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ABSTRACT

lood flow profoundly varies throughout the vascular tree due to its pul-

satile nature and to the complex vessel geometry. While thrombus for-

mation has been extensively studied in vitro under constant flow, and
in vivo under normal blood flow conditions, increased attention has been
paid to the impact of complex hemodynamics such as flow acceleration
found in stenosed arteries. We investigated the effect of flow acceleration,
characterized by shear rate gradients, on the function of platelets adhering to
fibrinogen, a plasma protein which plays a key role in hemostais and throm-
bosis. While we confirmed that under constant flow, fibrinogen only sup-
ports single platelet adhesion, we observed that under shear rate gradients,
this surface becomes highly thrombogenic, supporting efficient platelet
aggregation leading to occlusive thrombus formation. Interestingly, this phe-
nomenon is general as it occurs on other weak adhesive matrices including
laminins and thrombospondin-1. This shear rate gradient-driven thrombosis
is biphasic with an initial step of slow platelet recruitment supported by
direct plasma von Willebrand factor (VWEF) adsorption to immobilized fib-
rinogen and followed by a second phase of explosive thrombosis initiated by
VWEF fiber formation on platelet monolayers. Inn vivo experiments confirmed
that shear rate gradients accelerate thrombosis in a VWEF-dependent manner.
Together, this study characterizes a process of plasma VWE-dependent
accelerated thrombosis on weak adhesive proteins such as, fibrinogen in the
presence of shear rate gradients.

Introduction

It has long been recognized that hemodynamics play important roles in hemo-
stasis and thrombosis." A study coupling intravital microscopy to hydrodynamic
studies provided evidence that shear gradients found at the site of vessel stenosis
enhance thrombus formation in the post-stenotic area.” The rheology-driven
thrombi were essentially composed of discoid platelets as they formed independ-
ently of soluble agonists. Exacerbated platelet function and thrombosis in the post-
stenotic area was confirmed in another study, which proposed a role for von
Willebrand factor (VWE) in this process.” To date, the mechanism by which VWF
exacerbates platelet activation and thrombosis under shear gradients has not been
established. In addition to VWE, atherosclerotic plaque rupture exposes many other
adhesive proteins including fibrinogen, which is known to support platelet adhe-
sion and activation under low laminar blood flow conditions.* However, whether
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this protein initiates and contributes to atherothrombosis
under profoundly altered flow remains unknown.

VWE is a well-studied adhesive protein for platelets that
is central in both hemostasis and arterial thrombosis.’
VWEF is found in the subendothelium, in Weibel-Palade
bodies of endothelial cells, in a-granules of platelets and in
the plasma. Upon vascular injury, plasma VWEF becomes
rapidly adsorbed to several adhesive glycoproteins found
at the site of injury, including collagen, laminins, throm-
bospondin, fibrin and fibronectin.” Immobilized VWE
then unfolds under the action of shear forces and exposes

sites for the GPIb-IX-V complex supporting the recruit-
ment of flowing platelets. VWE has the unique ability
amongst all adhesive proteins to recruit platelets under
elevated wall shear rate (WSR) conditions (>1,500 s™).”’ It
has also been shown that unfolding of VWF is facilitated
in the presence of shear gradients and elongational flow
and can form a network of fibers which supports stable
adhesion of several individual platelets."***

Fibrinogen is a soluble plasma glycoprotein which plays
a pivotal role in hemostasis. In suspension, activation of
platelets results in a change of the conformation of inte-
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Figure 1. Schematic of a microfluidic flow chamber designed to generate shear gradients. (A) Schematic of the poly-dimethylsiloxane (PDMS)-based microfluidic
flow chamber containing a straight rectangular channel with a width of 1 mm and a height of 0.1 mm, and a stenosed channel with similar dimensions, but presenting
a 90% reduction in width in the central region. (B) Bright field microscope view of the microfluidic flow chamber: transition from zone 2 to zone 3 of the stenosed
channel. (C) Velocity magnitude heat map at mid-height in the stenosed channel obtained by micro-particle image velocimetry: transition from zone 2 to zone 3. (D)
Non dimensional velocity profiles WWmax as a function of YYmax or ZZmax (U is the velocity magnitude, Ymax is the half width of the stenosis, Zmax the half height)
in the mid height and mid width of the microfluidic flow chamber in zone 3. (E) Computational fluid dynamic analysis presenting the wall shear rate (WSR) heat map
at the chamber floor (z=0) throughout the whole chamber and in the zoomed region corresponding to the entrance of zone 3. Channel geometry in the computational
fluid dynamic simulation (CFD) model corresponded to the stenosed version of the chamber shown in panel (A). (F) The streamlines for the central horizontal cross-
section (50 pm above the chamber floor) of the zone 2 to zone 3 connection region were calculated using the CFD-derived velocity field.
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Figure 2 (previous page). Shear rate gradients promote platelet aggregation, procoagulant activity and fibrin formation on a fibrinogen surface. Hirudinated human
whole blood was perfused through channels of the microfluidic chamber coated with a solution of fibrinogen (300 ug/mL). (A) Representative differential interfer-
ence contrast (DIC) microscopy images of platelets adhering to immobilized fibrinogen at 300 s or 4,800 s* after 5 min. Scale bar: 10 um. (B) The bar graphs rep-
resent the surface of adherent platelets obtained after 5 min of perfusion. The surfaces represent the mean + standard error of the mean (SEM) in six random fields
of five separate experiments performed with different blood donors. **P<0.005. (C) Representative DIC microscopy images of platelets adhering to immobilized fib-
rinogen in various zones of the 90% stenosed channel, after 5 min. Scale bar: 10 um. Theoretical wall shear rate (WSR) in rectangular regions were indicated. (D)
The bar graphs represents the surface of adherent platelets in various regions obtained after 5 min of perfusion. The surfaces represent the mean + standard error
of the mean (SEM) in one random field of six separate experiments performed with different blood donors. (E) Representative DIC microscopy images of platelets
adhering to immobilized fibrinogen in zone 3 of the stenosed channel or in the central region of a straight rectangular channel (0.1 mm/0.1 mm), at 4,800 s* after
5 min. Scale bar: 10 um. (F) The bar graphs represent the surface of adherent platelets obtained after 5 min of perfusion. The surfaces represent the mean +SEM
in six random fields of three separate experiments performed with different blood donors. *P<0.05. (G) Washed human platelets loaded with morphological and Ca**
dyes were reconstituted with 50% (vol/vol) autologous packed red blood cells at a final concentration of 2.5x10# platelets/mL and perfused through the stenosed
channel at 300 s* (in zone 1). Changes in fluorescence in platelets adhering in zone 1 and at the entrance of zone 3 were monitored for 5 min by confocal microscopy,
and cytosolic Ca** concentrations were calculated. The dot plot of the maximal increase relative to the basal state in individual adherent platelets is shown (n=80
from four independent experiments). (H) Hirudinated blood was perfused over fibrinogen in the presence of Alexa 488-conjugatdd annexin-V (1/50) at 300 s* for 10
min. Procoagulant platelets were detected by their annexin-V positivity (greend platelets) using a epifluorescence microscopy. Representative DIC/epifluorescence
images are shown. (l) The bar graph represents the surface of annexin-V labelling per mmz2 in zone 1 and zone 3 of six independent experiments, **P<0.01. (J)
Recalcified citrated human whole blood was perfused over fibrinogen (300 ug/mL), in the presence of the specific Alexa 647-coupled anti-human fibrin antibody
59d8 (5 ug/mL). Representative DIC/fluorescence images represent fibrin formation in blue after 10 min of blood perfusion. (K) The bar graph represents the sur-
face of fibrin formation per mm?, in four independent experiments. Scale bar: 10 um. *P<0.05. (L) Representative DIC microscopy images of platelets accumulated
on immobilized fibrinogen in zone 3 at shear rate gradients (SRG) of 2.5 s*/um (corresponding to a wall shear rate (WSR) of 1,600 s*), 4.9 s*/um (corresponding
to a WSR of 3,200 s*), 7.4 s*/um(corresponding to a WSR of 4,800s™), 9.8 s*/um (corresponding to a WSR of 6,400 s*) and 12.2 s*/um (corresponding to a WSR
of 8,000 s*) after 10 min or less. Scale bar: 10 um. (M) The scatter plot represent the time to occlusion in the stenosed channel and limited to the 10 first min of
perfusion (the value was set at 10 min if no occlusion occurred). Each dot represents the value of distinct flows performed with different blood donors, *P<0.05.

grin ollbp3 which supports fibrinogen binding, allowing  sion to fibrinogen will help to better understand the mech-
the formation of inter-platelet bonds, i.e, platelet aggrega- anism underlying thrombosis since this pathological
tion.” When immobilized on a surface, fibrinogen sup- process is intimately linked to severely disturbed blood
ports attachment of resting platelets which is limited to  flow patterns.

low blood flow conditions (<1,000 s™), as fibrinogen is not This study evaluated the effect of shear rate gradients
recognized to allow plasma VWF adsorption.” The adhe- (SRG) such as those found at the entrance of a vessel
sive properties of fibrinogen under disturbed hemody- stenosis, on platelet function on fibrinogen. A major find-
namic conditions remains completely unexplored. ing is that fibrinogen becomes a highly thrombogenic sur-
Understanding the effect of such flows on platelet adhe-  face under elevated SRG allowing the formation of occlu-




sive thrombi. We identified and characterized a process of
SRG-accelerated thrombosis that is bi-phasic with an ini-
tial step of slow platelet recruitment initiated through the
ability of fibrinogen to adsorb plasma VWE followed by a
second stage during which VWF fibers of a couple of hun-
dred microns form and initiate a very rapid accumulation
of highly activated platelets to promote occlusive throm-
bosis. This process is general as it can be observed on
other weak adhesive proteins such as laminins and throm-
bospondin-1.

Methods

Preparation of microfluidic devices

Microfluidic devices were made from poly-dimethylsiloxane
(PDMS) by standard soft lithography techniques according to pub-
lished methods.' Briefly, a patterned photoresistant-based mold
was made by standard soft lithography techniques. The liquid
prepolymer PDMS and its curing agent were mixed thoroughly at
a volumetric ratio of 10:1, placed in a vacuum chamber to degas
and poured onto the mold followed by curing at 70° C for 2 hours.
The polymerized PDMS channels were then carefully peeled
away from the mold and holes were punched at both extremities.
Finally, the irreversible bonding of PDMS to glass coverslips was
performed upon exposure of both surfaces to an oxygen plasma.
We made a chamber containing: 5 cm long straight rectangular
channels with a 1 mm width and 0.1 mm height constant section
(Figure 1A; straight channel) and; stenosed channels with identical
dimensions in addition to a symmetric stenosis showing a 90%
lumen reduction in the central part of the channel (Figure 1A;
stenosed channel). This symmetric two sided stenosed channel is
composed of a constricted central part (zone 3) connected on both
sides to rectangular sections similar to straight channel (zones 1
and 5) through linearly varying sections (zones 2 and 4). Finally,
we made a chamber containing square section channels with a
width of 0.1 mm, a height of 0.1 mm and a length of 5 cm.

Computational modeling of VWF dynamics

VWF dynamics was described with a model reported in.'* In
order to reduce computational complexity, hydrodynamic correla-
tions were not taken into account. The VWF dimer was treated as
a sphere with a 70 nm radius. The polymer chain was represented
as the chain of interconnected spheres, joined with Hookean
springs. The interaction parameters were taken from." In order to
infer conformational dynamics of VWEF molecules within different
flow lines of the chamber (flow lines lying within the central z-x
plane were considered), the corresponding flow velocity profiles
were taken from the computational fluid dynamic (CFD) simula-
tion results. The local velocity gradient tensor was computed from
polynomial interpolation of velocity profiles obtained from CFD
simulations. In order to reduce the computational burden we con-
sidered VWF dynamics along the 1 mm of flow lines correspon-
ding to stenosis entrance region (as far as this region possesses the
highest values of elongational velocity gradients). VWF elongation
d for a given moment of time was determined as maximum linear
size of VWF molecule divided by the length of fully unfolded mol-
ecule. Values of VWF elongation exceeding unity correspond to
flow-mediated extension of linear unfolded molecule. In case
VWE elongation exceeded unity, the molecule was considered to
be fully unfolded. In order to obtain a relative value of unfolding
events we considered flow lines with different heights above fib-
rinogen surface: 1, 5, 10, 15 and 20 um. For each height above the
surface, 100 VWEF trajectories were analyzed to infer the mean rel-
ative number of VWF unfolding events. The maximum relative

number of unfolding events were analyzed for each flow line.
Analysis was performed for long (n=80 dimers) VWF multimers.

In vivo FeCl, thrombosis and stenosis

FeCl:-induced thrombosis was performed as previously
described”™ with some modifications. Briefly, 8-10 week-old
mice were anesthetized by intraperitoneal injection of a mixture of
xylasine (100 mg/kg) and ketamine (20 mg/kg). DiOCs (0.4 uL of a
100 uM solutior/g of body weight) was injected into the jugular
vein to label the thrombus. The carotid artery was injured by lat-
eral external application of a filter paper containing a 4% FeCl;
solution for 2.5 minutes (min). Four min after vessel injury, a 80%
stenosis of the carotid or no stenosis (control) was obtained by
compression with a micro-manipulator (Eppendorf Transferman,
Hamburg, Germany). Thrombus formation was monitored with a
fluorescent macroscope (Macrofluo®, Leica Microsystems, Rueil-
Malmaison, France). Ethics approval for animal experimentation
was obtained from the French Ministry of Research in accordance
with the European Union Guidelines as defined by European laws.

Detailed methods are described in the Omnline Supplementary
Materials and Methods.

Results

Development and characterization of a microfluidic
device to study the effect of SRG on platelet adhesion
to fibrinogen

We developed a PDMS-based microfluidic chamber
with a 90% narrowing in its central region (zone 3) in
order to generate SRG, similar to those found in patholog-
ical settings (Figure 1A). Micro-particle imaging velocime-
try (microPIV) measurements performed while perfusing a
40/60 glycerol/PBS mixture to mimic the blood viscosity,
at a flow rate of 30 ul./min, showed terminal acceleration
of the flow at the end of zone 2 and the entry of the steno-
sis (zone 3), (Figure 1B-C). The maximal flow velocity of
0.115 m/s measured in the centerline of the stenotic area
(Figure 1C) is very close to the expected 0.113 m/s com-
puted from the mass flow rate conservation through the
model and to that of the straight channel (data not shown).
In agreement, the value of the absolute average of WSR
(4,750+300 s™) of zone 3 is also very close to the 4,800 s
for which the stenosed channel was designed. Reynolds
numbers (Re) based on maximum centreline velocity and
hydraulic diameter were characteristic of a laminar flow in
all  sections of the flow chamber (zone
1-5: Re=0.46; zone 3: Re=3.36) indicating the absence of
turbulence. This laminar flow behavior was confirmed by
the velocity profiles that can be inferred from the flow
field measurements in the different sections of zone 3
(Figure 1D). In agreement with the microPIV measure-
ments, computational fluid dynamic analysis indicated
that the WSR were symmetrically distributed within the
stenosed channel and of similar values (for 30 uL/min:
zone 3 of 4,800 s™) (Figure 1E-F). Finally, analytical solu-
tion of Navier-Stokes equation for infinitely long square-
shaped channels” with a corresponding volumetric flow
rate gives a WSR value in the center line of zone 3 of 4,792
s, which is in line with CFD and microPIV results.

Effect of SRG on the function of platelet adhering to
fibrinogen and other weak adhesive proteins

In agreement with previous reports,” perfusion of
hirudinated whole blood over immobilized fibrinogen in
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channels with a constant section results in a modest
platelet adhesion under low WSR (300 s™), and no platelet
recruitment under high WSR (4,800 s™), (Figure 2A-B). In
sharp contrast, in zone 3 of the 90% narrowed channel,
we observed that numerous platelets adhered at 4,800 s?,
and formed aggregates (Figure 2C-D). Control experi-
ments indicated that this adhesion was specific as no
platelet adhesion was observed in any region of the chan-
nel in the absence of coating or when the chamber was
passivated with albumin (data not shown). The efficient
platelet accumulation on fibrinogen in zone 3 did not rely
on local geometry, since no platelet adhesion was
observed at similar WSR (4,800 s™) in a straight fibrinogen
coated channel with identical dimensions as those of zone
3 (Online Supplementary Figure S1 and Figure 2E-F). We
therefore concluded that the efficient adhesion on fibrino-
gen at high WSR (4,800 s"') observed in zone 3, results
from flow acceleration occurring upstream (exit of zone 2)
which generates SRG (Figure 1C). At early time points, we
observed a modest 34.3% increase in Ca’* signaling of
platelets adhering to zone 3 compared to those attaching
in zone 1 (Figure 2G). In contrast, at later stages, numerous
platelets were Annexin-V positive in zone 3 (4,800 s™), but
not in zone 1 (300 s™), suggesting that the level of platelet
activation increases over time and that SRG favor pro-
coagulant platelet formation (Figure 2H-I). In agreement, a
signal for fibrin was detected in zone 3 when recalcified
citrated human blood was perfused (Figure 2J-K). When
different SRG were used, we observed single platelets

60 sec 120 sec

0 sec

adhering at 2.5 s'/m and 4.9 s'/m, platelet aggregates
started to form at 7.4 s/ m and became massive resulting
in channel occlusion at 9.8 s'/m and 12.2 s*/m (Figure 2L-
M and Online Supplementary Video S1). Of importance, this
phenomenon appears general as it also occurred on other
weak adhesive proteins including vascular laminins and
thrombospondin-1 (Online Supplementary Figure S2).
Together, these results indicate that SRG can enhance
platelet function on weak adhesive proteins, such as fib-
rinogen resulting in occlusive thrombosis.

Thrombus formation on fibrinogen under SRG is
bi-phasic

To further characterize the SRG-mediated process of
platelet aggregation on fibrinogen, video-microscopy exper-
iments were conducted. Real-time analysis of the flow
experiments revealed a stepwise process of i vitro throm-
bus formation on fibrinogen, with an initial phase charac-
terized by a slow and heterogeneous recruitment of indi-
vidual platelets, followed by a stage of very rapid platelet
aggregation visualized after 180 seconds (s) (Online
Supplementary Video S2 and Figure 3A). Importantly, platelet
adhesion and thrombus growth occur at the entrance of
zone 3. Quantification of the surface coverage confirmed
the bi-phasic nature of platelet accumulation on fibrinogen
in zone 3 (Figure 3B). This bi-phasic process contrasted
with platelet adhesion in zone 1 within the same channel
which was linear (Figure 3B). The second phase (180-360 s)
led to a very marked acceleration of platelet accumulation,
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Figure 3. Platelet accumulation in the stenosed region under shear rate gradients (SRG) is bi-phasic. Hirudinated human whole bloos was perfused through chan-
nels of microfluidic chambers coated with a fibrinogen solution (300 ug/mL). (A) Representative differential interference contrast (DIC) microscopy images of
platelets accumulating on immobilized fibrinogen in the stenosed region at indicated time points. Scale bar: 10 um. (B) Representative curves of platelet accumu-
lation in zone 1 and zone 3 over time. (C) The bar graph represents the slope of platelet accumulation in zone 3 before and after 210 s. Values are the mean * stan-

dard error of the mean (SEM) in eight separate experiments, *P<0.05.
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Figure 4 (previous page). Integrin allbB3 flow and the GPIb/VWF axis support platelet adhesion under shear rate gra-
dients (SRG). Hirudinated human whole blood was perfused through channels of microfluidic chambers coated with a
fibrinogen solution (300 ug/mL) at indicated local wall shear rates. The blood was incubated with the anti-allbp3 block-
ers, Reopro: 40 ug/mL or Integrilin: 40 ug/mL (A- B), the blocking anti-GPIba. antibody AK2 (10 ug/mL), (C-D), the anti-
GPlba peptide 0S-1 (800 nM), (C-D), the anti-VWF A1 domain antibody 701 (20 ug/mL), (E-F), or with PBS (A- B), an irrel-
evant antibody (C-F), or a scrambled peptide (C-D) as a control. The bar graph represents the surface of adherent
platelets obtained after 5 min of perfusion. The surfaces represent the mean + standard error of the mean (SEM) in six
random field of four to six separate experiments performed with different blood donors. *P<0.05, **P<0.01. (G)
Representative immunofluorescence images of zone 1 and zone 3 depicting von Willebrand factor (VWF) labelling after
perfusion of platelet-poor plasma (PPP) reconstituted with red blood cells (RBC) over immobilized fibrinogen (300
ug/mL) or human serum albumin (HSA), (300 ug/mL) within the channels of the microfluidic chambers at 300 s™. (H)
The bar graph represents the surface of VWF labelling per mm?2 on fibrinogen or HSA after 5 min of perfusion in zone 1
or zone 3. ***P<0,001. (I) Microwells were coated overnight at 4 ° C with fibrinogen or HSA at 10 ug/mL. Increasing con-
centrations of purified VWF were then added, and bound VWF was detected with a peroxydase-conjugated anti-VWF anti-
body. Curves show the optical density (OD) at 490 nm, and values are the mean + SEM in three separate experiments
performed in duplicate. (J) Prediction model for the relative number of VWF unfolding events in entrance of zone 3 under
indicated SRG. (K) PPP was mixed or not with RBC and perfused through stenosed channels of microfluidic chambers
coated with fibrinogen (300 ug/mL) at 300 s*. The channels were labeled with an anti-VWF antibody. The bar graph rep-
resents the surface of VWF staining per mm?2 in zone 3 after 5 min of perfusion. **P<0.01.
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Figure 5 (previous page). The enhanced platelet aggregation under shear rate gradients occurring on fibrinogen results from plasma von Willebrand factor fiber
formation. Hirudinated human whole blood was perfused through channels of the microfluidic flow chamber coated with a solution of fibrinogen (300 ug/mL). (A)
Representative differential interference contrast (DIC) microscopy image obtained in zone 3. Scale bar: 20 um. (B) Representative DIC/fluorescent images represent
the platelet aggregates (DIC) and VWF fibers (orange) formed in zone 3 following shear rate gradients (SRG). Scale bar: 20 um. (C) Representative confocal images
and schematic of platelet aggregates formed in zone 3. Platelets appear in red (RAM.1-Cy3 at 2 ug/mL), von Willebrand factor (VWF) in green (anti-VWF-Alexa488 at
2 ug/mL), and the overlay in yellow. Scale bar: 10 um. Schematic of platelet aggregates (red) and VWF fibers (green) formed in zone 3 following SRG. (D) Dot plot
represents the size of aggregates formed in presence or absence of 0S-1 that was perfused once a platelet monolayer on fibrinogen had already formed. The shading
corresponds to the standard error of mean (SEM). Data were compared by 2-tailed Mann-Whitney tests, *P<0.0001. (E) Computational fluid dynamic (CFD)-derived
heatmap of shear rate values calculated for the system of three adhered platelets in the stenosed part of the chamber. The central section of system is shown.
Platelets were placed in the central z-x plane of the stenosed part of chamber, near the wall. Hydrodynamic conditions are the same as described in Figure 1E. (F)
The dependence of maximum relative number of VWF unfolding events on the height above the fibrinogen surface. Computational modeling of VWF dynamics was
performed using the CFD-derived values of shear and elongation rates at different heights above the surface. For each height 100 simulations of long VWF multimers
dynamics were obtained. Given values correspond to zone 2-zone3 connection, where VWF unfolding was maximal (see peaks at Figure 4J). VWF molecule was con-
sidered unfolded only if its maximal size exceeded contour length of the multimer. Data correspond to the same hydrodynamic conditions as used for Figure 1E and
Figure 5E (maximal SRG of 7.4 s*/um ). (G) The effect of flow line contraction illustrated with CFD simulation for system of three ellipsoidal platelets. The flow lines
are shown in dark red color. Note the convergence of flow lines above the platelets. (H) Schematic illustration of the consequence of flow line contraction effect:
objects of finite size (like flowing VWF depicted in the figure or platelet) traveling at some distance above the surface will eventually interact with the obstacle (platelet

aggregate) due to flow line convergence above the obstacle (platelet) leading to much closer distance between the flowing object and the barrier (platelet).

with a 3-fold slope increase when compared to early time
points (<210 s) (Figure 3B-C). This bi-phasic platelet accu-
mulation is original since platelet aggregation under flow is
recognized to be linear over a very wide range of WSR in
the classical model of “in vitro thrombus formation” when
whole blood is perfused over collagen (data not shown).

Characterization of the first step of platelet adhesion to
fibrinogen in the stenosed region

We next analyzed the mechanism involved in platelet
adhesion to fibrinogen in zone 3. Two clinically used
olIpb3 blockers, ReoPro® and Integrilin®, completely pre-
vented platelet adhesion in the straight control channel at
300 s, as well as in zone 3 of the stenosed channel (4,800
s™), (Figure 4A-B). Blockade of GPIba or VWEF exhibited a
similar effect in zone 3, but not in the control channel at 300
s" (Figure 4C-F). These results suggested that plasma VWE
becomes adsorbed to fibrinogen under SRG. This was con-
firmed by VWF immunostaining in zone 3 after perfusion
of platelet-poor plasma (PPP) through the channel (Figure
4G). VWF staining was also detected in zone 1 but the sig-
nal was much weaker when compared to zone 3 further
demonstrating that VWF binds to fibrinogen (Figure 4H).
Direct interaction between VWEF and fibrinogen was
demonstrated in a purified assay under static conditions
showing a specific and dose-dependent binding of soluble
VWF to immobilized fibrinogen (Figure 4I). The increased
VWF adsorption observed in zone 3 might be the result of
VWF unfolding. A computational modeling approach of
VWF dynamics, indicated that SRG similar to those occur-
ring in transition from zone 2 to zone 3, especially 9.8 s/ m
and 12.2 s/ m, favored unfolding of VWF molecules (Figure
4] and Ounline Supplementary Video S3), while this was not
the case under flow conditions found in zone 1 at 300 s
and zone 3 at 4,800 s* (Online Supplementary Figure S3). We
observed a 27.5% reduction of VWF deposition in zone 3
when PPP was perfused in the absence of red blood cells,
suggesting that these cells contribute to this process (Figure
4K). Together, these results demonstrate that platelet adhe-
sion observed on fibrinogen in zone 3 relies on integrin
allbp3, the GPIb-IX complex, and on plasma VWEF adsorp-
tion which is the result of its unfolding due to SRG.

Characterization of the second step of accelerated
platelet aggregation in the stenosed region: a role for
VWF fibers

Real-time video-microscopy showed that aggregates
presented an unusual extended shape in the flow direction

and contained VWF fibers (Figure 5A-B and Online
Supplementary Video S2 and S4). The fibers were particular-
ly long reaching several hundred microns. Confocal
microscopy confirmed the presence of VWF fibers and
showed that they did not form directly on the fibrinogen
surface but rather on top of platelet monolayers (Figure
5C). Interestingly these fibers appeared concomitantly to
the initiation of the accelerated thrombosis, suggesting a
role for them in this process (Online Supplementary Video
S4). This role was confirmed in an experiment in which
blockade of the GPIba/VWEF axis with OS-1, once a
platelet monolayer on fibrinogen had already formed, pre-
vented the second phase of accelerated thrombosis (Figure
5D). Computational fluid dynamic simulation (CFD) of
the flow around single adhered platelets in zone 3 demon-
strates a very strong increase in shear at their surface
(>10,000 s), suggesting that events of VWF unfolding are
very likely to occur (Figure 5E). Moreover, computational
analysis of VWF dynamics at different heights shows
SRG-dependent increase of VWE unfolding with an
increase of height above the fibrinogen surface, reaching a
maximum at 10 um above the surface (Figure 5F). This
result provides an explanation for acceleration of throm-
bus growth due to SRG-mediated unfolding of VWE
molecules, which might trigger VWEF fiber formation.
Besides, CFD also shows significant streamline contrac-
tion effects on a second layer of platelets (Figure 5G)
which might be responsible for the observed increase in
the rate of VWF and platelet transport to the surface of
growing aggregates as illustrated in Figure 5H. Thus,
enhanced VWF unfolding and fiber formation combined
with streamline contraction effects might explain the
observed acceleration of thrombus formation in zone 3.

SRG accelerate in vivo thrombus growth in a
VWF-dependent manner

To evaluate whether SRG accelerate thrombus growth
in vivo, an experimental thrombosis approach was used. A
4% FeCl; solution was applied to the carotid artery of
adult mice to injure the vessel wall, and once a monolayer
of platelets had formed (~270 s), the artery was severely
stenosed (>80%) with a micromanipulator to generate
SRG. Measurements of blood flows in the mouse carotid
with a Doppler probe combined to CFD analysis indicated
that the SRG generated in such a setting were very similar
to those we applied in vitro as they were reaching 8.6 s'/m
(Figure 6A). Intravital microscopy showed that thrombus
formation occurred much earlier in a stenosed vessel com-
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pared to the control (Figure 6B and Online Supplementary — (Figure 6E-F). Interestingly, even though a tendency of
Video S5). Quantification confirmed that thrombus forma-  increased thrombosis could be observed in the presence of
tion was more rapid in the presence of a stenosis (Figure a stenosis in VWF" mice, no significant difference in the
6C-D). As expected thrombus formation was severely time of thrombus formation was observed in these mice
impaired in VWE-deficient mice under normal conditions in the presence or absence of a stenosis (Figure 6E-F). This
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Figure 6. Thrombus growth is accelerated under shear rate gradients (SRG) in an injured mouse carotid artery. The common carotid arteries of adult mice were
exposed and a filter paper saturated with FeCl, was placed laterally on the left vessel for 2.5 minutes (min). After 4 min, the vessel was pinched with a micromanip-
ulator to realize an 80% stenosis. (A) Computational fluid dynamic analysis presenting the wall shear rate (WSR) heat map at the middle of the stenosis carotid artery
(y=0) with a radius of 250 uym containing a stenosis with a width of 400 um and a length of 1.35 um throughout the whole vessel. (B) Representative fluorescent
images of a thrombus forming after vessel injury obtained by labeling the platelets with DiOC, Scale bar: 100 um. Arrows indicate direction of blood flow. (C) Tracings
representing the mean surface area (+ standard error of the mean [SEM], n = 9) of thrombus growth after application of FeCl, in the presence or absence of a steno-
sis. (D) Bar graph represents the time needed to obtain half maximal thrombus area. The shading corresponds to the SEM. Data were compared by 2-tailed Mann-
Whitney tests, *P<0.05. (E) Tracings representing the mean surface area (+ SEM, n=5) of thrombus growth after application of FeCl, and stenosis on a carotid of
VWF” mice. (F) Bar graph represents the time in seconds (s) needed to obtain half maximal thrombus area. The shading corresponds to the SEM. Data were com-
pared by 2-tailed Mann-Whitney tests, P>0.05.
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result confirms that VWF plays a central role in the accel-
erated thrombosis that occurs under conditions of blood
flow acceleration and SRG.

Discussion

In this study, we describe and characterize a process of
bi-phasic thrombus formation on weak adhesive proteins
such as fibrinogen taking place under blood flow accelera-
tion which can be found in the vicinity of an atheroscle-
rotic plaque. This process is original and differs from
thrombus formation in perfusion assays occurring under
physiological or pathological hemodynamic conditions by
several features including: i) its occurrence on several
weak adhesive surfaces such as fibrinogen, laminins or
thrombospondin-1 which are well-known to support only
single platelet attachment; ii) its bi-phasic nature with a
first step of slow platelet recruitment followed by a
second phase of very rapid platelet aggregation; iii) its
high reactivity that results in rapid channel occlusion; iv)
its crucial dependence on VWE which is not only key in
the first step of platelet recruitment to the surface, but is
also required to initiate the second step of platelet aggre-
gation through VWE fiber formation on pre-adherent
platelets. The elevated reactivity of the thrombotic
process occurring under SRG, was not only evidenced by
the ability of platelets to adhere at high shear, but also by
their increased activation, their pro-coagulant activity and
by fibrin deposition resulting in occlusive thrombosis.
This SRG-enhanced thrombus growth was also evidenced
in vivo, after mechanically inducing a severe stenosis of a
FeCls-injured carotid artery. Our results are in line with the
pioneer work of Nesbitt and co-authors who showed that
shear rate gradients promote thrombus formation.” While
they proposed that this mechanism was largely
independent of soluble agonists, we propose that the
formation of highly reactive VWEF fibers could promote
enough activation to support platelet aggregation.

Our results are in line with previous reports’ showing
that under normal blood flow conditions, immobilized
fibrinogen recruits single platelets under low WSR with a
threshold around 1,000 s above which platelets fail to
attach.” The reason for the lack of attachment above 1,000
s relies in the limited affinity of integrin alIbp3 for its lig-
and.” We were therefore surprised by the capacity of
platelets to attach to immobilized fibrinogen at a high
shear (4,800 s™) in the restricted area of a 90% stenosed
channel. This response is not due to the local square
geometry of the microfluidic device (zone 3), since it is not
observed in a straight channel with similar dimensions.
Instead, this effect is most likely the result of profoundly
altered flow conditions resulting from the stenosis which
generates SRG. Numerical studies indicated that the SRG
found in the transition from zone 2 to zone 3 favor unfold-
ing of VWF multimers, a phenomenon known to increase
its adsorption to adhesive substrates.” This likely explains
the significant increase of VWEF binding to fibrinogen that
we observed in zone 3. Moreover, VWF unfolding dissoci-
ates the A1/A2 region and thereby unblocks the binding
site of GPIb-IX complex which explains platelet recruit-
ment to immobilized fibrinogen observed in zone 3 at
4,800 s

A major observation of this work is the description of a
physical and direct interaction between fibrinogen and

VWEF in a purified system. We show that VWF binds to
fibrinogen both under static and flow conditions, howev-
er, the binding is markedly increased in conditions of SRG,
which could be explained by an increased VWEF unfolding.
The reason why this interaction has been overlooked so
far most likely relies in the fact that in the absence of SRG,
the amount of fibrinogen-bound VWF is insufficient to
support platelet recruitment at high shear. We observed
that under SRG the amount of VWF adsorption to fibrino-
gen increases (zone 3), which explains platelet recruitment
at high shear. The underlying mechanism probably relies
in SRG-mediated VWF unfolding which favors its adsorp-
tion. Moreover, we propose that the streamline contrac-
tion effects taking place after platelet adhesion may partic-
ipate as these effects favor VWEF transport to the surface.
We also observed that red blood cells modestly contribute
to this process, potentially by shear diffusion-mediated
transport of VWE

A striking result of this work is the very rapid platelet
aggregation occurring on platelet monolayers under SRG.
Real-time video-microscopy showed that this event was
concomitant to the formation of VWF fibers of several
hundred microns long, which could represent a trigger.
This was shown in vitro, since blockade of the GPIb/VWF
interaction once the monolayer had already formed, com-
pletely prevented the rapid platelet aggregation process.
Similar results were obtained in vivo as the acceleration of
thrombosis occurring under SRG was also markedly
reduced in VWE-deficient mice. Interestingly, the fibers
did not form directly on the surface of the channels, but
rather at a distance on top of adherent platelets or small
aggregates. The reason why VWF fibers formed in the
restricted region is the result of a combination of factors.
Firstly, this process occurred under SRG which efficiently
promote VWEF unfolding that is a prerequisite for VWE
self-association and fiber formation." Secondly, fiber for-
mation took place several microns above the surface
where numerical studies of the flow surrounding adherent
platelets predicted extremely high shear rates (>10,000 s™)
which also favors VWF unfolding and fiber formation.
Thirdly, simulation of VWEF dynamics confirmed that
VWEF unfolding was maximal at 10 microns above the sur-
face. Finally, CFD indicates streamline contraction effects
at such sites which facilitate recruitment of plasma VWE
and therefore fiber formation.

This study identified a process of bi-phasic thrombosis
on weak adhesive surfaces. Such a process was previously
reported on fibrillar collagen in a stenosed channel.” In
both cases the bi-phasic process occurred when the blood
flow is accelerated. Acceleration is found throughout the
vasculature due to the pulsatile nature of the blood flow
and the complex geometry of the vessels. However, the
bi-phasic thrombosis leading to vessel occlusion described
herein was achieved only for elevated values of SRG.
Interestingly, despite simple hemodynamic conditions in
our microfluidic system (laminar and constant blood
flow), the disturbance of flow caused by the stenosis
results in a complex phenomena, including accelerated
thrombosis. Therefore, we propose that this process
observed in the microfluidic-scale system is most likely
relevant to pathological flows which can be found in the
vicinity of an evolved atherosclerotic plaque presenting a
severe stenosis. This has been shown by the accelerated
thrombosis that occurred in an injured carotid artery
when a 80% stenosis was applied with a micromanipula-
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Figure 7. Model of bi-phasic thrombus formation under shear rate gradients. Shear rate gradients (SRG) found at the site of vessel stenosis favor the adsorption of
plasma von Willebrand factor (VWF) on immobilized weak adhesive proteins such as fibrinogen (1). This process allows recruitment of circulating platelets at elevated
wall shear rates (2). VWF fibers are then forming on a monolayer of adherent platelets at distance of the surface (3). The VWF fibers initiate rapid platelet aggregation

which can lead to occlusive thrombosis (4).

tor. Whether such thrombi contain large VWEF fibers and
whether such fibers represent a major trigger for occlusive
thrombosis still needs to be demonstrated. Based on our
observations it is tempting to speculate that blockade of
VWEF fiber formation could efficiently reduce the acceler-
ated thrombosis occurring when the flow accelerates. In
agreement with this view, it has recently been proposed
that blockade of VWF self-association could represent a
potential strategy to prevent arterial thrombosis, high-
lighting the therapeutic potential of interfering with SRG
driven thrombosis.® Marked flow acceleration also takes
place in extracorporeal circulation systems notably at the
site of tubing-connector junctions where sharp 90° angles
are particularly prone to generate elevated SRG.* Such
devices were shown to adsorb plasma proteins including
fibrinogen and to expose a surface to becoming thrombo-
genic under SRG, therefore explaining the occurrence of
large thrombi notably in extracorporeal membrane oxy-
genation systems.* Future studies should be conducted to
determine the structure of these thrombi and evaluate
whether they contain VWF fibers.

In summary, we describe and characterize a mechanism
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