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BASIC SCIENGES Dk
Turbulent Flow Promotes Cleavage of VWF (von
Willebrand Factor) by ADAMTS13 (A Disintegrin
and Metalloproteinase With a Thrombospondin
Type-1 Motif, Member 13)

Maria Bortot, Katrina Ashworth, Alireza Sharifi, Faye Walker, Nathan C. Crawford, Keith B. Neeves, David Bark Jr, Jorge Di Paola

0BJECTIVE—Acquired von Willebrand syndrome is defined by excessive cleavage of the VWF (von Willebrand Factor) and is associated
with impaired primary hemostasis and severe bleeding. It often develops when blood is exposed to nonphysiological flow such as in
aortic stenosis or mechanical circulatory support. We evaluated the role of laminar, transitional, and turbulent flow on VWF cleavage
and the effects on VWF function.

APPROACH AND RESULTS—We used a vane rheometer to generate laminar, transitional, and turbulent flow and evaluate the effect of each on
VWF cleavage in the presence of ADAMTS13 (a disintegrin and metalloproteinase with a thrombospondin type-1 motif, member 13). We
performed functional assays to evaluate the effect of these flows on VWF structure and function. Computational fluid dynamics was used
to estimate the flow fields and forces within the vane rheometer under each flow condition. Turbulent flow is required for excessive cleavage
of VWF in an ADAMTS13-dependent manner. The assay was repeated with whole blood, and the turbulent flow had the same effect. Our
computational fluid dynamics results show that under turbulent conditions, the Kolmogorov scale approaches the size of VWE Finally, cleavage
of VWF in this study has functional consequences under flow as the resulting VWF has decreased ability to bind platelets and collagen.

CONCLUSIONS—Turbulent flow mediates VWF cleavage in the presence of ADAMTS13, decreasing the ability of VWF to sustain
platelet adhesion. These findings impact the design of mechanical circulatory support devices and are relevant to pathological
environments where turbulence is added to circulation.

VISUAL OVERVIEW: An online visual overview is available for this article.

Key Words: aortic valve stenosis ® collagen ® hemostasis ® von Willebrand Factor

, : HIE See accompanying editorial on page 1702
ein that plays an essential role in primary hemosta-

sis by mediating platelet adhesion to subendothelial

VWF (von Willebrand Factor) is a large multimeric pro-
t

and the A3 domain mediates binding to collagen® The

collagen and by supporting platelet-platelet interactions
at high shear rates under controlled experimental condi-
tions.'? The capacity for VWF to sustain hemostasis relies
on its force-dependent conformation.®® VWF circulates in
an inactive globular form, and sufficient mechanical forces
cause a conformational change to an extended form5”
that exposes 3 domains that are critical for its function.
The A1 domain mediates binding to the platelet GPlb-a
(glycoprotein Ib-a) and integrin a, B, receptors. The A2
domain exhibits the cryptic Tyr'®®-Met'®% cleavage site,

precise step-by-step process of VWF elongation and
sequential exposure of its domains is not fully understood.
The fluid mechanical forces required for exposure of each
domain has been reported.®'? The magnitude of the forces
required for exposure seems to depend on whether VWF
is tethered to collagen and its multimer size. In addition, the
threshold for initial elongation might have limited physio-
logical significance, as elongation alone is not sufficient for
GPlb-a binding.'”? VWF's primary protease ADAMTS13 (a
disintegrin and metalloproteinase with a thrombospondin
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Nonstandard Abbreviations and Acronyms

Highlights

ADAMTS13 a disintegrin and metalloprotein-
ase with a thrombospondin type-1
motif, member 13

Ag antigen

AS aortic stenosis

AVWS acquired von Willebrand syndrome

GPIb-a glycoprotein Ib-a

HMWM high molecular weight multimers

HSA human serum albumin

MCS mechanical circulatory support

Re Reynolds Number

RSS Reynolds Shear Stress
VAD ventricular assist device
VWF von Willebrand factor

type-1 motif, member 13) is constitutively active,”® but its
proteolytic activity is regulated by VWF conformation.
VWF's hemostatic capacity is dependent on its multi-
meric structure.’ The mature molecule is comprised of
ultra large, high molecular weight multimers (HMWMs),
medium and low molecular weight multimers. Larger
multimers have greater hemostatic capacity, presumably
because they require lower shear stress to elongate,'"®
which exposes the A1 domain for platelet adhesion. VWF
is stored in platelet a granules and in Weibel-Palade bodies
of endothelial cells. In a regulated process, VWF is secreted
from endothelial cells in the ultra large molecular weight
multimers form, which is rapidly cleaved by ADAMTS13.
Since ultra large molecular weight multimers readily bind
platelets,’® reduced VWF cleavage either by congenital
deficiency or antibody-mediated inhibition of ADAMTS13
promotes microthrombi in the microvasculature, hemolysis,
and thrombocytopenia'” causing thrombotic thrombocy-
topenic purpura.'® Conversely, excessive VWF cleavage
causes reduced platelet adhesion and bleeding complica-
tions, as seen in von Willebrand disease type 2A.'
Acquired von Willebrand syndrome (AVWS)? is charac-
terized by the loss of HMWM and is often associated with
nonphysiological blood flows?"?? AVWS can be found in
individuals with severe aortic stenosis (AS), those under-
going cardiopulmonary bypass, or following left ventricular
assist device implantation. In this article, we refer to these
different heart assist devices as mechanical circulatory
support (MCS) devices. Bleeding in these situations is
highly variable with reports of excessive bleeding ranging
from 20% to 60% in affected patients.** Though many
of these patients are taking anticoagulants, the bleeding
in this setting is usually more pronounced than expected,
suggesting a potential role for dysfunctional VWFE?" As full
recovery of VWF levels and multimer composition occur
after physiological flow is restored (eg, postaortic valve
replacement or device removal), it has been suggested that
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+ High shear stress in the presence of ADAMTS13 (A
Disintegrin and Metalloproteinase With a Thrombos-
pondin Type-1 Motif, Member 13) is not sufficient for
excessive cleavage of VWF (von Willebrand Factor).

* Turbulence as seen in aortic stenosis and mechanical
recirculation devices, in the presence of ADAMTS13,
mediates excessive cleavage of VWF,

+ Excessively cleaved VWF is functionally deficient
and cannot sustain robust platelet and collagen
adhesion.

nonphysiological blood flow plays a role in causing VWF
cleavage.®®%° However, the specific features of blood flow
that cause VWF elongation, with subsequent excessive
cleavage by ADAMTS13%'%2 have not been fully identified.

Previously, the conditions that modulate VWF-
ADAMTS13 interactions have been studied using a vor-
tex-based assay that generate relatively high shear stress
and chaotic fluid patterns within a polymerase chain
reaction tube.®*=%® This vortex approach results in VWF
cleavage and has identified cofactors that augment VWF
cleavage that otherwise cannot be tested in the pres-
ence of denaturants.®” Specifically, studies suggest that
flow conditions within the vortex assay mediate cleavage,
but little is known about the fluid characteristics involved
because flow in vortexers is difficult to quantify.

Fluid flow can be categorized into 3 regimes: laminar,
transitional, or turbulent. Under laminar conditions, the
flow is characterized by smooth, generally parallel, path-
lines and can be described as having a highly ordered
motion, whereas under turbulent conditions it exhibits
velocity fluctuations and highly disordered motion (flow
is chaotic with eddies that are involved with the trans-
fer energy across many scales).?3%° Transitional flow is
partly laminar and partly turbulent, it contains a disor-
dered dynamic multidirectional flow component that is
superimposed over well-ordered flow."® The transition
between laminar and turbulent flow depends on the
Reynolds number (Re), a nondimensional parameter that
represents the ratio of inertial forces to viscous forces.
As the flow velocity increases, that is, the Re increases,
the inertial forces dominates the viscous forces.’ The
transition from laminar to turbulent flow occurs when
the inertial force become so significant that the viscous
force is no longer able to dampen the scattered distur-
bances in the flow on the macroscale.*' Turbulent flows
have been shown to occur in MCS devices and severe
AS,*?7%6 whereas most studies on VWF are conducted
under laminar flow conditions.*” VWF cleavage assays
conducted under laminar conditions at high shear stress
magnitudes can provide insights about physiological
cleavage of VWF by ADAMTS13. Physiological cleavage
is responsible for the heterogeneous distribution of VWF
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molecules reported in plasma from healthy patients.*®
However, the fluid forces leading to excessive and patho-
logical cleavage of VWF are still unknown.

We hypothesized that turbulent flow plays role in exces-
sive cleavage of VWF by ADAMTS13 beyond what is seen
by high shear stress and renders the VWF molecule inca-
pable of sustaining platelet adhesion. To test this hypoth-
esis, we used a rotational shear rheometer to explore the
effects of these nonphysiological fluid forces on VWF
cleavage and function under highly controlled flow condi-
tions that include laminar, transitional, and turbulent flows.

METHODS

The data that support the findings of this study are available
from the corresponding author on reasonable request. Details
of the major resources can be found in the online-only Data
supplement.

Blood Collection

Blood collection was conducted in accordance with the
Declaration of Helsinki and the Institutional Review Board of
the University of Colorado, Anschutz Medical Campus. Blood
was drawn after informed consent was obtained from healthy
donors (males between 30 and 50 years old) by venipuncture
into 4.5-mL vacutainer tubes containing 3.2% sodium citrate.
An initial tube was discarded to avoid any influence on platelet
activation from the initial puncture. Samples were used within
90 minutes of phlebotomy. Before the assay, blood was recalci-
fied as previously described.*

Recombinant ADAMTS13 Measurement

Recombinant ADAMTS13 was obtained from previously trans-
fected HEK-293 cell supernatants.®® Cell supernatant contain-
ing ADAMTS13 was collected and filtered. ADAMTS13 activity
was measured using the fluorescence resonance energy trans-
fer assay that contains a synthetic 73-amino-acid residues
of VWF from D1596 to R1668 (FRETS-VWF73, Peptides
International, KY) used to measure the protease activity based
on the method described by Kokame et al.®' Briefly, varying vol-
umes of samples containing ADAMTS13 were diluted in reac-
tion buffer before being added to a 96-well plate. Subsequently,
the fluorescence-quenching substrate for ADAMTS13 was
added. Fluorescence of each well was measured every 5 min-
utes for 90 minutes on a plate reader (Synergy 2, BioTek).
Values were established by comparing them to a standard curve
determined by measuring pooled plasma from healthy controls.

Vortex Method of VWF Cleavage

A standard cleavage product, used as a positive control, was
prepared as previously described®™? with modifications.
Recombinant human VWF (Vonvendi) and ADAMTS13 were
incubated for 1 hour at varying concentrations in a 96-well
plate. Wells were blocked with 30 mg/mL HSA (human serum
albumin) in PBS solution for 2 hours. Then, 30 pg/mL VWF
2.5 U/mL ADAMTS13 were added to the wells and placed
on a vortexer (VWR Standard Microplate Vortex Mixers, VWR)
for 30 minutes at a speed of 7 (estimation from VWR Vortex
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Mixer manual: 15640 rpm). VWF antigen (Ag) was measured
by ELISA. As previously described® the anti-VWF monoclo-
nal antibodies AVW-1 and 105.4 (BloodCenter of Wisconsin)
were used for capture. The detection was conducted using a
rabbit-antihuman VWF pAb (Dako, Carpinteria, CA), and a HRP
(horseradish peroxidase)-conjugated goat-anti-rabbit antibody
(Bio-Rad Laboratories, Hercules, CA). Absorbance was read at
450 nm in a plate reader (Synergy 2, BioTek).

Vane Rheometer Studies of VWF Cleavage
Cleavage experiments were conducted using a HAAKE MARS
60 rheometer (Thermo Fisher Scientific) equipped with a
4-blade vane rotor (FL16; diameter: 16 mm, length: 8.8 mm,
material: titanium) and a stainless steel cup (CCB26; diameter:
272 mm). To accommodate a sample volume of only 7 mL, the
axial gap between the vane blades (1 mm thick) and the bottom
of the cup was set to 1 mm (Figure 1A and 1B). Temperature
was controlled with the Peltier temperature module set to 21°C.
Figure 1A and 1B shows complete dimensional specifications
for the vane setup. In short, 7 mL of buffer containing 30 ug/
mL VWF 2.5 U/mL ADAMTS13, 30 mg/mL HSA dissolved in
PBS solution was placed in the cup completely covering the
vane. The rotation rate of the rheometer was increased until
a critical speed was reached where the fluid no longer exhib-
ited a linear torque response and the measured torque began
to increase nonlinearly. This change in torque indicates the
transition between well-defined laminar flow (Re<Re,), where
Re, is critical Reynolds Number, and the onset of secondary
flows (Re>Re ).>* As the rotation rate was further increased,
a second transition was observed where the measured torque
increased drastically signifying the onset of turbulent flow. The
set rotation rates and resultant torque values were not con-
verted to rheological parameters, shear stress, and shear rate,
respectively because assumptions that relate the 2 through
analytical calculations in the vane rheometer are no longer valid
when the flow is not laminar (online-only Data Supplement).

Cone-and-Plate Rheometer Studies of VWF
Cleavage

Cleavage experiments were conducted using a cone-and-plate
rheometer equipped with a 40 mm diameter, 2° cone (DHR-2,
TA Instruments). The temperature was maintained at 21°C via a
Peltier temperature controller. Surfaces were blocked for 2 hours
with 30 mg/mL HSA, and then a 50 pL sample consisting of
30 pg/mL VWF, 25 U/mL ADAMTS13, and 30 mg/mL HSA
dissolved in PBS solution was added. Tests were conducted for
0.5, 1, 5, and 10 minutes at shear rates of 1000 to 7000 sec-
ond™". Note that the cone-and-plate rheological results were only
in laminar flow, corresponding to a linear relationship between
shear stress and shear rate (online-only Data Supplement).

Western Blotting

Samples were subjected to 3% to 8% SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes (Invitrogen).
Membranes were blocked for 1 hour and then incubated with a
rabbit-anti-human polyclonal VWF (Dako, Carpinteria, CA). Al
incubation and washing steps were performed at room temper-
ature in 5% nonfat dry milk. After 3 washing steps, they were
incubated for 1 hour with a HRP-conjugated goat-anti-rabbit
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Figure 1. Vane and cup rheological setup.

A, Top view of the vane setup, which consists of a 4-blade vane rotor that is lowered into a stainless steel cup (internal radius of 13.6 mm) until
a 1 mm axial gap between the vane and the bottom of the cup is achieved. B, Side view of the vane rotor, which consists of 4 blades with a 1
mm thickness. C, Measured torque as a function of input rotational rate showing the determination of laminar, transitional, and turbulent flow

regimes.

antibody (Bio-Rad Laboratories, Hercules, CA). Subsequently,
membranes were developed with Western Lightning-ECL
(Perkin Elmer, Waltham, MA), and bands were visualized by
exposure to Fujifilm Super RX (Edison, NJ). Uncleaved VWF
was detected with the presence of a 225-kDa band whereas
cleavage fragments were detected with the presence of a 176-
and 140-kDa bands as previously reported.?>

VWF Multimer Analysis

SDS-agarose gel electrophoresis was performed as previously
described.®” Briefly, low resolution gels (1.2%) were prepared
(HGT agarose, Lonza, Rockland, ME), and 1 mU VWF from
each sample was added to each lane. Electrophoresis was
conducted for 16 hours at 45 V. VWF multimers were then
transferred to an Immobilon-P (Millipore, Billerica, MA) mem-
brane at 4°C in transfer buffer (25 mmol/L Tris, 200 mmol/L
glycine, 20% methanol, and 0.03% SDS). Western blotting

1834 September 2019

and densitometry were performed on the gels as previously
reported.®® Average size of multimers was estimated using a
previously reported approach (online-only Data Supplement).%°

Collagen-Binding Assay

ELISA plates (Nunc-Immuno Maxisorp; Nunc A/S, Roskilde,
Denmark) were coated with 1 pg/mL human type Ill collagen
(Southern Biotech, Birmingham, AL) diluted in a calcium carbon-
ate buffer and incubated at 4°C overnight. The plate was then
washed and blocked with a 1% BSA solution for an hour before
the samples were added at various dilutions and left to incubate
for an hour. The plate was then washed, and samples were incu-
bated with a rabbit-anti-human VWF pAb (Dako, Carpinteria,
CA) before a wash and the addition of a HRP-conjugated
goat-anti-rabbit antibody (Bio-Rad Laboratories, Hercules, CA).
Absorbance was read at 450 nm in a plate reader (Synergy
2, BioTek). Collagen-binding ratio was calculated by evaluating
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the ratio between collagen-binding and VWF Ag levels. This
ratio represents the biological capacity of the available VWF to
bind to collagen. As in prior studies*®® we calculated ratios of
VWF:collagen binding/VWF:Ag with normal defines as >0.7.

VWF Activity and Ag

An automated latex enhanced immunoassay (Hemosil,
Diagnostica Stago, France) was used to determine VWF
activity (VWF:Act). This assay is based on the ability of VWF
to bind GPIb-a. Standard curves were prepared, and sample
was added to the cuvettes required for the Compact Max
(Diagnostica, Stago). At the same time, an immuneturbidimet-
ric assay (LIATEST VWF:Ag, Diagnostica Stago, France) was
performed according to the instructions of the manufacturer to
determine the VWF Ag levels (VWF:Ag). The VWF:Act/VWF:Ag
ratio was calculated and used to evaluate VWF activity.

Platelet Adhesion Flow Assay

A platelet adhesion flow assay was designed to identify possible
functional changes in VWF from samples treated in the vane rhe-
ometer. A polydimethylsiloxane device containing circular wells
(diameter: 4.5 mm) was used to pattern the capture of an anti-
VWF monoclonal antibody (AVW-1, BloodCenter of Wisconsin)
that binds the C-terminus of VWF. Subsequently, the wells were
rinsed and blocked for 1 hour with 1% BSA buffer. Samples
containing VWF (5 pg/mL) were added to each well, incubated
for 1 hour, and rinsed and blocked again. Incubation was all
done at room temperature. Then, the buffer was removed and a
microfluidic device with channels of 12.5 ym high, 350 um wide,
8000 um long was placed over the patterned VWF. A phyco-
erythrin anti-human CD41 antibody (BioLegend, San Diego, CA)
was used to label lyophilized platelets (Bio/Data Corporation,
Horsham, PA) at a concentration of 6x10° platelets per mil-
liliters. Lyophilized platelets do not allow granule release and,
therefore, eliminate any effects from platelet endogenous VWF
These platelets were perfused through the channels for 5 min-
utes at a wall shear rate of 1800 second™" near the central axis
of the coverslip wall using a syringe pump (Harvard Apparatus)
in withdraw mode. Platelet adhesion was visualized using an
inverted microscope (Olympus 1X-81, Olympus America, Center
Valley, PA), and data were recorded every second using a 40x
(numerical aperture, 0.6) objective on the region of interest using
a high-speed camera (Hamamatsu Digital Camera, C11440,
Orca-Flash 4.0). Platelet binding was quantified by counting indi-
vidual adhered platelets per frame using an automated protocol
developed in Fiji (Imaged, National Institutes of Health). Image
processing consisted of using several in-built ImageJ routines
in sequence. Images were converted to grayscale; a threshold
was applied followed by an in-built ImageJ edge finding routine.
Images were then analyzed, and platelets were identified using
size and circular geometry filters. Appropriate implementation of
the image processing protocol was confirmed by using overlays
to ensure the data being captured were correct and examples
are shown on online-only Data Supplement

Computational Fluid Dynamics Analysis of the
Vane Rheometer

The fluid in the vane rheometer was assumed incompress-
ible and isothermal. The Reynolds Stress Model was used to

Arterioscler Thromb Vasc Biol. 2019;39:1831-1842. DOI: 10.1161/ATVBAHA.119.312814
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simulate turbulence in the vane rheometer using ANSYS 18.1.
Geometry for the simulation was based on the FL16 4B/SS
vane rotor and the CCB26 metal cup reported in Figure 1. A
no-slip boundary condition was imposed on solid surfaces with
vanes rotating with an angular velocity 10, 100, or 450 rad/
second. A O velocity condition was applied everywhere along
the cup, whereas symmetry was specified at the free surface.
A mesh refinement analysis was carried out to ensure that the
numerical solutions are independent of the mesh resolution.
The mesh elements were tetrahedral and triangular, resulting in
a total of over 750000 elements.

Statistical Analysis

Statistical analyses were performed with GraphPad Prism 7.03
(GraphPad, La Jolla, CA). Significance was determined using
a nonparametric ANOVA (Kruskal-Wallis test) with Dunn post
hoc test was used to compare platelet binding at 100 seconds,
VWF:collagen binding/VWF:Ag and VWF:Activity/VWF:Ag. All
data are presented as the mean£SE unless otherwise noted.
All assays were conducted in triplicate.

RESULTS

Defining Flow Regimes in a Vane Rheometer

To test the hypothesis that turbulent flow may potentiate
VWEF cleavage, we turn to a vane rheometer (Figure 1A
and 1B) and define the following flow regimes for a New-
tonian fluid: laminar flow is defined by linear response
between the torque and rotation rate. Transitional flow
is defined by the onset of a nonlinear response between
torque and rotation rate. Turbulent flow is defined by
an asymptote in the torque and a critical rotation rate.
The purified system of VWF, HSA, and ADAMTS13 is
a Newtonian fluid (online-only Data Supplement) that is
its viscosity is not a function of shear rate. Laminar flow
was observed at rotation rates from 10 to 40 rad/sec-
ond, where the torque steadily increased as a function
of increasing rotation rate (Figure 1C). Transitional flow
was observed at rotation rates of 40 to 400 rad/second
as the torque signal deviated from the initial linear behav-
ior. Finally, turbulent flow was observed at rotation rates
>400 rad/second.

Turbulent Flow in a Vane Rheometer Supports
VWF Cleavage

The effect of laminar (10 rad/second), transitional (100
rad/second), and turbulent (450 rad/second) flow on
VWF cleavage by ADAMTS13 was evaluated using the
vane rheometer. Like in prior VWF cleavage studies,®
samples were exposed to the flow regime for 10 min-
utes. Results evaluated through western blots show VWF
cleavage, as indicated by 176- and 140-kDa bands, only
under turbulent flow conditions (Figure 2A). To evaluate
the impact of exposure time, the experiment was repeated
for 30 minutes; cleavage and nearly full digestion of
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Figure 2. Western blot and multimer analysis.

Results comparing cleavage under laminar, transitional, and turbulent flows. A, Representative image of western blot from samples tested

in the vane rheometer for 10 min. All samples contained VWF (von Willebrand Factor) and ADAMTS13 (a disintegrin and metalloproteinase
with a thrombospondin type-1 motif, member 13). Samples in the figure are representative of the samples subjected to (1) laminar conditions;
(2) transitional condition, and (3) turbulent conditions for 10 min. B, Western Blot from VWF and ADAMT13 samples after flow assay

under varying flow regimes of samples exposed for 30 min. (1) Laminar flow, (2) transitional flow, (3) turbulent conditions, (4) vortex method
(+control), (5) turbulent flow conditions in absence of ADAMTS13. C, Multimer analysis of samples exposed to control CTRL: un-sheared
sample, laminar sample, transitional sample, and turbulent conditions for 30 min. D, Multimer analysis of blood samples tested. (1) Laminar flow,
(2) transitional flow, and (3) turbulent conditions. Ag indicates antigen; and CB, collagen binding.

VWF was observed in samples subjected to turbulent
flow (Figure 2B). No cleavage was detected in samples
exposed to laminar and transitional flow. Similarly, loss of
HMWM of VWF was evident in the sample exposed to
turbulent flow at both time points and interestingly, albeit
less evident, in samples exposed to transitional flow (Fig-
ure 2C; online-only Data Supplement). Cleavage was not
observed on samples exposed to turbulent flow without
ADAMTS13, indicating that cleavage was mediated by
ADAMTS13 and not mechanical degradation. To investi-
gate if the same cleavage occurs in the presence of blood
cells and plasma, we performed experiments with whole
blood. Whole blood samples subjected to turbulent condi-
tions also showed loss of HMWM by multimer analysis
(Figure 2D). These data demonstrate that turbulent con-
ditions in a vane rheometer are sufficient to cause VWF
cleavage in the presence of ADAMTS13 in purified and
whole blood systems.

1836 September 2019

VWF Functional Deficits in Different Flow
Regimes

To determine the functional consequences of excessive
cleavage of VWF, we evaluated the protein’s function
following exposure to laminar, transitional, and turbulent
flows by quantifying platelet adhesion under physiologi-
cal shear rates (1800 second™) in a microfluidic device.
As representative images shown on Figure 3A through
3D, platelet adhesion to VWF decreased from unstressed
controls (Figure 3A) and as the flow transitions from
laminar (Figure 3B), transitional (Figure 3C) to turbulent
(Figure 3D). Adhesion of platelets to VWF exposed to
control, laminar, and transitional flows increased with
time reaching maximal adhesion at =100 seconds. Con-
versely, binding of platelets to VWF exposed to turbu-
lent flow was minimal (Figure 3E). Platelet adhesion at
100 seconds under transitional and turbulent flows was
significantly reduced when compared with the control

Arterioscler Thromb Vasc Biol. 2019;39:1831-1842. DOI: 10.1161/ATVBAHA.119.312814
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Figure 3. VWF (von Willebrand Factor) function post-exposure to laminar, transitional, and turbulent flows.

A, Control VWF: example of adherent platelets to control VWF. B, Laminar flow: example of adherent platelets to VWF previously subjected

to laminar flow conditions. C, Transitional flow: example of adherent platelets to VWF previously subjected to transitional flow conditions. D,
Turbulent flow: example of adherent platelets to VWF previously subjected to turbulent flow conditions. E, Number of adherent platelets over
300 seconds (F<0.001). F, Number of adherent platelets at 100 s (*A<0.05, **~<0.01). G, VWF activity to VWF antigen (Ag) levels (*/<0.05,
**P<0.01), for the turbulent sample, the VWF activity was <10, the detection limit of the assay. H, Collagen-binding (CB) ratio (*/~<0.05,

**P<0.01).

(Figure 3F). However, although a trend in reduction of
platelet adhesion was found, there was no statistically
significant difference between the control and the VWF
previously exposed to laminar conditions. Similarly, VWF
activity was reduced in the samples exposed to transi-
tional and turbulent conditions in an assay that measures
the ability of VWF to bind the platelet receptor GPIb-a
(Figure 3G). Only the VWF sample exposed to turbulent
conditions showed significant reduction of VWF ability
to bind collagen (VWF:collagen binding/VWF:Ag) com-
pared with controls (Figure 3H). These results suggest

Arterioscler Thromb Vasc Biol. 2019;39:1831-1842. DOI: 10.1161/ATVBAHA.119.312814

that transitional flow has an effect on VWF function as
shown by the impaired platelet binding and that turbu-
lent flow causes even further reduction in VWF's ability
to interact with GPIb-a and collagen.

Flow Characteristics in the Vane Rheometer

As our results show that turbulent flow mediates exces-
sive cleavage of VWF we sought to further describe
the flow patterns and forces in the vane rheometer
using computational fluid dynamics. The experimental
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Figure 4. Computational fluid dynamics results showing 3-dimensional particle pathlines and velocity magnitude contours on

the middle plane for the different rotating speeds.

A, 10 rad/s, (B) 100 rad/s, (C) 450 rad/s. D, Normalized velocity magnitude and pathlines on plane 1 (left) and plane 2 (right) for rotating
speed 10 rad/s. E, Normalized velocity magnitude and pathlines on plane 1 (left) and plane 2 (right) for rotating speed 100 rad/s. F, Normalized
velocity magnitude and pathlines on plane 1 (left) and plane 2 (right) for rotating speed 450 rad/s. G and H, Parameters used to characterize
fluctuations and to predict blood damage from turbulence. G, Reynolds Shear Stress (RSS) normalized. H, Kolmogorov length scale for

rotating speed of 450 rad/s.

rotational rates (10, 100, and 450 rad/second) were
used as inputs for the simulation and the fluid patterns
under each condition. In laminar flow (Figure 4A), the
streamlines (shown in gray) are parallel to each other,
form a closed path around the vane, and exhibit a highly
ordered motion. In transitional flow (Figure 4B), sec-
ondary flow patterns can be observed, these consist of
converging and diverging separation between adjacent
streamlines superimposed on the primary laminar flow.
In turbulent flow (Figure 4C), streamlines do not form a
closed path and their motion is chaotic. These simula-
tions agree with the experimental results in the vane rhe-
ometer (Figure 1C) that show the presence of laminar,
transitional, and turbulent flows.

Results on Figure 4D through 4F indicate that maxi-
mum velocity occurs at the tip of each blade for all
rotating rates. Streamlines (shown in black) show the
presence of secondary flows (these are perpendicular
to the bulk flow direction) and can be observed in the
graphics for all different rotational rates. Vortices (rotat-
ing flow), corresponding to secondary flow, can be seen
moving from the blade tip toward the wall of the cup as
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rotation changes from 10 to 100 rad/second. However,
increasing the rotating speed from 100 to 450 rad/sec-
ond drastically changes the secondary flow pattern and
vortices can no longer be observed. Detailed computa-
tional fluid dynamics results are shown on online-only
Data Supplement.

At 450 rad/second, the flow is turbulent and this
phenomenon also adds an additional effective stress to
the flow in the form of Reynolds Stress. Reynolds Shear
Stress (RSS) is a parameter used to characterize flow
fluctuations and to predict blood damage from turbu-
lence 8! RSS is absent in laminar flow and is a measure
of momentum flux in the flow caused by velocity fluc-
tuations. Also, note that RSS is different to wall shear
stress, online-only Data Supplement. Results from the
simulation show that the RSS is the highest on the faces
of the vane (Figure 4G). Finally, the Kolmogorov scale
was calculated; the Kolmogorov length scale for the
fluid within the cup at a rotational speed of 450 rad/
second is shown in Figure 4H. Results from computa-
tional fluid dynamic simulations show that at 450 rad/
second, the Kolmogorov length scale ranges from 3 to

Arterioscler Thromb Vasc Biol. 2019;39:1831-1842. DOI: 10.1161/ATVBAHA.119.312814
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30 pm depending on the spatial location within the cup
and vane. Below this scale, energy from turbulence is
completely dissipated by viscosity, on average. Above the
Kolmogorov length scale, there are significant velocity
fluctuations and transient forces. However, it should be
noted that sub-Kolmogorov eddies may exist because of
the intermittent instantaneous energy dissipation field.®'
Turbulence at this scale can create instantaneous intense
shear stress. However, it is important to mention that the
scale is not exact and is instead a theory grounded in the
field of turbulence. It provides a relative measure where
scales that are larger than the Kolmogorov scale expe-
rience turbulent fluctuations, whereas values below the
scale do not.

High Shear Stress Alone Is Not Sufficient for
VWF Cleavage

From the computational fluid dynamics model, we found
that as the rotational rate increases, so does the shear
rate, with maximum values occurring near the vane
(online-only Data Supplement). At vane rotational rates
of 100 and 450 second™, the fluid shear rates have a
maximum magnitude of 2000 and 6000 second™" adja-
cent to the surface of the vane. To test the hypothesis
that turbulence, and not just high shear stress, is the
cause of excessive VWF cleavage, we conducted a set of
experiments in a cone-and-plate rheometer under lami-
nar flow conditions. The purified system containing VWF,
HSA, and ADAMTS13 was exposed to constant shear
rate of 1500, 3000, 3500, 4000, or 6000 second~" for
10 minutes. VWF cleavage as evaluated by western blot
(Figure BA), and multimer analysis (Figure 5B) show
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Figure 5. Western blots of VWF (von Willebrand Factor).

A, VWF cleavage representative of the results obtained with cone-
and-plate. All samples contained VWF and ADAMTS13 (a disintegrin
and metalloproteinase with a thrombospondin type-1 motif, member
13). Samples in the figure are representative of the samples
subjected to constant shear rate for 10 min. B, VWF multimer results
from cone-and-plate experiments. All samples contained VWF and
ADAMTS13. Samples in the figure are representative of the samples
subjected to constant shear rate for 10 min. CTRL indicates control.
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undetectable cleavage and no significant changes to
HMWM. These results indicate that high shear stress
under the laminar conditions that we used is not suf-
ficient for soluble VWF to undergo a conformational
change that facilitates cleavage by ADAMTS13.

DISCUSSION

Prior studies have used the cone-and-plate rheometer to
provide insights into the effects of platelets® and FVIII
on cleavage of VWF by ADAMTS13.37 However, the fluid
conditions that lead to excessive and pathological cleav-
age of VWF in AS and MCS are still unknown. Turbulent
flow commonly develops in severe AS and in many MCS
devices. In patients with severe AS (involving a >560%
reduction in diameter), blood flow can be turbulent at
Re>400.5282 Similarly, most MCS devices present high Re
number.®* For example, the axial ventricular assist device,
Impella (2006) has reported a maximum rotational speed
of 50000 rpm and Re of 12566.5* The centrifugal ven-
tricular assist device CentriMag has a maximum rota-
tional speed of 5500 rpm and Re of 155 320.%° Reversal
of AVWS occurs post-correction of AS or the removal
of the MCS.5687 Altogether, these observations strongly
suggest that the excessive cleavage of VWF in AVWS
is mediated by nonphysiological flows that occur in
both severe AS and MCS.%8- Based on these data, we
hypothesized that turbulent flow plays role in excessive
cleavage of VWF by ADAMTS13 beyond what is seen by
high shear stress. Therefore, we used a vane rheometer
to evaluate the effects of laminar, transitional, and tur-
bulent flows on cleavage of full length VWF in the pres-
ence of ADAMTS13. Our results show that turbulent flow
promotes cleavage of VWF by ADAMTS13 and is likely
playing a role in the loss of HMWM observed in AVWS.

Computational fluid dynamics simulations of the vane
rheometer provided potential explanations for the effect
of nonphysiological flows on VWF cleavage. In turbulent
flow, the energy is introduced through larger eddies and
is dissipated at the microscopic level through the small-
est eddies down to the Kolmogorov length scale. This
scale describes the length at which the kinetic energy is
dissipated by viscosity.”" We found that the Kolmogorov
scale ranges from 3 to 30 ym at 450 rad/second in the
vane rheometer. This scale approaches the size of VWK
reported as 1 to 15 ym depending on the VWF source
and conformation."""? VWF multimers that are higher in
size than the Kolmogorov scale could experience large
intermittent transient forces. This can result in intense
instantaneous shear stress that may expose the A2
domain to ADAMTS13.

The kinetics of loss of HMWM will likely depend on
the regions of turbulence within the device and the fre-
quency of exposed VWF to those fluid forces. Loss of
HMMW in patients treated with LVADs has been detected
as early as after 180 minutes after implantation.” The
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residence time VWF spends under turbulent conditions
in severe AS or MCS is shorter than the duration of our
rheometer experiments. However, the Kolmogorov length
scale and RSS is not homogenously distributed within
the rheometer cup. The uneven force distribution sig-
nificantly reduces the residence time of VWF at a given
turbulent condition, making our findings relevant to MCS
and severe AS.

Excessive cleavage of VWF in our experiments had
functional consequences. VWF exposed to turbulent flow
conditions did not support platelet or CB. Interestingly,
the VWF sample exposed to transitional flow lacked
cleavage fragments on the western blot but showed
slightly reduced platelet binding capacity and subtle
abnormalities in the multimer composition, represented
by lighter staining. These results suggest that VWF bind-
ing to GPlb-a might be affected by transitional flow.
Larger VWF multimers possess the greatest hemostatic
capacity,'"'® but little is known about the progression of
cleavage and how it relates to decreased platelet bind-
ing function. The slight abnormalities in the multimer pat-
tern of the sample exposed to transitional flow suggest
cleavage of VWF that is not detected by western blot.
Alternatively, transitional flow could have an effect on the
A1 domain of VWF leading to decreased platelet-binding
capacity.

Further studies need to be conducted to identify
whether other VWF domains are modified by expo-
sure to these fluid regimes. Fluid forces affect VWF,
not only by mediating elongation and exposure of the
A2 domain but also prior studies have proposed the
existence of a metastable active state.” This state may
be considered misfolded because it is a non-native
state.™ Others have also shown differential binding
to a fluorescent probe, post-VWF shear, using fluo-
rescence spectroscopy,” suggesting that the protein
undergoes conformational changes because of shear
and these might not only facilitate ADAMTS13 cleav-
age but might also affect the structure of the VWF-
A1 platelet-binding domain. Ongoing studies analyzing
the VWF-platelet-binding sites changes because of
nonphysiological flow conditions will further our under-
standing of these results.

To evaluate the physiological relevance of our results,
we also tested and confirmed that cleavage occurs in
the presence of all blood components. However, in
whole blood, we cannot rule out other factors that might
be playing a role in cleavage. Previous studies sug-
gest that other proteases, such as plasmin, play a role
in VWF cleavage.®* Similarly, we did not characterize the
unique contribution of platelets in our assay. It has been
previously shown that platelets can augment cleavage
of VWF° but secretion of their own VWF hindered our
ability to distinguish in a multimer gel between cleaved
soluble VWF and platelet VWF. These factors might also
affect the kinetics and onset of AVWS in patients.
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One of the limitations of our study is that in both the
cone-and-plate and vane rheometer, there was protein
loss because of adsorption to surfaces as previously
reported.”®” However, cleavage of VWF was only identi-
fied under turbulent conditions.

In summary, our study shows that turbulent flow con-
ditions facilitate cleavage of VWF, a process mediated by
ADAMTS13, rendering VWF functionally deficient. We found
thatthere is a decrease in platelet adhesion on VWF exposed
to turbulent flow and VWF activity even before severe struc-
tural changes such as loss of HMWM are detected. Our
results may have clinical implications for the diagnosis and
treatment of AVWS and the manufacturing of MCS.
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