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Abstract
Hemostasis and thrombosis represent two sides of the same coin. Hemostasis maintains blood fluidity in the vascular system while
allowing for rapid thrombus formation to prevent excessive hemorrhage after blood vessel injury. Thrombosis is a pathologic
extension of the normal hemostatic mechanism, occurring when unwanted clot formation develops in certain pathological situations.
The molecular mechanisms underlying both phenomena are fundamentally identical. One of the key players in both processes is the
plasma glycoprotein von Willebrand factor, which perfectly illustrates this duality between hemostatic and thrombotic mechanisms.
The purpose of this review is to discuss novel findings on the role of von Willebrand factor at this interface, and how some of these
findings may help develop new therapeutic strategies.
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Introduction
Von Willebrand factor (VWF) is a multimeric glycoprotein that circulates in plasma at a concentration of 5 –10 μg/ml. VWF is also
located in platelet α-granules, in Weibel-Palade bodies of endothelial cells, and in the subendothelium. During vessel injury, VWF acts as
a molecular bridge between platelets and exposed components of the subendothelium, allowing the formation of the platelet thrombus [1 ].
The role of VWF is particularly important at high shear rates, as VWF is the only molecule able to promote platelet adhesion and platelet
aggregation in a flow-resistant manner in these conditions [2 ]. Another function of VWF is to serve as a carrier protein for coagulation
factor VIII, protecting it from premature clearance [3 ]. VWF has a highly repetitive structure and is composed of homologous domains
arranged in the following order: D1-D2-D′-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK in which D1-D2 represent the VWF propetide and D′
-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK, the mature VWF subunit [4 ]. An important feature of VWF relates to its organization in
multimers ranging from dimer to very large concatamers reaching up to 15,000 kDa [5 ]. The biological activity of VWF is regulated by
the length of these multimers, with the longest being the most active in binding platelets [6 ]. Regulation of VWF multimeric size is under
the control of a metalloprotease, ADAMTS13 (A Disintegrin And Metalloproteinase with ThromboSpondin type 1 motif, member 13)
which cleaves at a specific site in the A2 domain of VWF between residues tyrosine 1605 and methionine 1606 [7 ].
VWF is a rather unique molecule in its ability to change shape according to type of flow. Elegant work from Dr. Springer has recently
shed light on our understanding about how unfolding of VWF by elongational flow can regulate both its hemostatic potential and its
cleavage by ADAMTS13 [8 ].
The aim of the present review is to provide an overview of recent findings on how each of the various aspects mentioned in this
introduction contributes to the role of VWF in hemorrhagic and thrombotic conditions (Figure 1 ).

VWF in Bleeding
Hereditary von Willebrand disease
The discovery of VWF is intricately linked to the history of bleeding disorders. Von Willebrand disease (VWD), identified in 1926 by
Dr. Erik von Willebrand, is caused by inherited quantitative or qualitative deficiencies in VWF. The classification of VWD is based on
pathophysiologic mechanisms [9 , 10 ]. Three main types have been recognized, type 1 includes partial quantitative deficiency, type 2
includes qualitative defects, and type 3 corresponds to a complete deficiency of VWF. Type 2 VWD is further divided in several subtypes,
including types 2A, 2B, 2M and 2N, each of which is associated with a specific functional or structural defect (for recent review see
Schneppenheim and Budde [11 ]). Briefly, VWD-type 2A is associated with a lack of high multimers, which results in inefficient platelet
binding. The lack of high molecular weight multimers originates from mutations impairing intracellular multimerisation (so-called type 2A
group 1 mutations, which are mostly located in the D3 domain) or from mutations allowing excessive proteolysis by ADAMTS13 (type
2A group 2 mutations, mostly located in the A2 domain). VWD-type 2B consists of gain-of-function mutations in the A1 domain,
increasing not only the affinity for the platelet receptor glycoprotein (Gp) Ibα, but also the susceptibility for proteolysis by ADAMTS13 [
12 ]. Increased platelet affinity may provoke thrombocytopenia, which appears to be the major risk factor for bleeding in VWD-type 2B
patients [13 ]. The absence of high molecular weight multimers seen in these patients apears to be the result of ADAMTS-mediated
Page 1/8
Int J Hematol . Author manuscript

VWF in hemostasis and thrombosis
proteolysis rather than adsorption to platelets [14 ]. VWD-type 2M mutations also occur in the A1 domain, but contrastingly result in a lack
or diminished affinity for GpIbα [11 ]. Type 2N is characterized by mutations in the N-terminal region (D ′-D3 domains) of the mature
VWF subunit and is associated with impaired binding of FVIII [15 ]. As a consequence, FVIII levels are reduced, and the half-life of
intravenously administered FVIII is considerably shortened.
Interestingly, recent studies have also revealed series of defects that are not captured by the classic nomenclature for VWD. For
instance, several mutations within the A3 domain have been identified that are associated with impaired binding to collagen I and/or III [16
–18 ]. Patients with such mutations are characterized by a mild bleeding tendency or no bleeding tendency at all. Noteworthy, VWF

mutants with impaired binding to collagen I and III have recently been examined in a mouse model for VWD. These mutations were
associated with a normal tail-bleeding time, confirming the lack of association of these mutations with a severe bleeding tendency (Figure
2 ) [19 ]. In contrast, mice expressing these collagen mutants seem to be protected against thrombosis, as illustrated by delayed thrombus
growth and significantly increased vessel occlusion times in a ferric chloride-induced thrombosis model (Figure 2 ) [19 ]. Another example
relates to mutations that are associated with a decreased circulatory half-life of VWF. A first report appeared in 2002, describing mutation
Arg1205 to His (also known as the Vicenza mutation) to be associated with a reduced survival of VWF following desmopressin treatment [
20 ]. Additional studies using a purified recombinant VWF mutant confirmed that this mutation results in an increased clearance rate of the
molecule [21 ]. Moreover, the phenotype of this mutation has been reproduced in a mouse model for VWD [22 ]. Since then, a series of
other mutations have been identified that are associated with a reduced circulatory survival [23 –25 ], which may explain the unusually low
VWF levels in patients with these mutations.
For both the collagen and clearance mutants, no separate VWD type has (yet) been designated. The specific defects associated with
these mutations could be in favor of doing so (for example Type 2C and Type 1C for the collagen and clearance mutations, respectively).
On the other hand, this issue may be of poor relevance from a clinical point of view. For instance, desmopressin is often used in type 1
VWD patients, whereas treatment of type 2 VWD patients, except type 2N, merely involves replacement therapy [26 ]. As for the clearance
mutants, one would expect that the short half-life of the endogenous VWF molecules would limit the use of desmopressin in these patients.
However, a recent study by Castaman and colleagues involving 90 patients with the Vicenza Arg1205His mutation and 23 with the
Cys1130Phe mutation (both associated with increased clearance) revealed that all dental extractions, minor surgeries and deliveries were
successfully managed with desmopressin [27 ]. Apparently, despite the short circulatory half-life of their VWF, the use of desmopressin
remains an important therapeutic option in these patients.
Acquired von Willebrand disease
Deficiency or dysfunction of VWF may also occur secondary to another clinical condition, and as such it is qualified as acquired
VWD (AVWD). Recently, a number of excellent reviews of this phenomenon have been published [28 , 29 ]. The diagnosis of AVWD is
complicated since its multifactorial etiology requires a series of tests to confirm or exclude AVWD. In addition, AVWD is not always
recognized in view of its secondary character and the wide range of underlying disorders that are associated with it. The most common
disorders associated with AVWD include lymphoproliferative disorders (such as monoclonal gammopathy), myeloproliferative disorders
(such as chronic myeloid leukemia), hypothyroidism, drug use (such as valproic acid), and cardiac disorders. The non-uniformity of these
disorders provides an explanation for the different abnormalities found in AVWD. Like in acquired hemophilia, the presence of anti-VWF
antibodies may provoke antibody-mediated clearance of the protein resulting in reduced plasma levels and/or reduced recovery of
exogenous VWF. Moreover, such antibodies may interfere with VWF function [29 ]. In addition, AVWD may be characterized by a lack of
high molecular weight multimers due to their adsorption onto plasma cells or platelets [30 , 31 ]. Alternatively, the loss of high molecular
weight multimers may be related to a shear stress-dependent process, an issue that will be discussed in more detail below (paragraph 2.3).
Cardiac disorders and loss of high molecular weight VWF multimers
The first report on the association between cardiac disorders and the loss of high molecular weight VWF multimers appeared already
in 1986 [32 ]. In the early 1990s, a link between this loss of high molecular weight multimers and the occurrence of gastro-intestinal
bleedings in patients with aortic valve stenosis was proposed [33 ]. In 2003, a hallmark study was published in which the prevalence and
the determinants of hemostatic abnormalities in patients with aortic stenosis was evaluated [34 ]. From this study it was concluded that
bleeding complications occurred in about 20% of the patients with aortic stenosis. A loss of high molecular weight multimers (as assessed
directly by multimer analysis or by using collagen-binding as a surrogate marker) was found in the vast majority of patients [34 ].
Apparently, the loss of VWF multimers is a common phenomenon in aortic stenosis patients, and frequently associated with bleeding
symptoms. Interestingly, the loss of VWF multimers associated with increased gastrointestinal hemorrhage has also been observed in other
cardiac disorders, such as hypertrophic obstructive cardiomyopathy [35 , 36 ] and patients with left ventricular assist devices (for review
see [37 ]). The frequency at which the bleeding problems associated with the loss of VWF multimers occur, in combination with the large
patient groups concerned (aortic stenosis alone affects 3–5% of the population aged over 60 years), suggests that this clinical complication
has a wider impact than previously thought. Paradoxically, the disease state of many of the patients with aortic stenosis has been
considered to be associated with a prothrombotic risk, and anticoagulant therapy is therefore regularly applied to these patients. However,
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the reduced hemostatic potential of VWF in these patients may perhaps serve as a “natural” antidote for this thrombotic risk in these
patients, and re-assessment of the extent of anticoagulant therapy in these patients may be subject to reconsideration.
Despite the progress on the recognition of the link between cardiac disorders, bleeding risks and VWF abnormalities, not much is
known about the molecular basis. An elegant study by Pareti et al. in 2003 suggested that the passage of blood through the stenosed aortic
valve may result in shear forces that could trigger the adsorption of higher VWF multimers by platelets, providing an explanation for the
reduced hemostatic potential of VWF [38 ]. In addition, they revealed that the loss of VWF multimers coincided with an increase of VWF
degradation products, suggesting that VWF is more susceptible to proteolysis in this clinical condition [38 ]. Indeed, we now know that
proteolysis of VWF by its protease ADAMTS13 proceeds most efficiently upon the unfolding of VWF when exposed to high shear forces [
39 ]. However, additional studies are needed to decipher the underlying cause of the loss of VWF function and its specific relationship with
gastrointestinal bleedings. In terms of therapy, it appears that replacement of the stenosed heart valve or removal of the assist device seems
sufficient to reverse the loss of VWF multimers and the risk of bleeding [34 , 37 ].

VWF in thrombosis
We have seen that during the hemostatic process, VWF plays a crucial role in thrombus formation to prevent excessive bleeding. That
same capacity to promote platelet adhesion at high shear stress, conditions that are encountered in stenosed arteries, makes it a crucial
player in atherothrombosis. A number of population based studies have suggested that elevated levels of VWF are a risk factor for
cardiovascular diseases (CVD) [40 ] but this issue is still debated for healthy patients for whom it seems difficult to predict occurrence of
CVD solely based on this parameter [41 ]. In contrast, such a link is well established for patients with previous CVD or in older patients
where high levels of VWF are clearly associated with higher risk of recurrence and mortality [41 –43 ]. What remains unclear, however, is
whether high VWF levels represent the actual cause of CVD or are a marker of endothelial dysfunction, which could be at the origin of
CVD. Nevertheless, search for genetic determinants of VWF levels in relation to CVD have led to the identification of single nucleotide
polymorphisms (SNPs) on the VWF gene associated with coronary heart disease in both diabetic patients [44 , 45 ] and patients with
advanced atherosclerosis [46 ]. The rs1063856 SNP located in exon 18 seems to be of particular relevance, and has been identified in
several studies as associated with VWF antigen levels [45 ], incident venous thrombosis [47 ] and other CVDs [40 ]. In addition to VWF
gene SNPs, genome wide association studies have recently identified new genetic determinants of VWF levels [48 , 49 ]. Although at an
early stage of analysis, these studies have already led to the recognition of an association between the risk of arterial thrombosis and
genetic variations in the SNARE protein gene, STX2 potentially through its capacity to regulate VWF plasma levels [50 ]. Besides these
ongoing epidemiological studies, the role of VWF in a number of thrombotic processes has also been investigated through experimental
models on which this review will focus in the next paragraphs.
VWF and venous thrombosis
Given its prominent role in the recruitment of platelets under conditions of high shear stress, VWF has historically been linked to
atherothrombotic complications. In contrast, an eventual link with venous thrombosis was thought to be indirect, via its function as a
carrier-protein for coagulation factor VIII [51 ]. However, a more recent epidemiological study identified VWF as an independent risk
factor for venous thrombosis [52 ]. Indeed, immunohistochemical studies revealed the presence of VWF in ilio-femoral thrombi and in
pulmonary thromboemboli of patients who died of venous thromboembolism [53 ]. Recently, a series of studies using dedicated mouse
models has been reported in which the link between VWF and venous thrombosis has been explored in more detail. First, it was found that
in the absence of VWF (but with normalized factor VIII levels), no thrombotic occlusion could be provoked in mesenteric venules in a
ferric chloride-induced thrombosis model [54 ]. An unexpected finding in this study was that platelet recruitment by VWF in this venous
thrombosis model was not fully mediated by classic VWF-GpIbα interactions, but also involved interactions between VWF and so far
unidentified other platelet receptors. The critical role of VWF in platelet recruitment in venous thrombosis was confirmed in a more
specific model for deep vein thrombosis [55 ]. Histological analysis of the thrombi formed in this mouse model resembled to a large extent
the thrombi that are formed in humans, consisting of a red part that is rich in fibrin and red blood cells, with few platelets and a white
region that is rich in platelets and fibrin. Although both studies are in support of the contribution of VWF to the development of venous
thrombi, the underlying mechanism remained to be elucidated. Some intriguing observations have recently been made relating to this
point. In 2010, it was reported that extracellular DNA traps (so called Neutrophil Extracellular Traps, NETs) promote thrombosis in vitro
and in vivo [56 ]. NETs are a meshwork of DNA fibers comprising citrullinated histones and antimicrobial proteins. In particular the
histone components of these NETs contribute to the prothrombotic property by their capacity to induce platelet aggregation [56 , 57 ]. In
venous thrombi formed in a baboon-model for venous thrombosis, a co-localization between the DNA meshwork and VWF was found [56
]. The triad NETs-venous thrombosis-VWF was further investigated in a study by Brill and colleagues using their mouse model for deep

venous thrombosis [58 ]. They showed that the presence of histones in the circulation triggers the release of VWF from endothelial cells.
Moreover, the citrullinated histones are found throughout the red parts of the thrombi, and often a co-localization with VWF was observed
[58 ]. Taken together, these recent findings have revealed a novel aspect of VWF biology, recognizing VWF as a critical component for
venous thrombosis. They also identify VWF and NETs as potential targets for the development of novel therapeutics for the treatment of
venous thrombosis.
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VWF and Thrombotic Thrombocytopenic Purpura
The past decade has brought remarkable progress in our understanding of the molecular basis of thrombotic thrombocytopenic purpura
(TTP). The link between the presence of ultra-large VWF molecules, the absence of a specific VWF-cleaving protease and this disorder
was already recognized in 1982 [59 ]. The molecular entity of this VWF-cleaving protease, now designated as ADAMTS13, remained
unidentified until 2002, when the protein was purified and its cDNA was cloned (for review see [60 ]). This breakthrough triggered many
studies on the genetic and molecular basis of TTP and consequently our knowledge on the structure-function relationships between VWF
and ADAMTS13 has been expanding rapidly since then (for review see [61 ]). As mentioned in the introduction, the ADAMTS13 protease
cleaves VWF multimers, leading to shorter, less active VWF molecules. As is always the case for VWF, defects in ADAMTS13
proteolysis have pathological consequences that can be either pro-hemorrhagic or prothrombotic. VWD-type 2A illustrates the
pro-hemorrhagic aspect resulting from excessive proteolysis while TTP associated with deficient ADAMTS13 activity illustrates the
thrombotic complications that are associated with the presence of ultra-large and supra active VWF multimers.
In the present review, we will focus on recent insights in the interactions between VWF and ADAMTS13 and how these interactions
are regulated. Indeed, although merely of experimental nature, the important progress that has been made in that regard, helps us to better
understand the pathophysiology of TTP. The first encounter between VWF and ADAMTS13 occurs upon the secretion of VWF from the
endothelial cells. Agonist-stimulated secretion of VWF results in the formation of VWF strings that consist of multiple VWF concatamers
[62 ]. Under the influence of hydrodynamic shear forces, these strings elongate along the vascular wall. This elongated conformation not
only exposes the binding site for platelets in the VWF A1 domain, but also stretches the VWF A2 domain so that the cleavage site for
ADAMTS13 becomes available (Figure 3 ) [8 ]. Recently, the elongation process that enables ADAMTS13 cleavage has been visualized in
detail, revealing that VWF strings elongate and shrink in a time- and space-dependent manner and that cleavage selectively occurs at sites
where VWF is elongated [63 ]. Following ADAMTS cleavage, VWF is released into the circulation. Due to a drop in shear forces, VWF
changes from a stretched into a globular form, in which the ADAMTS13 cleavage site in the A2 domain is inaccessible [64 ]. Importantly,
this does not mean that VWF and ADAMTS13 can no longer interact. Two studies independently showed that ADAMTS13 interact with
VWF in the circulation [61 ]. As expected, this shear force-independent interaction proceeds independently of the A2 domain, but rather
involves the C-terminal portion of the VWF subunits. The complementary interactive sites are located away from the catalytic domain of
ADAMTS13, and reside in the distal C-terminal region of this enzyme [61 ]. These C-terminal regions have previously been found to be of
functional relevance as well, as ADAMTS13 variants lacking the C-terminal portion appeared less efficient in VWF proteolysis both in
vitro and in vivo [65 ]. However, it remained unclear from these studies whether this reduced efficiency was related to decreased
proteolytic activity of truncated ADAMTS13 or a defect independent of VWF cleaving activity.
Insight into this question emerged from a somewhat unexpected angle. It has previously been shown that exposure of VWF to shear
stress results not only in unfolding of the molecule, but also in a rearrangement of the disulphide bridges that couple the C-terminal ends of
VWF subunits [66 , 67 ]. A study by Yeh et al . revealed that this shear stress-induced reshuffling of thiol residues is inhibited in the
presence of ADAMTS13 [68 ]. In fact, the C-terminal region of ADAMTS13 displays thiol reductase activity towards VWF, representing a
second mechanism by which ADAMTS13 regulates VWF multimer size.
As mentioned above, both proteolytic activity and thiol reductase activity of ADAMTS13 towards VWF are only functional when
VWF is in its elongated form due to hydrodynamic forces. Interestingly, when elongated, VWF has also recently been found to be
susceptible to methionine oxidation in the A-domains in the presence of reactive oxygen species [69 ]. In fact, also methionine 1606 is
susceptible to oxidation [70 , 71 ], a process that renders the VWF resistant against ADAMTS13 mediated proteolysis. This type of
posttranslational modification of VWF is just starting to be recognized, and the biological and pathological consequences remain to be
discovered. Nevertheless, its physiological significance is perhaps best illustrated by the recent finding that the presence of VWF with its
methionine 1606 residue being oxidized (and thereby being resistant against ADAMTS13 proteolysis) appears to represent a risk factor for
thrombotic and septic complications in chronic renal failure [72 ].
Active VWF
The conformation in which VWF exists is determined by the shear stress to which VWF is exposed [64 ], resulting in a shear
force-dependent equilibrium between a globular latent and an elongated active conformation. This equilibrium allows a shear
force-mediated regulation of platelet binding, as this site is hidden and exposed in the respective conformations. Under normal conditions,
this equilibrium is dominated by the closed conformation, in order to prevent the premature formation of VWF-platelet aggregates. Several
years ago, an assay was developed that was designed to specifically detect the presence of VWF in its active, platelet-binding
conformation [73 ]. Using this assay, it was confirmed that active VWF is present only in limited quantities in normal plasma. However,
several pathological conditions appeared to be associated with increased levels of active VWF, in particular VWD-type 2B and TTP [73 ].
Since then, the presence of active VWF has been examined in various diseases, and it seems that the equilibrium between latent and active
VWF is disturbed more often than previously anticipated (for review see [62 ]). Situations of increased levels of active VWF include
infectious diseases (malaria, meningococcal disease), sickle cell disease, HELLP, myocardial infarction and the anti-phospholipid
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syndrome. Indeed, several of these conditions are associated with thrombotic complications, suggesting that the presence of active VWF
may play a role in this regard. Does this also mean that the change of VWF from a latent into an active conformation immediately results
in the binding of platelets? Although it is perhaps tempting to assume this in the first instance, it in fact seems to be untrue. In our studies,
we have noted that active VWF can interact with a number of proteins in the circulation, with particular reference to β2-glycoprotein I [74 ]
. This protein is able to bind to the A1 domain of active but not latent VWF, and can interfere with platelet binding. As such, β
2-glycoprotein I functions as a first line barrier to neutralize initial amounts of active VWF. It should be noted that β2-glycoprotein I is but
a weak inhibitor, allowing normal thrombus formation in case of a robust formation of active VWF. The physiological relevance of this
defense mechanism is illustrated by the inverse relationship between β2-glycoprotein I plasma levels and myocardial infarction in older
men [75 ]. More specifically, an increase in the ratio β2-glycoprotein I/VWF was accompanied by a 2–3 fold reduced risk of myocardial
infarction in aging men [75 ].
VWF and stroke
Epidemiological studies of the relationship between VWF and ischemic stoke have yielded inconsistent results (for review see [76 ]).
Recent prospective studies seem to indicate that high VWF levels can indeed increase the risk of first ischemic stroke. However, in most
cases, this effect was modest and of unknown clinical utility. An experimental stroke model using transient middle cerebral artery
occlusion was used to assess the role of VWF in stroke in a murine model. In the absence of VWF, the infarct volumes were reduced by 40
% and neurological function was significantly improved [77 ]. Importantly, no increased intracerebral bleeding was observed in the
VWF-deficient mice. In search for the molecular mechanisms, the authors showed that reconstitution of plasma VWF by gene transfer
restored the susceptibility of the VWF-deficient mice to cerebral ischemia, demonstrating that plasma VWF rather than endothelial or
platelet VWF is the main player in this process [77 ]. The use of VWF mutants to reconstitute the plasma compartment pinpointed the
crucial role of the VWF-GpIbα and VWF-collagens interactions in mediating stroke development [78 ], emphasizing the potential interest
of blocking these axes as a therapeutic option in ischemic stroke.

Conclusion
In recent years, considerable progress has been made in our understanding of the role of VWF in hemostasis and thrombosis, revealing
unexpected aspects of VWF biology. It is not surprising therefore, that VWF is now considered as an attractive drug target. Indeed,
anti-VWF directed drugs such as nanobody ALX-0081 and aptamer ARC-1779 are under clinical development [41 ]. In first instance, these
agents are being developed for the treatment of arterial thrombotic complications and TTP, but it is well possible that these agents may
find applications in other areas, such as venous thrombosis, VWD-type 2B and stroke. VWF may also be targeted using less specific drugs.
One example hereof is the use of N-acetyl cysteine, which is currently being used as a mucolytic agent in the treatment of cystic fibrosis
and in the management of paracetamol overdose. N-acetyl cysteine has the capacity to break disulphide bonds. In a preclinical setting it
has been shown that this agent is also capable of reducing the size of ultra-large VWF multimers, making it a potential drug for TTP
treatment [79 ]. These developments illustrate that continuous research on the molecular basis of how VWF participates in hemostatic and
thrombotic processes helps to search for new therapeutic options.
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Figure 1
VWF: A Janus protein in bleeding and thrombosis
The hemostatic system is designed to react rapidly upon vascular damage in order to minimize blood loss, and needs tight regulation to
prevent thrombotic occlusion of the vessels. VWF is a key player of the hemostatic system, illustrated by its liaison with both hemorrhagic
and thrombotic conditions. In the present review, novel findings on the role of VWF at this interface between bleeding and thrombosis are
being discussed.
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Figure 2
Effect of deficient collagen binding on VWF function in hemostasis and thrombosis in a murine model
VWF-deficient mice were left untreated or injected with murine Vwf cDNA encoding for wild-type or a collagen binding mutant VWF. Four
days after injection, when plasma expression of VWF was stable, mice were challenged in a tail-bleeding time assay (A) or in a ferric-chloride
induced thrombosis model. Mice expressing the VWF molecule unable to bind to collagens were able to correct their bleeding time but had
significantly prolonged occlusion time in arterioles. Platelet accumulation in vessels is visualized in green fluorescence. This research was
originally published in Blood . Marx I et al. Blood . 2008;112:603–609. © the American Society of Hematology.

Figure 3
Events associated with shear stress-induced conformational changes in VWF
VWF circulates in a globular conformation with its platelet-binding site being inaccessible. In addition, the ADAMTS13-cleavage site in the
A2 domain in unavailable. Both parameters protect VWF from premature platelet interactions and ADAMTS13-mediated degradation.
Exposure to increased shear stress unfolds the protein, allowing platelet binding and ADAMTS13 cleavage. In addition, buried methionine
residues become exposed, which are sensitive to oxidation by reactive oxygen species. Oxidized VWF displays resistance against
ADAMTS13 proteolysis and enhanced platelet binding. Platelet binding is further enhanced by the formation of novel disulfide-bridges in the
VWF C-domains. Shear stress-induced disulfide bridging is downregulated by thiol reductase activity that resides in the C-terminal region of
ADAMTS13.
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