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Abstract—Von Willebrand factor (vWF), the key component of hemostasis, is synthesized in endothelial cells
and megakaryocytes and released into the blood as high molecular weight multimeric glycoproteins weighing
up to 20 million Daltons. Blood plasma metalloprotease ADAMTS13 cleaves ultra-large VWF multimers to
smaller multimeric and oligomeric molecules. The vVWF molecules attach to the sites of damage at the surface
of arterioles and capillaries and unfold under conditions of shear stress. On the unfolded vVWF molecule, the
regions interacting with receptors on the platelet membrane are exposed. After binding to the vWF filaments,
platelets are activated; platelets circulating in the vessels are additionally attached to them, leading to throm-
bus formation, blocking of microvessels, and cessation of bleeding. This review describes the history of the
discovery of vVWF, presents data on the mechanisms of VWF secretion and its structure, and characterizes the
processes of VWF metabolism in the body under normal and pathological conditions.
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HISTORY OF THE DISCOVERY OF VON
WILLEBRAND FACTOR AND
METALLOPROTEASE ADAMTSI13

The key component of the system of hemostasis,
von Willebrand factor (vWF), was named after the
physician Erik Adolf von Willebrand (1.02.1870—
12.12.1949), who graduated from the Imperial Alexan-
der University in Helsingfors (Helsinki) and worked in
Finland after the collapse of the Russian Empire. In
1924, von Willebrand was asked to examine a 5-year-old
girl from a village on the Aland Islands, who suffered
from bleeding. Girl’s relatives, from both father’s and
mother’s side, were prone to heavy bleeding even after
the slightest damage to skin and mucous membranes.
It caused the death of four out of 11 brothers and sis-
ters of the girl at an early age. In 1926, based on the
results of his studies, Erik von Willebrand published
an article in Swedish on the previously unknown form
of inherited hemophilia, which is characterized by
normal blood clotting but prolonged bleeding time [1].
He termed this disorder as pseudohemophilia. Later
on, it was named after him as von Willebrand disease
(see review [2]). The girl examined by Erik von Wille-
brand died at the age of 13 during a fourth menstrual
period. Erik von Willebrand described one of the most
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severe forms of this disorder. By now it has been shown
that von Willebrand disease has about 20 variants,
from almost inconspicuous to extremely severe. In
addition to inherited forms, there are the acquired
forms of von Willebrand disease.

Bleeding from small vessels, which is the main
symptom of von Willebrand disease, normally stops as
a result of platelet attachment to the damaged surface
and microthrombus formation. Whole blood or
plasma transfusion from a healthy person stops the
bleeding caused by this disease [3]. In the late 1950s,
the blood plasma fraction that shortens the duration of
bleeding was obtained by cryoprecipitation. The frac-
tion contained blood clotting factor VIII; however, the
ability to shorten the duration of bleeding was also typ-
ical of cryoprecipitate from the plasma of patients with
hemophilia A [4]. The unknown active plasma com-
ponent was termed as von Willebrand factor. The
study of its nature required a model system simulating
the bleeding from small vessels and its arrest. Origi-
nally, blood was pumped through a plastic tube filled
with glass beads of 0.5 mm in diameter [5, 6]. The
adhesive properties of platelets were evaluated by their
retention in the blood flow. Platelet retention time in
the blood of patients with von Willebrand disease was
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shorter, but it could be corrected if the plasma of
healthy donors, hemophilia A patients, cryoprecipi-
tates or partially purified plasma fractions was prelim-
inarily passed through the glass bead filter (see review
[71). This test system was used to determine the VWF
activity in protein fractions during gel filtration;
hence, a fairly well purified VWF preparation was
obtained, to which antibodies were developed [8, 9].
The latter were used to demonstrate the multimeric
structure of vVWF on an electrophoregram [10]. Immu-
noprecipitation has shown that factor VIII and vWF
are different substances [11]. The multimers of VWF
are separated in agarose gel [12, 13]. Multimeric pro-
teins are formed as a result of cross-linking of dimeric
molecules via disulfide bonds. In the dimers per se,
monomeric proteins are also linked by a disulfide
bond [14]. In blood plasma, vWF is a mixture of such
multimers with the molecular weight distribution from
about 500 thousand (a single dimer) to 20 million Dal-
tons and even more. The structure of vVWF will be con-
sidered in more detail below.

The study of vWF was largely promoted by the dis-
covery of ristocetin-induced platelet aggregation in
blood plasma [15]. Platelet aggregation occurs in
platelet-rich plasma from healthy donors under stir-
ring in the presence of ristocetin, though there is no
aggregation in the plasma of patients with von Wille-
brand disease. Ristocetin-induced platelet aggregation
assay is used to quantify the vWF activity in blood
plasma of patients with suspected von Willebrand dis-
ease. In this case, one can use the washed and formal-
dehyde-fixed platelets, which maintain the ability to
agglutinate in the presence of ristocetin and normal
plasma. Later it was shown that ristocetin induced
partial unfolding of high-molecular multimers, which
enabled von Willebrand factor binding to platelets.
Patients suffering from type 2 von Willebrand disease,
with the normal level of vVWF antigen but the lower
activity, were revealed for the first time in 1972 [16].
Botrocetin, a snake venom protein, exerts an effect
similar to that of ristocetin [17].

In the United States, slightly prior to the discovery
of the disease associated with vVWF deficiency by Erik
von Willebrand, Eli Moschcovitz published an article
describing a disease with the precisely opposite patho-
genic mechanism [18]. He described for the first time
the case of thrombotic thrombocytopenic purpura
(TTP), or Moschcovitz syndrome, which is caused by
VWF hyperactivity in plasma. A 16-year-old girl had
multiple hemorrhages on the surface of the body
(petechiae), then hemolysis was followed by paralysis,
loss of consciousness and death. Postmortem exam-
ination showed numerous small hyaline (glass-like)
thrombi in the arterioles and capillaries of different
organs. The relationship between this pathology and
vWF began to clear up after had been shown in 1982
that the plasma of TTP patients in remission con-
tained large amounts of thrombogenic ultra-large
vWF multimers [19]. During disease recurrence, on
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the contrary, the proportion of ultra-large vVWF multi-
mers decreases and the relative amount of small mul-
timers increases. The higher content of ultra-large
multimers in the case of TTP suggested the absence of
or decrease in their cleavage in the plasma of patients.
Giant vWF multimers are cleaved into smaller oligo-
mers by metalloprotease ADAMTS13 (a disintegrin-
like and metalloprotease with thrombospondin type 1
motifs). This enzyme was found by two laboratories: in
1997 in Switzerland [20] and a year later in the United
States [21]. ADAMTS 13 degrades multimers by break-
ing the peptide bonds of vVWF between tyrosine and
methionine residues 1605 and 1606 in monomeric
subunits. The leading cause of TTP is the generation of
IgG antibodies blocking the activity of this enzyme
[22]. In case of another form of thrombotic microan-
giopathy (TMA), hemolytic uremic syndrome (HUS),
the increase in VWF activity is caused by the increase
in its production by endothelium but not by suppres-
sion of its degradation. During HUS recurrence, the
level of the vVWF antigen increases several times, also
with the predominance of small vWF olgomers, but in
contrast to TTP, HUS remission is not accompanied
by multimeric composition shifting towards high-
molecular multimers [23]. In addition to TTP and
HUS, other forms of TMA with an increase in VWF
activitry are described. The etiology of TMA is not
always established.

SYNTHESIS OF VON WILLEBRAND FACTOR

Being one of the key components of the hemostatic
system, VWF is synthesized in endothelial cells and in
megakaryocytes giving rise to platelets. VWF is
secreted into blood and provides platelet attachment
to the damaged vascular wall through binding with
collagen, as well as performs the function of carrier
protein for blood clotting factor VIII [24]. The initial
monomeric protein, from which the multimeric chain
of VWF is formed, is encoded by the gene localized on
chromosome 12p2.1 [25]. The VWF gene is approxi-
mately 178 kilobase pairs (kbp) in length and contains
52 exons [26], and 17 of them encode the signaling
peptide and propeptide of VWF (the so-called von Wil-
lebrand factor antigen II). The size of exons varies
from 40 to 1379 bp; the size of introns varies from 97 to
19.9 kbp. The mature subunit of VWF and the 3'-untrans-
lated region are encoded by the part of the gene including
approximately 80 kbp. The haploid human genome has a
single specimen of the vVWF gene [27]. Expression is con-
trolled by transcription factor GATA?2 [28].

The primary vVWF gene product is formed by
2813 amino acids (AA) and includes a signaling pep-
tide of 22 AA and a propeptide of 741 AA [29—31]. The
domain structure of the vVWF monomer with numer-
ous regions, where glycosylation occurs, is shown in
Fig. 1. The process of maturation of the multimeric
molecule of vWF and its secretion in endothelial cells
is as follows. Glycosylation of vVWF molecule through
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Fig. 1. Domain structure of the monomer of mature von Willebrand factor. The scheme shows the sites of interaction on the vW
molecule with factor VIII, P-selectin, with GP1ba,, GPIIblIIa, with collagens of types I, I11, IV, VI, sites of ADAMTS13 attach-
ment, sites of VWV cleavage, sites at which dimerization and multimerization of VWF occurs. TIL is trypsin inhibitor-like domain.
Glycosyl residues are shown as black (N-glycans) and white (O-glycans) balls on the stems. Glycosylation occurs at the following
amino acid residues: arginine (N), threonine (T) and serine (S). Adapted from [30] and [90].

the attachment of large mannose residues begins in
rough endoplasmic reticulum. The mature glyco-
sylated monomer of 260 kDa forms a dimer in the
endoplasmic reticulum via C-terminal disulfide bonds
and moves by the anterograde pathway to the Golgi appa-
ratus. The mass of the monomer increases to 275 kDa due
to further growth of glycosyl residues. It is followed by
vWF multimerization, propeptide cleavage in the most
of monomers, and the start of helix formation. The
monomer mass decreases to 220 kDa; however, the
monomers of 275 kDa are maintained in some
secreted VWF multimers. The formed vWF multimers
enter the trans-cisterns of the Golgi complex (trans-
Golgi network), where the tubules of vYWF multimers,
which begin to form, can already be seen in an electron
microscope [32]. The vesicles detaching from the
Golgi complex are transformed into structures typical
of only endothelial cells: Weibel—Palade bodies, cigar-
shaped due to the effect of helical tubules formed by
the growing VWF multimers [33, 34]. The volume
occupied by the multimers decreases by 2 orders of
magnitude as a result of helix formation [35, 36]. The
diameter of Weibel—Palade bodies is 100—200 nm; the
length is 1 to 5 um. The molecular weight of VWF mul-
timers in mature bodies can be more than 20 million
Daltons [36]. The ultra-large VWF multimers secreted
by endothelial cells are cleaved into smaller fragments
by the ADAMTSI13 protease present in the plasma
[37]. The experiments in vivo have shown that vWF
multimers in mesenteric arteries of mice with the
ADAMTS 13 gene knockout line up in a row and link to
each other to form filaments of 20 to 100 um in length
attached to the cells in response to the activation of
endothelial cells [38—40]. When the platelets are
stained with rhodamine, one can see that they attach
to these filaments like beads. In cultivated endothelial
cells from the human umbilical vein, the length of fil-
aments formed by the bundles of VWF molecules is up
to 1 mm and more [39]. These filaments can form a
cross-linked structure, which is not formed in vivo.
The attachment of vWF filaments to the membrane of
cultivated endothelial cells involves P-selectin and
oVP3 integrin [38].

In addition to VWF, Weibel—Palade bodies contain
proteins such as P-selectin, interleukin-8, osteoprote-
gerin, angiopoietin-2, and endothelin-1 [41, 42]. P-selec-
tin and angiopoietin-2 are stored in different fractions
of Weibel—Palade bodies [43]. Moreover, there is evi-
dence that the release of VWF and P-selectin from
Weibel—Palade bodies is differently regulated [34]. It
has been shown that P-selectin is expressed together
with vVWF only in some of the cultivated endothelial
cells from human aorta [44]. Factor VIII is also
secreted by not all vWF-producing endothelial cells
[45]. Physiological effects of the proteins and peptides
secreted from Weibel—Palade bodies are considered in
the review [42].

In platelets, vVWF is localized in spherical alpha-
granules. There, vVWF is also packed as tubules of 200—
250 Angstrom in diameter with eccentric localization [46].

REGULATION OF EXOCYTOSIS
OF VON WILLEBRAND FACTOR

The secretion of VWF in endothelial cells is a result
of constitutive and regulated exocytosis of Weibel—
Palade bodies [45, 47, 48]. In addition to these two, there
is a third mechanism of exocytosis with the involvement
of autophagosomes [49]. VWF exocytosis is activated
under various conditions including inflammation, vas-
cular disruption, hypoxia, shear stress, and activation
of membrane receptors [42, 50, 51]. Regulated exocy-
tosis occurs mostly in the apical direction; constitutive
exocytosis occurs in both apical and basal directions
[40, 52].

It is supposed that constitutive exocytosis occurs
during the release of the contents of single Weibel—
Palade bodies. The vWF released thereby in complex
with factor VIII is necessary for maintaining normal
homeostasis. It has been shown that several Weibel—
Palade bodies simultaneously release their vWF into
special secretory vesicles (secretory pods) as a result of
exocytosis activation by histamine and thrombin. vVWF
molecules present in secretory pods in large amounts
are combined into bundles, which form platelet-
catching filaments on the surface of endothelium [38].
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Second messengers cAMP and Ca?* are involved in
the transmission of the action of agonists on VWF
secretion [40, 53]. Thrombin and histamine activating
the Ca?*-signaling system show a more marked activa-
tion of VWF exocytosis [54—56] compared to adrena-
line and vasopressin acting via cAMP [57, 58]. More-
over, adrenaline and vasopressin, in contrast to hista-
mine and thrombin, do not trigger or weakly activate
the exocytosis of Weibel—Palade bodies containing
P-selectin in addition to vVWF [59]. The mechanism of
exocytosis of Weibel—Palade bodies is not fully under-
stood, but some basic signaling mechanisms triggering
this process are known. Both Ca?* ions and cAMP
activate the conversion of GDP into GTP in the RalA
protein under the influence of RalGDS [60, 61]. RalA
acting via phospholipase D (PLD) stimulates the
SNARE-mediated Weibel-Palade bodies fusion with
the plasma membrane [62]. In this process, alpha-
synuclein regulates the activity of RalA and can pre-
vent the fusion of Weibel—Palade bodies with the
membrane [63]. The transduction of activating signal
from cAMP, in addition to protein kinase A, involves
Epac via the Rapl — PREX1 — Racl — PLD signal-
ing pathway [40].

The regulation of exocytosis also occurs at an ear-
lier stage: during the transport of Weibel—Palade bod-
ies along microtubules. The attachment of Rab27A to
Weibel—Palade bodies via MyRIP and MyoVa pro-
teins is followed by their “anchoring” on actin fila-
ments, thereby preventing the exocytosis of immature
molecules [64, 65]. In addition to binding to the actin
cytoskeleton, Rab27A regulates the exocytosis of Wei-
bel—Palade bodies by attaching effector proteins Slp-4a
and Muncl4-3 [66—69]. Slp-4a and Muncl4-3 are
necessary for fusion of Weibel—Palade bodies with
plasma membrane. The regulation of exocytosis also
involves Rab15, Rab3B and Rab3D [69] and syntaxin-3
[70, 71]. Destruction of mucrotubules inhibits Ca?*-
dependent exocytosis, while destabilization of actin,
on the contrary, intensifies it [55, 67, 72]. In the case
of cAMP-induced exocytosis, these effects are not
observed. Calcium ions activate the transport of Wei-
bel—Palade bodies towards the membrane; when Ca?*
concentration in the cytoplasm of endothelial cells
increases, VWF is completely released from the cells.
In contrast, vWF is released only partially upon an
increase in the cAMP level [53, 57, 73]. Interestingly,
the agonists activating adenylate cyclase trigger the
accumulation of Weibel—Palade bodies in the juxta-
nuclear region of the cells (see review [42]).

In recent years, yet more evidence of relationship
between inflammation and thromboses has been
obtained [74, 75]. Thrombosis can be induced by reac-
tive oxygen species generated during inflammation.
Previously it has been shown that vVWF secretion is
stimulated by superoxide anion [76]. With regard to
the effect of hydrogen peroxide (the product of dis-
mutation of superoxide anion) on vWF secretion, the
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data are contradictory. The studies presented in [76]
did not show such effect of H,0,. Contrariwise, Yang
et al. [77] presented the data on a 1.5—2-fold increase
in VWF secretion under the influence of exogenous
H,0, at a rather high concentration of 0.5 mM. In our
studies, we proceeded from the assumption that throm-
bus formation during inflammation is determined not
by the circulating vVWF but rather by vWF multimers
attached to the surface of activated endothelium.
Therefore, we studied the effect of hydrogen peroxide
on the expression of vVWF multimers on the surface of
human umbilical vein endothelial cells (HUVEC). We
used two methods for staining VWF on the membrane:
using antibodies [78] and using a fluorescently-
labeled aptamer binding to domain Al in the VWF
molecule [79]. It was revealed that hydrogen peroxide
at a physiologically relevant concentration (100 uM)
resulted in a 2—4-fold increase in the exposure of VWF
on the membrane of endothelial cells. The formation
of vVWF filaments of tens micrometers in length has
been demonstrated. Thus, the data suggest the role of
H,0, in thrombus formation in case of inflammatory
processes. In addition to the entry of exogenous
hydrogen peroxide into endothelial cells, it is formed
inside the cells under the influence of VEGF [80],
TNFao [81]. Both of these agonists activate vVWF exo-
cytosis [82, 83]. Hence it can be assumed that H,0, is
involved as a second messenger in the vVWF endocyto-
sis triggered by these agonists.

STRUCTURE OF VON WILLEBRAND FACTOR

The initial VWF monomer is formed by domains
D1-D2-D'-D3-A1-A2-A3-D4-C1-C2-C3-C4-C5-
C6-CK. D-domains are formed by smaller modules
that can be seen in electron photographs [45, 84]. The
key element of the VWF monomer is formed by A
domains: the Al domain provides vVWF binding to the
GPIba receptor on the platelet membrane; in the A2
domain, there is an ADAMTSI13-cleaved peptide
bond, the hydrolysis of which regulates the size of VWF
multimer in blood flow; and finally, the A3 domain is
responsible for the attachment to collagen at the site of
vascular endothelial injury. The disulfide bridge
between the N- and C-termini of the Al and A3
domains fixes each of these domains in a relatively
rigid configuration. On the contrary, the A2 domain
has no rigid structure and stretches under the condi-
tions of rapid blood flow at a high shear stress, which
makes it available for proteolysis [85]. The binding of
the A3 domain to collagens I and III, which are local-
ized in the subendothelial space, occurs due to elec-
trostatic interaction between negatively charged
amino acid residues in the peptide chain of the A3
domain and positively charged residues in collagens.
The Van der Waals interaction is poorly expressed
[86]. This fact explains the low affinity of the A3
domain to collagen and the need of simultaneous
attachment of VWF to collagen through several regions
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for tight adhesion. It seems that partially due to this
reason, ultra-large multimers are more thrombogenic.
Domains D1, D2, D3 include the following modules:
VWD (von Willebrand D domain), C8, TIL and E-
module. Domain D' does not contain VWD and C8
module, and D4 lacks the E-module and has the D4N
subdomain. In the vVWF sequence, there is an unusu-
ally high content of cysteine residues (8.3%). It is
4-fold higher than for proteins on the average. It is
supposed that the most part of cysteine residues form
disulfide bonds, which are rearranged during vVWF
multimer maturation and helix formation [87]. The
functions of the domains are described in detail in the
reviews [88, 89].

Due to formation of disulfide bonds, first there is
the cross-linking of vVWF monomers into dimers and
then the formation of multimeric vVWF molecules from
the dimers. Protodimers are formed as a result of
cross-linking of two primary monomers by three
disulfide bonds between cysteine residues 2771, 2773
and 2811 localized in the C-terminal region of the pep-
tide chain. These disulfide bridges are structurally
protected against reduction, which provides the
strength of vVWF dimers. Being in vesicles of the Golgi
apparatus at acidic pH values, protodimers structur-
ally look like a bouquet of flowers with two inter-
twined “stems” formed by domains A2-A3-D4-C1-
C2-C3-C4-C5-C6 and “flowers” of domains D1-D2-
D'-D3-A1 [84]. The next stage is covalent cross-link-
ing of the protodimers by two disulfide bonds between
cysteines 889 and 898 in D3-domains at the N-termini
of polypeptide chains. After the formation of multim-
ers, furin (a cellular endoprotease) cleaves N-terminal
tails of the monomers.

The multimeric structure of vWF is detected by
agarose gel electrophoresis at an agarose concentra-
tion of 1 to 2—3% [13]. Ultra-large multimerse can be
seen during gel electrophoresis at the minimum con-
centration of agarose. According to the results of elec-
trophoresis, the maximum mass of multimers formed
in endothelial cells is 20 and more million Daltons,
which corresponds to the mass of 35—40 dimers [45].
The separation of small components can be improved
by adding acrylamide to the gel composition. This
method made it possible to detect low-molecular pro-
teins in patients with type I1A von Willebrand disease
[13]. Ultra-large VWF multimers can spontaneouly
bind to platelets, in contrast to medium- and small-
seized VWF molecules, which are attached to platelets
only in the presence of ristocetin or botrocetin [91].
According to the model proposed by Guria et al. [92, 93],
the higher thrombogenic activity of ultra-large VWF
multimers in vessels is accounted for by the lower
threshold of shear stress, when their unfolding takes
place.

In the normal plasma, the multimeric composition
of VWF is regulated by metalloprotease ADAMTS13
cleaving the Tyr'%%-Met'%%¢ bond in A2 domain [94].
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Recent studies have demonstrated that some other
proteases in plasma, including plasmin, are able to
cleave vVWF multimers [95]. Plasmin cleaves the bond
between amino acid residues K1491-R1492 in the
polypeptide chain region linking domains Al and A2.

GLYCOSYLATION AND SIALYLATION
OF VON WILLEBRAND FACTOR

Within the entire period from the moment when a
monomer is formed till the secretion of giant multim-
ers, a posttranslational modification of vVWF takes
place, namely glycosylation [96]. After the process is
completed, the mass of N- and O-glycans reaches 20%
of the final mass of VWF [90]. Glycans attach to argi-
nine residues (N-glycans), and also to serine and thre-
onine residues (O-glycans). The structural analysis of
the vVWF monomer originally showed 13 potential sites
of N-glycosylation; the subsequent mass-spectromet-
ric studies demonstrated the presence of 12 N-glycans
[97]. The attachment of the primary oligosaccharide
(Glc;ManyGleNAc,) to arginine occurs in the reticu-
Ium; then, first in the reticulum and later in the Golgi
apparatus, there is remodeling and construction of a
branched structure of glycosyl N-glycans [96]. After
the cleavage of two extreme glucose residues by gluco-
sidases, the monomer binds to lectins in the reticulum
via calnexin and calreticulin, with its subsequent fold-
ing. When the folding is completed, the protein is fur-
ther transported to the Golgi apparatus, where the
modification of N-glycans continues. Finally, com-
plex heterogeneous carbohydrate structures are
formed with the involvement of numerous glycosyl-
transferases. Three groups of N-glycans are formed:
mannose-rich glycans most similar to the initial struc-
ture, hybrid glycans, and complex glycans with di-, tri-
and tetra-antennary chains. The dominant forms are
mono- and di-sialylilated di-antennary complex
N-glycans. 15% of N-glycans have the determinants of
ABO(H) blood groups. 80% of sialic acids in the vVWF
molecule are attached to N-linked glycans and 20% of
them are attached to O-linked glycans.

Serine- or threonine-bound oligosaccharides
(O-glycans) are synthesized via successive glycosyla-
tion already after the release of VWF from the Golgi
complex [96]. Structurally, O-glycans are much sim-
pler than N-glycans. Only 1% of them carry the ABO
determinants of blood groups.

Endothelial cells are the main source of VWF circu-
lating in blood [98]. The vVWF secreted by platelets,
according to the experiments in vitro, remains bound
to the receptors on the platelet membrane [99, 100]. In
blood plasma, sialic acid residues are gradually cleaved
by neuraminidases from glycosyl residues on the vVWF
molecule. This process occurs with vVWF aging. Desi-
alylized vWF has a higher functional activity compared
to the initial one: it causes spontaneous platelet aggre-
gation and stronger binding of platelets to collagen
under shear stress [90].
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It is interesting to note that vWF in platelets con-
siderably differs in glycosylation pattern from this gly-
coprotein in endothelial cells and from vWF circulat-
ing in blood [98]. The platelet vVWF is much more
depleted in sialylated N-glycans and lacks the blood
group determinants [96]. The platelet VWF has a
weaker bond with GPIba and stronger bonds with the
GPIIb/IIla integrin and heparin.

PLATELET BINDING
TO VON WILLEBRAND FACTOR

Platelets contain two vVWF-binding receptors: gly-
coprotein Ib-IX-V (GPIb-IX-V) complex and integrin
olIbB3 (GPIIb-111a). The subendothelial surface with
attached vWF filaments is exposed at the sites of vas-
cular injuries. In microvessels or in places of narrow-
ing of the arteries, under the conditions of high shear
stress, there is unfolding of the multimeric molecules
of vWF attached to the surface, and their regions are
exposed corresponding to the peptide chain from Leu-
480/Val-481 to Gly-718 of the primary monomer mol-
ecule [101]. The GPIb-IX-V complex on the platelet
membrane interacts with these sequences on the vVWF
molecule. Recognition of the GPIb-IX-V complex is
provided by the Asp-514-Glu-542 region within these
sites [17]. The second vWF receptor on the platelet sur-
face is integrin allbB3 (GPIIb-11la). vVWF and fibrino-
gen bind to GPIIb-IIIa, forming molecular bridges
between the aggregating platelets. The quantity of
GPIIb-IIIa on the platelet surface correlates with the
degree of ADP-induced aggregation of platelets in
healthy donors and patients with acute coronary syn-
drome [102]. At a low shear stress in the absence of
fibrinogen, both receptors provide vVWF attachment
during platelet aggregation [103]. At a high shear
stress, the interaction between VWF and GPIb-IX-V
becomes an important factor of aggregation [104].
Kaneva et al. [105] proposed a mathematical model
describing the role of VWF receptors in adhesion and
subsequent thrombosis.

The vWF receptor GPIb-IX-V is expressed only in
platelets at a quantity of approximately 25000 receptor
complexes per cell. GPIb-IX-V consists of 2 subunits
of GPIba,, GP1bB, GPIX and 1 subunit of GPV [35].
vWEF binds to region 1-282 of the extracellular part of
GPIba. In the vWF molecule, the GPIbo binding site
is localized in the A1 domain. In addition to vWF, the
ligands for GPIba are also thrombospondin, factor
XII, factor XI, thrombin, high-molecular-weight kini-
nogen, P-selectin, and Mac-1. The interaction
between VWF and glycoprotein Ib-IX-V is not con-
fined to the passive attachment of platelets to this pro-
tein complex. GPIba interacts via its cytoplasmic tail
domain (Phe568-Trp570) with the PI3 kinase, the
actin-binding protein flamin, and the adapter protein
14-3-3(. The VWF binding to GPIb-IX-V causes
platelet activation and transition of integrin oIIbp3
from low- to high-affinity state, when it is able to
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interact with the C4 domain in the vVWF monomer. It
contributes to stable attachment of vVWF to platelets
and their spreading. The issue of how the vVWF/GPIb-
IX-V interaction promotes platelet activation remains
not fully understood. Different signaling pathways are
triggered depending on shear stress values. The GPIb-
IX-V-induced platelet activation was shown to involve
several intracellular molecules: Src kinases, Racl,
PI3K/Akt, a cGMP-dependent protein kinase (PKG),
and the MAP kinases [35].

THE FATE OF VON WILLEBRAND FACTOR
IN BLOOD PLASMA

As has been mentioned above, endothelial cells are
continuously secreting VWF to blood plasma on the
apical side and to the intercellular space on the baso-
lateral side. After the cells have been activated by ago-
nists, VWF secretion to blood increases. Under the
normal conditions of blood flow, the VWF filaments
released from secretory bubbles accumulating vVWF
from several Weibel—Palade bodies are cleaved by pro-
tease ADAMTS13 [39]. Ultra-large multimers are also
partially cleaved in plasma when they are unfolded in
a fast flow. As a result, the balance between the large
multimers, the medium and small oligomeric forms of
vWF is maintained. Sadler [106] presents the mean
value for the level of VWF antigen in plasma: about
100 TU/dL. According to the data of other researchers
[107], the level of VWF antigen in healthy donors is
61 IU/dL (95% CI: 51-91 1U/dL). One international
unit (IU) corresponds to 10 ug of vWFE. Thus, if the
VWF level is expressed in other units (ug per mL), the
average value is about 10 ug/mL; in people with the
O(I) blood group, it is lower by 20—25% [108, 109].
Desmopressin, the analog of vasopressin with the sub-
stitution of D-arginine for L-arginine, which acts via
V2 receptors [110], causes an actually immediate 2-fold
increase in the level of vWF antigen in human blood
plasma, which is maintained for no less than 2 h and
returns to the normal level in 24 h. The introduction of
histamine or endothelin-1 to healthy donors increased
the plasma level of VWF by 11% [111] and 19% [112],
respectively. Very marked changes are observed during
systemic inflammation caused by intravenous admin-
istration of 2 ng/kg endotoxin to healthy volunteers.
The level of the VWF antigen increased by 259% in 4 h
and by 192% in 24 h and returned to the normal value
after 7 days [113]. The effect of agonists acvtivating
endothelial cells on secretion of other proteins local-
ized in Weibel—Palade bodies has been studied. The
entry of protegerin into blood does not vary upon the
introduction of desmopressin and increases twofold in
response to lipopolysaccharide [114]. This fact sug-
gests that desmopressin and lipopolysaccharide in vivo
cause exocytosis from different populations of Wei-
bel—Palade bodies. Desmopressin stimulates the
secretion of VWF into blood but does not induce the
entry of P-selectin into blood [107], which also con-
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firms the effect of this agonist on an individual popu-
lation of Weibel—Palade bodies.

The vWF lifespan varies from 4.2 to 26 h (shorther
in group O(I) than in AB(IV)) [35]. The release of
vWF from plasma was supposed to occur after its
cleavage by metalloproteinase ADAMTS13. However,
different methods showed that it is not true. In
patients with type 1 von Willebrand disease or hemo-
philia A, the rate of decrease in the vWF level after
administration of desmopressin does not depend on
the activity of ADAMTSI13 [115]. The experiments in
the ADAMTS-13%/* and ADAMTS-13~/~ mice have
also shown that the rate of VWF release does not
depend on the presence of this enzyme in blood [116].

According to the available data, the clearance of
vWF occurs as a result of its capture by macrophages
and endothelial cells of the renal sinuses and hepato-
cytes (see review [117]), with macrophages playing the
key role. When radiolabeled vWF is introduced into
mouse blood, it accumulates mostly in the liver and, in
much lower amounts, in the spleen and kidneys [118,
119]. The rate of removal of large and small multimers
was the same.

When vWF is captured by macrophages, endothe-
liocytes and hepatocytes, it first binds to receptors on
the plasma membrane. vVWF is attached by two types of
receptors: lectins and scavenger receptors [117]. vVWF
binding by lectins and subsequent clearance depend
on the presence of sialic acid in glycosyl residues.
Sialic acid protects vVWF from being captured by some
types of lectin receptors [120—122]. vWF with desial-
ilated glycans binds to the MGL (macrophage galac-
tose-type lectin) receptor in macrophages [123] and
with the AMR (Ashwell—Morell receptor) in hepato-
cytes [124, 125]. The importance of MGL for vWF
clearance is prevailing. The MGL and AMR receptors
bind to - D-galactose and N-acetyl- D-galactosamine.
These carbohydrate residues are unmasked after the
cleavage of sialic acid during vVWF aging. The MGL
receptor also attached hyposialized vWF [123, 126].
The lectin-type receptor binding the sialized vVWF is
expressed in macrophages in addition to MGL and
AMR. This is a Siglec-5 lectin (sialic-acid binding
immunoglobulin-like lectin) [127, 128]. It is also pres-
ent in neutrophils and T cells [129]. The vWF receptor
CLEC4M (C-type lectin domain family 4 member M)
specifically binding mannose [130] is expressed in
the endothelial cells of liver sinusoids and in lymph
nodes [131].

The scavenger receptors that capture vVWF include
receptors LRP1 (lipoprotein receptor-related protein-1)
[132] and SR-A1 (scavenger receptor class A member I)
[133] in macrophages and stabilin-2 in the endothelial
cells of liver sinusoids [134]. vWF binds to the LRP1
regions localized in the A1A2A3 domains [135]. The
presence of N-glycans protects VWF from phagocyto-
sis by the liver and spleen macrophages mediated by
LRP1 receptors. The regulation of vWF binding to
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SR-Al involves the region of the peptide chain of the
D'D3 domains, domain Al and domain D4 [136].

The vWF content in platelets is 15—20% of the total
amount of VWF in blood, or 2.8 ug per 10? platelets
[99]. VWF is secreted from alpha granules upon plate-
let activation by ADP, collagen, or thrombin [137].
The experiments with pigs have shown that vVWF
secretion from platelets has no appreciable effect on
the total level of VWF in plasma [98]. The vWF
secreted from alpha granules remains attached to
platelets in the presence of calcium ions in the
medium [99, 100]. The amount of vVWF secreted by
platelets could be determined when a chelator of diva-
lent cations is added. In a calcium-free medium
in vitro, the concentration of free vVWF under condi-
tions of platelet activation in suspension can increase
up to 50 IU/dL, or 5 ug/mL [138]. The platelet VWF
plays a key role in platelet adhesion to collagen under
shear stress conditions [98]. The experiments with pigs
have shown that the platelet vVWEF, in contrast to vVWF
circulating in plasma, is not directly involved in arte-
rial thrombus formation [139].

IMPAIRED EXCHANGE OF VON
WILLEBRAND FACTOR AS A CAUSE
OF PATHOLOGICAL BLEEDING
AND THRMOBOSES

The curve of the frequency distribution of vVWF lev-
els (IU/dIl) for the population is an asymmetrical bell-
shaped, with 95% of all the values lying within the
range of 50 to 200 IU/dL (Fig. 2) [106]. The popula-
tion analysis shows the enhanced risk of thrombosis
and bleeding at extremely high and extremely low vVWF
levels, respectively. As has been mentioned above, the
average level of vWF in human plasma varies between
people with different blood groups, not allowing the
accurate detection of its referent boundaries. The
mutations in the vVWF gene leading to the lower vWF
production have been revealed. The approximate
dependence between the presence of mutations and
the content of VWF antigen in plasma is shown with a
thin line (Fig. 2). As shown below, the more objective
criterion for detecting a pathological condition is deter-
mination of the multimeric composition and activity of
VWF in the agglutination test with ristocetin [140].

VON WILLEBRAND DISEASE

Von Willebrand disease can be caused by low vVWF
levels in blood plasma or by structural and functional
impairments in the vVWF molecule [29, 140]. Von Wil-
lebrand disease is the most common hereditary blood
clotting disorder. It is characterized by frequent
hematomes (subcutaneous hemorrhages), abnormally
prolonged bleeding after minor injuries and bleeding
from mucosal surfaces, including gastrointestinal
mucus. There are at least 20 variants of von Willebrand
disease [29]. They are subdivided into 3 types. The
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Fig. 2. Relationship between the plasma level of vVWF, the risk of development of bleeding or thrombosis, and mutations in the
VWEF gene. Dashed lines show the relations between the plasma level of the vVWF antigen and a relative risk of bleeding or throm-
bosis. Thin solid line shows the dependence between mutations in the VWF gene and vWF production. The relative risk of bleeding
or thrombosis is taken as a unit at the vWF level of 100 IU/dL. Adapted from [106].

sign of type 1 is a low plasma level of vWF, less than
30 ug/mL [141]. The ratio of vYWF multimers in type 1
von Willebrand disease corresponds to the normal
value (Fig. 3a). The vWF level can decrease due to
reduced vWF synthesis/secretion [142] or more rapid
clearance of VWF [141]. Type 1 von Willebrand disease
is generally characterized by autosomal dominant
inheritance. More than 10 mutations causing the
development of this type of the disease have been
described [143]. Most of them cause a decrease in
vWEF secretion by the endothelium.

In type 3 von Willebrand disease with autosomal
recessive inheritance, there is almost no VWF in
plasma (Fig. 3c). The plasma concentration of VWF
below 3 ug/mL is considered a diagnostic feature of
type 3 von Willebrand disease. Type 3 von Willebrand
disease is characterized by a dramatic decrease in the
level of blood clotting factor VIII. More than 80 muta-
tions of different origin are known to lead to this type
of pathology [144].

Type 2 von Willebrand disease is caused by muta-
tions leading to the structural and functional changes
in VWF. The multimeric composition of vWF in differ-
ent forms of type 2 von Willebrand disease has been
described in some publications [145—147]. The sub-
types of type 2 von Willebrand disease are as follows:
2A (autosomal dominant and autosomal recessive),
2B (autosomal dominant), 2M (autosomal dominant),
and 2N (autosomal recessive) [148]. In the 2A, 2B and
2N subtypes, the relative levels of ultra-large and large
vWF multimers in plasma are reduced. Figure 3b
shows an example of the multimeric composition of
vWF in type 2 von Willebrand disease. The classifica-

tion of the inherited forms of von Willebrand disease is
presented in the review [149].

Type 2A is characterized by the lower affinity of
VWF to platelets due to a decrease in the level of high-
molecular vVWF multimers in plasma. This pathology
is associated with more than 50 different missense
mutations leading to the two types of pathogenetic
mechanisms: impaired biosynthesis of VWF dimers or
multimers (group 1 mutations), or to biosynthesis of a
protein with enhanced susceptibility to proteolysis by
metalloproteinase ADAMTS13 (group 2 mutations)
[144]. Group 1 mutations lead to amino acid substitu-
tions in the VWF propeptide, in the D3 and A2
domains, and at the C-terminus of mature VWF sub-
unit. The mutations resulting in the accelerated prote-
olysis of VWF are localized in the region of exon 28
encoding the A2 domain.

Type 2B von Willebrand disease includes patholog-
ical forms with the enhanced affinity of vWF to plate-
let glycoprotein 1B. The mutations cause amino acid
substitutions in the A1 domain and are also localized
in exon 28 [144]. In the 2B-type, there is a sponta-
neous VWF binding to platelets and release of large
multimers from blood circulation.

Type 2M includes VWF variants with the lower
affinity to platelets at the normal ratio of multimers. It
is determined by the amino acid substitution
impairing the folding of the Al domain loop and
thereby resulting in the lower affinity to platelet gly-
coprotein 1b [150].

Type 2N (Normandy) is caused by mutations in the
factor VIII binding site localized in the D' and D3
domains at the N-terminus of vVWF molecules [151].
This phenotype is most frequently caused by the
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Fig. 3. Multimeric composition of von Willebrand factor, characteristic for type I (a), I (b), and III (c) von Willebrand disease.
C, vWF multimers in the plasma of healthy donors. Electrophoresis was performed in 1.5% agarose; proteins were transferred to
a nitrocellulose membrane, incubated with the antibodies against VWF and horseradish peroxidase-conjugated second antibody.

Dithionitrobenzoate was used for development.

R854Q mutation. In the 2N-type, there are no minor
bands in the triplets of VWF multimers, while the
secretion and levels of large multimers are reduced.

The relative number of patients with different types
of von Willebrand disease has been analyzed in France
(the total number of established cases is 1167 from
670 families). It has been shown that there are 25% of
type 1 patients, 8% of type 3 patients, 66% of type 2
patients (2A: 18%, 2B: 17%, 2M: 19%, 2N: 12%), and
1% of patients with an undefined form [152].

Acquired von Willebrand disease in some cases is
caused by the cleavage of ultra-large VWF multimers
under the conditions of high shear stress [153]. With
respect to the multimeric composition of VWEF, this
form is similar to type 2A von Willebrand disease. This
form of acquired von Willebrand disease is observed in
case of aortic stenosis and is accompanied by bleeding
in the gastrointestinal tract [154]. A decrease in the
vWEF level can be due to formation of autoantibodies,
and in some cases they selectively target vVWF in the
activated state [155]. The acquired form of von Wille-
brand disease can be associated with lymphoprolifera-
tive and myeloproliferative disorders.

WILLEBRAND FACTOR METABOLISM
IN THROMBOTIC MICROANGIOPATHIES

Inhanced activity of vVWF in blood plasma caused
by an increase in the proportion of thrombogenic
high-molecular-weight multimers of vVWF at a normal
level of the vWF secretion or due to a general increase
in the vWF supply to plasma from the endothelium is
the cause of thrombosis in thrombotic microangiopa-
thies [106, 156]. Thrombotic microangiopathies (TMA)
include the congenital (Upshaw—Schulman syn-
drome) or autoimmune forms of thrombotic thrombo-
cytopenic purpura (TTP), the TMA caused by cancer,
infections, transplantation, chemotherapy and some
drugs, as well as the hemolytic uremic syndrome
(HUS) associated with the Shiga toxin-producing
F. coli infection and an atypical HUS caused by inherited
or acquired disorders of the complement system [157].
During pregnancy and in the postpartum period, there
are cases of the HELLP syndrome and pre-eclampsia
associated TMA [158]. In the case of autoimmune
TTP, the ADAMTSI13 activity drops below 10% of the
normal level. The decrease is caused by the production
of inhibitory autoantibodies against ADAMTSI13. In
other forms of TMA, the ADAMTSI13 activity does
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Fig. 4. The multimeric composition of VWF in blood plasma of the patient with TMA of unclear etiology (a), the TTP patient (b),
and a terminal cancer patient (c). P, the plasma of the patients; C, the control plasma of healthy donors. P', P", P" are patient’s
plasma before and in 10 and 20 days after starting the plasma exchange. The conditions of electrophoresis and analysis of the mul-
timeric composition of vVWF are described in the legends to Fig. 3.

not decrease below 20% [159]. We have studied the
multimeric composition of VWF in a patient with
TMA of unclear etiology and in a patient with autoim-
mune TTP developed in late pregnancy and after
delivery, as well as in a cancer patient at the terminal
stage (Fig. 4). The ADAMTS13 activities in the TMA
and autoimmune TTP patients were 53% and less than
5% of the normal value, respectively (Fig. 5a). These
values were determined in the acute period of disease.
In the blood plasma of the TMA patient, there was a
noticeable increase in the vVWF level as can be seen from
brightness of the bands of YWF multimers (Fig. 4a). The
increased vVWF level in the plasma of this patient could
probably be a result of its enhanced production caused
by an inflammatory response in the endothelium.
However, it is clearly seen that the relative content of
ultra-large multimers dramatically decreases. The
lower proportion of ultra-large multimers, against the
enhanced total level of the vVWF antigen, is caused by
their consumption during thrombus formation in
microvessels. An analogous situation can be observed
at the terminal stage of a cancer disease (Fig. 4c). The
plasma level of the vWF antigen in the patient was
much higher, but proportion of the thrombogenic
ultra-large vVWF multimers was dramatically decreased
(Fig. 4¢).

Figure 4b shows the electrophoregrams of vVWF
multimers in the plasma of the autoimmune TTP
patient at a peak of severity of clinical manifestations,
as well as 10 and 20 days after intensive plasma
exchange sessions. The clinical manifestations of TTP
appeared at the end of pregnancy and increased after
delivery: hemolytic crisis with the lactate dehydroge-

nase (LDH) activity exceeding 20 normal values,
thrombocytopenia, the presence of schistocytes in the
blood smear; the neurological disorders proceeded to
coma. At that moment, the analysis of VWF multimer
composition showed a decrease in the relative content
of ultra-large and large multimers (Fig. 4b). How-
ever, there was no increase in the level of the vVWF
antigen compared to the control, like in the TMA
patient (Fig. 4a). On the contrary, the content of the
vWF antigen in the acute phase did not exceed the nor-
mal average level, which is, according to various sources,
from 6.1 [107] to 10 ug/mL [106]. The changes in the
multimeric composition of VWF became apparent
10 days after effective plasma exchanges. The bands of
ultra-large multimers appeared and their relative con-
tent increased, which was considered as inhibition of
thrombus formation. The latter was also indicated by
cessation of hemolysis, increase in the number of
platelets in the patient’s blood from (20—30) x 10 to
120 x 10°/L, and normalization of the LDH activity.
The multimeric composition of VWF became even
closer to the normal value 20 days after starting the
plasma exchange. The brightness of the bands
decreased, demonstrating the lower level of the vVWF
antigen, but the higher level of ultra-large multimers
was maintained. The changes in the multimeric com-
position of VWF correlated with the data from quanti-
fication of the antigen and the vVWF activity (Fig. 5b).
As it was mentioned above, at the peak of the disease,
the plasma level of the vVWF antigen and the VWF
activity determined in the ristocetin agglutination
assay actually did not exceed the normal value. A
slight increase in the concentration of the vWF antigen
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Fig. 5. (a) The ADAMTSI13 activity in blood plasma of the patient with TMA of unclear etiology and the patient with TTP.
(b) The content of the vVWF antigen and the vWF activity in the plasma of the patient with TTP before starting (0) and 10, 20 and
75 days after starting the plasma exchange. The ADAMTS13 and vWF activities are expressed as % of the mean values of these
indices in healthy donors. The vVWF activity was determined in the ristocetin-induced platelet aggregation test.

occurred 10 days after starting the plasma exchange.
However, in the same period there was a dramatic
increase in the vVWF activity, reflecting the appearance
of thrombogenic ultra-large multimers in plasma. In
20 days, there was a gradual decrease in the vWF activ-
ity; in 2.5 months, the vVWF activity returned to the ini-
tial, almost normal value, while the antigen content
decreased below the initial level.

A common sign of all the three pathological condi-
tions is a decrease in the proportion of ultra-large vVWF
multimers, which are consumed during thrombus for-
mation, at the moment of exacerbation. The causes of
initial increase in the level of ultra-large thrombogenic
vWF multimers are different. In case of autoimmune
TTP, the amount of secreted vVWF, as is can be seen from
the presented data, does not exceed the normal value;
however, against the zero activity of ADAMTS13, the
system is less stable, because the ratio of multimers is ini-
tially shifted towards ultra-large forms, and thrombo-
sis is initiated more easily. In case of TMA of unclear
etiology and cancer disease at the terminal stage, there
seems to be a hyperproduction of vWE. It is still
unclear what triggers thrombus formation, because
only the presence of ultra-large multimers is insuffi-
cient for this event. There are data on the relationship
between thrombosis and inflammatory processes in
vessels [74]. In particular, the complement factor C5a
is known to cause exocytosis of P-selectin and vWF
[160]. However, discussion of this problem is beyond
the framework of this review.

CONCLUSIONS

Almost 100 years have passed since the discovery of
diseases associated with the impaired metabolism of
von Willebrand factor. Since that time it has been
shown that this unique glycoprotein, which has many
multimeric forms and varies among individuals with
respect to glycosylation pattern and polymorphism,
plays the crucial role in the normal functioning of an
organism and in pathogenesis of many diseases [161].
The von Willebrand factor has been intensively studied
over the past years. The vWF genetic forms and trans-
formation pathways in blood plasma have been char-
acterized; it has been shown how these processes are
related to pathogenesis of particular variants of von
Willebrand disease and autoimmune thrombotic
thrombocytopenic purpura. The least studied issue
seems to be as follows: what determines the excessive
secretion of VWF, which apparently causes extremely
severe forms of thrombotic microangiopathy that do
not always respond to effective treatment. Moreover,
the question about additional factors initiating throm-
bosis at enhanced vVWF activity in plasma also needs
further investigation.
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