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Abstract The formation of platelet-rich thrombi, a critical step in the pathogenesis
of atherothrombotic events, is a multistep process involving several components,
among which von Willebrand Factor (VWF) plays a central role. Ruptured athero-
sclerotic plaques expose subendothelial matrix proteins which bind VWF that
represents a bridge between the injured blood vessel and activated platelets, playing
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a crucial role in platelet adhesion and aggregation, especially in conditions of high-
shear rate. Due to these peculiarities, the binding of VWF to GPIba is an attractive
drug target. Here we summarize the present knowledge on the different classes of
drugs targeting the VWF-GPIb interaction and we give an account of their level of
clinical development. In particular, the following compounds are discussed:
AJW200, an IgG4 humanized monoclonal antibody against VWF-A1; 82D6A3, a
monoclonal antibody against VWF-A3; ALX-0081 and ALX-0681, bivalent
humanized nanobodies targeting the VWF-A1 domain; ARC1779 and its advanced
formulation ARC15105, second-generation aptamers that bind the VWEF-Al
domain; h6B4-Fab, a murine monoclonal antibody, and GPG-290, a recombinant
chimeric protein, both directed against GPIbo.

Keywords Glycoprotein Ib/IX/V « von Willebrand factor « Nanobody ¢ Aptamer ¢
Platelets ¢ Thrombosis * Shear stress ¢ Stroke ¢ Acute coronary syndromes ¢
Antiplatelet

Platelet activation plays a critical role in the pathogenesis of atherothrombotic
events, such as acute coronary syndromes (ACS) or stroke. The formation of
arterial thrombi is a multistep process involving several components, and among
them von Willebrand Factor (VWF) appears to be crucial, especially in the first
phases of the process. Rupture of an atherosclerotic plaque exposes collagen to
which VWF is bound, starting platelet adhesion followed by platelet activation
(Nilsson et al. 1957). VWF plays a particularly important role in platelet adhesion
and aggregation under high-shear conditions (Nilsson et al. 1957; Nillson et al.
1957). Moreover, plasma levels of VWF are raised in disease states associated with
endothelial activation and may increase the thrombotic potential, and indeed VWF
levels are predictive of adverse cardiac events, including vascular death (Spiel et al.
2008). In view of the above-summarized role of VWF in thrombogenesis, the
interaction between VWF and its platelet receptor, GPIb/IX/V, has been considered
as a promising new target for antiplatelet therapy (Spiel et al. 2008).

1 von Willebrand Factor

1.1 Structure and Functions

VWEF is a large adhesive, multimeric glycoprotein that fulfills two crucial roles in
primary hemostasis: it functions as a bridge between subendothelial matrix and
circulating platelets, and it acts as a carrier for blood clotting factor VIII, protecting
it from rapid inactivation. The gene for VWF is located to the short arm of
chromosome 12 and it comprises 180 kb and 52 exons. VWF is mainly synthesized
by endothelial cells, where it is stored in Weibel-Palade bodies and secreted either
constitutively or by exocytosis, but also by megakaryocytes. VWF is synthesized as
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Fig. 1 Structure and domains of VWF

pre-pro-VWF, formed by a signal peptide of 22 aminoacids, a pro-peptide of 741
aminoacids and the mature subunit of 2,050 aminoacids, the latter consisting of four
types of domains with specific functions (Fig. 1). The D'-D3 domain contains
binding sites for FVIII and for P-selectin (Sadler 1998); P-selectin partially
mediates the tethering of UL-VWF strings to the endothelial surface in flowing
blood facilitating multimer degradation by ADAMTS-13 through the exposure of
the cleavage site on VWF-A2 domain (Michaux et al. 2006); the A1 domain is the
binding site for platelet GPIba but it also contains binding sites for heparin,
sulphated glycolipids and botrocetin, a lectin snake venom of Bothrops jararaca
that elicits VWF binding to platelet GPIb leading to platelet agglutination (Sixma
et al. 1991); the A3 domain is the major binding site for fibrillar collagen type I and
II (Cruz et al. 1995); the A2 domain contains the cleavage site for the
metalloproteinase ADAMTS-13; finally, the C1 domain is the binding site for
GPIIb/IIIa (Beacham et al. 1992). In the endoplasmic reticulum proVWF dimerizes
“tail-to-tail” through disulfide bonds between C-terminal cystine knot domains.
Pro-VWF dimers are transported to the Golgi apparatus where a propeptide
processing protease cleaves the propeptide (domains D1-D2); and additional disul-
fide bonds between D3 domains form “head to head” between D3 domains in the
trans Golgi network resulting in multimers.

Weibel-Palade bodies of endothelial cells are the main storage granules for
VWF wherefrom it can be secreted either constitutively or via a pathway regulated
by secretagogues, including estrogens, histamine, thrombin, or fibrin (Wagner
1989, 1990; Claus et al. 2010). VWF stored within Weibel-Palade bodies is
composed of the largest multimeric species, the UL-VWF (up to 10,000 kDa),
usually absent from blood of normal individuals (Wagner and Marder 1984).
In physiologic conditions, UL-VWF are in fact cleaved by ADAMTS-13 and
disappear from the circulation; they can be detected only transiently in the
circulation of normal individuals following treatment with I-deamino-8-p-arginine
vasopressin (DDAVP), that induces their secretion from endothelial storage
granules (Ruggeri et al. 1982). On the contrary, in microangiopathic disorders,
such as thrombotic thrombocytopenic purpura (TTP) or haemolytic uremic
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syndrome, UL-VWF accumulates in blood (Lowe and Werner 2005). Approxi-
mately 20% of VWF present in blood is stored in platelet a-granules (Harrison et al.
1993) and consists of UL-VWF multimers. Platelets activated at sites of vascular
injury, mainly by thrombin, release their VWF content; therefore platelets and
endothelial cells co-operate in the release of the most thrombogenic VWF
multimers at a site of vascular wall damage. Moreover, when VWF is released
acutely FVIII bound to it is detached by thrombin cleavage and made available for
the clotting cascade (Nesheim et al. 1991).

In order to bind their ligands, the A1l and A3 domains of VWF are dependent on
the fluid dynamic forces generated by blood flow. Shear stress, which expresses the
forces produced by the sliding of different layers of blood inside vessels, is greater
in arteries than in veins, and among different arteries it is higher in small arterioles
of 10-50 um, where it ranges from 500 to 5,000 sfl, and highest in diseased
arteries, such as coronary arteries with stenosis (Mailhac et al. 1994).

Above a shear rate of 1,500 s~ platelet adhesion to a damaged surface is strictly
dependent on the interaction between VWF Al domain and GPIba. In fact, in
conditions of elevated shear stress, VWF exposes the Al domain normally hidden by
the folding of the molecule, and induces a sustained binding to platelet GPIbo stopping
them via tether formation. Subsequently, the binding of plasma VWF C1 domain to
platelet GPIIb/IIIa (Savage et al. 1996) on one side and to the exposed subendothelial
collagen through its A3 domain on the other (Ruggeri et al. 1983) contributes to
thrombus growth. UL-VWF multimers contain a large number of binding sites for
GPIba giving rise to spontaneous platelet aggregation and thrombosis (Moake et al.
1982). For this reason, UL-VWF must be actively removed from plasma. When
released, UL-VWEF are anchored to the surface of endothelial cells through P-selectin
and stretched by fluid shear stress to an open conformation that exposes the A2 domain
to cleavage by ADAMTS-13 (Schneider et al. 2007; Ruggeri 2003).

The binding of soluble VWF to GPIb-IX-V can be artificially induced in vitro by
ristocetin (Giannini et al. 2007), a vancomycin-like antibiotic from Nocardia
lurida, that binds to the proline-rich sequence, Glu-700 to Asp-709, C-terminal to
the Cys-509—Cys-695 disulfide bond of the A1 domain, or by botrocetin that binds
to the A1 domain of VWF (Girma et al. 1990).

The interaction of VWF A1 domain with platelet GPIba is thought to play some
role also under static conditions in vitro (Yamashita et al. 2004) or in venous-like
blood flow conditions (Savage et al. 1992). Indeed, histology of thrombi from
patients who died from pulmonary embolism revealed the presence of GPIIb/II]a,
VWEF, and fibrin in close association (Takahashi et al. 2009).

2 GPIb and Platelet Activation

The GPIb/IX/V complex consists of leucine-rich repeat glycoproteins, GPIba
(130 kDa) and GPIbB (22 kDa), that are disulfide-linked and non-covalently
associated with GPIX (22 kDa) and GPV as a 2:2:2:1 complex. Under high-shear
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conditions (1,000-10,000 s~ ') platelet—platelet interactions become progressively
more VWE-dependent, with an important role of both GPIb and integrin oy,3 in
promoting the initial formation of platelet aggregates. Under pathologically high-
shear conditions (>10,000 sfl), like those found at sites of severe vessel narrowing,
platelet aggregation is exclusively mediated by VWF-GPIb adhesive bonds
(Jackson et al. 2009). The interaction between VWF and GPIb may trigger platelet
activation (Du 2007). The mechanism through which the VWF-GPIba interaction
signals and contributes to subsequent platelet activation has not been completely
defined yet. The cytoplasmic region of GPIba is associated with filamin (also
named actin-binding protein), calmodulin and 14-3-3{ which provide links to
signaling proteins such as PI3K, FAK, Src-related tyrosine kinases, GTPase-
activating protein and tyrosine phosphatases (PTP1J and SHPTP10) (Du 2007).
Topographical association of the GPIb/IX/V complex with other membrane
proteins, such as GPVI, FcR y-chain, a,3;, FcYRIIA, most likely within specialized
membrane microdomains known as lipid rafts, supports a crosslinking mechanism
involved in GPIba signaling (Lopez et al. 2005). The engagement of GPIba by
immobilized VWF elicits activation signals, such as transient cytoplasmic Ca**
elevations, protein phosphorylation (PLCy2, ERK-1/2, Syk), TxA2 synthesis, ADP
release and ultimately activation of oyp,P3 (Rivera et al. 2009).

3  VWF/GPIb in Thrombotic Diseases

Plasma VWF is elevated in ACS, such as ST elevation myocardial infarction, and
its early rise is predictive of a negative prognosis (Rivera et al. 2009; Montalescot
et al. 1998; Ray et al. 2005). Reduced coronary flow was associated with high levels
of VWF (Takahashi et al. 2009), and increased VWF levels, as well as low levels of
ADAMTS-13, are associated with a high cardiovascular risk (Thompson et al.
1995; Bongers et al. 2009).

TTP is a rare (2—10 cases/million/year) microthrombotic disorder due to the
accumulation in plasma of UL-VWF multimers generated by a deficiency, either
inherited or acquired, of ADAMTS-13 (Remuzzi et al. 2002; Benz and Amann
2010; Levy et al. 2001; Tsai 2010).

Some polymorphisms of the gene coding for GPIba have been associated with
an increased risk of coronary artery disease in young individuals, like the threonine/
methionine substitution at amino acid 145. The biological effect of the thr/met
substitution remains to be determined, but it is thought to produce a change in the
avidity of GPIb for VWF (Kunicki and Nugent 2002). Moreover, a T/C substitution
in the region of the translation start site of the gene influences translation efficiency.
The presence of the 5C allele (gene frequency of about 0.10 in various white
populations) increases the mean level of GPIba expressed on platelets (roughly, a
50% increase in homozygous individuals and a 33% increase in heterozygous
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individuals), and there are data supporting an association between —5C and the
severity of negative outcomes following acute myocardial infarction in young
individuals (<62 years old) (Kunichi and Nugent 2002). Moreover, a synergistic
effect between —5C and Metl45 in increasing the risk of stroke in younger
individuals has been documented (Sonoda et al. 2001).

4 VWF/GPIb in Haemorrhagic Disorders

4.1 von Willebrand Disease

VWD is the most common inherited bleeding disorder, with an estimated
prevalence of ~1%, but the disorder is often asymptomatic, thus the prevalence
of clinically significant cases is estimated to be around one in 10,000 (Sadler
et al. 2006; Lillicrap 2007). VWD is divided into three subtypes: Type 1
(partially quantitative defect), Type 2 (qualitative defects), and Type 3 (virtu-
ally complete absence of VWF). Type 2 can be further divided into 2A (caused
by dominant loss-of-function mutations, usually in the A2 domain, and occa-
sionally in the A1 domain), 2B (caused by dominant gain-of-function mutations,
usually missense, in the Al domain), 2M (caused by a mutations in the Al
domain leading to defective VWF binding to GPIba), and 2N (caused by
recessive mutations in the D’ to D3 domains which inactivate the binding of
VWEF to FVIII) (Federici 2009).

VWD encompasses a wide spectrum of disease severity, ranging from rare and
mild bleeding symptoms to severe hemorrhagic episodes that are similar to those of
severe hemophilia. The most common bleeding symptoms in VWD reflect impaired
platelet adhesion, and include mucosal bleeding, especially epistaxis and menor-
rhagia. Life-threatening bleeding may rarely occur, especially in VWD type 3 or
certain cases of VWD type 2 (Sadler et al. 2000; Federici et al. 2006).

4.2 Bernard Soulier Syndrome

Bernard Soulier syndrome (BSS) is a rare autosomal recessive, inherited platelet
function disorder, associated with mild to severe mucocutaneous bleeding, due to a
defect of platelet GPIb/IX/V (Lopez et al. 1998; Ware et al. 2000). In a recent paper
an attempt to correlate genotype and phenotype in BSS patients has been made
(Savoia et al. 2011). Bleeding diathesis did not correlate with thrombocytopenia,
which was always moderate, and platelet GPIba expression which was always
severely impaired (Savoia et al. 2011)
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Fig. 2 Strategies aimed at interacting with the binding of VWF to GPIba

5 Strategies to Inhibit the von Willebrand Factor-GPIb/IX/V
Interaction

The VWF/GPIb interaction is a potentially attractive target for new antithrombotic
agents. Indeed, since VWF has a role in platelet adhesion and activation essentially
at high-shear stresses, it is expected that the blockade of VWF-mediated platelet
activation would interfere more with platelet deposition in diseased arteries, such as
stenosed coronary or cerebral arteries, than in healthy blood vessels, thus
preventing thrombosis without affecting significantly physiologic haemostasis.
Strategies aimed at interacting with the binding of VWF to GPIba have involved
the development of monoclonal antibodies, nanobodies or aptamers against VWF
and GPIb (Fig. 2).

5.1 Monoclonal Antibodies Against VWF

5.1.1 AJW200

AJW?200 is an IgG4 monoclonal antibody directed against the A1 domain of VWF,
developed starting from the AJvW-2 murine monoclonal antibody, later humanized
to minimize the immunological response when administered to humans (Fontayne
et al. 2008). The precursor of AJW200, AJvW-2, was found to inhibit ristocetin- and
botrocetin-induced aggregation, high-shear stress, but not low-shear stress-induced
aggregation and adhesion to collagen type I of human platelets; moreover,
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photochemically induced thrombosis of the carotid artery of guinea pigs was
inhibited by AJvW-2 without concomitant prolongation of the bleeding time
(Kageyama et al. 1997).

In Vitro Data

AJW?200 selectively inhibits human (Kageyama et al. 2002a), canine (Kageyama
et al. 2002b), and rabbit (Yamashita et al. 2003) platelet aggregation induced by
ristocetin and botrocetin. AJW200 also suppresses high-shear stress (108 dyne/cm?)-
induced platelet aggregation, as measured by the cone-and-plate viscometer, with an
ICso of 1.0 £ 0.1 pg/ml. In contrast, low-shear stress (12 dyne/cm?)-induced platelet
aggregation is not affected by AJW200 up to a concentration of 80 pg/ml. Similarly,
platelet adhesion to a type III collagen-coated surface was inhibited by AJW200
under high-shear stress conditions (1,500 sfl) (ICs92.6 = 0.2 pg/ml), but not at low-
shear stress (360 s~ ') (ICso > 64 pg/ml). ATW200 also inhibited high-shear stress-
induced thrombin generation (Kageyama et al. 2002a).

Preclinical Studies

An inhibition of ristocetin-induced platelet aggregation sustained over 24 h, 6 days,
and 2 weeks was observed after a single bolus injection of, respectively, 0.3, 1, and
3 mg/kg of ATW200 in cynomolgus monkeys. AJW200 did not affect template skin
bleeding time at the dose of 0.3 mg/kg, while it significantly prolonged it at 1 and
3 mg/kg, although moderately as compared with the anti-GPIIb/IIIa abciximab
(Kageyama et al. 2002a).

AJW200 inhibited thrombus formation in stenosed coronary arteries of bea-
gle dogs without prolonging the bleeding time, showing a safer profile as
compared with abciximab (Kageyama et al. 2002a). At least 50% occupancy
of VWF (corresponding to 0.7 png/ml of AJW200 in plasma) was required for the
inhibition of cyclic flow variations in vivo, while the bleeding time was exten-
sively prolonged when VWF occupancy reached 80-100% (corresponding to
~20 pg/ml of AJW200 in plasma) (Kageyama et al. 2002a). In a model of
balloon injury-induced thrombosis of the iliac arteries in rabbits, a bolus of
AJW200 (3 mg/kg) significantly reduced fibrin-rich thrombus formation and the
subsequent neointimal growth (Kageyama et al. 2002b) and prevented occlusive
thrombus formation (Yamashita et al. 2003).

Finally, AJW200 reduced the number and weight of iliac vein thrombi and
pulmonary thromboemboli generated by positioning a polyethylene tube in the
iliac veins of rabbits (Takahashi et al. 2009).
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Clinical Studies

In a randomized, double blind, Phase I study, placebo or three doses of AJW200
(0.01, 0.03 or 0.05 mg/kg) were infused i.v. in 24 healthy male subjects. No
significant adverse events were recorded and there was no evidence of immunoge-
nicity. The maximum VWF occupancy obtained was 19.4, 51.0 and 62.4%, respec-
tively, and correlated with plasma AJW200 concentrations. AJW200 produced a
dose-dependent inhibition of RiCof at 1 h post-infusion (58 £ 22 vs. 110 £ 25%
and 34 £ 15 vs. 116 £ 41%, at 0.03 and 0.05 mg/kg, respectively) and a
prolongation of the PFA-100 closure time, an effect that appeared to be related to
the baseline VWF level, without concomitantly prolonging the skin bleeding time
(Machin et al. 2003).

5.1.2 Monoclonal Antibody Against the A3 Domain of VWF

82D6A3 is a monoclonal antibody against the A3 domain of human VWF that
inhibits the interaction of VWF with fibrillar collagen type I and III (Hoylaerts et al.
1997). 82D6A3 binds the A3-domain of VWF but not of denatured or reduced
VWE, suggesting that 82D6A3 does not recognize a linear epitope.

In Vitro Data

82D6A3 inhibited platelet adhesion under flow conditions at different shear rates. The
inhibitory effect increased with increasing shear stresses, with no significant effect at
650 s~ ', a mild effect at 1,300 s~ ', and an almost complete inhibition at 2,600 s~ ", in
agreement with the VWF dependence of the reaction (Vanhoorelbeke et al. 2003).

Preclinical Studies

The antithrombotic efficacy of 82D6A3 was evaluated in a modified Folts model in
baboons. Baboons undergoing mechanical injury to the femoral artery were treated
with an i.v. bolus of 82D6A3, at the doses of 100, 300, and 600 ng/kg, resulting in
58.3%, 100%, and 100% reduction, respectively, in cyclic blood flow variations. At
the dose of 100 pg/kg 80% of the VWF-A3 domain was occupied, corresponding to a
30-36% ex vivo inhibition of VWF binding to collagen. 82D6A3 did not prolong the
bleeding time up to 300 pg/kg mg/kg, even when 100% of VWF was occupied and
100% ex vivo inhibition of VWF-collagen binding was observed (Wu et al. 2002a).
Under the same conditions, an anti-GPIIb/IIIa monoclonal antibody induced a strong
prolongation of the bleeding time (Levy et al. 2001).

82D6A3 has been humanized by variable domain resurfacing and grafting on the
constant region of a human IgG4 (Staelens et al. 2006) resulting in a h§2D6A3 with
an in vitro activity comparable to that of murine IgG, a step toward the use in
humans. However, studies evaluating the antithrombotic activity of h§2D6A3 in
humans have not been reported yet.
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5.2 Nanobodies

Despite significant clinical applications, monoclonal antibodies have several
limitations that have opened the way to the development of smaller, more versatile
antibodies. Nanobodies are naturally occurring antibodies devoid of light chains,
initially discovered in the serum of dromedaries and then found in sera of all
camelids; these antibodies, in addition to light chains, also lack the first constant
domain of heavy chains (Cyx1). The variable domains of these antibodies, referred
to as V,Hs, represented the basis for the development of nanobodies, a new class of
therapeutic proteins consisting of one or more single antigen-binding domains.
Several nanobodies against various targets of potential therapeutic interest have
been developed, including antithrombotic nanobodies (Siller-Matula et al. 2011).

5.21 ALX-0081

ALX-0081 is a first-in-class, bivalent humanized nanobody that binds with high
avidity the A1 domain of VWF, thereby blocking the interaction between GPIba
and VWF under high-shear conditions (Van Bockenstaele et al. 2009). ALX-0081
consists of two identical building blocks, PMPaP2A2h1, bound to each other via a
short linker. Bivalency is required to have a high affinity interaction with VWF Al
which translates in a potent inhibition of VWF binding to platelet GPIba.

In Vitro Studies

ALX-0081 significantly inhibited ristocetin-induced binding of VWF to human
platelets, as measured by ELISA, with an ICsq of 0.26 + 0.04 nM (Markus et al.
2011). ALX-0081 (0.8 pg/ml) prevented platelet adhesion to collagen type III at
high-shear rates (>1,500 s~ 1) but not at low-shear rates (<500 s~ '). In the absence
of VWF, ALX-0081 did not interfere with the platelet—collagen interaction
(Ulrichts et al. 2011). The addition of ALX-0081 (0.1 to 3 pg/ml) to blood from
patients with ACS treated with aspirin, clopidogrel, and unfractionated heparin, in
which residual platelet activation was still observed, completely inhibited platelet
adhesion under high-shear conditions (1,600 sfl). Moreover, ALX-0081 inhibited
ristocetin-induced aggregation (RIPA) of platelets from healthy individuals, at the
concentration of 0.4 ng/ml, and from CAD patients, at the concentration of 0.8 pg/ml.
The fact that lower concentrations of ALX-0081 were required in healthy
volunteers to inhibit platelet function as compared to those required in CAD
patients is probably explained by the higher VWF-Ag levels observed in CAD
patients (Van Loon et al. 2011). Indeed, the effective ALX-0081 dose resulting in
complete suppression of platelet adhesion to collagen under high shear ranged from
0.2 to 0.8 pg/ml and correlated with the levels of VWF in the plasma of patients
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(Ulrichts et al. 2011). Finally, ALX-0081 dose-dependently prolonged the C/ADP
closure time in the PFA-100 system (Van Loon et al. 2011).

Preclinical Studies

ALX-0081, fully active in humans, cross-reacts with VWF from primates and,
partially, from guinea pigs, while it does not bind VWF from other rodents. Initial
safety and efficacy studies in cynomologus monkeys showed that ALX-0081 (0.4
and 8 mg/kg, given by i.v. injection) inhibited ristocetin-induced platelet aggrega-
tion, for up to 48 h with the highest one (Ulrichts et al. 2011). The half life of a i.v.
bolus of ALX-0081 ranged from 17 to 30 h. PK-PD analysis indicated that plasma
levels exceeding 1 pg/ml of ALX-0081 resulted in complete RiCof inhibition.

The antithrombotic effect of ALX-0081 was tested in a Folt’s model in the
femoral arteries of baboons. Plasma levels of ALX-0081 between 0.3 and 0.5 pg/ml
induced full inhibition of cyclic flow reductions. The effect of ALX-0081,
abciximab, and clopidogrel on bleeding was evaluated by a surgical bleeding
method. Mean blood loss was higher in animals treated with clopidogrel (10 mg/kg)
and to an even greater extent in those treated with abciximab (20-500 pg/kg) than
in animals receiving ALX-0081 (3-300 pg/kg) (1.6- to sixfold lower as compared
with clopidogrel and abciximab, respectively). Comparing the doses required to
prevent cyclic flow reductions and those increasing surgical bleeding, ALX-0081
showed a larger therapeutic window as compared with abciximab and clopidogrel
(Ulrichts et al. 2011).

In a model of middle cerebral artery (MCA) thrombosis induced by photochem-
ical injury in guinea pigs, ALX-0081 was compared with tirofiban, a GPIIb/IIla
inhibitor, and rtPA, a thrombolytic agent. ALX-0081 (5 mg/kg), administered
immediately after the total occlusion of the MCA, restored blood perfusion;
tirofiban (10 mg/kg i.v. bolus followed by 20 mg/kg/min for 2 h infusion) and
rtPA (0.1 mg/kg i.v. bolus plus 0.9 mg/kg/min for 30 min infusion) were also
effective. However, while treatment with ALX-0081 prevented brain damage,
assessed by vital staining 24 h after the induction of injury, both tirofiban and
rtPA were ineffective. The antithrombotic effect of ALX-0081 was not associated
with intracerebral hemorrhage while intracranial bleeding was observed in tirofiban
and rtPA-treated animals (Momi et al. 2011).

Clinical Studies

A Phase I study tested ALX-0081, given by i.v. infusions (1 h) at doses ranging
from 0.5 mg to 12 mg, in 40 male healthy volunteers. ALX-0081 was well tolerated
and appeared to be safe, with no bleeding and no immunogenic response. ALX-
0081 displayed non-linear pharmacokinetic properties, following a two compart-
ment model. Ristocetin-induced platelet agglutination was fully inhibited at doses
>2 mg, corresponding to plasma concentrations of 400 ng/mL, 1 h post-dosing,
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with a maximum duration of 12 h. A mild and transient reduction of FVIII and
VWEF in plasma was observed, fully reversible within 24 h.

A placebo-controlled, dose-escalating, Phase Ib study was carried out in 25 patients
with stable angina undergoing PCI. Single escalating doses (2-9 mg) were followed by
multiple dosing (four doses in 24 h for a total of 18 mg). A significant inhibition of
ristocetin-induced platelet agglutination and ristocetin cofactor activity for 24 and 30 h
was observed. Only mild and transient adverse events were reported and most of them
seemed to be related to the PCI procedure; only minor bleedings were reported and
these apparently did not differ between the treatment groups (Holz et al. 2009).

A Phase II, randomized, open-label study, designed to compare the safety,
tolerability and biological effectiveness of ALX-0081 versus the GPIIb/IIIa
inhibitor ReoPro in high risk PCI patients receiving standard treatment with
acetylsalicylic acid plus clopidogrel and heparin is ongoing (http://clinicaltrials.
gov/ct2/show/NCT01020383?term=ALX-0081&rank=1). Patients are randomly
assigned to either ALX-0081 (four i.v. boluses, once every 6 h: the first of 6 mg,
and the subsequent three doses of 4 mg) or ReoPro (0.25 mg/kg i.v. bolus followed
by continuous i.v. infusion of 0.125 pg/kg/min for 12 h).

5.2.2 ALX-0081 Plus ALX-0681

ALX-0681 is a nanobody identical to ALX-0081, targeting the A1 domain of VWF
but specifically formulated to be administered subcutaneously.

Clinical Studies

A Phase II, single-blind, randomized, placebo-controlled trial, involving 40 centers
worldwide, designed to assess the efficacy and safety of anti-VWF nanobody as
adjunctive treatment to plasma exchange in 110 patients with acquired TTP (TITAN
Study) is ongoing (clinical trial identifier: NCT01151423). The dose regimen is
10 mg i.v. bolus of ALX-0081, prior to plasma exchange, followed by 10 mg
ALX-0681 injected s.c. once or twice a day for 30 days; in the placebo-controlled
group i.v. bolus injection prior to plasma exchange, followed by daily s.c. injection of
placebo comparator, is administered.

Very preliminary results (5/110 patients) have been recently reported showing
a significant shortening of the time to normalization of platelet count (primary end
point of the study) as compared with plasma exchange alone, a reduction of
UL-VWEF in plasma and a sustained inhibition of ristocetin-induced platelet agglu-
tination (Peyvandi et al. 2011). Final results of this trial are expected for 2013.
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531 ARC1779

Aptamers are nucleic acid molecules with high affinity and specificity for a selected
target molecule, with an ability to fold into unique three-dimensional structures that
promote target binding. Through conjugation with high molecular weight polyeth-
ylene glycol, aptamers are engineered to have some of the attributes of monoclonal
antibodies and some of those of low molecular weight chemically synthesized
drugs. ARC1779 is a nuclease-resistant aptamer conjugated to a 20 kDa polyethyl-
ene glycol at the 5'terminus. It binds with high affinity to the A1 domain of VWF
and inhibits VWF-dependent platelet aggregation.

In Vitro Data

ARC1779 inhibits botrocetin-induced platelet aggregation with an ICsy of 344nM
(Machin et al. 2003), VWF activity with an ICs, of 100nM, and shear dependent
platelet function as assessed by the PFA-100 with an IC95 ~400nM, in blood from
healthy volunteers as well as from ACS patients (Diener et al. 2009). Moreover,
ARC1779 dose-dependently inhibits platelet adhesion in a parallel plate perfusion
chamber under high-shear rate (1,500 s~ '), an effect completely absent at low-shear
rate (Machin et al. 2003). In a model of human whole blood perfused at a high-shear
rate (6,974 s_l) over de-endothelized porcine arteries, ARC1779 significantly
reduced platelet accumulation (Machin et al. 2003).

Preclinical Studies

In a carotid artery thrombosis model induced by electrical injury in cynomolgus
monkeys, ARC1779 (i.v. bolus + infusion) inhibited the formation of occlusive
thrombi (Machin et al. 2003). At the plasma concentration of 700 nM (9.1 pg/ml),
effective in preventing thrombosis, only a mild prolongation of the bleeding time
was observed (Machin et al. 2003).

The antithrombotic effects of ARC1779 were also determined in an ex vivo
model in which blood from patients on double antiplatelet therapy with aspirin and
clopidogrel labeled with '''In was perfused over injured porcine aortic segments
under high-shear rate. ARC1779 significantly reduced platelet adhesion at 75 and
250 nM (Diener et al. 2009).

Clinical Studies
A first in man phase I, randomized, double blind, placebo controlled, dose-

escalating study was carried out in healthy volunteers testing the pharmacodynamic
profile of ARC1779 administered either as an i.v. bolus or as an i.v. bolus followed



300 P. Gresele and S. Momi

by a 4-h infusion (Spiel et al. 2009). ARC1779 induced complete inhibition of the
PFA-100 C/ADP closure time with an ECsy of 2-3 pg/ml. These plasma
concentrations of ARC1779 were achieved at C,,,x with doses as low as 0.1 mg/
kg and were sustained after slow i.v. bolus administration of 1.0 mg/kg for at least
6 h. No bleeding manifestations were observed (Spiel et al. 2009).

In a phase II, randomized, cross-over, double-dummy, pilot study carried out in
type 2B VWD patients, ARC1779 0.23 mg/kg plus a 4-hour continuous infusion of
0.001 mg/kg/min, that results in a steady state concentration of 4-5 pg/ml)
completely blocked the VWF Al domain, enhanced desmopressin-induced RiCo
and FVIII activity and prevented the rapid consumption of VWF multimers
together with agglutinated platelets that occurs in response to desmopressin in
these patients (Jilma et al. 2010).

A prospective, open-label clinical trial with a partial cross-over design has been
carried out to test the efficacy and safety of ARC1779, added to plasma exchange,
in patients with TTP. Three different administration regimens were used: subcuta-
neous injections of 50 mg of ARC1779 on seven consecutive days, a low-dose
infusion of ARC1779 (0.002 mg/kg/min) for 24—72 h, and a high-dose infusion
(0.004-0.006 mg/kg/min) for up to 72 h. ARC1779 was well tolerated without any
bleeding at concentrations spanning over three orders of magnitude.

Infusion of ARC1779 dose-dependently inhibited VWF-dependent platelet func-
tion and increased or stabilized platelet counts in congenital TTP. However, the
tested doses, particularly the daily s.c. injections that did not reach therapeutically
effective plasma concentrations, did not correct all clinical or laboratory features of
TTP (Jilma-Stohlawetz et al. 2011).

More recently, the effect of treatment with ARC1779 on a surrogate marker of
cerebral embolism, i.e., embolic signals assessed by trans-cranial Doppler Ultra-
sound, was evaluated in patients undergoing carotid endarterectomy. Subjects
planned for carotid endarterectomy for symptomatic or asymptomatic carotid
stenosis were randomized to placebo or ARC1779. The dose regimen for
ARC1779 was 0.00015 mg/kg/min for 20 min, 0.003 mg/kg/min for 20 min,
0.006 mg/kg for 20 min followed by a continuous infusion at 0.0006 mg/kg/min.
The administration of the study drug was begun 1 h before induction of anesthesia
and continued for 3.5 h after skin closure. ARC1779 resulted in a rapid reduction in
the frequency and mean intensity of embolic signals. Anemia was reported in the
ARCI1779 arm of the study (Markus et al. 2011).

5.3.2 ARC15105

ARC15105 is a second-generation VWF Al domain-inhibitory aptamer; more
specifically it is a 21 nucleotide all 2’OMe aptamer, conjugated to 40 kDa polyeth-
ylene glycol, with potency and pharmacokinetic characteristics suitable for chronic
s.c. treatment. ARC15105 binds VWF with a KD of ~1 nM, is highly stable in
human, monkey, and rat serum, with 87-99% of the intact aptamer remaining after
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72 h. The 40 kDa PEGylated aptamer had a #;, of 18 h in rats, ~66 h in monkeys
with a bioavailability of almost 98%: allometric scaling estimates the human ¢,,, in
approximately 217 h (Siller-Matula et al. 2011).

In Vitro Studies

ARC15105 inhibited platelet adhesion to collagen under arterial shear flow
conditions in a perfusion chamber more effectively than ARC1779 (ICso: 18.5 vs.
175 nM, p < 0.001). ARC15105 40nM inhibited by 93% platelet adhesion to
denuded porcine aortas perfused under high-shear conditions with blood from
healthy volunteers. Moreover, ARC15105 1 pM completely inhibited ristocetin-
induced platelet agglutination but also reduced to some extent collagen, ADP,
arachidonic acid, and TRAP-induced platelet aggregation (Siller-Matula et al.
2011), a finding not commented upon.

Finally, ARC15105 completely suppressed VWF activity, as measured by
ELISA, in samples collected from patients with myocardial infarction (ICsq:
27 nM) (Siller-Matula et al. 2011).

5.4 GPIb Receptor Antagonists

GPIbua is the central component of the receptor complex formed by glycoproteins
GPIba, GPIbf, GPV, and IX. Human platelets contain approximately 25,000 copies
of the GPIb/IX/V complex. GPIba anchors the complex to the cytoskeleton and
harbors the VWF-binding function in its ~290 NH2-terminal residues (Huizinga
et al. 2002).

A number of potent anti-GPIb inhibitory antibodies have been produced and
extensively tested with respect to their in vitro effects on platelets under both static
and flow conditions (Huizinga et al. 2002; Miller et al. 1991; Uff et al. 2002;
Cauwenberghs et al. 2001).

5.4.1 h6B4-Fab

The murine monoclonal antibody 6B4 was raised against purified human GPIb. In
particular, it recognizes the epitope mapped to the C-terminal flanking region of
GPIba (His1-Val289) (Cauwenberghs et al. 2001). A fully recombinant and
humanized version of 6B4-Fab fragment (h6B4-Fab) was recently developed
(Fontayne et al. 2006).
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In Vitro Studies

The intact 6B4 IgG monoclonal antibody blocks dose-dependently the binding of
GPIb to VWF, it inhibits ristocetin-induced platelet agglutination and platelet
adhesion to human collagen type I, in a parallel plate perfusion chamber at a
shear rate of 2,600 s~ ' (Cauwenberghs et al. 2001). The MoAb 6B4 Fab fragment
blocked ristocetin- and botrocetin-induced platelet aggregation with an ICs, of
1.2 £ 0.3 pg/ml and 2.0 £ 0.5 pg/ml, respectively (Cauwenberghs et al. 2000).
Moreover, it inhibited more effectively than intact 6B4 platelet adhesion under
shear rates of 650, 1,300, and 2,600 s~ ! at the doses of 3.5 pg/ml, 1.1 pg/ml, and
0.5 pg/ml, respectively (Cauwenberghs et al. 2000).

Preclinical Studies

The injection of 100 pg/kg of intact 6B4 into baboons caused a rapid drop of the
platelet count (<30 X 109/1) within 10 min after injection, with a slow increase
observed after 48 h. The same dose of the 6B4-Fab fragment induced a rapid
decrease of platelet count to ~120—150 x 10°/1 but after 24 h the number of
circulating platelets was completely normalized (Cauwenberghs et al. 2001).

Pre-treatment of baboons with the 6B4 Fab fragment (80 and 160 pg/kg) reduced
platelet deposition on a thrombogenic device (a polytetrafluoroethylene-silicon
rubber arteriovenous shunt), by 43 and 65%, measured 15 min after treatment.
No complete inhibition of platelet adhesion was observed, even at high doses,
probably due to the medium shear rate used in these experiments (700 and
1,000 s™"). Injection of 6B4 Fab fragment (110 pg/kg) in baboons 6 min after a
thrombus was allowed to form did not affect platelet deposition indicating that, at
least in this model, GPIb did not play a major role in platelet—platelet interactions
(Cauwenberghs et al. 2001).

Moreover, the i.v. injection of a single 0.5 mg/kg bolus of h6B4-Fab signifi-
cantly reduced, while two subsequent administrations, resulting in the cumulative
doses of 1.5 and 2.5 mg/kg, completely abolished cyclic flow reductions of a
stenosed femoral artery in baboons (Yamashita et al. 2003). Intravenous admin-
istration of 0.5 mg/kg of h6B4-Fab resulted in a plasma concentration of 6.3 £ 1.1
pg/ml, with a t,, of 15.5 min. Plasma concentrations raised to 25.9 + 3.5 pg/ml
after an additive dose of 1 mg/kg. A plasma concentration of 10 pg/ml fully
inhibited ristocetin-induced platelet agglutination (Fontayne et al. 2008).

The antithrombotic effect of h6B4-Fab was accompanied by an only mild
prolongation of the skin template bleeding time and of bleeding loss from a
standardized incision. No thrombocytopenia was observed (Fontayne et al. 2008).

Another study evaluated the anti-thrombotic effects of several doses of the
6B4-Fab fragments in combination with the anti-GPIIb/IIIa antibody MA-16N7C2
in baboons. Pre-treatment of baboons with a combination of 1.5 pg/ml of 6B4-Fab and
0.5 pg/mL of MA-16N7C2 inhibited ex vivo collagen-coated surface coverage by
platelets by 76%, whereas 88% inhibition was achieved with 2.25 pg/ml 6B4-Fab
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and 0.75 pg/ml of MA-16N7C2 as measured by a parallel plate perfusion chamber
at the shear rate of 1,500 s~ '. 6B4-Fab (0.6 mg/kg) did not affect skin bleeding time
in baboons while MA-16N7C2 (0.3 mg/kg) significantly prolonged it. The combi-
nation of the two antibodies (0.6 mg/kg of 6B4 plus 0.1 mg/kg of MA-16N7C2)
completely abolished ristocetin-, ADP- and collagen-induced platelet aggregation
and significantly reduced cyclic flow variations but, interestingly, did not further
prolong the bleeding time as compared with the single drugs (Fontayne et al. 2008).

542 GPG-290

GPG-290 is a recombinant, chimeric protein containing the 290 amino-terminal
amino acids of GPIba linked via a proline to a human IgG1 Fc produced and
purified from Chinese hamster ovary (CHO) cells. GPG-290 is highly pure, stable,
and well tolerated in animals and has a half-life of approximately 1.5 days.

Preclinical Studies

The antithrombotic effect of GPG-290, alone or in combination with clopidogrel,
was evaluated in a canine model of electrolytic injury-induced thrombosis of the
left circumflex coronary artery (Hennan et al. 2006).

GPG-290 (50, 100, and 500 pg/kg i.v.) dose-dependently prolonged the time to
coronary artery occlusion. Template tongue bleeding time was unchanged after
GPG-290 50 and 100 pg/kg while it was prolonged (>2.5-fold) after the adminis-
tration of the highest dose, but only at the 1 h time point. Clopidogrel was
administered orally in two dose regimens: a therapeutic dosing regimen of
4.3 mg/kg on day 2 followed by 1.1 mg/kg for the subsequent two days (the last
dose was administered 1 h before the surgical procedure) and a loading dose
regimen of 4.3 mg/kg 3 h before the procedure. Clopidogrel was effective in
prolonging the time to thrombotic occlusion, but significant bleeding was observed
after the loading dose (Hennan et al. 2006).

The combination of clopidogrel (therapeutic dosing regimen) with GPG-290
100 pg/kg further prolonged, although slightly, the time to artery occlusion as
compared with the single drugs, and improved blood flow (Hennan et al. 2006).
The combination of GPG-290 100 pg/kg with the loading dose of clopidogrel
(4.3 mg/kg 3 h before the procedure) provided incremental protection against
thrombosis, prolonging the occlusion time and reducing the number of occluded
arteries, with no additional prolongation of the bleeding time as compared with
clopidogrel alone (Wu et al. 2002b).

The antithrombotic effect of GPG-290 was also assessed in a Folt’s model of
stenosed coronary artery in dogs. GPG-290, at doses ranging from 25 to 100 ng/kg
which correspond to plasma concentrations of 0.6-2.0 pg/ml, completely
abolished cyclic flow variations in 67-100% of treated dogs, without prolonging
the bleeding time. Moreover, GPG-290 had no-effect on plasma VWF antigen
and VWF—collagen binding activity. Interestingly, the moderate prolongation of
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the bleeding time (three to fourfold increase) induced by GPG-290 at the highest
dose tested of 500 pg/kg (10 times the efficacious antithrombotic dose) was
normalized by DDAVP (0.3 pg/kg over 5 min) (Wadanoli et al. 2007).

6 Conclusions

Given the pivotal role of VWF in mediating platelet adhesion under high-shear
stress conditions, the inhibition of the GPIb—VWF axis is a potentially promising
new strategy to widen the therapeutic window of antiplatelet therapy. The
antithrombotic potential of drugs interfering in different ways with the GPIb—-VWF
interaction has been documented in animal models and in preliminary clinical
studies in humans. Aptamers, monoclonal antibodies or nanobodies directed against
the A1 domain of VWF, the A3 domain of VWF or against GPIb are expected to be
tested soon for their therapeutic potential in acute coronary syndromes and in acute
ischemic stroke. Whether the reduced bleeding risk associated with the inhibition of
GPIb—VWF interaction, and the pre-eminent activity in conditions of elevated shear
stress shown in several animal models and in preliminary clinical trials, will
translate in enhanced clinical benefit remains to be established by large, prospec-
tive, multicenter clinical trials.

Knowledge Gaps

» A better definition of the bleeding/antithrombotic balance of inhibitors of
the VWF/GPIDb axis in vivo is needed.

» A precise definition of the degree of VWF blockade or GPIb occupancy
required to obtain an antithrombotic effect but not inducing bleeding needs
to be established.

» Combination studies with other antiplatelet/anticoagulant drugs (including
the new oral anticoagulants) are warranted.

» For blockers of the VWF—collagen interaction (A3 domain inhibitors)
further studies to exclude possible negative effects, due to the crucial
physiologic role this interaction may have in platelet adhesion, are
warranted.

» The potential variation of the effective concentration of VWF-GPIb
blockade depending on the plasma VWEF levels (e.g. higher in ACS
patients as compared to healthy people), and its possible impact on the
therapeutic effectiveness of this novel therapeutic approach, needs to be
fully evaluated.

» Whether chronic inhibition of the VWF-GPIb interaction may have an
effect on atherosclerosis progression remains to be established.
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Key Messages

» VWEF acts as a bridging element between damaged endothelial sites and
the GPIb receptor on platelets.

+ VWF plays a key role in platelet adhesion and aggregation, especially
under high-shear conditions.

e In inflammatory and atherosclerotic conditions, chronically elevated
levels of VWF are observed, that may contribute to an increased throm-
botic tendency.

» In patients with TTP, ultra-large VWF multimers are present in plasma
owing to a deficiency of the VWF-cleaving protease ADAMTS13.

» Inhibitors of the VWF/GPIb axis have been developed, including
aptamers, nanobodies, Monoclonal antibodies.

» Several preliminary phase II trials have tested inhibitors of VWF or GPIb
in TTP with promising results in terms of reduction of platelet activation,
especially in condition of high-shear rate, and safety.

» Prospective clinical trials, evaluating the safety and efficacy of novel VWF
inhibitors in cardiovascular disease, are ongoing.
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