patients 12 hours after an oral intake
of 500 mg aspirin. Patients with a platelet reactivity index
<1.25 were categorized as aspirin responders, while those
with an index >1.25 were defined as being secondary aspi-
rin non-responders (i.e., aspirin-resistant). All patients were
prescribed aspirin 500 mg three times daily and were fol-
lowed for 24 months. Stroke, myocardial infarction (MI), or
vascular death were major outcome measures. The inci-
dence of aspirin resistance was 33%. Complete follow-up
was obtained in 174 patients (96%). Major events were
noted in 29 patients: 5 (4.4%) in the aspirin-responder
group versus 24 (40%) in the aspirin-resistant group (p <
0.0001). More recently, through retrospective Platelet
Function Analyzer (PFA)-100 analysis, Grundmann et al*
reported from a cross-sectional study that, in 53 patients
treated with aspirin for secondary prevention of transient

ischemic attack (TIA) or stroke, the rate of aspirin resist-
ance was significantly higher (12/35; 34%) in those with
recurrent cerebrovascular events as compared with those
without recurrence (0/18; 0%; p=0.0006). Mueller et al**
studied 100 patients with intermittent claudication under-
going elective percutaneous balloon angioplasty. Aspirin
was prescribed at a dose of 100 mg daily. Using corrected
whole blood aggregometry, they defined a normal response
to aspirin as 220% reduction in platelet function with both
ADP and collagen as agonists. Fluctuations in aspirin
responsiveness among the studied population were noted
on serial monitoring. The incidence of aspirin resistance
was about 60% at each time point of measurement. At
52-week follow-up, 8 patients in the aspirin resistance group
were noted to have reocclusion at the angioplasty site, com-
pared with none of the patients with a normal response to
aspirin (87% increase in risk; p = 0.0093). Eikelboom et al'’
performed a nested case—control study on 976 aspirin-
treated patients, with documented or at high-risk of cardio-
vascular disease, from the Heart outcomes Prevention
Evaluation (HOPE) trial. Aspirin responsiveness was
divided into quartiles by urinary 11-dehydrothromboxane
B, levels, a marker of in vivo thromboxane generation. After

Patients with Patients with
Study or Subcategory cardiovascular events/ cardiovascular events/ OR (Random), OR (Random),
(Study Population, No.) Patients with LAR Patients without LAR 95% Cl 95% CI
1. Composit e outcome of clinical ischemic events
Grotemeyer et al,15 1993 (180) 24/60 5/114 — . 14.53 (5.16 - 40.89)
Buchanan et al, 16 2000 (289) 15/158 9/131 —-— 1.42 (0.60 - 3.36)
Andersen et al,'7 2002 (71) 9/25 11/46 —1 1.79 (0.62 - 5.17)
Gum et al,20 2003 (326) 4n7 30/309 —— 2.86 (0.88 - 9.33)
Gotter et al,21 2004 (73) 6/21 3/52 —— 6.53 (1.46 - 29.33)
Pamukcu et al,22 2006 (105) 9/20 10/85 —— 6.14 (2.04 - 18.45)
Stejskal et al,23 2006 (103) 50/57 21/46 —— 8.50 (3.19 - 22.68)
Subtotal (95% Cl) 358 783 L 4.37 (2.19-8.78)
Total No. of events 17
Test for heterogeneity: Xg=1 7.28 (p=.008), /?=65.3%
Test for overall effect: Z=4.17 (P<.001)
2. (Re) occlusion
Mueller et al,24 1997 (100) 8/65 0/35 —_ > 10.50 (0.59 - 187.48)
Ziegler et al,25 2002 (52) 0/5 13/47 —_— 0.23 (0.01 - 4.50)
Poston et al,27 2006 (225) 4/22 12/203 i 3.54 (1.03-12.11)
Subtotal (95% Cl) 92 285 —al— 2.43(0.41-14.29)
Total No. of events 12
Test for heterogeneity: x2=3.71 (p=.16), 1°=46.1%
Test for overall effect: z=0.98 (P<.33)
3. Myonecrosis after PCI
Chen et al,28 2004 (151) 15/29 30/122 —— 3.29 (1.42 - 7.59)
Lev et al,29 2006 (150) 7718 23/126 —— 2.85(1.00 - 8.14)
Subtotal (95% Cl) 47 248 e 2 3.11 (1.62 - 5.98)
Total No. of events 22 53
Test for heterogeneity: 1?:0.04 (p=.84), 1>=0%
Test for overall effect: z=3.40 (P<.007)
Total (95% Cl) 497 1316
Total No. of Events 151 167 > 3.78 (2.34-611)
Test for heterogeneity: 32,=21.74 (p=.03), I?=49.4%
Test for overall effect: z=5.43 (P<.001) T T T 1
0.01 0.1 1 10 100

Figure 7.1 Aspirin resistance and clinical outcomes

0dds ratios (ORs) and 95% confidence intervals of the cardiovascular outcome for patients with laboratory-defined aspirin resistance
(LAR) vs. those without LAR from eligible studies. Studies are grouped by the outcome parameter used: Group 1 presents a composite
outcome of clinical ischemic events, including cardiovascular death, myocardial infarction, stroke, acute coronary syndrome, and
revascularization procedure; Group 2, (re)occlusion after bypass grafting or angioplasty; and Group 3, myonecrosis after PCl. The black
squares represent ORs for the association between aspirin resistance and cardiovascular outcomes of individual studies. The size of the
squares corresponds to the weight of the study in the meta-analysis (Reprinted with permission from Snoep JD et al.*).
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5 years of follow-up, those patients in the upper quartile
had a 1.8-fold increase in risk for the composite of MI,
stroke, or cardiovascular death (odds ratio (OR) 1.8; 95%
confidence interval (CI) 1.2-2.7; p = 0.009) when compared
with those in the lower quartile, and the association was
independent of traditional risk factors. There was a twofold
increase in the risk of MI and a 3.5-fold increase in the risk
of cardiovascular death as well. In a 4-year retrospective
cohort study among 129 post-MI patients, Andersen et al*®
noted a tendency to a higher incidence of adverse vascular
events in aspirin-resistant patients (measured by Platelet
Function Analyzer-100) as compared with sensitive patients
(36% vs 24%), although the difference did not reach statis-
tical significance (p=0.28). Gum et al*’ enrolled 326 stable
patients with cardiovascular disease treated with aspirin
325 mg daily for 27 days and defined aspirin resistance as a
mean aggregation of 270% with 10 umol/l ADP and a mean
aggregation of >20% with 0.5 mg/ml arachidonic acid by
optical platelet aggregation. Aspirin resistance was noted in
17 patients (5.2%). After a mean follow-up of 1.8 years,
major events (death, MI, or stroke) occurred in 4 (24%)
patients in the aspirin-resistant group, compared with 30
(10%) patients in the aspirin-sensitive group (p = 0.03).
The Kaplan—Meier time-to-event curves for event-free sur-
vival showed a late divergence of the event curves that
remained to be explained. Multivariate analysis demon-
strated that, in addition to other risk factors such as increas-
ing age, history of congestive heart failure, and elevated
platelet count, aspirin resistance was an independent pre-
dictor of adverse outcomes (hazard ratio (HR) 4.14; 95%
CI 1.42-12.06; p = 0.009). Chen et al** examined aspirin
responsiveness in patients undergoing elective PCI treated
with aspirin at 80-300 mg daily for at least 7 days, clopidogrel
pretreatment with a loading dose of 300 mg at least 12 hours
before intervention, and procedural anticoagulation using
heparin. Using VerifyNow Aspirin, 29 (19.2%) out of the
151 enrolled patients were found to be aspirin-resistant, as
defined by an aspirin reaction unit (ARU) >550. Patients
with aspirin resistance were at increased risk of myocardial
necrosis (OR 2.9; 95% CI 1.2-6.9; p = 0.015) determined by
creatine kinase myocardial band isoenzyme (CK-MB) ele-
vation, when compared with aspirin-sensitive patients. In
an elective PCI population (n = 150), Lev et al* tested for
both aspirin and clopidogrel responsiveness in patients
receiving aspirin 81-325 mg daily for =1 week and clopi-
dogrel at 300 mg loading-dose on completion of the PCI,
and 75 mg daily thereafter. Bivalirudin was used for proce-
dural anticoagulation to reduce the confounding effect of
heparin on platelet activation. Blood samples were taken at
baseline and 20-24 hours after clopidogrel loading.
Adopting the criteria of Gum et al* and Chen et al,*® they
defined aspirin resistance as the presence of at least two of
the following: (i) 0.5 mg/ml arachidonic acid-induced plate-
let aggregation >20%; (ii) 5pmol/l ADP-induced platelet
aggregation >70%; (iii) ARU =550 by VerifyNow Aspirin.

Clopidogrel resistance was defined as baseline minus post-
treatment aggregation <10% in response to both 5 and
20 umol/l ADP. The rates of aspirin and clopidogrel resistance
were 12.7% and 24%, respectively. Clopidogrel resistance was
noted in 9 (47.4%) of the aspirin-resistant patients and 27
(20.6%) of the aspirin-sensitive patients. Similar to the study
results of Chen et al,*® a significant increase in the incidence
of CK-MB elevation was observed in aspirin-resistant
patients, when compared with aspirin-sensitive patients
(38.9% vs 18.3%; p = 0.04). Dual drug-resistant patients
were also more likely than dual drug-sensitive patients to
have CK-MB elevations (44.4% vs 15.8%; p = 0.05). After
reporting the predictors and prevalence of aspirin resist-
ance among 468 stable patients with coronary artery disease
using VerifyNow Aspirin,?® Chen et al* followed this cohort
prospectively, and found that after a mean follow-up of
379 £ 200 days, patients with aspirin resistance (n=128;
27.4%) were at increased risk of the composite outcome of
cardiovascular death, MI, unstable angina requiring hospi-
talization, stroke, and TIA compared with patients who
were aspirin-sensitive (15.6% vs 5.3%; HR 3.12; 95% CI
1.65-5.91; p < 0.001). Cox proportional hazard regression
modeling identified aspirin resistance, diabetes, prior MI,
and a low hemoglobin to be independently associated
with major adverse long-term outcomes (HR for aspirin
resistance 2.46; 95% CI 1.27—4.76; p = 0.007).

Conclusions

There is ample evidence to show interindividual variability
in platelet responsiveness to aspirin. Analogously to biologi-
cal responses to other pharmacological agents such as blood
pressure and cholesterol-lowering drugs, which display a
continuous distribution, similar response to aspirin may
exist. Data are accumulating indicating that hypo- or non-
responsiveness to aspirin measured in the laboratory (i.e.
resistance) is associated with adverse spontaneous (cardio-
vascular death, acute coronary syndromes, stroke, or periph-
eral arterial occlusion) or procedure-related (myocardial
necrosis after PCI or reocclusion after peripheral angi-
oplasty) clinical events in diverse populations of patients
with atherothrombotic disease in stable or unstable phase.
Nevertheless, the currently available data are flawed by some
major limitations. The sample sizes of these reports are
small. Confounding variables are not adequately controlled
by the study designs. Different definitions of antiplatelet
resistance are used. Variable aspirin dosage, uncertain treat-
ment compliance, and lack of pretreatment platelet activity
assessment have been noted in aspirin studies. Clinical
application of antiplatelet resistance will require studies on
larger populations that define antiplatelet resistance using
consistent and reproducible assays, and correlate the meas-
urements with clinical outcomes that can be improved by
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Figure 7.2

Flow chart for the ASCET study. Reproduced from Pettersen AA. Unstable angina, Stroke, Myocardial infarction and death in aspirin non-
responders. A prospective, randomized trial. The ASCET (Aspirin non-responsiveness and Clopidogrel Endpoint Trial) design.

alterations in antiplatelet strategy (e.g., increasing the dose
of antiplatelet agent, or adding or substituting a second
antiplatelet agent). Such prospective randomized trials are
currently underway. The CHARISMA (Clopidogrel for
High Atherothrombotic Risk and Ischemic Stabilization,
Management, and Avoidance) trial compared clopidogrel
and aspirin versus placebo and aspirin for high-risk primary
or secondary prevention, and has been reported.”’ Urinary
11-dehydrothromboxane B, levels have been checked in a
substudy, enabling prospective assessment of the addition
of clopidogrel to aspirin in reducing adverse events associ-
ated aspirin resistance.”* ASCET (ASpirin non-responsive-
ness and Clopidogrel Endpoint Trial) is evaluating whether
switching to clopidogrel will be superior to continued aspi-
rin therapy in improving clinical outcomes among aspirin-
resistant patients with angiographically documented
coronary artery disease (Figure 7.2).>> The practice of
antiplatelet therapy tailored to individual response may
enter a new era upon validation by these trials.
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Resistance to antiplatelet drugs: clopidogrel

Christian M Valina, Dietmar Trenk, and Franz-Josef Neumann

Introduction

Since the early days of antiplatelet therapy, inadequate or
absent platelet inhibition — so-called non-response — has
been a matter of concern. The problem of aspirin resist-
ance was identified many years ago. Despite intensive
research in this field (see Chapter 7), the impact of non-
response to aspirin (i.e., the proportion of patients affected
and the clinical consequences) is incompletely understood,
thus far.

More recently, several studies have reported non-response
after administration of clopidogrel. In these communica-
tions, diverse definitions for non-response have been used.
These include absolute or relative change in platelet aggre-
gation from baseline <10%, as well as relative reduction of
platelet aggregation within the lowest quartile of the cohort
analyzed."” Studies analyzing large populations treated with
clopidogrel, however, did not identify a discrete subset of
patients with non-response who could be clearly separated
from the responders.’™ Rather, the observed distribution of
platelet responses after treatment with clopidogrel could be
adequately modeled by a single normal distribution
(Figure 8.1). Nevertheless, the standard deviation of this
distribution was very broad, comprising the range from
absent platelet responses to adenosine diphosphate (ADP)
to near-complete inhibition. Thus, patients identified by the
various non-responder definitions published in the
literature do not represent a distinct population but rather
the lower end of the continuum. In the absence of an evi-
dent pharmacological definition of non-response, it is
important to arrive at a clinical definition — that is, to define
the threshold of on-treatment platelet reactivity above
which the risk of atherothrombotic complications
increases.

In this chapter, we will first discuss the causes of the wide
variability of platelet responses to clopidogrel and address
the clinical settings associated with low responses. In the
second part, we will present currently available evidence for
the clinical relevance of high on-clopidogrel platelet
reactivity.

Variability of platelet
responses to clopidogrel

Mechanism of action of
clopidogrel and receptor binding

ADP-induced platelet aggregation is the result of the inter-
play between ADP and two distinct G-protein-coupled
receptors named P2Y, and P2Y ,. Activation of P2Y , recep-
tors causes a cascade of processes that mediate thrombox-
ane A, (TXA,) production, the release of c-granules, and
subsequent expression of P-selectin on the surface of acti-
vated platelets. ADP-induced platelet aggregation is there-
fore dependent on stimulation of P2Y, as well as P2Y ,
receptors. The P2Y, receptor is the target for the thienoypri-
dine drugs ticlopidine (a first-generation thienopyridine)
and clopidogrel (a second-generation thienopyridine)
(Figure 8.2).° Clopidogrel selectively inhibits the binding of
adenosine diphosphate (ADP) to its platelet receptor P2Y ,
by modifying the platelet ADP receptor (a thiol group
within the molecule of a formed metabolite binds via
disulfide bonds with a thiol-containing amino acid
(cysteine) located on the P2Y,, receptor) and the subse-
quent ADP-mediated activation of the glycoprotein (GP)
IIb/IIa complex, thereby inhibiting platelet aggregation.
Because the blockade of the ADP binding by clopidogrel is
irreversible, the inhibitory effect lasts the complete lifespan
of the platelet. Clopidogrel also inhibits platelet aggregation
induced by agonists other than ADP by blocking the ampli-
fication of platelet activation by released ADP. It does not
inhibit phosphodiesterase activity.

According to the above mechanisms, P2Y,, receptor
blockade acts early in the cascade of events leading to the
formation of the platelet thrombus and effectively inhibits
platelet aggregation. Therefore, it was investigated whether
polymorphic variations in platelet membrane receptors
(e.g., GPIa, GPIIIa, and P2Y,), which have been linked
to platelet aggregation phenotypes, modulate the individual
response to clopidogrel (Table 8.1).”?* Fontana et al*
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Figure 8.1

Distribution of changes in 5 umol of adenosine diphosphate
(ADP)-induced platelet aggregation, A,;ps, o, IN 544 patients
after receiving clopidogrel therapy, modeled by a single normal
distribution. Negative changes in aggregation values represent
aggregation values after the administration of clopidogrel that
were higher than the baseline readings. (Reproduced with
permission from Serebruany VL et al.%)

examined ADP-induced platelet aggregation responses in
98 healthy volunteers and identified two phenotypic groups
of subjects with high and low responsiveness to 2 pmol/l
ADP. This was followed by screening of the G,-coupled ADP
receptor gene P2RY12 for sequence variations. Among the
five frequent polymorphisms identified thus far, four were
in total linkage disequilibrium, determining haplotypes H1
and H2, with respective allelic frequencies of 0.86 and 0.14.
The number of H2 alleles was associated with the maximal
aggregation response to ADP in the overall study popula-
tion (p=0.007). Downregulation of the platelet cyclic ade-
nosine monophosphate (cAMP) concentration by ADP was
more marked in 10 H2 carriers than in 10 non-carriers. It
was considered that carriers of the H2 haplotype may have
an increased risk of atherothrombosis and/or a lesser clini-
cal response to drugs inhibiting platelet function. These
findings could not be reproduced by several investigators
studying patients with coronary artery disease and treated
with clopidogrel (Table 8.1). Angiolillo et al** characterized
platelet aggregation profiles in patients (n=282) on dual
antiplatelet treatment (aspirin plus clopidogrel) for >1
month and assessed whether these may be influenced by the
C807T polymorphism of the GPIa gene (carriers: CT + TT
genotypes; n=>51, non-carriers: CC genotype; n=31).
Platelet aggregation varied significantly in patients on long-
term dual antiplatelet treatment and was increased in T
allele carriers of the 807C/T polymorphism of the GPIa
gene. However, this finding could not be replicated by other
groups (Table 8.1).

Common sequence variations within the platelet recep-
tor genes do not seem to contribute to a relevant extent to
the interpatient variability in clopidogrel efficacy.

Absorption and prehepatic
metabolism

Following oral administration of clopidogrel, approximately
50% of the dose is absorbed rapidly from the gastrointesti-
nal tract, as shown by data on urinary excretion of clopi-
dogrel-related metabolites.” Peak plasma levels (3 mg/l) of
the main circulating metabolite occurring approximately
1 hour after oral dosing of 75 mg clopidogrel (base). The
pharmacokinetics of the main circulating metabolite
increases linearly with dose in the range of 50-150 mg of
clopidogrel. Administration of clopidogrel bisulfate with
meals did not significantly modify the bioavailability of
clopidogrel as assessed by the pharmacokinetics of the main
circulating metabolite. Clopidogrel and the main circulat-
ing metabolite bind reversibly in vitro to human plasma
proteins (98% and 94%, respectively). The binding is non-
saturable in vitro up to a concentration of 100 pg/ml. After
absorption, the majority of parent drug is hydrolyzed by
esterases to a carboxylic acid derivative that accounts for
85% of clopidogrel-related circulating compounds, which
have no effect on platelet aggregation (Figure 8.3).
Differences in individual absorption of clopidogrel may
lead to clopidogrel response variability.”

Hepatic metabolism and drug
interaction

Clopidogrel is an inactive prodrug requiring oxidation by
hepatic cytochrome P450 to generate an active metabolite
(Figure 8.3).” Since about 85% of the prodrug is hydrolyzed
by esterases in the blood, only about 15% can be metabo-
lized by the cytochrome P450 system in the liver to generate
an active metabolite. The active metabolite is generated by
hydrolysis of 2-oxoclopidogrel via a cytochrome P450-
dependent pathway; in this metabolite, the thiophene ring
has been opened to give an unsaturated carboxylic acid
side-chain and a highly reactive thiol group, and it is chemi-
cally unstable.”* 2-Oxoclopidogrel is considered to be an
intermediate metabolite, because it displays no antiplatelet
activity in vitro, but marked antiaggregating activity ex vivo
when administered to rats.””?® This indicates that a further
downstream metabolite is responsible for the antiplatelet
activity of clopidogrel. The thiol group of the metabolite is
responsible for the irreversible binding by formation of a
disulfide bridge with the thiol-containing cysteine present
in the ADP receptor at the platelet surface.’*!

The cytochrome P450 isoenzymes involved in the metab-
olism of clopidogrel, and especially in the formation of
2-oxoclopidogrel, have been investigated since the early
1990s. Results from studies in patients, from clinical phar-
macological investigations, and from in vitro experiments
have provided new insights into the metabolic activation of
clopidogrel via cytochrome P450 in humans.
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Mechanism of action of clopidogrel. Clopidogrel competitively and irreversibly inhibits the adenosine diphosphate (ADP) P2Y,,
receptor; ADP binds to the P2Y, receptor to induce change in platelet shape and a weak and transient platelet aggregation. The binding
of ADP to its G-coupled P2Y,, receptor liberates the Gi-protein subunits 0., and .. The subunit o, leads to the inhibition of adenylyl
cyclase (AC), which, in turn, lowers the cyclic adenosine monophosphate (cAMP) level. This inhibits the cAMP-mediated phosphorylation
of vasodilator-stimulated phosphoprotein (VASP) (giving VASP-P), which is known to be closely related to the inhibition of glyprotein
(GP) l1b/Il1a receptor activation. The subunit Byactivates the phosphatidylinositol 3’-kinase (PI3K), which potentiates dense- and
o-granule secretion. Multiple arrows within a given pathway indicate that intermediate steps may be involved. Dotted arrows indicate
inhibition and solid arrows indicate activation. CYP450, cytochrome P450; PGE,, prostaglandin E,; PKA, protein kinase activation;

PLC, phospholipase C. (Reproduced with permission from Nguyen TA et al.?)

Evidence supporting the hypothesis that CYP3A4 is one
of the cytochrome P450 isoenzymes involved in the meta-
bolic activation of clopidogrel was obtained by Lau et al’
from pharmacological experiments in healthy subjects.
These experiments showed that inhibitors of CYP3A4, such
as erythromycin and troleandomycin, attenuated the
antiplatelet effects of clopidogrel, while an inducer of
CYP3A4 (rifampicin) amplified these effects. In addition,
they observed that the inhibition of ADP-induced platelet
aggregation was attenuated in a dose-dependent manner in
patients treated concomitantly with the CYP3A4-dependent
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)-
reductase inhibitor atorvastatin. In contrast, ADP-induced
aggregation was not altered in patients treated with pravas-
tatin compared with controls. Because pravastatin, in con-
trast to atorvastatin, is not a substrate of CYP3A4, it was
postulated that CYP3A4 was the key cytochrome P450
isoenzyme responsible for the metabolic activation of clopi-
dogrel and that a drug—drug interaction between atorvasta-

tin and clopidogrel at the level of CYP3A4 is the underlying
mechanism for the observed decreased antiplatelet effect of
clopidogrel in patients treated with atorvastatin. In contrast
to Lau et al, Hochholzer et al® and Smith et al*’ found that
comedication with CYP3A4-metabolized statins did not
appreciably affect platelet aggregation after clopidogrel
(Figures 8.4 and 8.5). Ex vivo measurements of the platelet-
inhibitory activity of clopidogrel and retrospective analysis
of clinical studies enrolling patients with and without con-
current treatment with CYP3A4-metabolized statins failed
to confirm any effect on platelet function during treatment
with clopidogrel or any impact on clinical outcome
measures.***

The metabolic activity of the CYP3A4 enzyme is under
genetic control and varies considerably among individuals.'**
Genetic polymorphisms of this and other cytochrome P450
enzymes have been studied, since they may influence the
amount of active metabolites of clopidogrel (Table 8.1). Up
to now, there have been only two studies suggesting an
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Polymorphic genes and effects of clopidogrel

Ref n Polymorphism Effect
97 GPIIIa PI*? %)
8 597 P2Y,, T744C %)
600 GPIa 807C/T %)
10 421 P2Y, A1622G )
11 109 P2y, )
CYP3A5 6986G>A %)
12 54 PAR-1 14A>T %)
13 380 CYP3A5 *3 -
14 45 CYP3A4 IVS10+12G>A (+)
CYP3A4 IVS7+258A>G %)
CYP3A4 IVS7+894C>T %)
CYP3A4 *1B %)
CYP3A4 *3 %)
15 28 CYP2C19 *2 (*1/*2) -
16 120 GPIIIa PIA %)
P2Y,, T744C %)
P2Y, 1622A>G %)
17 60 GPIIIa P12 %)
18 48 GPIIla PI* (+)
19 82 GPIa 807C/T (=)
20 119 P2Y , T744C %)
21 44 GPIa 807C/T %)
22 38 GPIlla PI** — %)

influence of gene polymorphism on clopidogrel response.
The IVS104+12G>A polymorphism of the CYP3A4 gene
modulates platelet activation in patients treated with clopi-
dogrel, and may therefore contribute to the clopidogrel
response variability. IVS10+12A allele carriers had reduced
GPIIb/IIIa activation (p=0.025) and better response to
clopidogrel during maintenance treatment (p=0.02).
Similarly, in clopidogrel-naive patients, carriers of the
IVS10+12A allele had reduced GPIIb/IIla activation during
the first 24 hours after a loading dose (p=0.025), increased
platelet inhibition (p=0.006), and a more robust drug
response (p=0.003). This polymorphism did not influence
platelet aggregation profiles in the absence of clopidogrel.™*

The CYP2C19 %2 loss-of-function allele is associated with
a marked decrease in platelet responsiveness to clopidogrel
in young healthy male volunteers and may therefore be an
important genetic contributor to clopidogrel resistance in
the clinical setting."

Suh et al” investigated the influence of CYP3A5 gene
polymorphism on the drug interaction of clopidogrel. In
phase 1 of the study, they administered clopidogrel to 16
healthy volunteers who had the CYP3A5 non-expressor
genotype (#3 allele, 6986A > G) and 16 who had the CYP3A5
expressor genotype (*1 allele), with and without pretreatment
with itraconazole, a potent CYP3A inhibitor. In phase 2,
they compared clinical outcomes of 348 patients treated

with clopidogrel after successful coronary angioplasty with
bare-metal stent implantation according to their CYP3A5
genotype; the primary endpoint was a composite of athero-
thrombotic events (cardiovascular death, myocardial inf-
arction, and non-hemorrhagic stroke) within 1 and
6 months after stent implantation. Phase 1 demonstrated
that individuals with the CYP3A5 non-expressor genotype
were susceptible to drug interactions between clopidogrel
and CYP3A inhibitors. This effect appeared to be clinically
relevant: Multivariable analysis showed that the CYP3A5
gene polymorphism was a predictor of atherothrombotic
events in clopidogrel users. Smith et al'' also investigated
whether the CYP3A5 #3 (6986A > G) gene polymorphism
influenced the response to clopidogrel therapy. Patients
listed for elective percutaneous coronary intervention (PCI)
with two different clopidogrel regimens (300 mg vs 600 mg
loading dose) were studied. The CYP3A5 *3 genotype was
not found to significantly influence the inhibition of plate-
let responses by either clopidogrel regimen.

In addition to the specific interaction studies, patients
entered into clinical trials with clopidogrel received a vari-
ety of concomitant medications, including diuretics, beta-
blocking agents, angiotensin-converting enzyme (ACE)
inhibitors, calcium antagonists, coronary vasodilators, anti-
diabetic agents (including insulin), thrombolytics, heparins
(unfractionated and low-molecular-weight heparin
(LMWH)), GPIIb/I1Ia antagonists, antiepileptic agents, and
hormone replacement therapy, without evidence of clini-
cally significant adverse interactions. Specifically, no clini-
cally relevant pharmacodynamic interactions were observed
when clopidogrel was coadministered with atenolol, nifed-
ipine, or both atenolol and nifedipine.* The pharmacody-
namic activity of clopidogrel was also not significantly
influenced by the coadministration of digoxin, phenobarbi-
tal, cimetidine, or estrogen.”*

Dosing and timing

As discussed above, the effect of clopidogrel is critically
dependent on the formation of a sufficient amount of active
metabolite. This means that sufficient time is needed for
active metabolite to be formed and a sufficient dose is to be
administered to overcome the low bioavailability of clopi-
dogrel. Evidence is accumulating that the currently approved
75mg maintenance dose of clopidogrel is well below the
individual plateau of antiplatelet effect. Moreover, the
300 mg loading dose that is still in use (particularly in non-
European centers) delays the onset of effective platelet inhi-
bition compared with higher loading doses, such as 600 mg.
These issues are discussed in depth in Chapter 6.

Clinical conditions

There are various possible influences on the effectiveness of
clopidogrel related to patient characteristic (e.g., age,
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comorbidity, gender, and race). Plasma concentrations of
the main circulating metabolite are significantly higher in
elderly (>75 years) than in young healthy volunteers, but
these higher plasma levels were not associated with differ-
ences in platelet aggregation and bleeding time. Therefore,
no dosage adjustment is needed for the elderly.

Angiolillo et al*® assessed ADP-induced platelet aggrega-
tion by light transmittance aggregometry in 48 patients on
aspirin treatment undergoing coronary stenting and receiv-
ing a 300 mg clopidogrel loading dose at intervention time.
Platelet aggregation was significantly higher in overweight
than in normal-weight patients at baseline (p=0.01),
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at 24 hours (p=0.02), and during the overall study time
(p=0.025). The percentage of inhibition of platelet aggre-
gation 24 hours following clopidogrel loading dose was
suboptimal (<40%) in 59% and 26% of overweight and
normal weight patients, respectively (p=0.04). An elevated
body mass index (BMI, 25kg/m?) was the only independent
predictor of suboptimal platelet response, which suggest
that overweight patients may need a higher loading dose of
clopidogrel and/or an adjunct antithrombotic treatment to
adequately inhibit platelet aggregation early after coronary
stenting.

Hochholzer et al* assessed platelet aggregation of 802
patients immediately before elective PCI in the EXCELSIOR
study (for details, see below). Univariable analysis of base-
line demographic and clinical characteristics revealed age,
diabetes mellitus, BMI, and impaired left ventricular func-
tion as predictors for weaker inhibition of platelet aggrega-
tion. The multivariable general linear model showed only
BMI to be an independent variable for ADP-induced plate-
let aggregation immediately before PCI.

No significant difference was observed in the plasma lev-
els of the main circulating metabolite between males and
females.?” In the CAPRIE trial, the incidences of clinical
outcome events, other adverse clinical events, and abnormal
clinical laboratory parameters were similar in men and
women.* Pharmacokinetic differences due to race have not
been studied.

Several comorbidities (e.g., acute coronary syndrome, and
rheumatic diseases) have been implicated in heightening
platelet reactivity. Therefore, high pretreatment platelet
reactivity and thrombotic burden before drug administra-
tion may contribute to a reduction in clopidogrel-induced
antiplatelet effect."* Increased platelet aggregation can be
found in patients with diabetes mellitus (insulin-dependent
diabetes mellitus) or acute coronary syndrome.”**!

During maintenance treatment with 75 mg clopidogrel
per day, plasma levels of the main circulating metabolite were
lower in patients with severe renal impairment (creatinine
clearance 5-15ml/min) compared with subjects with mod-
erate renal impairment (creatinine clearance 30—60 ml/min)
or healthy subjects. Although inhibition of ADP-induced
platelet aggregation was lower (25%) than that observed in
healthy volunteers, the prolongation of bleeding time was
similar to that in healthy volunteers receiving 75 mg of
clopidogrel per day.

Clinical relevance of high
on-clopidogrel platelet
reactivity

Much of the recent interest in non-response to clopidogrel
is derived from the widespread use of drug-eluting stents
for treatment of coronary artery stenosis. Drug-eluting

stents suppress neointima formation after coronary inter-
ventions and thus restenosis, but at the same time delay
healing. The delayed healing causes an extended need for
adequate platelet inhibition by dual antiplatelet therapy
with aspirin and clopidogrel. Accordingly, interventional
cardiologists have been concerned that inadequate sup-
pression of platelet reactivity may put patients with drug-
eluting stents at increased risk for stent thrombosis. This
concern has been stimulated a number of studies address-
ing the impact of the variability of platelet responses to
clopidogrel on short- and long-term outcome after place-
ment of drug-eluting stents. These studies will be reviewed
below.

Retrospective studies

In an one of the first retrospective studies, Ajzenberg et al*?

reported on platelet function testing in 10 patients with
stent thrombosis, and compared these findings with 22
matched control patients without stent thrombosis. They
found that shear-induced platelet aggregation was increased
on average by more than twofold in patients with stent
thrombosis compared with matched controls, a difference that
was statistically highly significant (p=0.009) (Figure 8.6).
Likewise, Wenaweser et al> reported a trend towards
increased ADP-induced platelet aggregation in 23 patients
with stent thrombosis as compared with 50 matched con-
trols (Figure 8.6). In the CREST study, Gurbel et al* took a
similar approach and compared 20 patients with stent
thrombosis with 100 matched control patients. As shown in
Figure 8.7, they found significantly enhanced on-treatment
platelet reactivity as assessed by both ADP-induced platelet
aggregation, measured by light transmittance aggregometry,
and P2Y , reactivity ratio, measured by flow cytometry.

~ 100~
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©
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Figure 8.6

(a) Shear-induced platelet aggregation analyzed in patients who
had experienced subacute stent thrombosis (n=10) and stented
patients without subacute stent thrombosis (n =22).>* (b) Platelet
aggregation (5umol ADP in patients with stent thrombosis (n=23)
and control patients (n=50).>
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P2Y,, reactivity ratio (measure of ADP-induced VASP
phosphorylation) (a) and platelet aggregation induced by ADP

(b) determined in patients who suffered subacute stent
thrombosis (n = 20) and compared with an age-matched group of
patients without stent thrombosis (n = 100). (Adapted from
Gurbel PA et al.”)

Prospective observational studies

To the best of our knowledge, Matetzky et al** were the first
to report a prospective study on the impact of low response
to clopidogrel on clinical outcome. Their study included 60
patients with percutaneous coronary intervention (PCI)
and stent placement for acute ST-segment elevation myo-
cardial infarction (STEMI). Patients were stratified to quar-
tiles according to the percentage of reduction of
ADP-induced platelet aggregation (5pumol/l). Within the
quartile with the lowest response to clopidogrel, 6 of 15
patients incurred a recurrent cardiovascular event (includ-
ing reinfarction, recurrent acute coronary syndrome,
peripheral arterial occlusion, and stroke), whereas only 1 of
the 45 remaining patients had an event (p=0.007)
(Figure 8.8). Although the findings were suggestive of a rel-
evant impact of low responses to clopidogrel, the data had
to be interpreted cautiously because of the low number of
patients included in this study.

More recently the STRATEGY trial has addressed myo-
cardial infarction. In this trial, Campo et al* investigated
the value of platelet reactivity in predicting clinical outcome
in patients with STEMI (n=70) undergoing primary PCI
assisted by GPIIb/IIIa inhibition. At 1 year, patients with
high platelet reactivity at entry showed an adjusted 5- to
11-fold increase in the risk of death, reinfarction, and target
vessel revascularization (hazard ratio (HR) 11, 95% confi-
dence interval (CI) 1.5-78 (p=0.02) with Platelet Function
Analyzer 100, HR 5.2, 95% CI 1.1-23 (p=0.03) with light
transmission aggregometry).

Cuisset et al® investigated the platelet response to clopi-
dogrel and aspirin in patients with non-ST-elevation acute
coronary syndrome undergoing PCI with stenting (n=106)
and found after 1-month follow-up a significant association
of clinical events with platelet response to clopidogrel
(quartile 4, i.e., ‘low-responder’, vs quartile 1-3; odds ratio
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cardiovascular events (%)

Figure 8.8

Six-month incidence of recurrent events after catheter
intervention in acute myocardial infarction depending on
responder status to clopidogrel. (Adapted from Matetzky et al.>)

22.4;95% CI 4.6-109). In another study, they compared the
incidence of periprocedural myocardial infarction in
patients with acute coronary syndrome (n=190) between
non-responders to dual antiplatelet therapy (high post-
treatment platelet reactivity, i.e., ADP (10 pmol/l)-induced
platelet aggregation >70%) and ‘normo-responders’, and
showed a significantly higher incidence of periprocedural
myocardial infarction in patients with high post-treatment
platelet reactivity (43% vs 24%; p=0.014).

The PREPARE POST-STENTING study investigated 192
patients undergoing PCI with stent placement.”® Most of
the patients received a peri-interventional loading dose
of clopidogrel (300 mg in 75 patients and 600 mg in
60 patients); 57 patients were on chronic maintenance treat-
ment with 75mg of clopidogrel. Post-treatment platelet
function testing was performed at least 24 hours post proce-
dure and at least 18 hours after cessation of therapy with
GPIIb/IIIa inhibitors. Platelet reactivity to ADP was meas-
ured by light transmittance aggregometry, and clot strength,
a measure of thrombin-induced fibrin and platelet interac-
tions, was measured by thrombelastography. The primary
clinical endpoint was the 6-month incidence of cardiovas-
cular death, myocardial infarction, stroke, and unstable
angina. The incidence of the primary endpoint was com-
pared between the strata defined by quartiles of platelet
function testing. With light transmittance aggregometry,
there was a non-significant increase in the incidence of the
primary endpoint with increasing quartile of platelet reac-
tivity from 10% in the lowest quartile to 32% in the highest
quartile (Figure 8.9). Thrombelastography, however,
revealed a strong and statistically highly significant associa-
tion between quartiles of platelet reactivity assessed by
clot strength and outcome, showing an increase from 2% in
the lowest quartile of clot strength to 58% in the highest
quartile (Figure 8.10).
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Figure 8.9

Observed incidence of ischemic events according to quartiles of
light transmittance aggregometry (LTA) values. (Adapted from
Gurbel PA et al. ] Am Coll Cardiol 2005;46:1820—6.)
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Observed incidence of ischemic events according to quartiles of
clot strength values. The p-value indicates that the proportion of
ischemic events in each of the first three quartiles is significantly
different from the proportion of ischemic events in the fourth
quartile (p < 0.001). (Adapted from Gurbel PA et al.>®)

One-hundred patients were also followed for 1 year to
assess the incidence of cardiovascular death, stroke, myo-
cardial infarction, and readmission for ischemia. Twenty-
three patients incurred one of these events. Platelet reactivity
in patients with events was significantly higher than in
patients without events (Figure 8.11). Applying thresholds
for high on-treatment platelet reactivity derived from the
experience in the PREPARE POST-STENTING study, a high
on-treatment platelet aggregation was associated with a
1-year incidence of ischemic events of 74%, versus 8% in
patients with low platelet reactivity. This difference was sta-
tistically highly significant (p<0.01) (Figure 8.11).”

EXCELSIOR (Impact of Extent of Clopidogrel-Induced
Platelet Inhibition During Elective Stent Implantation on
Clinical Event Rate) was a prospective observational study
in 802 patients undergoing low- to intermediate-risk PCI
with stent placement after loading with 600 mg clopidogrel.
The primary hypothesis of the study assumed that the
30-day incidence of major adverse cardiovascular events
(MACE: death, myocardial infarction, or target vessel revas-

cularization) differed by quartiles of ADP-induced
(5 pumol/l) platelet aggregation during PCI. Blood samples
were obtained before clopidogrel loading, at the time of
catheterization before administration of heparin, and at day
1 after PCI after the first maintenance dose. During a 30-day
follow-up, 15 patients (1.9 %) incurred MACE (3 deaths, 8
myocardial infarctions, and 8 target lesion revasculariza-
tions). The incidence of 30-day MACE differed significantly
(p=0.034) between quartiles of platelet aggregation: 0.5% in
the first quartile, 0.5% in the second, 1.3% in the third, and
3.5% in the fourth. Platelet aggregation above median
incurred a 6.7-fold increase in risk (95% CI 1.25-9.41;
p=0.03) of 30-day MACE (Figure 8.12). Multivariable logis-
tic regression analysis including pertinent covariables
confirmed platelet aggregation as a significant independ-
ent predictor of 30-day MACE (adjusted OR 9.6; 95%
CI 2.1-44.3; p=0.01)."7

In contrast to the absolute platelet reactivity at the time
of intervention, current non-responder definitions based
on change in platelet aggregation from baseline were less
predictive of events. In patients with an absolute change in
platelet aggregation < 10%, the 30-day MACE was 2.2%, as
compared with 1.8% in patients not meeting this definition
of non-response (p=0.56). When patients were stratified
according to an alternative non-responder definition
(namely, percent inhibition <10 %), there were no signifi-
cant differences in 30-day MACE either (2.3% vs 1.7%;
p=0.51). These findings demonstrate that the absolute level of
platelet reactivity at the time of intervention is important —
irrespective of whether this level is reached by a strong inhi-
bition by clopidogrel or by low baseline platelet reactivity.

Meanwhile, 1-year follow-up data for EXCELSIOR have
become available. The EXCELSIOR follow-up study investi-
gated the 1-year incidence of death and myocardial infarc-
tion with respect to predischarge ADP-induced (5 pumol/l)
residual platelet aggregation (RPA) >14%, which was the
threshold for increased risk in the analysis of the 30-day
outcome of the EXCELSIOR cohort. Of the 765 patients
with predischarge assessment of RPA, 217 had RPA >14%.
In these patients, the incidence of the primary endpoint was
6%, whereas it was 2% in patients with RPA <14% (p=0.004).
After adjustment for pertinent baseline variables, the haz-
ard ratio of RPA >14% for the primary endpoint was 3.5
(95% CI 1.5-8.2; p=0.004) (Figure 8.13). Even after discon-
tinuation of clopidogrel, a significant difference in the inci-
dence of the primary endpoint between the strata defined
by RPA (p=0.044) was found. In the 281 patients treated
with a drug-eluting stent, the incidence of the primary end-
point was 7.1% when RPA >14%, versus 0.9% in those with
RPA <14% (HR 7.8; 95% CI 1.5-40.3; p=0.004), whereas
with a bare-metal stent no significant difference in outcome
between the strata defined by residual platelet aggregation
was found (HR 2.1; 95% CI 0.8-5.3; p=0.13) (Figure 8.13).
Thus, the predischarge RPA after administration of
clopidogrel was highly predictive for the 1-year incidence of
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Incidence of major adverse cardiac events (MACE) within 30 days
after percutaneous coronary intervention by quartiles of ADP-
induced platelet aggregation. The p-value was determined by

a log-rank test.
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One-year incidence of death and myocardial infarction according
to strata defined by pre-discharge ADP-induced (5 umol/l)
residual platelet aggregation (RPA) in the entire EXCELSIOR
cohort, as well as in the subsets with a drug-eluting stent (DES)

or a bare metal stent (BMS).

death and myocardial infarction after coronary stent
placement, particularly after placement of a drug-eluting
stent.

Whereas the EXCELSIOR study focused on low- to inter-
mediate-risk PCI, the recently published RECLOSE trial
investigated higher-risk patients undergoing PCI with
placement of a drug-eluting stent.®® This prospective obser-
vational study included 804 patients, more than 50% of
whom presented with acute coronary syndromes, 39% with
unstable angina, and 27% with acute myocardial infarction.
Low responsiveness to clopidogrel was defined by an ADP-
induced (10 umol/l) platelet aggregation >70% on clopi-
dogrel. The primary endpoint of the study — the incidence
of definite or probable stent thrombosis during 6-months
follow-up — was reached in 2.3% of the patients with an
adequate response to clopidogrel and in 8.6% of those with
a low response (p<0.001). The study also observed a signifi-
cant difference in cardiac mortality, depending on the
response to clopidogrel: cardiac mortality was 8.6% in
patients with a low responsiveness, whereas it was 1.4% in
those with an adequate response (p < 0.01). On multivaria-
ble analysis, low responsiveness to clopidogrel was a strong
independent predictor of stent thrombosis, with a hazard
ratio of 3.08 (95% CI 1.32-7.16; p=0.009). The RECLOSE
study demonstrates that an inadequate response to clopi-
dogrel is a strong independent predictor of stent thrombosis
in high-risk patients receiving sirolimus- and paclitaxel-
eluting stents.

In EXCELSIOR and RECLOSE, the stratification accord-
ing to on-treatment platelet reactivity was based on light
transmittance aggregometry. At the 2007 Annual Meeting
of the American College of Cardiology, Price and co-workers
reported a study with a cartridge-based bedside test of
platelet aggregation (VerifyNow). Patients with a platelet
reactivity in the upper tertile of the readout of the device
were defined as having high post-treatment reactivity.
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The study included 380 patients undergoing PCI. At
6 months, the composite incidence of definite, probable,
and possible stent thrombosis was 4.0% in patients with
high post-treatment reactivity and 0.4% in those with low
post-treatment reactivity (p=0.02). The findings of this
study confirm the clinical impact of the variability of platelet
responses to clopidogrel, and suggest that bedside platelet
function tests may be an adequate tool to identify patients
with inadequate suppression of platelet function.

Implications

In summary, platelet responses to clopidogrel show a large
variability. Clopidogrel is a prodrug with a low bioavailabil-
ity, and its conversion to the active metabolite depends on
absorption, as well as prehepatic metabolism by esterases
and hepatic metabolism by the highly polymorphic cyto-
chrome P450 system. Thus, conversion of clopidogrel to its
active metabolite is subject to genetically, pharmacologi-
cally, and environmentally determined variability in the
activity of the cytochrome P450 system. In many patients,
the effect of currently approved dosages for clopidogrel is
far below the individual maximal plateau. In these patients,
increasing the dose of clopidogrel can correct inadequate
responses.

Evidence is mounting that the variability of platelet
responses to clopidogrel has a major impact on long-term
clinical outcome, particularly in patients undergoing place-
ment of a drug-eluting stent. Further studies will be needed
to define the optimal platelet function tests as well as the
optimal threshold for defining inadequate on-treatment
platelet reactivity. Moreover, further studies are needed to
test whether correction of inadequate responses to clopi-
dogrel by increasing the dosage or changing to a more
potent antiplatelet drug can correct the increased risk asso-
ciated with low responses to clopidogrel. Until these data
are available, it may be prudent to incorporate on-clopidog-
rel platelet reactivity in clinical decision making with respect
to revascularization strategies (surgical vs interventional)
and with respect to the choice of stent (bare metal stent vs
drug-eluting stent).
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Prasugrel — a third-generation thienopyridine

Stephen D Wiviott and Elliott M Antman

Introduction

Thienopyridine antiplatelet agents represent a major
advance in the care of patients with coronary artery disease,
particularly those with acute coronary syndromes (ACS)
and those undergoing percutaneous coronary intervention
(PCI). Clopidogrel has largely replaced ticlopidine because
of better tolerability and fewer side-effects. Despite the
significant improvement of dual antiplatelet therapy with
aspirin and clopidogrel over aspirin alone, significant
limitations of this agent exist; relatively modest inhibition
of platelet aggregation, delayed onset of antiplatelet activity,
and substantial variability of response among individuals.'
As a result of these limitations, there may be a role for
novel antiplatelet agents, including newer-generation
thienopyridines. Prasugrel (CS-747, LY 640315) is the first
new agent in this class to undergo clinical testing, and is the
subject of this chapter.

Chemical structure,
metabolism,
pharmacokinetics, and
preclinical studies

Prasugrel is an investigational member of the
thienopyridine class. Its chemical name is (+)-2-[2-acety-
loxy-6,7-dihydrothieno(3,2-c]pyridine-5(4H)-yl]-1-cyclo-
propyl-2-(2-fluorophenyl)ethanone and its structure is
shown in Figure 9.1. Compared with clopidogrel, prasugrel
has modifications of two side-chains and a substitution of a
fluoro for a chloro group. Like clopidogrel, prasugrel is a
prodrug requiring metabolism to an active metabolite for
its antiplatelet activity (Figure 9.2). Initially prasugrel is
rapidly de-esterified to an inactive metabolite R-95913 and
subsequently to the active adenosine diphosphate (ADP)
receptor antagonist R-13827 by the hepatic cytochrome
P450 system, predominantly CYP3A4, but also CYP2B6,

CYP2C9, CYP2C19, and CYP2D6.* The predominant
difference between the metabolism of prasugrel and
clopidogrel is that in the early stages of metabolism of
clopidogrel, a significant portion of the prodrug is
deactivated, resulting in less potential active metabolite.
Absorption and metabolism are rapid with prasugrel, result-
ing in a median time for maximal concentration (7, ) for
R-13827 (Payne, ESC 2005) of approximately 30 minutes.
Although the active metabolites of the two drugs have
similar potency at the level of the platelet, prasugrel achieves
10- to 100-fold higher levels of the concentration of the
active metabolite than does clopidogrel.’ Correspondingly,
in animal studies, prasugrel was shown to be rapidly active
(within 30 minutes) and approximately 10-fold more potent
than clopidogrel on a mg/kg basis when measured by
inhibition of platelet aggregation (IPA).** In summary,
prasugrel is a rapid-onset, potent thienopyridine, with the
active metabolites of clopidogrel and prasugrel have similar
potency of inhibition of platelet aggregation when present
in equal concentrations. The differences in pharmacokinetics
and dynamics compared with clopidogrel being largely
related to more rapid and efficient generation of the active
metabolite of prasugrel.

Pharmacodynamics and safety
(phase I studies)

A key phase I study of prasugrel was a crossover study
in healthy subjects.’ In this study, 68 healthy subjects not
taking aspirin received either a 300 mg loading dose of
clopidogrel or a 60 mg loading dose of prasugrel, and after
a washout period of 2 weeks, the alternate therapy.
Both therapies were well tolerated. Prasugrel was shown
to have more rapid onset of antiplatelet action than clopi-
dogrel, with significant inhibition of ADP-induced platelet
aggregation evident by 15 minutes and maximal effect within
60 minutes, compared with 4-6 hours for clopidogrel.
In addition, the peak IPA was higher for prasugrel
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Figure 9.1
Structures of thienopyridine antiplatelet agents. (see color plate)

(mean 78.8% vs 35%; p<0.001) following 20 pmol/l ADP.
Strikingly, there was a less interpatient variability among
patients receiving prasugrel compared with clopidogrel
(Figure 9.4). When thienopyridine resistance was defined as
20% IPA at 24 hours, 42% of subjects were resistant when
receiving clopidogrel; however, no subject was resistant
when receiving prasugrel. Further, among the clopidogrel-
resistant subjects, there was no discernable difference in
prasugrel response compared with those subjects who had
responded well to clopidogrel. Among subjects responding
poorly to clopidogrel, there was less generation of the
active metabolite. Taken together, these data suggested that
resistance to thienopyridines may be primarily related to
levels of active metabolite generation — not to platelet level
resistance. This may indicate either limitation at the level of
absorption or metabolism to the active metabolite.

In a subsequent three-period crossover study, prasugrel
60 mg loading dose followed by 10 mg daily was compared
with clopidogrel 300 mg followed by 75 mg daily or 600 mg
followed by 75 mg daily for 7 days with a 14-day washout
period between each treatment in 33 subjects.® The results
of this study are shown in Figure 9.5, and indicated that
prasugrel was more rapid in onset and achieved higher lev-
els of inhibition of platelet aggregation than either dose of
clopidogrel. Of note, the difference in inhibition of platelet
aggregation between prasugrel and 600 mg of clopidogrel
was greater than the difference between 600 and 300 mg of
clopidogrel. While the differences in aggregation between
the two loading doses of clopidogrel had abated by 3 days of
follow-up, these differences persisted throughout the study
period during maintenance therapy for prasugrel compared
to clopidogrel.

The key phase Ib study of prasugrel compared with
clopidogrel was performed in patients with stable coronary
artery disease receiving aspirin.” After an aspirin-only

run-in period, subjects were randomized to receive either
300 mg of clopidogrel followed by 75 mg daily (300/75mg)
for 4 weeks or one of four loading and maintenance dosing
(LD/MD) regimens of prasugrel (40/5mg, 40/7.5 mg,
60/10 mg, or 60/15mg) The primary objective was a
comparison of the degree of platelet inhibition achieved
between the different groups. The results demonstrated
that both prasugrel 40 or 60 mg loading doses achieved
more rapid and higher levels of inhibition of platelet
aggregation to 20 pmol/l ADP (60.6% and 68.4% vs 30%;
p<0.001) and a lower rate of pharmacodynamic non-
response (3% vs 52%; p<0.0001). Prasugrel at maintenance
doses of 10 and 15mg per day achieved higher levels of
IPA and less non-response (0% vs 45%; p<0.0001) than
clopidogrel 75mg at day 28. Minor bleeding events were
numerically, but not statistically, more frequent in the
highest-dose prasugrel arm.

An additional evaluation of prasugrel compared to
clopidogrel was undertaken in the PRINCIPLE (PRasugrel
IN Comparison to Clopidogrel for Inhibition of PLatelet
Activation and AggrEgation)-TIMI (Thrombosis In
Myocardial Infarction) 44 study.® This study was
two-phase study of subjects undergoing elective PCI. In
the first phase, prasugrel 10 mg will be compared with
clopidogrel 600 mg loading dose, with a primary endpoint
of ADP-stimulated IPA at 6 hours. In the second phase,
subjects received prasugrel 10 mg or clopidogrel 150 mg
following the loading dose for 14 days and were then
crossed over to the alternate treatment for an additional
14 days. The primary endpoint was IPA following 14 days'
treatment. The primary endpoint of the loading phase of
the study showed significantly higher levels of IPA for
each timepoint with prasugrel compared to clopidogrel
(Figure 9.3a). Similarly, IPA was higher following 14 days
maintenance therapy with prasugrel compared to
high-dose clopidogrel (Figure 9.3b). This study provided
important comparative pharmacodynamic information
for prasugrel compared with the higher doses of clopi-
dogrel that are used by some practitioners during and
following PCI.

Phase Il: safety evaluation

The JUMBO (Joint Utilization of Medications to Block
Platelets Optimally)-TIMI 26 trial® was a phase II, double-
blind, double-dummy, dose-ranging study of 904 patients
undergoing either elective or urgent PCI with stenting and
followed for 30 days. The design is shown in Figure 9.6.
Patients were randomized to one of three combinations of
loading and maintenance doses of prasugrel — a low-
(40/7.5mg), intermediate- (60/10 mg), or high- (60/15 mg)
doseregimen—or to standard-dose clopidogrel (300/75 mg).
The loading dose was given at the time of the PCI, and
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maintenance doses were administered daily for 30 days. As
this study was designed to assess the safety of prasugrel in
patients undergoing PCI, the primary endpoint was
significant non-coronary artery bypass surgery (CABG)-
associated hemorrhage at 30 days, defined as the
combination of TIMI major plus TIMI minor bleeding.
The results showed a higher absolute rate but no significant
difference for prasugrel compared with clopidogrel for the
primary endpoint of significant bleeding (1.7% vs 1.2%;
p=0.59). In addition, rates of bleeding for both groups
were similar to or lower than other contemporary studies."
TIMI major bleeding was less frequent and similar for
prasugrel and clopidogrel (0.5% vs 0.8%; p=0.54). Less
severe (TIMI minimal)Nuisance bleeding tended to be
higher in the highest-dose prasugrel arm. Although not
designed or powered to detect differences in clinical
efficacy endpoints, a non-statistically significant but
consistently lower rate of ischemic events was observed
among the prasugrel treated patients compared with those
treated with standard doses of clopidogrel. The primary
efficacy endpoint — major adverse cardiovascular events
(MACE), consisting of the combination of death, myocardial
infarction, stroke, recurrent ischemia requiring rehospitali-
zation, and clinical target vessel thrombosis (urgent revas-

and prasugrel (b). (see color plate)

cularization or total target vessel occlusion documented
angiographically) — occurred in 7.2% of prasugrel-treated
subjects compared with 9.4% of clopidogrel-treated
subjects (p=0.26). Myocardial infarction was predomi-
nantly periprocedural and also tended to occur less
frequently in patients treated with prasugrel (5.7% vs 7.9%;
p=0.23). The results of this study suggested that prasugrel
had an adequate safety profile to proceed with phase III
testing in a trial designed with adequate sample size to
detect a clinically meaningful reduction in cardiovascular
ischemic events.

Phase lll: efficacy evaluation

The efficacy of prasugrel compared with clopidogrel was
tested in the registration pathway, phase III study TRITON
(TRial to assess Improvement in Therapeutic Outcomes by
optimizing platelet inhibitioN with prasugrel) — TIMI 38. This
is a randomized, double-blind, parallel-group, multinational
clinical trial."" The design is shown in Figure 9.7.
Approximately 13600 patients comprise the study popula-
tion: 10100 with moderate to high risk unstable angina
(TIMI Risk Score >3)'* non-ST-elevation myocardial
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infarction (UA/NSTEMI) and 3500 patients with
ST-elevation myocardial infarction (STEMI). Patients were
enrolled with one of these disease states and planned PCI
and randomly allocated to treatment with either prasugrel
60 mg loading dose followed by 10 mg maintenance dose or
clopidogrel 300 mg loading dose followed by 75 mg mainte-
nance dose and were treated for at least 6 months but no
longer than 15 months. Major exclusion criteria included
previous therapy with a thienopyridine antiplatelet agent
within 5 days and patients at high risk for bleeding. The pri-
mary efficacy endpoint was the composite of cardiovascular
death, myocardial infarction, and stroke. Major safety end-
points included non-CABG TIMI major bleeding and life-
threatening bleeding. Cardiovascular death, myocardial
infarction or stroke was observed in 12.1% of subjects ran-
domized to clopidogrel and 9.9% of subjects randomized to
prasugrel (HR 0.81[0.73-0.90], P= 0.0004) (see Figure 9.8)."
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Figure 9.4
Inhibition of platelet aggregation (IPA) among healthy subjects
receiving clopidogrel or prasugrel

Significant and consistent reductions in ischemic endpoints
including stent thrombosis, urgent target vessel revasculari-
zation, and myocardial infarction were observed.
Accompanying the reduction in ischemic endpoints was an
increase in TIMI major bleeding with 2.4% of subjects
randomized to prasugrel and 1.8% of subjects randomized
to clopidogrel experiencing this endpoint. When the balance
of efficacy and safety was compared using a net clinical
benefit endpoint (all cause mortality, non-fatal MI, non-fatal
stroke, or non-fatal major bleed) this endpoint significantly
favored prasugrel.

Post-hoc subgroup analysis suggested that patients with a
prior stroke or transient ischemic attack (4% of patients)
had more bleeding and worse outcome with prasugrel; eld-
erly patients (= 75 years; 13% of patients) and those with
low body weight (< 60 kg; 5% of patients) had more bleed-
ing, but tended to have better outcomes with prasugrel. In
addition to testing the safety and efficacy of the investiga-
tional agent prasugrel compared with clopidogrel, TRITON-
TIMI 38 will test the hypothesis that a thienopyridine
regimen that achieves a higher level of inhibition of platelet
aggregation and less variability of response will result in
improved outcomes.

Summary

Prasugrel is a third generation thienopyridine with struc-
tural alterations from the second-generation agent clopi-
dogrel. These changes in structure lead to more consistent
and efficient metabolism and result in a higher and more
consistent level of inhibition of platelet aggregation than
is achieved with clopidogrel. Phase I and II studies suggest
that prasugrel is safe and may result in a reduction in
ischemic events in patients with coronary artery disease
undergoing PCI. The TRITON-TIMI 38 study is a phase III,
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Figure 9.6

Design of the JUMBO-TIMI 26 trial.®
PCl, percutaneous coronary
intervention; GPIIb/llla, glycoprotein
11b/Illa; LD, loading dose; MD,
maintenance dose; CABG, coronary
artery bypass surgery; MACE, major
adverse cardiovascular events.

(see color plate)

Figure 9.7.

Design of the TRITON-TIMI 38 trial."®
ACS, acute coronary syndrome; STEMI,
ST-elevation myocardial infarction;
UA/NSTEMI, unstable angina/non-ST-
elevation myocardial infarction; PCI,
percutaneous coronary intervention;
LD, loading dose; MD, maintenance
dose; CV, cardiovascular; MI,
myocardial infarction; UTVR, urgent
target vessel revascularization.

(see color plate)
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registration pathway trial, testing the efficacy of prasugrel
compared with clopidogrel in patients with ACS undergo-
ing PCI. If this drug improves clinical outcomes with
acceptable safety, it may be an important addition to the
medical antiplatelet options for physicians. In addition to
the safety and efficacy of this particular compound, its
evaluation will help to determine whether use of an
agent or dose of an agent that achieves higher level of
ADP-induced platelet aggregation, and less variability in
response than current standards, will result in improved
clinical outcomes.
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Direct oral P2Y , inhibition:

AZD6140 (Ticagrelor)

Steen Husted and Christopher P Cannon

Platelet P2Y receptors

Platelet activation by nucleotides such as adenosine
diphosphate (ADP) plays a crucial role in thrombus
formation. The nucleotides interact with two large
families of purinergic (P) receptors: the ionotropic P2X
and the G-protein-coupled P2Y receptors (Figure 10.1).
Two types of P2Y and one type of P2X receptors are
expressed by human platelets. Among the eight different
subtypes of P2Y receptors cloned so far, the P2Y, and P2Y,
types are present on platelets, acting as receptors for ADP.
The importance of these receptors in both physiological
and pathological platelet function is derived largely from
human disorders, mouse models, and pharmacological
intervention.

The Gog-coupled P2Y, receptor is responsible for
inositol triphosphate formation through formation of phos-
pholipase C (PLC), leading to a transient increase
in the concentration of intracellular calcium, platelet
shape changes, and weak transient platelet aggregation.'
The P2Y, receptor plays an essential role in the initiation of
platelet ADP-induced activation, thromboxane A, (TXA,)
generation, and platelet activation in response to other
agonists.'

The negatively coupled G, P2Y , receptor has extracellu-
lar cysteines and is responsible for completion of the
platelet aggregation response to ADP? with several signal-
ling molecules downstream such as cAMP, vasodilator-
stimulated phosphoprotein (VASP), dephosphorylation,
phosphatidytinositol 3’-kinase, and Rap1b.

The P2Y,, receptor plays a role in dense granule
secretion, fibrinogen-receptor activation, P-selectin
expression, and thrombus formation, indicating a central
role for the hemostatic response.”* The receptor is
important not only for ADP-induced aggregation, but also
aggregation induced by thrombin, immune complexes,

epinephrine (adrenaline), serotonin, TXA,, and the
PARI1-selective agonist SFLLRN.

In addition, the P2Y,, receptor contributes to phosphati-
dylserine exposure at the platelet surface, where coagulation
factors bind to stimulate thrombin generation® and,
together with P2Y,, it is involved in the formation of
platelet-leucocyte conjugates, which leads to tissue factor
exposure.’

Oral P2Y_, receptor
blockers — limitations of
clopidogrel

Oral antiplatelet therapy with clopidogrel, a thienopyridine,
is central to the treatment of patients with atherothrom-
botic disease. Clopidogrel is a prodrug requiring hepatic
cytochrome P450 metabolism to release its active metabo-
lite, which binds irreversibly to the P2Y , receptor such that
recovery of platelet function is precluded.

Numerous studies have documented the efficacy of
treatment with the thienopyridines clopidogrel and
ticlopidine.**! Clopidogrel has, however, largely super-
seded ticlopidine due to its better safety and tolerability
profile, particularly its lower incidence of neutropenia and
thrombotic thrombocytopenic purpura (TTP).

However, evidence suggests that there is a considerable
interindividual variability in the response to clopidogrel
as measured by platelet aggregation and flow cytometry.'
The terms clopidogrel ‘resistance’, ‘non-responsiveness’,
and ‘hyporesponsiveness’ have been used interchangeably
to indicate a less-than-expected inhibition of ADP-induced
platelet aggregation/activation following standard clopi-
dogrel therapy." The incidence of resistance to clopidogrel
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Figure 10.1

The G-protein-coupled platelet P2Y
receptors. ATP, adenosine
triphosphate; ADP, adenosine
diphosphate; cAMP, cyclic adenosine
monophosphate; PKB, protein kinase
B; PI3K, phosphatidylinositol
3’-kinase; VASP, vasodilator-stimulated
phosphoprotein.

varies from 5% to 46%." The mechanisms of clopidogrel
resistance are multifactorial, but important factors are
patient non-compliance, physician failure to prescribe/
inadequate dosing, effects on the cytochrome P450 system
such as drug—drug interaction or gene polymorphisms of
the CYP3A4 system affecting generation of the active
metabolite, and polymorphisms of the P2Y,, receptor."
Also, a heightened degree of of platelet activation may be an
important determinant of low response."

Other limitations of clopidogrel (Table 10.1) include
a suboptimal onset of action and a relatively modest
inhibition of ex vivo platelet response to ADP both
following a loading dose of 300 or 600 mg and at steady state
on a daily dose of 75mg.'®

Moreover, a few small studies have correlated
inadequate platelet inhibition with the occurrence of
adverse clinical events, including recurrent ischemia post
percutaneous coronary interventing (PCI) and stent
thrombosis.'"

Oral P2Y_, receptor
blockers — direct acting
non-thienopyridines:
AZD6140 (Ticagrelor)

The non-thienopyridine P2Y,, receptor antagonists, such
as cangrelor and AZD6140, have chemical structures that

Limitations of clopidogrel

e High interpatient variability in pharmacokinetics and
pharmacodynamics (resistance/non-responders)
Modest inhibition of platelet response ex vivo
Irreversible P2Y , receptor binding

Requires metabolic activation

Onset of action suboptimal

differ substantially from those of the thienopyridines
(Figure 10.2). In contrast to the thienopyridines, cangrelor
and AZD6140 bind reversibly to the platelet receptor.

AZD6140 (Ticagrelor) is the first member of a class
of high-affinity, stable, and selective P2Y,, receptor
antagonists known as cyclopentyltriazolopyrimidines
(Figure 10.2). The drug is a non-phosphate and competi-
tive P2Y,, antagonist with high affinity properties result-
ing from substitution at the 2 position in the adenine
ring and stablization resulted from [3,y-methylene substi-
tutions in the phosphate group.

AZD6140 is an active drug that does not require hepatic
conversion like the thienopyridines. One active metabolite
AR-C124910XX is present in the blood at about one-third
the concentration of the parent drug. Both the parent drug
and the metabolite are equally potent in specifically block-
ing the P2Y,, receptor.”' Even at concentrations >3 pmol/l
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Figure 10.2

Chemical structures of the direct
acting, reversible, non-thienopyridine
P2Y,, receptor antagonists. (see color
plate)
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AZD6140 does not have any significant affinity towards the
other P2 receptors, and in animal studies the potency
(pIC,,) of AZD6140 is 7.9 in washed platelets, whereas it
was 7.2 in diluted whole blood impedance aggregometry.
In a model of cyclic flow reductions in the femoral artery of
anesthetized dogs, AZD6140 displayed a good separation
between the antithrombotic effect and the prolongation of
the tongue bleeding time, i.e., intermediate between that of
cangrelor and that of clopidogrel.*

The dose-dependent effect of AZD6140 (30-400 mg
single dose) was studied in healthy volunteers by measuring
plasma levels of AZD6140 and the active metabolite
(AR-C126910XX) together with inhibition of ADP-induced
platelet aggregation ex vivo.”> AZD6140 was rapidly
absorbed and showed linear and dose-proportional
pharmkokinetics best fit by a two-compartment model.

disease. (see color plate)

Inhibition of ADP-induced platelet aggregation was
dose- and time-dependent, with maximum inhibition
being observed with 300 and 400 mg doses. A high level of
inhibition was maintained throughout 24 hours.”

In healthy volunteers, ascending single- and multiple-
dose-dependent pharmacokinetic and pharmacodynamic
effects of AZD6140 were compared with a 300 mg
clopidogrel loading dose and a 75 mg maintenance dose.*
Peak plasma levels of AZD6140 were obtained 1.5-3 hours
post treatment, and steady state was reached after 2-3 days.
Accordingly, the plasma half-life was 6—13 hours, irrespective
of the dose administered. AZD6140 doses =100 mg
twice daily and 300 mg once daily were associated with
higher steady-state platelet inhibition of ADP-induced
aggregation than clopidogrel. An inhibition of 97-100%
(final aggregation) was achieved throughout the dosing
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period with 300 mg twice daily, and all of the doses were
well tolerated, with adverse events comparable to those of
clopidogrel.

In a randomized, double-blind, parallel-group phase Ila
study, DISPERSE (Dose confirmation Study assessing
anti-Platelet Effects of AZD6140 vs clopidogRel in NSTEMI),
AZD6140 was compared with clopidogrel in 200 patients
with confirmed stable atherosclerotic disease in any
vascular bed.”

The study involved both males and females aged
25-85 years, who were randomized to one of four different
dose regimens of AZD6140 (50, 100, or 200 mg twice
daily, or 400 mg once daily) or clopidogrel (75 mg once
daily) for 28 days, without any loading dose in the treat-
ment groups. All patients also received low-dose aspirin
75-100 mg once daily. A superior platelet inhibition (>90%;
final extent) was obtained with AZD6140 (=100 mg twice

daily) treatment, whereas clopidogrel was associated
with only about 60% platelet inhibition (Figure 10.3). In
addition, inhibition of platelet aggregation by AZD6140
was very rapid, with a maximum 2 hours post dose
(Figure 10.4), and showed less variability compared with
that of clopidogrel (Figure 10.5). There was no substantial
difference between the three highest doses of AZD6140 with
respect to mean percentage of inhibition of platelet
aggregation (IPA).

AZD6140 treatment was well tolerated across the dose
range, with an increased bleeding time compared with
clopidogrel, which was not AZD6140 dose-related. Only
one major bleeding event occurred in a patient receiving
400 mg once daily, whereas other bleeding events were of
minor or mild to moderate severity. An increase in dyspnea
was associated with increasing dose; however, none of the
incidents were considered serious.

Maximal extent
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Time (h)
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—+— AZD6140 200 mg bd
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Figure 10.4

Mean inhibition of ADP-induced
platelet aggregation on maximum and
final response following one single
oral dosage of AZD6140, 50-400 mg
and clopidogrel 75 mg in patients with
stable atherosclerotic disease.

(see color plate)
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Individual inhibitory effect on
response to ADP-induced platelet
aggregation by AZD6140, a direct
acting, reversible P2Y,, receptor
antagonist, 100 mg twice daily and
clopidogrel 75 mg daily in patients
with stable atherosclerotic disease
after one single dosage and after
14 days of therapy. (see color plate)
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Pharmacokinetic data were comparable to those obtained
in normal human volunteers.

Overall, DISPERSE demonstrates that AZ6140 is well
tolerated and gives a rapid, consistent and high level of IPA
during treatment of patients with stable atherosclerotic
disease .

DISPERSE2 was a double-blind phase IIb trial that
randomized 990 patients with non-ST elevation (NSTE)
acute coronary syndrome (ACS) to receive AZD6140 at
90 or 180 mg twice daily or a clopidogrel loading dose of
300 mg followed by 75 mg daily for 4-12 weeks, with the
option to give an additional double-blind clopidogrel
300 mg dose before PCIL.*® Half of the AZD6140 patients
received a loading dose of 270 mg. Clopidogrel-pretreated
patients did not receive a loading dose of clopidogrel. All
patients were treated with aspirin (325 mg loading dose
followed by 75-100 mg once daily) and in addition unfrac-
tionated heparin/low-molecular-weight heparin and a
glycoprotein (GP) IIb/IIIa receptor antagonist as selected
by the local physician.

Clinical outcomes (cardiovascular death, myocardial
infarction, and stroke) together with ex vivo platelet inhibi-
tion were studied. The AZD6140 180 mg dose was associated
with a decrease in MI (2.5% compared to 5.6% with clopi-
dogrel and 3.8% with AZD6140 90 mg). This decrease in MI
was associated with superior platelet inhibition, indicating a
mechanical link between levels of platelet inhibition and
occurrence of MI. There were no differences in major and
minor bleeding events between groups, and major bleeding
events were not influenced by dose. Overall, AZD6140 treat-
ment was well tolerated, with no significant bleeding events,
based on sex, age, weight, prior clopidogrel treatment or use
of GPIIb/IIIa receptor antagonists. Ventricular pauses >2.5s
as detected on continuous ECG were more common in the
AZD6140 180 mg group as compared with AZD6140 90 mg
and clopidogrel groups (9.9%, 5.5%, and 4.3%, respectively).
There is no known mechanism to explain this observation,
although it is possible that AZD6140 may affect adenosine
metabolism. The observed pauses did not lead to study-drug
discontinuation and were not associated with clinical
symptoms such as dizziness or syncope.

In the same study, plasma concentrations of inflamma-
tion markers were also studied. At discharge and at the
4 weeks time point, myeloperoxidase and sCD40L levels
showed little change, whereas other inflammation markers
such as high sensitive C-reactive protein and interleukin-6
were decreased to a similar extent in all treatment groups.”
In a substudy of 45 patients who were not taking any
clopidogrel prior to enrolment, AZD6140 treatment (90,
180, or 270 mg) was associated with more rapid, superior,
and consistent ex vivo inhibition of ADP-induced platelet
aggregation than a 300 mg loading dose of clopidogrel.*
In another subgroup of 44 patients previously treated with
clopidogrel, adding clopidogrel 75mg had no additional
platelet-inhibitory effect (Figure 10.6), while AZD6140
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Inhibitory effect of clopidogrel 75mg on the response to ADP-
induced platelet aggregation in patients with non-ST-elevation
acute coronary syndrome pretreated with clopidogrel 75 mg daily.
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(a) Inhibitory effect of AZD6140, 90 mg on the response to ADP-
induced platelet aggregation in patients with non-ST-elevation
acute coronary syndrome (NSTE ACS) pretreated with clopidogrel
75mg daily. (b) Inhibitory effect of AZD6140 180mg on the
response to ADP-induced platelet aggregation in patient with
NSTE ACS pretreated with clopidogrel 75 mg daily.
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at 90 or 180 mg exhibited a rapid additional suppression of
platelet reactivity (Figure 10.7).%

In conclusion, AZD6140 is a more potent and consistent
inhibitor of ADP-induced platelet aggregation than clopi-
dogrel. Since these effects are reversible, with rapid onset
and offset effects, AZD6140 shows promise in the treatment
of a wide variety of patients with vascular disease. Its clinical
efficacy and potential adverse events are being studied in the
large-scale PLATO (study of PLATelet inhibition and
patients Outcomes) trial. In this study, treatment with
AZD6140 will be compared with clopidogrel in 18000 NSTE
or ST-elevation ACS patients in a multinational trial.
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Emerging oral antiplatelet receptor inhibitors

Lori-Ann Linkins, John W Eikelboom, and Alexander G Turpie

Introduction

Aspirin remains the cornerstone of antiplatelet therapy for
the prevention and treatment of coronary, cerebral, and
peripheral artery disease." It has several attractive properties
that have contributed to its success, including (i) once-daily
oral administration, (ii) the ability to permanently inacti-
vate a platelet protein (cyclooxygenase-1) that cannot be
resynthesized during the life of the platelet, (iii) lack of
requirement for laboratory monitoring or dose-titration,
and (iv) the ability to exert its effect through a moiety with
a short half-life, which limits extra-platelet effects.” Despite
its proven efficacy, however, aspirin is a relatively weak
antiplatelet drug, as shown by persistent platelet activation
and aggregation in patients taking aspirin.” Some patients
treated with aspirin also achieve less than expected inhibi-
tion of platelet function, a phenomenon that has been
termed ‘aspirin resistance’.* Aspirin resistance has been asso-
ciated with an increased risk of atherothrombotic vascular
events.*

Recognition of the central role of platelets in athero-
thrombotic vascular disease and the need for more effective
inhibition of platelet function has led to the development of
new antiplatelet agents. These agents exert their antithrom-
botic effect by targeting a platelet receptor or a platelet
enzyme or both. The focus of this chapter will be on oral
antiplatelet agents that are in active development for pre-
vention and treatment of coronary artery disease and that
target platelet receptors.

As described in more detail in Chapter 2, platelet recep-
tors play an important role in platelet adhesion, activation,
and aggregation. By interfering with these functions, more
recently developed platelet receptor antagonists have the
potential to prevent acute thrombosis and to halt the pro-
gression of atherosclerosis. To date, antagonists for four
main classes of platelet receptors have undergone clinical
testing for prevention and treatment of coronary artery dis-
ease: P2Y ,, thromboxane/prostaglandin H,, glycoprotein
IIb/I11a and PAR-1 (Figure 11.1). The properties of agents
in advanced stages of development that target these recep-
tors are summarized in Table 11.1.

P2Y,, antagonists/ADP
antagonists

Receptor

P2Y, receptors are G-protein-coupled receptors bound to
the platelet surface.” Binding of adenosine diphosphate
(ADP) released from platelet dense granules to P2Y,
receptors reduces adenylate cyclase activity and eventually
leads to activation of glycoprotein (GP) IIb/I1la. Inhibition
of the P2Y, receptor inhibits ADP-induced platelet
aggregation.’

Antagonists

Thienopyridines selectively inhibit ADP-induced
platelet aggregation mediated by the P2Y ,receptor. The
first-generation thienopyridine ticlopidine (Roche
Pharmaceuticals) and the second-generation thienopyridine
clopidogrel (Bristol-Myers Squibb/Sanofi-Aventis) have
been approved for treatment of coronary artery disease®’
and will not be discussed in detail in this chapter. Unlike
ticlopidine, clopidogrel does not cause life-threatening
neutropenia and it has a more rapid onset of action.
However, clopidogrel still suffers from important limita-
tions, including a delayed onset of action, high interpatient
variability of platelet inhibition, and the potential for inter-
action with other drugs that are metabolized via the cyto-
chrome P450 CYP3A4 pathway (e.g., lipophilic statins).®
A third-generation thienopyridine, prasugrel, is currently
under development.

Prasugrel

Like its predecessors, prasugrel (Eli Lilly) is a prodrug that
requires hepatic metabolism by cytochrome P450 to gener-
ate an active metabolite.” R-138727, the active metabolite of
prasugrel, competes with ADP to bind with the P2Y,, recep-
tor. Once bound, R-138727 induces formation of a disulfide
bridge between its sulthydryl moiety and cysteine residues
of the receptor.” These alterations are irreversible and
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Properties of emerging oral antiplatelet receptor antagonists

Antiplatelet agent Target receptor Administration Prodrug? Reversible? Status
Prasugrel P2Y,, Once daily Yes No Phase I1I
AZD-6140 P2Y, Twice daily No Yes, within 48 h of drug withdrawal Phase III
S-18886 Thromboxane Once daily No Yes, within 48 h of drug withdrawal Phase III
SCH-530348 PAR-1 Once daily No Yes Phase III
E-5555 PAR-1 Unclear No Unknown Phase II
— GPIlb/llla
receptor

antagonists

GPlIb/llla

GPIb/V/IX

AA
PAR-1/PAR-4

PGG,,PGH,

‘ TXA, synthase

TXA,

- GPla/lla

Prasugrel
AZD-6140
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Figure 11.1

Emerging oral antiplatelet receptor
inhibitors. Natural agonists for the
receptors are in boxes. GP, glycoprotein;
TXA,, thromboxane A,; PAR,
protease-activated receptors; AA,
arachidonic acid; PG, prostaglandin.

PGG,, PGH,,
isoprostanes

inactivate the receptor for the lifetime of the platelet.
Prasugrel is given once daily, and although a loading dose is
still required, it is more rapidly converted to its active
metabolite than clopidogrel. Animal studies suggest that
prasugrel achieves a greater degree of platelet inhibition and
may therefore be more potent than clopidogrel.'
Prasugrel was evaluated in a phase II clinical trial
(JUMBO-TIMI 26) of patients who underwent elective or
urgent percutaneous coronary interventions (PCI)." In this
trial, 904 patients were randomized to receive clopidogrel or
one of three doses of prasugrel. The first dose of the
antiplatelet agent was given either immediately before or
after the procedure and continued for 30 days. The primary
endpoint — clinically significant (TIMI (Thrombolysis in
Myocardial Infarction) minor plus major) bleeding at
30 days (other than bleeding with coronary artery bypass
grafting) — occurred in 1.7% of patients (11/650) who
received prasugrel and 1.2% of patients (5/254) who
received clopidogrel (hazard ratio (HR) 1.42; 95% confi-
dence interval (CI) 0.40-5.08; p=0.59). A non-significant
trend toward increased bleeding with the highest dose of
prasugrel was noted. The secondary endpoint — the
combined rate of major adverse cardiac events (defined as
death, target vessel revascularization or occlusion,

Myocardial infarction (MI), stroke, and recurrent ischemia
at 30 days) — occurred in 7.2% of patients (47/650) who
received prasugrel and 9.4% of patients (24/254) who
received clopidogrel (HR 0.76; 95% CI 0.46-1.24, p=0.26).
A phase III trial (TRITON-TIMI 38) comparing
prasugrel to clopidogrel with respect to cardiovascular death,
MI, or ischemic stroke in patients with acute coronary
syndromes (ACS) who undergo PCI has recently been
published.’? The primary efficacy endpoint occurred in
12.1% of patients receiving clopidogrel and 9.9% of patients
receiving prasugrel (p < 0.001). Major bleeding was observed
in 2.4% of patients receiving prasugrel and in 1.8% of
patients receiving clopidogrel (p = 0.03). (For further details
see Chapter 9). Several phase II trials, including a study com-
paring the effect of prasugrel with clopidogrel on platelet
activity in patients with ACS, approximately 1 week after the
first dose of study drug, and a study comparing the effect of
prasugrel with clopidogrel on platelet function and inflam-
mation in patients undergoing elective PCI, are ongoing."

AZD-6140

AZD-6140 (AstraZeneca), a cyclopentyltriazolopyrimidine,
is the first oral reversible P2Y , antagonist."* This agent binds
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directly to the P2Y,receptor and does not require metabolic
activation. AZD-6140 has one known active metabolite,
which is found in about one-third the concentration of the
parent compound and has approximately the same potency
as the latter. AZD-6140 has a half-life of 12 hours and is
administered twice daily. The antithrombotic effect of this
agent is reversed 48 hours after drug withdrawal.

AZD-6140 was evaluated in a phase II clinical trial of
patients with stable atherosclerosis (DISPERSE)." In this
trial, 200 patients who had received daily aspirin for at least 2
weeks before randomization for evidence of coronary artery
disease, peripheral vascular disease, or cerebrovascular
disease were randomized to clopidogrel or one of four doses
of AZD-6140 for 28 days. The trial showed that AZD-6140 at
doses above 50 mg twice daily inhibited platelet aggregation
as measured by optical aggregometry more effectively and
with less variability than clopidogrel. In addition, the inhi-
bition of platelet aggregation was more rapid than with
clopidogrel. The incidence of bleeding events was higher in
patients treated with the higher doses of AZD-6140, and one
major bleed occurred in a patient who received the highest
dose of this agent. Unexpectedly, there was a relatively high
frequency of dose-dependent dyspnea and bradycardia
noted in patients who received AZD-6140.

In DISPERSE-2,'* another phase II clinical trial,
900 patients with non-ST elevation MI (NSTEMI) were
randomized to AZD-6140 plus aspirin (at one of two doses
of AZD-6140) or clopidogrel plus aspirin for 12 weeks (in
addition, half of the patients who received AZD-6140 were
randomized to receive a loading dose of this agent).
Preliminary results presented at the American College of
Cardiology in 2006 revealed that the primary endpoint —
major plus minor bleeding at 4 weeks — occurred in 9.6% of
patients given AZD-6140 90 mg twice daily, 7.7% of patients
given AZD-6140 180 mg twice daily, and 8.0% of patients
given clopidogrel.'® The secondary endpoint — a composite
of cardiovascular death, MI, and stroke — occurred in 4.8%,
3.0%, and 4.9% of patients, respectively. A trend toward
reduction of MI in the AZD-6140 180 mg group was
observed, but was not statistically significant. A phase III
trial (PLATO) comparing AZD-6140 (180 mg initial dose
followed by 90 mg maintenance dose) with clopidogrel in
patients with non-ST elevation and ST-elevation ACS who
are to undergo PCI was in the late stages of protocol devel-
opment as of October 2006.

Thromboxane receptor
(TP receptor) antagonists

Receptor

Thromboxane receptors (TP receptors) are G-protein-coupled
receptors found on vascular smooth muscle cells and

platelets.”” When bound to an agonist, these receptors
activate phospholipase C, resulting in mobilization of
second-messenger molecules, including intracellular calcium,
to induce platelet aggregation. One agonist of these receptors
is thromboxane A, (TXA,), a metabolite of arachidonic
acid that is formed via the cyclooxygenase pathway within
activated platelets. Binding of TXA, to platelet TP receptors
causes platelet aggregation primarily by acting as an ampli-
fying signal for other strong agonists, such as thrombin and
ADP. TXA, also binds to TP receptors on vascular smooth
muscle cell membranes, to cause vasoconstriction. Other
agonists that are capable of binding to TP receptors include
prostaglandin H, (PGH,) and isoprostanes.

Antagonists

TP receptor antagonists were first evaluated for manage-
ment of patients with atherothrombosis in the early 1990s
(e.g. vapiprost and sulotroban), but they fell out of favor
when phase II clinical trials failed to demonstrate a clear
benefit of these agents over aspirin.'®® More recent
observations about the potential advantages of selective TP
receptor antagonists over aspirin, including (i) the ability to
block all TP receptor agonists (not just TXA,) and (ii)
the induction of an antiplatelet effect without interfering
with beneficial endothelial prostacyclin production, has
renewed interest in development of this class of antiplatelet
agents.”

5-18886

S-18886 (Servier), the active isomer of S-18204, is a specific
TP receptor antagonist.”! It is given once daily and its inhi-
bition of platelet aggregation persists for up to 36 hours
after an oral dose of 10-30 mg. Reversibility of inhibition of
platelet aggregation is dose-dependent and occurs within
24-48 hours of drug withdrawal.

S-18886 has been evaluated in small phase II clinical tri-
als in patients with coronary artery disease, and in patients
with peripheral vascular disease.”>” These studies suggest
that this agent induces flow-mediated vasodilation and
improves endothelial function — a potentially beneficial
effect for patients with cardiovascular disease that is outside
of its effect on platelet aggregation. The safety profile of
S-18886 has been reported as excellent, with no attributable
adverse events in the small trials completed to date. Phase III
trials of S18886 are awaited.

Combined thromboxane synthase
inhibitor and TP receptor antagonists

Several agents that inhibit both the enzyme thromboxane
synthase and TP receptors have been evaluated, but only a
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few are orally available and have undergone clinical testing
in patients with coronary artery disease (as outlined below).

Picotamide, a derivative of methoxyisophthalic acid, was
compared with aspirin in 101 patients taking low-intensity
oral anticoagulation for acute ML.** The primary endpoint
—the incidence of death, reinfarction, postinfarction angina,
and heart failure at 6 months — occurred in 40% in the
picotamide—anticoagulant group compared with 61% of
the aspirin—anticoagulant group (p<0.05). The cumulative
incidence of major clinical events plus major hemorrhagic
episodes was lower in the picotamide—anticoagulant
group than the aspirin—anticoagulant group (28 and 48,
respectively; p<0.001). This agent has also been evaluated
in patients with peripheral arterial disease (with or without
diabetes), carotid atherosclerosis, and severe congestive
heart failure. Although picotamide is commercially avail-
able in a few European countries, due to limited data on
efficacy and safety it is not currently recommended for
management of atherosclerotic cardiovascular disease in
expert guidelines.”

Ramatroban (BAY u3405) has been evaluated in patients
with severe limb arteriopathy,” and in canine and porcine
models of coronary artery disease, but there are no published
trials using this agent for treatment of patients with coronary
artery disease to date. The primary focus of development of
this drug appears to be treatment of allergic rhinitis.

Glycoprotein llb/Illa
(GPlIb/Il1a) antagonists

Receptor

The GPIIb/IIIa receptor, the most abundant receptor on the
platelet surface, is a member of the integrin receptor fami-
ly.*® These receptors are in an inactive conformation until
the platelet to which they are bound is activated. When
platelets are activated, a calcium-dependent conformational
change occurs in GPIIb/IIIa receptors that allows them to
bind to fibrinogen with high affinity. Fibrinogen bound to
GPIIb/IIIa receptors is able to crosslink nearby platelets,
resulting in platelet aggregation. Activation of GPIIb/IIIa
receptors is the final common pathway mediating platelet
aggregation, regardless of the agonist.

Antagonists

Several oral GPIIb/IIIa antagonists have been developed in
the hope of extending the benefit seen with intravenous
GPIIb/IIIa antagonists to the long-term management of
patients with acute coronary syndromes. Unfortunately,
large-scale clinical trials with these agents (xemilofiban,
orbofiban, sibrafiban, lotrafiban, and roxifiban) failed to
show that they are more effective than aspirin.”” Two meta-
analyses of these trials have reported a lack of benefit with

respect to the composite endpoint of death, recurrent MI,
or other recurrent ischemic events.?®? In addition, the mor-
tality rate was 30—35% higher in patients who received oral
GPIIb/IIIa antagonists. It has been proposed that these
agents paradoxically activate platelets, resulting in a pro-
thrombotic state that increases the risk of thrombotic events
and mortality. In vitro studies have suggested that binding
of a GPIIb/IIIa antagonist to a receptor followed by disso-
ciation of the antagonist from the receptor leaves the recep-
tor open for binding to fibrinogen. Regardless of the
mechanism, development of oral GPIIb/IIla antagonists for
long-term management of coronary artery disease has been
abandoned. There was a suggestion that Virtual Drug
Development was considering evaluating their oral GPIIb/
IIIa antagonist xemilofiban for short-term treatment post-
PCI, but no further information on development of this
agent is available.

Protease-activated receptor
(PAR) antagonists

Receptor

Protease-activated receptors (PARs) are expressed on
endothelial cells, smooth muscle cells, and platelets.’® PAR-1
and PAR-4 act as thrombin receptors on platelets. PAR-1, a
high-affinity receptor, is cleaved by thrombin (even if the
latter is present only in subnanomolar concentrations).
Once cleaved, PAR-1 rapidly transmits a signal to the inter-
nally located G-proteins that results in platelet shape change,
release of platelet dense granules, and activation of the
GPIIb/IIa fibrinogen receptor. PAR-1-dependent forma-
tion of platelet—platelet aggregates is transient unless
strengthened by additional inputs from the P2Y , receptor
or the PAR-4 receptor. PAR-4 is a low-affinity receptor for
thrombin. Like PAR-1, it is cleaved by thrombin and signals
through G proteins, but the signal travels significantly
slower than with activation of PAR-1. Unlike PAR-1, PAR-4
does not require input from other platelet receptors to form
stable platelet—platelet aggregates.

Antagonists

SCH-530348

SCH-530348 (Schering-Plough) blocks the platelet PAR-1
receptor to which thrombin binds (Figure 1), thus inhibiting
thrombin-induced activation and aggregation of platelets.
Since a PAR-1 receptor antagonist does not inhibit the ability
of thrombin to catalyze the production of fibrin, agents in
this class may have a lower rate of hemorrhagic side-effects
than conventional anticoagulants. Clinical studies to date
have shown no increase in bleeding time or prolongation in
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coagulation times (activated partial thromboplastin time or
prothrombin time) with SCH-530348, indicative of a
selective antiplatelet effect with this agent.

A pharmacokinetic study in healthy individuals indicated
that single-dose oral SCH-530348 was well tolerated
and caused a significant dose-related inhibition of
thrombin receptor—activating peptide-induced platelet
aggregation, with maximum effects (> 90% inhibition)
achieved as early as 1 hour after administration.”> SCH-
530348 was rapidly absorbed and slowly eliminated (terminal
half-life > 72 hours). In the phase II TRA-PCI trial, 1031
patients scheduled for angiography and possible elective
stenting were randomized equally to receive one of three
oral loading doses of SCH-530348 (10, 20, or 40 mg) or a
placebo.” The patients who subsequently underwent PCI
(n =573) or CABG (n = 382) were randomized to receive
one of three oral daily maintenance doses of SCH-530348
(0.5, 1.0, or 2.5 mg) if they received an SCH-530348 loading
dose, or standard care if they received a placebo loading
dose. The total duration of treatment was 60 days, and
patients were followed for an additional 60 days after treat-
ment. All patients also received aspirin, clopidogrel, and
antitcoagulant therapy. No increase in major and minor
bleeding was observed when SCH-530348 was added to
standard dual antiplatelet therapy (including aspirin and
clopidogrel) among patients undergoing PCI (primary
endpoint). Although this study was not powered to establish
efficacy, it showed a non-statistically significant 46%
reduction in cardiovascular events at the highest SCH-530348
dose tested compared with standard antiplatelet therapy.
The phase III clinical development program will include
two large clinical trials (TRACER and TRA 2P) to evaluate
the risk reduction provided by SCH-530348 plus standard
antiplatelet therapy compared with placebo plus standard
antiplatelet therapy. The trials will be conducted in approxi-
mately 30 countries at more than 800 sites for each trial.
The phase TRACER trial will be a multinational, randomized,
double-blind, placebo-controlled study in approximately
10,000 patients with NSTE-ACS. The TRA 2P-TIMI 50 trial
will be a multinational, randomized, double-blind,
placebo-controlled study in approximately 19,500 patients
with prior MI or stroke, or who have existing peripheral
arterial disease.

E-5555

E-5555 (Eisai) is an oral PAR-1 antagonist that has been
shown to inhibit platelet aggregation and vascular smooth
muscle proliferation in preclinical trials. A phase II clinical
trial designed to evaluate the safety and tolerability of E-5555
in patients with coronary artery disease is expected to begin
recruitment shortly.”’ SCH-205831, an orally active PAR-1
antagonist based on the natural product himbacine, is also
reported to be in the early stages of clinical development.

Other platelet receptor
antagonists

Other platelet receptors have the potential to serve as targets
for parenteral and oral antiplatelet agents.* However, little
or no clinical data on development of these antagonists for
treatment of cardiovascular disease is available in the public
domain.

P2Y

This is a G-protein-coupled platelet receptor that is acti-
vated by ADP. Activation of this receptor initiates platelet
aggregation and ADP-induced platelet shape change. In
contrast to the previously described ADP receptor P2Y,,,
P2Y, receptors are ubiquitously expressed. The limited dis-
tribution of the P2Y , receptor makes it a better target for
antiplatelet agents; however, selective parenteral P2Y, antag-
onists (e.g., MRS2500) have been shown to inhibit platelets
in knockout mice and experimental thrombosis models.**
Interestingly, early observations suggest that P2Y, antago-
nists may prolong bleeding time less than P2Y , antagonists.
Whether this difference translates into a lower risk of bleed-
ing while retaining antithrombotic efficacy remains to be
seen.

1

GPIb

This is a platelet adhesion receptor.”® Under high-shear con-
ditions, binding of von Willebrand factor (vWF) to GPIb
triggers platelet adhesion. Snake venom proteins that bind
to GPIb and interfere with its ability to bind to vWF have
been shown to have antithrombotic potential in animal
studies (e.g., agkistin and crotalin). Recombinant vWF frag-
ments that compete with native vWF to bind to GPIb (e.g.,
RG12986) may also have potential as antithrombotic
agents.

5-HT,

These are G-protein-coupled receptors found in the central
nervous system, on smooth vascular muscle, and on platelets.”®
Serotonin (5-hydroxytryptamine, 5-HT), synthesized in
neuronal cells in the brain and enterochromaftfin cells in the
gastrointestinal tract, is taken up by platelet transporters
and stored in dense granules. Serotonin is released from
activated platelets and binds to 5-HT,, receptors on plate-
lets and vascular smooth muscle, resulting in amplification
of platelet activation and vasoconstriction. The primary
focus of development of selective 5-HT,, receptor antago-
nists to date has been treatment of peripheral vascular dis-
ease (e.g., R-102444, naftidrofuryl, sarpogrelate, and
AT-1015).%
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GPla/lla and GPVI

These serve as the main collagen receptors on platelets.
Examples of antagonists for these receptors include EMS16,
a protein isolated from snake venom (a GPla/Ila antago-
nist), and monoclonal antibodies against GPVI receptors.*

Conclusions

The crucial role played by membrane-bound receptors in
platelet adhesion, activation and aggregation make platelet
receptors attractive targets for new oral antiplatelet agents.
Two of these new agents, prasugrel and AZD-6140 (P2Y,
antagonists), aspire to replace clopidogrel in the prevention
and treatment of ACS, and are in the more advanced stages
of clinical testing. Both agents appear to exhibit a more
rapid onset of action, less inter-patient variability, and a
higher level of inhibition of platelet aggregation than clopi-
dogrel. Another new antiplatelet agent under development,
S-18886 (thromboxane receptor/prostaglandin H, receptor
antagonist), has been shown not only to inhibit platelet
aggregation, but also induce flow-mediated vasodilation
and improve endothelial function in early clinical trials.
These properties suggest this agent may have benefits for
patients with coronary artery disease in addition to its effect
on platelets. Although the benefits of parenteral GPIIb/IIla
receptor antagonists are clear, further development of oral
agents in this class has largely been abandoned due to the
failure of clinical trials to show benefit over aspirin with
respect to efficacy and safety. Irrespective of the receptor
targeted, emerging oral platelet receptor antagonists will
need to be shown to be superior to aspirin (or synergistic
with aspirin) with respect to efficacy and risk of bleeding
before they will gain widespread acceptance for prevention
and treatment of coronary artery disease.
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Platelet glycoprotein IIb/IIIa receptor
antagonists: fundamental and pharmacological

aspects

Joseph Jozic and David ] Moliterno

Biology of platelet function

In the setting of plaque rupture, an early step in platelet
activation is adhesion of the platelet to the subendothelial
matrix. Intimal injury during an acute coronary syndrome
or angioplasty disrupts the endothelium and leads to expo-
sure of collagen and other subendothelial molecules. Initial
contact of the platelet and the exposed endothelium is
via von Willebrand factor (vWF) and the platelet surface
molecule glycoprotein (GP) Ib, which helps initiate the
intracellular messengers of platelet activation.

The main adhesion mechanism binding the platelet to
the subendothelial matrix is via collagen. There are two
main collagen receptors on the platelet membrane, GPIa/Ila
and GPVI. GPIa/Ila serves as an anchor for platelets to con-
nect to exposed collagen,” while GPVI activates adhesive
receptors, including GPIa/Ila, which strengthen collagen—
platelet adherence.’ Collagen, while serving as the scaffold-
ing for platelet adherence, also activates platelets by
intracellular second messengers.! Other molecules that acti-
vate platelets include epinephrine (adrenaline), serotonin,
and adenosine diphosphate (ADP), as well as vVWE

One of the most potent activators of the platelet is
thrombin. The primary thrombin receptor on the platelet is
protease-activated receptor 1 (PAR-1). Thrombin, throm-
boxane A, (TXA,), and ADP directly activate the platelet
through G-protein-coupled receptors, leading to platelet
aggregation and granule release.® The ADP receptors on the
platelet are P2Y, and P2Y,,”

The final step of activation is platelet aggregation to form
a platelet plug. In their resting state, platelets are freely cir-
culating, but activated platelets bound to extracellular
matrix proteins and soluble factors initiate an inside-
to-outside signal. This signal causes a conformational
change in the GPIIb/IIIa receptor, allowing it to bind with
specific ligands.® The main ligand that binds to GPIIb/IIIa is

fibrinogen, but fibronectin, vWF, and vitronectin are also
able to bind to the receptor.’ The binding of the GPIIb/IIIa
receptor initiates an outside-to-inside signal that causes
platelets to secrete the contents of their cytoplasmic gran-
ules — which include adhesive molecules, growth factors,
and procoagulants'® — as well as to synthesize and release
TXA,.” This leads to further recruitment and activation of
adjacent platelets. Platelet-activated second-messenger sig-
nals also cause a structural change in the platelet, trans-
forming it from a discoid shape to an irregular form with
multiple projections.'' As platelets continue to aggregate,
further changes to the cytoskeleton occur.'” These changes
in the platelet cytoskeleton are involved in reinforcement
and contraction of the clot.

Figure 12.1 is a schematic summary of the mechanisms
activating the platelet GPIIb/IIla receptor.

GPIlib/llla receptor

The GPIIb/IIla receptor is a member of the integrin family of
cell surface adhesion receptors. Integrins are heterodimers
consisting of non-covalently associated o and B subunits."
There are at least six different B subunits and various « subu-
nits. Combinations of these subunits form receptors with spe-
cificities for individual ligands." The GPIIb/IIIa receptor
consists of the o, and 3, subunits (Figure 12.2). The o subu-
nit is a 136kDa molecule with a light and a heavy chain. The
light chain contains a short cytoplasmic tail, a transmembrane
region, and a short extracellular domain. The heavy chain is
entirely extracellular.”” The 8 subunit is a 84.5 kDa molecule
with a short intracellular tail, a transmembrane region, and a
large extracellular domain.'® There are approximately 80000
receptors on the platelet surface.”” Platelet activation leads to a
conformational change in the GPIIb/IIIa receptor, markedly
increasing its affinity for its major ligand, fibrinogen.'®
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There are two main binding sites on the GPIIb/IIIa recep-
tor. One recognizes the amino acid sequence Arg-Gly-Asp
(RGD). This sequence is found on multiple ligands
(fibronectin, vWE, and vitronectin) but most notably on
fibrinogen, in which it occurs twice."” The other peptide
sequence is Lys-Gln-Ala-Gly-Asp-Val (KQAGDV), is only
located at the C-terminus of the vy chain of fibrinogen.?
The relationship between these two sites is not fully under-
stood. One theory is that ligands containing either one of
these sequences have shared contact sites on the GPIIb/IIIa
receptor. This would help explain the high affinity of fibrin-
ogen to the receptor.”!

GPllb/ll1a antagonists

Irrespective of the initiating agonist, the final common step
for platelet aggregation is fibrinogen binding. This makes
GPIIb/IIIa inhibitors many times more effective in inhibit-
ing platelets than other agents (i.e., aspirin, clopidogrel, and
ticlopidine). Parenteral GPIIb/IIla inhibitors inhibit ADP-
induced platelet aggregation in vitro by approximately
80-90%. This is in contrast to 10% for aspirin and 30-40%
for the thienopyridines.”

The three GPIIb/IIIa inhibitors in clinical use are the chi-
meric antibody abciximab, the peptide-based antagonist
eptifibatide, and the non-peptide-based molecule tirofiban
(Table 12.1). At therapeutic doses, these GPIIb/IIIa antago-
nists achieve >80% inhibition of available platelet-bound
receptors, which appears to be necessary for inhibition of
platelet-dependant thrombus formation.”

Abciximab

Abciximab (Reopro, Centocor BV/Eli Lilly and Co.) was the
first GPIIb/IIIa antagonist to the approved for clinical use.
Coller et al* first described a mouse monoclonal antibody
against GPIIb/IIIa inhibiting fibrinogen binding to plate-
lets. The Fc portion of the antibody was removed to decrease
immunogenicity and the Fab portion was attached to the
constant regions of a human immunoglobulin.’ Abciximab
has a high affinity for its receptor, with a dissociation con-
stant (K,,) of 5nmol/l.”> Abciximab binding is specific for
the 3, subunit. This explains its ability to bind other 3, recep-
tors as well. It has an almost equal potency for inhibition of
the vitronectin (o, f3,) receptor’ and a lower affinity for the
MAC-1 receptor found on leukocytes. The mechanism of
action is the large antibody fragment, which causes a steric
hindrance of access of ligands to their binding sites. After
bolus infusion, 50% of the compound is bound to platelets
in the first 10 minutes. Abciximab has a short plasma half-
life secondary to proteolysis of the unbound antibody.
However, it has a very long half-life of dissociation from the
platelet GPIIb/IIIa receptor, which can be up to 4 hours.”
Abciximab also redistributes from platelet to platelet, as well
as from platelet to vascular cells bearing the 3, chain.”® This
slow rate of dissociation and receptor redistribution allows
platelet-inhibiting effects to be measured days after drug
administration.” In fact, an estimated 29% of GPIIb/Illa
receptors are still occupied by abciximab 8 days after com-
pletion of infusion.”

Given that abciximab is a chimeric antibody possessing
a human and a mouse portion, there is potential for
induction of human anti-chimeric antibody formation.
Despite this, no anaphylactic events have been reported.
Bleeding is noted to be higher with abciximab infusion than
with placebo infusion, with a major bleeding event rate
modestly higher in the abciximab-treated groups versus
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List of FDA-approved indications and dosing of glycoprotein I1Ib/I1la inhibitors

Agent FDA-approved Indications

Dose Trials

Abciximab e PCI

e UA not responding to conventional
medical therapy when PCI is
planned within 24 h hours

Eptifibatide e ACS (UA/NSTEMI), including
patients managed medically and
those undergoing PCI

e PCI, including intracoronary
stenting

Tirofiban e ACS, including patients managed

medically and those undergoing PCI

e PCI

o ACS:

e PCL

o ACS:

e PCL
Bolus 0.25 mg/kg 10—60 min prior
to PCI
Infusion 0.125 pug/kg/min
(maximum of 10 ug/min) X 12h
o UA:
Bolus 0.25 mg/kg
Infusion 10 ug/min X
18-24 h concluding 1h after PCI

EPIC”
EPISTENT®

CAPTURE?®

PURSUIT*
Bolus 180 pg/kg

Infusion 2.0 pg/kg/min

upto72h

Renal dysfunction:”

Bolus 180 pg/kg

Infusion 1.0 pg/kg/min

ESPRIT*
Bolus double bolus 180 ug/kg

10 min apart

Infusion 2.0 pg/kg/min X 18-24h

Renal dysfunction:”

Bolus double bolus 180 pug/kg

10 min apart

Infusion 1.0 pg/kg/min

PRISM-PLUS”
‘Bolus 0.4 pg/kg/min for 30 min RESTORE™
Infusion 0.1 pg/kg/min 36-10h

Renal dysfunction:®

Bolus 0.2 pg/kg/min for 30 min

Infusion 0.05 pg/kg/min 36-108 h

e PCL¢

Bolus 10-25ug/kg
Infusion 0.15 pg/kg/min X 12-24h

PCI, percutaneous coronary intervention; UA, unstable angina, ACS, acute coronary syndrome; NSTEMI, non-ST-elevation myocardial infarction.

“Serum creatinine >2 mg/dl.
"Creatinine clearance <30 ml/min.
‘Not an FDA-approved indication or dose.

placebo.”””?® Any drop in the platelet count below laboratory
normal values occurred in 4.7-6.5% of patients in the early
large abciximab trials. Although unclear, thrombocytope-
nia was suggested to be secondary to drug-dependant
antibodies.” Clinically meaningful thrombocytopenia
(platelet counts <100000/mm?) reportedly occurred in
<2% of patients.

Eptifibatide

Viper venom-derived disintegrins are peptide molecules
containing the amino acid sequence RGD and are potent
inhibitors of ligand binding to GPIIb/IIIa. Eptifibatide
(Integrilin, COR Therapeutics, Inc.; Figure 12.3) is a synthetic

cyclic peptide based on barbourin, a unique member of the
disintegrin family, which contains a novel Lys-Gly-Asp
(KGD) sequence making it highly specific for the GPIIb/IIIa
receptor.” Secondary to its low molecular weight, eptifi-
batide is non-immunogenic.*

Eptifibatide has high specificity for the GPIIb/IIIa recep-
tor. It has a low affinity for the receptor (K,=120 nmol/l)
and rapidly dissociates from it.”” Eptifibatide has a mean
plasma half-life of 1.13 hours. Renal clearance accounts
for 40% of total body clearance.’® Plasma clearance is
1.0-1.2 ml/min/kg.’* Nearly complete inhibition of ADP-
induced platelet aggregation is seen within 15 minutes of
bolus infusion. Bleeding times increase to greater than two
times baseline with standard infusion, and return to near-
baseline levels within 1 hour of infusion discontinuation.”
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Structure of eptifibatide. With permission from Topol et al.*!

Platelet aggregation returns toward normal within 2—4
hours after the infusion has been terminated.’® In the
ESPRIT trial, higher TIMI (Thrombolysis is Myocardial
Infarction) major bleeding rates with eptifibatide were not
statistically significant: 1% eptifibatide versus 0.4%
placebo.* Rates of thrombocytopenia are also not signifi-
cantly elevated with the use of eptifibatide.

Eptifibatide has a unique dosing regimen. An initial bolus
is followed by an infusion, which is followed 10 minutes
later by another bolus. This dosing schedule was developed
after less than excepted efficacy was observed in the
IMPACT-II trial. The lower efficacy was determined to be
due to overestimated pharmacodynamics of eptifibatide
secondary to effects of calcium chelation by the anticoagu-
lant sodium citrate.”® The ESPRIT trial, which evaluated
the new dosing regimen, was terminated early, as efficacy
was achieved versus placebo.™

Tirofiban

Tirofiban (Aggrastat, Merck & Co. Inc.; Figure 12.4) is a
non-peptide tyrosine derivative that functions as a mimic
of the RGD sequence. It is highly specific for the GPIIb/IIIa
receptor,® and does not apparently bind any other integrins.
Unlike a monoclonal antibody agent, tirofiban is also far
less likely to induce an immune response.

Tirofiban has a relatively short half-life of only about 2
hours.” Greater than 80% inhibition of ADP-induced plate-
let aggregation is achieved after 5 minutes of a high-dose
bolus. Bleeding time exhibits a twofold prolongation with
infusion;*® however, it returns to baseline levels 3—4 hours
after discontinuation of the drug.’® The molecule rapidly
dissociates from the GPIIb/IIla receptor, with a half-time for
dissociation rate constant of 0.062s™'.” Platelet aggregation
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Figure 12.4
Structure of tirofiban. With permission from Topol et al.*!

inhibition decreases to less than 50% approximately 4 hours
after cessation of infusion.*

The plasma clearance of the drug is 173.5-562.0 ml/min,
with renal clearance ranging from 25% to 54%.” Therefore,
patients with severe renal insufficiency should receive a
reduced infusion rate. The most common adverse event
reported with tirofiban use is bleeding. In administration
with heparin, TIMI major bleeding occurred in 1.4% and
2.2% of patients in the PRISM-PLUS and RESTORE trials,
respectively.’”® Thrombocytopenia is seen at a higher but
not statistically significant rate than for heparin infusion
alone: 1.9% for tirofiban with heparin versus 0.8% for
heparin alone.”
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Platelet glycoprotein IIb/IIla receptor antagonists:
a guide to patient selection and optimal use

Dirk Sibbing, Melchior Seyfarth, and Peter B Berger

Overview of platelet
glycoprotein Ilb/ll1a receptor
antagonists in clinical use

Platelet membrane glycoprotein (GP) IIb/IIIa inhibitors are
potent antiplatelet agents that block what has been termed
‘the final common pathway’ of platelet aggregation by
inhibiting the binding of the GPIIb/IlIa integrin receptor
with its primary ligand, fibrinogen. Several types of GPIIb/
IIIa inhibitors exist; three are currently available for
clinical use.

Abciximab (ReoPro) (Centocor, Malvern, PA and Eli
Lilly, Inc., Indianapolis, IN) is a monoclonal antibody that
is a Fab (fragment antigen binding) fragment of a chimeric
human-mouse genetic reconstruction of 7E3. It was gen-
erated in 1985' and is a non-competitive inhibitor of the
GPIIb/11Ia receptor with a biological half-life of 8—12 hours.
Although frequently described an irreversible inhibitor, it
is not; when a patient who has received abciximab receives
a platelet transfusion, abciximab molecules leave many of
the platelets they are bound to and redistribute through-
out the entire platelet pool. The recommended dose for
abciximab is 0.25 mg/kg bolus followed by an intrave-
nous infusion with 0.125 pg/kg/min for 12 hours.

Eptifibatide (Integilin) (COR Therapeutics, South San
Francisco, CA and Key Pharmaceuticals, Kenilworth, NJ), a
synthetic peptide, is a competitive antagonist to fibrinogen
with a biological half-life of approximately 2.5 hours. The
recommended dose for eptifibatide depends of its indica-
tion for use. The initial bolus treatment ranges from 135 pg/kg
when administered for the treatment of an acute coronary
syndrome (ACS)* to a double bolus of 180 pg/kg when
administered for a percutaneous coronary intervention
(PCI).” The recommended continuous infusion dosing
regimen ranges from 0.5 pg/kg/min to 2.0 ug/kg/min for
20-24 hours.

Tirofiban (Aggrastat) (Merck and Co., White House
Station, NJ), a non-peptide mimetic, is also, similarly to
eptifibatide, a competitive antagonist to fibrinogen, with a

biological half-life of approximately 2.5 hours. It is more
similar to abciximab than to eptifibatide, however, in the
strength of its bond to the GPIIb/IIIa receptor. The recom-
mended dosing regimen for an ACS is 0.4 ug/kg/min for
30 minutes followed by 0.10 ug/kg/min for 48 hours; it is
not currently approved in the USA for PCI, although it is
both approved and widely used throughout Europe for this
indication. Doses for both eptifibatide and tirofiban need
adjustments for patients with renal insufficiency. All three
agents inhibit in vitro platelet aggregation by approximately
80% when large doses of strong agonists for thrombosis are
used. Orally active GPIIb/IIIa inhibitors including xemi-
lofiban, sibrafiban, and orbofiban, have been tested in large
clinical trials, but all were found to increase the risk of death,
myocardial infarction (MI), or both, and are not available
for use. As a result, as a class, oral GPIIb/IIIa inhibitors are
no longer being studied.

GPIlib/Illa receptor
antagonists in patients with
stable coronary artery disease

In the last decade, our knowledge about antiplatelet therapy
following PCI has improved considerably. With intensifica-
tion of antiplatelet treatment, the rate of postprocedural
major adverse cardiovascular events (MACE) has decreased
in patients scheduled for PCI regardless of the clinical set-
ting in which it is performed. The use of optimal antithrom-
botic and antiplatelet regimens is critical in reducing adverse
events among patients undergoing PCI. In particular, dual
antiplatelet therapy with aspirin and a thienopyridine has
markedly improved both the efficacy and safety of PCIL.**
Nowadays, pretreatment with clopidogrel using loading
doses ranging from 300 to 600 mg administered prior to
PCI is routinely performed, whenever possible, to achieve
the maximal inhibition of platelets possible with the drug
by the time the coronary intervention is performed.
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Pretreatment with a thienopyridine hours before a coronary
intervention significantly reduces the rate of adverse events
among those patients who demonstrated maximal inhibi-
tion of platelet aggregation.*”

Prior to the era of pretreatment with large loading doses
of a thienopyridine, the safety and efficacy of GPIIb/IIIa
inhibition using different inhibitors was tested in several
studies that included patients with stable coronary artery
disease (CAD). The first study was the EPIC (Evaluation of
7E3 for the Prevention of Ischemic Complications) trial,®
which compared three different treatment regimens. In this
trial, 2099 patients undergoing balloon angioplasty were
randomly assigned in a double-blinded manner to receive
placebo, an abciximab bolus, or an abciximab bolus plus
infusion. A 35% reduction in the combined endpoint of
death, non-fatal MI, unplanned surgical revascularization,
unplanned repeat percutaneous procedure, unplanned
implantation of a coronary stent, or insertion of an intra-
aortic balloon pump for refractory ischemia was found at
30 days after PCI in the group of patients treated with
abciximab bolus plus infusion,® and remarkably persisted
for 3 years.” However, there was a doubling (a 100% increase)
in major bleeding with abciximab, and the use of the drug
did not become common. Subsequently, the EPILOG
(Evaluation in PTCA to Improve Long-term Outcome with
abciximab GP IIb/Illa blockade) trial'® was performed
among patients who were also undergoing balloon angi-
oplasty but who were at a somewhat lower risk than patients
in EPIC were.®!* In this trial, two different lower doses of
weight-adjusted heparin were administered with abciximab
than had been administered in EPIC; a lower weight-
adjusted infusion dose of abciximab was also implemented.
This study was stopped prematurely due to efficacy when a
large and highly significant reduction in the incidence of
death and acute MI (AMI) was observed in patients who
received abciximab (p<0.001). Bleeding was lowest, how-
ever, in the patients who received the lower dose of heparin,
and so this became the preferred way in which to administer
abciximab. And again, as in EPIC, the reduction in ischemic
events remained evident 6 and 12 months following PCI."
Similar results were reported from the EPISTENT (Evaluation
of Platelet GP IIb/IlIa Inhibition in Stenting) trial,'"'"* the
first randomized trial examining the use of GPIIb/IIIa inhib-
itors among patients undergoing stent placement. Again, the
frequencies of death and AMI were significantly lower at
follow-up (30 days, 6 months, and 12 months) in the group
of patients who received abciximab during PCIL.

The first major trial to investigate eptifibatide was the
IMPACT-II (Integrilin to Minimize Platelet Aggregation
and Prevent Coronary Thrombosis-II) trial.” A significant
reduction of major adverse cardiac events was found 24
hours after PCI, although by 30 days, the difference was no
longer statistically significant. It was later determined that
the wrong dose of eptifibatide had been selected based on
an anomaly of platelet function testing brought about by

calcium chelation resulting from the EDTA anticoagulant in
test tubes used to perform aggregometry.”” The ESPRIT
(Enhanced Suppression of the Platelet IT1b/I1la Receptor
with Integrilin) trial® used a higher dose of eptifibatide than
was used in IMPACT-II; the proportion of patients who
received a stent was higher as well. ESPRIT was stopped pre-
maturely due to efficacy; the composite endpoint of death,
AM]I, and urgent target vessel revascularization (TVR) was
significantly reduced both 48 hours and 30 days after PCI in
the group of patients who received eptifibatide.

On the basis of these trials, GPIIb/IIIa inhibitors became
a cornerstone in the treatment of patients undergoing PCI
because of their ability to improve short- and long-term
outcome — largely (although not exclusively) by reducing
the occurrence of procedural MI. Subsequently, however, an
observational study and a retrospective analysis of the EPIC
trial suggested that a GPIIb/IIIa inhibitor may no longer
offer benefit if patients have been adequately pretreated
with a thienopyridine.'*'® Because it took so long for
patients to reach the maximal level of platelet inhibition
with ticlopidine (5-7 days) and large loading doses invaria-
bly caused nausea and vomiting, the issue remained largely
moot, however, until clopidogrel became available and
largely replaced ticlopidine for PCI and eventually all other
indications. Large loading doses of clopidogrel are well tol-
erated, and can reduce the time required to achieve maxi-
mal inhibition of platelet aggregation to hours. In the first
ISAR-REACT (Intracoronary Stenting and Antithrombotic
Regimen: Rapid Early Action for Coronary Treatment) trial,
2159 low to intermediate-risk patients, all of whom had
been pretreated with 600 mg of clopidogrel for at least
2 hours, were randomized to receive either abciximab ther-
apy or placebo in a double-blinded manner.'® The trial was
designed to determine whether the administration of abcix-
imab reduces the incidence of ischemic complications in
patients undergoing elective PCI after pretreatment with a
high loading dose of 600 mg of clopidogrel at least 2 hours
before the intervention. The composite endpoint (death, M1,
and urgent TVR at 30 days after PCI) was reached in 4% (
45 patients) in the group treated with abciximab and in 4%
(43 patients) in the group treated with placebo (p=0.82).

In conclusion, the ISAR-REACT trial suggested that
abciximab offers no further clinical benefit within the first
30 days after PCI in low to intermediate-risk patients sched-
uled for coronary intervention if they have been pretreated
with 600 mg of clopidogrel for at least 2 hours (Figure 13.1).
Analysis of 1-year outcome of ISAR-REACT similarly
revealed no benefit of abciximab after pretreatment with
600 mg of clopidogrel."” Despite the lack of a measurable
benefit for adjunctive abciximab treatment in patients with
stable CAD, it has to be emphasized that results of the ISAR-
REACT trial, in which low to intermediate-risk patients
were included, cannot be projected to high-risk patients
presenting with an ACS, or to patients in whom pretreat-
ment with 600 mg of clopidogrel for at least 2 hours has not
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Figure 13.1

Kaplan—Meier event curves for the 30-day cumulative incidence
of the primary endpoint — death, myocardial infarction, or urgent
revascularization — in the group of patients who received
abciximab or placebo. (Adapted from Kastrati A et al.™)

been accomplished. Moreover, diabetic patients taking
insulin were excluded from ISAR-REACT.

Diabetic patients with CAD who undergo PCI, particularly
those requiring insulin, present a special group of patients
characterized by a worse outcome after PCI due to an
increased risk of both thrombosis and restenosis.'® Several
randomized trials demonstrated a reduction in the incidence
of adverse events in the subgroup of diabetic patients follow-
ing PCI when GPIIb/IIIa receptor antagonists in patients
with an ACS, were administered during coronary interven-
tion."” However, few, if any, diabetic patients included in these
trials were adequately pretreated with a thienopyridine.

The ISAR-SWEET (Intracoronary Stenting and
Antithrombotic Regimen: Is Abciximab a Superior Way to
Fliminate Elevated Thrombotic Risk in Diabetics?) trial, the
first dedicated randomized trial evaluating GPIIb/IIla
blockade in diabetic patients scheduled for elective PCI, was
designed similarly to ISAR-REACT and sought to determine
whether the administration of abciximab to diabetic
patients taking insulin who had been pretreated with 600 mg
of clopidogrel was beneficial. In the trial, abciximab did not
reduce adverse events at 30 days or 1 year.”” The 1-year
cumulative incidence of the primary endpoint (death or
MI) occurred in 8.3% of patients who received abciximab
versus 8.6% of those who did not (p=0.91). Surprisingly,
angiographic restenosis and target vessel revascularization
(TVR) was significantly lower in the group of diabetic
patients who received abciximab (p=0.01 and p=0.03,
respectively). The impact of abciximab on the reduction of
restenosis was also investigated in the ISAR-SMART 2
(Intracoronary Stenting or Angioplasty for Restenosis in
SMall ARTeries 2) trial.?' In this study, abciximab failed to
reduce the incidence of angiographic restenosis following
PCI of small coronary arteries.”’ Other studies have also

subsequently failed to confirm the ability of abciximab to
reduce restenosis.”>

In conclusion, the ISAR-REACT, ISAR-SWEET, and
ISAR-SMART 2 trials all demonstrated that in patients with
stable CAD, abciximab does not provide additional clinical
benefit when administered to patients who had been
pretreated with 600 mg of clopidogrel for at least 2 hours.

GPIlb/Illa receptor
antagonists in patients
with an ACS

ACS are a frequent cause of hospital admission and are
associated with an increased risk of death.” PCI is an estab-
lished treatment of proven benefit for patients who present
with an ACS,* and almost three-fourths of all patients
scheduled for coronary intervention worldwide present
with the diagnosis of an ACS.” Platelet activation and
aggregation are enhanced in ACS patients compared with
patients with stable CAD.*®** Consequently, inhibition of
both platelet activation and aggregation — using aspirin,
thienopyridines such as clopidogrel, and GPIIb/IIIa inhibi-
tors — is pivotal in the treatment of patients with ACS,
whether or not they undergo PCI. But, as was the case with
patients undergoing elective PCI described above, the clini-
cal experience and proven utility of GPIIb/IIIa inhibitors in
ACS patients began in the era before pretreatment of ACS
patients with a thienopyridine prior to PCI was able to be
performed easily.

The first trial ever to evaluate abciximab in patients with
an ACS was the EPIC trial in 1994.% As described above, only
patients undergoing PCI were included, and there was a
35% reduction in the combined endpoint for the group of
patients treated with an abciximab bolus plus infusion. The
second trial to investigate GPIIb/IIIa inhibition in ACS
patients was the CAPTURE (c7E3 Fab Antiplatelet Therapy
in Unstable Refractory Angina) trial.*® This trial utilized an
unusual design: abciximab versus placebo were adminis-
tered for approximately 24 hours (beginning 18-24 hours
before PCI and continuing 1 hour after PCI) in patients
with an ACS only after a diagnostic angiogram confirmed
anatomy suitable for PCI. Treatment with abciximab sig-
nificantly reduced the primary endpoint of death, non-fatal
MI, or TVR at 30 days.*® Importantly, in a retrospective
subgroup analysis of patients with an elevated and normal
troponin T, it was demonstrated that only patients with an
elevated troponin derived benefit from abciximab.*' The
role of abciximab in ACS patients treated medically was
investigated in the GUSTO-IV ACS (Global Use of Strategies
to Open Occluded Arteries IV — Acute Coronary Syndrome)
trial,”® in which PCI was actually prohibited by protocol for
the first 60 hours after enrollment. In this trial, 7800 patients
with non-ST-segment elevation ACS were randomized to
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receive placebo, abciximab for 24 hours, or abciximab for
48 hours. All patients also received heparin or dalteparin,
and aspirin. This was the first study of abciximab that failed
to show any benefit from the drug; in fact, not only was there
no benefit, but there was a trend towards higher rates of MI
and death with abciximab, and the trend was greatest with
longer duration of treatment. Bleeding and thrombocyto-
penia were significantly increased by abciximab in the trial.

The role of eptifibatide in ACS patients was investigated
in the PURSUIT (Platelet Glycoprotein IIb/IIla in Unstable
Angina: Receptor Suppression Using Integrilin Therapy)
trial.”® A total of 10948 patients were assigned to either
receive eptifibatide or placebo for 72 hours. A third arm
with low-dose eptifibatide (1.3 pg/kg/min) was stopped
prematurely by design after 3218 patients had been rand-
omized, and the safety of the high-dose eptifibatide
(2.0 pg/kg/min) arm was found to be acceptable. At 30 days
of follow-up, eptifibatide resulted in a statistically signifi-
cant, albeit modest, 10% reduction in the composite end-
point of death or non-fatal MI.

Tirofiban was studied in the PRISM (Platelet Receptor
Inhibition in Ischemic Syndrome Management) trial.** In
this trial, 3232 patients with unstable angina were assigned
to receive either tirofiban or unfractionated heparin. This
study differed from all previous trials of a GPIIb/III inhibi-
tor in that heparin was not administered in conjunction
with the GPIIb/IIIa inhibitor. In this trial, the incidence of
death, MI, or refractory angina at 48 hours (the prespecified
endpoint) was significantly lower in the tirofiban group.
However, at 30 days, the frequency of these adverse events
was similar in the two groups. That trial was followed by the
PRISM-PLUS (Platelet Receptor Inhibition in Ischemic
Syndrome Management in Patients Limited by Unstable
Signs and Symptoms) trial, in which 1915 patients with
unstable angina were assigned to tirofiban, tirofiban plus
heparin, or heparin alone.® Enrollment in the arm receiv-
ing tirofiban without heparin was stopped prematurely
because of excess mortality after 7 days (4.6%, as compared
with 1.1% for the patients treated with heparin alone).
Treatment with both tirofiban and heparin was associated
with a 27% reduction in death or non-fatal MI after
30 days.

Head-to-head comparisons of the different GPIIb/IIIa
inhibitor agents are scant. Two GPIIb/IIla inhibitors,
tirofiban and abciximab, were compared in the TARGET
(Do Tirofiban and ReoPro Give Similar Efficacy outcomes?)
trial.** The composite endpoint of death, MI or TVR after
30 days occurred in 7.6% of tirofiban patients versus 6.0%
in the abciximab group. In this non-inferiority trial,
tirofiban failed to demonstrate non-inferiority with abcixi-
mab. It was subsequently shown that the loading dose of
tirofiban used in the trial was too small to inhibit platelet
aggregation sufficiently in the crucial first 20 minutes after
tirofiban had been given. Subsequent studies revealed that
the loading dose had to be 2.5 times larger than was used in

TARGET to provide the same degree of inhibition of aggre-
gation as abicixmab;***” the infusion dose was, however,
correct and able to maintain an adequate level of receptor
blockade and inhibition of aggregation. Subsequent to
TARGET, there have been five small randomized trials com-
paring tirofiban utilizing this larger loading dose with either
placebo or abciximab;* in all of them, tirofiban was shown
to be superior to placebo or approximately as effective as
abciximab. These five trials were all too small to be defini-
tive; even a recent meta-analysis of all five trials could not
be considered definitive, although the results with tirofiban
were very encouraging.”’

Once a decision has been made to administer a platelet
GPIIb/IIIa inhibitor, a physician must also decide when to
administer it. The large randomized trials reviewed above
have mainly used one of two different timing strategies. One
strategy has been to administer the GPIIb/IIIa inhibitor
early after the diagnosis of an ACS, prior to angiography.
This strategy is usually referred to as ‘upstream’ treatment.
A different strategy has been to treat only those patients in
the cardiac catheterization laboratory who are about to
undergo PCL>'"* To assess the question of the optimal tim-
ing strategy, the ACUITY (Acute Catheterization and Urgent
Intervention Triage Strategy) Timing trial was performed.*
In this very complicated large multicenter open-label trial
with several different randomizations, a total of 9207 ACS
patients at moderate to high risk in whom an invasive treat-
ment strategy was planned were randomly assigned to
receive either routine upstream or selective in-lab treatment
with a GPIIb/IIIa inhibitor. All three GPIIb/IIIa inhibitors
currently in clinical use (abciximab, tirofiban, and eptifi-
batide) could be used by physician preference in ACUITY.
The main result of the trial is that, after 30 days, the routine
upstream use of GPIIb/IIIa inhibitors in ACS patients with
an invasive strategy produced a non-statistically significant
12% decrease in the combined endpoint of death, MI, or
TVR. The difference (7.9% for in-lab vs 7.1% for upstream)
did not meet the criterion for non-inferiority; therefore, the
possibility exists that upstream use may be superior. Major
bleeding rates were significantly lower in the group of
patients receiving selective in-lab treatment. When analyz-
ing the net clinical outcome (a composite including both
ischemic endpoints and major bleeding), the event rates
were similar in the two groups (11.7% vs 11.7%; p=10.93).
Another trial examining the same issue, EARLY ACS, is cur-
rently enrolling. In this trial, patients are randomized to
receive either upstream eptifibatide or selective in-lab use of
eptifibatide. Until the results of EARLY ACS are known,
given the results of the ACUITY Timing trial, clinicians
should carefully balance their decision regarding the most
appropriate time of administration of a GPIIb/IIIa inhibi-
tor for those patients with an ACS who are thought to
require a GPIIb/IIIa inhibitor. The potentially lower rate of
thrombotic complications associated with ‘upstream’
administration of a GPIIb/IIIa inhibitor must be balanced
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against the decreased risk of bleeding associated with the
selective in-lab use of GPIIb/IIIa inhibitors.

Importantly, these trials — all of which favored GPIIb/IIla
inhibition in ACS patients, and particularly those patients
who were troponin-positive and undergoing PCI — were not
specifically designed to address the impact and value of
GPIIb/1IIa inhibitors in ACS, especially in the era of routine
treatment with a loading dose of clopidogrel prior to PCIL.
This important issue was assessed in the ISAR-REACT 2
(Intracoronary Stenting and Antithrombotic Regimen: Rapid
Early Action for Coronary Treatment 2) trial.”® The objective
of ISAR-REACT 2 was to assess whether abciximab, adminis-
tered in the catheterization laboratory, is associated with a
clinical benefit in patients with an ACS undergoing PCI more
than 2 hours after pretreatment with 600 mg of clopidogrel.
In this double-blind randomized trial, 2022 patients were
included and assigned to receive either abciximab or placebo
in addition to treatment with intravenous heparin, aspirin,
and the 600 mg loading dose of clopidogrel. The study
revealed that the administration of abciximab significantly
reduced the incidence of the primary endpoint of death, MI,
or TVR at 30 days (relative risk 0.75; 95% confidence interval
(CI) 0.58-0.97; p=0.03). The benefit of abciximab treatment,
however, was restricted only to those patients that presented
with an elevated troponin (Figure 13.2). Troponin-negative
patients demonstrated substantially lower and almost identi-
cal event rates with abciximab vs. placebo.

These data indirectly raise the question of whether the
greater platelet activity in ACS patients requires more potent
inhibition than that provided by clopidogrel alone. Based
on the results of ISAR-REACT 2, and retrospective analysis
of the prior randomized trials comparing GPIIb/IIIa inhibi-
tors with placebo, troponin status should be an important
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Figure 13.2

Kaplan—Meier event curves for the 30-day cumulative incidence
of the primary endpoint — death, myocardial infarction, or urgent
revascularization — in the group of patients who received
abciximab or placebo in the subsets with or without elevated
troponin levels (>0.03 pg/l). (Adapted from Kastrati A.*%)

consideration (perhaps the singular most important con-
sideration) to guide the decision about whether to adminis-
ter a GPIIb/III inhibitor to an individual patient.

GPIlb/Illa receptor
antagonists in patients with
ST-segment elevation
myocardial infarction

Treatment of ST-segment elevation myocardial infarction
(STEMI) has substantially improved over recent decades;
this is mainly due to deployment of pharmacological and
mechanical reperfusion therapies as well as to improve-
ment in concomitant antiplatelet and anticoagulation
regimens.*™* The goal of all reperfusion therapies in AMI
is the rapid restoration of coronary blood flow in the culprit
artery in order to reduce infarct size. Several studies have
investigated the impact of GPIIb/IIIa inhibitors in STEMI
patients scheduled for PCI.

The first large-scale trial to investigate the impact of
abciximab treatment in STEMI patients treated with PCI
was the RAPPORT (ReoPro And Primary PTCA
Organization and Randomized) trial.* This trial included a
total of 483 patients assigned to receive either abciximab or
placebo during balloon angioplasty. Treatment with abcixi-
mab significantly reduced the incidence of death, reinfarc-
tion, or urgent TVR at all time points assessed (9.9% vs
3.3% (p=0.003) at 7 days; 11.2% vs 5.8% (p=0.03) at 30
days; and 17.8% vs 11.6% (p=0.05) at 6 months). Major
bleeding occurred more frequently in the abciximab group
compared with placebo (16.6% vs 9.5%; p=0.02). It has to
be emphasized that coronary stents were not routinely used
at the time the RAPPORT trial was performed. Subsequently,
in the ADMIRAL (Abciximab before Direct Angioplasty
and Stenting in Myocardial Infarction Regarding Acute and
Long-term Follow-up) study, 300 patients with STEMI were
randomly assigned to abciximab or placebo before coronary
stenting.” All patients enrolled in the study received heparin,
aspirin, and ticlopidine. A significant reduction in the pri-
mary endpoint of death, MI, and TVR was observed at
30 days in the abciximab group (6.0% vs 14.6% in the placebo
group; p=0.01). Six months after enrollment in the study,
the primary endpoint occurred in 7.4% in the abciximab
group versus 15.9% in the placebo group (p=0.02). The
investigators attributed the better outcome of abciximab to
higher levels of Thrombolysis in Myocardial Infarction
(TIMI) 3 flow in the target vessel immediately before (16.8%
vs 5.4%; p=0.01) and immediately after (95.1% vs 86.7%;
p=0.04) the procedure. The authors concluded that admin-
istration of abciximab in STEMI patients improved coro-
nary patency, stenting success rates, and clinical outcome at
follow-up. Similar results were observed in the ISAR-2
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(Intracoronary Stenting and Antithrombotic Regimen 2)
trial,*® in which 401 STEMI patients were randomized to
receive either abciximab and reduced-dose heparin or full-
dose heparin alone for PCI. Thirty days after PCI, the com-
posite clinical endpoint of death, reinfarction, and TVR was
reached in 5.0% of the abciximab group versus 10.5% of the
control group (p=0.038). After 1 year of follow-up, the
absolute reduction in the composite clinical endpoint with
abciximab was still 5.7%, although the difference was no
longer statistically significant. The largest trial investigating
the impact of GPIIb/IIIa inhibition in STEMI patients was
the CADILLAC (Controlled Abciximab and Device
Investigation to Lower Late Angioplasty Complications)
trial.** In this trial, 2625 STEMI patients were randomized
using a 2 x 2 factorial design to stenting versus balloon
angioplasty (with bail-out stenting when needed), and to
abciximab versus placebo. The principal finding was a halv-
ing in the incidence of the composite endpoint (death, M1,
stroke, or TVR) at 6 months with routine stent placement,
and a significant reduction in adverse events with abcixi-
mab (subacute thrombosis and recurrent ischemia leading
to TVR). A major controversy in the CADILLAC trial is
whether it is appropriate to look at individual parts of the
2X2 design and in particular the outcome of patients
treated with stents who did or did not get abciximab. The
controversy arose because in patients who received a stent,
there was little reduction in MACE from the administration
of abciximab (11.5% after stenting alone vs 10.2% after
stenting plus abciximab; p=NS). These findings may have
been related to the administration of abciximab immedi-
ately (minutes only) before the procedure, and the recruit-
ment of a relatively low-risk population into the study.

The value of two different GP IIb/IIIa inhibitors, tirofiban
and abciximab, in STEMI patients was investigated in the
Single High Dose Bolus Tirofiban and Sirolimus Eluting
Stent vs. Abciximab and Bare Metal Stent in Myocardial
Infarction (STRATEGY) trial.* In this prospective, rand-
omized and single-blind trial, 175 STEMI patients were
randomized to single high-dose bolus tirofiban regimen
(25 ug/kg over 3 minutes followed by 0.15 pg/kg/min for
18 to 24 hours) with sirolimus-eluting stenting vs. standard
dose abciximab with bare-metal stenting. The primary
endpoint of STRATEGY (composite of death, non-fatal
myocardial infarction, stroke or binary restenosis at
8 months) was reached more often in the abciximab plus
bare-metal stenting group (50% of patients) compared to
the tirofiban plus sirolimus-eluting stenting group (19%
of patients) (hazard ratio = 0.33; P<0.001). However, no
differences were observed between the two groups at
30 days. Remarkably, the loading dose of tirofiban had to be
higher in STRATEGY* compared to the TARGET trial,** in
order to achieve a level of platelet inhibition similar to that
achieved with abciximab.” The rationale for the study
design was based on the higher costs for drug-eluting stents,
which could be balanced against the lower costs for tirofiban
compared to abciximab.

While ACUITY analyzed ACS patients, the optimal
timing strategy of GP IIb/IIla inhibitor treatment
(“upstream” vs. “cath lab” administration) has been
addressed specifically for STEMI patients by different
studies. The Time to Integrilin Therapy in Acute Myocardial
Infarction (TITAN)-TIMI 34 trial randomized 343 STEMI
patients to early administration of eptifibatide in the
emergency department (ED) vs. catheterization laboratory
administration of eptifibatide following diagnostic angiog-
raphy.* Early administration of eptifibatide in the ED
resulted in superior pre-PCI TIMI frame counts (reflecting
epicardial flow) and superior TIMI myocardial perfusion
compared with late administration of eptifibatide in the
catheterization laboratory. The benefit of early administra-
tion did not lead to higher bleeding rates. Montalescot et al
investigated the optimal timing of GP IIb/IIla inhibitors in
a meta-analysis including 6 trials with a total of 931 STEMI
patients treated with abciximab (3 trials) or tirofiban
(3 trials).*” Reflecting coronary patency, TIMI flow >grade 2
was significantly more frequent in the early administration
group compared with the late administration group
(P <0.001). For the early administration group, a 28%
relative reduction in mortality (from 4.7% to 3.4%) was
observed; however, this difference did not reach a level of
statistical significance. In line with the results of this
meta-analysis, in the Randomized Early Vs Late Abciximab
in Acute Myocardial Infarction Treated With Primary
Coronary Intervention (RELAx-AMI) trial, early abciximab
administration improved pre-PCI angiographic findings
(TIMI flow), post-PCI tissue perfusion, and 1 month left-
ventricular function recovery.” Finally, the Facilitated
Intervention with Enhanced Reperfusion Speed to Stop
Events (FINESSE) trial®' investigated the impact of the
timing of drug treatment on a compact clinical endpoint. In
this trial a total of 2452 STEMI patients were enrolled and
randomized in a 1:1:1 fashion to primary PCI with cath lab
abciximab administration, upstream abciximab-facilitated
primary PCI, or half-dose reteplase/abciximab-facilitated
PCI. For the primary endpoint of the study (composite
of all-cause mortality, readmission for heart failure,
ventricular fibrillation, or cardiogenic shock) at 3 months
no differences between the treatment arms were observed.
Concerning the safety endpoints, rates of TIMI nonintra-
cranial major bleeding and minor bleeding were signifi-
cantly higher for the reteplase/abciximab-facilitated PCI
group as compared with primary PCI. Major and minor
bleeding combined was statistically more frequent in the
combination strategy as compared with primary PCI and as
compared with the abciximab-only group. Taken together, a
routine upstream use of GP IIb/IIla inhibitors may have
only a marginal benefit compared to a selective in cath lab
administration.

For the general use of GP IIb/Illa inhibitors, De Luca
et al performed a large meta-analysis of randomized
trials, indicating substantial benefits from abciximab in
STEMI patients treated with PCL.** In this meta-analysis, a
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total of 11 trials in which 27 115 patients had been enrolled
were analyzed. The meta-analysis demonstrated that the
administration of abciximab to STEMI patients was
associated with a significant reduction in 30-day (2.4% vs
3.4%, P = 0.047) and long-term (4.4% vs 6.2%, P = 0.01)
mortality in patients treated with primary angioplasty.
The frequency of reinfarction at 30 days was also signifi-
cantly reduced by the administration of abciximab (2.1%
vs. 3.3%, P<0.001). However, at present GP IIb/IIla
inhibitors have to compete with newly developed drugs
being used as antithrombotic intravenous treatment during
PCI. In this context, the Harmonizing Outcomes with
RevascularIZatiON and Stents in Acute Myocardial
Infarction (HORIZONS AMI) trial evaluated the safety
and effectiveness of bivalirudin (Angiomax), an active-site
directed thrombin inhibitor, compared to GP IIb/Illa
inhibitors (abciximab or eptifibatide) in STEMI patients.*
The trial was a prospective, single-blind, randomized,
multi-center study including 3 602 STEMI patients with a
symptom onset <12 hours. The use of bivalirudin signifi-
cantly reduced net adverse clinical events at 30 days (com-
posite of major bleeding and major adverse cardiovascular
events) (9.2% vs 12.1%; P = 0.006) as well as major bleed-
ing alone (4.9% vs 8.3%; P <0.0001) compared with heparin
plus a GP IIb/IIIa inhibitor. Moreover, bivalirudin signifi-
cantly reduced the incidence of cardiac mortality by 38%
(1.8% vs 2.9%; P = 0.035). Long-term results are outstand-
ing and will provide further information for a possible role
of bivalirudin as an alternative to GP IIb/IIla inhibitors in
STEMI patients undergoing PCI.

In conclusion, GPIIb/IIla inhibitors improve the
results of primary PCI; this has been best demonstrated
with abciximab. The pretreatment regimen for clopidogrel
differs in the studies investigating GP 1Ib/Illa inhibitors in
STEMI patients (partly no pretreatment partly pretreat-
ment with different loading doses). Whether there is added
value from administering abciximab to patients suffering a
STEMI and undergoing PCI after pretreatment with a high
loading dose of 600 mg clopidogrel is currently being inves-
tigated in BRAVE 3 (the third Bavarian Reperfusion
Alternatives Evaluation) trial. Recruitment is expected to
have been completed in 2008.
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Cangrelor

Thomas P Carrigan and Deepak L Bhatt

Introduction

The discovery that platelets are significant mediators of
arterial thrombosis has led to the development of drugs to
treat and prevent thrombosis, such as aspirin and clopidog-
rel. Both are used in the management of thrombotic events,
particularly in the setting of acute coronary syndromes
(ACS) and in the prevention of acute stent thrombosis fol-
lowing percutaneous interventions. Clopidogrel's mecha-
nism of action is through the P2Y,, receptor, preventing
adenosine diphosphate (ADP) mediated platelet aggrega-
tion. However, the effect is delayed by several hours and the
inhibition is irreversible. Cangrelor, on the other hand, is a
new intravenous agent that rapidly and reversibly inhibits
the P2Y , receptor, potentially ushering in a new, more flex-
ible era in the management of acute thrombotic events. The
use of cangrelor has been studied in several animal models
and initial human trials. Here we present these reports and
ongoing phase III trials currently in enrollment.

Background

Clopidogrel, a member of the thienopyridine class of
antiplatelet drugs, has proven efficacy in the management
of coronary artery disease and percutaneous interventions.
However, as a pharmaceutical class, the thienopyridines
have several limitations. Historically, the first thienopyrid-
ine on the market, ticlopidine, had efficacious antiplatelet
activity but was also associated with a high incidence of
potentially fatal hematologic dyscrasias, including throm-
botic thrombocytopenic purpura. The unfavorable side-
effect profile led to a decrease in its use in the United States
and to widespread adoption of clopidogrel as the antiplate-
let agent of choice."* As a prodrug, clopidogrel is converted
into an active and irreversible platelet inhibitor by hepatic
metabolization.? In the active form, clopidogrel binds
irreversibly to the P2Y,, platelet receptor, causing complete

inhibition of platelet function until the bone marrow
replaces the pharmacologically altered platelets 7-10 days
later. This irreversibility presents a challenge in the manage-
ment of ACS, especially in patients with unknown coronary
anatomy, as surgical procedures could be delayed, or in
emergent situations where significant blood loss could
occur.

Despite efficacious antiplatelet activity, significant inter-
individual responses to clopidogrel have been documented,
prompting the coinage of the phrase ‘clopidogrel resistance’
The wide variability has been associated with insufficient
platelet inhibition and increased thrombotic events.* In the
absence of a loading dose, maximum platelet inhibition
takes 4—5 days to achieve, creating a lag in platelet inhibition
that may explain the observation that 80% of stent throm-
bosis cases occur within 5 days of initiating thienopyridine
treatment.*® From the observed variability in achieving
maximal platelet inhibition, multiple explanations have
been reported, including interactions with simultaneous
atorvastatin therapy,® differences in hepatic cytochrome
function,’ inability to convert the prodrug into an active
compound,® and pre-existing platelet receptor variability.’

ADP-induced activation of the
P2Y,, receptor

Over 40 years ago, ADP was recognized as an activator of
platelet aggregation and activation.' Since that time, the
precise role that ADP plays in inducing platelet activation
has been further elucidated. Under normal physiologic con-
ditions, platelets circulate in the inactivated state
(Figure 14.1a), becoming active (Figure 14.1b) in response
to multiple initiators of thrombosis. One initiator is
endothelial damage, which brings proaggregatory com-
pounds, normally protected by the endothelium in the
subendothelial matrix, into proximity with inactivated
platelets.!’ Subsequent platelet activation — again by several
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different agonists — initiates shape change, aggregation, and
secretion from granules of thrombogenic mediators, includ-
ing ADP.* ADP, acting through the P2 class of platelet sur-
face receptors, in the presence of other platelet agonists (i.e.,
collagen and thrombin), amplifies the activation of recruited
platelets through a positive-feedback loop.'* As platelet acti-
vation and aggregation accelerate, internalized cell surface
molecules, including glycoprotein (GP) IIb/IIla and
P-selectin, are mobilized to the platelet membrane, binding
to their respective receptors and stabilizing platelet aggrega-
tion."" The interplay of platelets and mediators continues as
the thrombus grows and platelet-rich particles break off,
embolizing downstream.

Three separate and distinct classes of P2 platelet trans-
membrane receptors exist: P2X, P2Y,, and P2Y,,. Synergistic
stimulation of these receptors by their respective agonists
produces morphologic shape change followed by sustained
aggregation. P2X, is gated ion channel receptor activated by
adenosine triphosphate (ATP). Once activated, this receptor
allows a rapid burst of calcium into the platelet initiating
shape change.” Activation of P2X, is transient and rapidly
reverses, thus, sustained morphologic shape change occurs
only with subsequent activation of P2Y, by its agonist."
When activated by ADP, P2Y |, a Gq-protein-coupled recep-
tor, sustains platelet shape change by facilitating an increase
of intracellular calcium. The P2Y, receptor also participates
in ADP-induced platelet aggregation via a second ADP recep-
tor P2Y,. The P2Y , receptor is a Gi-coupled protein that acts
through inhibition of intracellular cyclic adenosine mono-
phosphate contributing to a complex biochemical mecha-
nism that ends in sustained platelet aggregation.*'? Activation
of P2Y,, leads to downstream effects, including thrombin
generation, P-selectin expression, and maintenance of GPIIb/
IIIa expression, and contributing to other positive-feedback
mechanisms that stimulate and sustain thrombus growth.'>'¢
The P2Y, receptor is therefore crucial in sustaining platelet
aggregation, secretion of thrombogenic mediators, and
ultimately thrombus stability by affecting the quantity of
GPIIb/IIIa receptors expressed on the platelet membrane.

Pharmacology

Cangrelor, known as AR-C69931MX during development,
is a novel intravenously administered antithrombotic drug
that reversibly inhibits the P2Y, platelet receptor, blocking
ADP-induced platelet aggregation.'” Its discovery came
from early studies that found ATP to be a competitive inhib-
itor of ADP-induced platelet activation. Only much later
was the ADP receptor cloned and subsequently identified as
P2Y .."® Since ATP is rapidly inactivated in vivo, it is not a
suitable candidate for antithrombotic treatment.'” However,
chemical modification of ATP led to the discovery and
development of cangrelor (Figure 14.2).

Expression of the P2Y , receptor is almost exclusively
limited to platelets; this property made the P2Y,, receptor
an ideal target compared with the P2Y, receptor widely
expressed in other tissues.”” While the distribution of the
P2Y,, receptor is limited, it has also been found to be
expressed in a subregion of the brain, resulting in increased
intracellular calcium,”" and in vascular smooth muscle,
causing vasoconstriction.** Initial screens of the activity of
cangrelor on other P2 receptors demonstrated no cross-
reactivity. However, there has been a report in mice that can-
grelor acts as a partial agonist of the P2Y , receptor, causing
endocytosis of high-density lipoprotein by hepatocytes.”

Cangrelor is delivered intravenously, achieving near-
complete platelet inactivation within minutes after a bolus
dose.” Unlike the prodrug clopidogrel, cangrelor does not
require hepatic conversion. Rather, it is immediately active
upon infusion, achieving rapid steady-state concentra-
tions.”® Cangrelor has a very short half-life of 3.3 minutes,
due to rapid and sequential dephosphorylation of the nucl-
eoside triphosphate chain by ectonucleotidases located on
endothelial and platelet surfaces.'** Dephosphorylation
results in metabolites that are 10000 times less active than
the parent compound.** Platelet function returns to prein-
fusion levels within 30-60 minutes after discontinuation.*
The rapid inactivation makes cangrelor potentially very
attractive for use in acute clinical situations, especially when
bleeding complications may arise. The intravascular

Figure 14.1

Exposure to subendothelial matrix substances convert inactive platelets (a) into a morphologically active and proaggregatory form (b).
(Courtesy: Michael Rolf Mueller MD, Salat Andreas MD, Losert Udo MD; Medical University of Vienna.)
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The inhibitory effects of cangrelor come from its molecular
structure, which is analogous to that of the competitive
antagonist ATP. During development, cangrelor was referred
to as AR-C69931MX, where MX stands for the tetrasodium salt.
(see color plate)

metabolism by ectonucleotidases will likely be clinically
beneficial, as dose adjustments and accumulation should
not be problematic when renal or hepatic dysfunction is
present.”” However, patients with underlying hepatic or
renal impairment were excluded from phase II safety stud-
ies with cangrelor.””?® Ongoing phase 111 studies will help
determine cangrelor’s metabolic profile in these patient
populations.

Animal studies

Preclinical animal studies with cangrelor demonstrated
consistent and predictable antithrombotic effects. Inhibition
of ex vivo ADP-induced platelet activation through the
P2Y,, receptor has been efficacious without causing exces-
sive bleeding times at therapeutic concentrations.'”*?
Early animal studies demonstrated successful separation
between antiplatelet function and effects on bleeding times.
At supratherapeutic doses, significant fourfold increases in
bleeding times were observed, but the maximum dose of
cangrelor needed to achieve complete platelet inhibition
was much lower."”** In the first reported animal study, using
canines, cangrelor prevented thrombus formation. This
finding was subsequently reproduced in another dog model,
thus confirming the drug's efficacy. In subsequent experi-
ments that used rabbits and a thromboembolic model, can-
grelor reduced the size and number of emboli during
thromboembolism. Further investigation revealed cangre-
lor to be a successful adjunct to concurrent thrombolytic
therapy, reducing the dose of thrombolytic needed to
achieve vessel patency.

In 1999, the first reported animal study using anesthe-
tized dogs was reported.'” Cangrelor was compared with the
glycoprotein inhibitors lamifiban, GR144053, and TP9201
in 22 dogs using a cyclic flow reduction (CFR) model origi-
nally described by Folts.'”*>* In this model, thrombosis is
achieved via mechanical compression and partial stenosis
of an artery. The glycoprotein inhibitors and cangrelor were

administered as progressively increasing stepped infusions.
Measurements were made of CFR (as a proxy for arterial
thrombosis), ADP-induced platelet aggregation, and bleed-
ing times, each of which was increased by all three of the
glycoprotein inhibitors and by cangrelor. However, in the
glycoprotein inhibitor group, statistically significant (p< 0.05)
increases in bleeding times (fold increases from baseline:
lamifibanm = 4.0 £ 0.9 minutes; GR144053 = 4.3+ 0.5 min-
utes; TP9201 = 3.7+0.8 minutes) were observed at doses
required to achieve complete CFR inhibition. On the other
hand, significant increases in bleeding times of 4.3 +0.5-fold
over baseline (p<0.01) were also observed in the cangrelor
group. However, this was only at the extreme upper end of
dosing, 71-98 times higher than the dose needed to achieve
maximal platelet inhibition.'”** At lower dosing schemes
needed to achieve total platelet inhibition, only trends
towards higher bleeding times were observed: 1.4 £0.3-fold
over baseline.

Another important finding of this study was the drug's
rapid reversal. Baseline platelet function returned within
10 minutes after discontinuing the study drug infusion.
Antithrombotic medications that completely and specifi-
cally inhibit the P2Y,, receptor without increasing the risk
of hemorrhage are needed in the clinical setting. Future ani-
mal and human studies would build on the observed sepa-
ration of bleeding times and antiplatelet effects.

A second investigation of cangrelor using electrically
injured carotid dog arteries as a nidus for arterial thrombo-
sis confirmed the separation of antiplatelet effects and
bleeding time.”" In this investigation, endothelial injury was
elicited by an electric current applied to the intimal surface,
which exposed the subendothelial thrombogenic matrix to
circulating blood products causing progressive thrombus
formation. The current was then applied to the vessel wall
continuously for 3 hours while the carotid artery flow rate
was observed simultaneously and for 3 hours post proce-
dure. Eleven dogs were randomized to receive either intra-
venous cangrelor (n=6) or a saline placebo (n=5). The
cangrelor group received a 6-hour infusion (4 pg/kg/min),
beginning 15 minutes prior to application of the current.
Bleeding times were also recorded in both groups by peri-
odic tongue and buccal mucosal incisions using a reproduc-
ible SurgiCut device. Each dog underwent a postmortem
carotid artery examination and concomitant thrombus
dissection and weighing.

In the treatment group, only one dog (16.7%) had com-
plete arterial occlusion, versus all five dogs (100%) in the
placebo group. Cangrelor infusion doubled the length of
time to thrombus formation in the one animal that devel-
oped complete occlusion (106 minutes vs 195 minutes)
The antithrombotic effects of cangrelor significantly
decreased the weight of thrombus by 83% (47 mg vs 8 mg;
p<0.05). Buccal and tongue bleeding times were signifi-
cantly elevated in the cangrelor group, with a time-
dependent increase noted from study hour 1 through
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6, 2-3.4-fold and 3.5-4.4-fold (p<0.05) increases respec-
tively. Ex vivo ADP-induced aggregation was prevented with
near-complete inhibition at doses of 4 pg/kg/min. Cangrelor
was well tolerated in the dogs; no hematologic or physio-
logic abnormalities were observed during the study. Bleeding
parameters returned to preinfusion levels within 1 hour of
infusion cessation, further supporting the reversible nature
of cangrelor.

Another study investigated the role of the P2Y , receptor
in embolic events using a rabbit model (n=65). At the time
of this study, ADP had been identified as a key moderator of
thrombosis, yet its role in embolic events had not been
explored.” Rabbit mesenteric arteries were dissected
through an abdominal incision, and the microvasculature
was visualized via microscopy. Using the tip of a micropipette,
the arterioles were punctured, causing white (platelet-rich)
thrombus formation and subsequent downstream emboli-
zation of platelet-rich emboli. The optimal dose that
achieved maximal platelet inhibition was 3 pg/kg/min,
which reduced aggregation by 71% + 6% and ex vivo
thrombin generation by 25% +7% (p=0.06). Higher doses
of cangrelor did not reduce levels of thrombin production.
Following puncture of the arteriole, thrombus formation
occurred within 1-2s. The height of the primary thrombus
was calculated as a percentage of vessel diameter. Cangrelor
significantly decreased the height of the thrombus by 20%
(p<0.005). Vessel bleeding times, however, were not affected
(4.9 minutes in controls (n=29) vs 2.9 minutes with the
study drug (n=36); p=0.57). The occurrence of rebleeding
was similar between the controls and the study drug group
(24% vs 28%). Steady-state doses of clopidogrel were also
studied, with results similar to those of cangrelor,
confirming blockade of the P2Y, receptor.

Downstream emboli were observed on average to last
469 in the control group, with 11 rabbits having embolic
events lasting >600s. Comparatively, the embolization time
lasted for 228s in the cangrelor group and only one rabbit
had emboli occurring after 600s. Significant qualitative dif-
ferences in embolic phenomena were observed between the
treatment and control groups (p=0.001). The control group
had, on average, 14 emboli, with a median size of 10—15 um,
whereas the cangrelor group had an average of 8 emboli
(p=0.01), with a median size of 5-10 um (p <0.01). Similar
results were seen in the clopidogrel group.

Comparing the sizes of emboli by study arm revealed sig-
nificantly smaller emboli in the cangrelor group (p<0.05).
Adherence rates were similar between groups (4.8 platelets/
min vs 3.9 platelets/min; p=0.39), despite the smaller
emboli in the cangrelor group. The similar adherence rates
suggest that while the overall rate of emboli formation was
unchanged, cangrelor reduced the size of the thrombus, and
the resultant embolic platelet aggregates were too small to
be detected. Furthermore, cangrelor could potentially pre-
serve downstream tissue perfusion through a reduced
number and smaller emboli. Measured bleeding times in

the cangrelor-treated group were prolonged when compared
with controls (7.0 minutes vs 20.5 minutes) consistent with
previous studies.

In another study, cangrelor (4 pg/kg/min) or saline
placebo was combined with thrombolytics tissue-type
plasminogen activator (tPA), aspirin, and heparin in a dog
coronary thrombosis model.”” Mechanical occlusion and
partial stenosis of the coronary artery caused thrombosis in
coronary arteries. The arteries were monitored for complete
occlusion using CFR. When complete stenosis was achieved,
thrombolytic treatment was infused. Combination treat-
ment with cangrelor significantly prevented reocclusion
(p<0.05) in all study animals. Interestingly microvascular
perfusion measured with contrast echocardiography signif-
icantly improved at 20 minutes (p=0.01) and 120 minutes
(p=0.001). Postmortem exam showed that the total infarct
size was significantly reduced by 51% (p<0.05) in the can-
grelor-treated group. In second phase of this study, the dose
of tPA was reduced by 50% with identical findings. Bleeding
times were again noted to be significantly prolonged in the
cangrelor group (1.8-2.8-fold; p<0.001).

An important implication of this study is that tissue per-
fusion was restored at the microvascular level. Taken in
combination with previous findings, cangrelor has the
potential to prevent thrombus formation and embolic phe-
nomena, and, when combined with thrombolytics, to
restore vessel patency, reverse microvascular ischemia, and
improve blood flow in downstream capillary beds.

The human experience

The first study of cangrelor in healthy humans was reported
by Nassim et al in 1999.” Male and female volunteers
received four 1-hour escalating dose range infusions of can-
grelor (over the dose range 10-4000 pg/kg/min), with the
maximum dose extending for 19 hours. Cangrelor infusion,
measured ex vivo, caused dose-dependent inhibition of
ADP-induced platelet aggregation. Pharmacologic parame-
ters were favorable, with cangrelor achieving rapid steady-
state concentrations with a clearance of 50liters/h and a
short half-life of 2.6 minutes. Infusions were well tolerated,
with only minor increases of petechiae or bruising in the
cangrelor group. Once the infusion was discontinued, rapid
and complete reversal of platelet inhibition occurred after 20
minutes, with no observed rebound effect in platelet activ-
ity. Importantly, there was an observed separation between
antiplatelet activity and bleeding times, which were
increased by 3.2-fold over baseline in males and 2.9-fold
over baseline in females. There were no pharmacokinetic
differences in cangrelor metabolism between sexes. This
study confirmed the previously observed separation of
bleeding times and antiplatelet activity reported in the animal
models, suggesting that cangrelor would be similarly well
tolerated in humans.
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A subsequent study compared cangrelor in eight healthy
male subjects with in vitro administered cangrelor.*
Subjects received clopidogrel administered at 75 mg daily
with serially measured ADP-induced platelet aggregation
(APA) at days 0, 1, 2, 3, and 11. The observed ex vivo
antiplatelet effects of clopidogrel slowly increased over this
time period, with considerable interindividual variability.
None of the study subjects had complete inhibition of APA
over the 11-day period until cangrelor was added in vitro.
The addition of cangrelor achieved rapid and complete
platelet inhibition, conversely by day 11: APA was only
46% £ 10% of baseline. In this study, clopidogrel as
monotherapy demonstrates slow and incomplete inhibition
of the P2Y , receptor that, despite proven efficacy, leaves func-
tionally active receptors available for platelet aggregation.

Cangrelor as an adjunct to
thrombolysis improves TIMI 3 flow
during STEMI

In animals, cangrelor demonstrated sustained arterial
patency when used adjunctively with intravenous thrombo-
lytics in the setting of experimentally induced thrombosis.*
Overall, thrombus burden, size of emboli, and downstream
tissue perfusion were favourable over platelets in the
cangrelor-treated group. However, whether these positive
effects would translate to humans receiving similar therapy
in acute thrombosis was unknown.

In an early report, the STEP-AMI (Safety, Tolerability,
and Effect on Patency in Acute Myocardial Infarction) trial
investigated cangrelor as adjunctive therapy with thrombo-
lytics in patients presenting with ST-segment-elevation
myocardial infarction (STEMI).” During the study, (tPA)
was used as the thrombolytic in 101 patients presenting
with STEMLI. In each of the five different treatment arms,
patients received a 280 pug/min cangrelor infusion alone, a
full dose of thrombolytic alone, or a reduced dose (50 mg)
of thrombolytic plus three different continuous-infusion
doses of cangrelor (35, 140, or 280 pg/kg/min) over
a 60-minute period.

Angiographic evidence of intracoronary reperfusion
showed no significant differences in the primary endpoint,
Thrombolysis in Myocardial Infarction (TIMI) 3 flow, when
thrombolytics with or without cangrelor were given. In
patients receiving full-strength thrombolytic alone, 50% of
patients achieved TIMI 3 flow. Similarly, on combining
reduced-strength thrombolytic, with any dose of cangrelor,
TIMI 3 flow occurred in 57% of patients. However, cangrelor,
without thrombolytic, offered no reperfusion benefit, and
was, in fact, worse than thrombolytic alone with only 19% of
patients attaining TIMI 3 Flow. On electrocardiography (EKG),
patients with >70% ST-segment elevation showed trends
toward improved ST-segment recovery in the groups receiv-
ing cangrelor. Across treatment groups, cangrelor was well

tolerated, with no differences in 30-day major adverse cardio-
vascular events (MACE) or non-coronary artery bypass graft
(CABG)-related TIMI major bleeds™ (cangrelor + reduced
dose tPA =20% and tPA alone = 17%; p=NS). With cangrelor
infusion, a reduction in thrombolytic dose achieved similar
rates of TIMI 3 flow. This suggests that there would be no treat-
ment tradeoff with reduced doses of thrombolytic and
concurrent cangrelor infusion. This could have the dual benefit
of improving myocardial perfusion without the risk of serious
bleeding complications such as intracranial hemorrhage.

Phase Il cangrelor studies have
demonstrated safety and efficacy

The first safety assessment of cangrelor came from an open-
label study in 39 patients presenting with ACS in the UK
and the Netherlands.”” All patients received ascending
stepped dose infusions of cangrelor plus aspirin, as-needed
nitrate therapy, and anticoagulation with unfractionated
heparin (UFH) or low-molecular-weight heparin (LMWH).
Cangrelor demonstrated a consistent dose-dependent effect
on platelet inhibition, with steady-state plasma concentra-
tions being achieved within 30 minutes of continuous infu-
sion. When platelet aggregation was measured ex vivo, the
average level of inhibition was similar between doses rang-
ing from 0.2 to 2.0 ug/kg/min. Only when plateau infusions
were increased to greater than 2.0 pg/kg/min did all patients
achieve >80% inhibition. From the dose range between 2.0
and 4.0 pg/kg/min, variability in platelet inhibition between
patients was decreased, with 74% of patients having 100%
inhibition of platelet aggregation. Independent of the dose
received, a rapid decline in inhibition occurred upon cessa-
tion. Within 1 hour after discontinuing the infusion, plate-
let function had recovered to >60% of baseline levels in
70% of the patients. Despite increases in bleeding times,
there were no severe bleeds by TIMI minor or major crite-
ria.’* However, trivial bleeding was frequently reported.
Measured bleeding times increased as the length of infusion
was extended from 24 to 72 hours and the plateau dose
doubled to 4.0 pg/kg/min. Further analysis between cangre-
lor plasma concentration and bleeding times revealed no
correlation. The authors cited variations in the pharmaco-
kinetic profiles of LMWH and UFH for the increases in
bleeding times, which were not seen with cangrelor.
Adverse events were common in this study. At least one
adverse event was reported in 85% of study patients. The
most frequent event occurred at the injection site. One
patient experienced phlebitis at the cannulation site
and nine others reported slight bleeding. The second
most common adverse event was elevations in alanine
aminotransferase occurring in eight patients; abnormalities
in aspartate aminotransferase were less common, in four
patients. Purpura, dyspnea, and hematuria were equally the
next most reported events. In 38% of patients, elevations in
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creatinine or urea occurred at some point during the study.
Hematologic parameters showed no effect from the study
drug infusion. There were no reports of thrombocytopenia
or drops in hemoglobin. While adverse events were fre-
quent, this was an open-label study without a placebo group
for comparison.

A second phase II Swedish study assessed the safety and
tolerability of cangrelor in 91 patients with unstable angina
and non-ST-segment-elevation myocardial infarction
(NSTEMI) randomized to cangrelor or placebo.?® In addi-
tion to the study compound, patients received aspirin or
LMWH. Patients were included if they had unstable angina
plus new ischemic EKG changes, known ischemic heart dis-
ease, or elevation of cardiac biomarkers consistent with MI.
Patients were excluded on presentation if they were hemo-
dynamically unstable, presented with STEMI, required
thrombolytics, percutaneous intervention, or had an
increased risk of bleeding, kidney impairment, or known
liver disease. Cangrelor was administered as a continuous
infusion of 4 pg/kg/min for 72 hours and was initiated as an
ascending dose over 19 hours. Despite randomization, the
two groups were not identical. Patients in the cangrelor
group were more likely to be older or female, and had lower
body weights. Measured pharmacokinetic parameters were
similar to those in previous studies. Cangrelor was rapidly
cleared (44.3 + 6.4 liters/h) from a small volume of distribu-
tion (5.10 + 1.77 liters). At a concentration of 4.0 pg/kg/min,
cangrelor achieved a calculated steady-state plasma concen-
tration of 401 ng/ml.

Cangrelor was well tolerated, with a side-effect profile
mirroring that of the placebo group. Rates of adverse bleed-
ing events were similar between the groups. During the
index hospital admission, there were no major bleeds occur-
ring in either group during infusion of either the study drug
or placebo. Following discharge, one patient experienced a
major gastrointestinal bleed 15 days after receiving cangre-
lor, which, given cangrelor’s short half-life, is likely unre-
lated. The rates of minor bleeding events were slightly
higher in the cangrelor group (38% vs 26%), but did not
achieve statistical significance.

Other reported adverse events included one death during
the study. A patient receiving cangrelor acutely decompen-
sated 24 hours following infusion, when a papillary muscle
ruptured. There was also a significantly (p<0.05) higher
rate of mild respiratory disorders during the cangrelor infu-
sion. These symptoms were not present during follow-up 1
month later. Patients randomized to the study drug reported
statistically significant lower rates of angina compared with
placebo. Conversely, one patient developed unstable angina
27 hours after the infusion. The authors suggest that this
could be explained by a reactivation phenomenon in which,
following reversal of P2Y , blockade by cangrelor, the plate-
lets through an unknown pathway became active again,
precipitating an ischemic event. Although not powered to
assess efficacy, there were no differences in the number of

endpoints, including percutaneous transluminal coronary
angiography (PTCA), CABG, myocardial infarction (MI),
death, or angina at 1 month.

The randomization process helped clarify the observed
elevations in laboratory values. Elevations in liver function
tests, creatinine, and blood urea seen previously were likely
from variation and not the study drug. Hematologic param-
eters, including hemoglobin and hematocrit, showed no
significant differences between groups. The report did not
mention the presence or absence of thrombocytopenia.

Cangrelor is safe and effective
during PCI

During coronary interventions, the vascular endothelium
underlying the stent is universally damaged. Exposing the
underlying prothrombotic subendothelial matrix necessi-
tates antiplatelet therapy to prevent acute vessel closure and
stent thrombosis. To date, clopidogrel has been used for
preventing these dire complications. However, its pharmaco-
logic profile combined with patient variability can be prob-
lematic. Even with high loading doses of clopidogrel, maximum
and timely inhibition is not guaranteed. Cangrelor, on the
other hand, rapidly blocks ADP-induced platelet aggrega-
tion, which might make it an ideal agent during PCI.

The safety and tolerability of cangrelor was reported in a
two-part study, demonstrating favorable results.” In both
parts, patients undergoing PCI received 325 mg of aspirin
and weight-adjusted UFH. In part 1, 200 patients were ran-
domized to three different continuous cangrelor infusions
of 1.0, 2.0, or 4.0 pg/kg/min or placebo. The infusions began
just prior to the coronary intervention and were continued
for 18-24 hours after PCIL.

In the first group, four patients (8%) receiving the high-
est concentration of cangrelor experienced a major bleed,
compared with none in the placebo group (p=0.052).
Attributing the trend towards increased rate of major
bleeds to cangrelor alone was confounded by the presence
of other patient-specific bleeding risks, including con-
committant surgical revascularization, simultaneous
glycoprotein inhibitor therapy, or patient non-compliance
following left heart catheterization (premature ambula-
tion). At lower infusion doses, there was no observed
dose-response relationship between rates of minor bleeds
and infusion concentration. There was also no statistical
difference in thrombocytopenia (defined by a drop in
platelets to 100000/mm? or less) between cangrelor and pla-
cebo, occurring in 1% and 0%, respectively. Secondary end-
points, measured by a composite of clinical outcomes (M1,
death, and reintervention) at 2-, 7-, and 30-day intervals
between groups were similar between cangrelor and
placebo. The authors noted that patients randomized to
placebo had a higher rate of reinterventions between 1
week and the end of the study. Despite the short half-life
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of cangrelor, the authors hypothesize a possible delayed
benefit from acutely inhibiting proinflammatory growth
factors. In another study, the proinflammatory interac-
tions of platelet-leukocyte conjugate formation were
decreased by cangrelor, which may be one possible mecha-
nism contributing to the observed benefit.*

With the positive safety results, part 2 of the study
included 199 patients undergoing PCI, who were rand-
omized to cangrelor or abciximab. Patients received infu-
sions of either cangrelor (4 ug/kg/min) or abciximab
(0.25mg/kg) throughout the procedure. Patients' anticoag-
ulation with heparin was adjusted down in an attempt to
avoid the major bleeds experienced during part 1.

Cangrelor was well tolerated throughout the study, with
no statistically significant TIMI major or minor bleeds
reported. Bleeding times, as a ratio of the baseline, were
almost double in the cangrelor group (2.07) and triple in
the abciximab group (3.05) when compared with placebo
alone (1.14). In a head to head comparison between abcixi-
mab and cangrelor, at steady state concentrations, abcixi-
mab had a bleeding time 1.6 times higher than any dose of
cangrelor. Thrombocytopenia occurred in 1% of patients
receiving cangrelor, but this was significantly less often
when compared with the 7% of abciximab-treated patients
(p=0.025).

Platelet function measured ex vivo demonstrated rapid
platelet inhibition and reversal in both parts of the study.
Within 15 minutes after discontinuing cangrelor, mean
platelet aggregation began to return to baseline, whereas
patients receiving abciximab had persistent inhibition of
mean platelet aggregation beyond 24 hours. There were no
significant differences in 30-day outcomes as measured by a
composite of death, MI, or reintervention in part 2.’ While
the secondary endpoints were comparable independent of
antiplatelet agent, the study was not designed or powered to
assess outcomes.”’

In another study, the pharmacodynamic effects of can-
grelor during PCI were compared with those of clopidogrel
in patients with known ischemic heart disease.’®*® A small
group of 13 patients with NSTEMI received open-label can-
grelor at 2.0 ug/kg/min (n=38) or 4.0 pg/kg/min (n=5). A
second group of patients undergoing coronary stenting
were loaded with 300 mg clopidogrel at implantation and
maintained on 75 mg daily. Platelet function was then meas-
ured ex vivo using whole-blood single-platelet counting.
Doubling the dose of cangrelor showed no differences in
inhibition of ADP-induced platelet aggregation (p=0.22).
However, when comparing any dose of cangrelor with clopi-
dogrel, a higher level of inhibition occurred in cangrelor-
treated individuals. Plasma samples from the clopidogrel
group were then inoculated with cangrelor in vitro. Not
only did this addition demonstrate superior antiplatelet
effects compared to clopidogrel alone, but also the antiplate-
let effect was additive (p<0.05) when cangrelor was given
after clopidogrel.

Clopidogrel and cangrelor block thrombosis by similarly
inhibiting the P2Y,, receptor, preventing platelet-induced
amplification from ADP induced segregation. However,
both agents have uniquely different biochemical affinities
for the active receptor site. Clopidogrel irreversibly binds the
P2Y , receptor and cangrelor reversibly blocks it. Furthermore,
at therapeutic doses of clopidogrel, active P2Y,, receptors
remain.” During a pharmacodynamic comparison, cangrelor
demonstrated superior platelet inhibition over clopidogrel
even when an effective loading dose was employed.”” Defining
the potential pharmacological interaction between clopidog-
rel and cangrelor is paramount in optimizing antiplatelet
function when transitioning from acute to chronic settings.

With simultaneous administration,
cangrelor interferes with the
mechanism of action of
clopidogrel

A recent study in 20 healthy volunteers explored the treat-
ment strategy when transitioning from cangrelor to clopi-
dogrel.*” In this two-arm study, each group of 10 subjects
received cangrelor as a 30 pg/kg intravenous bolus followed
by a continuous 4 pg/kg/min infusion for 1-2 hours and a
600 mg loading dose of clopidogrel. The loading dose was
given either at the beginning of the infusion or immediately
upon discontinuation. Platelet activity was then measured
ex vivo by whole-blood impedance aggregometry, light
transmittance aggregometry, and flow cytometry. Each
experimental methodology has been previously validated to
accurately measure platelet function.®

In all study subjects, cangrelor was well tolerated, with no
adverse events. When given alone, cangrelor and clopidog-
rel each demonstrated consistent levels of platelet inhibition
measured across all ex vivo diagnostic modalities. By itself,
cangrelor achieved >83% inhibition within 2-5 minutes of
dosing and returned to 60-95% baseline platelet activity
within 20—40 minutes, depending on the diagnostic modal-
ity. When clopidogrel was given at the end of cangrelor
infusion, complete inhibition of platelet function occurred
between 3 and 6 hours later. Despite recent P2Y , blockade
by cangrelor, the measured length of time to complete plate-
let inhibition by clopidogrel was identical when compared
with subjects receiving oral doses of clopidogrel only. This
suggests that when transitioning from intravenous to oral
P2Y,, receptor inhibitors, there may be a temporary ‘unpro-
tected window’ of unblocked P2Y,, receptor activity that
lasts from as little as 2 hours to as many as 6 hours.

When cangrelor and clopidogrel are administered at the
same time, maximal blockade of platelet function is achieved
within minutes of starting the cangrelor infusion and con-
tinues until the infusion is stopped. However, the long last-
ing effect of clopidogrel is delayed and is not as robust when
compared to sequential administration of the two drugs.
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If cangrelor is present in the circulation when clopidogrel is
given, the level of long term platelet inhibition is only about
25% of that achieved when clopidogrel is given as mono-
therapy. The authors note that clopdigrel metabolism
undergoes a first-pass effect in the portal system. When can-
grelor is present in the portal circulation, irreversible bind-
ing of the active clopidogrel metabolite to the P2Y , receptor
does not occur. Conversely, when clopidogrel is given imme-
diately after cangrelor infusion, long term and maximum
platelet inhibition is achieved. These findings demonstrate
not only that cangrelor limits the long term irreversible
effects on platelet function, but also, that cangrelor does not
have longlasting metabolites that interfere with clopidogrel’s
mechanism of action.

This study has important implications regarding the tim-
ing of clopidogrel administration following cangrelor infu-
sion. These findings strongly support sequencing the use of
P2Y,, receptor inhibitors as opposed to simultaneous
administration. In the acute setting, administering cangre-
lor would result in immediate antiplatelet inactivity.
Following the acute management, patients could then tran-
sition to chronic treatment with clopidogrel. However, in
patients already at a steady-state level of clopidogrel, use of
cangrelor would not be expected to be problematic.
Problems would only arise in clopidogrel naive populations
during simultaneous administration. If cangrelor passes
Phase 3 clinical testing, prior clopidogrel use will be critical
component of the patient’s history prior to PCI.

Phase 11l

Two phase I1I trials are currently enrolling patients for fur-
ther evaluation of cangrelor. The CHAMPION (Cangrelor
versus standard tHerapy to Achieve optimal Management
of Platelet InhibitiON), Platform study is a prospective, ran-
domized controlled trial to evaluate the efficacy of cangrelor
in clopidogrel-naive patients undergoing PCL.** Over 200
clinical sites worldwide will be involved, enrolling more
than 4000 patients. This double-blind study will randomize
patients to a 30 pug/kg bolus and 4 pg/kg/min infusion of
cangrelor. Following the cangrelor bolus, the infusion will
last for a minimum of 2 hours or the length of the proce-
dure. Patients will then receive a 600 mg loading dose of
clopidogrel, followed by 75 mg daily. The primary endpoints
are efficacy and a clinical composite of death, MI, or
ischemia-driven revascularization within 48 hours of
cangrelor infusion.

A second phase III trial, CHAMPION PClI, is currently
enrolling patients to evaluate the efficacy of cangrelor in
patients requiring PCL.* More than 400 centers worldwide
are enrolling patients in this prospective, double-dummy,
double-blind, active control study. Patients will be rand-
omized to one of two study arms. The first arm will consist
of a cangrelor bolus (30 pg/kg) and infusion (4 pg/kg/min)

given immediately prior to the index procedure. The study
drug will run during the length of the intervention for at
least 2 hours, or the duration of the procedure if it is longer.
Study center physicians will have the option to continue the
infusion after the procedure for a maximum length of
4 hours, after which a 600 mg clopidogrel loading dose will
be given. The second study arm will receive a placebo bolus/
infusion and a loading dose of clopidogrel during PCI, with
infusion lasting up to 4 hours. The study endpoints are
measurements of safety and efficacy at 48 hours.

Conclusions

Cangrelor is a novel intravenous ADP receptor antagonist
with a very short half-life. Early animal studies demonstrated
that cangrelor, which is specific for the P2Y , receptor, had a
low risk of bleeding, with the benefit of complete inhibition of
platelet function that helped define the threshold of separa-
tion between antiplatelet function and bleeding times. Initial
human testing seems promising. In phase I and II studies, can-
grelor has been shown to achieve superior levels of antiplatelet
function when compared with clopidogrel. Cangrelor has also
demonstrated improved performance when compared with
glycoprotein inhibitors, without the increased risk of bleeding
and long duration of action. Ongoing phase III trials will
determine the ultimate role of cangrelor in clinical practice.
The drug seems to be an ideal treatment for patients present-
ing with ACS or undergoing PCI who need quick and effective
antithrombotic therapy that is easily reversible if bleeding
complications develop. Should cangrelor prove to be effica-
cious, the management of ACS and PCI could be significantly
improved. Furthermore, the drug holds potential appeal in
STEML], stroke, and a variety of other situations where quick,
effective, and safe antithrombotic therapy is warranted.
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Indirect thrombin inhibitors: fundamentals and
guide to optimal therapy using unfractionated
heparin and low-molecular-weight heparins

Raphaelle Dumainev and Gilles Montalescot

Introduction

Mural thrombus formation may be the consequence
either of the spontaneous disruption of an atherosclerotic
plaque or of an endothelial denudation following percu-
taneous coronary intervention (PCI) with or without
stent implantation. An acute coronary syndrome (ACS) is
usually the clinical manifestation of spontaneous plaque
disruption, and endothelial denudation during PCI may
lead to acute or subacute stent thrombosis or to distal
embolization.

The plaque disruption results in (1) platelet activation
and aggregation, due to pathological contact between circu-
lating blood procoagulant molecules and structures of the
vessel wall such as fibronectin, collagen, and von Willebrand
factor, and (2) activation of tissue factor and coagulation
factors. Thrombin (or activated factor II: factor Ila) is a key
enzyme of the coagulation cascade, as it controls the ulti-
mate step: the conversion of fluid-phase fibrinogen into
fibrin, which polymerizes into crosslinked fibrin polymers,
the basis of the clot. Furthermore, thrombin sustains the
clotting process by two mechanisms: (i) amplification of its
own production by activating the intrinsic pathway —
particularly factors XI, IX, VIII, and X — (ii) and platelet
activation. Thrombin binds to fibrin and fibrin degradation
products, as well as to the subendothelial matrix, and
remains active once bound.

Indirect thrombin inhibitors such as unfractionated
heparin (UFH) and low-molecular-weight heparins
(LMWH) are essential in limiting the coagulation process
following a spontaneous or provoked plaque disruption.
The present chapter will discuss the mechanisms of action,
properties and optimal management of UFH and LMWH
in the setting of ACS as well as PCI.

Mechanisms of action

Figure 15.1 compares the mechanisms of action of UFH
and LMWH.

Thrombin or factor Ila, has an active site and two exosites,
one of which — exosite 1 — binds to its fibrin substrate, ori-
entating it towards the active site.

UFH binds to exosite 2 on thrombin and also to anti-
thrombin, forming a ternary complex. This ternary complex
is necessary for the inhibition of thrombin by antithrombin
(Figure 15.1a: left). In contrast to thrombin inhibition, inac-
tivation of factor Xa does not require the formation of a ter-
nary complex. UFH inhibits thrombin and factor Xa in the
same proportion (the ratio of anti-Xa to anti-Ila activity is
equal to 1) (Figure 15.1a: right). The interaction of the
heparins (UFH as well as LMWH) with antithrombin is
mediated by a unique pentasaccharide sequence, present in
approximately one-third of UFH chains.'

In addition, UFH also binds simultaneously to fibrin and
thrombin. The heparin/thrombin/fibrin complex lessens
the ability of the heparin—antithrombin complex to inhibit
thrombin and increases the affinity of thrombin for its
fibrin substrate. This results in protection of fibrin-bound
thrombin from inactivation by the heparin—antithrombin
complex? (Figure 15.1b). Thus, thrombin-rich clot repre-
sents a powerful reservoir of prothrombotic thrombin.

LMWH are prepared by depolymerization of the benzyl
ester of porcine mucosal UFH chains. The critical
pentasaccharide unit needed for their interaction with
antithrombin is present in about 20% of LMWH chains.
Because most LMWH chains are not sufficiently long to
form the ternary complex necessary for the inactivation of
factor Ila, their action is primarily directed against factor
Xa (Figure 15.1¢). Depending on the particular LMWH,
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Exosite 2

Active site

Exosite 1

LMWH (only those with > 18
saccharide units)

Figure 15.1

Mechanisms of action of unfractionated
heparin (UFH) and low-molecular-weight
heparin (LMWH). See text for details.
(Adapted in part from Weitz ]I, Buller HR.?)

the ratio of anti-Ila to anti-Xa activity varies from 1.9
(tinzaparin) to 3.8 (enoxaparin).'

Comparison of the
pharmacological properties
of UFH and LMWH

The pharmacological properties of UFH and LMWH are
compared in Table 15.1.

The antithrombin action of UFH is limited by variable
efficacy and stability, mainly due to poor bioavailability,
non-specific protein binding, neutralization by platelet fac-
tor 4 (PF4),and alack of efficacy on fibrin-bound thrombin.?
Moreover, UFH exhibits prothrombotic properties related
to poor control of release of von Willebrand factor(vWF),
as well as platelet activation, platelet aggregation through
binding and upregulation of the platelet glycoprotein (GP)
IIb/I11a receptor, and rebound of thrombin generation after
discontinuation.*®

Fractionated LMWH have a more predictable pharmaco-
logical profile than UFH, removing the need for therapeutic

Comparison of pharmacological properties of

unfractionated heparin (UFH) and low-molecular-weight
heparins (LMWH)

UFH LMWH
Presence of cofactor required +++ S
Renal clearance + ++
Predictability in = ++
pharmacological profile
Inhibition of thrombin + AHE
generation
Control of von Willebrand A A
factor release
Tissue factor pathway A A
inhibitor release
Inhibition of bound thrombin = =
Rebound of thrombin generation A +
after discontinuation
Platelet activation A <
Non-specific protein binding Ak 3+
Neutralization by platelet factor 4 +++ +
Immunothrombocytopenia B *
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Contemporary guidelines for use of unfractionated heparin (UFH) in patients undergoing percutaneous coronary

intervention®

No concomitant GPIIb/IIIa inhibitor use

Concomitant GPIIb/IIIa inhibitor use

Intravenous bolus 70-1001U/kg

Activated clotting time 250-300s (HemoTec device)
(ACT) to be achieved 300-350s (Hemochron device)
Additional bolus if target 2000-5000TU

ACT not achieved

Sheath removal

drug monitoring, except among patients with decreased
renal function and elderly or extreme-weight patients
(low-weight or obese patients). This predictability is mainly
due to reduced non-specific protein binding and reduced
neutralization by PF4. Other properties, such as reduced
induction of VWF release and reduced platelet activation,
are of crucial importance in the setting of ACS. The release
of vWF has been shown to be a strong predictor of outcome
in ACS without ST-segment elevation > as well as in acute
myocardial infarction (MI) with ST-segment elevation.”'
LMWH have been shown repeatedly to reduce significantly
this marker of outcome.>®!° Furthermore, LMWH produce
enhanced release of tissue factor pathway inhibitor (TFPI),
a glycoprotein that forms a quaternary complex with the
factor VIla—tissue factor complex and factor Xa, thus inhib-
iting the factor VIla—tissue factor complex.” This extended
action on the coagulation cascade upstream from thrombin
is a theoretical advantage over UFH, especially in the setting
of ACS, where limiting the amplification of clotting forma-
tion by inhibiting thrombin generation is a key element of
the treatment strategy. Heparin-induced thrombocytopenia
is also less common with LMWH than UFH."

UFH: Monitoring and dose
adjustment

UFH and PCI

UFH has long been the only anticoagulant used during
PCI. It is generally administered as weight-adjusted
boluses, under activated clotting time (ACT) guidance.
The main limitation on its use during PCI is the necessity
for close monitoring of anticoagulant activity. This is
assessed by ACT, which varies substantially in the presence
of other comorbidities as well as with the devices used to
measure it; higher ACT values (30-505s) are observed using
the Hemochron device than the HemoTec device."
Procedural anticoagulation monitoring is thus highly

50-701U/kg
2005

When ACT < 150-180's

dependent on the device used to guide heparin adminis-
tration (Table 15.2). In addition to this variability in ACT
results, the optimal range of target ACT remains uncer-
tain. Results from retrospective studies suggest that a
higher ACT may be associated with a reduction in ischemic
complications, but the balance between hemorrhagic risk
and thrombotic risk remains vague, and highly dependent
on the PCI setting (emergent setting/thrombus-rich
lesions; elective setting/low-thrombotic lesion). In a rand-
omized study comparing a fixed dose of UFH (15000IU
bolus) and a weight-adjusted UFH regimen (1001U/kg),
similar efficacy and safety outcomes were observed."
Lower fixed doses (a 5000 or 2500 IU bolus) have also been
used and do not seem to be associated with an increased
thrombotic risk.'»"

Prolonged UFH infusion after uncomplicated PCI is not
recommended.

UFH and medical treatment for ACS

UFH has long been the only thrombin inhibitor used in
patients with unstable angina, despite the lack of definitive
proven benefit over placebo in ACS patients treated with
aspirin. In a randomized trial of 479 ACS patients, although
heparin therapy (1000 units per hour by intravenous infu-
sion) was associated with a reduction of the composite of
refractory angina/MI/death in the absence of aspirin, its
addition to aspirin therapy did not result in a significantly
greater protective effect than aspirin alone.'® In a meta-
analysis of six randomized trials comparing aspirin plus
heparin versus aspirin alone, the relative risk of death or MI
was 0.67 (95% confidence interval (CI) 0.44-1.02) in
patients treated with aspirin plus heparin compared with
those treated with aspirin alone."” Thus, despite the lack of
conclusive evidence of benefit from adding UFH to aspirin,
and because no adequately powered larger-scale trials have
been conducted, clinical guidelines still recommend a strat-
egy including administration of heparin with aspirin in ACS
patients (class IB)."
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LMWH: Monitoring and dose
adjustment

LMWH in the setting of elective PCl

When patients are not pretreated with any form of antico-
agulation before reaching the catheterization laboratory,
rapid effective and predictable anticoagulation can be
obtained with intravenous LMWH during PCI. Of the
LMWH available, enoxaparin has been the most extensively
studied in the setting of ACS or PCI.

In a preliminary study, Choussat et al'’ included 242 con-
secutive patients to receive a single intravenous bolus of
enoxaparin (0.5 mg/kg) during elective PCI. A peak anti-Xa
>0.51U/ml was obtained in 97.5% of the population
(Figure 15.2); this dose allowed immediate sheath removal
when used alone, and did not require dose adjustment when
used with a GPIIb/IIIa inhibitor.

The large STEEPLE trial was a prospective, open-label,
randomized trial in 3528 patients undergoing elective PCI.
Patients were randomized to enoxaparin (0.5 or 0.75 mg/kg)
or an ACT-adjusted UFH regimen, stratified by the operator's
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Figure 15.2

Distribution of anti-Xa activity levels at the
beginning (a) and end (b) of percutaneous
coronary intervention after a single
intravenous dose of enoxaparin 0.5 mg/kg.
(Reproduced with permission from Choussat R
etal.”)
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choice of GPIIb/IIIa inhibitor use. The primary endpoint
was the incidence of non-coronary artery bypass graft
(CABG)-related major and minor bleeding. Enoxaparin
0.5mg/kg was associated with a significant 31% reduction
in the primary endpoint compared with UFH (6.0% vs
8.7%; p=0.014), and the 0.75 mg/kg dose was associated
with a 24% reduction (6.6% vs 8.7%; p=0.052), meeting the
criteria for non-inferiority. There was a significant 57%
reduction of major bleeding in both enoxaparin groups
compared with UFH.

The incidence of the quadruple endpoint of death/MI/
urgent target revascularization/major bleeding at 30 days
was similar between the three groups (7.2%, 7.9%, and 8.4%
in the enoxaparin 0.5 mg/kg, enoxaparin 0.75 mg/kg, and
UFH groups, respectively).

The sheath was immediately removed from the femoral
site in the 0.5 mg/kg group without any excess bleeding.

In contrast to UFH, enoxaparin use during PCI did not
require anticoagulation monitoring, and there was no dose
modification with concomitant GPIIb/IIIa receptor blocker
administration.”

LMWH in acute coronary
syndromes

Comparison of LMWH with UFH
without GPIIb/Illa inhibitors and
without catheterization

Several randomized clinical trials have compared the efficacy
and safety of LMWH and UFH among initially medically
managed patients presenting with ACS.*7* In these trials,
enoxaparin was the only LMWH to demonstrate a significant
and sustained benefit over UFH; in a meta-analysis of the
TIMI 11B and ESSENCE trials, enoxaparin was associated
with a significant reduction in death and MI at 8, 14, and
43 days (odds ratio (OR) 0.77,95% CI 0.62—0.95; OR 0.79,95%
CI0.65-0.96; and OR 0.82,95% CI 0.69-0.97, respectively).”

Comparison of LMWH with UFH in
combination with GPIIb/Illa inhibitors
and catheterization

More recently, the safety and efficacy of these two anti-
thrombin regimens have been compared among patients
receiving current antithrombotic regimens including
tirofiban (A to Z* and ACUTE II?) or eptifibatide
(INTERACT?), as well as high-risk patients undergoing
an early invasive strategy (SYNERGY).” The SYNERGY
(Superior Yield of the New Strategy of Enoxaparin
Revascularization and Glycoprotein IIb/IIla Inhibitors)
trial®® was the largest randomized, open-label, international
trial comparing enoxaparin and UFH among 10027

high-risk patients with non ST-segment elevation (NSTE)
ACS to be treated with an intended early invasive strategy.
The incidence of the composite primary efficacy endpoint
(death/MI at 30 days) was similar in enoxaparin- and UFH-
treated patients (14.0% vs 14.5%, respectively; OR 0.96;
95% CI 0.86—1.06). There was no difference in the rate of
ischemic events during PCI between the two groups. The
primary safety outcome (major bleeding or stroke) was
similar in both groups, although there was a modest increase
in the rate of major bleeding in the enoxaparin group
according to the TIMI bleeding classification (9.1% vs 7.6%;
p=0.008), but not according to the GUSTO classification
(2.7% vs 2.2%; p=0.08). The need for transfusions was sim-
ilar in the two groups (17.0% vs 16.0%; p=0.16). However,
when stratifying by pre-randomization therapy, the benefit
of enoxaparin was highest among patients receiving either
enoxaparin or no antithrombin therapy before randomiza-
tion. The authors stated that ‘as a first-line agent in the
absence of changing antithrombin therapy during treat-
ment, enoxaparin appears to be superior to UFH without
an increased bleeding risk’”

A pooled analysis was performed among the 21946
patients included in the six randomized trials comparing
UFH and enoxaparin in NSTE ACS.*® Enoxaparin treat-
ment was associated with lower incidence of death/MI at 30
days than UFH (10.1% vs 11.0%; OR 0.91; 95% CI 0.83—
0.99; number needed to treat 107). The benefit of enoxa-
parin was even higher among patients receiving no
pre-randomization antithrombin therapy (8.0% vs 9.4%;
OR 0.81; 95% CI 0.70—0.94; number needed to treat 72).
There was no significant difference in blood transfusion or
major bleeding.

In all of these trials, enoxaparin was administered at a
dose of 1 mg/kg subcutaneously every 12 hours, in order to
achieve therapeutic anti-Xa levels. This is important, as it
has been demonstrated that low anti-Xa activity (<0.51U/ml)
is an independent predictor of poor outcome among
ACS patients; conversely, anti-Xa activity within the target
range of 0.5-1.21U/ml is not related to bleeding events.”
Among patients with impaired creatinine clearance, the
therapeutic range is safely achieved by reducing enoxaparin
dose.”?

PCl in patients with upstream
subcutaneous LMWH

Current recommendations for antithrombin management
in patients being treated with subcutaneous LMWH under-
going PCI suggest a transition to UFH, with a bolus being
given immediately prior to intervention.” In the setting of
ACS, this strategy has demonstrated at least similar safety
between UFH and enoxaparin, and similar or fewer ischemic
events among patients treated with enoxaparin as compared
with UFH-treated patients. %2
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UA/NSTEMI
Enoxaparin initiated SC

|

PCI within < 8 h of last SC dose

+ GP lIb/llla inhibitior
y

No additional
UFH or LMWH

Enoxaparin 0.3
mg/kg IV bolus

ithin 8 — 12 h of last SC dose l
J— - GP lIb/llla inhibitior

Figure 15.3

Strategies for the transition from medical
therapy to procedural anticoagulation in
patients receiving subcutaneous enoxaparin.
UA/NSTEMI, unstable angina/non-ST-
segment-elevation myocardial infarction;
PCl, Percutaneous coronary intervention; SC,
subcutaneous; UFH unfractionated heparin;
LMWH, low-molecular-weight heparin; 1V,
intravenous; ACT, activated clotting time.
(Adapted from Kereiakes D] et al.*’)

UFH 60 U/kg
ACT 250-300 s

However, in spite of its logic and convenience, there is
little in the literature regarding LMWH administration
during PCI instead of UFH, in order to avoid a change in
anticoagulation when transferring the patient to the cathe-
terization laboratory.

Collet et al** were the first to report on the safety and effi-
cacy of PCI in ACS patients who received their last subcuta-
neous injection of enoxaparin less than 8 hours before
catheterization without additional anticoagulation and
without coagulation monitoring. Of 451 consecutive
patients with NSTE ACS who received at least 48 hours’
treatment with subcutaneous enoxaparin (1 mg/kg/12h),
132 (28%) underwent immediate PCI following angiogra-
phy, with no further enoxaparin. The mean anti-Xa activity
at the time of catheterization was >0.5IU/ml in 97.6%
patients. There were no instances of in-hospital acute vessel
closure or urgent revascularization following PCI. Death/MI
at 30 days occurred in 3.0% of the PCI group, but in 6.2%
of the whole population, and in 10.8% in patients not
undergoing catheterization. The 30-day major bleeding rate
was 0.8% in the PCI group, and was comparable to that of
patients managed medically (1.3%). Further data drawn
from more than 350 patients indicate that similar anti-Xa
levels to those found after 48 hours of subcutaneous treat-
ment are achieved after only two subcutaneous doses of
enoxaparin.” Finally, similar data were obtained from the
NICE-3 study.’® A total of 661 ACS patients were treated
with subcutaneous enoxaparin 1 mg/kg plus abciximab,
eptifibatide, or tirofiban at standard doses, and both strate-
gies were combined for the transition from the ward to the
catheterization laboratory: no interruption and no addition
of enoxaparin for PCI within 8 hours of the last subcutane-
ous injection and an additive intravenous bolus of 0.3 mg/
kg when PCI was performed between 8 and 12 hours of the
last subcutaneous injection. The major bleeding rate was

4.5% and the in-hospital death/MI/urgent target vessel
revascularization rate 5.7%.

In the SYNERGY trial described above, comparing enox-
aparin and UFH in more than 10000 ACS patients managed
with current early invasive strategy, 92% patients under-
went coronary angiography, PCI was performed in 47%,
and 57% received GPIIb/IIIa inhibitors. PCI patients in
SYNERGY (n=4685) treated with enoxaparin experienced
similar rates of complications as compared with UFH,
including threatened abrupt closure (1.1% vs 1.0%) and
emergency CABG (0.3% vs 0.3%).

These consistent data further support the efficacy and
safety of enoxaparin as anticoagulation therapy during
PCI among ACS patients who were given upstream sub-
cutaneous enoxaparin. Dose adjustment is warranted in
obese, low-weight, elderly, and renal failure patients, and
a ‘switch’ to another anticoagulant during PCI, namely
UFH, seems to be associated with an increased risk of
bleeding. Furthermore, it appears that LMWH and
GPIIb/IIIa inhibitors can be used safely in combination
without any apparent increase in the risk of major bleed-
ing.”” An algorithm on how to transfer patients pretreated
with subcutaneous enoxaparin from the coronary care
unit to the catheterization laboratory is summarized in
Figure 15.3.

Conclusions

LMWH is a safe and efficient alternative to UFH during
PCI. From a practical point of view, a single intravenous
dose of 0.5 mg/kg enoxaparin is convenient and simple,
does not need adjustment for GPIIb/IIla antagonist
use or for renal function. In addition, this single dose
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requires no anticoagulant monitoring and allows early
sheath removal.

The convenience, safety, and efficacy of LMWH have led

many centres to use them as a standard of care for the treat-
ment of ACS with or without ST-segment elevation, with
no anticoagulant shift during PCI.
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Rajeev Garg, Neal Kleiman, and Eli Lev

Role of thrombin in arterial
thrombosis

Thrombin (factor I1a) is a serine protease that is activated at
the final step of the blood coagulation cascade and converts
fibrinogen to fibrin. Thrombin has multiple roles — it is the
most potent known platelet agonist, it is primarily responsi-
ble for thrombus propagation through the soluble clotting
cascade, and it is also responsible for both positive and neg-
ative feedback within the coagulation cascade.

Thrombin is generated by cleavage of prothrombin after
activation of the direct or indirect coagulation cascade
(Figure 16.1). It acts as a catalyst for converting fibrinogen
to fibrin. Thrombin also activates factor (F) VIII and FV,
which enhance production of thrombin through a process
described as ‘autocatalytic’, and stimulates FXIIIa, which
then stabilizes fibrin strand crosslinking.'

The structure of thrombin has been defined by X-ray
crystallography. Thrombin is a large serine protease with
high substrate specificity.” Various antithrombin agents
block its action by binding to three distinct sites: the active
or catalytic active site, which is responsible for substrate
cleavage, and the two anion binding exosites 1 and 2
(Figure 16.2).

Exosite 1 is a major docking site, which ensures that sub-
strates are properly oriented with regard to the active site.®
Thrombin interacts through this site with many of its phys-
iologically relevant substrates, including protease-activated
receptor (PAR-1), the primary receptor for thrombin on
human platelets.

Exosite 2 is spatially distinct from exosite 1, and is believed
to regulate the docking to thrombin of heparin and the ser-
ine protease inhibitor antithrombin (AT, formerly known as
antithrombin III) complex).””’

Thrombin activates human platelets via the cleavage of
PAR-1 and PAR-4, which respond to low and high concen-
trations of thrombin, respectively.'” The PARs are
G-protein-coupled receptors involved in a novel mecha-
nism in which an extracellular proteolytic cleavage event is
translated into a transmembrane signal. The ligand, on the
distal end of the receptor, remains cryptic until an
N-terminal fragment of the receptor is cleaved by

thrombin.!! Once activated by thrombin-mediated prote-
olysis, the tethered ligands of these G-protein-coupled
receptors bind to a separate portion of the receptor and
consequently activate it.'"> PAR-1 is a high-affinity receptor
for thrombin by virtue of a hirudin (Hir)-like sequence
that resides in its N-terminal extracellular domain. PAR-4
lacks this Hir residue and hence requires higher concen-
trations of thrombin. It has also been established that
PAR-1 and PAR-4 signal through different complements
of G-proteins.” There may be a discrete signalling differ-
ence between PAR-1-mediated and PAR-4-mediated plate-
let activation in human platelets. Holinstat et al'* have
shown that signalling through the P2Y,, — but not the P2Y,
— receptor plays at least a partial role in PAR-4-mediated
signalling, whereas no observable dependence on P2Y,,
was measured following stimulation with maximal con-
centrations of PAR-1-AP (20 pmol/1). Therefore, inhibi-
tion of signalling by ADP through P2Y , may affect platelet
aggregation by attenuating the PAR-4 signalling pathway
while having little effect on PAR-1-mediated thrombin
signalling. If this is the case, a specific inhibitor of PAR-4
signalling may result in a more desirable side-effect profile
compared with clopidogrel. Further understanding of these
signalling differences may also provide insight into targets
that lend themselves to the development of better
antiplatelet therapies and possibly a whole new paradigm in
the management of acute coronary syndromes (ACS).!>'¢

Unfractionated heparin /
LMWH and its limitations

Heparin (both unfractionated and low-molecular-weight:
UFH and LMWH) binds endogenous AT to exert its anti-
thrombotic effect. AT is an endogenous anticoagulant, and
heparin binding leads to an increase in its level of activity.
Therefore, it is termed an indirect anticoagulant. Heparin
has certain limitations:

+  When heparin is bound to AT, it cannot inhibit
thrombin bound to fibrin, fibrin degradation products,
or the subendothelial matrix. This is because it attaches
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Schematic depiction of the coagulation system with its various inhibitors. Adapted from: Conde et al.’®
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Depiction of the binding of heparin
and DTIs to thrombin.

AT, Antithrombin. Adapted from:
Weitz et al."

to exosite 2 in order to enhance the binding of AT to
thrombin (Figure 16.2) While circulating thrombin is
inactivated by indirect anticoagulants, the clot-bound
thrombin is able to continue catalyzing fibrinogen,
activating platelets, and amplifying its own generation
by activating FV, FVIII, and FXIL.

Heparin has a highly variable dose response and anti-
coagulant effect among individual patients."”

Heparin has a consistent proaggregant effect on plate-
lets (mainly unfractionated heparin).'®"

It undergoes inactivation by platelet factor 4 (PF4).%
These is a rebound prothrombotic effect after cessation
of therapy.?"*

Both UFH and LMWH can cause heparin-induced
thrombocytopenia (HIT), with its attendant hazard of
thrombosis, although the risk may be less with LMWH.?
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Therefore, direct thrombin inhibitors (DTIs) were devel-
oped to overcome the inability of the heparin/AT complex
to inactivate clot-bound thrombin and to allow more pre-
cise regulation of anticoagulation. The DTIs, such as hiru-
din and bivalirudin, directly inhibit soluble and clot-bound
thrombin without depending on AT for anticoagulant activ-
ity. They have high specificity and potency for thrombin
inhibition, and do not promote platelet aggregation. At
therapeutic concentrations that prolong the activated par-
tial thromboplastin time (aPPT) to twice normal, heparin
inhibits only 20-40% of clot-bound thrombin activity,
whereas DTIs achieve at least 70% inhibition.*

Given their potential benefits over heparin, parenteral
DTIs have undergone extensive appraisal in patients with
ACS or HIT, and those undergoing percutaneous coronary
intervention (PCI). In current practice, parenteral DTIs are
most commonly used for anticoagulation for patients
undergoing PCI.

Direct thrombin inhibitors

Currently, three parenteral DTIs are available for clinical
use: hirudin, argatroban, and bivalirudin.

Mechanism of action

DTIs as a class can inhibit both circulating and clot-bound
thrombin because they are physically small molecules and
do not interact with exosite 2. They bind directly to the
active site of thrombin and inhibit all its proteolytic activity
without the need for AT as an intermediary molecule.

Hirudin and bivalirudin bind in a bivalent fashion to
both the catalytic site and exosite 1, while argatroban binds
only to the catalytic site (Figure 16.2). Hirudin binds to
thrombin with very high affinity, while binding of bivaliru-
din to thrombin is reversible and is associated with the
eventual cleavage near the N-terminus of bivalirudin by
thrombin itself.?>?®* When bivalirudin is cleaved, the bond
between exosite 1 and the N-terminus of the bivalirudin
segment is weakened, leading to their dissociation and to
restoration of normal thrombin activity. This process may
play an important role in the recovery of normal hemostatic
function after bivalirudin use.

Hirudin

Hirudin was originally isolated from the salivary tissue of the
medicinal leech, Hirudo medicinalis. It is a 65-amino-acid
peptide that binds thrombin with high specificity.
Recombinant hirudins (r-hirudins) lack a sulfated tyrosine
residue at position 63 and hence are known as desulfato-
hirudins or desirudins. Desirudins have a 10-fold lower
affinity for thrombin than hirudin does, but are still potent

inhibitors. They are the largest of the DTI molecules
(7kDa).”” Currently, r-hirudin is available as Lepirudin and
is approved in the USA for anticoagulation in patients with
HIT. Lepirudin is cleared primarily by the kidneys; conse-
quently, patients with renal dysfunction require careful
monitoring.”® Overdosage of hirudin in patients with renal
insufficiency can be treated with hemodialysis using
polymethyl methylacrylate membranes, which have high
avidity for hirudin.”

Argatroban

Argatroban, a synthetic competitive inhibitor of thrombin,
is a heterocyclic peptide that binds to a site near the catalytic
site. Because of its small size, argatroban does not face steric
hindrance and can neutralize clot-bound thrombin in
vitro.” It has a short half-life (approximately 45 minutes)
and is metabolized principally by the liver. Therefore, it does
not accumulate in patients with renal failure, but requires
dose adjustment in patients with hepatic dysfunction.’’

Bivalirudin

Bivalirudin is a 20-amino-acid polypeptide that binds biva-
lently to thrombin. Its structure was originally derived from
hirudin: bivalirudin shares the same N- and C-termini, but
they are linked by a Gly, ‘spacer’ to maintain steric configu-
ration. It has been studied extensively for use in coronary
and peripheral intervention. In patients undergoing PCI,
bivalirudin is administered intravenously as a bolus of
0.75mg/kg followed by an infusion of 1.75mg/kg for the
duration of the procedure. Its distribution is predominantly
intravascular and it does not bind to plasma proteins or
blood cells. The clearance of bivalirudin is primarily via
proteolysis, with renal excretion accounting for <20% of its
degradation. The half-life of bivalirudin is 25 minutes in
individuals with normal kidney function®® and is prolonged
by renal insufficiency. The bolus dose does not need reduc-
tion in patients with renal failure, but a dose-reduction
algorithm for the maintenance infusion is available for such
patients. In patients on dialysis, the half-life is about 3.5
hours, and the infusion must be reduced by 90%.
Approximately 25% of a bivalirudin dose is cleared by
hemodialysis.”

Clinical application of DTIs
in PCI

Hirudin and argatroban are approved in the USA for treat-
ment of patients with HIT, whereas bivalirudin has been
approved as a heparin substitute or ‘foundation anticoagu-
lant’ in patients undergoing PCI.
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Hirudin in PCl

Early phase II PCI trials comparing hirudin with heparin
suggested a reduction in ischemic events among patients
treated with hirudin.**** Subsequently, the Helvetica trial®®
examined 1141 patients with unstable angina undergoing
coronary angioplasty (treated with aspirin) and randomized
participants to UFH or one or two different doses of hiru-
din. Hirudin reduced early ischemic events, which occurred
in 11.0%, 7.9%, and 5.6% of patients in the respective
groups (UFH group, intravenous hirudin, and intravenous
followed by subcutaneous hirudin for 3 days) (p = 0.023).
However, there was no difference in survival free of myocar-
dial infarction (MI) or revascularization at 7 months with
hirudin (p = 0.61). No studies have evaluated the role of
hirudin in contemporary PCL

Argatroban in PCI

Argatroban was evaluated by Lewis et al’’ in 91 HIT patients
who underwent 112 PClIs; there were no procedural deaths,
but there was a 7.7% rate of occurrence of MI or urgent
revascularization.” Overall, outcomes were comparable
with those historically reported for heparin. Therefore, it was
concluded that argatroban is a reasonable anticoagulant
option in this setting, where current options are limited.

Two recent studies from Japan have examined the role of
argatroban in angioplasty. One reported that the local deliv-
ery of argatroban is safe and effective in preventing resteno-
sis after balloon angioplasty in patients with chronic
coronary artery disease.”® Another study reported that arga-
troban provides similar prevention of acute thrombotic
events compared with heparin in patients undergoing PCI
for acute MI, with the additional benefit of reduced bleed-
ing complications in the argatroban group.”

Bivalirudin in PCI

Bivalirudin is currently the only DTT that has been evalu-
ated extensively in clinical trials with respect to its use in
coronary and peripheral intervention (Table 16.1).

In the first large-scale study of bivalirudin in PCI,*, 4098
patients undergoing balloon angioplasty (without stents or
glycoprotein (GP) IIb/Illa receptor inhibitors) for unstable
angina or post-MI angina were randomized to either UFH
or bivalirudin (1 mg/kg bolus followed by a 4-hour infusion
at a rate of 2.5mg/kg/h and a 14-20-hour infusion at a rate
of 0.2mg/kg/h). Patients randomized to UFH received
a high-dose UFH bolus (1751U/kg bolus followed by a
151U/kg/h infusion for 18-24 hours). The primary end-
point of death, MI, or need for emergency bypass surgery
was similar in the two groups. An intention-to-treat re-
analysis of the data from this study including the full cohort
of enrolled patients using a contemporary composite

endpoint of death, MI, or repeat revascularization*' demon-
strated event rates at 7 days of 6.2% in the bivalirudin group
and 7.9% in the UFH group (p=0.032), as well as reduced
bleeding in bivalirudin-treated patients. These differences
persisted at 90 and 180 days.

REPLACE-1 (Randomized Evaluation of PCI Linking
Angiomax to reduced Clinical Events 1) was an open-label
study comparing heparin and bivalirudin in 1056 patients
undergoing PCL.** GPIIb/IIla inhibitors were used at the
discretion of the investigator. There was no difference
between the two arms in the incidence of the composite of
death, MI, and repeat revascularization before hospital dis-
charge or within 48 hours (5.6% vs 6.9%; p=0.40). Major
bleeding occurred in 2.1% of those assigned to bivalirudin
and 2.7% of those assigned to heparin. Although not sig-
nificant, the reduction in ischemic events was seen both
among patients who received GPIIb/IIla inhibitors and
among those who did not receive them. Bleeding events
were less common among patients receiving bivalirudin
than those receiving heparin, but only in the subset not
treated with GPIIb/IIIa inhibitors — suggesting that the ben-
efits of bivalirudin with respect to bleeding were negated by
routine GPIIb/IIIa inhibitor use.

REPLACE-2 was a randomized, double-blind, active-
controlled trial with patients receiving either heparin and a
planned GPIIb/IIIa inhibitor or bivalirudin with provisional
GPIIb/IIa inhibitor in the setting of non-emergency PCL.*
The investigators randomized 6010 patients with stable or
unstable angina undergoing PCI to receive intravenous
bivalirudin (0.75 mg/kg bolus followed by an infusion of
1.75mg/kg/h for the duration of the PCI) with provisional
GPIIb/IIa inhibitor or UFH (65IU/kg bolus) plus a GPIIb/
IIIa inhibitor (either abciximab or eptifibatide).

Provisional GPIIb/IIIa inhibitor use was permitted for
abrupt or side-branch closure, obstructive dissection, sus-
pected thrombus, slow flow, distal embolization, persistent
stenosis, or at the discretion of the operator for clinical or
angiographic instability. An additional bivalirudin (0.3 mg/kg)
or heparin (20 U/kg) bolus was given if the activated clot-
ting time (ACT) was <225s; a matching saline placebo bolus
was administered if the ACT was >225s. Of the patients
randomized to receive bivalirudin, 7.2% required provi-
sional GPIIb/IIIa inhibitor treatment — a proportion that
has remained very consistent across multiple studies. In this
trial, the primary endpoint was a composite of major bleed-
ing (typically a ‘safety’ endpoint) as well as the ‘classic’
ischemic end points of death, MI, or urgent repeat revascu-
larization. At 30 days, bivalirudin with provisional GPIIb/
I1Ia blockade was statistically not inferior to UFH plus planned
GPIIb/IIIa blockade in terms of suppression of the acute
ischemic endpoints (9.2% vs 10%, respectively), and was
superior to a ‘virtual” heparin control group. Bivalirudin was
associated with less major bleeding (2.4% vs 4.1%; p<0.001)
and fewer transfusions (1.7% vs 2.5%; p=0.02). These
results were maintained over 12 months.* The investigators
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concluded that substituting bivalirudin for routine GPIIb/
IIIa inhibition for low- or medium-risk patients undergo-
ing elective PCI provides protection from ischemic events
with a low risk of bleeding. A subsequent cost analysis of US
patients randomized in REPLACE-2 comparing the two
treatment strategies® revealed that, compared with routine
GPIIb/IIIa, in-hospital and 30-day costs were reduced by
$405 (95% confidence interval (CI) $37-773) and $374
(95% CI $61-688) per patient with bivalirudin (p<0.001
for both). Further regression modelling demonstrated that,
in addition to the costs of the anticoagulants themselves,
hospital savings were due primarily to reductions in major
bleeding (cost savings $107/patient), minor bleeding ($52/
patient), and thrombocytopenia ($47/patient).

High-risk patients with acute coronary syndromes under-
going PCI were excluded from REPLACE-2, as were those
with angiographic thrombus and those in whom GPIIb/IIIa
inhibitors were required. The efficacy of bivalirudin mono-
therapy in high-risk ACS was therefore, assessed in the sub-
sequent ACUITY (Acute Catheterization and Urgent
Intervention Triage Strategy) trial.*

This trial compared heparin plus GPIIb/IIIa inhibitors
begun before PCI, bivalirudin plus GPIIb/IIIa inhibitors
before PCI, and bivalirudin alone in 13 819 patients with
moderate- or high-risk ACS undergoing an early invasive
strategy. Bivalirudin plus GPIIb/IIIa inhibitors, compared
with heparin plus GPIIb/IIIa inhibitors, was associated with
non-inferior rates of the composite ischemic endpoint
(7.7% vs 7.3%) and major bleeding (5.3% vs 5.7%) at 30
days. Bivalirudin alone was non-inferior to heparin plus
GPIIb/IIIa inhibitors (composite ischemic endpoint rates
7.8% vs 7.3%) and significantly reduced rates of major
bleeding (3.0% vs 5.7%; p<0.001).” However, in a prespec-
ified subgroup analysis, patients assigned to bivalirudin
alone in whom clopidogrel therapy was not begun at least 6
hours before PCI had an increase in ischemic events com-
pared with those treated with heparin plus GPIIb/IIIa
inhibitors. In a postrandomization analysis of ACUITY
(ACUITY-PCI),* anticoagulation with bivalirudin was
assessed during PCI in 7789 individuals who underwent
PCI. There were no differences in the rates of the composite
ischemic endpoint, major bleeding, or net clinical outcomes
at 30 days between those who received bivalirudin plus
GPIIb/IIIa inhibitors and those who received heparin plus
GPIIb/1IIa inhibitors. However, fewer patients who received
bivalirudin alone experienced major bleeding compared with
those who received heparin plus GPIIb/I11a inhibitors, result-
ing in a trend toward better 30-day net clinical outcomes.

Despite such caveats, and controversies surrounding the
study (a wide non-inferiority margin and the use of a com-
posite endpoint), the ACUITY trial indicates that a treat-
ment strategy of bivalirudin alone is acceptable in patients
with ACS undergoing contemporary PCI, particularly when
pretreatment with thienopyridine is administered. However,
for high-risk patients, such as those with positive troponin

values, the use of GPIIb/IIIa inhibitors should be still be
strongly considered.

Bivalirudin in ST-elevation
myocardial infarction

Opverall, bivalirudin has emerged as a useful alternative to
heparin with or without GPIIb/IIIa inhibitors among both
low- and high-risk patients undergoing PCI. It has been
shown to yield event rates compared with UFH plus GPIIb/
I1Ia inhibitors, but with less bleeding. Its role in ST-elevation
myocardial infarction (STEMI) is not clear. Theoretically, it
might be more effective than heparin, since its small size
and lack of fibrinogen binding might result in greater activ-
ity against the large thrombus that undergoes disruption
during primary PCI or thrombolysis. However, in one large
trial in which it was combined with streptokinase (HERO-2),
bivalirudin did not result in either increased survival or
reduced bleeding risk.*® The lack of benefit among patients
treated with a non-fibrin-specific thrombolytic drug also
does not necessarily imply that the drug is likely to be effica-
cious during primary PCI. The role of bivalirudin in
primary PCI has been recently evaluated in the HORIZONS-
AMI trial, which assessed the use of bivalirudin as an
adjunctive therapy in modern primary PCI for STEMI,
comparing bivalirudin plus bail-out GPIIb/IIla inhibitor
with heparin plus planned GPIIb/IIIa inhibitor treatment.
The trial was a prospective, single-blind, randomized, multi-
center study in 3602 patients presenting with STEMI.
Patients undergoing angioplasty were randomly assigned to
receive either bivalirudin with provisional use of GP IIb/I1Ia
inhibitor or UFH plus GP IIb/Illa inhibitor. Patients
enrolled in the HORIZONS-AMI trial were also assigned
randomly to receive either TAXUS drug-eluting stents or
bare-metal stents; this component of the trial is still ongoing.
The two primary endpoints were major bleeding and net
adverse clinical events, a composite of major adverse cardio-
vascular events (death, reinfarction, stroke, or ischemic target
vessel revascularization) and major bleeding at 30 days. For
the primary endpoint, the incidence of net adverse clinical
events at 30 days, bivalirudin significantly reduced the
composite of major adverse cardiac events or major bleed-
ing by 24% (9.2% vs 12.1%, p = 0.006). Bivalirudin also
significantly reduced the incidence of major bleeding by
40% (4.9% vs 8.3%, p < 0.0001). There were comparable
rates of major adverse cardiac events in the two groups
(5.4% vs 5.5%, p = 1.0). At 30 day follow-up, bivalirudin
significantly reduced the incidence of cardiac-related
mortality by 38% (1.8% vs 2.9%, p = 0.035). There was no
significant difference in stent thrombosis at 30 days between
the groups (2.5% with bivalirudin vs 1.9% with UFH plus
GP IIb/IlIa inhibitor, p = 0.33), but rates of acute stent
thrombosis within 24 hours were higher in the bivalirudin
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group (1.3% vs 0.3%, p = 0.0009). In summary, among
patients undergoing planned primary PCI for STEMI, use
of a strategy of bivalirudin was associated with a reduction
in the composite endpoint of death, MI, target vessel revas-
cularization, stroke, and major bleeding at 30 days com-
pared with UFH plus GP IIb/Illa inhibitors, driven by a
reduction in major bleeding with no difference in major
adverse cardiac events.

Use of bivalirudin in other
patient populations

Bivalirudin may be particularly valuable for patients with
HIT or those with renal insufficiency. In a study of 52
patients with HIT, successful PCI was performed in 98%,
with no occurrence of thrombocytopenia with only one
episode of major bleeding and death.*

Renal dysfunction is prevalent among patients undergo-
ing PCI and is associated with an increased risk of bleeding
as well as ischemic complications.” In a meta-analysis of
trials comparing heparin with bivalirudin in patients under-
going angioplasty, the benefit of bivalirudin was maintained
across patients with low creatinine clearance; the largest
absolute benefit was in patients in the lowest quartile of cre-
atinine clearance.” Preliminary analysis of REPLACE-2
suggests a similar benefit across the continuum of creati-
nine clearance.

Similar data regarding the benefit of bivalirudin over
heparin in peripheral interventions has emerged from small
series of patients undergoing peripheral angioplasty.’*>
Although limited in number, these series suggest that biva-
lirudin may be of value in selected patients undergoing
peripheral interventions.

Cases of acute closure or threatened closure during
v-brachytherapy have been reported, and probably relate to
the prolonged dwell time, with resultant stasis contributing
to bivalirudin proteolysis and thrombin recovery.*
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Fondaparinux in acute coronary syndromes

Shamir R Mehta

Pharmacology and
mechanism of action

Factor Xa is located in a key position in the coagulation
pathway, and is the final common element linking the
intrinsic and extrinsic pathways leading to the generation of
thrombin.! It is critical not only for the formation of
thrombin itself, but also the propagation of coagulation.
Thus, anticoagulants that block the activity of factor Xa
inhibit the propagation of coagulation and hence the very
formation of thrombin. Antithrombin, through its ability to
bind to factor Xa, is able to neutralize the effect of factor Xa
and hence the formation of thrombin. Fondaparinux is a
synthetic analog of the antithrombin-binding pentasaccha-
ride sequence found in heparin.*® By binding to anti-
thrombin, fondaparinux enhances the ability of
antithrombin to neutralize factor Xa and hence the forma-
tion of thrombin (Figure 17.1).2*>7?

Fondaparinux binds to antithrombin with very high
specificity.!®! Unlike unfractionated heparin (UFH) or
low-molecular-weight heparin (LMWH), there is no detect-
able binding to other plasma proteins, making the interin-
dividual anticoagulant effect of fondaparinux extremely
predictable.’ Because of this high predictability, monitoring
of the anticoagulant effect is not necessary (as it is with
UFH)."? After subcutaneous injection, the bioavailability of
fondaparinux approaches 100%, with a plasma half life of
about 17 hours, meaning that fondaparinux can be dosed
once daily.*'""* Fondaparinux is not metabolized by the
liver or by any other mechanism in humans, and is excreted
in the urine in unchanged form. In addition, fondaparinux
does not bind to platelets or to platelet factor 4 (PF4)."
Because it does not induce the formation of heparin/PF4
complexes, heparin-induced thrombocytopenia (HIT) is
unlikely to occur with fondaparinux. Studies in humans
have demonstrated that effects of fondaparinux on thrombin
generation time are almost completely reversible with
administration of activated factor VII, which is an option
for use in the rare cases of severe bleeding complications in
patients receiving fondaparinux.'>'s

Fondaparinux has a number of advantages over both
UFH and LMWH.">" It is manufactured entirely by syn-
thetic chemical means, rather than from animal extracts. It
does not interact with platelets or bind to PF4, and it does
not promote HIT. The antithrombin-binding sequence of
fondaparinux is the shortest fragment able to catalyze anti-
thrombin-mediated factor Xa inhibition. The anti-factor Xa
specificity of the pentasaccharide allows a more predictable
anticoagulant dose and effect without necessitating safety
monitoring of coagulation parameters.

Fondaparinux has been extensively studied for the pre-
vention of venous thromboembolism (VTE) in patients
undergoing major orthopedic surgery'>'**! or general sur-
gery, as well as in critically ill medical patients.?? In patients
undergoing orthopedic surgery, large phase III double-blind
randomized trials have shown that fondaparinux 2.5 mg
daily was superior to subcutaneous enoxaparin 40 mg daily
for the prevention of VTE.'>'®2! A meta-analysis of the
major phase III trials demonstrated a highly significant rel-
ative risk reduction of 55% in the prevention of VTE with
fondaparinux compared with enoxaparin (Figure 17.2).%

Phase Il trials of fondaparinux

Based on the promising results of fondaparinux in trials of
VTE, it was brought forward for evaluation in patients with
acute coronary syndromes (ACS). There have been phase II
dose-ranging studies performed in patients with non-ST-
segment elevation (NSTE) ACS,* as well as in patients with
ST-segment elevation myocardial infarction (STEMI)* and
in those undergoing elective or urgent percutaneous coro-
nary intervention (PCI).***

STEMI

In the PENTALYSE trial, 326 patients with STEMI present-
ing within 6 hours and treated with recombinant tissue-
type plasminogen activator (rtPA) were randomized to
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Overall efficacy of fondaparinux versus enoxaparin in prevention
of versus thromboembolism: meta-analysis of trials in patients
undergoing orthopedic surgery. (Adapted from Turpie AG et al.?)
(see color plate)

receive either fondaparinux or UFH.* Fondaparinux was
given in doses of either 4 mg (74 patients), 8 mg (74 patients)
or 12mg (79 patients) intravenously on day 1, then subcu-
taneously on days 2-5. UFH was given intravenously for
48-72 hours. Coronary angiography was performed at
90 minutes and at 6 days. At 90 minutes, there was little dif-
ference between fondaparinux compared with UFH in
achieving Thrombolysis in Myocardial Infarction (TIMI)
2 or 3 flow (79% fondaparinux vs 82% UFH). At 6 days,
rates of reocclusion were lower with fondaparinux com-
pared with UFH (1/112 (0.9%) vs 3/43 (7%); p=0.065).
There was no significant difference in the combined inci-
dence of intracranial hemorrhage (ICH) or need for blood
transfusion. There was only one non-fatal ICH, which
occurred in a patient on the fondaparinux 4 mg dose.
Excluding transfusions related to bypass surgery, there was
no significant difference in the need for blood transfusions
with fondaparinux: 3.3% versus 7.1% (p=0.21). TIMI major
bleeding was 6.6% in the fondaparinux group and 4.7% in

the UFH group (p=0.61). TIMI minor bleeding was 6.2%
in the fondaparinux group and 3.5% in the UFH group.
Death was 2.5% in the fondaparinux group and 1.2% in the
UFH group. Reinfarction was 3.8% and 3.6%, respectively.
Revascularizations were lower in the fondaparinux group:
39% compared with 51% in the UFH group (p=0.056).

NSTE ACS

The dose of fondaparinux for the OASIS-5 UA/NSTEMI
study (see below) was selected based on the results of the
PENTUA trial.** In this trial, 1147 patients with symptoms
of unstable angina/non-ST-segment-elevation myocardial
infarction (UA/NSTEMI) presenting within 24 hours, with
characteristic ECG changes and/or troponin I/T >0.1 ng/ml
were enrolled. Of these patients, 1134 were randomized and
treated with either one of four doses of fondaparinux
sodium (2.5, 4, 8, or 12 mg once daily; intravenously on day 1,
subcutaneously on days 2—7) or enoxaparin (1 mg/kg sub-
cutaneously twice daily) for 3—7 days. The primary efficacy
endpoint was the composite of death, MI, and recurrent
ischemia (symptomatic or non-symptomatic,
as measured on continuous 12-lead ECG monitoring) at
day 9. This occured in 30.0%, 43.5%, 41.0% and 34.8% of
patients treated with 2.5, 4, 8, and 12 mg fondaparinux,
respectively, and in 40.2% of patients treated with enoxa-
parin 2.5 mg fondaparinux (p = 0.04). Death or myocardial
infarction was observed in 1.4%, 4.3%, 3.3%, and 2.5% of
patients in the fondaparinux groups and 1.9% in the enoxa-
parin group. At day 30, similar patterns were observed for
both of these outcomes. Revascularization rates at day 9
were 16.7%, 22.2%, 20.2%, and 23.6% in the fondaparinux
groups and 19.4% in the enoxaparin group. Major bleeding
events occurred in none of the patients in the 2.5 mg fonda-
parinux and enoxaparin groups, and in 1.4%, 1.8% and
0.4% of patients treated with 4, 8, and 12 mg fondaparinux,
respectively.

PCl

Fondaparinux (12mg IV bolus) has been used in a series of
71 patients (11 patients receiving stents) undergoing coro-
nary angioplasty. All patients received 500 mg intravenous
aspirin. Acute thrombotic closure at a coronary dissection
site occurred in one patient and distal embolization con-
taining plaque in another patient. Flow was restored in both
patients. At 24 hours, TIMI 3 flow was observed in all
patients. Measurement of hematologic parameters showed
no effect on activated clotting time (ACT), and signifi-
cant drops in prothrombin fragment F1.2 and thrombin—
antithrombin (TAT) levels after fondaparinux.

In the ASPIRE study, two doses of fondaparinux (2.5 and
5.0 mg intravenously) were compared with UFH in a rand-
omized, double-blind trial in patients undergoing urgent or
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elective PCL.*® There was a trend to a reduction in total
bleeding with fondaparinux (combined doses) compared
with UFH (7.7% vs 6.4%; hazard ratio (HR) 0.81, 95% con-
fidence interval (CI) 0.35-1.84; p=0.41). Efficacy, as assessed
by the composite of death, MI, urgent revascularization, or
need for bailout glycoprotein GPIIb/IIIa (GPIIb/IIIa) antag-
onist was similar between fondaparinux and UFH (6.0% vs
6.0%). The lowest rates for both bleeding and efficacy were
observed with the 2.5mg dose of fondaparinux.
Fondaparinux was superior to UFH in reducing F1.2, a
marker of thrombin generation, without increasing the risk
of bleeding. Vascular access site sheaths were removed
within 6 hours of the PCI, with numerically fewer vascular
access site complications occurring with fondaparinux
(22 with UFH vs 16 with fondaparinux 2.5mg and 10 with
fondaparinux 5.0 mg). Thus, despite the longer half-life of
fondaparinux, it was associated with less bleeding and fewer
vascular access site complications compared with UFH in
this pilot trial.

Phase Il trials of fondaparinux
OASIS-5

OASIS-5 was a large, randomized, double-blind trial com-
paring fondaparinux with enoxaparin in 20078 patients
with UA or NSTE ACS.?** Fondaparinux was administered
in a dose of 1 mg/kg subcutaneously. The enoxaparin dosing
was based upon renal function. Patients were treated for a
mean of about 5 days, but in the large number of patients
undergoing PCI, the treatment period was only 2 days. In
those with a creatinine clearance >30 cm®/min, enoxaparin
was dosed at 1 mg/kg twice daily and in those with creati-

nine clearance <30 cm?’/min, the dose was reduced to 1 mg/kg
once daily, as per FDA labelling.” Patients in the trial were
eligible to be treated with aspirin, clopidogrel, or GPIIb/IIIa
antagonists, and catheterization and PCI could be per-
formed at any time after randomization. The hypothesis
was that fondaparinux would be non-inferior to enoxaparin
for efficacy, but superior to enoxaparin for safety, resulting
in a superior net clinical benefit. The primary outcome
was the composite of death, MI or refractory ischemia
at 9 days.”®

The results demonstrated definitively that fondaparinux
was non-inferior to enoxaparin at 9 days on the primary
outcome of death, MI, or refractory ischemia (5.8% fonda-
parinux vs 5.7% enoxaparin; HR 1.01, 95% CI 0.90-1.13;
p for non-inferiority = 0.007). However, at 30 days, fonda-
parinux was superior to enoxaparin in reducing all-cause
mortality (2.9% vs 3.5%; HR 0.83, 95% CI 0.71-0.97;
p=0.02), the first time any antithrombotic agent in ACS has
demonstrated a reduction in mortality (Figure 17.3).
In addition, the composite outcome of death or MI trended
in favour of fondaparinux compared with enoxaparin
(6.2% vs 6.8%; HR 0.90, 95% CI 0.81-1.01; p=0.07), as did
the composite of death, MI, or refractory ischemia (8.0% vs
8.6%; HR 0.93, 95% CI 0.84-1.02; p=0.13). At 6 months'
follow-up, there was a clear superiority of fondaparinux
over enoxaparin in preventing the hard, irreversible out-
comes of death, MI, or stroke (11.3% vs 12.5%; HR 0.89,
95% CI 0.82-0.97; p=0.007), and the mortality benefit per-
sisted out to this longer-term follow-up (5.8% vs 6.5%; HR
0.92,95% CI 0.84-1.00; p=0.05). In addition, fondaparinux
reduced stroke as a single outcome compared with enoxa-
parin (1.3% vs 1.7%; HR 0.78, 95% CI 0.62—0.99; p=0.04).

For safety, there was a large reduction in major bleeding
with fondaparinux compared with enoxaparin at 9 days
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Figure 17.3

Fondaparinux reduces all-cause
mortality compared with enoxaparin
in patients with NSTE ACS.

(see color plate)
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Figure 17.4
Fondaparinux reduces major bleeding substantially compared
with enoxaparin in patients with NSTE ACS. (see color plate)

(2.2% vs 4.1%; HR 0.52, 95% CI 0.44-0.61; p<0.001)
(Figure 17.4). Bleeding was reduced as early as the first day
after treatment, indicating that fondaparinux is safer than
enoxaparin with even relatively short durations of treat-
ment. In addition, fatal bleeding (i.e., a bleeding event that
resulted in the death of the patient) was significantly reduced
with fondaparinux compared with enoxaparin (7 fatal bleeds
with fondaparinux vs 22 with enoxaparin p=0.005) and
severe bleeding according to the TIMI scale (70 TIMI major
bleeds with fondaparinux vs 126 with enoxaparin; HR 0.55,
95% CI 0.41-0.74; p<0.001). In addition, bleeding requir-
ing surgical intervention to stop it was lower with fonda-
parinux compared with enoxaparin (41 vs 77), as were
retroperitoneal bleeding (9 vs 37) and need for blood trans-
fusion (164 vs 287) (p<0.001 for all comparisons).

In patients undergoing PCI, efficacy in terms of death,
MI, or stroke was similar between the fondaparinux and
enoxaparin groups at 9 days (6.3% vs 6.2%; HR 1.03, 95%
CI 0.84-1.25; p=0.79).” However, there was a large and
highly significant reduction in major bleeding with fonda-
parinux group compared with the enoxaparin group
(2.3% vs 4.9%; HR 0.48, 95% CI 0.31-0.72; p=0.0005)
(Figure 17.5).%° Similarly, there were large and highly sig-
nificant reductions in minor bleeding and total bleeding
with fondaparinux. Major bleeding at 9 days was 5.1% in
those patients where study drug was not restarted after PCI
compared with 3.1% in patients where study drug was
restarted (relative risk (RR) 0.61, 95% CI 0.47-0.80,
p<0.0001). In addition, fondaparinux was superior to enoxa-
parin in reducing major bleeding irrespective of whether
study drug was restarted after PCI (1.9% vs 4.4%; HR 0.42,
95% CI 0.29-0.60; p<0.00001) or whether it was not
restarted after the procedure (3.7% vs 6.6%; HR 0.55, 95%
CI 0.35-0.84; p<0.00001). Thus, restarting of study drug
after PCI did not increase the rate of major bleeding in
OASIS 5,and, regardless of whether study drug was restarted,
fondaparinux was associated with lower rates of major

Clinical Events at Day 30
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Event rate (%)
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Figure 17.5

In patients undergoing PCl in OASIS-5, efficacy outcomes were
similar between the enoxaparin and fondaparinux groups, but
there was a large reduction in major bleeding in the latter,
resulting in a significant net clinical benefit with fondaparinux.
(see color plate)

bleeding compared with enoxaparin. Patients undergoing
PCI who experienced a major bleeding event during the ini-
tial hospitalization had substantially higher rates of death
(10.1% vs 1.7%; HR 6.00, 95% CI 3.82-9.42; p<0.00001),
MI (14.3% vs 5.3%; HR 2.77,95% CI 1.93-3.99; p < 0.00001),
and stroke (3.1% vs 0.5%; HR 5.99, 95% CI 2.64—13.56;
Pp<0.00001) at 30 days. The differences persisted at 6 months:
death (HR 4.31, 95% CI 2.89-6.42; p<0.00001), MI (HR
2.47,95% CI 1.76-3.47; p<0.00001), and stroke (HR 5.55,
95% CI 2.81-10.94; p<0.00001).%

Thus, in PCI patients, the net clinical composite of death,
MI, stroke, or major bleeding was significantly lower with
fondaparinux compared with enoxaparin at day 9 (8.2% vs
10.4%;HR 0.78,95% CI10.67-0.93; p=0.004) (Figure 17.5).”
This net clinical benefit of fondaparinux was preserved at
longer-term follow-up out to day 30 and to 6 months, high-
lighting the clinical superiority of fondaparinux over enox-
aparin in PCI patients.

Outcomes in patients undergoing
early PCI

In patients undergoing PCI within the first 24 hours, death,
M, or stroke occurred in 5.3% in the fondaparinux group
and 5.4% in the enoxaparin group (HR 0.98, 95% CI 0.71-
1.34), with a marked and highly significant reduction in
major bleeding with fondaparinux compared with enoxa-
parin (2.3% vs 4.9%; HR 0.48; p=0.0005).” Major bleeding
was reduced with fondaparinux compared with enoxaparin
as early as the day of randomization (i.e., within hours after
administration of the first dose of study drug). Similarly,
major bleeding was lower with fondaparinux compared
with enoxaparin on the first day and subsequent days after
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randomization. Thus, even with very short durations of
therapy, major bleeding was lower with fondaparinux than
with enoxaparin.

The net clinical benefit of death, MI, stroke, or major
bleeding favored fondaparinux in those undergoing early
PCI (7.3% vs 9.5%; HR 0.76; p=0.035).%

Use of UFH

In the OASIS-5 trial, enoxaparin-treated patients undergo-
ing PCI 6 hours after the last subcutaneous dose received
guideline-recommended doses of UFH during PCI.
Fondaparinux reduced major bleeding irrespective of
whether PCI was performed within 6 hours of the last enox-
aparin dose (1.5% vs 3.7%; HR 0.41; p<0.0001) or later than
6 hours when UFH was given (1.4% vs 3.6%; HR 0.39;
<0.0001).* Thus, the use of UFH did not increase the risk
of bleeding in the enoxaparin group, and, both in those
patients undergoing PCI with enoxaparin as the sole antico-
agulant and in those receiving UFH, fondaparinux resulted
in a marked reduction in major bleeding.

Catheter-related thrombus was observed more com-
monly when fondaparinux or enoxaparin was the sole anti-
coagulant (0.9% with fondaparinux alone, 0.4% with
enoxaparin alone, and 0.2% when UFH was added to enox-
aparin for PCI 6 hours after the last subcutaneous dose).*
Importantly, catheter thrombus was virtually eliminated in
the fondaparinux group with the use of conventional doses
of UFH for the PCI procedure (mean dose 4000-5000 units
with or without concurrent GPIIb/IIIa inhibitor.”® In addi-
tion, the use of UFH for PCI in patients treated upstream
with fondaparinux preserved the reduction in major bleed-
ing with fondaparinux. Thus, in patients treated upstream
with fondaparinux, it is recommended that standard UFH

with or without a GPIIb/IIIa antagonist be used for PCI
anticoagulation. Bivalirudin was not used in the OASIS-5
trial, but previous randomized studies in patients undergo-
ing elective or urgent PCI have demonstrated lower rates of
bleeding with bivalirudin compared with UFH and a GPIIb/
IIIa inhibitor. It follows that the use of bivalirudin during
PCI in patients treated upstream with fondaparinux might
be a very attractive option for the management of ACS
patients. Such a strategy will be tested in future large-scale
randomized controlled trials.

Mechanistic studies are attempting to address the issue of
catheter-related thrombus with enoxaparin and with fonda-
parinux. In one trial of patients undergoing primary PCI
with enoxaparin, catheter thrombus occurred in 3 patients
out of 36 treated, requiring a change to the protocol.”!
Preliminary data with in situ models of thrombosis using
angioplasty guiding catheters suggests that catheter throm-
bus is mediated by the extrinsic (or contact-mediated)
coagulation pathway.”” The use of agents with greater
thrombin activity (such as UFH or direct thrombin inhibi-
tors) appears to be the best way to avoid clotting due to this
mechanism.”” By contrast, thrombosis induced by sponta-
neous plaque rupture is mediated by tissue factor release,
and agents with greater factor Xa activity (e.g., fonda-
parinux) may have a greater benefit. Thus, a combined
approach of using a factor Xa inhibitor such as fonda-
parinux upstream with targeted therapy with a predomi-
nantly thrombin inhibitor (e.g., UFH or bivalirudin) may
be an optimal approach for the management of ACS.

0ASIS-6

The OASIS-6 trial evaluated the effects of fondaparinux in
patients with STEML™> Patients with ST-segment elevation
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Figure 17.6

0ASIS 6: fondaparinux reduces death or MI
compared with standard care in STEMI.
(Reproduced from Yusuf S et al.®)

(see color plate)
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OASIS-6: fondaparinux reduced mortality as well as MI in STEMI patients at study end without increasing major bleeding

Percentage of events

Control Fondaparinux 95% confidence

(6056 patients) (6036 patients) Hazard ratio interval p
Death or re-MI 14.8 13.4 0.88 0.79-0.97 0.008
Death 11.6 10.5 0.88 0.79-0.99 0.029
Reinfarction 4.6 3.8 0.81 0.67-0.97 0.026

UFH/enoxaparin

Fondaparinux
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95% Cl 0.83-0.99
p=0.03

Cumulative hazard
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Figure 17.7
Combined analysis of OASIS-5 and -6 showing superiority of
fondaparinux compared with UFH or enoxaparin. (see color plate)

presenting within 24 hours of onset of ischemic symptoms
were eligible. Overall, 12092 patients were randomized to
receive fondaparinux 2.5 mg subcutaneously (with the first
dose given intravenously) or control. Control therapy
depended on whether, in the judgment of the principal
investigator or treating physician, UFH was indicated (e.g.,
if a fibrin-specific thrombolytic or primary PCI was per-
formed) or not (e.g., with non-fibrin-specific thrombolytic
agents). Importantly, patients presenting late with STEMI
were also eligible for this trial, as they represent up to 30%
of patients presenting to hospital.

The results demonstrated that fondaparinux was supe-
rior to standard therapy in preventing death or myocardial
infarction (9.7% vs 11.2%; HR 0.86; p=0.008) (Figure 17.6).
In addition, fondaparinux reduced all cause mortality at 30
days (7.8% vs 8.9%; HR 0.87; p=0.03) as well as mortality
and myocardial infarction alone at study end (Table 17.1).
Major bleeding was not increased with fondaparinux (2.1%
vs 1.8%; HR 0.83; p=0.14). There were a significantly fewer
pericardial bleeds and cardiac tamponade events in the fon-
daparinux group (0.5% vs 0.8%; HR 0.59; p=0.02), perhaps
due to lower infarct size or reinfarction in the fondaparinux
group. The greatest benefit of fondaparinux was observed
in those patients receiving either a fibrinolytic agent or no
reperfusion treatment because of late presentation. In
patients receiving a primary PCI, the results were neutral
and there was an excess in catheter-related thrombosis when

UFH/enoxaparin

Fondaparinux

0.02 0.03 0.04

HR 0.67
95% Cl 0.59-0.76
p < 0.00001

Cumulative hazard
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Figure 17.8
Combined analysis of OASIS-5 and -6 showing major bleeding at
30 days: fondaparinux versus UFH/enoxaparin. (see color plate)

fondaparinux was used alone (i.e., with no UFH) for the
procedure. By contrast, patients who required rescue PCI,
early PCI, or elective PCI, after the index event all received
UFH in the trial, and there were no cases of catheter-related
thrombus events and no increase in major bleeding in this
group. Thus, UFH can be safely used with fondaparinux in
STEML if urgent or elective PCI is required after the index
event. For primary PCI, standard UFH is still recommended
as the standard therapy.

In summary, fondaparinux reduces mortality and reinf-
arction without an increase in bleeding in patients present-
ing with STEMI. There is a higher rate of catheter
thrombosis if PCI is performed without UFH, but this is
largely avoided if UFH is used during the procedure. There
is a trend towards fewer severe bleeds with a significant
reduction in cardiac tamponade with fondaparinux. The
consistent results from OASIS 5 and OASIS 6 confirm the value
of fondaparinux as a simple and widely applicable anti-
thrombotic therapy in a broad group of patients with ACS.

Combined analysis of 0ASIS-5
and -6
A combined analysis of OASIS-5 and -6 demonstrated that,

for efficacy, fondaparinux is superior to any control therapy
in reducing mortality alone (4.8% vs 5.6%; HR 0.86;
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p=0.002) as well as the composite of death, MI, or stroke at
30 days (8.0% vs 9.1%; HR 0.87; p<0.0001).** Compared
with UFH or enoxaparin, fondaparinux reduced mortality
(3.8% vs 4.3%; HR 0.89; p=0.05) (Figure 17.7) as well as
the composite of death, MI, or stroke at 30 days (7.2% vs
8.0%; HR 0.91; p=0.03). Compared with placebo, fonda-
parinux also reduced mortality (9.1% vs 11.3%; HR 0.80;
p=0.006) and the composite of death, MI or stroke (11.6%
vs 14.6%; HR 0.78; p=0.001). For safety, fondaparinux
reduced major bleeding by 41% compared with UFH or
enoxaparin (2.1% vs 3.4%; HR 0.59; p<0.00001)
(Figure 17.8), and compared with placebo did not increase
bleeding (1.6% vs 2.3%; HR 0.69; p=0.06). In patients
undergoing PCI, fondaparinux was similar to UFH or enox-
aparin in reducing death, MI, or stroke (8.0% vs 8.0%) but
reduced major bleeding (2.9% vs 5.5%; HR 0.52; p<0.0001),
resulting in superior net clinical benefit as assessed by death,
MI, stroke or major bleeding (9.0% vs 11.8%; HR 0.75;
p=0.01). Thus, data in over 32000 patients demonstrate
that fondaparinux reduces all-cause mortality and ischemic
events as well as major bleeding across the entire spectrum
of acute coronary syndromes.
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Tissue factor inhibitors

Christian T Ruff, David A Morrow, and Robert P Giugliano

Introduction

Anticoagulation is the cornerstone of therapy in the treat-
ment of venous and arterial thromboembolism. Traditional
anticoagulants — unfractionated heparin (UFH), low-
molecular-weight heparin (LMWH), and warfarin — have
many significant limitations. Both UFH and warfarin have
narrow therapeutic windows of adequate anticoagulation
without bleeding and a highly variable dose-response relation
among individuals that requires frequent monitoring by
laboratory testing.'” UFH, and to a lesser extent LMWH, is
associated with the occurrence of thrombocytopenia, a
potentially fatal complication that may be associated with
thrombosis.*” Importantly, current antithrombotic strate-
gies do not suppress generation of thrombin, the critical
enzyme that generates fibrin and activates platelets.”” An
important aspect of this system is that at each branch in the
pathway, one molecule of enzyme is able to activate many
molecules of its substrate protein, thereby amplifying each
step in the cascade. Given this cascade of interactions, an
approach that intervenes at the earliest trigger to activation
of the system has a potential for more effective inhibition of
thrombin generation than strategies that rely upon inhibi-
tion of later steps.

Coagulation cascade and
platelet activation

Endothelial injury or the rupture of vulnerable atheroscle-
rotic plaque triggers the release of tissue factor (TF), a sur-
face glycoprotein that is expressed by endothelial cells,
monocytes, and smooth muscle cells and is upregulated in
response to vascular endothelial injury (Figure 18.1). When
exposed to circulating blood, TF binds to the serine pro-
tease factor (F) VII, forming a complex that activates FIX,
which then activates FX; alternatively, TF:FVII can directly
activate FX. It is at this step that tissue factor pathway inhib-
itor (TFPI) regulates the extrinsic coagulation pathway by
forming a complex with FXa, which then forms an inhibi-

tory quaternary complex with — TF:VIIa.'”" FXa forms a
complex with FVa and calcium to catalyze the conversion of
prothrombin to thrombin (FIla), the critical enzyme that
generates fibrin.%*° In addition to forming fibrin and acti-
vating FXIII, which crosslinks and stabilizes the fibrin net-
work, thrombin activates platelet aggregation and plays a
crucial role in the positive feedback mechanisms of the
coagulation cascade by activating FV and FVIII as well as
platelet-bound FXI.” TF also plays a role in platelet activa-
tion both through binding of fibrin to platelet integrins and
through direct interaction via the G-protein-coupled recep-
tor family known as protease-activated receptors (PARs).'>"
The TF:FVIIa—FXa complex acts as a cofactor for activation
of both PAR-2 (endothelial cells) and PAR-1 (platelets).'*
Moreover, the accumulation of TF in developing thrombus
is believed to occur through a mechanism involving
P-selectin on the platelet surface.'>'¢

This amplification is enhanced by the cooperative inter-
action between the coagulation and platelet pathways.!”
Given that TF serves as the gatekeeper to this amplification
process, an agent that interferes with the ability of TF to
initiate this process has a potential to be a more effective
inhibitor of thrombin generation than strategies that inhibit
downstream steps.

Role of tissue factor in
thrombosis and cardiovascular
disease

Experimental studies have established the presence of tissue
factor within thrombus (Figure 18.2). For example, throm-
bus that precipitates on pig arterial media devoid of TF and
thrombus that precipitates on collagen-coated glass slides
(also devoid of TF) when exposed to flowing human blood
both stain intensely for TF. Interestingly, antibodies against
TF caused a 70% reduction in the amount of thrombus
formed." In hyperlipidemic mice, TF expression localizes in
neointimal macrophages after arterial injury.” TF mRNA
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Figure 18.1

The role of the coagulation cascade
leading to platelet activation and the
sites of action of various
anticoagulants. See text for details.
(see color plate)

Figure 18.2

Tissue factor, platelet, and fibrin deposition during thrombus
formation. Using color-coded antibodies during the
experimental induction of thrombi in mice, the constituents of a
growing thrombus (25% of maximum size) includes
predominantly platelets (red), tissue factor (green), fibrin (blue),
tissue factor + platelets (yellow), with lesser amounts of fibrin
(turquoise) and platelets + fibrin (magenta). (Adapted with
permission from Chou et al.*®) (see color plate)

expression in human carotid and coronary atherosclerotic
plaques is significantly increased in lipid-rich compared
with fibrous plaque components."

There is a substantial amount of data implicating high
levels of circulating TF as possibly responsible for the
increased thrombotic complications associated with centain

cardiovascular risk factors such as hyperlipidemia, diabetes,
hypertension, and smoking.”>*! For example, patients with
improvement in glycemic control show a reduction in cir-
culating TF, whereas levels are increased in a dose-related
fashion after smoking cigarettes.”” Levels are elevated in
hyperlipidemic subjects compared with healthy volun-
teers.” Statins have been shown to reduce TF expression in
monocytes, endothelial cells, and vascular smooth muscle
cells.””* In mice they inhibit TF expression in advanced
plaques independent of plasma lipid levels.”” TF plasma
antigen levels are elevated in hypertensive subjects and
can be lowered by antihypertensive drugs, especially
angiotensin-converting enzyme (ACE) inhibitors and angio-
tensin II type I receptor (AT-1) blockers.”!

Although TF is primarily a membrane bound protein, it
is detectable in circulating plasma at low concentrations
(0.0067 nmol/l) in healthy individuals and at modestly but
detectably higher concentrations in patients presenting with
unstable angina (0.01 nmol/l),” as well as among patients
with complications during angioplasty.'” TF is also more
abundant in atherosclerotic plaque from patients with
unstable compared with stable angina, and there is a close
correlation between the amount of TF antigen and TF
activity.'®* In particular, TF expression is increased on mac-
rophages in patients with unstable angina and myocardial
infarction,'>**® and this increase is associated with an
adverse prognosis.

In addition to activation of the coagulation cascade, TF
has been implicated in short- and long-term adverse effects
mediated through inflammatory pathways. Almost all
systemic inflammatory responses, ranging from coronary
artery disease to sepsis,”®* lead to derangement of the
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coagulation system mediated by proinflammatory
cytokines.’™! This observation suggests the potential for
inhibition of TF to have not only anticoagulant actions but
also anti-inflammatory effects.

Tissue factor inhibitors

There are many agents that interfere with TF expression, its
activation of the coagulation cascade, and its role in platelet
aggregation through non-specific anti-inflammatory or
antiplatelet effects, but we will focus on agents developed
specifically to interfere with TF and the TF-FVIIa complex
(Table 18.1). At present, no drugs are clinically available for
therapeutic use, but several are being evaluated in clinical
studies in man.

Endogenous Inhibition — tissue
factor pathway inhibitor

Tissue factor pathway inhibitor (TFPI) regulates the initial
step of the extrinsic coagulation pathway mediated by TE*
TFPI is present on endothelium and circulates in associa-
tion with plasma lipoproteins and platelets. It exerts its
inhibitory action by forming a complex with FXa, which
then forms an inhibitory quaternary complex with
TF:FVIla.'>!

Experimental data

Evaluation of recombinant TFPI in animal models has dem-
onstrated promise for TFPI as an inhibitor of arterial

Tissue factor inhibitors

Drug Site of action ~ Mechanism Preclinical data Clinical data
Tissue factor pathway FXa Forms a complex with FXa, Inhibition of arterial Dose-dependent
inhibitor (TFPI) which then forms an inhibitory ~ thrombosis in animals inhibition of coagulation
complex with TF:FVIIa cascade in human
Decreased mortality endotoxemia
in animal model of
sepsis
Active site-blocked TF Competitive inhibitor of Inhibition of arterial Negative phase II study
factor VIIa (FVIIai) FVIIa for TF binding thrombosis in animals comparing FVIIai +
heparin vs heparin alone
in patients undergoing
PCI
Sunol cH-36: a TF Binds TF at the FX-binding Inhibition of thrombin ~ No major bleeding but
mouse/human site generation in whole dose-dependent increase
monoclonal antibody blood assay in minor bleeding in
to TF phase I study in patients
with CAD
Recombinant FXa Binds to the catalytic site Inhibition of arterial Decreased DVT in
nematode anticoagulant of FXa and venous thrombosis  patients undergoing
protein (rNAPc2) in animals elective, unilateral total
knee replacement
Attenuation of Decreased thrombin

procoagulant
response in animal
model of peritonitis

generation in dose-
escalation trial in patients
with CAD scheduled for
elective PCI

In patients with NSTE
ACS, demonstrated a
dose-dependent
inhibition of thrombin
generation, reduction
in ischemia on
continuous ECG, and
similar rates of bleeding

TE, tissue factor; FXa (etc.), factor Xa (etc.); PCI, percutaneous coronary intervention; CAD, coronary artery disease; DVT, deep vein thrombosis; NSTE

ACS, non-ST-elevation acute coronary syndromes.
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thrombosis. An early study determined that reocclusion of
electrically thrombosed dog femoral arteries after throm-
bolysis with tissue-type plasminogen activator (tPA) could
be prevented by infusing recombinant TFPI.>* Investigators
using a rabbit model to examine the effect of recombinant
TFPI infusion on restenosis rates after balloon angioplasty
of femoral arteries demonstrated that TFPI reduced angio-
graphic restenosis and decreased neointimal hyperplasia.**
The results of a study of balloon-injured porcine carotid
arteries treated locally with adenovirus encoding human
TFPI demonstrated decreased cyclic flow variations after
artery occlusion compared with controls.”” Encouragingly,
animal studies of infused anti-TF antibodies showed no
increase in bleeding."®

In a study of baboons administered a lethal dose of
Escherichia coli, infusion of recombinant TFPI resulted in
survival of 5/5 baboons, while none (0/5) of controls sur-
vived.” Although a randomized controlled trial in humans
evaluating the efficacy and safety of recombinant TFPI
(Tifacogin) in severe sepsis found no effect on all-cause
mortality and an increased risk of bleeding,” prior animal
studies of infused anti-TF antibodies showed no increase in
bleeding.'®

Clinical studies

The number of clinical studies remains low. TFPI has been
shown to dose-dependently inhibit coagulation activation
in human endotoxemia without influencing the fibrinolytic
and cytokine response. In a double-blind, randomized, pla-
cebo-controlled crossover study, subjects received bolus
injections (4 ng/kg) of endotoxin followed by 6-hour con-
tinuous infusion of TFPI (both a high-dose (0.2 mg/kg) and
a low-dose (0.05mg/kg) group) or placebo. TFPI infusion
demonstrated dose-dependent attenuation of thrombin
generation as measured by plasma levels of the prothrombin
fragment F1.2 and thrombin—antithrombin complexes,
with complete blockade of coagulation after high-dose
TFP.*” Interestingly, TFPI did not influence the fibrinolytic
and cytokine response to endotoxin.

Active site-blocked factor Vlla

FVIlai, an inactivated form of FVIIa that lacks catalytic
activity, is a competitive inhibitor of FVIla for TF binding.
Blocking this complex prevents the activation of FX, which
regulates the conversion of prothrombin to thrombin.

Experimental data

In rabbit models of arterial thrombosis, administration of
FVIlai at arterial trauma sites improved vessel patency com-
pared with controls.”** A single 10-minute infusion exerted

a complete antithrombotic effect for at least 6 hours, despite
the fact that plasma FVIIai levels were well below threshold
concentrations.*

Clinical studies

Based on promising preclinical studies, a phase II trial was
performed comparing FVIIai plus heparin versus heparin
alone in patients undergoing percutaneous coronary inter-
vention (PCI).* A total of 491 patients undergoing elective
or urgent coronary stenting or balloon angioplasty were
randomized to receive either adjuvant heparin or adjuvant
modified recombinant human activated factor VII (FFR—
FVIIa) at one of six escalating dosage levels with supple-
mental heparin. There was no difference in the primary
endpoint of death, myocardial infarction (MI), urgent
revascularization, abrupt vessel closure or glycoprotein IIb/
[IIa (GPIIb/IIa) bailout (20% in the control group and
5.5-38.9% in the heparin—-FFR-FVIIa groups; p=NS). No
differences were observed in the rates of major or minor
bleeding complications. Further clinical development of
this compound has been placed on hold.

Antibodies to tissue factor

Antibodies directed against TF have been evaluated both in
vivo and in preliminary clinical trials. There has been inter-
est in a specific mouse/human monoclonal antibody to TF,
Sunol-cH36, which specifically binds to human TF at the
FX-binding site, preventing formation of the TF:VIIa—FX
complex and thereby preventing thrombin formation by
blocking the production of FXa and FXia. Sunol-cH36 has a
long elimination half-life (about 70 hours) and requires
recombinant FVIIa for reversal of its anticoagulant effects.

Experimental data

In a rabbit carotid artery thrombosis model, administration
of an anti-TF monoclonal antibody (AP-1) reduced
reocclusion rates and shortened tPA lysis time.*' Another
study performed in a rabbit coronary artery ligation model
demonstrated a reduction in infarct size by up to 61% after
administration of an anti-TF antibody, which correlated
with a decrease in chemokine expression and leukocyte
infiltration.” An experimental study of human atheroscle-
roticarterial segments in a coronary stenosis model observed
that an anti-TF polyclonal antibody reduced thrombo-
genicity of disrupted atherosclerotic plaques by impairing
platelet and fibrin deposition.*

The potency of Sunol-cH36 as an anticoagulant has been
evaluated using a minimally altered whole blood assay. Clot
formation initiated with 40 pmol/l of recombinant human
TF was significantly delayed by the addition of Sunol-cH36,
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with evidence of inhibition of thrombin generation via
measurement of fibrinopeptide A.**

Clinical studies

Sunol-cH36 has been studied in a phase I study of patients
with coronary artery disease (CAD): PROXIMATE-TIMI
27. In this study, the tolerability and pharmacokinetics of
Sunol-cH36 were evaluated in an open-label, dose-escalating
design among 26 subjects with stable CAD.* Five separate
doses of Sunol-cH36 (0.03, 0.06, 0.08, 0.1, and 0.3 mg/kg)
were administered as a single intravenous bolus. No major
bleeding (=2 g/dl hemoglobin decline) occurred.
Spontaneous minor bleeding occurred in a dose-related
pattern, exhibiting an anticoagulant effect of this agent for
the first time in humans. Interestingly, the majority of spon-
taneous bleeding episodes were clinically consistent with
platelet-mediated bleeding without thrombocytopenia.
This finding, along with concurrent in vitro studies, raised
the hypothesis that the mucosal bleeding observed with this
potent inhibitor of thrombin generation reflect antiplatelet
effects resulting from interference of networking between
the coagulation cascade and platelet pathways mediated by
TF's binding of fibrin to platelet integrins and direct activa-
tion of PARs on platelets and endothelial cells (Figure 18.1).
The median terminal half-life of the drug was 72.2 hours.
The study was not designed to detect significant differences
in ischemic event rates.

Nematode anticoagulant protein
(NAPc2)

Nematode anticoagulant proteins (NAPs) are a family of
small proteins (75-84 residues) that inhibit blood coagula-
tion in picomolar concentrations and are found in hook-
worm parasites. The inhibition of thrombin formation
occurs by direct binding to the catalytic site of FXa.* A
novel recombinant analogue of nematode anticoagulant
protein ¢2 (rNAPc2), initially isolated from the canine
hookworm (Ancylostoma caninum), has been developed and
shown to inhibit FVIIa bound to TF in a FX/Xa-dependent
fashion. The agent is characterized by a long elimination
half-life (about 60 hours). Reversal of anticoagulation with
this agent requires recombinant FVIIa.

Experimental data

The antithrombotic activity of INAPc2 has been assessed in
preclinical studies in rats and pigs, where significant anti-
thrombotic efficacy of INAPc2 was demonstrated in models
of both arterial and venous blood clot formation. rNAPc2
has also been studied in animal models of peritonitis, which
is associated with an increase in TF levels and procoagulant

effects as reflected by fibrinogen deposition. Mice given an
intraperitoneal injection of live E. coli with concurrent
treatment with rNAPc2 had a strongly attenuated procoag-
ulant response compared with controls. However, there was
no difference in dissemination of infection or survival.*®

Clinical studies

rNAPc2 has been studied as an anticoagulant in both venous
and arterial thrombosis. INAPc2 was evaluated for the pre-
vention of venous thromboembolism after elective unilateral
total knee replacement.”” Each enrolled patient received one
of three dosages of INAPC2: 1.5, 3.0, or 5.0 ug/kg. The first
dose was administered initially within 6-12 hours or within
1 hour after surgery. Patients received a dose on days 1, 3, 5,
and 7. Primary efficacy outcome was a composite of overall
deep vein thrombosis (DVT) based on mandatory unilat-
eral venography (day 7 £ 2) and confirmed symptomatic
venous thromboembolism recorded <48 hours after the last
dose. Observed rates of overall DVT were similar across the
three regimens in which rNAPc2 was administered within
6—12 hours after surgery (mean 21.5%). When rNAPc2 was
initiated within 1 hour after surgery, the overall DVT rate
for the 3 ug/kg dosage group fell to 12.2% (95% confidence
interval (CI) 5.7-21.8%). No substantial differences
occurred in rates of minor bleeding among the five regi-
mens, but there was increased major bleeding at the highest
dosage of INAPc2.

rNAPc2 has been studied in 154 patients with CAD
scheduled for elective PCI in a multicenter, randomized,
double blinded, dose-escalation trial.*® In addition to aspi-
rin and unfractionated heparin (UFH), participants received
placebo or rNAPc2 at doses of 3.5, 5.0, 7.5, and 10.0 pg/kg as
a single subcutaneous administration 2—6 hours before
angioplasty. Clopidogrel was administered after the inter-
vention if stent implantation was performed. The minor
bleeding rate for the doses of 3.5-7.5 ug/kg was comparable
to that of placebo (6.7%), but was significantly higher in the
10 pg/kg dose group (26.9%). Major bleeding (excessive
drainage after emergency bypass grafting, sustained oral
oozing after tracheal intubation, and a suspected cerebral
vascular accident) occurred in the 5.0 ug/kg (n=3) and
7.5 ug/kg (n=1) dose groups. The three patients in the
5.0 pg/kg dose group who had major bleeding also received
a GPIIb/IIa inhibitor. Systemic thrombin generation, as
measured by prothrombin fragment F1.2, was suppressed
in all INAPc2 dose groups to levels below pretreatment val-
ues for at least 36 hours. In the placebo group, a significant
increase in F1.2 levels was observed after cessation of
heparin. Interestingly, although the patients in the study
were not considered high risk, there was a sustained eleva-
tion of thrombin generation beyond 30 hours post PCI.

Following the above-described promising safety and anti-
coagulant effects of INAPc2 in combination with aspirin,
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clopidogrel and UFH (but limited experience in combina-
tion with GPIIb/IIIa inhibitors), a trial in patients with non-
ST-elevation a coronary syndromes (NSTE ACS) was
undertaken. The ANTHEM (Anticoagulation with rNAPc2
To Help Eliminate Major adverse cardiac events) — TIMI 32
trial was designed to evaluate the safety and efficacy of a
range of doses of the agent in patients with unstable angina/
non-ST-elevation myocardial infarction (UA/NSTEMI)
managed predominantly with invasive therapy, with a high
proportion receiving GPIIb/IIla antagonists.”” In this study,
203 patients aged up to 75 years with moderate- to high-
risk NSTE ACS <48 hours managed invasively on UFH or
enoxaparin were randomized to double-blinded rNAPc2
(1.5-10 pg/kg) or placebo every 48 hours for one to three
doses in dose-ranging. Another 52 patients receiving 10 pg/
kg rNAPc2 were studied in an open-label UFH de-escala-
tion phase (26 patients each with half-dose UFH and 26
patients with no UFH). All patients had 3-lead continuous
ECG monitoring for 1 week, serial measurements of pro-
thrombin time (PT) and F1.2, and assessment of clinical
events to 6 months. INAPc2 prolonged PT in a dose-related
fashion, and this was strongly correlated with drug concen-
tration. Higher-dose rNAPc2 (27.5 pug/kg) suppressed F1.2
levels at 2—6 (trend p=0.001)and 48 hours (trend p=0.002).
Opverall, rates of clinically significant bleeding were similar
between patients receiving rNAPc2 and placebo (3.7% vs.
2.5%; p=NS), although the risk of major bleeding was
increased with rNAPc2 if coronary artery bypass graft
(CABG) surgery was performed within 4 days of the last
dose. Ischemia on continuous ECG was reduced by >50%
with higher-dose INAPc2. Some heparin appears to be nec-
essary to prevent catheter-related thrombosis during intrac-
oronary procedures, although the possibility remains that
rNAPc2 could be used as the sole anticoagulant outside
during the medical management phase. Larger studies will
be needed to evaluate whether this will translate into a
reduction in clinical events.

Summary

The clinical use of anticoagulants is central in our attempt
to limit pathologic thrombus. Current agents have signifi-
cant limitations and do not effectively suppress the genera-
tion of new thrombin, spurring interest in novel proximally
acting anticoagulants with greater efficacy that maintain a
favorable safety profile. The pathophysiologic rationale for
inhibition of TF as a therapeutic target is compelling both
because of the possibility of improved efficacy as an anti-
coagulant and because of the potential for interruption of
other pathologic consequences of TF release, including its
contribution to inflammatory activation. Accumulating
findings from experimental studies provide strong support
for dose-dependent anticoagulant actions of this class of
agents. To date, clinical data are sparse; however, the find-

ings thus far provide confirmation of the anticoagulant
actions of the drugs in humans, with preliminary evidence
suggesting an acceptable safety profile. Studies evaluating
the effect of these agents with respect to cardiovascular out-
comes have not yet been completed.
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Fibrinolytics: current indications and treatment
modalities in the absence of mechanical

reperfusion

Peter R Sinnaeve and Frans ] Van de Werf

Introduction

Acute myocardial infarction (MI) remains the leading cause
of death in industrialized countries. Numerous studies dur-
ing the past decades have firmly established the paradigm of
achieving early, complete, and sustained infarct-related artery
patency in patients with an MI, resulting in a reduction in an
average 30-day mortality of 18% in the pre-fibrinolytic era to
less than 6% in the context of contemporary clinical trials. In
general, reperfusion can be attained by mechanical reper-
fusion using primary percutaneous coronary intervention
(PCI) or pharmacological reperfusion using fibrinolytic
agents. Because primary PCI achieves higher patency rates
and is associated with fewer intracranial bleeding complica-
tions than fibrinolysis, current guidelines recommend pri-
mary PClif the procedure can be performed by an experienced
team within 90 minutes after initial medical contact.
Fibrinolysis, however, is more widely available and requires
less logistics, and therefore remains a valuable alternative.
Indeed, lytic therapy is still used for the treatment of acute
MI in the majority of centers worldwide.

Fibrinolytic therapy and
reperfusion

Acute MI is generally caused by rupture of an atherosclerotic
plaque, triggering the formation of an occlusive coronary
thrombus. Coronary artery occlusion sets off a wave front of
myocardial necrosis spreading from endocardium to epicar-
dium, with an inverse relation between the time to perfusion
and the ultimate size and extent of transmurality of the inf-
arct. To rescue myocardial muscle at risk from undergoing
necrosis, rapid restoration of coronary blood flow is essential.
In the absence of access to immediate primary PCI, clot lysis
can be achieved by activating the endogenous fibrinolytic

system using plasminogen-activating agents. These agents
convert plasminogen to plasmin, which then degrades fibrin,
a major constituent of clots (Figure 19.1).

The advantages conferred by lytic therapy are clearly time-
dependent. Although administering fibrinolytics up to
12 hours after the onset of symptoms may be beneficial in
terms of outcome, every minute that reperfusion is post-
poned will unavoidably result in more extensive necrosis and
a worse outcome. In a meta-analysis, the mortality reduction
following fibrinolytic therapy was calculated to be 44% in
patients treated within 2 hours versus 20% in those treated
later." Early in the course of ST-segment-elevation MI
(STEMI), the thrombus may be smaller and easier to lyse,
which might in part explain the more prominent benefit of
lytics in the first hours after symptom onset.

Angiographically documented acute coronary reocclusion
occurs in 5-15% of patients after lytic-induced reperfusion,
resulting in a significant further worsening of left ventricular
function and a steep increase in in-hospital mortality.>’
Rethrombosis may be mediated by the interaction of vasos-
pasm, aggregating platelets, clot-bound thrombin, the throm-
bogenicity of partially lysed clot and ruptured atheroma, or
the persistence of a flow-limiting stenosis in the absence of a
PCI. Paradoxical procoagulant and platelet-activating side
effects of fibrinolytic agents might also trigger reocclusion,
especially with fibrin-specific drugs.* In a pooled analysis of
15 trials, alteplase, for instance, was associated with higher
rates of reocclusion compared with streptokinase, underscor-
ing the importance of antithrombotic co-therapy with fibrin-
selective fibrinolytics.”

Indications for fibrinolytic
therapy

Patients younger than 76 years with typical chest pain of less
than 12 hours duration presenting with ECG ST-segment
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elevations or new bundle branch block are eligible for fibri-
nolytic therapy.® Patients presenting later are generally not
considered good candidates for fibrinolysis (class III).
Likewise, patients older than 75 years of age have often been
excluded from randomized trials, mainly because of an
increased risk of bleeding complications. Nevertheless, eld-
erly patients may benefit from fibrinolytic therapy, provided
that they do not present with contraindications.

The usual ECG criterion for administration of fibrino-
lytic therapy is at least 0.1 mV of ST-segment elevation in
two or more contiguous leads. Since mortality is signifi-
cantly higher in patients with complete bundle branch
block, administration of a fibrinolytic agent is also recom-
mended in this population.” Indeed, fibrinolysis in patients
presenting with a new bundle branch block, obscuring
ST-segment analysis, reduces mortality by 25%. There is no
evidence of benefit, however, of lytic therapy in patients
presenting with non-ST-segment-elevation acute coronary
syndromes.

Universally established contraindications to fibrinolysis
are in essence precautions to avoid excessive hemorrhage in
patients with comorbidities that increase the risk of bleed-
ing complications (Table 19.1). In these patients, including
those with a previous history of stroke or recent major sur-
gery, primary PCI should be considered. Since arterial
hypertension increases the risk of intracranial hemorrhage,
patients presenting with hypertension are usually not eligi-
ble for lytic therapy, although a history of systemic hyper-
tension in itself does not predispose to intracranial
hemorrhage after lytic therapy. Fibrinolytic trials have
adopted different approaches with regard to patients pre-
senting with hypertension. In the ASSENT-3 trial, patients
were only excluded if they had a diastolic blood pressure
>110 mmHg and/or systolic blood pressure >180 mmHg on
repeated measurements.® Accordingly, in this trial, patients
could still receive fibrinolysis after successful treatment of

their high initial blood pressure on admission. In contrast,
patients were excluded after a single reading of diastolic
blood pressure >110 mmHg and/or systolic blood pressure
>180 mmHg in many other trials, including GUSTO-V and
most TIMI trials.” Nevertheless, because there is a substan-
tial mortality benefit with lytics in patients even presenting
with hypertension, lytics should still be considered in
patients with high blood pressure on admission after initia-
tion of antihypertensive treatment, when primary PCI is
not available.

Fibrinolytic agents

Fibrinolytic agents are generally divided into fibrin-specific
and non-fibrin-specific agents (Table 19.2). Fibrin-specific
drugs are more efficient in dissolving thrombi and do not
deplete systemic coagulation factors, in contrast with non-
fibrin-specific agents. First-generation fibrinolytic regimens
including streptokinase and recombinant tissue-type plas-
minogen activator (rtPA: alteplase) required continuous
intravenous infusion. Contemporary lytic strategies, how-
ever, consist of intravenous bolus administration of second
and third generation fibrinolytics.

Unfortunately, fibrinolytic regimens suffer from several
limitations. Fibrinolytics need 30—45 minutes on average to
recanalize the infarct-related artery, and complete patency
is only achieved in 60-80% of patients. Also, reocclusion
due to prothrombotic side effects is common, occurring in
5-15% of previously recanalized arteries.'” Furthermore,
even when blood flow to the infarct-related artery is restored,
microcirculatory reperfusion can still be absent (the ‘no-
reflow’ phenomenon)."" Finally, bleeding complications,
especially intracranial hemorrhage (ICH), continue to be a
concern. Although contemporary pharmacological reper-
fusion strategies (see Table 19.3) now focus on antithrom-
botic co-therapies and improved strategies such as
pre-hospital treatment and facilitated PCI, the search for
the ideal fibrinolytic agent continues.

Streptokinase

Streptokinase is a non-fibrin-specific fibrinolytic agent that
indirectly activates plasminogen. Because of its lack of fibrin
specificity, streptokinase induces a systemic lytic state. Since
a benefit of heparin with streptokinase has not been con-
vincingly demonstrated in clinical trials, its use is optional.
Although newer fibrin-specific fibrinolytics have theoretical
and clinical advantages, streptokinase remains widely used
in part because of its low cost. Preexisting anti-streptokinase
antibodies may impede reperfusion after treatment with
streptokinase.'? Administration of streptokinase also invari-
ably induces anti-streptokinase antibodies, precluding
re-administration.
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Contraindications to fibrinolysis

Absolute

Relative

+  Previous hemorrhagic stroke at any time
+  Non-hemorrhagic (ischemic) stroke <6 months

+ Intracranial neoplasm or damage

+  Recent surgery or trauma (including head trauma) within 2—4 weeks .

+ Active internal bleeding

+ Gastrointestinal bleeding within last month
+  Known bleeding diatheses

+ Suspected aortic dissection

+ Transient ischemic attack <6 months

+ Uncontrolled or refractory hypertension on
presentation (blood pressure
>180/100 mmHg)

+ Traumatic cardiopulmonary resuscitation

Current use of anticoagulant

+ Recent internal bleeding (2—4 weeks)

+  Non-compressible vascular punctures

* Pregnancy

+  Active peptic ulcer

+ Previous use of streptokinase, anistreplase
(APSAC),or staphylokinase

Fibrinolytic agents

Streptokinase Alteplase Reteplase Tenecteplase
Fibrin-specificity = s A e
Half-life (min) 18-23 3-4 18 20
Administration 1-hour infusion 90-minute infusion Double bolus Single bolus
Antigenicity A = = =

The first large trial to show a significant reduction in
mortality with a fibrinolytic agent was the landmark
GISSI-1 trial.” In this study, 11 806 patients with acute MI
presenting within 12 hours of symptom onset were rand-
omized to either reperfusion therapy with streptokinase or
standard non-fibrinolytic therapy. The in-hospital mor-
tality rate was 10.7% in patients treated with intravenous
streptokinase versus 13.1% in controls, resulting in 23 lives
saved per 1000 patients treated. This benefit in mortality
was preserved at 1-year and 10-year follow-up.'* Another
landmark trial, ISIS-2, corroborated these results.” In this
trial, 17 187 patients received streptokinase, aspirin daily
for 1 month, both treatments, or neither. Treatment with
aspirin or streptokinase alone resulted in a significant
reduction in mortality (23% and 24%, respectively), an
effect that was additive, as witnessed by a 43% reduction
in the combination group.

Alteplase

Alteplase is a single-chain tissue-type plasminogen activator
molecule. It has considerably greater fibrin-specificity than
streptokinase, but nevertheless induces mild systemic
fibrinogen depletion. Because of its short half-life, alteplase
requires a continuous infusion.

In two mortality trials, ISIS-3 and GISSI-2, alteplase,
given as a 3-hour continuous infusion, was not superior to

streptokinase.'®'” The question which of the two fibrinolytic
drugs is the most effective in terms of mortality reduction
was nevertheless answered in the first GUSTO trial."® In this
trial, a ‘front-loaded’ 90-minute dosing regimen of alteplase
was used, which had earlier been shown to achieve higher
patency rates than the 3-hour scheme. The 30-day mortality
rate was 6.3% in patients receiving alteplase, compared with
7.4% in patients treated with streptokinase (p=0.001). The 1%
lower mortality rate at 30 days with front-loaded alteplase
corresponded to a significantly higher Thrombolysis
in Myocardial Infarction (TIMI) flow grade 3 rate at
90 minutes: 54% versus only 32% with streptokinase."

Reteplase

Reteplase, a second-generation fibrinolytic agent, was a first
attempt to improve on the shortcomings of alteplase. It is a
mutant of alteplase in which the finger, the kringle-1
domain, and epidermal growth factor domains are removed.
This results in a decreased plasma clearance, allowing dou-
ble-bolus administration. The removal of the finger domain
diminishes fibrin specificity, whereas inactivation by plas-
minogen activator inhibitor (PAI-1; Figure 19.1) remains
similar to that with alteplase.

In two pilot trials, different doses of reteplase were evalu-
ated in STEMI patients.***! In RAPID-I, patients treated
with two boluses of 10 MU reteplase given 30 minutes apart
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had a significantly higher rate of TIMI flow grade 3 (63%)
compared with patients treated with a 3-hour infusion of
alteplase (49%). Reteplase also achieved significantly higher
TIMI flow grade 3 rates than 90-minute front-loaded
alteplase (60% vs 45%) in RAPID-II (Figure 19.2).

In the GUSTO-III trial, which was designed as a superi-
ority trial, 15059 patients were randomized to double-bolus
reteplase, given 30 minutes apart, or front-loaded alteplase.”
Mortality at 30 days was similar in both treatment arms
(7.47% vs 7.24%, respectively), as was the incidence of hem-
orrhagic stroke or other major bleeding complications
(Figures 19.2 and 19.3). Similar mortality rates were main-
tained for both treatment groups at 1-year follow-up.”
Thus, higher TIMI flow grade 3 rates at 90 minutes with
reteplase, as seen in the two pilot studies, did not translate
into lower short- or long-term mortality rates. The reason
for this incongruity remains unclear, but might be explained
in part by increased platelet activation and surface receptor
expression with reteplase compared with alteplase.

Tenecteplase

Tenecteplase (TNK-tPA) is derived from alteplase after
mutations at three places (T103, N117, KHRR296-299),
increasing fibrin binding and specificity, plasma half-life,
and resistance to PAI-1. Its slower clearance allows conven-
ient single-bolus administration. Tenecteplase leads to faster
recanalization compared with alteplase, and also has higher
fibrinolytic potency on platelet-rich clots than its parent
molecule.

Efficacy of clot lysis was evaluated in the TIMI-10A and
-10B trials.?** In the TIMI-10A trial, the rate of TIMI flow
grade 3 was 59% and 64% with 30 and 50 mg tenecteplase,
respectively. In the TIMI-10B trial, 837 patients were rand-
omized to single-bolus tenecteplase (30, 40, or 50 mg), or

front-loaded alteplase. TIMI flow grade 3 rates were identi-
cal after single-bolus administration of 40 mg tenecteplase
compared with alteplase (63%) (Figure 19.2). The 50 mg
dose of tenecteplase, however, was discontinued early
because of an excess of intracranial hemorrhages.

In the double-blind ASSENT-2 trial, 16 949 patients were
randomized to weight-adjusted single-bolus tenecteplase or
standard front-loaded alteplase.”® Specifically designed as
an equivalency trial, this study showed that tenecteplase and
alteplase had equivalent 30-day mortality rates (6.18% vs
6.15%) (Figure 19.2). Mortality rates remained similar at
1-year follow-up.” Although the rates of ICH were similar
for tenecteplase (0.93%) and alteplase (0.94%) (Figure 19.3),
female patients, elderly (>75 years), and patients weighing
<67 kg tended to have lower rates of ICH after treatment
with tenecteplase.”® Non-cerebral bleeding complications
occurred less frequently in the tenecteplase group, and, as a
consequence, there was also less need for blood transfusion
after tenecteplase, especially in high-risk patients.

Adjunctive antithrombotic

therapy with lytics

Antiplatelet therapy

Aspirin

In ISIS-2, low-dose aspirin was associated with improved
outcome in STEMI patients receiving fibrinolysis." Aspirin
also significantly reduced non-fatal re-infarction (1.0% vs
2.0%) and was not associated with any significant increase in

intracranial hemorrhages. In the most recent meta-analysis
of the Antithrombotic Trialists' Collaboration including
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19288 patients from 15 STEMI trials, aspirin use was asso-
ciated with a significant reduction in cardiovascular death
(23 lives saved per 1000 patients treated) and non-fatal rein-
farction (13 events prevented per 1000 patients treated).”
Overall, a small increase in ICH (1-2 per 1000) was seen in
patients taking low-dose aspirin.

The benefit of aspirin in the setting of lytic therapy appears
to be time-dependent. In a small trial, patients who received
aspirin before fibrinolysis had a lower 7-day mortality rate
than patients who received the first dose of aspirin after
administration of the fibrinolytic agent (2.5% vs 6.0%;
p=0.01).” Similarly, patients with a STEMI had a better sur-
vival rate at 30 days when they received aspirin before hospi-
tal admission compared with in-hospital initiation.’

Clopidogrel

Even after aspirin became standard therapy for all STEMI
patients, reocclusion and reinfarction after successful phar-
macological reperfusion continued to be a problem. The
CLARITY trial examined whether addition of the platelet
adenosine diphosphate (ADP) receptor inhibitor clopido-
grel (300 mg bolus followed by 75 mg daily) to aspirin was
associated with higher rates of infarct-related artery patency
in patients treated with a fibrinolytic agent.”” At angio-
graphic follow-up at least 2 days after fibrinolytic therapy,
patients treated with clopidogrel had significantly lower
TIMI flow grade 0 or 1 rates (11.7% vs 18.4% with placebo).
Clopidogrel appeared to improve patency rates by prevent-
ing reocclusion rather than through facilitating early reper-
fusion.” No increased risk of bleeding complications was
observed with clopidogrel. Since no patients >75 years of
age were included, however, it remains uncertain whether
dual antiplatelet therapy is safe in the elderly treated with
lytic therapy. Clopidogrel also significantly reduced the risk

of in-hospital death after STEMI in the large COMMIT trial
(=7%, 95% CI —1% to —13%); in this trial, however, no
loading dose was used and only half of the patients received
fibrinolysis.**

Clopidogrel also improved outcome after PCI in
CLARITY, regardless of the duration of pretreatment or
whether patients received additional glycoprotein (GP) IIb/
[IIa inhibitors.” These results also suggest that starting
clopidogrel at the time of fibrinolysis could obviate the need
for additional GPIIb/IIIa inhibitors if a rescue PCI became
necessary.

GPlIb/Illa inhibitors

The addition of GPIIb/IIIa inhibitors such as abciximab,
eptifibatide, and tirofiban to fibrinolytic regimens is useful
in reducing the risk of recurrent ischemia and reocclusion
due to the prothrombotic side-effects of fibrinolytic drugs.
Several trials indeed indicate that abciximab with a half-
dose fibrinolytic not only modestly enhances recanalization
of the culprit epicardial vessel but also improves tissue
reperfusion.” The effect of improved epicardial patency
rates on outcome with combination therapy using abcixi-
mab was tested in the GUSTO-V and ASSENT-3 trials. In
the GUSTO-V trial, an open-label non-inferiority trial,
16 588 patients were randomized to either reteplase or half-
dose reteplase with weight-adjusted abciximab.’ The 30-day
mortality rates were 5.9% for reteplase and 5.6% for the
combined reteplase—abciximab group. Unsurprisingly, the
1-year follow-up mortality rates were identical.”’
Combination therapy with reteplase and abciximab resulted
in a significant reduction of ischemic complications after
acute MI. ICH rates were equal (0.6%) in the overall study
population for both treatment arms (Figure 19.3), although
in patients >75 years of age, the rate of intracranial bleeding



168 Clinical guide to the use of antithrombotic drugs in coronary artery disease

was almost twice as high in the combination-treatment arm.
Similarly, in the ASSENT-3 study, a significant decrease in
ischemic complications with abciximab plus half-dose ten-
ecteplase was observed, without significant differences in
30-day and 1-year mortality rates.>*® Although ICH rates
were comparable between treatment arms (Figure 19.3),
major and minor bleeding complications, thrombocyto-
penia, and transfusion rates were more frequent in the half-
dose tenecteplase plus abciximab arm. As in the GUSTO-V
trial, patients aged >75 years experienced significantly more
bleeding complications.”® Taken together, combination
therapy with fibrinolysis and abciximab results in a signifi-
cant reduction in ischemic complications after acute M1,
but this benefit is offset by an increased risk of bleeding
complications, particularly in elderly patients. Nevertheless,
the combination of half-dose lytic and full-dose abciximab
might be an attractive approach in combined pharmaco-
logical and mechanical reperfusion strategies, as currently
being tested in the CARESS and FINESSE studies.***!

Anticoagulant therapy

Unfractionated heparin and
low-molecular-weight heparin

Unfractionated heparin (UFH) has been standard adjunc-
tive antithrombotic therapy with fibrin-specific fibrino-
lytics since GUSTO-I, although early studies were
unconvincing. Low-molecular-weight heparin (LMWH)
offers several advantages over conventional UFH. It has a
more stable and predictable anticoagulant response that
eliminates the need for activated partial thromboplastin
time (aPTT) monitoring. Also, a better anti-factor Xa:factor
IIa ratio than that of UFH more efficiently enhances the
inhibition of thrombin generation. In addition, subcutaneous
administration and a longer half-life greatly facilitate
administration when compared to UFH.

Studies showed improved patency rates and less reoc-
clusion with LMWH.**** In contrast, in the ENTIRE—
TIMI-23 trial, enoxaparin achieved similar complete
reperfusion (TIMI flow grade 3) rates compared with UFH
at 60 minutes.* Nevertheless, although this study was rela-
tively small, a significant reduction in the composite end-
point of death and reinfarction at 30 days was seen with
full-dose tenecteplase and enoxaparin (4.4%) compared
with UFH (15.9%), largely due a reduction in reinfarction
rates. Major hemorrhages were less frequent in the tenect-
eplase and enoxaparin group. In the ASSENT-3 study, a
significant improvement in the primary combined efficacy
and safety endpoint was seen with tenecteplase and enoxa-
parin when compared with standard tenecteplase and
UFH, although no difference in 30-day and 1-year mortal-
ity was seen.*® Using an age-adjusted dose, enoxaparin
was also associated with fewer ischemic complications

than UFH in STEMI patients receiving fibrinolytic therapy
in the ExXTRACT-TIMI-25 study.”” Major bleeding
complications, but not ICH, were more frequent in the
enoxaparin group (2.1% vs 1.4% for UFH). A recent meta-
analysis of trials comparing LMWH, given for 4-8 days,
with UFH as an adjunct to fibrinolysis clearly demon-
strated that LMWH reduces the risk of reinfarction but
not death, and is associated with a higher risk of minor
but not major bleeding complications.*®

Another LMWH, reviparin, was tested in the CREATE
study. In this, 15570 patients with a STEMI, of whom over
70% received lytic therapy, were randomized to either pla-
cebo or reviparin subcutaneously twice daily for 7 days.*
Reviparin significantly reduced 30-day mortality with 13%
and reinfarction with 23%. However, bleeding complica-
tions were more frequent with reviparin, especially in
patients receiving reperfusion therapy.

Fondaprinux

Fondaparinux, a synthetic pentasaccharide, is a factor Xa
inhibitor that selectively binds antithrombin. As with
LMWH, fondaparinux does not need monitoring of its
anticoagulant effect. In the PENTALYSE pilot trial, fon-
daparinux was compared with UFH in 333 patients with
STEMI.* Epicardial patency rates at 90 minutes and at
5 days were similar for both groups, but there was a trend
towards less reocclusion of the infarct-related artery and
fewer revascularizations during the 30-day follow-up in
patients receiving fondaparinux. In the OASIS-6 trial,
fondaparinux was compared with UFH in 12 092 patients
with STEML.* In the 45% patients (n=5436) who were
treated with lytic therapy, fondaparinux was associated
with a significant 21% lower risk of death or MI when
compared with standard heparin or placebo.
Unfortunately, no direct efficacy and safety comparison
between fondaparinux and UFH in lytic-treated patients
was provided.

Bivalirudin

In contrast with UFH, which only inhibits fluid-phase
thrombin, bivalirudin is a direct thrombin-specific antic-
oagulant that inhibits both fibrin-bound and fluid-phase
thrombin. Because inadequately inactivated thrombin at
the site of thrombus is in part responsible for the proco-
agulant side-effect of thrombolysis, direct inhibition
of thrombin might thus reduce the occurrence of ischemic
complications after reperfusion.

In the HERO-1 study, reperfusion rates were assessed in
412 patients receiving streptokinase with bivalirudin or
UFH.* TIMI flow grade 3 rates were higher in the bivaliru-
din group (48%) than in the UFH group (35%), while no
increase in bleeding complications in patients receiving
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bivalirudin was observed. In the HERO-2 trial, 17073
patients were then randomized to streptokinase and UFH
or streptokinase and bivalirudin.” Mortality at 30 days was
not different for the two regimens, but the reinfarction rate
was significantly lower in the bivalirudin group (1.6% vs
2.3% for UFH), suggesting that early and more efficient
inhibition of thrombin can inhibit reocclusion. Mild to
moderate bleeding complications were higher in the biva-
lirudin group, possibly due to higher aPTT values observed
in that group, although ICH occurred infrequently in both
groups (0.6% and 0.4% for bivalirudin and UFH,
respectively).

Current fibrinolytic strategies
in STEMI (Table 19.3)

Fibrinolysis or transport for
primary PCI?

Current guidelines unequivocally recommend primary PCI
in patients presenting with STEML®*? They require that an
experienced team start the intervention within 90 minutes
after initial presentation. Patients presenting at a hospital
without interventional facilities need to be transported to
the nearest PCI center, requiring established communica-
tion and transportation routines between the referring and
receiving hospitals. In a real-world setting, however, door-
to-balloon times are often longer than 90 minutes: in
the National Registry of Myocardial Infarction (NRMI)

3 and 4 cohorts, for instance, the median door-to-balloon
delay was 180 minutes, with only 4% of patients being
treated within 90 minutes.* In the recent second Euro Heart
Survey, median door-to-balloon time has nevertheless
decreased to 70 minutes, which is 23 minutes less than the
first survey 4 years earlier.”*

Uncertainties about delays associated with communicat-
ing with the receiving catheterization laboratory, arranging
patient transfer, and mobilizing an interventional team
within a 90-minute interval often confuse physicians refer-
ring patients for primary PCI. Results from studies compar-
ing on-site fibrinolysis with primary PCI led to the
impression that the superiority of primary PCI in terms of
ischemic complications justifies long treatment delays
caused by transportation. Meta-analyses pooling these stud-
ies, however, suggested that the mortality benefit of primary
PCI over fibrinolysis disappears with door-to-balloon delays
of 1 hour or more.”>*® In contrast, a more recent pooled
analysis showed that the mortality benefit of primary PCI
over fibrinolysis was independent of treatment delays of up
to 2 hours.” Nevertheless, as with fibrinolysis, mortality
rates do increase with longer treatment delays or interhos-
pital delays in patients undergoing primary PCI, indicating
that the total ischemic time needs to be as short as possible,
regardless of reperfusion strategy.””*®

A recent analysis of the NRMI databases shed more light
on how to triage patients to fibrinolysis or transport for pri-
mary PCI (Figure 19.4).” Increasing delay (door-to-balloon
time minus door-to-needle time) was found to be associ-
ated with impaired outcome: a 10% increased risk of in-
hospital mortality for every 30 minutes delay. When the

Fibrinolytic strategies

Antiplatelet therapy .

Loading dose: Aspirin (150-325) mg chewable, non-enteric-coated (<100 mg daily lifelong)

+ Loading dose: Clopidogrel 300 mg (75 mg daily for 1 month)

Fibrinolysis Tenecteplase

Single bolus according to weight:
<60kg: 30 mg

60-69.9kg: 35mg

70-79.9kg: 40 mg

80-89.9kg: 45 mg

>90kg: 50 mg

Anticoagulation Enoxaparin

Reteplase Streptokinase

Double bolus: 1.5MU in 1-hour infusion
10+ 10MU

(30 min apart)

Bolus 30 mg IV 1 mg/kg SC (age >75: no bolus)
1 mg/kg per 12h (max. 100 mg for first 2 doses) (0.75 mg/kg if age >75)

or

UFH
60 U/kg (max. 4000 U)
12 U/kg/h (max. 1000 U/h)

Age 50-70: first measurement at 3h
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suggest that fibrinolysis might be
superior to primary PCl with PCl-
related treatment delays longer than
114 minutes.

PCl-related delay reaches 114 minutes, the benefit of pri-
mary PCI over fibrinolysis disappears in the overall popula-
tion. The advantage of primary PCI over fibrinolysis in
terms of outcome is lost even at much shorter PCI-related
delays in younger patients (<65 years) presenting with an
anterior infarction within 2 hours of symptom onset
(Figure 19.5). The benefit of lytic therapy might indeed be
more pronounced in fresh occlusive clots jeopardizing a
large myocardial area at risk, while younger patients are less
at risk for bleeding complications. Furthermore, in a gen-
eral acute coronary syndrome population including 34%
STEMI patients, in-hospital outcome was comparable
regardless whether patients first presented to a hospital with
or without a catheterization laboratory.®” On aggregate,
when primary PCI is not available within 90 minutes or
when there is doubt about transportation delays, STEMI
patients should receive lytic therapy in the absence of con-
traindications, especially with a large amount of ischemic
myocardium at risk.

Pre-hospital fibrinolysis

As stated before, the benefits conferred by fibrinolytic
therapy are clearly time-dependent. Although administer-
ing fibrinolytic agents up to 12 hours after the onset of
symptoms may be beneficial in terms of outcome,®! every
minute that reperfusion is postponed will inevitably result
in more extensive necrosis. Since GUSTO-I, however, it
has proven difficult to decrease treatment delays using
conventional in-hospital strategies.”” Time lost between
symptom onset and hospitalization indeed remains a cru-
cial contributor to treatment delay in STEMI. In this
respect, bolus fibrinolytic agents undoubtedly facilitate
pre-hospital reperfusion protocols. Less complicated fibri-
nolytic regimens might also facilitate initiation of

pre-hospital fibrinolytic treatment by trained paramedical
staff. Indeed, the administration of a bolus fibrinolytic by
paramedical ambulance staff does not appear to influence
efficacy and safety.*

Several trials and registries have compared pre-hospital
fibrinolysis with in-hospital fibrinolysis. A meta-analysis of
six trials including 6434 patients clearly demonstrates that
the time gained with pre-hospital treatment resulted in a
significant 17% mortality reduction compared with in-hos-
pital fibrinolysis.®* In a more recent cohort study, time to
fibrinolysis was almost 1 hour shorter with pre-hospital
diagnosis and lytics administered by trained paramedics in
the ambulance, when compared with regular in-hospital
lytic therapy.®® The significant amount of time gained by
administrating fibrinolytics in the pre-hospital setting
resulted in a reduction of adjusted 1-year mortality by
almost 30%. In the French USIC registry, the risk of death at
1 year was even >50% lower after pre-hospital fibrinolysis,
compared with other treatment strategies (relative risk (RR)
0.49, 95% confidence interval (CI) 0.24-1.00; p <0.05)
(Figure 19.6).% In patients treated pre-hospitally within
3.5 hours of symptom onset, the 1-year survival rate was
close to 99%.

The combination of single-bolus tenecteplase plus enox-
aparin, which emerged as a convenient and attractive ther-
apy in the ASSENT-3 study, has also been investigated in the
pre-hospital setting in the ASSENT-3 PLUS trial. In this
trial, 1639 patients with acute MI received pre-hospital ten-
ecteplase and were randomized to either enoxaparin or
UFH.” A time gain of 47 minutes was observed, increasing
the fraction of patients treated within 2 hours of symptom
onset from 29% in ASSENT-3 to 52% in ASSENT-3 PLUS.
Early treatment (<2 hours) was associated with a lower
30-day mortality rate (4.4% vs 6.2 (2—4 hours) and 10.4%
(4-6 hours)), but no significant difference in outcome was
observed between enoxaparin and heparin.
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Figure 19.6 Mortality rates in patients randomized within or after 2 hours of

Age-adjusted 1-year survival rate after pre-hospital fibrinolysis
versus in-hospital fibrinolysis, primary PCl, or no reperfusion;
data from the French USIC registry (1=1922). Reproduced form
Danchin N et al.*

Studies comparing on-site fibrinolysis with transport for
primary PCI in low-risk patients suggest that, even with
transport-related time delays up to 90 minutes, primary
PCI is superior to fibrinolysis. Nevertheless, time gained
with pre-hospital administration might level this difference
in outcome. In the CAPTIM trial, patients were randomized
to either pre-hospital fibrinolysis with accelerated alteplase
or primary PCI after transport to a center with interven-
tional facilities (Figure 19.7).%® In essence, CAPTIM com-
pared two reperfusion strategies, because >30% of patient in
the pre-hospital lytic arm underwent urgent (rescue) angi-
ography. Unfortunately, the trial was stopped prematurely
because of low enrolment. Nevertheless, results from

symptom onset, to pre-hospital fibrinolysis or transport for
primary PCl in the French CAPTIM study.

CAPTIM suggest that outcome after pre-hospital fibrinolysis
is at least comparable to that with primary PCI, especially in
patients presenting very early after symptom onset.***
Similarly, tenecteplase followed by mandatory PCI within
24 hours or rescue PCI when necessary was as effective as
primary PCI in the recent WEST trial, in which almost 40%
of the 304 patients were randomized pre-hospitally.

As a M1 is often the cause of sudden death, bolus fibrino-
lytics have also been studied in refractory cardiopulmonary
resuscitation. Earlier pilot trials using infusional fibrinoly-
tics in this setting showed promising results.”””! More
recently, however, a large international trial examining the
safety and efficacy of a bolus fibrinolytic given during CPR
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for cardiac arrest has been halted prematurely because of
futility.”

Fibrinolysis in the elderly

Fibrinolytic therapy for acute MI in the elderly remains
controversial. Elderly patients with STEMI are often less
intensively treated and investigated than their younger
counterparts, as indicated by the second Euro Heart
Survey.” Registries suggest an excess mortality in lytic-
treated patients aged over 75 years compared with those
treated with primary PCI, possibly due to an excess of major
bleeding complications.”*” This excessive mortality might
also be explained in part by negative selection, as fitter eld-
erly patients might have been more likely amenable for pri-
mary PCI. Also, a significant portion of elderly patients
receiving fibrinolysis actually might have had one or more
contraindications. Conversely, elderly patients with con-
traindications to fibrinolysis often do receive lytic therapy.”®
This is apparently not without risk, as demonstrated by the
higher mortality in patients older than 80 years receiving
fibrinolysis versus those who did not. Mortality rates in
observational studies, however, are in contrast with findings
from large randomized trials. In the SENIOR PAMI trial,
primary PCI was not found to be superior to primary PCI
in 481 elderly patients (270 years). Also, data from the
Fibrinolytic Therapy Trialists (FT'T) group in 3300 patients
over the age of 75 presenting within 12 hours of symptom
onset with ST-segment elevation or bundle branch block
revealed a significant 15% relative mortality reduction by
fibrinolytic therapy.” This represents an absolute mortality
reduction of 34 patients per 1000 randomized, in contrast
with 16 per 1000 in those younger than 55 years.
Furthermore, data from the GISSI-1 study suggest that the
greatest absolute benefit of fibrinolysis occurs in elderly
patients, due to their higher baseline risk.”® Interestingly,
lower ICH rates with tenecteplase as compared with alteplase
in older patients in the ASSENT-2 study indicate that the
timely use of a more fibrin-specific agent might be prefera-
ble in older patients without contraindications to fibrino-
lytic therapy.*®

Concomitant antithrombotic therapy also appears to
influence outcome in elderly patients receiving fibrinolysis.
As in non-ST-segment elevation MI treatment combina-
tions, elderly patients might receive inappropriately high
doses of antiplatelet and anticoagulant agents, which might
impact on outcome.” Indeed, in ASSENT-3 and ASSENT-3
PLUS, the combined safety—efficacy endpoint was consider-
ably higher in patients above 75 years of age treated with
enoxaparin or abciximab versus unfractionated heparin
(Figure 19.8).” In order to reduce bleeding complications
in the elderly, patients older than 75 years treated with lytics
received a reduced dose of enoxaparin (0.75 mg/kg subcuta-
neously and no bolus) in the EXTRACT-TIMI-25 trial.
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Figure 19.8
Combined efficacy plus safety endpoint according to age and
antithrombotic regimen in ASSENT-3 and ASSENT-3 PLUS.*

Although enoxaparin was associated with a 50% increase in
major bleeding complications in the overall populations,
there was no excess of major bleedings in the elderly com-
pared with younger patients.*> On aggregate, elderly patients
receiving fibrinolysis preferably should be treated with
either UFH or reduced-dose enoxaparin.

Conclusion: Is there a future
for fibrinolytic therapy?

For many STEMI patients worldwide, fibrinolysis remains
the best and often only option for reperfusion treatment.
When given early after symptom onset, fibrinolysis can
match primary PCI in terms of outcome, especially when
expected transport delays to the catheterization laboratory
are long. In recent years, much effort has been put into the
development of a combined pharmacological and mechani-
cal reperfusion strategy (see Chapter X). The hypothesis
behind combining both reperfusion options is that early
administration of a lytic agent limits myocardial damage
and prevents evolution to cardiogenic shock, while an early
planned PCI prevents acute or subacute reocclusion.
Unfortunately, a recent large international trial comparing
fibrinolysis followed by early mandatory PCI versus pri-
mary PCI alone (ASSENT-4 PCI) was stopped prematurely
because of a significant lower in-hospital mortality rate in
the PCI-alone arm.* This was explained in part by a con-
servative concomitant antithrombotic regimen in the com-
bined arm, leading to a higher risk of early reocclusion. The
results might also indicate that an early PCI is perhaps not
indicated in all patients receiving lytic therapy. Further ran-
domized clinical trials will have to determine which subsets
of patients really benefit from fibrinolysis with adequate
upfront antithrombotic therapy when anticipated transport
delays are long, and whether very early PCI might need to
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be reserved only for patients in whom fibrinolysis fails. Also,
since fibrinolysis works at its best when time to treatment is
relatively short, and because pre-hospital initiation of lytic
therapy consistently decreases total ischemic time in clinical
studies, all effort should be made to initiate lytic therapy in
the pre-hospital setting. In this respect, pre-hospital triage
and treatment of STEMI patients is strongly advocated by
the European Society of Cardiology.*'
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Fibrinolytics and percutaneous coronary

intervention

Pedro L Sanchez and Francisco Fernandez-Avilés

Introduction

Cardiovascular disease continues to be the leading cause of
death in developed countries — in particular, ischemic heart
disease is responsible for more than 50% of cardiovascular
deaths.! Prevention, rapid diagnosis and appropriate early
treatment improve survival and reduce the risk of develop-
ing heart failure>® Nonetheless, more than one-third of
patients with ST-elevation myocardial infarction (STEMI)
who are candidates for reperfusion therapy never actually
receive this therapy.*”

It is important to remember that reperfusion therapy
should be administered as early as possible, given that any
delay in its provision is related to worse clinical evolution,
increase in infarct size, and higher mortality in the short
and long term.® Therefore, in patients presenting with chest
pain, over a period of less than 12 hours and with evidence
of persistent ST elevation or left bundle branch block
(LBBB), we should aim to give the patient urgent reper-
fusion therapy in an attempt to reopen the occluded coro-
nary artery as quickly, effectively, and permanently as
possible, and to re-establish epicardial and microvascular
blood flow.”*! Furthermore, myocardial necrosis can even
be aborted if this therapy is administered within the first
hours of symptoms onset."

Reperfusion therapies:
fibrinolysis and primary PCl

For early, fast, complete and lasting restoration of epicardial
and myocardial flow in patients with ST-elevation myocar-
dial infarction (STEMI), there are two well-established
therapies: fibrinolysis and primary percutaneous coronary
intervention (PCI).

Primary PCI is considered the gold standard of myocar-
dial reperfusion when promptly performed by skilled

teams;”"! however, as the efficacy of this therapy is time-
dependent, logistical barriers and other constraints limit its
use to no more than 30% of STEMI patients worldwide.*”
Moreover, although it has been documented that a door-to-
balloon time exceeding 120 minutes is associated with a
41-62% increase in mortality, even in well-developed coun-
tries the vast majority of patients with STEMI who undergo
primary PCI achieve mechanical reopening of the infarct-
related artery beyond the established time limit from which
left ventricular preservation and clinical benefit are less
probable.””™® In contrast, intravenous fibrinolysis is widely
applicable, and has been shown to reduce mortality une-
quivocally when given within 12 hours of symptoms.*™!
Furthermore, early administration of newer fibrin-specific
thrombolytics is at least as effective as primary PCI, and can
abort infarction and dramatically reduce mortality when
given during the first 1-2 hours of onset.'"""® Consequently,
key elements from the current guidelines in Europe and in
the USA recommend that patients with ST elevation or
LBBB should be reperfused either by PCI performed
90 minutes after the first medical contact or by fibrinolysis
within 30 minutes of presentation to hospital.”"! Thus, the
choice of one or other therapy will depend basically on the
medical service who attempt first patient contact, on how
much time has elapsed since onset of symptoms, and on
whether or not there is immediate access to perform
primary PCL."

Fibrinolytics and PCl: a
crossroad in clinical practice

The advantages and disadvantages of these therapies gener-
ated two distinct viewpoints on reperfusion strategies in
patients with infarction, denying the existence of alterna-
tives that lay between one option and the other. However,
this is not true in daily clinical practice. Furthermore, these
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two therapies of reperfusion are crossed in three clearly rep-
resentative strategies: fibrinolytics-facilitated angioplasty,
rescue PCI after failed fibrinolysis, and post-fibrinolysis
PCIL.

Time delay from first medical contact to balloon inflation
constitutes overall the Achilles heel of primary PCI. This has
led researchers to question whether administrating fibrino-
lytics to bridge the delay between first medical contact and
primary PCI would improve outcomes. Thus, the concept
of fibrinolytic-facilitated angioplasty came into being.
Therefore, in randomized studies testing the concept of
facilitated PCI, all patients (with or without fibrinolytics)
should undergo planned primary PCI.

Rescue PCI is defined as PCI in a coronary artery that
remains occluded despite thrombolytic therapy. Because
fibrinolysis requires, on average, 45-60 minutes before
reperfusion occurs, failed fibrinolysis should be suspected
when persistent chest pain and non-resolution of ST
elevation are evident 60-90 minutes after starting
the administration.

Post-fibrinolysis PCI is defined as early percutaneous
repair of the culprit artery in routine (i.e., not rescue),
planned (i.e., not urgent) procedures, in patients
with STEMI treated initially with fibrinolytics to open the
artery.

The evidence available of these three different reperfusion
strategies, where fibrinolytics and PCI coexist, could be
identified in four recent meta-analysis.”**

Fibrinolytic-facilitated
angioplasty

In order to reduce the effects caused by delay in transferring
the patient to perform primary angioplasty, many authors
have advocated the initiation of intensive antithrombotic
therapy at low or full doses of fibrinolytics to enhance the
results of primary angioplasty and in some cases open the
artery before the patient gets to the catheterization labora-
tory. Therefore, fibrinolytic-facilitated angioplasty is a vari-
ation of primary angioplasty whereby the patient receives
fibrinolysis prior to the percutaneous intervention without
entailing any additional delay to that due to the patient's
transfer.

The rationale behind this approach is, on the one hand,
the fact that the prognosis of patients referred for primary
angioplasty substantially improves if the artery involved in
infarction has normal epicardial flow on initial coronary
arteriography and, on the other, that in the context of
STEMI the thrombus is rich not only in fibrin but also in
platelets. For this reason, the proposal is that therapy com-
bining powerful antiagregants (such as glycoprotein (GP)
IIb/I1Ia inhibitors) and low or full doses of fibrinolytics
might help to better dissolve the thrombus and thus improve

the epicardial flow index and the prognosis of patients who
undergo primary angioplasty.

To this end, several different pre-primary angioplasty
antithrombotic and firbinolytic strategies have been put to
the test. As this is discussed in detail in other chapters of this
book, we will summarize the principal studies where
fibrinolytics in half or full doses have been used.

Facilitated angioplasty with full
dose of fibrinolytics

The principal clinical trials conducted on the potential ben-
efits of administration of fibrinolytics prior to urgent coro-
nary angioplasty in STEMI patients are the PACT trial,** a
subgroup analysis of the PRAGUE-1 trial,”® and the
ASSENT-4 PCI trial.*

Overall, 2474 patients were randomized, and although
the coronary angiography showed better patency of the
infarct-related artery in patients who received fibrinolytics,
this epicardial benefit did not translate into clinical out-
comes. Nonetheless, considering the rather discouraging
results of ASSENT-4 PCI, caution must be exercised when
recommending fibrinolytic-facilitated angioplasty.

The first study to consider the modern concept of fibri-
nolytic-facilitated angioplasty was the PACT trial (N=606)
published in 1999.* Patients initially received half the dose
of alteplase followed by immediate coronary arteriography
and angioplasty if Thrombolyis in Myocardial Infarction
(TIMI) flow grade was less than 3 or alternatively fibrinoly-
sis was completed if TIMI flow was normal. Arterial patency
in this study was greater in patients randomised to fibrino-
lytic-facilitated angioplasty compared with controls (TIMI
flow 2 or 3; 61% vs 34%; p<0.001). Patients with optimal
TIMI flow at catheterization also showed a better left ven-
tricular function and clinical evolution at follow up. Overall
for both strategies, mortality, reinfarction, and bleeding
complications were similar at 30 days.

The PRAGUE-1 trial®® compared three reperfusion strat-
egies: isolated fibrinolysis (N=99), fibrinolytic-facilitated
angioplasty (N=100), and primary angioplasty (N=101).
Comparative analysis of the last two groups showed that
patients randomized to primary angioplasty presented a
lower incidence in the primary endpoints of death, reinfarc-
tion, or cerebrovascular accident and in the incidence of
bleeding complications at 30 days' follow-up as compared
with the facilitated angioplasty group.

Anticipating the results of the FINESSE trial,” the
ASSENT-4 PCI trial*® discouraged the use of fibrinolytic-
facilitated angioplasty. STEMI patients in ASSENT-4 were
randomized to primary angioplasty (N=838) versus fibri-
nolytic-facilitated angioplasty (N=2828) using full doses of
tenecteplase. The trial had to be stopped prematurely due to
a higher hospitalization death rate in the facilitated group
(6% vs 3%). The final analysis showed a higher rate in the
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primary endpoint of death, heart failure, or cardiogenic
shock at 90 days in the facilitated arm (19% vs 13%;
p=0.004). The higher incidence of early ischemic coronary
events should alert us or the pro-thrombotic effect of
fibrinolytics during early-stage angioplasty.

Facilitated angioplasty with
reduced dose of fibrinolytics and
combination of GPIIb/Illa inhibitors

The principal clinical trials aimed at studying the potential
benefits of administering the combination of fibrinolytics
and GPIIb/IIIa inhibitors prior to urgent coronary angi-
oplasty in STEMI patients are the BRAVE* and ADVANCE
MI® trials. The rationale for using this combination was
that reducing the dose of fibrinolytic might lower the inci-
dence of bleeding complications and that simultaneous
administration of GPIIb/IIIa inhibitors might to counteract
the prothrombotic effect of fibrinolytics.

Overall, 401 patients were randomized. The design of
both studies compared two facilitated angioplasty strate-
gies: combined fibrinolytics and GPIIb/IIIa inhibitors
versus GPIIb/IIIa inhibitors alone. In a similar manner to
full-dose fibrinolytic-facilitated angioplasty, although
the combined treatment improved coronary patency, a
higher incidence of clinical outcomes and bleeding
complications was observed. Thus, facilitated interventions
with fibrinolytic and GPIIb/IIIa inhibitors regimens should
be avoided.

The BRAVE trial® (N=253) randomized patients to half
doses of reteplase and abciximab (N=125) or abciximab
alone (N=125). The principal endpoint was surrogate, based
on the infaction size determined by single photon emission
computed tomography (SPECT). No differences were
observed in both groups: However, the rate of bleeding was
higher in the combination-treatment group.

The ADVANCE MI trial® was designed with the inten-
tion to randomize 5640 patients; however, the study was
stopped prematurely because of the very low recruitment
rate. The two facilitated strategies consisted in the combina-
tion of half doses of tenecteplase and eptifibatide (N=69)
versus eptifibatide alone (N=77). Although patients in the
combination-treatment are showed better epicardial per-
fusion (TIMI flow 3; 40% vs 20%), the mortality (7% vs
0%) and bleeding (25% vs 10%) rates were also higher.

Figures 20.1-20.3 summarize the odds ratios for death,
reinfarction, and bleeding complications in studies where
the fibrinolytic-facilitated PCI strategy has been tested.
These endpoints have been evaluated separately because the
combined endpoint was not available in all studies.

Rescue angioplasty after
failed fibrinolysis

In about 45-50% of patients who receive fibrinolytics,
adequate coronary reperfusion (epicardial TIMI 3 flow) is
not achieved.” Therefore, it is important to be aware of the
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signs of adequate reperfusion in terms of clinical parame-
ters (relief of pain), electrocardiography (ST resolution
>50%), enzymatic signs (rapid elevation of myocardial
damage markers), and tissue perfusion. The combination of
clinical data, electrocardiography (ECG), and measurement
of enzyme activity helps to better evaluate whether or not
adequate reperfusion has been achieved, although in the
majority of cases, clinical and ECG assessments guided us in

estimating the probability of adequate reperfusion. In fact,
complete ST resolution is an excellent predictive factor of
recovery of coronary patency, with a predictive value of
>90% for an epicardial flow of TIMI 2 or 3 and 70-80% for
TIMI 3.%°°! On the contrary, its negative predictive value is
very low (about 50%) — mainly due to the fact that ST
resolution depends not only on epicardial perfusion but
also on microvascular perfusion.” In any event, in the
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absence of clear reperfusion criteria 90 minutes after the
administration of fibrinolytics, failure to restore patency
must be ruled out by emergency catheterization and PCI.
This procedure, known as rescue angioplasty, has been com-
pared with a conservative strategy and readministration of
fibrinolytics.

Rescue angioplasty versus
a conservative strategy after
failed fibrinolysis

Results of rescue PCI with balloon angioplasty alone were
initially conflicting, taking into consideration that there
were obviously biases due to a high recurrent reocclusion.
The use of stents and concomitant administration of
GPIIb/I1Ia inhibitors have changed the thrombotic scenario,
and therefore only studies from the ‘stent era’ are considered
in this section. Studies aimed at analyzing the potential
benefits of rescue angioplasty versus a conservative strategy
including no reperfusion therapies of any kind are the
MERLIN* and REACT® studies.

A total of 592 patients were randomized. Overall, there
was a non-significant reduction in mortality in favor of res-
cue PCI. There was also a significant reduction of reinfarc-
tion in the rescue PCI group, especially at short-term
follow-up. On the contrary, rescue PCI is associated with
major bleeding as compared with a conservative treatment.

The MERLIN study® involved 307 patients with STEMI in
whom reperfusion failed to occur (<50% ST resolution in the
lead with maximal ST elevation) 60 minutes after the onset of
fibrinolysis. The patients were randomly assigned to conserv-
ative treatment or rescue PCI. Stents were used in 50% of
cases and GPIIb/IIIa inhibitors in 3%. Although 30-day mor-
tality was similar in the two groups, the composite secondary
endpoint of death, reinfarction, stroke, subsequent revascu-
larization, or heart failure occurred less frequently in the res-
cue group (37% vs 50%; p=0.02). Strokes and transfusions
were more common in the rescue group. The long-term fol-
low-up results of the trial did not show any late survival
advantage to rescue PCI, with only fewer unplanned revascu-
larization procedures in the early phase of follow-up.*

The REACT trial®* compared three different manage-
ments of failed fibrinolysis (using the same criteria as the
MERLIN study, but at 90 minutes): repeated fibrinolysis
(N=142), convervative treatment (N=141), and rescue PCI
(N=144). Stents were used in approximately 90% of
patients and GPIIb/IIIa inhibitors in 55%, thus reflecting
current interventional practice. The comparative analysis of
rescue angioplasty versus conservative treatment showed
that patients randomized to rescue angioplasty presented a
significant higher rate of event-free survival (85%) than
patients receiving conservative therapy (70%). Bleeding,
mostly at the sheath insertion site, was more common with
rescue PCI.

Rescue angioplasty versus
repeated fibrinolysis

Although the REACT trial®” analyzed three different
strategies of treatment in patients with failed fibrinolysis, it
is the only clinical trial in which rescue PCI and repeated
fibrinolysis have been compared. The agent used for repeat
fibrinolytic therapy was tissue-type plasminogen activator
(PA). Comparative analysis of these two groups showed that
patients randomized to rescue PCI presented a lower
incidence in the primary endpoint of death, reinfarction,
stroke, or severe heart failure at 6 months' follow-up,
as compared with the repeated fibrinolysis group
(hazard ratio (HR) 0.47; 95% confidence interval
(CI) 0.28-0.79; p=0.004).

Figure 20.4-20.6 summarize the odds ratios for death,
reinfarction, and bleeding complications in studies where
rescue PCI has been tested. These endpoints have been
evaluated separately because a combined endpoint was not
similar and available in all studies.

Routine angioplasty early post
fibrinolysis

The standard treatment of a patient who has received fibri-
nolytics and presents signs of reperfusion was to assess the
risk of future cardiac adverse events before discharge. The
two most important parameters used to evaluate long- and
short-term risk following myocardial infarction are left ven-
tricular function and the extent and grade of myocardial
ischemia. Thus, patients with spontaneous or induced severe
ischemia or left ventricular dysfunction are candidates for
angiography and revascularization. Beyond these circum-
stances, coronary arteriography was not recommended, as
there was no evidence for any benefit to the patient if residual
ischemia or left ventricular dysfunction was not observed.

Cardiac catheterization and systematized percutaneous
procedures in patients with STEMI treated with fibrinolytic
agents have been studied and discussed since the late 1980s.
At that time, prior to the use of stents and GPIIb/IIIa inhib-
itors, or thienopyridines, results were disappointing.*
However, current interventional practice, including the use
of stents, thienopyridines, and GPIIb/IIIa inhibitors, has
motivated different studies that have again revealed the role
of early routine angioplasty in the management of STEMI
patients treated with fibrinolysis.

Early and systematic post-
fibrinolysis angioplasty versus
guided or delayed angioplasty

Five randomized studies have contributed to the decision to
recommend routine coronary angiography and, if applicable,
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PCI early post fibrinolysis compared with a guided or
delayed angioplasty strategy: SIAM IIL,** GRACIA-1,”
CAPITAL-AMI,*® the Leipzig Prehospital Fibrinolysis
Study,” and WEST.*

Opverall, 1235 patients have been randomized. In the era
of stents and GPIIb/IIIa inhibitors, early elective stenting
following fibrinolysis is feasible and safe. Moreover, it per-
mits rapid patient risk stratification, substantially reduces
hospitalization, improves left ventricular evolution, and
apparently reduces the incidence of adverse coronary events
at 1 year. The clinical implications of these studies are

important, as they suggest that fibrinolysis, even if success-
ful, should not be considered as the final treatment.

The SIAM III study’*randomized 197 patients with
STEMI treated with reteplase to two strategies: early and
systematic angioplasty within 6 hours of fibrinolytic
treatment or elective delayed angioplasty at 2 weeks post
fibrinolysis. All patients received stents, and a GPIIb/IIIa
inhibitor was administered to 10% of patients in the
immediate stenting group and 16% of those in the
delayed-stenting group. Immediate stenting was associated
with a reduction in the primary composite endpoint (death,
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reinfarction, unstable angina, or revascularization)
compared with delayed stenting (26% vs 51%; p=0.001).
The GRACIA-1 study” was a randomized multicenter
clinical trial of 500 patients with STEMI and fibrinolytic
treatment assigned either to coronary angiography within
24 hours of fibrinolysis followed by complete revasculariza-
tion with stent or surgery or to conservative management
guided by detection of spontaneous or provoked ischemia
in post-infarction evaluation. The primary composite

endpoint was 1-year incidence of mortality, reinfarction,
stroke, or ischemia-induced revascularization. In-hospital
revascularization guided by detection of spontaneous or
provoked ischemia in the conservative group was not con-
sidered an event, as it is standard in these patients. At
30 days, the primary endpoint was similar in both interven-
tion and conservative groups (4.8% and 6%, respectively)
with no differences in major bleeding or vascular complica-
tions. Hospitalization was significantly shorter in patients
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randomized to intervention (7£6 vs 11£6 days; p=0.001). At
12 months, the composite endpoint (death, infarction, or need
for revascularization) was observed in 9% patients rand-
omized to intervention compared with 21% in the conserv-
ative group (p=0.001). At follow-up, the incidence of death
or reinfarction was 7% versus 12%, respectively (p=0.07).
The CAPITAL-AMI study®® randomized 170 patients
with STEMI treated with tenecteplase to a very early and
systematic angioplasty (within 3 hours) or fibrinolysis

alone. Immediate stenting was associated with a reduction
in the primary composite endpoint (death, reinfarction,
recurrent unstable ischemia, or stroke at 6 months) com-
pared with the conservative treatment (12% vs 24%; p=0.04).
This difference was driven by a reduction in the rate of
recurrent unstable ischemia (8% vs 21%; p=0.03). Major
bleeding was similar between groups.

The Leipzig Prehospital Fibrinolysis study® randomized
164 patients to either pre-hospital combination fibrinolysis
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(half-dose reteplase plus abciximab) with standard care or
pre-hospital combination fibrinolysis with early routine PCI
(mean time from randomization to balloon inflation
2 hours). After early PCI, there was a trend towards a lower
event rate in the combined clinical endpoint (secondary end-
point of death, reinfarction, major bleeding, and stroke at 6
months), 15% vs 25%, compared with fibrinolysis alone.

The WEST study® randomized 304 patients to the follow-
ing reperfusion strategies: tenecteplase and usual care, ten-
ecteplase and invasive study within 24 hours, and primary
PCI. It is important to note that in the invasive strategy after
fibrinolytics, rescue PCI was also included. The primary
30-day combined endpoint of death, reinfarction, refrac-
tory ischemia, congestive heart failure, cardiogenic shock,
and major ventricular arrhythmia was similar for patients
in the post-fibrinolysis group compared with the conserva-
tive group (24% vs 25%). However, there was a lower fre-
quency of the combination of death and reinfarction in the
post-fibrinolysis invasive group (7%) compared with the
conservative group (13%).

Early and systematic post-
fibrinolysis angioplasty versus
primary angioplasty

Two randomized studies have investigated whether
early systematic post-fibrinolysis angioplasty is similar to
primary angioplasty: the GRACIA-2*' and WEST* studies.

Opverall, 416 patients have been randomized. Although
these preliminary results oblige us to be cautious, early
post-fibrinolysis angioplasty could be a reperfusion
alternative in patients with STEMI and difficult access to
the catheterization laboratory.

The GRACIA-2 study* randomized 212 patients to full
tenecteplase followed by stenting within 3—12 hours of ran-
domization (early routine post-fibrinolysis angioplasty) or
to undergo primary stenting with abciximab within 3 hours
of randomization (GPIIb/Illa-inhibitor-facilitated primary
angioplasty). Thus, this is the first study to compare an
early routine post-fibrinolysis reperfusion strategy with pri-
mary PCI, the gold standard of reperfusion. The primary
endpoints were epicardial and myocardial reperfusion,
and the extent of left ventricular myocardial damage,
determined by means of infarct size and 6-week left
ventricular function. The secondary endpoints were the
acute incidence of bleeding and the 6-month composite
incidence of death, reinfarction, stroke, or revascularization.
Early routine post-fibrinolysis angioplasty resulted in
higher frequency (21% vs 6%; p=0.003) of complete
epicardial and myocardial reperfusion. Both groups were
similar regarding infarct size and left ventricular function
evolution. Clinical outcomes were also similar between the
two groups (10% vs 12%; relative risk (RR) 0.80; 95% CI
interval 0.37-1.74).

In the WEST study," the comparison using the primary
30-day combined endpoint of death, reinfarction,
refractory ischemia, congestive heart failure, cardiogenic
shock, and major ventricular arrhythmia showed no
difference between the post-fibrinolysis invasive and
primary angioplasty groups (24% vs 23%). Similarly, there
was no difference in the combination of death and reinfarc-
tion in the post-fibrinolysis invasive group (7%) compared
with the primary PCI group (4%).

Figures 20.7-20.9 summarize the odds ratios for death,
reinfarction, and bleeding complications in studies where
early routine post-fibrinolysis angioplasty has been tested.
These endpoints have been evaluated separately because the
combined endpoint was not similar and available in all
studies.
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Role of facilitated percutaneous coronary
intervention in ST-elevation myocardial infarction

Karthik Reddy and Howard C Herrmann

Introduction

In the mid-1970s, Davies et al' demonstrated that the mech-
anism of acute myocardial infarction (AMI) in most cases
results from rupture of an atherosclerotic plaque leading to
thrombosis and occlusion of the coronary artery. The rec-
ognition that the prompt restoration of flow salvages myo-
cardium, reduces infarct size, and prolongs life has been the
driving force behind a large number of clinical trials assess-
ing reperfusion therapy for AMI. The goal of reperfusion
therapy in ST-elevation myocardial infarction (STEMI) is to
achieve early, full, and sustained coronary blood flow in the
culprit vessel. Both primary percutaneous coronary inter-
vention (PPCI) and fibrinolytic therapy fulfill some but not
all of these goals.

Fibrinolytic therapy can rapidly be initiated, but normal
Thrombolysis in Myocardial Infarction (TIMI) grade 3 flow
is restored in only 50-60% of arteries,> and 29% of patients
are prone to recurrent ischemia before hospital discharge.*
Furthermore, prediction of successful infarct-related artery
thrombolysis by electrocardiogram (ECG) or other non-
invasive markers of reperfusion is limited. Nonetheless, major
advantages of fibrinolytic therapy are its ease of administra-
tion, consistent performance, and widespread availability.

PPCI is more effective than thrombolytic therapy for the
treatment of STEMI when delivered soon after the onset of
symptoms by an experienced team. This benefit was nicely
summarized in a pooled analysis by Keeley et al® from 23
randomized trials in which 7739 patients were enrolled.
PPCI, as compared with fibrinolysis, achieves higher reca-
nalization rates as well as direct and immediate verification
of procedural success. However, performance of PPCI in a
timely fashion can be logistically challenging. Time to reper-
fusion with PPCI is a critical determinant of outcome,® and
few hospitals consistently perform PPCI rapidly on a full-
time, emergency basis. Most studies demonstrate that a
longer door-to-balloon time worsens outcome as assessed
by myocardial infarct size as well as mortality.” Despite the

apparent limitation of PPCI if not performed rapidly, five
randomized trials comparing fibrinolysis with transfer to
another hospital for primary angioplasty summarized in
two meta-analyses have been interpreted to demonstrate
that transfer for primary angioplasty is a better treatment
than fibrinolysis at the presenting hospital.”

Transfer times in the real world greatly exceed those eval-
uated in randomized trials, which likely reduces the benefit
that PPCI can offer compared with fibrinolytic therapy.®
Nallamothu et al’ demonstrated from a large registry of MI
in the USA that the ‘total’ door-to-balloon time in 4278
transfer patients was a median of 180 minutes, with only
4% of patients having a door-to-balloon time of less than
90 minutes and 15% are less than or equal to 120 minutes.
These values contrast with the current American College of
Cardiology/American Heart Association guidelines, which
recommend a goal of less than 90 minutes for total door-to-
balloon time.'® The longest delay occurred in patients with
comorbid conditions, a delayed presentation after symptom
onset, non-specific ECG findings, and presentation during
off hours and to non-teaching hospitals in rural areas.’

The benefits of earlier reperfusion with fibrinolytics cou-
pled with the more complete and sustained coronary blood
flow achievable with PPCI gave rise to the concept of facili-
tated percutaneous intervention (facilitated PCI), a strategy
of administration of a pharmacological agent or combina-
tion of agents before planned immediate percutaneous
intervention (Figure 21.1)." Some of the potential benefits
of facilitated PCI are recanalization of the occluded coro-
nary artery as soon as possible, improved patient stability
during the intervention; greater technical success, and the
potential to fuse the best aspects of fibrinolytic therapy and
primary angioplasty.'> The time window during which
reperfusion exerts maximum benefit on myocardial salvage
and mortality is fairly brief: within 3 hours of symptom
onset."”” The average patient with AMI presents about
2 hours after symptom onset, and receives thrombolytic
therapy about 30 minutes later, and another 60 minutes is
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Figure 21.1

Hypothetical proportions of patients who achieve TIMI grade 3
flow with current STEMI treatment strategies. The patterns are
based on clinical trial data for full-dose fibrinolysis (Lysis), PPCI,
combination therapy with a reduced-dose lytic agent and GPllb/
Illa inhibitor, and facilitated PCl utilizing a combination of
pharmacologic therapy and planned PCI. (Reprinted with
permission from Herrmann HC 29
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Figure 21.2

The mortality reduction in STEMI with fibrinolytic therapy is
greatest in the first few hours after the onset of symptoms.
(Reproduced with permission from Gersh BJ et al.")

required on average before reperfusion is established. Thus,
unless the patient presents very early (within 60-90 minutes
of symptom onset), the time window to salvage the major-
ity of myocardium is lost (Figure 21.2). In this regard, the
concept of pre-hospital initiation of a reperfusion strategy
is appealing. Thiele et al'* showed in the Leipzig Prehospital
Fibrinolysis Study that when combination fibrinolysis was
administered in the field, pre-hospital initiated facilitated
PCI resulted in the highest percentage of complete
ST-segment recovery compared with pre-hospital combina-
tion fibrinolysis or PPCIL.

307 g Immediate PCI
[ comparator

£ 204

o

g 14

ER

£ ] 7 7

© 3 3

0 tPA tPA tPA [Anistreplase
Trial TAMI TAMI IIA ECSG SWIFT
N 197 389 367 800
Delay to PCI 7-10 days 18-48 hours * *
Figure 21.3

Early trials of facilitated PCl examined whether an invasive
strategy was better than a conservative strategy after the
administration of a thrombolytic agent. These studies did not
show any significant benefit of an early invasive strategy. See the
text for study details tPA, alteplase. (Reproduced with permission
from Herrmann HC 3¢

Early studies of facilitated PCI

Some of the early studies exploring the facilitated PCI con-
cept focused on determining whether an invasive strategy
was better than a conservative strategy after the administra-
tion of a thrombolytic agent and the timing of the invasive
strategy (Figure 21.3). The Thrombolysis and Angioplasty
in Myocardial Infarction (TAMI) trial was a randomized
multicenter study performed to determine whether imme-
diate or elective (7-day) coronary angioplasty was preferable
once infarct vessel recanalization had been confirmed."”
With the exception of a higher rate of emergent PCI in the
deferred PCI group, there were no differences in outcomes
between the two groups.

In the ECSG (European Cooperative Study Group) trial,
367 patients treated with alteplase were randomized to
immediate angiography with angioplasty or to non-invasive
management.'® Although, on follow-up angiography, imme-
diate angioplasty did result in a lower residual stenosis in
the infarct-related artery compared with conservative man-
agement, early intervention was associated with more recur-
rent ischemia, bleeding, hypotension, and higher mortality.

The SWIFT (Should We Intervene Following Thrombolysis?)
trial compared routine angiography and revascularization
versus conservative treatment after thrombolysis with anis-
treplase in acute myocardial infarction.'” A total of 397
patients were randomized to early angiography, and 1 year
infarction-free survival did not differ between treatment
strategies (p = 0.32).

The TIMI 3B (Thrombolysis in Myocardial Ischemia
phase IIIB) trial compared the effects of thrombolytic ther-
apy and of an early invasive strategy on clinical outcome
after unstable angina or non-Q-wave MI in 1473 patients.'®
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At 6 weeks, the principal endpoint for comparison of the
two strategies (death, myocardial infarction, or an unsatis-
factory symptom-limited exercise stress test at 6 weeks)
occurred in 16.2% of the patients randomized to the early
invasive strategy versus 18.1% of those assigned to the early
conservative strategy (p=NS). At 1 year, the incidence of
death or non-fatal infarction was also similar for the early
invasive and early conservative strategies (10.8% vs 12.2%
p=0.42).

In a meta-analysis of randomized controlled trials pub-
lished in 1995, Michels et al'® showed that PCI used as an
adjunct to thrombolytic therapy provided little benefit.
When mortality at 6 weeks was analyzed, four of the five
different approaches to angioplasty (immediate PCI com-
pared with no PCI, early PCI compared with no PCI, delayed
PCI versus no PCI, and immediate PCI compared with
delayed PCI) showed trends toward increased risk in the
more aggressively treated group. In none of these categories
were these differences significant — nor were they significant
when the categories were combined.

These early trials did not show any significant benefit of
an early invasive strategy compared with a conservative
strategy following the administration of a thrombolytic.
However, these trials were performed before stents were
available, and before the routine use of glycoprotein (GP)
IIb/11Ta inhibitors and thienopyridines.

Recent studies with
fibrinolysis

Some of the more recent trials using fibrinolytics compared
these agents with the combination approach of facilitated
PCI and with PPCI alone (Figure 21.4). With realistic con-
cerns about the increased bleeding complications seen with
facilitated PCI, some of the trials attempted to decrease that
risk by varying the dosage of thrombolytics. Therefore,
some studies examined full-dose thrombolytics while oth-
ers examined reduced-dose thrombolytics in conjunction
with PCI or compared with PCI alone.

SIAM III (the Southwest German Interventional Study in
Acute Myocardial Infarction) investigated the efficacy of
immediate stenting after thrombolysis versus a more con-
servative treatment regimen in patients with AMIL.* All
patients were enrolled at community hospitals without on-
site catheterization laboratories. Patients received reteplase
(two boluses of 10U 30 minutes apart) and were rand-
omized to immediate transfer (within 6 hours of throm-
bolysis) to a central facility for coronary angiography,
including stenting of the infarct-related artery (IRA) (n=82)
or delayed coronary angiography and intervention 2 weeks
after thrombolysis (n=81). TIMI grade 3 flow rates at
2-week angiography were 98% in the immediate-stenting
arm versus 59% in the delayed-stenting arm (p<0.001).

Fibrinolytic alone
[ Facilitated PCI

p=0.0008

p=0.04 p=0.001

Primary endpoint (%)

SIAM 111

0
Trial CAPITAL AMI

GRACIA-1
N 170 163 500

Time to PCI 132 minutes 3.5 hours 19.6 hours

Figure 21.4

More recent trials using fibrinolytics compared these agents with
the combination approach of facilitated PCl and primary PCl
alone. See the text for study details. TNK, tenecteplase;

rPA, reteplase; rtpA, alteplase. (Reproduced with permission from
Herrmann HC.29)

The primary composite endpoint of ischemic events, death,
reinfarction, and target lesion revascularization (TLR) was
significantly lower in the immediate-stenting arm compared
with the delayed-stenting arm (25.6% vs 50.6%; p=0.001).
The reduction was driven primarily by a reduction in
ischemic events (4.9% vs 28.4%, p=0.01). There was no dif-
ference in rates of reinfarction (2.4% vs 2.5%, p=0.685) or
TLR (19.5% vs 23.5%; p=0.336), but mortality was non-
significantly lower in the immediate-stenting arm (4.9% vs
11.1%; p=0.119). There was no difference in major bleed-
ing between the immediate-stenting and delayed-stenting
arms (9.8% vs 7.4%; p=0.400).

The BRAVE (Bavarian Reperfusion Alternatives
Evaluation) trial was a randomized controlled trial of 253
patients to assess whether early administration of reteplase
plus abciximab produces better results compared with
abciximab alone in patients with AMI referred for PCL.*!
The majority of patients (76%) in this study were trans-
ferred following randomization from treatment centers
without PCI to centers with PCIL. The median time from
treatment to angiography was 2 hours. Pre PCI, TIMI grade
3 flow was present more frequently in the combination-
therapy arm versus the abciximab-alone arm (40% vs 18%),
and TIMI grade 0 flow was present less frequently (25% vs
50%; p<0.001). However, there was no difference in post-
PCI TIMI grade 3 flow (87% each; p=0.73), and the primary
endpoint of final infarct size did not differ between
the treatment arms (13% in the combination arm vs 11.5%
in the abciximab-alone arm; p=0.81). Major bleeding
occurred in 5.6% of patients in the combination arm versus
1.6% of patients in the abciximab-alone arm (p=0.16).
While the results of the trial were negative, it should be
noted that the sample size was relatively small and the
duration from diagnosis to angiography was short.
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In addition, this trial compared two facilitated PCI pharma-
cological regimes, not the concept itself, since there was no
placebo arm of PPCI alone.

In the ADVANCE MI (Addressing the Value of Facilitated
Angioplasty after Combination Therapy or Eptifibatide
Monotherapy in Acute Myocardial Infarction) trial, patients
with STEMI with planned PPCI were randomly assigned to
receive eptifibatide plus half the standard-dose tenecteplase
or eptifibatide plus placebo before PCL.* The trial was ter-
minated prematurely after only 148 patients were rand-
omized due to slow recruitment. Among both populations,
epicardial infarct artery patency and myocardial tissue per-
fusion on pre-PCI angiography were improved in the ten-
ecteplase group, but ST-segment resolution at 60 minutes
was similar.

In a randomized trial comparing stenting within 24 hours
of thrombolysis (n=248) versus an ischemia-guided con-
servative approach (n=252) (GRACIA-1: Grappo de Andlisis
de la Cardiopatia Isquémica Aguda 1), the primary end-
point (combined rate of death, reinfarction, or revasculari-
zation at 12 months) was lower in the interventional arm
(9% vs 21%s; risk ratio (RR) 0.44; p=0.0008).” The reduc-
tion in events was driven by a lower revascularization rate in
the intervention arm (4% vs 12%; RR 0.30; p=0.001).”
There were trends to reduction of death (4% vs 6%; RR
0.55; p=0.16) and MI (4% vs 6%; RR 0.60; p=0.22).

The CAPITAL AMI (Combined Angioplasty and
Pharmacological Intervention Versus Thrombolytics Alone
in Acute Myocardial Infarction) trial evaluated the safety
and efficacy of treatment with thrombolytic therapy alone
(tenecteplase) compared with thrombolytic therapy fol-
lowed by transfer and subsequent PCL.* Patients were rand-
omized to full-dose tenecteplase alone (n==84) or full-dose
tenecteplase followed by immediate transfer for PCI (1= 86).
Patients who failed medical therapy alone were subsequently
transferred for PCI, which was performed in 91% of patients
in the combination-therapy arm. In the tenecteplase alone
arm, 50% of patients underwent PCI during the index hos-
pitalization. The composite 6-month event rate of death,
reinfarction, recurrent unstable ischemia, or stroke was
lower in the combination-therapy arm compared with the
tenecteplase-alone arm (11.6% vs 24.4%; p=0.04), driven
by a reduction in recurrent unstable ischemia (8.1% vs 20.7%;
p=0.03) and a trend toward less reinfarction (5.8% vs 14.6%;
p=0.07). There was no difference in death (3.5% vs 3.7%)
or stroke (1.2% each).

The GRACIA-2 trial compared optimal primary PCI
(within 3 hours with or without abciximab; n=108) with
facilitated PCI (n=104).” Facilitated PCI patients were treated
with tenecteplase bolus and enoxaparin immediately and stent
or coronary artery bypass graft (CABG) within 3-12 hours.
The median time from randomization to catheterization
was 1.1 hours in the primary PCI arm and 5.9 hours in the
facilitated PCI arm. Coronary flow at angiography was bet-
ter in the facilitated PCI arm, with higher rates of TIMI flow

grade 3 (67.0% vs 13.7%; p < 0.001) and lower TIMI frame
counts (20.9 frames vs 30.6 frames; p=0.034). Infarct size
assessed by creatine kinese MB isoenzyne and troponin were
similar in the two arms. There were no differences between
treatment arms in the composite endpoint of death/MI/
disabling stroke/ischemic-driven revascularization (9.6% vs
12.0%; p=NS) and major bleeding events (1.9% vs 2.8%;
p=NS).

Definitive conclusions cannot be drawn from these trials
as a result of the small sample sizes and the wide range of
results. For this reason, ASSENT-4 PCI (Assessment of the
Safety and Efficacy of a New Treatment Strategy with
Percutaneous Coronary Intervention) was widely antici-
pated as the largest contemporary trial to evaluate the safety
and efficacy of full-dose thrombolysis immediately prior to
PPCI compared with PPCI alone.?® Patients with STEMI
were randomized to full-dose tenecteplase followed by pri-
mary PCI (n=829) or PPCI alone (n=2838). Glycoprotein
(GP) IIb/II1a inhibitors were allowed in the PPCI arm at the
discretion of the physician; however, GPIIb/IIIa inhibitors
were only allowed for bailout use in the tenecteplase plus
PCI group. The trial had a planned enrollment of 4000
patients, but was discontinued early by the Data Safety
Monitoring Board after enrollment of 1667 patients due to
worse outcomes in the facilitated PCI arm. The median time
from symptom onset to randomization was 140 minutes in
the tenecteplase PCI group and 135 minutes in the PCI-
alone group; 20% of patients were randomized in the ambu-
lance. PCI was performed in 91.1% of the primary PCI
group and 87.1% of the tenecteplase plus PCI group
(p=0.01), at a median of 104 minutes following tenecteplase
bolus administration. GPIIb/IIIa inhibitors were used more
frequently in the PCI-alone group both prior to the PCI
(3.0% vs 0.2%; p<0.001) and during the PCI (50% vs 10%;
p<0.001). Clopidogrel/ticlopidine was used in 63% of
patients, while additional unfractionated heparin (UFH)
was given in 70% of the PPCI arm and 67% of the tenect-
eplase plus PCI arm.

TIMI grade 3 flow prior to PCI was present more fre-
quently in the tenecteplase PCI arm (43% vs 15%; p<0.001).
Post-PCI patency (TIMI grade 2 or 3 flow) was slightly
higher in the PCI-alone group (98% vs 95%). At 90 days,
the primary composite endpoint of death, congestive heart
failure (CHF), or shock was higher in the tenecteplase plus
PCI group (19% vs 13%; p=0.0055) (Figure 21.5). There
were no significant differences in the individual compo-
nents of the composite endpoint, including death (7% vs
5%; p=0.141), shock (6% vs 5%; p=0.19), or CHF (12% vs
9%; p=0.064). Total stroke in-hospital occurred more often
in the tenecteplase plus PCI group (1.8% vs 0%; p<0.0001),
as did intracranial hemorrhage (1.0% vs 0%; p=0.0037).

Limitations of ASSENT-4 PCI include that the randomi-
zation-to-balloon times were similar in the two groups, at
less than 120 minutes. Potentially, the rapid timing from
tenecteplase to balloon of 104 minutes played a role in the
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Figure 21.5

Kaplan—Meier curves for the primary endpoint (death, congestive
heart failure, or shock) in the ASSENT-4 PCl trial. (Reproduced
with permission ASSENT-4 PCl Investigators.*)

worse outcomes, whereas benefit might be seen if there were
a longer delay between thrombolytic and PCI, as seen in
SIAM III . Another major potential confounder of the strat-
egy of full-dose tenecteplase followed by immediate PCI in
this study may be the lack of adequate antiplatelet therapy
to counteract the activation produced by fibrinolysis. Less
than 10% of patients received a GPIIb/IIIa inhibitor and
only 63% received clopidogrel or ticlopidine. While TIMI
grade 3 flow was present more frequently in the tenecteplase
plus PCI group than the PPCI-alone group, the rate of grade
3 flow (44%) was lower than in most contemporary fibrino-
lytic trials 90 minutes post lytic administration. Similarly,
the mortality achieved with PPCI was very low at 3.8%, as
compared with 7.0% in a recent meta-analysis.” Despite
these limitations, the ASSENT-4 trial raises sufficient con-
cerns that a routine strategy of fibrinolysis before PPCI can
no longer be advocated.

More recent studies with
GPIIb/111a inhibitors

With the development of GPIIb/IIIa inhibitors, there has
been renewed interest in the potential role of these agents to
facilitate PPCI. One of the first trials to examine this con-
cept was the pilot trial (SPEED) to GUSTO-5." A total of
528 patients with AMI participated in dose-finding or con-
firmation phases of varying doses of reteplase with abcixi-
mab. Angiograms were performed between 60 and 90
minutes in 424 patients, and immediate PCI was performed
in 76%. Although the decision to perform PCI was not ran-
dom, baseline characteristics were similar among patients
who received and those who did not receive PCI. Patients

receiving PCI had significantly less recurrent MI, transfu-
sions, and urgent revascularizations by 30 days. Clinical
success, defined as freedom from death, MI, and urgent
revascularization at 30 days, was 94% in those receiving
early PCI versus 84% in those who did not."

The ADMIRAL (Abciximab before Direct Angioplasty
and Stenting in Myocardial Infarction Regarding Acute and
Long-Term Follow-up) trial compared primary stenting
plus platelet GPIIb/IIIa receptor inhibition with primary
stenting alone in 300 patients with AML* TIMI grade 3
flow rates at 24 hours were higher in the abciximab group
(85.6% vs 78.4%; p < 0.05), and the combined endpoint of
death, reinfarction, and urgent revascularization at 30 days
was significantly reduced with abciximab compared with
placebo (10.7% vs 20.0%; p < 0.03). Of the 300 patients, 78
(26%) were randomly assigned to one of the two study
groups early (in the mobile intensive care unit or emergency
department), and the remaining were assigned on admis-
sion to the intensive care unit or in the catheterization labo-
ratory. The patients who received their randomly assigned
treatment with abciximab early had a greater benefit with
respect to the primary endpoint at both 30 days and
6 months than did those treated with abciximab in the
intensive care unit or catheterization laboratory, thereby
demonstrating the potential benefit of a facilitated strategy.

The INTAMI (Integrilin in Acute Myocardial Infarction)
trial evaluated adjunctive therapy with the GPIIb/IIIa inhib-
itor eptifibatide administered early in the emergency depart-
ment (n=53) compared with late, optional administration
in the catheterization laboratory (n=49).” TIMI grade 3
flow at the time of angiography was higher in the early-
eptifibatide group compared with the late/no-eptifibatide
group (34.0% vs. 10.2%; p=0.01). The presence of visible
thrombus also trended lower in the early group (57.7% vs
70.8%; p=0.1). However, there was no difference in post-
PCI TIMI flow grade 3, TIMI myocardial perfusion grade 3,
ST resolution, and clinical events or bleeding by 30 days.

The TITAN (Time to Integrilin Therapy in Acute
Myocardial Infarction) — (TIMI 34) trial compared a strat-
egy of early initiation of eptifibatide in the emergency
department (n=174) with that of initiating eptifibatide in
the cardiac catheterization laboratory (n=142).” The pri-
mary endpoint of corrected TIMI frame count on diagnos-
tic angiography was lower (i.e., faster) in the emergency
department group (77.5 frames vs 84.3 frames; p=0.049).
TIMI myocardial perfusion grade 3 was present more fre-
quently in the emergency department group (24.3% vs
14.2%; p=0.026). By 30 days, there was no difference in
mortality (4.0% for the emergency department group vs
2.8% for the catheterization laboratory group) and there
were two cases of reinfarction in each group.

These small studies seem to favor the use of platelet
GPIIb/IIIa inhibition early in the emergency department
before planned PCI for STEMI patients with a minimal risk
for increased bleeding. Larger studies are needed to confirm
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these results as well as to explore the combination of novel
antithrombotic agents and GPIIb/IIIa inhibitors in con-
junction with PCL.

Trials in progress

Several ongoing trials, including CARESS in AMI,”
TRANSFER-AMTI®' and FINESSE,” will help clarify the
safety and efficacy of different regimens of facilitated PCI.
CARESS in AMI (Combined Abciximab Reteplase Stent
Study in AMI) is a trial comparing emergent PCI versus
conservative management of STEMI patients treated with
abciximab and half-dose reteplase. The study plans to enroll
1800 high-risk STEMI patients within 12 hours of symp-
tom onset. The primary endpoint is the 30-day combined
incidence of mortality, reinfarction, and refractory ischemia.
Secondary endpoints include the 1-year composite end-
point of mortality, reinfarction, refractory ischemia, and
hospital readmission because of heart failure; resource use
at 30 days and 1 year; and the incidence of in-hospital stroke
and bleeding complications in the two groups.

TRANSFER-AMI (Trial of Routine Angioplasty and
Stenting after Fibrinolysis to Enhance Reperfusion in Acute
Myocardial Infarction) is comparing standard treatment
after thrombolysis with transfer for urgent PCI within
6 hours after thrombolysis. This is a Canadian multicenter
trial enrolling 1200 patients with anterior or high-risk infe-
rior STEMI. The primary endpoint is death, reinfarction,
recurrent unstable angina, CHF, or shock at 30 days.

Finally, the FINESSE (Facilitated Intervention with
Enhanced Reperfusion Speed to Stop Events) trial is an
ongoing 3000-patient, randomized, double-blind, placebo-
controlled, double-dummy trial in patients with STEMI
that will examine the efficacy and safety of facilitated PCI
with reduced-dose reteplase plus abciximab, and compare
this strategy with facilitated PCI using early abciximab
alone, or PPCI with abciximab just before the procedure.
The study will determine whether facilitated PCI is superior
to PPCI in patients when the door-to-balloon time is
between 1 and 4 hours after initial presentation. Study
enrollment in this trial was recently completed, and the
results are expected by the end of 2007.

Favorable characteristics for
facilitated PCI

Delays in the delivery of both fibrinolytic therapy and PPCI
are associated with increased mortality rates. An additional
delay of 60 minutes for PPCI compared with fibrinolytic
therapy is considered acceptable, because this reperfusion
treatment is associated with higher patency rates of the inf-
arct vessel and better survival. This PCI-related delay may

be presented as the door-to-balloon (DB) time minus the
door-to-needle (DN) time.

Two recent meta-analyses assessed the relation between
PCl-related time delay and the effectiveness of this inter-
vention in decreasing death compared with fibrinolysis.
Betriu and Masotti** analyzed data from 21 randomized
controlled trials. After adjustment for patient-level data,
they demonstrated that the loss of mortality advantage with
PPCI occurred at a DB-DN time of 110 minutes.”” In
another pooled analysis by the PCAT-2 (Primary Coronary
Angioplasty versus Thrombolysis 2) investigators of the
delay times in 22 randomized studies, suggested that a sur-
vival benefit of PPCI could still be present with PCI-related
delays of up to 2 hours.*

Pinto et al*® analyzed data from the large NRMI (National
Registries of Myocardial Infarction) 2, 3, and 4, and reported
that while selecting a reperfusion strategy for patients pre-
senting with STEMI, apart from time delays (presentation
delay and PCl-related delay), baseline characteristics of the
patient and the infarct should be also taken into account
when choosing a reperfusion strategy (Figure 21.6). In this
study, data from 192 509 patients, treated between June 1994
and August 2003 at 645 hospitals in the USA, was included.
Hospitals were divided into four categories of increasing
PClI-related delays: <60, 60-89, 90-120, and >120 minutes.
For each of the four categories, hospital and patient charac-
teristics were analyzed. The effect of the PCI-related delay in
specific subgroups of patients were stratified by risk factors,
including age (<65 years vs >65 years), infarct location (ante-
rior versus non-anterior), and time from symptom onset to
hospital arrival (2 hours vs >2 hours). In the total study pop-
ulation, there was a 10% increase in the relative risk
of in-hospital death with every 30-minute increase in the

0-120

Yearg 4 Anterio, Pre-hospital
65 yoar,  delay (min)

PCl-related dalay (DB-DN) where
PCI and fibrinolytic mortality are equal (min)

Figure 21.6

The PCl-related delay (door-to-balloon minus door-to-needle
time: DB-DN that results in equal mortality for fibrinolysis and
primary PCl. See the text for details. (Reproduced with permission
from Pinto DS et al.*%)
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PCl-related delay. The survival benefit of PPCI over fibri-
nolytic therapy was lost when the PCl-related delay was 114
minutes, a time delay very similar to the 30-day mortality
survival advantage of 110 minutes calculated from the ran-
domized trials. **

Importantly, the PCI-related delay beyond which the sur-
vival benefit of PPCI was lost varied considerably and
depended on patient characteristics. The shortest permissi-
ble time delay associated with a survival benefit for PCI (<1
hour) was found in patients <65 years of age presenting with
an anterior infarction within 2 hours after symptom onset.
A longer time delay for PCI of almost 3 hours was accepta-
ble without an increase in mortality in patients >65 years of
age with a non-anterior infarction presenting more than
2 hours after symptom onset. For example, a patient who is
<65 years old and presents with an anterior MI within
2 hours of symptom onset only gains a mortality advantage
from PPCI if the DB-DN time is short (<40 minutes). This
finding is likely due to the fact that thromboresistance has
not emerged (better fibrinolytic efficacy), the risk of intrac-
ranial hemorrhage is low due to a younger age (improved
fibrinolytic safety), and there are advantages of more rapid
restoration of flow as a larger amount of ischemic myocar-
dium is at risk (an advantage of fibrinolytic therapy). In
contrast, a patient who is >65 years of age with a non-ante-
rior infarction presenting more than 2 hours after symptom
onset may have a greater tendency toward thromboresist-
ance (reduced fibrinolytic efficacy), an increased risk of
intracranial hemorrhage due to age (reduced fibrinolytic
safety), and a relatively good prognosis with either therapy
due to the smaller amount of myocardium at risk. Thus, a
reperfusion strategy for STEMI should be selected based
not only on the benefits and limitations of the reperfusion
strategy and time delays (presentation delay and PCI-related
delay), but must also consider patient characteristics.

Conclusions

PPCI is more effective than thrombolytic therapy for the
treatment of STEMI when delivered soon after the onset of
symptoms by an experienced team. However, time to reper-
fusion is a critical determinant of outcome with both fibri-
nolysis and PPCI. As the PCI-related delay to reperfusion
increases, it dilutes or negates the benefit that PPCI can
offer compared with fibrinolytic therapy. Registries have
shown that only a small percentage of patients in the real
world meet the current guidelines of a door-to-balloon time
of less than 90 minutes. Facilitated PCI offers both theoreti-
cal and practical appeal to overcome some of these issues.
To date, trials that have compared PPCI with facilitated PCI
with full-dose fibrinolytics have failed to show a clinical
benefit, although infarct artery patency rates before the PCI
were significantly higher in the facilitated PCI arm.

Ongoing trials will provide important insight into the
potential benefits of a facilitated PCI strategy with GPIIb/
IIIa inhibitors, or combination therapy with a reduced-dose
fibrinolytic plus a GPIIb/IIIa inhibitor. In this regard, it is
likely that, apart from the benefits and limitations of
the reperfusion strategy and time delays, patient character-
istics will also be important considerations for optimal
outcomes.
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Antithrombotic treatment in vein graft

interventions

Luis A Guzman and Theodore A Bass

Introduction

The first aortocoronary saphenous vein graft (SVG)
implantation was performed in May 1967 by Garret and
colleagues, with the subsequent pioneering work of
Favaloro initiating the era of surgical revascularization of
ischemic heart disease."” This major advance in surgical
revascularization provided a significant improvement in
angina relief and, in selected patients, improved long-term
prognosis.> However, it has come to be recognized that
SVG bypass surgery is of a palliative nature and does have
some important limitations, including the fact that an
accelerated atherosclerotic process develops within the
graft over time, often resulting in untoward clinical sequelae.
Several studies have reported up to 15% SVG occlusion
during the first postsurgical year, with a further 1-2%
closure rate between years 1 and 6. After 6 years, the attri-
tion rate increases to 4-5% per year, as only 60% of the
SVGs are patent by 10 years and less than 50% of these
patent grafts remain free of significant obstruction.*™
Degenerative atherosclerotic SVG disease, as well as the
progression of the native coronary vascular disease proc-
ess, results in approximately 35% of patients requiring
either reoperation or percutaneous revascularization
10-12 years after surgery.” The increased risk of a second
bypass operation is well established, with a 3-5-fold
increase in mortality and myocardial infarction.”'® With
recognition of these limitations, SVG percutaneous inter-
vention in patients with prior coronary bypass surgery
(CABG) has been recommended. However, percutaneous
treatment has similarly been associated with an increased
periprocedural risk, as well as lower long-term patency as
compared with interventions performed in native coro-
nary arteries.!" Coronary atheroembolism from the dis-
eased vein graft appears to be the major cause of the
increased risk associated with reoperations and vein graft
percutaneous interventions.”!’

Pathogenesis of saphenous
vein graft disease

Three pathophysiological processes are involved in the
pathogenesis of SVG disease: thrombosis, intimal hyperpla-
sia, and atherosclerosis. While these processes are inter-
related, each appears to be temporally distinct, with
thrombosis being the main mechanism of SVG occlusion
during the first month after surgery, at an incidence of
3-12%.%" This thrombotic occlusion is a consequence of
several mechanisms, including vessel wall alterations during
the vein harvesting process, changes in blood rheology and
flow dynamics, and surgery-related technical factors. Intimal
hyperplasia is the major contributor to disease progression
between 1 month and 1 year. While this process rarely pro-
duces a significant degree of stenosis, it provides the basis
for the later development of graft atheroma. Atherosclerosis
is the dominant pathological process after the first year.
Approximately 75-85% of acute coronary events in patients
with prior CABG (unstable angina or acute non-ST-elevation
or ST-elevation myocardial infarction (MI)) are caused by
the atherosclerotic process developed in the SVG.'? Although
the fundamental process of atheroma development and the
predisposition factors are similar in SVG and in native
arteries, there are some differences that are considerations
when contemplating percutaneous treatment strategies.
Vein graft atherosclerosis tends to be diffuse, concentric,
and friable. There is often a poorly developed or absent
fibrous atheroma cap, with a little evidence of calcification.'*
'7 There is a higher plaque lipid content, resulting from
increased lipid uptake and slower lipolysis.'*'"” In addition,
the compensatory enlargement (positive remodeling)
described in coronary native arteries undergoing atheroscle-
rotic disease progression does not appear to occur in the
SVG atheromatous process.”® Late thrombosis is a frequent
event in old SVGs with advanced atherosclerosis.
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Antithrombotic agents

Given the pivotal role of the thrombotic process contribut-
ing to SVG closure, several antithrombotic regimens have
been evaluated in clinical practice in an attempt to decrease
the incidence of SVG failure.

Antiplatelet agents

Aspirin

Aspirin is the most studied antiplatelet drug in the post-
CABG patient population. Several randomized clinical trial
have shown efficacy in preventing SVG occlusion. The
Veterans Administration (VA) study has shown a significant
reduction in SVG occlusion at 2 months and 1 year compar-
ing aspirin therapy with placebo.”"* Importantly, the bene-
fit appears to be more limited to those grafts placed to native
vessels less than 2.0 mm in diameter noting no significant
benefit in larger vessels. These finding have been confirmed
in several other investigative trials.”’ The beneficial effect of
aspirin appears to be time-dependent as well as dose-
dependent. The benefits are appreciated when aspirin is given
either before or during the first 24 hours of surgery, with no
benefit being seen if the medication is started later than
3 days postoperatively. A high dose of aspirin does not
appear to provide an incremental benefit. The meta-analysis
by the Antiplatelets Trialists’ Collaboration clearly demon-
strated that doses between 75 and 325 mg are clinically as
effective as higher doses.” While aspirin has been demon-
strated to clearly provide long-term clinical benefits in
patients with known coronary artery disease, it does not
appear to favorably affect graft patency after 1 year of treat-
ment. Goldman et al** reported in 455 patients that contin-
ued use of aspirin, 325 mg/day, for an additional 2 years
after the initial year of therapy did not show any benefit in
graft patency at the end of the third year (graft occlusion
17% for those with long-term aspirin, compared with 19.7%
occlusion for the placebo group; p=0.40).

The occurrence of aspirin non-responsiveness and an
increased risk of clinical events has recently been recognized
in this group of patients. This phenomenon has also been
identified in patients with a history of CABG surgery. In
a small study, almost 42% of patients post CABG showed
biochemical indicators suggesting a lack of effect of aspirin
at a dose of 325 mg.”> However, the clinical implications of
aspirin non-responsiveness for graft failure are currently
unknown. This topic is discussed in greater detail elsewhere
in this book.

Dipyridamole

Dipyridamole has been used for many years in this setting
to prevent graft occlusion. It has mainly been studied in

combination with aspirin. A systematic review of the nine
randomized trials published by the Antiplatelets Trialists'
Collaboration showed no clear benefit on graft patency with
the combination therapy compared with aspirin alone.”

Thienopyridines

Ticlopidine is the first drug from this pharmacological
group to be used clinically. It has been evaluated in the con-
text of CABG surgery in two randomized trials. The effect
was evaluated at 3—12 months, showing a significant
improvement in graft patency compared with placebo.”>*
The patency rate at 8 months was 92.9% in the ticlopidine
group versus 78.2% in the placebo group (p<0.02). It is
important to note that these trials did not use aspirin in
either arm and therefore did not answer the question of
whether or not ticlopidine was better than aspirin or if dual
therapy offered greater benefit than aspirin monotherapy.
Although ticlopidine has been proposed as an alternative
therapy for those patients with allergy to aspirin, its serious
side-effects continue to limit its clinical use.

More recently, clopidogrel has been incorporated in
clinical practice with a significantly better safety profile
and better efficacy than ticlopidine.?®* However, its effect
on graft patency has not been sufficiently evaluated. A
recent report showed a tendency favoring greater vein graft
patency in patients undergoing 'off-pump’ surgery when
aspirin and clopidogrel were used in combination (87%)
compared with aspirin alone (66%).* There are also indi-
cations of clinical benefit using combination aspirin and
clopidogrel therapy in post-CABG patients. A post hoc
analysis of the CURE trial demonstrated that patients
undergoing CABG surgery in the context of non-ST-elevation
acute coronary syndrome, pretreated with aspirin and
clopidogrel, had a better clinical outcome at 1 year com-
pared with patients treated with aspirin alone: a 9.3% fre-
quency of cardiovascular death, MI, or stroke for
clopidogrel treatment versus 11.4% for placebo treatment
(relative risk (RR) 0.80; 95% confidence interval (CI)
0.72-0.90).>' However, there was an increase in bleeding
complication, reoperations, and blood transfusion in the
combination group, again raising significant safety con-
cerns. Therefore, there is currently not enough evidence
supporting the routine use of clopidogrel in combination
with aspirin in the post-CABG patient population.
However, we are learning more regarding the use of
monotherapy clopidogrel in the post-CABG population.
The CAPRIE trial reported an encouraging retrospective
analysis of 1480 patients undergoing CABG randomized
to clopidogrel or aspirin. The annual event rate of death,
M1, stroke, and rehospitalization was 23% for the aspirin
group and 15.9% for the clopidogrel group (p=0.001).*
Therefore, in patients with an allergy or a contraindication
to aspirin, the use of clopidogrel may well prove to be
beneficial.
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Oral anticoagulants

Several randomized studies have evaluated the effects
on graft failure of the use of oral anticoagulants. No trial
has demonstrated a benefit realized by greater graft patency
resulting from using oral anticoagulants when com-
pared with aspirin or a combination of aspirin and
dipyridamole.?*?**** The largest published study, the Post
Coronary Artery Bypass Graft Trial, provides the most
definitive answer.”® This trial randomized 1351 post-CABG
patients to coumadin or placebo, using a 2x2 factorial
design. Both groups received aspirin. The trial showed no
reduction in graft failure on adding coumadin (disease pro-
gression 34% vs 32%; p=0.48), and no indication of clinical
improvement, with similar rates of MI (5.0% vs 5.0%) and
the need for further revascularization (7.8% vs 7.9%).

Percutaneous interventions

Interventional cardiologists have long appreciated the many
challenges involved in the percutaneous treatment of degen-
erated SVGs. Compared with treating native coronary arter-
ies, balloon angioplasty of SVG lesions yielded significantly
lower primary success rates and higher long-term restenosis
rates.”®” The most challenging problem with SVG interven-
tion remains the higher incidence of acute procedure com-
plications — most notably related to the problem of distal
plaque and thrombus embolization with ensuing MI1.*

Stents in the prevention of
restenosis

Enthusiasm triggered by the initial experience using bare
metal stents to treat de novo coronary artery lesions trans-
lated into investigations examining the efficacy of these
stents when deployed to treat SVG disease. These studies
were especially important, given the disappointment among
the interventional cardiovascular community regarding the
results of balloon angioplasty techniques used to treat these
complex, challenging lesions. The pivotal trial designed to
answer this question was the SAVED study.” This investiga-
tion randomized a total of 220 patients to receive either
conventional balloon angioplasty or a bare metal coronary
stent. The study demonstrated significantly higher proce-
dural success (92%) with the use of the stent as a primary
approach, compared with a 69% primary success rate when
balloon angioplasty was used as th