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Abstract

Background: von Willebrand factor (vVWF) plays a crucial role in physiological
hemostasis through platelet and subendothelial collagen adhesion. However, its
role in shear-induced platelet activation and functional alteration under non-
physiological conditions common to blood-contacting medical devices (BCMDs)
is not well investigated.

Methods: Fresh healthy human blood was treated with an anti-vWF antibody
to block vVWF-GPIba interaction. Untreated blood was used as a control. They
were exposed to three levels of non-physiological shear stress (NPSS) (75, 125,
and 175Pa) through a shearing device with an exposure time of 0.5s to mimic
typical shear conditions in BCMDs. Flow cytometric assays were used to measure
the expression levels of PAC-1 and P-Selectin and platelet aggregates for platelet
activation and the expression levels of GPIba, GPIIb/IIIa, and GPVI for receptor
shedding. Collagen/ristocetin-induced platelet aggregation capacity was charac-
terized by aggregometry.

Results: The levels of platelet activation and aggregates increased with increas-
ing NPSS in the untreated blood. More receptors were lost with increasing NPSS,
resulting in a decreased capacity of collagen/ristocetin-induced platelet aggrega-
tion. In contrast, the increase in platelet activation and aggregates after expo-
sure to NPSS, even at the highest level of NPSS, was significantly lower in treated
blood. Nevertheless, there was no notable difference in receptor shedding, es-
pecially for GPIIb/IIIa and GPVI, between the two blood groups at the same
level of NPSS. The block of vWF exacerbated the decreased capacity of collagen/
ristocetin-induced platelet aggregation.

Conclusions: High NPSS activates platelets mainly by enhancing the vWF-
GPIba interaction. Platelet activation and receptor shedding induced by high
NPSS likely occur through different pathways.
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1 | INTRODUCTION

Blood-contacting medical devices (BCMDs) are frequently
used to treat patients with cardiovascular, pulmonary, and
renal diseases by replacing or supplementing the function
of diseased organs. Often, a pump is required in these de-
vices to circulate the blood. The pumping action can pro-
duce high non-physiologic shear stress (NPSS), which can
damage blood and lead to severe complications. Bleeding
and thrombotic events are considered the most common
complications in BCMD patients."? Although survival
rates of patients with advanced heart failure treated with
ventricular assist device (VAD) have begun to approach
those of heart transplant recipients,’ VAD therapy has not
gained widespread acceptance in clinical practice, in part
because of the device-associated thrombosis and bleeding.
Despite the increasing use of extracorporeal membrane
oxygenation (ECMO), patients on ECMO support fre-
quently suffer either thrombosis or bleeding or concur-
rently both.* Bleeding and thrombotic complications are
closely related to hemostatic dysfunction.> Platelets play
a critical role in physiological hemostasis and patholog-
ical thrombosis. NPSS is reported to have a paradoxical
effect on platelets, causing concurrent platelet activation
and shedding of its key adhesive receptors, for example,
glycoprotein (GP) Iba, GPVI, and GPIIb/IIIa.° Platelet ac-
tivation and aggregation increase the risk of thrombotic
complications, while excessive shedding of receptors re-
sults in weak ligand binding, which increases the risk of
bleeding.

There are several theories to explain the shear-induced
platelet activation. One view suggests that the binding be-
tween von Willebrand factor (vWF) and platelet's GPIba
receptors plays a vital role.”® Initial globular vVWF would
be unfolded and elongated under shear stress, exposing its
Al domains that can bind to GPIba receptors on platelets.
The vWF-GPIba interaction in the bloodstream can cause
platelet tethering and partitioning, triggering a sequence
of intracellular signals and conformational changes of the
platelet GPIIb/IIIa complex.”’® Another view suggests
that platelets under high shear stress are activated by cell
lysis, releasing the agonists that are stored in the intracel-
lular granules of platelets and erythrocytes.'’ Others also
suggest that high shear stress may directly activate the
GPIIb/IIIa complex, whose binding sequences are struc-
turally hidden within the nonactivated GPIIb/IIIa recep-
tor and are exposed only after the receptor undergoes a

conformational change upon platelet activation.'*'* The
emerging mechanisms, including mechano-destruction,
mechano-activation, and mechano-transduction, suggest
that shear stress activates platelets by modulating their
biochemical properties.'* Recent studies have also identi-
fied a class of shear stress-sensitive channels, such as pan-
nexin-1, that may contribute to Ca®" influx in membrane
patches of platelets.'®

vWF is known to play an important role in platelet
function under physiologic shear stress, but its role under
different levels of shear stress may differ. vVWF-GPIba
interaction was suggested to be inefficient in inducing
platelet activation at wall shear stress of 6Pa, implying
the involvement of P2Y receptors in integrin mechano-
transduction.” By contrast, vVWF can be unfolded by
shear stress when reaching a critical level of shear rate
(=5000s7", ~20Pa).’® The platelet is activated via vVWF-
GPIba interaction consequently. Moreover, platelet acti-
vation and aggregation can be significantly diminished
under a maximum level of wall shear rate 11560s™"
(~40Pa) with an exposure time of ~0.54s by adding anti-
vWF or anti-GPIba antibodies to block the vVWF-GPIba
interaction in a microfluidic channel. The study indicated
an essential role of vWF in both platelet activation and ag-
gregation under moderate wall shear stresses.'” Although
this platelet shear-sensitivity via vWF-platelet binding
has been known since the 1990s,"® the precise mecha-
nism is elusive until recent studies supported a “trigger
model,”"® wherein shear stress exerted on VWF-GPIba
binding, serving as a pulling force to the ligand-binding
domain that leads to the unfolding the mechanosensory
domain and subsequent platelet signaling, activation and
clearance. Collagen-anchored vWF binding to GPIba also
facilitates platelet adhesion and aggregation. While plate-
let aggregation is dominated by GPII/bIlla-dependent
interactions under low shear rate regimes (<10005_1,
~4Pa), vWF-dependent interactions become increasingly
dominating as shear rates increase (>10000 s}, ~40Pa). >
However, the hydrodynamics in the BCMDs are harsher
and more complicated. The highest level of NPSS pro-
duced in the BCMDs can reach 500Pa; wall and blood-
stream shear stress above 100 Pa is common in centrifugal
blood pumps.? The role of vVWF in platelet activation and
functional alteration under BCMDs-relevant NPSS has
not been fully studied.

In this study, the role of vWF in platelet activation and
functional alteration under high NPSS was investigated
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by inhibiting the vVWF-GPIba interaction. To block the
vWF-GPIba interaction, fresh human whole blood was
treated with an anti-vWF antibody. Blood without treat-
ment was used as the control. Then, blood was subjected
to three levels of NPSS (75, 125, and 175Pa) for a short
exposure time (0.5s) produced by a novel shearing device.
Platelet activation, expression levels of key platelet adhe-
sion receptors (GPIb, GPIIb/IIIa, and GPVI), and agonist-
induced platelet aggregation were analyzed.

2 | MATERIALS AND METHODS
2.1 | Blood collection and experimental
procedure

Eight healthy donors were recruited (4 males and 4 fe-
males, age range between 23 and 42years). The blood col-
lection was approved by the Institutional Review Board of
the University of Maryland, Baltimore, and in compliance
with the Declaration of Helsinki. All the donors were in-
formed about the aim of the study and provided written
informed consent. No medication was taken two weeks
prior to the blood donation. A volume of 450mL of pe-
ripheral blood was drawn from the antecubital vein into
a sterile blood collection bag containing 50 mL of 3.2% so-
dium citrate (Medicago AB, Uppsala, Sweden). The blood
hematocrit was adjusted to 32 +2% by adding phosphate-
buffered saline (Lonza, Walkersville, MD, USA) con-
taining 0.5% bovine serum albumin (Sigma-Aldrich, St.
Louis, MO, USA). Blood viscosity was measured using a
semi-micro viscometer (Cannon Instrument Company,
State College, PA, USA). The inhibition of vVWF-GPIba

interaction was achieved by adding the polyclonal sheep
anti-human vWF antibody (Haematologic Technologies,
Essex Junction, VT, USA) to the blood with a final con-
centration of 15pg/mL and incubating at 37°C for 30 min
without disturbing. In parallel, blood without anti-vWF
antibody treatment was used as the control.

Prepared blood was loaded into a syringe and pushed
by a syringe pump through a blood-shearing device (see
the schematic cross-section view of the device in Figure 1).
The rotor is magnetically suspended and can rotate be-
tween 500 and 5000 RPM. A narrow gap between the rotor
and the housing has a uniform width of 0.165mm and a
length of 2.5mm, allowing the device to generate Couette
flow with desired shearing conditions. By adjusting the
rotational speed, the desired shear stress levels (75, 125,
and 175 Pa) were generated based on the measured blood
viscosity (4.50+0.14cP, n=6). The desired exposure time
(0.5s) was controlled with the specific constant flow rate
of the syringe pump. The shearing experiment under each
condition was performed in a random order and was re-
peated six times. Unsheared blood was served as the base-
line sample.

2.2 | Western blot analysis of
blood plasma

To assess the effect of the anti-vWF antibody on block-
ing vVWF, Western blot analysis was performed on plasma
samples of anti-vWF antibody-treated and untreated
blood before and after NPSS exposure. Blood samples
(2mL) were centrifuged at 160g for 15min at room tem-
perature. The resulting supernate was further centrifuged

Blood inlet
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FIGURE 1 Schematic cross-section view of the blood-shearing device. Blood is sheared in the narrow gap between the levitated rotating
rotor and static housing where Couette flow is generated. The level of shear stress is controlled by the rotating speed of the rotor and the
exposure time is controlled by the flow rate at the blood inlet pushed by a syringe pump. Sheared blood sample is collected from the sample
port, and the waste port allows excessive blood to exit. [Color figure can be viewed at wileyonlinelibrary.com]
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at 14000 RPM for 10min at 4°C to obtain platelet-
poor plasma. Each plasma sample was mixed 1:20 with
Laemmli sample buffer (BIO-RAD, Hercules, CA, USA).
Electrophoresis was performed with agarose gel (0.6%) to
separate VWF multimers. After electrophoresis, protein
ladders were transferred to a nitrocellulose 0.45 pm mem-
brane (Thermo Fisher Scientific, Waltham, MA, USA) and
probed by a polyclonal rabbit anti-human vWF antibody
(1:2500 dilution, Agilent Dako, Santa Clara, CA, USA),
then followed by horseradish peroxidase-linked anti-
rabbit IgG (1:4000 dilution). Blots were developed using
Amersham ECL Western Blotting Detection Reagent
(Cytiva, Marlborough, MA, USA) and scanned using
ChemiDoc Imaging System (BIO-RAD).

2.3 | Flow cytometric assays for platelet
activation, receptor shedding, and
platelet aggregates

Platelet activation was determined by CD62P (P-Selectin)
and the active GPIIb/IIIa (PAC-1). Platelet receptor shed-
ding was quantified by measuring the expression levels
of GPIba, GPVI, and GPIIb/IIIa receptors. Blood samples
(each containing 1x10° platelets) were added to 50pL
Tyrode's buffer with 5mM Gly-Pro-Arg-Pro (both from
Sigma-Aldrich, St. Louis, MO, USA) in 5mL tubes and in-
cubated with an antibody cocktail containing either 20 pL
FITC-conjugated anti-PAC-1 (PAC-1-FITC, Clone PAC-1,
IgM, ), 5 pL PE-conjugated anti-CD62P (CD62P-PE, clone
AK4, IgGl, x), 5pL PerCp-conjugated anti-CD41/CD61
antibody (CD41/CD61-PERCP, clone A2A9/6, 1gG2a, k),
and 1puL CD41a-APC (clone HIPS, IgG1, k), or 10 L FITC-
conjugated anti-CD42b antibody (CD42-FITC, Clone
HIP1, IgG1, k), 1 pL PE-conjugated GPVI (GPVI-PE, Clone
HY101, IgG1, ), and 1pL APC-conjugated anti-CD41a
antibody (CD41a-APC, clone HIPS, IgG1, k) at room tem-
perature in the dark for 20 min. The corresponding isotype
controls were also prepared likewise. Platelets were then
fixed with 1.0mL 1% paraformaldehyde (Affymetrix Inc,
Cleveland, OH, USA) for 30 min at 4°C in the dark. FITC-
labeled anti-human PAC-1, FITC-labeled anti-human
CD42b, PE-labeled anti-human GPVI, and APC-labeled
anti-human CD41a were purchased from BD Biosciences
(San Jose, CA, USA). PerCP-labeled anti-human CD41/61
and PE-labeled anti-human CD62P antibodies were pur-
chased from BioLegend (San Diego, CA, USA). The flow
cytometry data were acquired on the BD Calibur (BD
Biosciences, San Jose, CA, USA). The platelet popula-
tion was identified by CD41a-APC. The expression level
of P-Selectin was determined by CD62P-PE, and the ex-
pression level of PAC-1 was determined by PAC-1-FITC.
The expression levels of GPIba, GPVI, or GPIIb/IIIa were

i “WiLEY--
determined by CD42-FITC, GPVI-PE, or CD41/CD61-
PERCP. Mean fluorescence intensity (MFI) values were
calculated to represent the expression level of each marker.

Platelet aggregates were determined by the side scatter
(SSC) of all CD41a positive events. CD41a-positive events
were divided into two subpopulations based on the SSC-
corresponded size, and the events with higher SSC were con-
sidered as platelet aggregates. 10000 CD41a-positive events
were analyzed from the collected flow cytometry data.

2.4 | Platelet aggregation assay

The capacity of collagen/ristocetin-induced platelet ag-
gregation was also evaluated using a Lumi-aggregometer
(Chrono-Log, Havertown, PA, USA). A volume of 0.5 mL of
each blood sample was first added into the preheated poly-
styrene cuvette (37°C) containing 0.5 mL saline in the ag-
gregometer with a stir bar stirring at a speed of 1200 RPM.
A volume of 5pL collagen or 8pL ristocetin (both from
Chrono-Log) was then added to the mixed-blood sample
to reach the final concentration of 4pg/mL or 1mg/mL,
respectively. After adding agonists, the platelets started to
adhere to two electrodes which would cause an increase in
impedance between the electrodes. The time course of the
impedance was set for 6min. The integral of the imped-
ance curve (area under the curve (AUC)), which indicates
the overall metric for platelet aggregation, was used to rep-
resent the agonist-induced platelet aggregation capacity.

2.5 | Statistical analysis

The data were presented as mean=+standard error of
the mean. Data from all blood samples were statistically
analyzed by the ordinary two-way ANOVA with Sidak's
multiple comparisons tests using Prism 8.4.3 software
(GraphPad Software Inc., San Diego, CA, USA). A p-value
<0.05 was considered statistically significant.

3 | RESULTS

3.1 | Blocking vVWF

Figure 2 shows a typical image of the Western blots of vWF
multimers on anti-vWF antibody-treated and untreated sam-
ples before and after NPSS exposure. The untreated samples
exhibit distinct bands of vVWF multimers. In contrast, sam-
ples treated with anti-vWF antibody exhibit blurred vWF
blot bands, especially for high- and intermediate-molecular-
weight multimers, suggesting that the vWF binding sites
have been blocked by the polyclonal anti-vWF antibody.
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Untreated Treated FIGURE 2 A typical image of
the distribution of vWF multimers in
[ I | plasma in anti-vWF antibody-treated and
untreated samples, both at baseline and at
three shear conditions.
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FIGURE 3 The surface expression and mean fluorescent intensity (MFI) of PAC-1 on platelets from the anti-vWF antibody-treated

and untreated blood samples after NPSS exposure. (A) Percentage change of activated platelets indicated by PAC-1 surface expression. (C)
MFT of activated platelets indicated by PAC-1 surface expression. (# represents the significant difference between its corresponding baseline
sample, #p <0.05, ###p <0.001, n=6; * represents a significant difference between two groups under the same level of NPSS, **p <0.01,
***p <0.001, n=6). [Color figure can be viewed at wileyonlinelibrary.com]

3.2 | Platelet activation

Figure 3A shows the changes in the percentage of PAC-
1* platelets in the blood exposed to NPSS, and Figure 3B
shows the MFI of PAC-1 expression of platelets. In the
untreated blood, the percentage of PAC-1" platelets in-
creased from 3.42+1.54% (baseline) to 3.97+1.55%
(75Pa), 9.81+2.01% (125Pa), and 18.82+1.84% (175Pa).

The MFI of PAC-1 expression increased from 9.46+0.88
(baseline) to 10.00+0.84 (75Pa), 15.22 +1.50 (125 Pa), and
20.52+2.55(175 Pa). The addition of the anti-vWF antibody
into the blood slightly decreased the percentage of PAC-
1* platelets in the unsheared baseline blood sample. After
being exposed to NPSS, the percentage of PAC-1* in the
anti-vWF antibody-treated blood samples increased from
2.50+0.89% (baseline) to 2.62+0.97% (75 Pa), 2.84 +1.05%

95UB01 7 SUOWIWOD 9A 1810 8|qeoi [dde ay) Ag peusenob ale ajole YO ‘9SO Sa|ni Joj Akeigi]8uUlJUQ A8]IM UO (SO IPUD-pUE-SWRILI0O" A8 | 1M Alelq1[Bul [UO//:SANL) SUONIPUOD puUe SWB | 81 8eS " [1202/20/20] uo AleiqiTauliuo Ao|im ‘puelAIN JO A1seAluN AQ 869YT 108/TTTT OT/I0p/W00" A8 |1 ARIq U1 [UD//:ScNY WOy pepeojumod ‘S ‘vZ0¢ ‘P6STSZST


https://onlinelibrary.wiley.com/

INVESTIGATION OF THE ROLE OF VON WILLEBRAND FACTOR

Artificial

WiILEY-2

(125Pa), and 3.83+1.54% (175 Pa), respectively. The MFI
of PAC-1 expression of platelets increased slightly from
9.81+0.87 (baseline) to 10.06+0.79 (75Pa), 10.42+0.81
(125Pa), and 11.21 +1.38 (175 Pa), respectively.

The percentage of CD62P* platelets and the MFI of
CD62P expression of platelets are shown in Figure 4. The
percentage of CD62P™ platelets in the untreated blood sam-
ples increased from 4.26+0.97% (baseline) to 5.00+0.99%
(75Pa), 11.77+1.52% (125Pa), and 27.42+3.37% (175Pa)
after exposed to NPSS, respectively; the MFI of CD62P ex-
pression increased from 15.98 +0.34 (baseline) to 16.45+0.42
(75Pa), 18.92+1.20 (125Pa), and 36.48+5.72 (175Pa), re-
spectively. There was no notable difference in the percent-
age of CD62P™ platelets in the baseline samples between the
treated and untreated blood. After exposed to NPSS, the per-
centage of CD62P" in the treated blood samples increased
slightly from 3.97 +1.24% (baseline) to 4.60+1.33% (75 Pa),
5.47+1.32% (125Pa), and 7.85+ 1.44% (175 Pa), respectively;
the MFI of CD62P expression of platelets also slightly in-
creased from 14.68 +0.96 (baseline) to 14.88+0.83 (75Pa),
16.03+0.84 (125Pa), and 17.62+0.95 (175Pa). Both the in-
creases in the percentage of PAC-1* (or CD62P™) and MFI of
PAC-1 (or CD62P) in the treated blood samples were signifi-
cantly lower than those in the untreated blood samples after
being exposed to the same level of NPSS.

3.3 | Platelet receptor shedding

The MFT in the fluorescence channel for each receptor was
used to represent its expression on the platelet. The baseline
MFI of GPIba, GPIIb/IIIa, and GPVI were 301.17 +34.63,
226.67 +24.54, and 297.83+27.93 in the untreated blood
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sample, and 307.00+36.03, 208.67 +23.33, 289.83+27.40
in the treated blood sample. No significant changes were
observed by t-test analysis for each receptor in the baseline
sample after anti-vWF antibody treatment. Figure 5 shows
the expression levels of the three platelet receptors after
exposure to NPSS. The MFI for each receptor was normal-
ized by its corresponding baseline MFI. A decreased level
of MFI indicates loss of each receptor, that is, receptor
shedding. The greater the NPSS, the more receptors were
shed in both groups. In the untreated blood samples, the
normalized GPIba expression decreased to 0.93 +0.02-fold
for 75 Pa, 0.89 + 0.01-fold for 125 Pa, and 0.88 + 0.01-fold for
175Pa, GPIIb/II1a expressions decreased to 0.92 +0.02-fold
for 75Pa, 0.71+0.05-fold for 125Pa, and 0.61 +0.07-fold
for 175Pa, and GPVI expression decreased to 0.97 +0.02-
fold for 75Pa, 0.93+0.02-fold for 125Pa, and 0.89 +0.04-
fold for 175Pa, respectively. Similarly, GPIba, GPIIb/II1a,
and GPVI expressions in the sheared anti-vWF antibody-
treated blood samples also decreased after exposure to the
three levels of NPSS. In the treated blood samples with
the anti-vWF antibody, GPIba expression decreased to
0.92+0.02-fold for 75Pa, 0.84+0.05-fold for 125Pa, and
0.78 +0.05-fold for 175 Pa, GPIIb/IIla expression decreased
0.94+0.03-fold for 75Pa, 0.71+0.06-fold for 125Pa, and
0.61+0.06-fold for 175Pa, and GPVI expression decreased
0.96+0.01-fold for 75Pa, 0.92+0.02-fold for 125Pa, and
0.86 +0.02-fold for 175 Pa, respectively. There was slightly
more GPIba receptor loss in the anti-vWF antibody-treated
blood compared to the untreated blood after exposure to
the same level of NPSS. No significant differences in the
decreases of the GPIIb/II1a and GPVI expressions between
the untreated and treated blood after exposure to the same
level of NPSS were observed.
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FIGURE 4 The surface expression and mean fluorescent intensity (MFI) of CD62P" on platelets from the anti-vWF antibody-treated
and untreated blood after NPSS exposure. (A) Percentage change of activated platelets indicated by CD62P*. (C) MFI of activated platelets
indicated by CD62P" surface expression. (# represents the significant difference between its corresponding baseline sample, #p < 0.05,
###p <0.001, n==6; * represents a significant difference between two groups under the same level of NPSS, *p <0.05, **p <0.01, ***p <0.001,

n=6). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 The quantification of the platelet GP receptor expression from anti-vWF antibody-treated and untreated blood after NPSS
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FIGURE 6 Percentage change of platelet aggregates in anti-
vWF antibody-treated and untreated blood after NPSS exposure.
(# represents the significant difference between its corresponding
baseline sample, ##p < 0.01, ###p <0.001, n=6; * represents a
significant difference between two groups under the same level of
NPSS, **p <0.01, ***p <0.001, n=6). [Color figure can be viewed at
wileyonlinelibrary.com]

3.4 | Platelet aggregates

Figure 6 shows the percentage of platelet aggregates in
the anti-vWF antibody-treated and untreated blood sam-
ples before and after exposure to NPSS. Consistent with
platelet activation levels, the percentage of platelet aggre-
gates significantly increased with increasing NPSS in the

untreated blood. The percentage of platelet aggregates in
the treated blood only slightly increased after exposure to
NPSS.

3.5 | Agonist-induced platelet
aggregation

Figure 7 shows typical traces of the collagen- and ristocetin-
induced platelet aggregation in the vWF antibody-treated
and untreated blood samples before and after exposure
to NPSS. The quantity analysis of platelet aggregation
capacities induced by collagen and ristocetin is shown in
Figure 8. Blocking the vWF in the blood with anti-vWF
antibody had a profound impact on ristocetin-induced
platelet aggregation. The AUC of the ristocetin-induced
platelet aggregation for the treated blood was significantly
decreased compared with that for the untreated blood.
The exposure to NPSS resulted in a reduction in both col-
lagen and ristocetin-induced platelet aggregation capaci-
ties of both treated and untreated blood. The reduction in
ristocetin-induced platelet aggregation capacity was more
pronounced after being exposed to NPSS. The treatment
with the anti-vWF antibody exacerbated these reductions,
especially for the ristocetin-induced platelet aggregation
capacity.

4 | DISCUSSION

Although shear stress is known to regulate platelet func-
tions in the bloodstream, shear-induced platelet activation
and functional alteration are still an open issue, especially
under the uncanny non-physiological shear conditions in
BCMDs. In addition to the direct impact on platelets, high
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shear can also damage other blood cells and plasma pro-
teins. In the worst case, these blood components would be
irreversibly ruptured, releasing cytoplasm that contains
biochemical agonists such as thrombin and vWF into the
bloodstream. Low shear can induce the conformational
transition of VWF,'® while high shear can deform vWF
and fragment high-molecular-weight vVWF multimers to
intermediate or low-molecular-weight vVWF multimers.®
The shear stress threshold for shear-induced platelet acti-
vation is reported to be 50-90 Pa, whereas for vVWF degra-
dation it is around 12 Pa.** Degraded vWF has less affinity
to platelets, which may result in decreased platelet bind-
ing capacity. It is also possible that high NPSS is too strong
to break vVWF-GPIba binding.

In this study, the role of vWF in platelet activation
and functional alteration under high NPSS relevant to
BCMDs was investigated. The results showed that after

blocking vWF in the blood, the increased levels of plate-
let activation and aggregates were significantly lower
compared to those in the untreated blood exposed to the
same levels of NPSS. Platelet activation and aggregate
only showed a subtle increase even under the highest
level of NPSS (Figures 3 and 4). This observation implies
that high NPSS-induced platelet activation and aggre-
gate largely require the involvement of vWF-platelet in-
teraction. High NPSS alone may merely induce platelet
activation. In previous studies using whole blood, plate-
let activation induced by shear stress was always con-
currently accompanied by receptor shedding,® as was
also observed in the untreated blood in this study. The
greater the NPSS was, the more platelets were activated,
and the more platelet receptors were shed, implying
that these two trends may be correlated. Unlike the sig-
nificant reduced level of platelet activation, treatment
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with the anti-vWF antibody did not make a notable dif-
ference in receptor shedding, especially for GPIIb/IIIa
and GPVI, compared to the untreated blood under the
same level of NPSS (Figure 5). Therefore, shear-induced
receptor shedding was not significantly affected by vWF
and could be caused by an independent pathway that
does not require platelet activation.

Blocking vWF in the blood could also significantly
reduce the capacity of agonist-induced platelet aggrega-
tion. In the untreated blood, the capacities of collagen-
and ristocetin-induced platelet aggregation decreased
with the increasing levels of NPSS, corresponding with
the loss of GPVI and GPIba receptors on the platelet
surface after exposure to NPSS. The declined capacities
were exacerbated by the anti-vWF antibody treatment,
especially for the ristocetin-induced platelet aggregation.
vWF is related to both collagen- and ristocetin-induced
platelet aggregation.”> However, ristocetin-induced
platelet aggregation mainly depends on the promotion
of GPIba-V-IX complex and vWF interaction while col-
lagen can also induce platelet aggregation by directly in-
teracting with GPVIL.*

Device-associated hemostatic dysfunction remains
the biggest challenge for the use and development of
BCMDs. Thrombosis and bleeding account for the two
devastating postsurgical complications in BCMDs-
supported patients. These complications are closely
associated with platelet dysfunction induced by NPSS.
The development of new BCMDs urgently requires ac-
curate numerical models for assessing platelet charac-
teristics under complicated shear conditions. Several
models have been proposed for shear-induced platelet

activation, however, few considered the effect of vVWF-
platelet.”’ For example, numerical models based on
in vitro experiments using plasma-free, gel-filtered
platelets may largely underestimate the level of shear-
induced platelet activation.” Since shear-induced plate-
let activation and receptor shedding may have different
pathways, the numerical models for these two charac-
teristics of platelets under NPSS should be considered
separately. Therapeutics targeting shear-induced vWF
A1l-GPIba interaction is a promising approach to im-
prove the efficacy and safety profile of anti-thrombotic
therapy under pathological shear circumstances.*
Implanting this strategy may mitigate platelet activation
in BCMDs, but receptor shedding may still be inevitable.
To prevent platelet dysfunction caused by shear stress,
the development of future BCMDs with low shear stress
levels will be evident.

5 | CONCLUSION

Inhibition of vWF-platelet interaction can significantly
reduce platelet activation and platelet aggregates under
high NPSS, indicating that vWF plays an important role in
NPSS-induced platelet activation and aggregation. NPSS
induces platelet activation mainly by enhancing vWF-
platelet interaction. In contrast, platelet receptor shed-
ding showed no noticeable difference between anti-vWF
antibody-treated and untreated blood samples after ex-
posure to the same level of NPSS. Shear-induced platelet
activation and receptor shedding probably have distinct
pathways.
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6 | STUDY LIMITATION

As vWF concentration in healthy donors’ blood varies,
adding the same amount of anti-vWF antibody may
not completely block the vWF-platelet interaction. The
concentrations of other biochemical agonists, such as
adenosine diphosphate (ADP) and thrombin, in dif-
ferent donors, were not strictly controlled. The study
examined only three NPSS conditions with a single pas-
sage (0.5s exposure time); however, in the clinic, NPSS
conditions would be more complicated. Blood would
flow through the VAD/ECMO device multiple times
and platelets may be sensitized during the device sup-
porting process.26
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