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The von Willebrand factor (vWF) is a plasma protein that mediates platelet adhesion and leukocyte recruitment to
vascular injury sites and carries coagulation factor VIII, a building block of the intrinsic pathway of coagulation. A
steep rise in shear rates, which may occur at sites of arterial stenosis and injury, is crucial for unfolding and
activation of vWF. The hemostatic activity of VWF is counterbalanced by ADAMTS-13, a vVWF-cleaving protease.
The presence of ultra-large multimers of VWF in the bloodstream is associated with spontaneous thrombosis,

whereas its deficiency leads to bleeding.

platelet adhesion leukocyte recruitment von Willebrand factor ADAMTS-13 shear stress

| 1. Introduction

The von Willebrand Factor (VWF) is a large multimeric glycoprotein, present in blood plasma, endothelial cells,
megakaryocytes, and platelets. It plays a major role in hemostasis, mediating platelet adhesion to vascular injury
sites. It also binds and protects coagulation factor VIII (FVIII) from degradationlll. Recent studies showed that vVWF
is also involved in inflammation, linking thrombosis and inflammation. Inflammation can provoke thrombosis
through the vWF-dependent pathway, which includes endothelial activation, the secretion of VWF into the
bloodstream, VWF activation and interaction with platelets, and subsequent platelet adhesion to a vessel wall (23]
4l vWF multimers and platelets, adhered to injured and activated endothelium, might serve as sites of leukocyte
recruitment. Altogether, this predisposes to the propagation of the inflammatory process. VWF is considered a risk
factor of arterial thrombosis and might contribute to the development of adverse events in atherosclerosis and

other cardiovascular diseasesIEIZI8],

| 2. Structure and Functions of VWF in Bloodstream

VWF is mainly produced in endothelial cells and stored in Weibel-Palade bodies—the storage granules of
endothelium, consisting of densely packed VWF multimers and P-selectin®. A small amount of total VWF is
produced in megakaryocytes and stored in the a-granules of platelets. The mature vVWF monomeric molecules form
dimers through C-terminal disulphide bonds. Dimers compose the basic VWF repeating structure, with a molecular
mass of approximately 500 kDall%. Dimers are then polymerized into ultra-large multimers through N-terminal

disulphide bonds, with the size of stored multimers ranging from 20 to 100 dimers11],

VWEF is constantly secreted from the Weibel-Palade bodies of endothelial cells into the bloodstream, and from the

o-granules of platelets upon activation. The pool of circulating vVWF consists of multimers of various sizes, ranging
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from a few dimers to high-molecular weight multimers (HMWM), which contain 11-20 dimers. The former basically
serve as FVIII carriers, while the latter present the main hemostatically active force of vWF £, The more dimers
that are in a VWF molecule, the more hemostatically active it is. Upon secretion, large VWF multimers come into
contact with metalloproteinase ADAMTS-13, the vWF-cleaving protease. ADAMTS-13 regulates the size of

circulating VWF through proteolytic cleavage of its multimers 121,

VWF contains a variety of domains, which define the characteristics of the molecule: A1, A2, A3; D assemblies: D1,
D2, D'D3, D4; and the C-terminal cysteine knot (CTCK) (Figure 1) 23, The A1 domain binds mainly glycoprotein
(GP) Ib receptors of platelets (the only receptor on non-activated platelets that has pronounced affinity to VWF),
and to a lesser extent, collagen types I, 1V, VI, and heparin. The A2 domain presents a binding cite for ADAMTS-13.
The main collagen binding sites are located on the A3 domain. The C1 domain can interact with activated platelets
through the binding of the lIb/llla receptors. The D’'D3 assembly carries FVIIl. The CTCK domain dimerizes VWF.
All D assemblies are involved in the assembly and disulfide linkage of vWF dimers into long tubules of the Weibel-
Palade bodies.13l yWF binds leukocytes through the interaction of the A1 domain with P-selectin glycoprotein
ligand-1 (PSGL-1), the D'D3, and the A1, A2, and A3 domains with B2-integrins (4],
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Figure 1. (A) A schematic representation of a von Willebrand factor thread; and (B) a von Willebrand factor dimer.
The binding sites for ADAMTS-13, platelets, leukocytes, collagen, and heparin are indicated.

VWF exists in the bloodstream in one of two conformations—globular and unfolded®2. vWF conformation depends
on the shear rate of blood flow in vessels. The shear rate is the rate of change of velocity, at which one layer of
fluid passes over another, and is measured in inverse, or reciprocal, seconds (s™1). This parameter is used to
estimate flow of liquids in tubes, which is important for the understanding of VWF activation. Under conditions of
low shear rates (e.g., in veins, where shear rates are 15-200 s, or in large arteries, where they are 300-800 s™),
VWF remains in a globular shape, which hides the binding sites, and does not interact with the circulating
plateletsi2€l. In the case of vessel injury and under high shear rates (e.g., in intact small arteries and arterioles,

shear rates are 450-1600 s™1, but at sites of advanced atherosclerosis, shear rates might reach up to 11,000 st
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and even higher), the vVWF shape unfolds, and opens binding sites, in particular for glycoprotein (GP) Ib receptors

of platelets.

A threshold value of shear rate, critical for unfolding and the activation of VWF, is estimated at 5000 s3], Uniform
shear rates occur in straight channels, but in pathological conditions in stenotic or injured vessels, elongational
flows occur, where the molecules are subjected to shear gradients. The vasoconstriction of injured vessels and
stenoses of arterial lumen by atherosclerotic plaques create two zones of elongational flow. Flow and shear rate
accelerate at the inflow and decelerate at the outflow of a lesion. At the inflow, elongation occurs parallel to the flow
direction. At the outflow, elongation occurs perpendicular to the flow direction because the streamlines diverge. As
the adjacent shear layers have different velocities, large molecules, such as VWF multimers, are subjected to the
rotational and elongational components of the flow. In the straight sections of a blood vessel, the rotational and
elongational components are balanced. However, at the inflow and the outflow of a lesion, the equilibrium is
disturbed. At sites of vasoconstriction and stenoses, thrombus formation is observed at the outflow zone of a lesion
(Eigure 2) ¥ Elongation flows are predicted to unfold VWF at rates of two orders of magnitude below the
corresponding pure shear rate values X2, vWF-dependent thrombus formation was observed at the outflow region

of an in vitro model of stenosis at the inflow shear rates of 600, 1000, and 2000 s~ [18],
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Figure 2. Shear rate-induced activation of the von Willebrand factor at the site of atherosclerotic narrowing of a

vessel.

Unfolded by high shear rates, the vVWF threads can self-associate and form long strands and web-like structures,
further stimulating platelet adhesion2. The ability of unfolded VWF to self-associate under high-shear rates was

studied in vitro in endothelialized microvessels. Smaller vessels, turns, bifurcations, flow acceleration predisposed
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to thickening, and elongation of vVWF strands. In regions with complex flow, the VWF strands tended to form web-
like structures. At the same time, at sites of low shear rates, the vVWF remained in a globular conformation and no
VWEF strands were visible29. Schneider et al. also reported spider web-like network formation by vVWF, under high
shear ratesi2®. Zhang et al., demonstrated that VWF association was dependent on the A2 domain under shear
rate of 9600 s™1. Hence, the A2 domain might have an overlapping role, both in proteolysis and self-association of
VW22,

The role of platelet vVWF in hemostasis is not clearly established, and the studies here are quite sparse. A study on
the vVWF-knockout mice showed that replenishing of VWF in platelets after bone marrow transplantation from wild-
type mice, resulted in partial correction of bleeding time and reduction of blood loss volumel2ll, Recently, a study
showed that chimeric mice with only platelet vWF had a bleeding time comparable to that of the vWF-knockout
micel2Z. Platelet VWF did not contribute to thrombus formation in a model of carotid artery injury. On the other
hand, after ischemic brain injury, the mice with only platelet vVWF and without plasma vVWF, had a cerebral infarction
size similar to the wild-type mice. Platelet VWF mediated ischemic brain injury in a GPlb-dependent mechanism

and significantly contributed to intracerebral thrombosis formation22,

Upon the unfolding of VWF multimers, FVIII is exposed on D’D3 domains . FVIII participates immediately in the
intrinsic coagulation pathway, interacting with factor IXa as a cofactor to form the intrinsic tenase (enzyme complex
that cleaves inactive coagulation factor X into active Xa). FVIII is essential for normal hemostasis—its deficiency
leads to hemophilia A. VWF acts as a carrier of FVIII in circulation. In the absence of vVWF, FVIII is unstable and
exposed to rapid degradation. VWF significantly elongates its half-life and protects FVIII from proteolysis,

eventually delivering it to sites of vessel injuryl.

Unraveling, VWF faces its antagonist, ADAMTS-132. It is a member of the ADAMTS (A Disintegrin And
Metalloprotease with ThromboSpondin type 1 repeats) family of proteolytic enzymes. ADAMTS-13 was first
isolated in 2001, though the presence of CaZ*-dependent vWF-cleaving protease was predicted earlier 228, Human
ADAMTS-13 mRNA and protein synthesis is localized exclusively to hepatic stellate cellsi24. The plasma levels of
ADAMTS-13 show negative correlation with the plasma levels of VWF 23], |n the absence of VWF in the
bloodstream, i.e., in patients with von Willebrand disease (VWD) type 3, the plasma levels of ADAMTS-13 are 30%
higher than in healthy volunteers. On the contrary, after the administration of 1-deamino-8-D-arginine vasopressin
(DDAVP), which stimulates the release of VWF from endothelial Weibel-Palade bodies, the plasma levels of
ADAMTS-13 showed a 20% reduction in healthy volunteersi22. The negative correlation is likely to occur because
of consumption in the cleavage of VWF. ADAMTS-13 circulates in the bloodstream as an active enzyme, but vVWF
in the globular conformation remains resistant to proteolysis. Once VWF unfolds, it exposes the binding sites for
ADAMTS-13 on the A2 domain. The ensuing interaction with ADAMTS-13 leads to the cleavage of VWF multimers
between tyrosine in the 1605 position and methionine in the 1606 position, which shortens the multimers and

decreases the hemostatic activity of vWF [161[26]

The growing evidence shows that VWF is an important mediator of vascular inflammation 24, A murine model of

acute peritonitis showed that vVWF plays an important role in leukocyte recruitment and extravasation into the site of
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inflammation. Notably, leukocyte extravasation requires VWF-platelet binding, as inhibition of the platelet GPIb
receptors prevented VWF-mediated leukocyte extravasation 28, A murine model of immune complex-mediated
vasculitis and irritant contact dermatitis showed that the interference with vVWF activity with vVWF-blocking antibody
led to a substantial decrease in VWF-mediated leukocyte recruitment and reduction of cutaneous inflammatory
response. In this study, the vVWF-blocking antibody did not interfere with the GPIb receptors 22, Another murine
model with the same pathology but with the use of the antibody targeting the A1 domain showed comparable
resultsBY. A study comparing features of acute inflammation after focal cerebral ischemia in VWF-deficient and
ADAMTS-13-deficient mice, showed that the vWF-deficient mice had a smaller injury size, reduced cytokine
release and neutrophil infiltration of the injury site, compared to the ADAMTS-13-deficient mice B, A myocardial
ischemia/reperfusion study in ADAMTS-13-knockout mice showed that infusion of recombinant ADAMTS-13
substantially reduced myocardial apoptosis, troponin-I release, and resulted in a 9-fold reduction in the number of
neutrophils infiltrating the ischemic zonel22,
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