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ABSTRACT

Thrombus formation in major arteries is life threatening. In this review article, we discuss how an arterial thrombus can form under
pathologically high shear stresses, with bonding rates estimated to be the fastest K, values in biochemistry. During occlusive thrombosis in
arteries, the growth rate of the thrombus explodes to capture a billion platelets in about 10 min. Close to 100% of all platelets passing the
thrombus are captured by long von Willebrand factor (vWEF) strands that quickly form tethered nets. The nets grow in patches where shear
stress is high, and the local concentration of vVWF is elevated due to o-granule release by previously captured platelets. This rapidly formed
thrombus has few red blood cells and so has a white appearance and is much stronger and more porous than clots formed through coagulation.
Understanding and modeling the biophysics of this event can predict totally new approaches to prevent and treat heart attacks and strokes.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
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. WHITE CLOT FORMATION IN ARTERIES

Acute arterial thrombosis is a condition where a blood clot forms
in an artery, stopping blood flow once the clot becomes occlusive.
When thrombosis occurs in a carotid or coronary artery, it can result
in ischemic stroke or myocardial infarction, two of the leading causes
of death worldwide. The path to arterial thrombosis typically starts
with atherosclerosis. The atherosclerotic plaque develops in the vessels
over decades, creating a stenosis that narrows the lumen of the vessel
and changes blood flow. In order for blood flow to be maintained, the
velocity of the blood is increased, and pathologically high wall shear
rates are created. Shear rates here can range from 5000 to 400 000 s~
(Fig. 1), much higher than the typical shear rates of <1000 s~!
in normal arteries."” After the plaque cap of the stenosis ruptures, the
endothelial cell layer is disturbed and prothrombogenic collagen from
the extracellular matrix is exposed. These events lead to the tethering
and elongation of von Willebrand factor (vVWF), platelet adhesion, and
shear-induced platelet aggregation (SIPA), resulting in an occlusive
blood clot formation and cessation of the blood flow.”

The clots that form due to arterial thrombosis have a unique
appearance compared to the typical blood clots formed through the
coagulation cascade. Compared to the red coagulation clots, thrombi
in arteries often appear light due to the relative absence of erythrocytes
and prevalence of platelets. Because of this, they are commonly called
white clots. Beyond appearances, the mechanism of the white clot for-
mation is different from the classic Virchow’s triad of coagulation-
based red clotting (Fig. 2). Virchow’s triad consists of endothelial

disruption, stagnant blood flow, and hypercoagulability.” Casa et al.’
suggest an alternative triad necessary for arterial thrombosis in con-
trast to Virchow’s triad: (1) surface with collagen or other substrates to
initially absorb vWF, (2) pathologically high shear for vWF elongation,
and (3) platelets and vWF at sufficient concentrations (Fig. 2). There is
little overlap between the two, and the only trait of Virchow’s triad
present for high shear arterial thrombosis in vivo is the endothelial dis-
ruption/prothrombotic surface. Regardless, several investigators have
attempted to predict arterial thrombosis using Virchow’s triad, mea-
suring hemodynamic low shear to indicate stagnant blood flow and
activated coagulation factor levels or activated platelets for hypercoag-
ulability. However, there is plenty of evidence, suggesting using
Virchow’s triad is inappropriate for arterial thrombosis. Cadroy et al.”
showed white clots form at high shear rates, whereas red clots are cre-
ated in low shear regions. Platelet activation, spreading, activation of
coagulation factors, and thrombin generation can contribute to stabili-
zation in the interior of a clot, but these processes occur too slowly to
account for the rapid growth rates seen in the high shear environment
of a stenotic artery.” Circulating platelets have been found to activate
in solution experimentally, according to a curve given by Hellums.®
However, circulating platelets pass through a stenosis in milliseconds,
too quickly for activation on the Hellums graph. In fact, Ruggeri et al.”
found that platelets form aggregates without activation when shear
rates exceed 10000 s~! and soluble von Willebrand Factor (VWF) is
present. Casa et al.’ later demonstrated that occlusive high shear
thrombus does not form if the vVWF concentration is decreased by
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FIG. 1. Flow patterns in a stenosis with a

p smooth surface (a), with a rough thrombus
15 A . . . . 1.5 surface (b), and magnified view of throat
(c). Note that the rough thrombus creates
areas of extremely high and low shear
rates at the surface. Reproduced with per-
mission from D. L. Bark, Jr. and D. N. Ku, J.
Biomech. 43, 29702977 (2010). Copyright
2010 Elsevier Ltd.
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FIG. 2. Virchow's triad and alternative triad
for the high shear thrombosis. Reproduced
with permission from Casa et al., J. Vasc.
Surg. 61, 1068-1080 (2015). Copyright
2015 Elsevier Ltd.

VIRCHOW'S TRIAD HIGH SHEAR THROMBOSIS
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90% but can occur with a normal vVWF concentration and a 10% plate-
let concentration. Thus, these findings have established the primacy of
vWF in creating occlusive thrombi under arterial conditions.

The analysis of Wellings and Ku” illustrates the amazing ability
of platelets to stick on the upstream side of a stenosis further demon-
strating the importance of vWE. To capture platelets during their
extremely short transit times, vVWF must bind platelets with theoretical
K,, rates from 10° to 10° M 's~!, which can be made possible
through unfolding of vVWF at a high concentration to expose an abun-
dance of A1 domains, the platelet binding site on vVWF. Recently, sin-
gle molecule studies by Fu et al’® confirmed that the K,, rate of
platelets to VWF Al is greater than 10° M 's™!, experimentally. A
high concentration of vWF is achievable if previously captured plate-
lets activate and locally release tethered vVWF at a 50 plasma concen-
tration from their a-granules.” The high concentration of elongated
VvWFE can then self-associate into tethered nets that encircle platelets to
multivalently form thousands of GPIba-Al bonds and resist the high
drag forces on mural platelets. Trapped and activated platelets also
form integrin oy, Sy (GPIIb/IIIa) bonds necessary for a stable clot and
release FVIII to initiate coagulation, which, for arterial thrombosis, is a
much slower secondary process. Thus, the biophysics of an occlusive
thrombus must involve the superfast K,,, rate of the GPIbx-Al bond
with gnultivalent bonding favored by high local concentrations of
VWE.

Il. EXPLOSIVE PLATELET ACCUMULATION VIA VWF

During events like ischemic stroke or myocardial infarction, the
formation of an occlusive white clot rapidly halts blood flow through
the artery. Histology studies estimate white clots to be approximately
50%-80% platelets by volume.'' To occlude an artery with a diameter
>4 mm, billions of platelets must be captured within a couple of
hours.'” However, most previous studies have only focused on the ini-
tial adhesion and aggregation of up to thousands of platelets within
the first 2 min of perfusion. Our studies ending in occlusion show that
the initial attachment is relatively slow, even with high shear stresses,
and is possibly more related to the initial adsorption of VWF to the
collagen-coated surface.” We and others have described the different
phases of white clot growth under high shear, even in clots that do not
go to full occlusion."”

The presence of collagen on a surface in our in vitro stenoses or
in in vivo atherosclerotic stenoses following plaque cap rupture can
initiate the formation of an occlusive clot. After the plaque cap rup-
ture, marginated soluble vVWF can bind to exposed fibrillar collagen
type 1 or 3 through the A3 domain, mediated by the A2 domain.'* '
The adsorption rate of vYWF onto the collagen-coated surface increases
with the YWF molecular weight'~ and shear rates above the threshold
for unfolding the vWF molecule.'® For shear rates over 1000 s~ !, vyWF
becomes the dominant molecule that mediates platelet binding.'’
Globular tethered vWF experiences high shear and elongates, thereby
exposing an order of magnitude more Al domains to capture thou-
sands of platelets.”

VWE tethered to collagen surfaces arrests platelets in blood flow
via GPIbo-Al binding. The platelet adhesion rate is aided by platelet
margination, where the hematocrit and shear rate can increase the
platelet concentration near the vessel wall by 2.5 fold.”’ GPIbu. is a gly-
coprotein receptor on the membrane of unactivated platelets that can
bind the VWF A1 domain, while the platelet is traversing the stenosis.”

scitation.org/journal/apb

Since the high shear environment applies a large hydrodynamic force
on platelets, exceeding 10 000 pN, over 1000 GPIba-A1 bonds with an
individual strength of <100 pN are required to resist the hydrody-
namic drag force and stop a platelet in flow.”'

Platelet adhesion and aggregation through GPIba-A1l association
are not stable on its own. After initial binding, platelets can activate in
the clot. These activated platelets form more stable bonds with vWF
via integrin oqy,fy-Cl binding and initiate the coagulation cascade
through the release of procoagulant molecules from o-granules like
adenosine 50-diphosphate, calcium ions, and inflammatory factors.”*”
Platelet vWF stored in the a-granule is released, causing larger struc-
tures to form and rapid platelet aggregation (Fig. 3).”> Capture of
platelets on this reactive surface and subsequent platelet activation
creates a positive-feedback loop that can result in billions of platelets
aggregating at almost 10 times the rate of initial attachment to the
thrombogenic surface.

Ill. SUMMARIZING RPA AND PLATELET CAPTURE BY
VWF

Casa and Ku”’ summarized the above mechanism of high shear
thrombus formation in arteries as a 7-step process described in Table I.
In the first three steps, high wall shear at the stenosis changes vVWF con-
formation, leads to VWF absorption, and enhances platelet diffusivity
to the prothrombotic subendothelial surface. Inactivated platelets
adhere to the immobilized vVWF through GPIbx-Al bonds. Activation
of bound platelets creates stronger bonds through integrin oy, i and
releases high concentrations of vVWEF. The additional vWF forms nets
that enhance platelet binding, creating a positive-feedback system that
leads to rapid platelet accumulation (RPA) and eventually occlusion
(Fig. 4). Localized positive feedback loops occurring in the RPA phase
could also explain the observations that thrombi have nonuniform
growth with mountains and valleys protruding into the lumen®® and
pores large enough for erythrocytes to pass through.””

The above evidence establishes that the arterial thrombi associ-
ated with heart attacks and strokes are not formed through the tradi-
tional coagulation cascade and that vVWF plays a critical role in
initiating and propagating arterial thrombi formation.

IV. VWF STRUCTURE AND TYPE IN BIOLOGICAL
SYSTEMS

The unique role of vWF in arterial thrombosis is a result of its
tertiary protein structure. VWF exists as long multimer chains that can
reach sizes of over 20 000 kDa.”**’ In static conditions, a VWF multi-
mer condenses into a globular bundle, lacking a set structure. While
the monomer of vWF is 250 kDa, the functional unit of the multimer
is a 500kDa vWF dimer, approximately 120nm long.””"" These
dimers form through disulfide bonds linking the C-terminals of two
monomers. Dimers can associate with one another through additional
disulfide bonds near their N-terminal to create long multimers ranging
from 2 to 100 dimers.”' The largest concatemers generally have
between 20 and 100 dimers, with sizes ranging from 3 to 15 um.”"
Within vWF, there are 12 unique domains. The most studied of these
domains include the cystine knot, A1, A2, A3, C1, and D'/D3. The cys-
tine knot region is where two monomers form a dimer. It has similar
structure to other cystine knot proteins such as platelet derived growth
factor (PDGF) or epithelial mucins.”* As the name suggests, the cys-
tine knot domain binds the monomers with a disulfide bond.”” The
Al domain is known to bind the platelet receptor GPIba, heparin, and
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Globular vWF Eloagated vWTF (flat) Elongated vWTF (concave)
0.1 square microns 0.4 square microns 14.1 square microns

1 Al domain 1,115 Al domains 37,661 Al domains
FIG. 3. von Willebrand factor (VWF) nets.

(@) VWF extends from a globular form to

(b) 0.5 pumin 2.0 "Umin 20.0 pum‘n an elongated form at a high shear rate

and can theoretically form intertwining

Ye = 3,000 s! e = 12,500 s*! Ye & 125,000 s*! nets to form many bonds to platelets, cap-
turing them from the high shear flow.
dy/dx = 1.1x10% s''/cm dy/dx = 4.3x10°% s''/cm dyidx = 4.3x107 s''/em Reprinted with permission from P. J.

Welling and D. N. Ku, “Mechanisms of
platelet capture under very high shear,”
Cardiovasc. Eng. Technol. 3, 161-170
(2012). Copyright 2012 Springer Nature.
(b) Experimental demonstration of the
VWF nets at very high shear rates. The
VWF strands are shown in white.
Reproduced with permission from T. V.
Colace and S. L. Diamond, Arterioscler.,
Thromb., Vasc. Biol. 33, 105-113 (2013).
Copyright 2013 American ~ Heart
Association, Inc.

‘i

dy/dx = -4.3x10% s*'/cm dyldx = -4.3x107 s'/cm

TABLE . Process of high-shear thrombus formation. Reproduced with permission from Annu. Rev. Biomed. Eng. 19, 415433 (2017). Copyright 2017 Annual Reviews.

1 Regions of stenosis induce high wall shear rates.

2 von Willebrand factor (vWF) attaches to the wall by adsorption onto collagen or artificial surfaces and unfolds under
high-shear conditions.

3 Shear-enhanced diffusivity transports platelets to the surface and induces a high wall concentration of vWF and platelets

by margination from the jostling red blood cells.

4 Circulating platelets that are not yet activated bind to surface-bound vWF.
5 Activation of adhered platelets release large amounts of vWF locally and activates integrin oy, $3 on the platelets for firm adhesion.
6 VWE nets form on the growing thrombus as platelets are continually captured and activated.
7 The vWF nets rapidly capture billions of platelets that accumulate to form a large thrombus, with possible vessel
occlusion or embolization.
APL Bioeng. 3, 041502 (2019); doi: 10.1063/1.5115554 3, 041502-4
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FIG. 4. Thrombus growth occurs in three phases: phase | (lag phase), phase |l
(rapid platelet accumulation, RPA), and phase Il (occlusion). Reproduced with per-
mission from L. D. C. Casa and D. N. Ku, Annu. Rev. Biomed. Eng. 19, 415-433
(2017). Copyright 2017 Annual Reviews.
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collagen Type VL. The association between Al and GPIbu is criti-
cal to the formation of a platelet rich clot, and recent research suggests
that binding is dependent on shear and tension, not only for elongat-
ing vWF and exposing the A1 domains but also in transforming the
Al domain into a high affinity substrate for GPIba.'’ Since the Al-
GPIbo bond is the first critical step in catching platelet whizzing by the
stenosis in under 5 s, this bond needs to have a high K,, rate, as pre-
viously mentioned in Ref. 9. The A2 domain controls the vVWEF size fol-
lowing excretion. As discussed below, hemodynamic forces can
change the structure of A2, allowing the enzyme ADAMTS13 to cleave
VWE.” The A3 domain is the major binding site for collagen. A3 can
bind to both triple helical and fibrillar collagen Type III, along with

7% and is also regulated by the conformation of the A2

Type I,
domain.'® The C1 domain binds integrin oy, f1y through an Arg-Gly-

(a)
P ﬂ@ m ........
oo, A A2 C1C6 z
VWF
< manam, MAnam,.
VWF concatemers
At
Globular vWF
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Asp (RGD) motif. oyfyyr is an integrin found on the surface of o-
granules, which can bind RGD motifs on ﬁbrinogen or VWF following
platelet activation and integrin presentation.”” Finally, the D'D3
domains bind to and stabilize the coagulation factor FVIIL It is pro-
posed that this link between VWF and the coagulation cascade is the
reason some patients with vWF disorders have bleeding symptoms. "’

vWE is mainly stored in two locations, within the Weibel-Palade
bodies of endothelial cells and within the o-granules of platelets.""**
VWE located in the plasma is secreted from endothelial cells in an
ultralong state (ULvWF) at a basal level in response to factors such as
thrombin or fibrin.**** The ULvWF can weigh over 20 000 kDa with
up to 100 dimers. In the plasma, VWF is typically at a concentration of
10 pg/ml.* This roughly corresponds to ~10000 vWF molecules per
platelet.’® After being secreted, ULVWF can be acted on by
ADAMTSI13, a plasma enzyme that cleaves between a tyrosine and
methionine in the A2 domain.”” Studies have shown that shear stress
is required to unfold the A2 domain and allow ADAMTSI3 to cleave
efficiently.”® The result of cleavage by ADAMTSI13 is the creation of a
spectrum of vVWF lengths (Fig. 5). vVWEF sizes typically range from 1 to
20 dimers with the smaller sizes being more abundant.”® There is
much evidence supporting the theory that beyond the vWF concentra-
tion, the ratio of vVWF sizes plays a large role in regulating activity.”*
Besides the vascular endothelium, vVWEF is also stored in the «-granules
of platelets. The o-granules are secretory vesicles inside the platelets,
which besides VWEF also contain growth factors, fibronectin, and
factor V." Following activation, the vesicles fuse with the platelet mem-
brane, releasing the contents of the o-granules into the plasma. vWF in
a-granules is shown to be at concentrations of 50-fold normal plasma
levels and exists as ULvWEF.”” This means that release from platelets
can significantly increase the local concentration of ULVWF and
increase the rate of platelet accumulation since VWF has been shown to
be the limiting factor in the RPA phase of arterial thrombosis.”

When elongated by shear, vWF multimers in the plasma can
associate with other elongated multimers to generate large struc-
tures.””* Intermolecular disulfide bonding leads to the creation of both
large VWF fibers aligned along the direction of flow and vWF nets

L

Increaslng - “

NP 2A NP TTP

(b)

FIG. 5. Organization and size distribution of VWF. (a) Schematic showing the organization of VWF from functional domains to globular multimers. (b) VWF multimer analysis
comparing pathological conditions: Type 2A von Willebrand’s disease (2A) and thrombotic thrombocytopenic purpura (TTP) to normal pooled plasma (NP). Type 2A is charac-
terized by the lack of high molecular weight vWF, while ULVWF is more prevalent in TTP. The NP lanes for the two gels appear different because of differences in the method
between the gels. Adapted with permission from T. A. Springer, “Von Willebrand factor, Jedi Knight of the bloodstream,” Blood 124, 1412-1425, 2014. Copyright 2014

American Society of Hematology, Clearance Center, Inc.
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covering the surface of the vasculature.”* These fibers form at shear
rates exceeding 5000 s~! and can reach lengths of over 100 um.”* The
fibers bind to multiple platelets, linking platelets that are more than
one VWF multimer length apart. In vitro, these fibers have also been
shown to wrap around posts, grow in length and width, and stretch
due to increased fluid shear force.”' In addition to fibers, vWF net-
works formed by multiple multimers coating a surface are critical to
ensure platelet attachment.” As mentioned above, these vVWF networks
with a high surface density of Al domains are necessary to achieve a
high number of required bonds.” The conformation of the nets is also
critical in dictating available A1 domains. A flat, 2D vWF net exposes
a 0.4 um? area with 1115 Al domains, while a 3D net that forms a
pocket for the platelet to bind can expose a 14.1 um? area with 37 661
Al domains.” Thus, the a-granule released vVWF and the formation of
VWF nets or pockets may be critical to reach the high growth rate
observed during RPA.

Deviations from the physiological vVWF structure, concentration,
or size distributions can lead to a family of diseases called von
Willebrand’s disease (vWD).”” Patients with vWD can suffer from
bleeding pathologies such as gastrointestinal bleeding, eplstams, men-
orrhagia, and bleeding from minor wounds and surgeries.”” However,
vWD patients can also be asymptomatic, discovering their condition
by accident.” In contrast to the increased risk of bleeding, individuals
with the highest levels of vWF have been shown to have an ~2x
increased risk of thrombotic events, such as thromboembolic stroke or
acute myocardial infarction.”* The dual effect of YWD on bleeding and
thrombosis further emphasizes the role that vWF plays alongside
coagulation in balancing blood’s response to abnormal blood flow,
based on shear stress.

V. PATHOLOGICAL FLUID MECHANICS OF BLOOD
FLOW THROUGH STENOSIS

Blood flow through stenotic vessels has been previously reviewed
by Berger and Jou.”” As shown in Fig. 6(a), stenotic channels locally
generate the hydrodynamic conditions needed for the growth of occlu-
sive thrombus. As the vessel diameter constricts, velocity at the steno-
sis increases. The acceleration into the constriction elongates or
stretches the fluid into the stenosis but shrinks it on the downstream
side of the stenosis. The shear rate is the change in velocity away from
the wall or velocity gradient. Wall shear rates at the stenosis can reach
up to 400000 s~!, depending on the stenosis severity and the
proximal-distal pressure drop across the stenosis.” Although the shear

scitation.org/journal/apb

rate is commonly reported because of the complicated viscosity of
blood, it is the shear stress or viscous force per unit area that causes
vWE elongation to initiate high shear thrombus formation. The shear
stress is quantified by multiplying the shear rate by viscosity. A shear
rate gradient refers to the change in the shear rate in the contraction
and expansion regions (Fig. 6). In general, white clot forms preferen-
tially where the shear rate and shear stress are the greatest, namely, the
throat."'~*?*°° In these experiments, the areas of the maximum shear
rate gradient have significantly less thrombus than the throat, where
no shear gradient exists. In a different series of experiments,”””* when
the throat is about 10 um in length, thrombus initially forms in the
throat, but growth appears downstream of the throat in an expansion
region or “shear microgradient.” Note that a shear gradient is also pre-
sent in a converging section where “elongational flow” may be the
greatest. However, this region is typically “not” where the most throm-
bus grows. Instead, the magnitude of the wall shear rate at the throat
of the stenosis, not the presence of shear gradients, is strongly corre-
lated with the observed clot location experimentally” and clinically
when the throat is on the order of 1 mm or longer.

Pulsatility of arterial flows may be another factor that affects arte-
rial thrombosis. However, pulsatility is governed by the Womersley
number, which depends strongly on the radius of the tube. Thus,
microfluidics systems are poorly suited to study temporal changes in
the velocity or shear rate. Full or large-scale models may be necessary
to elucidate the role of pulsatility in thrombosis.

VI. CONFORMATIONAL DYNAMICS OF SINGLE vVWF IN
FLOW

The conformational change of vYWF in blood flow from a globu-
lar state to an elongated state is crucial to a series of arterial thrombosis
relevant processes, including the elevated absorption of vVWF on the
collagen surface,'” the regulation of the VWF size through
ADAMTS13,” the formation of vVWF nets to capture fast transit plate-
lets,””* and so on. Given its significance in regulating arterial thrombo-
sis, the past two decades have witnessed numerous efforts devoted to
understanding the conformational dynamics of single vVWF in flow.
Depending on whether a vWF strand is murally tethered to the wall or
freely suspended in the fluid as shown in Fig. 6(a), its elongation pro-
cess features distinct characteristics in terms of unfolding shear-stress
threshold and maximum multimer extension.

Mural tethering of vVWF is the prerequisite for the subsequent
adhesion of platelets and anchorage of vWEF-platelet aggregates

Low shear

Low shear High shear
© i v

Shearrate: y = —

Shear rate gradient: 2= 2L >0 :

FIG. 6. (a) Blood flow through a stenotic
channel. The velocity profile is blunt due
to the presence of red blood cells (RBCs).

The stenosis region generates a high
shear rate at the wall, leading to unfolding
and potential tethering of plasma VWF
near the wall. Tethered VWF gets fully
stretched. (b) Shear flow can be theoreti-
cally decomposed into a rotational flow
component and an elongational flow
component.
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under high shear. It naturally occurs in vivo when vWF is released
from cells (such as endothelial cells or activated platelets) or when
plasma vWF adheres to collagen at sites of vascular injury.”' Using
atomic force microscopy, Siediecki et al.®" first imaged the three-
dimensional tertiary structure of surface-adhered vVWF subject to
shear flow. They observed the elongation of vVWF occurs at wall
shear stresses of around 35 dyn/cm?. Fu et al.'’ studied the elonga-
tion of wall-tethered VWF using microfluidics with single-
molecule imaging [Fig. 7(a)], showing tethered vVWF requires wall
shear stresses above 20dyn/cm? to initiate elongation and can
gradually reach 100% extension when wall shear stress increases to
1000 dyn/cm?, as shown in Fig. 7(c). Moreover, they found the
longest relaxation time of VWF was weakly dependent on the mul-
timer contour length (~L%%), unlike typical polymers in fluid
(~L®), which suggests there exist other mechanisms besides the
Brownian effect that drives the rapid compaction of vVWF strands
upon decrease in fluid stresses. This finding highlights vWF as a
precise biocontroller for thrombosis, allowing localized elongation
and activation in response to hydrodynamic stresses in hemor-
rhage or thrombogenic sites and rapidly deactivation downstream.

The conformational change of freely suspended vWF [Fig. 7(b)]
was not observed until the last decade by Schneider et al."® using a cir-
culating microfluidics system by a single molecule imaging technique.
Their results reported the shear rate threshold to elongate vVWF about
6000 s~! in plasma (corresponding to a shear stress of ~100dyn/
cm?), which is higher than the unfolding shear-stress threshold for
tethered VWF (20-35dyn/cm?).'”°" Another big difference is that
tethered VWF can be up to 100% elongated, while the average exten-
sion (L/Lg) of suspended vWF, shown in Fig. 7(d), remains below
50%'>** due to tumbling motion induced by the rotational flow com-
ponent of shear flow [Fig. 6(b)].

scitation.org/journal/apb

Mural tethering substantially reduces the vWF unfolding shear-
stress threshold and can lead to 100% extension and formation of
VWE nets that can capture fast transiting platelets under elevated shear
stresses.””*” Although studies focused on lag time phenomena’”'*
show that soluble vWEF plays a critical role in the formation of platelet
aggregates at high shear rates (6000-20000 s~!), much effort should
be devoted to directly addressing the role of tethered vWF and forma-
tion of vVWF nets in thrombosis to understand the biomolecular mech-
anism of explosive platelet accumulation and occlusion.

VIl. COMPUTATIONAL MODELING OF HIGH SHEAR
THROMBOSIS

Computational modeling of high shear thrombus formation is
both fundamentally pivotal in understanding the governing mecha-
nism of arterial thrombosis and practically beneficial in predicting the
location and risk of thrombosis in human and blood contacting devi-
ces. Simulating such fluidized clotting processes requires resolving a
variety of biophysical, biochemical, and computational complexities,
including fluid-solid interactions, transport, and deposition of platelets
and biomolecules into thrombus, ligand-receptor based binding
between active components, large spatiotemporal-scale discrepancy,
and so forth, which make it a grand challenge for computational
modeling.

Instead of modeling all constituents of high shear thrombosis,
phenomenological models'*** predict the occlusive thrombus forma-
tion based on the experimentally determined thrombosis lag time and
the rates of rapid platelet accumulation as functions of shear rate. As a
result, these models can predict large-scale, long-time thrombus for-
mation and occlusion, as shown in Fig. 8(a). Practically, such phenom-
enological models are useful for evaluating the thrombogenic risks and
predicting the occlusion time in diseased arteries or blood contacting

FIG. 7. (a) Elongation of tethered VWF.
Reproduced with permission from Fu et al.,
Nat. Commun. 8, 324-335 (2017).
Copyright 2017 licensed under a Creative
Commons Attribution (CC BY) license. (b)
Unfolding of a freely suspended VWF in a
circulating flow channel. Reproduced with
permission from Schneider et al., Proc. Natl.
Acad. Sci. 104, 7899-7903(2007). Copyright

0.5} (]~ Schmester ot al (2007, L,=30 uam 2007 National Academy of Sciences. (c)
O AexanderKatz ot ol (200€), L o8 ,.m Average extension of a tethered vVWF under
- = —@— L840, Usetal, =30 um different shear stresses. Reproduced with
;? i 0.41 permission from Fu et al., Nat. Commun. 8,
) ~ 324-335 (2017). Copyright 2017 licensed
i ] e under a Creative Commons Attribution (CC
5 g BY) license. (d) Average extension of a sus-
2 7 pended VWF under different shear stresses.
f-‘-’ 5 0.2 Reproduced with permission from Liu et al.,
w % Int. J. Numer. Methods Fluids 91, 228-246
w 0.1 (2019). Copyright 2019 John Wiley & Sons,
Ltd.
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devices.”” However, these models based on experimental measure-
ments lack the ability to provide detailed biomechanistic insights into
high shear thrombosis from first principles.

Continuum models” " treat thrombus growth as a multiphase
problem by calculating the platelet number concentration based on a
set of convection-diffusion-reaction equations [e.g., Fig. 8(b)]. These
models can be efficiently used to predict thrombus formation in mac-
roscopic regimes and investigate the geometric and hemodynamic sen-
sitivities of the high shear thrombosis. However, the applicability of
these models highly relies on accurate constitutive relations such as
the drift diffusivity of platelets and molecules”**” and adhesion/reac-
tion rates of platelets.”’ "> Also, these approaches typically neglect the
discrete nature of thrombus formation and do not consider the anisot-
ropy and heterogeneity of the clot microstructure. Another limitation
is that the scale of continuum models cannot be used to study the
ligand-receptor based platelet-platelet or vWF-platelet interaction for
understanding the mechanism of high shear thrombus formation.

Discrete particle-based models explicitly simulate platelet dynam-
ics and binding”*”>’® and interaction with red blood cells and
walls””** with substantial computational expense; see Fig. 8(c), for
example. Compared to continuum models, the particle-based

APL Bioeng. 3, 041502 (2019); doi: 10.1063/1.5115554
© Author(s) 2019

- 2016 Springer Nature. (b) Formation and
embolization of thrombus near a stenosis.
Reproduced with permission from A. L.
Fogelson and R. D. Guy, Comput.
Methods ~ Appl. Mech. Eng. 197,
2087-2104  (2008). Copyright 2008
Elsevier B.V. (c) Platelet activation and
adhesion at a thrombogenic surface.
Reproduced with permission from A. L.
Fogelson and R. D. Guy, Comput.
Methods ~ Appl. Mech. Eng. 197,
2087-2104  (2008). Copyright 2008
Elsevier B.V. (d) Shear-induced colloid-
polymer aggregate formation at various
shear rates. Reprinted with permission
from Chen et al,, “Blood-clotting-inspired
reversible  polymer-colloid  composite
assembly in flow,” Nat. Commun. 4, 1333.
Copyright 2013 Springer Nature. (e)
Multiscale modeling of complex blood flow
through a microvessel. Reproduced with
permission from Liu et al, Int. J. Numer.
Methods Fluids 91, 228-246 (2019).
Copyright 2019 John Wiley & Sons, Ltd.

approach can predict the thrombus structure down to cellular scales.
However, most of the efforts have directly considered platelet-platelet
adhesion without including vWF. As a result, these models cannot
explain some critical mechanisms of high shear thrombosis such as
the shear-dependence of the thrombus accumulation rate; 7>
instead, this type of information is often incorporated into the platelet
adhesion model to render shear-dependent platelet accumulation.””
Recently, several multiscale particle-based approaches' ™"
have been developed to directly incorporate nanoscale vVWF molecules
with microscale cells in order to tackle thrombosis. Chen et al.*" simu-
lated shear-induced polymer-colloid aggregation mimicking vWE-
platelet aggregates using a coupled lattice-Boltzmann (LB) and
Brownian dynamics method. Their results captured the shear-
dependent microstructures of the aggregates, as shown in Fig. 8(d)—
the low shear rate induces streamwise and loose aggregates; the inter-
mediate shear rate leads to compact and circular aggregates; the high
shear rate leads to cross-stream log-shape aggregates. Rack et al."”
studied vVWF margination in tubular blood using a dissipative particle
dynamics (DPD) method, showing the globular conformation of vVWF
under low shear is important for its margination toward the wall and
enables its further tethering and unfolding at the wall. Liu et al.”>*
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developed a two-way coupled LB and Langevin-dynamics (LB-LD)
approach to simulate the multiscale blood constituents in flow. The
LB-LD approach can seamlessly simulate the dynamics and interac-
tions of vVWF, and platelets and red blood cells flow through microves-
sels under physiological and pathological conditions, as shown in Fig.
8(e). The LB-LD approach was recently used to study the effect of
charged nanoparticles (CNPs) on the inhibition of thrombosis,”
where CNPs were found to induce recoil of vVWF under high shear due
to the electrostatic interactions between CNP and vWE."’

Substantial effort has been made to simulate high shear thrombo-
sis over the past two decades, and yet, a predictive and fundamentally
informative model that can tackle occlusive thrombosis remains to be
developed. Given the crucial role of vVWF in high shear thrombosis,
incorporating vWF or its effects into the model poses an opportunity
as well as a challenge toward the development of first-principles based
models that can potentially lead to better biomechanistic understand-
ing of the occlusive thrombus formation and direct the design of
experimental work. The development of such multidisciplinary models
also calls for closer communication among researchers in biology,
computer science, physics, chemistry, and medical research areas.

VIll. POTENTIAL VWF TARGETING THERAPIES

Given the critical role of vWF in arterial thrombosis, it is a natu-
ral potential target for preventing the RPA associated with ischemic
events like heart attacks and strokes. While traditional antithrombotic
agents typically focus on preventing platelet activation or inactivating
factors in the coagulation cascade, they are associated with an
increased risk of bleeding and can therefore be dangerous if adminis-
tered inappropriately.”* A vWF-targeted therapy has the potential to
overcome this current shortcoming of these drugs and act orthogo-
nally without affecting many other platelet functions.

As the physiological enzyme responsible for cleaving vWE,
ADAMTSI13 is a natural first choice for targeting vVWF. It has been
shown that low levels of ADAMTSI13 are associated with increased
risks of arterial thrombosis.”” However, the results from experiments
attempting to prevent clot formation or lyse clots after formation have
been mixed. In one experiment, ADAMTSI3 failed to cause VWF
strings to dissociate; but it was shown to reduce the size of tissue plas-
minogen activator (tPA) resistant clots in mice.”"*® Further work is
needed to determine the practicality of using ADAMTSI3 for prevent-
ing and treating arterial thrombosis.

Another proposed method of targeting vVWF comes from the
observation that patients on extracorporeal membrane oxygenator
(ECMO) circuits can cause the temporary loss of high molecular
weight vVWF multimers, a sort of acquired Type ITA vWD.*” This is
also seen in patients with severe valve stenoses and other types of
pumps.” A hypothesis is that vYWF shortening is caused by exposing
the blood to high shears since the blood in pumps can experience
shears between 500 and 2500 dyn/cm™"’ The loss of long multimers is
correlated with increased bleeding, and treatment involves delivering
both vWF and FVIII together.”””" While the shear stresses are high
enough to cause platelet activation, devices like extracorporeal circuits
could be used to decrease the size of an individual’s VWF.

A new method of targeting vVWF to prevent arterial thrombosis
involves the use of charged nanoparticles (CNPs). Computational
modeling of VWF predicted that while vVWF naturally transitions from
globular to partially elongated forms under flow, the addition of

scitation.org/journal/apb

negatively charged particles could cause vVWEF to favor a globular state,
with very few A1 domains exposed for binding.*” The A1 domains of
vWE have a positive charge, which helps Al electrostatically attract
the negatively charged GPIbx receptors.'” Testing this prediction, it
has recently been shown computationally that the addition of nega-
tively charged nanoparticles may reduce the rate of platelet accumula-
tion.”” Recently, we have shown that CNPs have indeed prolonged
occlusion times in whole blood.”” More research is needed to explain
this behavior and optimize efficacy in vivo.

Finally, there is the potential to target specific domains in vVWF
with antagonists that prevent platelet binding. This could potentially
overcome the bleeding complications involved with platelet targeting
molecules. An example would be antibodies targeting the A1 domain,
such as ALX-0081 (Caplacizumab).”” In a baboon modified Folts
model, monoclonal antibodies against A1 were shown to be as effec-
tive as antiplatelets in preventing clot formation and led to less bleed-
ing from a standardized wound.”” Another promising vWEF-targeted
therapy is the aptamers developed in Ref. 93. These aptamers have
been designed to have a high affinity for vWF, and as a result, they
observe a significant reduction in platelet accumulation. Interestingly,
the aptamers are also able to recanalize occluded vessels that had stabi-
lized for 20 min. While the aptamer did cause an increase in bleeding
times, the complementary antidote was able to reverse the increase
effect on bleeding within 5 min. These findings support specific VWF
antagonists as a viable way to prevent and treat arterial thrombosis.

IX. FUTURE DIRECTIONS

Over the past two decades, substantial progress has been made in
understanding the high-shear thrombosis and how vWF plays a piv-
otal role throughout the full spectrum of thrombus formation.
However, there are still big unanswered questions surrounding vWF.
Listed below are some of the topics that future research can aim to
answer.

What aspects of YWF function play a different role in arterial
thrombosis compared to hemostasis? While the role of vVWF in unfold-
ing and binding platelets in high shear conditions has been character-
ized, its role in hemostasis is less clear and compounded by the
relationship between vVWF and FVIIL This would be important to con-
sider when treating patients with vVWD, who sometimes present with
excessive bleeding. Another challenge in answering this question is
that “bleeding” is a broad term and the conditions during bleeding,
which lead to hemostasis, are poorly defined. A bleed from an arterial
laceration is quite different from a mucosal bleed or bruising from
capillaries. Widely different shear stresses and resistances are involved,
the blood contacts different surfaces, and the bleeding can be directly
out of the end of the lumen of a high-pressure artery or through the
wall of a venule. Multiple groups are working on designing better
microfluidic systems for small-scale in vitro testing.”* °° More research
to better classify types of bleeding and develop standardized models of
each type is crucial for untangling the mechanisms in hemostasis.

How do the vWF concentration, size, and origin interplay affect
the blood’s ability to create occlusive clots in vivo? One of the most
common assays for vVWF is the vVWF antigen test, but this test fails to
provide any insight into multimer size or functionality. Western blots
are able to distinguish abnormalities in multimer size, but they are not
simple or common and have difficulty in identifying the larger sizes of
vWE. Many vWF studies focus on plasma vWF, but recent research
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suggests the VWF released from platelets plays an important role in
increasing local vVWF concentrations to speed clot formation and clot
stabilization.”””” Further research into the molecular mechanisms for
packaging vVWF into a-granules and triggering the release of «-gran-
ules could lead to therapeutics that reduce the amount of VWF released
by platelets without globally inhibiting platelet activation.

Can we balance thrombosis and bleeding risk by controlling the
vWF length? ULVWF strands increase the risk of a major adverse car-
diac event (MACE) occurring, but the substantial reduction in the
VWE size can cause acquired vWD and bleeding, Studies by Fu et al."’
have shown that the length can affect folding kinetics and drag forces
felt by a tethered vVWF molecule. Along with the observation that
patients on external pumps experience a reduction in the vVWF length,
this suggests that the vVWF length might be a variable that we can alter
to lower the risk of MACE. Computational models can combine these
observations to model if shortening average vVWF lengths will increase
the necessary shear rate threshold and lower the rate of thrombus
growth. Then, the question becomes can we verify the predictions with
experiments and how do we properly adjust the balance of the vVWF
length to reduce the risk of mortality for patients?

Can we develop simple small molecule drugs to antagonistically
target VWF? The majority of current antithrombotic agents target pla-
telets and platelet activation, and it is not surprising that these drugs
also affect coagulation and hemostasis. YWF targeted drugs can poten-
tially overcome this limitation. Current work with antibodies and
CNPs supports the validity of these treatments but comes with a large
price tag. The development of small molecule drugs acting on vVWF
could provide a more efficacious way to prevent MACE while not
causing life-threatening bleeding.

The ultimate goal of this research is developing therapies to pre-
vent and treat arterial thrombosis. As the field answers these and other
questions, we will continue to build our understanding of the mecha-
nisms of thrombosis and hemostasis and the difference between them
to better design and optimize novel diagnostics and treatments.

X. SUMMARY

Shear stress from blood flow causes vVWF to transition from a
globular form to an elongated form. This change in the tertiary struc-
ture of vWF allows it to dynamically respond to local pathological
hemodynamic conditions. Elongated vWF self-associates into nets
almost instantaneously and binds to both collagen and platelets. White
clots can form to occlude major arteries, leading to heart attack and
stroke. The measurement of detailed mechanical of vWF may allow us
to model its behavior in flow and use those models to predict clot for-
mation. As the crucial protein for arterial thrombosis, VWF targeting
may provide a method for selectively preventing stenotic occlusion
without concomitant bleeding.

As we move to develop future treatments, we may extend beyond
describing the behavior of vVWEF to determine the factors that control
its behavior. A more complete mechanism of occlusive arterial throm-
bosis, thrombolysis, and hemostasis may reveal possible new interven-
tions. Biomechanistic, computational models that predict the effects of
these many interventions may create a list of novel promising treat-
ments. VWF plays a key role in preventing and treating life-
threatening heart attacks and strokes.

REVIEW scitation.org/journal/apb

REFERENCES

'S. P. Jackson, “The growing complexity of platelet aggregation,” Blood 109,
5087-5095 (2007).

2D. L. Bark, Jr. and D. N. Ku, “Wall shear over high degree stenoses pertinent to
atherothrombosis,” J. Biomech. 43, 2970-2977 (2010).

5L. D. Casa, D. H. Deaton, and D. N. Ku, “Role of high shear rate in
thrombosis,” . Vasc. Surg. 61, 1068-1080 (2015).

“]. B. Lefkowitz, “Coagulation pathway and physiology,” An Algorithmic Approach
to Hemostasis Testing (College of American Pathologists, 2008), Vol. 1, pp. 3-12.

5y. Cadroy, T. Horbett, and S. Hanson, “Discrimination between platelet-
mediated and coagulation-mediated mechanisms in a model of complex
thrombus formation in vivo,” J. Lab. Clin. Med. 113, 436-448 (1989).

8]. D. Hellums, “1993 Whitaker Lecture: Biorheology in thrombosis research,”
Ann. Biomed. Eng. 22, 445-455 (1994).

77. M. Ruggeri, J. N. Orje, R. Habermann, A. B. Federici, and A. J. Reininger,
“Activation-independent platelet adhesion and aggregation under elevated
shear stress,” Blood 108, 1903-1910 (2006).

8L. Casa, S. Gillespie, S. Meeks, and D. Ku, “Relative contributions of von
Willebrand factor and platelets in high shear thrombosis,” J. Hematol.
Thromboembolic Dis. 4, 1000249 (2016).

°P. J. Wellings and D. N. Ku, “Mechanisms of platelet capture under very high
shear,” Cardiovasc. Eng. Technol. 3, 161-170 (2012).

°H. Fu, Y. Jiang, D. Yang, F. Scheiflinger, W. P. Wong, and T. A. Springer,
“Flow-induced elongation of von Willebrand factor precedes tension-
dependent activation,” Nat. Commun. 8, 324-335 (2017).

"D. N. Ku and C. J. Flannery, “Development of a flow-through system to create
occluding thrombus,” Biorheology 44, 273-284 (2007).

12M. Mehrabadi, L. D. Casa, C. K. Aidun, and D. N. Ku, “A predictive model of
high shear thrombus growth,” Ann. Biomed. Eng. 44, 2339-2350 (2016).

3A. Para, D. Bark, A. Lin, and D. Ku, “Rapid platelet accumulation leading to
thrombotic occlusion,” Ann. Biomed. Eng. 39, 1961-1971 (2011).

K. S. Sakariassen, W. P. Houdijk, J. J. Sixma, P. A. Aarts, and P. G. de Groot, “A
perfusion chamber developed to investigate platelet interaction in flowing blood
with human vessel wall cells, their extracellular matrix, and purified
components,” J. Lab. Clin. Med. 102, 522-535 (1983).

15K. Rack, V. Huck, M. Hoore, D. A. Fedosov, S. W. Schneider, and G. Gompper,
“Margination and stretching of von Willebrand factor in the blood stream
enable adhesion,” Sci. Rep. 7, 14278 (2017).

16W. Wei, C. Dong, M. Morabito, X. Cheng, X. F. Zhang et al., “Coarse-grain
modeling of shear-induced binding between von Willebrand Factor and
collagen,” Biophys. J. 114, 1816-1829 (2018).

175. A. Santoro, “Adsorption of von Willebrand factor/factor VIII by the geneti-
cally distinct interstitial collagens,” Thromb. Res. 21, 689-693 (1981).

183, W. Schneider, S. Nuschele, A. Wixforth, C. Gorzelanny, A. Alexander-Katz
et al., “Shear-induced unfolding triggers adhesion of von Willebrand factor
fibers,” Proc. Natl. Acad. Sci. 104, 7899-7903 (2007).

19p_ A. Aarts, P. Steendijk, J. J. Sixma, and R. M. Heethaar, “Fluid shear as a pos-
sible mechanism for platelet diffusivity in flowing blood,” J. Biomech. 19,
799-805 (1986).

20p, A. Aarts, S. A. van den Broek, G. W. Prins, G. D. Kuiken, J. J. Sixma, and R.
M. Heethaar, “Blood platelets are concentrated near the wall and red blood cells,
in the center in flowing blood,” Arteriosclerosis 8, 819-824 (1988).

2T, Yago, J. Lou, T. Wu, J. Yang, J. J. Miner ef al., “Platelet glycoprotein Iba
forms catch bonds with human WT vWF but not with type 2B von Willebrand
disease VWE,” J. Clin. Invest. 118, 3195-3207 (2008).

22E, W. Davie, K. Fujikawa, and W. Kisiel, “The coagulation cascade: Initiation,
maintenance, and regulation,” Biochemistry 30, 10363-10370 (1991).

23K J. Ashworth, D. A. Kim, J. Di Paola, and D. Ku, “Critical role of platelet-
derived vWF in acute occlusion of stenosed arteries,” J. Thromb. Haemostasis
3, 552 (2019).

24T, V. Colace and S. L. Diamond, “Direct observation of von Willebrand fac-
tor elongation and fiber formation on collagen during acute whole blood
exposure to pathological flow,” Arterioscler,, Thromb., Vasc. Biol. 33,
105-113 (2013).

251, D. C. Casa and D. N. Ku, “Thrombus formation at high shear rates,” Annu.
Rev. Biomed. Eng. 19, 415-433 (2017).

APL Bioeng. 3, 041502 (2019); doi: 10.1063/1.5115554
© Author(s) 2019

3, 041502-10


https://doi.org/10.1182/blood-2006-12-027698
https://doi.org/10.1016/j.jbiomech.2010.07.011
https://doi.org/10.1016/j.jvs.2014.12.050
https://doi.org/10.1007/BF02367081
https://doi.org/10.1182/blood-2006-04-011551
https://doi.org/10.4172/2329-8790.1000249
https://doi.org/10.4172/2329-8790.1000249
https://doi.org/10.1007/s13239-012-0086-6
https://doi.org/10.1038/s41467-017-00230-2
https://doi.org/10.1007/s10439-016-1550-5
https://doi.org/10.1007/s10439-011-0296-3
https://doi.org/10.1038/s41598-017-14346-4
https://doi.org/10.1016/j.bpj.2018.02.017
https://doi.org/10.1016/0049-3848(81)90272-3
https://doi.org/10.1073/pnas.0608422104
https://doi.org/10.1016/0021-9290(86)90130-2
https://doi.org/10.1161/01.ATV.8.6.819
https://doi.org/10.1172/JCI35754
https://doi.org/10.1021/bi00107a001
https://doi.org/10.1002/rth2.12229
https://doi.org/10.1161/ATVBAHA.112.300522
https://doi.org/10.1146/annurev-bioeng-071516-044539
https://doi.org/10.1146/annurev-bioeng-071516-044539
https://scitation.org/journal/apb

APL Bioengineering

26D, M. Wootton and D. N. Ku, “Fluid mechanics of vascular systems, diseases,
and thrombosis,” Annu. Rev. Biomed. Eng. 1, 299-329 (1999).

275, Kobayashi, M. Komatsu, and D. Ku, “Convection through platelet thrombi,”
J. Thromb. Haemostasis 1, 1278 (2017).

28M. Furlan, “Von Willebrand factor: Molecular size and functional activity,”
Ann. Hematol. 72, 341-348 (1996).

2%W. E. Fowler, L. J. Fretto, K. K. Hamilton, H. P. Erickson, and P. A. McKee,
“Substructure of human von Willebrand factor,” . Clin. Invest. 76, 1491-1500
(1985).

39D, D. Wagner, S. O. Lawrence, B. M. Ohlsson-Wilhelm, P. J. Fay, and V. J.
Marder, “Topology and order of formation of interchain disulfide bonds in
von Willebrand factor,” Blood 69, 27-32 (1987).

31T, A. Springer, “Von Willebrand factor, Jedi knight of the bloodstream,” Blood
124, 1412-1425 (2014).

324, Katsumi, E. A. Tuley, I. Bodé, and J. E. Sadler, “Localization of disulfide
bonds in the cystine knot domain of human von Willebrand factor,” J. Biol.
Chem. 275, 25585-25594 (2000).

53], Emsley, M. Cruz, R. Handin, and R. Liddington, “Crystal structure of the von
Willebrand factor A1 domain and implications for the binding of platelet gly-
coprotein Ib,” J. Biol. Chem. 273, 10396-10401 (1998).

347. M. Ruggeri, “Von Willebrand factor,” J. Clin. Invest. 99, 559-564 (1997).

35M. F. Hoylaerts, H. Yamamoto, K. Nuyts, I. Vreys, H. Deckmyn, and J.
Vermylen, “Von Willebrand factor binds to native collagen VI primarily via its
Al domain,” Biochem. J. 324, 185-191 (1997).

36K. Kokame, M. Matsumoto, Y. Fujimura, and T. Miyata, “VWEF73, a region
from D1596 to R1668 of von Willebrand factor, provides a minimal substrate
for ADAMTS-13,” Blood 103, 607-612 (2004).

37H. L. Lankhof, M. van Hoeij, M. E. Schiphorst, M. Bracke, Y.-P. Wu et al., “A3
domain is essential for interaction of von Willebrand factor with collagen type
IIL,” Thromb. Haemostasis 75, 950-958 (1996).

38K. Vanhoorelbeke, H. Depraetere, R. A. Romijn, E. G. Huizinga, M. De
Maeyer, and H. Deckmyn, “A consensus tetrapeptide selected by phage display
adopts the conformation of a dominant discontinuous epitope of a monoclonal
anti-VWF antibody that inhibits the von Willebrand factor-collagen inter-
action,” J. Biol. Chem. 278, 37815-37821 (2003).

39A. Matzdorff and R. Voss, “Upregulation of GP IIb/IlIa receptors during plate-
let activation: Influence on efficacy of receptor blockade,” Thromb. Res. 117,
307-314 (2006).

493 Jorieux, C. Gaucher, J. Goudemand, and C. Mazurier, “A novel mutation in
the D3 domain of von Willebrand factor markedly decreases its ability to bind
factor VIII and affects its multimerization,” Blood 92, 4663-4670 (1998).

“L, Sporn, S. Chavin, V. Marder, and D. Wagner, “Biosynthesis of von
Willebrand protein by human megakaryocytes,” J. Clin. Invest. 76, 1102-1106
(1985).

“2D. D. Wagner, J. Olmsted, and V. J. Marder, “Immunolocalization of von
Willebrand protein in Weibel-Palade bodies of human endothelial cells,” J. Cell
Biol. 95, 355-360 (1982).

3] A. Ribes, C. W. Francis, and D. D. Wagner, “Fibrin induces release of von
Willebrand factor from endothelial cells,” . Clin. Invest. 79, 117-123 (1987).
44K M. Valentijn, J. E. Sadler, J. A. Valentijn, J. Voorberg, and J. Eikenboom,
“Functional architecture of Weibel-Palade bodies,” Blood 117, 5033-5043

(2011).

“SA. Borchiellini, K. Fijnvandraat, J. W. ten Cate, D. Pajkrt, S. Van Deventer
et al, “Quantitative analysis of von Willebrand factor propeptide release
in vivo: Effect of experimental endotoxemia and administration of 1-deamino-
8-D-arginine vasopressin in humans,” Blood 88, 2951-2958 (1996).

63, Lippok, T. Obser, J. P. Miiller, V. K. Stierle, M. Benoit et al, “Exponential
size distribution of von Willebrand factor,” Biophys. J. 105, 1208-1216 (2013).

“7]. A. Dent, S. D. Berkowitz, J. Ware, C. K. Kasper, and Z. M. Ruggeri,
“Identification of a cleavage site directing the immunochemical detection of
molecular abnormalities in type IIA von Willebrand factor,” Proc. Natl. Acad.
Sci. 87, 6306-6310 (1990).

48] F. Dong, J. L. Moake, L. Nolasco, A. Bernardo, W. Arceneaux et al.,
“ADAMTS-13 rapidly cleaves newly secreted ultralarge von Willebrand factor
multimers on the endothelial surface under flowing conditions,” Blood 100,
4033-4039 (2002).

REVIEW scitation.org/journal/apb

“9p, Blair and R. Flaumenhaft, “Platelet «-granules: Basic biology and clinical
correlates,” Blood Rev. 23, 177-189 (2009).

5OM. Fernandez, M. H. Ginsberg, Z. M. Ruggeri, F. J. Batlle, and T. S.
Zimmerman, “Multimeric structure of platelet factor VIII/von Willebrand fac-
tor: The presence of larger multimers and their reassociation with thrombin-
stimulated platelets,” Blood 60, 1132-1138 (1982).

5'B. A. Herbig and S. L. Diamond, “Pathological VWF fibers resist tPA and
ADAMTS13 while promoting the contact pathway and shear-induced platelet
activation,” J. Thromb. Haemostasis 13, 1699 (2015).

52A. Totonchi, Y. Eshraghi, D. Beck, K. McCrae, and B. Guyuron, “Von
Willebrand disease: Screening, diagnosis, and management,” Aesthetic Surg. J.
28, 189-194 (2008).

53C. Ng, D. G. Motto, and J. Di Paola, “Diagnostic approach to von Willebrand
disease,” Blood 125, 2029-2037 (2015).

54C. Zhong, M. Xin, L. He, G. Sun, and F. Shen, “Prognostic value of von
Willebrand factor in patients with atrial fibrillation: A meta-analysis,”
Medicine 97, 11269 (2018).

55g, Berger and L.-D. Jou, “Flows in stenotic vessels,” Annu. Rev. Fluid Mech. 32,
347-382 (2000).

56A. N. Para and D. N. Ku, “A low-volume, single pass in-vitro system of high
shear thrombosis in a stenosis,” Thromb. Res. 131, 418-424 (2013).

S7W. S. Nesbitt, E. Westein, F. ]. Tovar-Lopez, E. Tolouei, A. Mitchell ef al, “A
shear gradient-dependent platelet aggregation mechanism drives thrombus
formation,” Nat. Med. 15, 665 (2009).

58K, Westein, A. D. van der Meer, M. . Kuijpers, J.-P. Frimat, A. van den Berg,
and J. W. Heemskerk, “Atherosclerotic geometries exacerbate pathological
thrombus formation poststenosis in a von Willebrand factor-dependent man-
ner,” Proc. Natl. Acad. Sci. 110, 1357-1362 (2013).

59D. Kim, C. Lauren, and D. Ku, “Arterial thrombosis depends on shear rate
more than shear rate gradient,” ]. Thromb. Haemostasis 2, 239 (2018).

€97, Tao, Y. Peng, L. Nolasco, S. Cal, C. Lopez-Otin et al., “Recombinant CUB-1
domain polypeptide inhibits the cleavage of ULVWF strings by ADAMTS13
under flow conditions,” Blood 106, 4139-4145 (2005).

61C. Siediecki, B. J. Lestini, K. Kottke-Marchant, S. J. Eppell, D. L. Wilson, and R.
E. Marchant, “Shear-dependent changes in the three-dimensional structure of
human von Willebrand factor,” Blood 88, 2939-2950 (1996).

®2A. Alexander-Katz, M. F. Schneider, S. W. Schneider, A. Wixforth, and R. R.
Netz, “Shear-flow-induced unfolding of polymeric globules,” Phys. Rev. Lett.
97, 138101 (2006).

637 Liu, Y. Zhu, J. R. Clausen, J. B. Lechman, R. R. Rao, and C. K. Aidun,
“Multiscale method based on coupled lattice-Boltzmann and Langevin-
dynamics for direct simulation of nanoscale particle/polymer suspensions in
complex flows,” Int. J. Numer. Methods Fluids 91, 228-246 (2019).

64D, L. Bark, Jr., A. N. Para, and D. N. Ku, “Correlation of thrombosis growth
rate to pathological wall shear rate during platelet accumulation,” Biotechnol.
Bioeng. 109, 2642-2650 (2012).

®5K. Leiderman and A. L. Fogelson, “The influence of hindered transport on the
development of platelet thrombi under flow,” Bull. Math. Biol. 75, 1255-1283
(2013).

®€A. L. Fogelson and R. D. Guy, “Immersed-boundary-type models of intravas-
cular platelet aggregation,” Comput. Methods Appl. Mech. Eng. 197,
2087-2104 (2008).

S7H. Hosseinzadegan and D. K. Tafti, “Prediction of thrombus growth: Effect of
stenosis and Reynolds number,” Cardiovasc. Eng. Technol. 8, 164-181 (2017).
8. Zydney and C. Colton, “Augmented solute transport in the shear flow of a

concentrated suspension,” Physicochem. Hydrodyn. 10, 77-96 (1988).

€97, Liy, J. R. Clausen, R. R. Rao, and C. K. Aidun, “Nanoparticle diffusion in
sheared cellular blood flow,” J. Fluid Mech. 871, 636-667 (2019).

7OM. J. Maxwell, E. Westein, W. S. Nesbitt, S. Giuliano, S. M. Dopheide, and S. P.
Jackson, “Identification of a 2-stage platelet aggregation process mediating
shear-dependent thrombus formation,” Blood 109, 566-576 (2007).

7IE. S. Babushkina, N. M. Bessonov, F. I. Ataullakhanov, and M. A. Panteleev,
“Continuous modeling of arterial platelet thrombus formation using a spatial
adsorption equation,” PLoS One 10, e0141068 (2015).

72F, Storti, T. H. S. van Kempen, and F. N. van de Vosse, “A continuum model
for platelet plug formation and growth,” Int. J. Numer. Methods Biomed. Eng.
30, 634-658 (2014).

APL Bioeng. 3, 041502 (2019); doi: 10.1063/1.5115554
© Author(s) 2019

3, 041502-11


https://doi.org/10.1146/annurev.bioeng.1.1.299
https://doi.org/10.1002/rth2.12012
https://doi.org/10.1007/s002770050184
https://doi.org/10.1172/JCI112129
https://doi.org/10.1182/blood.V69.1.27.27
https://doi.org/10.1182/blood-2014-05-378638
https://doi.org/10.1074/jbc.M002654200
https://doi.org/10.1074/jbc.M002654200
https://doi.org/10.1074/jbc.273.17.10396
https://doi.org/10.1172/JCI119195
https://doi.org/10.1042/bj3240185
https://doi.org/10.1182/blood-2003-08-2861
https://doi.org/10.1055/s-0038-1650400
https://doi.org/10.1074/jbc.M304289200
https://doi.org/10.1016/j.thromres.2005.03.007
https://doi.org/10.1182/blood.V92.12.4663
https://doi.org/10.1172/JCI112064
https://doi.org/10.1083/jcb.95.1.355
https://doi.org/10.1083/jcb.95.1.355
https://doi.org/10.1172/JCI112771
https://doi.org/10.1182/blood-2010-09-267492
https://doi.org/10.1182/blood.V88.8.2951.bloodjournal8882951
https://doi.org/10.1016/j.bpj.2013.07.037
https://doi.org/10.1073/pnas.87.16.6306
https://doi.org/10.1073/pnas.87.16.6306
https://doi.org/10.1182/blood-2002-05-1401
https://doi.org/10.1016/j.blre.2009.04.001
https://doi.org/10.1182/blood.V60.5.1132.1132
https://doi.org/10.1111/jth.13044
https://doi.org/10.1016/j.asj.2007.12.002
https://doi.org/10.1182/blood-2014-08-528398
https://doi.org/10.1097/MD.0000000000011269
https://doi.org/10.1146/annurev.fluid.32.1.347
https://doi.org/10.1016/j.thromres.2013.02.018
https://doi.org/10.1038/nm.1955
https://doi.org/10.1073/pnas.1209905110
https://doi.org/10.1002/rth2.12125
https://doi.org/10.1182/blood-2005-05-2029
https://doi.org/10.1182/blood.V88.8.2939.bloodjournal8882939
https://doi.org/10.1103/PhysRevLett.97.138101
https://doi.org/10.1002/fld.4752
https://doi.org/10.1002/bit.24537
https://doi.org/10.1002/bit.24537
https://doi.org/10.1007/s11538-012-9784-3
https://doi.org/10.1016/j.cma.2007.06.030
https://doi.org/10.1007/s13239-017-0304-3
https://doi.org/10.1017/jfm.2019.320
https://doi.org/10.1182/blood-2006-07-028282
https://doi.org/10.1371/journal.pone.0141068
https://doi.org/10.1002/cnm.2623
https://scitation.org/journal/apb

APL Bioengineering

73A. Yazdani, H. Li, J. D. Humphrey, and G. E. Karniadakis, “A general shear-
dependent model for thrombus formation,” PLoS Comput. Biol. 13, 1005291
(2017).

741, V. Pivkin, P. D. Richardson, and G. Karniadakis, “Blood flow velocity effects
and role of activation delay time on growth and form of platelet thrombi,”
Proc. Natl. Acad. Sci. 103, 17164-17169 (2006).

75p, Zhang, C. Gao, N. Zhang, M. J. Slepian, Y. Deng, and D. Bluestein,
“Multiscale particle-based modeling of flowing platelets in blood plasma using
dissipative particle dynamics and coarse grained molecular dynamics,” Cell.
Mol. Bioeng. 7, 552-574 (2014).

76p. Zhang, N. Zhang, Y. Deng, and D. Bluestein, “A multiple time stepping algo-
rithm for efficient multiscale modeling of platelets flowing in blood plasma,”
J. Comput. Phys. 284, 668-686 (2015).

77H. Zhao, E. S. G. Shagfeh, and V. Narsimhan, “Shear-induced particle migra-
tion and margination in a cellular suspension,” Phys. Fluids 24, 011902 (2012).

78M. Mehrabadi, D. N. Ku, and C. K. Aidun, “Effects of shear rate, confinement,
and particle parameters on margination in blood flow,” Phys. Rev. E 93,
023109 (2016).

79D, A. Reasor, Jr., M. Mehrabadi, D. N. Ku, and C. K. Aidun, “Determination of
critical parameters in platelet margination,” Ann. Biomed. Eng. 41, 238-249
(2013).

897, Liu, J. R. Clausen, R. R. Rekha, and C. K. Aidun, “A unified analysis of
nano-to-microscale particle dispersion in tubular blood flow,” Phys. Fluids 31,
081903 (2019).

81H. Chen, M. A. Fallah, V. Huck, J. I. Angerer, A. ]. Reininger et al, “Blood-clot-
ting-inspired reversible polymer-colloid composite assembly in flow,” Nat.
Commun. 4, 1333 (2013).

827, Liu, Y. Zhuy, R. R. Rao, J. R. Clausen, and C. K. Aidun, “Nanoparticle trans-
port in cellular blood flow,” Comput. Fluids 172, 609-620 (2018).

835M. T. Griffin, Y. Zhu, Z. Liu, C. K. Aidun, and D. N. Ku, “Inhibition of high
shear arterial thrombosis by charged nanoparticles,” Biomicrofluidics 12,
042210 (2018).

84p_ B. Berger, D. L. Bhatt, V. Fuster, P. G. Steg, K. A. A. Fox et al,, “Bleeding
complications with dual antiplatelet therapy among patients with stable vascu-
lar disease or risk factors for vascular disease,” Circulation 121, 2575-2583
(2010).

85M. A. Sonneveld, M. P. de Maat, and F. W. Leebeek, “Von Willebrand factor
and ADAMTS13 in arterial thrombosis: A systematic review and meta-analy-
sis,” Blood Rev. 28, 167-178 (2014).

REVIEW scitation.org/journal/apb

86F, Denorme, F. Langhauser, L. Desender, A. Vandenbulcke, H. Rottensteiner
et al, “ADAMTS13-mediated thrombolysis of t-PA-resistant occlusions in
ischemic stroke in mice,” Blood 127, 2337-2345 (2016).

87], Kalbhenn, A. Schlagenhauf, S. Rosenfelder, A. Schmutz, and B. Zieger,
“Acquired von Willebrand syndrome and impaired platelet function during
venovenous extracorporeal membrane oxygenation: Rapid onset and fast
recovery,” J. Heart Lung Transplant. 37, 985-991 (2018).

88, Tiede, “Diagnosis and treatment of acquired von Willebrand syndrome,”
Thromb. Res. 130, S2-S6 (2012).

891, P. Chua, B. Su, T. M. Lim, and T. Zhou, “Numerical simulation of an axial
blood pump,” Artif. Organs 31, 560-570 (2007).

9OR. Sasaki, Y. Horimoto, J. Mizuno, Y. Edahiro, T. Ohmori et al,
“Administration of plasma-derived coagulation factor VIII during the periop-
erative period of mastectomy for breast cancer with acquired von Willebrand
syndrome,” Surg. Case Rep. 4, 118 (2018).

911, Valerio, P. L. Tran, J. Sheriff, W. Brengle, R. Ghosh et al., “Aspirin has lim-
ited ability to modulate shear-mediated platelet activation associated with ele-
vated shear stress of ventricular assist devices,” Thromb. Res. 140, 110-117
(2016).

92Y. Ulrichts, K. Silence, A. Schoolmeester, P. de Jaegere, S. Rossenu et al.,
“Antithrombotic drug candidate ALX-0081 shows superior preclinical efficacy
and safety compared with currently marketed antiplatelet drugs,” Blood 118,
757-765 (2011).

935, M. Nimjee, D. Dornbos I1I, G. A. Pitoc, D. G. Wheeler, J. M. Layzer et al.,
“Preclinical development of a vVWF aptamer to limit thrombosis and engen-
der arterial recanalization of occluded vessels,” Mol. Ther. 27, 1228-1241
(2019).

9%y, Sakurai, E. T. Hardy, B. Ahn, R. Tran, M. E. Fay et al, “A microengineered
vascularized bleeding model that integrates the principal components of
hemostasis,” Nat. Commun. 9, 509 (2018).

95T, V. Colace, G. W. Tormoen, O. J. McCarty, and S. L. Diamond,
“Microfluidics and coagulation biology,” Annu. Rev. Biomed. Eng. 15, 283-303
(2013).

96R. Schoeman, K. Rana, N. Danes, M. Lehmann, J. Di Paola ef al., “A microflui-
dic model of hemostasis sensitive to platelet function and coagulation,” Cell.
Mol. Bioeng. 10, 3-15 (2017).

97C. Deppermann, P. Nurden, A. T. Nurden, B. Nieswandt, and D. Stegner, “The
Nbeal2™'~ mouse as a model for the gray platelet syndrome,” Rare Dis. 1,
3331-3342 (2013).

APL Bioeng. 3, 041502 (2019); doi: 10.1063/1.5115554
© Author(s) 2019

3, 041502-12


https://doi.org/10.1371/journal.pcbi.1005291
https://doi.org/10.1073/pnas.0608546103
https://doi.org/10.1007/s12195-014-0356-5
https://doi.org/10.1007/s12195-014-0356-5
https://doi.org/10.1016/j.jcp.2015.01.004
https://doi.org/10.1063/1.3677935
https://doi.org/10.1103/PhysRevE.93.023109
https://doi.org/10.1007/s10439-012-0648-7
https://doi.org/10.1063/1.5110604
https://doi.org/10.1038/ncomms2326
https://doi.org/10.1038/ncomms2326
https://doi.org/10.1016/j.compfluid.2018.03.022
https://doi.org/10.1063/1.5025349
https://doi.org/10.1161/CIRCULATIONAHA.109.895342
https://doi.org/10.1016/j.blre.2014.04.003
https://doi.org/10.1182/blood-2015-08-662650
https://doi.org/10.1016/j.healun.2018.03.013
https://doi.org/10.1016/S0049-3848(13)70003-3
https://doi.org/10.1111/j.1525-1594.2007.00422.x
https://doi.org/10.1186/s40792-018-0528-y
https://doi.org/10.1016/j.thromres.2016.01.026
https://doi.org/10.1182/blood-2010-11-317859
https://doi.org/10.1016/j.ymthe.2019.03.016
https://doi.org/10.1038/s41467-018-02990-x
https://doi.org/10.1146/annurev-bioeng-071812-152406
https://doi.org/10.1007/s12195-016-0469-0
https://doi.org/10.1007/s12195-016-0469-0
https://doi.org/10.4161/rdis.26561
https://scitation.org/journal/apb

	s1
	f1
	f2
	s2
	s3
	s4
	f3
	t1
	f4
	f5
	s5
	s6
	f6
	s7
	f7
	f8
	s8
	s9
	s10
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74
	c75
	c76
	c77
	c78
	c79
	c80
	c81
	c82
	c83
	c84
	c85
	c86
	c87
	c88
	c89
	c90
	c91
	c92
	c93
	c94
	c95
	c96
	c97

