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THROMBOSIS AND HEMOSTASIS

Thrombin spatial distribution determines protein
C activation during hemostasis and thrombosis
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Rebalancing the hemostatic system by targeting endogenous anticoagulant pathways, like
the protein C (PC) system, is being tested as a means of improving hemostasis in patients
with hemophilia. Recent intravital studies of hemostasis demonstrated that, in some vascular
contexts, thrombin activity is sequestered in the extravascular compartment. These findings
raise important questions about the context-dependent contribution of activated PC (APC)
to the hemostatic response, because PC activation occurs on the surface of endothelial cells.
We used a combination of pharmacologic, genetic, imaging, and computational approaches
to examine the relationships among thrombin spatial distribution, PC activation, and APC
anticoagulant function. We found that inhibition of APC activity, in mice either harboring the
factor V Leiden mutation or infused with an APC-blocking antibody, significantly enhanced
fibrin formation and platelet activation in a microvascular injury model, consistent with the
role of APC as an anticoagulant. In contrast, inhibition of APC activity had no effect on
hemostasis after penetrating injury of the mouse jugular vein. Computational studies showed
that differences in blood velocity, injury size, and vessel geometry determine the localization of thrombin generation and,

® APC contribution to the
downregulation of
thrombin generation
depends on the
vascular context.

® PC activation during
vascular injury is
regulated by thrombin
spatial distribution in
conjunction with local
physical conditions.

consequently, the extent of PC activation. Computational predictions were tested in vivo and showed that when
thrombin generation occurred intravascularly, without penetration of the vessel wall, inhibition of APC significantly
increased fibrin formation in the jugular vein. Together, these studies show the importance of thrombin spatial
distribution in determining PC activation during hemostasis and thrombosis.

Leiden, characterized by a mutation in FV that renders it resis-
tant to APC-mediated cleavage, is the most commonly inherited
thrombophilia.>¢ Severe homozygous PC or PS deficiency is
rare and results in thrombosis manifesting as purpura fulminans
in neonates.”” Heterozygous deficiency is associated with a pro-
thrombotic state, including susceptibility to warfarin-induced
skin necrosis.'®

Introduction

The coagulation system is tightly regulated by multiple endoge-
nous anticoagulant mechanisms, such as antithrombin, tissue
factor pathway inhibitor, and the protein C (PC) system. PC is
unique among the major endogenous anticoagulants in that it
requires an activation step. Thrombin generated as a product of
the coagulation cascade binds to thrombomodulin on the endo-
thelial cell surface, where it can activate circulating PC to
become activated PC (APC)." PC activation is enhanced by its
localization on the endothelial cell surface via binding to the
endothelial cell PC receptor (EPCR).? Once activated, APC
exerts its anticoagulant activity in association with its cofactor,
protein S (PS), by proteolytically inactivating the coagulation
cofactors factor Va (FVa) and FVilla."34 Consequently, APC pro-
vides negative feedback to downregulate thrombin generation.
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These clinical manifestations of PC or PS deficiency highlight the
importance of this endogenous anticoagulant as a critical antith-
rombotic mechanism, preventing unwarranted or deleterious
intravascular coagulation. However, the contribution of APC to
the downregulation of thrombin generation in settings of normal
hemostasis is less well defined. Clinical studies examining the
effect of recombinant APC administration in settings of sepsis
resulted in major bleeding as an adverse effect, consistent with

The importance of APC as an endogenous anticoagulant is
demonstrated clinically by the association of mutations or defi-
ciencies in the PC system with prothrombotic conditions. FV
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the powerful anticoagulant properties of APC."""'? Similarly, a
thrombomodulin mutation resulting in elevated soluble throm-
bomodulin and systemic PC activation resulted in excessive
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bleeding.”® In these cases, however, systemic APC administra-
tion or generation bypassed the physiologic PC activation step
that normally regulates APC activity. In mouse models, homozy-
gous PC or PS deficiency recapitulates human phenotypes,
resulting in perinatal or embryonic lethality resulting from throm-
bosis, coagulopathy, and vascular defects.'"® Neither heterozy-
gous PC nor PS deficiency has been reported to affect
bleeding, although a mouse strain expressing ~3% normal lev-
els of PC exhibited enhanced hemostasis."”” Furthermore, inhibi-
tion of PC or PS prevented excessive hemorrhage in the setting
of hemophilia, which suggests that this anticoagulant pathway
contributes to the regulation of thrombin generation during
hemostasis, at least in some settings.'®"?

A previously unexplored facet of the PC system is the relation-
ship among physical factors affecting thrombin spatial distribu-
tion at a site of injury and PC activation on the endothelial cell
surface. Thrombin spatial distribution is limited by both bio-
chemical and physical constraints. Physical factors include locali-
zation of procoagulant surfaces, convection of thrombin away
from the injury site by flowing blood, and hindered molecular
transport within the platelet plug. The combined effect of these
factors on thrombin localization can vary in different vascular
contexts as physical conditions change throughout the vascula-
ture. For example, intravital imaging studies have shown differ-
ences in thrombin spatial distribution between the intravascular
and extravascular compartments after vascular injury in the
microcirculation vs macrocirculation.?>?" Because PC activation
occurs on the endothelial cell surface, we hypothesized that the
variability of thrombin localization in different contexts may
determine the extent to which APC contributes to the regulation
of thrombin generation during hemostasis. We used a combina-
tion of in vivo models, where the spatial distribution of thrombin
could be inferred, and in silico approaches to test this hypothe-
sis, examining the relationships among local physical factors,
thrombin spatial distribution, and PC anticoagulant function.

Methods

Mice and reagents

The Institutional Animal Care and Use Committee of the Univer-
sity of Pennsylvania approved all animal procedures. C57Bl/6
mice (#000664) and mice harboring the FV Leiden mutation
(B6.129S2-F5"™2P9/J; #004080) were both from The Jackson Lab-
oratory (Bar Harbor, ME). FV Leiden heterozygote mice were
bred to generate the homozygous wild-type (WT) and FV Leiden
mice used. Homozygous FV Leiden mice are referred to through-
out as FV?2. Anti-PC blocking antibody (clone 1609; referred to
throughout as Ab1609) was previously described.?*?* Vehicle
(normal saline) was administered for control experiments. Fluores-
cent labeling reagents are described in the data supplement.

Response to vascular injury in mouse

cremaster arterioles

Laser-induced injury in mouse cremaster muscle arterioles was
performed as described.?® Male C57Bl/6 or FV¥® mice were
infused with fluorescently labeled imaging reagents via the jugu-
lar vein. For PC-blocking antibody studies, Ab1609 (10 mg/kg)
or vehicle was infused along with the labeling antibodies. Full
details regarding microscopy and image analysis are included in
the data supplement.

CONTEXT-DEPENDENT PROTEIN C ACTIVATION IN VIVO

Mouse jugular vein puncture injury

The jugular vein puncture injury model was performed as pre-
viously described.?" Male C57BI/6 or FVY? mice were infused
with fluorescently labeled imaging reagents 5 minutes before
puncture injury. For PC-blocking antibody studies, Ab1609
(10 mg/kg) or vehicle was infused along with the labeling
reagents. Additional details are provided in the data
supplement.

Two-photon fluorescence and scanning

electron microscopy

Microscopy was performed as previously described.?! Details
are provided in the data supplement.

Mouse jugular vein thrombosis

Mice were prepared as described for the jugular vein punc-
ture injury model. After exposure of the right jugular vein, a
0.5-mm? piece of Whatman #1 filter paper soaked with 5%
ferric chloride (FeCls; anhydrous; Sigma-Aldrich, St Louis,
MO) was applied to the extravascular surface for 1 minute.
The filter paper was then removed, the vein was quickly
rinsed in saline, and real-time fluorescence imaging was initi-
ated. Imaging was performed using an Olympus MVX10 fluo-
rescence macroscope with a 0.63X objective and a 5X zoom
factor. Excitation illumination was provided by a DG4 high-
speed wavelength changer (Sutter), and images were cap-
tured using an OrcaFlash 4.0 sCMOS digital camera (Hama-
matsu). Samples were fixed at predetermined time points
and excised for high-resolution imaging.

Statistics

Statistical analysis and graphs were produced using Prism 6.0
software (GraphPad). For cremaster arteriole injury studies, sta-
tistics were performed using the number of injuries as n, as is
typical for this assay. Data sets were compared using either the
Mann-Whitney test or a 2-way analysis of variance with Bonfer-
roni post hoc test for multiple comparisons, as noted in figure
legends.

Computational approach

A 3-dimensional (3D) steady-state computational model was
developed combining fluid dynamics, chemical species trans-
port, and a chemical reaction network within 3D vessel geom-
etries characterized by an inlet, a vessel outlet, and an injury
outlet. Vessel geometries were informed by experimental evi-
dence from cremaster?® and jugular?’ models (supplemental
Figure 4). Computational fluid dynamics and chemical engi-
neering packages in COMSOL 5.4 were used to simulate fluid
flow, chemical reactions, and molecular species transport.
Maximum velocity was set to 0.2 cm/s in the cremaster®® and
10 ecm/s in the jugular.?® Thrombin and APC generation were
simulated using a simplified surface reaction scheme (supple-
mental Figure 5). Thrombin is generated from activation of
bound prothrombin on procoagulant surfaces lining the
extravascular compartment and the injury channel wall. PC
activation is simulated by thrombin-mediated cleavage when
thrombin binds to intravascular endothelial cell surfaces
where PC is also bound (supplemental Figure 6). We did not
consider reactions occurring on platelet surfaces. Our choice
is supported by experimental studies showing that fibrin
deposition, an indicator of thrombin activity, was not affected
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by platelet deposition in the mouse cremaster microcircula-
tion.?® Parameter values were taken from previous studies
when possible or otherwise arbitrarily set so that the maxi-
mum concentrations of thrombin and APC at steady state
were in the low nanomolar range (supplemental Table 1).
This choice was motivated by the following: (1) the uncer-
tainty in the amount of thrombin and APC being generated
during an in vivo hemostatic response, and 2) some single
reactions in our model represent a set of reactions, and thus
rates measured from single reactions cannot be used. Follow-
ing our previous studies,?* hemostatic plugs were repre-
sented using a homogeneous porous medium. Full model
details can be found in the data supplement.

Results

APC regulates the response to vascular injury

in the microcirculation

We first examined the contribution of APC anticoagulant activity
to the regulation of thrombin generation after laser-induced vas-
cular injury in mouse cremaster arterioles. Prior studies have
shown that laser-induced injury as performed here recapitulates
mechanical puncture injury with a glass micropipette.®® The
injury results in thrombin generation and fibrin formation, and
platelet activation as measured by a-granule secretion (P-selec-
tin expression) is largely thrombin dependent.?®?” Thrombin
activity seems localized to the injury site, extending into the
extravascular space and, to a limited degree, within the platelet
mass that forms intravascularly.??® We employed 2 distinct
approaches to inhibit APC activity, either a genetically modi-
fied mouse mimicking the FV Leiden mutation in humans
(annotated here as FV¥?)?? or a pharmacologic approach using
an anti-PC-blocking antibody.??

Consistent with prior reports,?>*° laser-induced injury of mouse
cremaster arterioles resulted in rapid platelet accumulation over
the injury site (Figure 1A top panels; Figure 1B,E). Platelet
P-selectin expression as well as fibrin formation appeared more
gradually over the first 3 minutes postinjury (Figure 1A,C-D,F-G).
In FVY? mice, the rate of initial platelet accumulation as well as
total platelet mass size was significantly enhanced as compared
with WT mice (Figure 1B,E; P < .05 vs WT). The increase in plate-
let accumulation was accompanied by significantly increased
P-selectin expression and fibrin formation, both indicators of
enhanced thrombin activity (Figure 1C-D,F-G; P < .0001 vs WT).
Confocal imaging showed that P-selectin expression and fibrin
formation were substantially increased within the intravascular
platelet mass (Figure 1A bottom panels; supplemental Video 1).

In separate studies, APC was inhibited using a blocking antibody
that prevents PC from binding to membranes (Ab1609).22 We
confirmed that Ab1609 (10 mg/kg IV) significantly inhibits APC
anticoagulant activity using a thrombin generation assay in
which control or antibody-treated mouse plasma was spiked
with recombinant mouse APC (supplemental Figure 1). We
found that Ab1609-treated mice had significantly increased
platelet accumulation, P-selectin expression, and fibrin formation
after laser-induced injury in cremaster arterioles as compared
with control mice that received vehicle alone (Figure 2; supple-
mental Video 2). The effect of the antibody was even more pro-
nounced than the enhanced response observed in FV Leiden
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mice. Platelet accumulation was so robust within the first minute
postinjury that nearly all the injuries resulted in at least transient
occlusion of blood flow within the vessel, and 25% of injuries
resulted in stable vessel occlusion that did not reestablish flow
within the 3-minute observation period (supplemental Figure 2).
These occlusive events are in stark contrast to vehicle-treated
mice, in which none of the vessels occluded, even transiently, as
a result of platelet accumulation after laser injury. Confocal
imaging revealed enhanced intravascular fibrin formation within
the platelet mass and extending downstream from the injury site
in Ab1609-treated mice (Figure 2A). Taken together, the results
from the FV¥? mice and APC-blocking antibody-treated mice
show that APC anticoagulant activity is an important regulator of
thrombin generation after vascular injury in the mouse
microcirculation.

Regulation of the hemostatic response by APC

in the mouse jugular vein

We next asked whether APC contributes to the regulation of
thrombin generation in a large-vessel hemostasis model. In con-
trast to our observations in the microcirculation, we found no
significant difference in total platelet accumulation between WT
and FVY? mice, either on the intraluminal side of the injury site
or on the extraluminal component of the hemostatic plug (Fig-
ure 3A). Similarly, we did not observe any difference in
P-selectin expression or fibrin formation in FV¥? mice as com-
pared with WT (Figure 3B-C). There was no evidence of intravas-
cular fibrin formation on the intact endothelium surrounding and
downstream from the injury site. Accordingly, there was no dif-
ference in bleeding time in WT vs FVY2 mice in this injury
model (Figure 3D).

Similarly, we found that the hemostatic response in mice receiving
the same concentration of Ab1609 as used in the microvascular
injury model was not significantly different than that observed in
vehicle-treated control mice (Figure 4). There was no difference in
the extent of platelet accumulation, P-selectin expression, or fibrin
formation (Figure 4A-C). As in the FVYC mice, there was no evi-
dence of fibrin formation on the intact endothelium adjacent to
or downstream from the injury site in either vehicle- or APC-
blocking antibody-treated mice. There was no significant
difference in bleeding time after jugular vein puncture injury in
vehicle- vs antibody-treated mice (Figure 4D). Taken together,
the results from the FVY? mice and Ab1609-treated mice sug-
gest that APC does not participate in the regulation of thrombin
activity after puncture injury of the mouse jugular vein.

We confirmed that both thrombomodulin and EPCR are
expressed on the endothelium of the mouse jugular vein (sup-
plemental Figure 3) and cremaster microcirculation (data not
shown). These findings rule out absence of thrombomodulin
and/or EPCR expression as an explanation for the lack of
involvement of PC anticoagulant activity during jugular vein
hemostasis.

Computational studies on thrombin spatial
distribution during hemostasis in different
physiologic contexts

An alternative explanation for the finding that PC does not regu-
late thrombin activity in the setting of jugular vein hemostasis is
that the thrombin generated remains primarily extravascular,

MARAR et al
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Figure 1. Laser-induced injury in WT vs FV Leiden mice. (A) Time lapse images from representative WT (top row) and FVY? mice (bottom row) after laser injury in
cremaster arterioles. Images are binary representations of 2D confocal fluorescence images overlaid on the brightfield. Platelets are shown in red, P-selectin®™ area in
green, and fibrin area in blue (overlay colors are shown in the color wheel). White arrow indicates the direction of blood flow. Scale bar in each image, 10 um. (B-D)
Graphs show CD41%, P-selectin™, and fibrin* areas over time after laser injury of cremaster arterioles in WT (red) and FV?? (blue) mice. Values are mean + standard
error of the mean (SEM). (E-G) Graphs show area under the curve (AUC; mean = SEM) for platelets and P-selectin and fibrin areas over time. Statistics were calculated

using the Mann-Whitney test; n = 49 injuries from 4 WT mice and 46 injuries from 4 FVY mice.

with little intravascular thrombin available to activate PC on the
endothelial cell surface. To investigate this possibility, we con-
structed computational simulations based on the geometry and
physics of either the mouse jugular vein or cremaster arterioles
to help visualize the spatial localization of thrombin and APC
(supplemental Figure 4). Our model combined blood flow,
molecular transport, and a simplified surface reaction network
within 3D geometries of the vessel, injury site, and hemostatic
plug. Hemostatic plugs were simulated as homogeneous porous
media, as previously done by our group,® with geometries
informed by experimental studies. Prothrombin and PC were
perfused at constant concentrations of 1000 and 60 nM, respec-

tively. Thrombin was generated from the activation of bound

CONTEXT-DEPENDENT PROTEIN C ACTIVATION IN VIVO

prothrombin on procoagulant surfaces. APC was generated by
thrombin-mediated cleavage of PC on intraluminal surfaces (sup-
plemental Figures 5 and é). The cremaster model was character-
ized by slow blood flow (0.2 cm/s; Figure 5Bi), small injury size
(3-4 pm in diameter), and a thin vessel wall (5 wm). In the jugular
injury model, blood flow was faster (10 cm/s; Figure 5Ci), injury
size larger (300 wm in diameter), and vessel wall thicker (50 pm;
Figure 5).

In both the cremaster and jugular vein simulations, when blood
flowed freely through the injury site (ie, simulating conditions
before platelet plug formation), prothrombin encountered pro-
coagulant surfaces in the extravascular compartment and was
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Figure 2. Inhibition of APC enhances the response to laser-induced injury in mouse cremaster arterioles. (A) Time lapse images from representative vehicle-
treated (top row) and APC monoclonal Ab1609-treated mice (bottom row) after laser injury in cremaster arterioles. Images are binary representations of 2D confocal
fluorescence images overlaid on the brightfield. Platelets are shown in red, P-selectin® area in green, and fibrin area in blue (overlay colors are shown in the color
wheel). White arrow indicates the direction of blood flow. Scale bar in each image, 10 pm. (B-D) Graphs show CD41", P-selectin™, and fibrin* areas over time after laser
injury of cremaster arterioles in vehicle-treated (red) and Ab1609-treated mice (blue). Values are mean * standard error of the mean (SEM). (E-G) Graphs show area
under the curve (AUC; mean * SEM) for platelets and P-selectin and fibrin areas over time. Statistics were calculated using the Mann-Whitney test; n = 13 injuries from

3 vehicle-treated mice and 10 injuries from 3 Ab1609-treated mice.

converted to thrombin. The thrombin generated was unable to
backpropagate across the injury site because of the convective
effects of the extravasating blood (supplemental Figure 7). Next,
platelet plugs were added to seal the injury site (Figure 5A). In
the cremaster simulations, thrombin formed a spatial gradient
that extended throughout the platelet mass and diffused to
adjacent endothelial surfaces in the intravascular compartment
(Figure 5Bii) to generate APC (Figure 5Biii). By contrast, in the
jugular vein model, the combination of increased flow, thicker
vessel wall, and larger injury site was found to prevent thrombin
from backpropagating into the vessel lumen (Figure 5Cii) and
generating APC (Figure 5Ciii).
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To gain further insight into how blood flow and vessel injury
geometry interact to produce the observed differences in PC
activation, we ran additional simulations using the jugular
model. We created 4 model geometries with increasing
injury size diameter (20, 50, 100, and 300 um) and ran simu-
lations under 3 flow velocity profiles (0.2, 2, and 10 cm/s).
We found that increasing injury size led to reduced average
thrombin concentration (supplemental Figure 8A) because
larger injuries present smaller surface area/volume ratios.
Furthermore, although flow velocity had little effect on
thrombin generation, it had profound effects on APC gener-
ation because of the rapid convection of thrombin and/or

MARAR et al
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Figure 3. No effect of FV Leiden mutation on hemostatic plug formation after jugular vein puncture injury in mice. (A-C) Graphs show platelet accumulation (A),
P-selectin expression (B), and fibrin accumulation (C) on the intra- and extravascular sides of the mouse jugular vein after puncture injury. Red columns are WT and blue
FVYC_ Values are mean + standard error of the mean. Statistics were performed using a 2-way analysis of variance with Bonferroni post hoc test for multiple compari-
sons; n = 8 WT and 6 FVY? mice. (D) Bleeding time after jugular vein puncture injury in WT and FV®'? mice. Horizontal line is median and error bars interquartile
range. Statistics were performed using the Mann-Whitney test. a.u., arbitrary unit; NS, not significant.
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Figure 4. Inhibition of APC does not affect hemostatic plug formation after jugular vein puncture injury in mice. (A-C) Graphs show platelet accumulation (A),
P-selectin expression (B), and fibrin accumulation (C) on the intra- and extravascular sides of the mouse jugular vein after puncture injury. Red columns are vehicle
treated and blue Ab1609 treated. Values are mean = standard error of the mean. Statistics were performed using a 2-way analysis of variance with Bonferroni post hoc
test for multiple comparisons; n = 7 vehicle- and 7 Ab1609-treated mice. (D) Bleeding time after jugular vein puncture injury in vehicle- and Ab1609-treated mice. Hori-
zontal line is median and error bars interquartile range. Statistics were performed using the Mann-Whitney test. a.u., arbitrary unit; NS, not significant.
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Figure 5. Computational modeling simulations recapitulate experimental results. (A) Geometries used for the computational models, shown in full (i) and decon-
structed into the individual components: —vessel (ii), hemostatic plug (iii), and extravascular space (iv). Supplemental Figure 5 and supplemental Table 1 provide more
detailed illustrations and dimensions. (B) Fluid velocity field (i), thrombin (i), and APC (jii) concentration fields in the cremaster geometry model. The sheltering action

of platelets allows the thrombin generated both intra- and extravascularly to diffuse through the hemostatic mass; more intravascular thrombin results in APC being
generated, and the APC has increased residence time within the platelet mass. (C) Fluid velocity field (i), thrombin (i), and APC (iii) concentration fields in the jugular
geometry model. Thrombin backpropagates via diffusion through the hemostatic mass, but as soon as it diffuses out of the platelet mass, it is quickly washed away.

The thrombin that diffuses through the sides of the plug produces only low amounts of APC. V., maximum velocity.

APC away from endothelial cell surfaces exposed to flow
(supplemental Figure 8A-B). Notably, a decrease in thrombin
concentration was not necessarily followed by a decrease in
APC generation (supplemental Figure 8A-B).

We also created 2 additional cremaster models: a model with
thrombin generation limited to extraluminal surfaces, and a
model with extraluminal thrombin generation and a much
smaller hemostatic plug (Figure 6A). Interestingly, the localiza-
tion of thrombin generation did not significantly alter APC con-
centration, because thrombin was able to diffuse throughout the
platelet mass efficiently at the small length scales involved
(Figure 6Bi,Ci vs 6Bii,Cii). However, platelet plug geometry had
a dramatic effect, with significant APC generation only in the
case where the platelet mass covered endothelial cell surfaces
adjacent to the injury site (Figure 6Bii,Cii vs 6Biii,Ciii). These
observations suggest that the existence of a sheltered region for
thrombin activity is important for thrombin to find suitable endo-
thelial cell surfaces for APC generation.

Overall, the results of the computational studies show that
the combination of convective forces from extravasating
blood, the shape of the hemostatic plug, and the ability of
thrombin generated extravascularly to diffuse across the
platelet mass determine the extent of PC activation in differ-
ent vascular contexts.
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Contribution of PC anticoagulant activity after
intravascular thrombin generation in the mouse
jugular vein

To further examine the importance of thrombin localization for
APC anticoagulant activity, we examined the effect of APC inhi-
bition after FeCls-induced vascular injury, because prior studies
have demonstrated that this model results in intravascular
thrombin activity.>'*? We performed the model in the mouse
jugular vein so that direct comparisons could be made with our
jugular vein hemostasis studies. Application of 5% FeCls to the
adventitial surface of the mouse jugular vein resulted in a sub-
occlusive thrombus composed of platelets, fibrin, and red
blood cells in vehicle-treated mice without causing a penetrat-
ing injury. Real-time imaging showed platelet and fibrin forma-
tion occurred with similar kinetics after an initial lag of ~2
minutes, followed by a growth phase that began to plateau by
7 minutes post-FeCl; application (Figure 7Ai,Bi). Interestingly,
platelet accumulation and fibrin formation occurred with faster
kinetics in Ab1609-treated mice (Figure 7A-B), as demon-
strated by a statistically significant increase in platelet and fibrin
accumulation 3 minutes post-FeCl; application (Figure 7Aii,Bii).
The difference in the early stages of thrombus formation was
dramatic when imaged using scanning electron microscopy
(Figure 7C-F; supplemental Figure 9). Initial platelet and red
blood cell accumulation with minimal fibrin formation on the
surface of the endothelium was observed 3 minutes post-FeCls
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Figure 6. Impact of hemostatic plug size on thrombin and APC concentration. (A) Reaction surface distribution. PC is converted to APC on all surfaces lining the
vessel lumen (bold black lines). Thrombin generation occurs on surfaces of the extravascular compartment and the injury site walls, with or without intravascular surfaces
that are protected by the hemostatic plug (bold red lines): default plug size with intravascular thrombin generation (i), default plug size without intravascular thrombin
generation (i), and small plug size without intravascular thrombin generation (iii). (B) Thrombin concentration fields for each of the geometries described in panel A.
When the intravascular thrombin generation surfaces are removed without changing the shape or size of the hemostatic plug, the resulting thrombin concentration field
remains virtually unchanged (i vs ii). This occurs because the thrombin generated on the injury walls and extravascular space can backpropagate in the lumen sheltered
by the hemostatic plug via diffusion. (C) APC concentration fields for each of the geometries described in panel A. Note the reduction in APC concentration when reac-

tion surfaces capable of generating APC become unsheltered from flow (iii).

application in vehicle-treated mice (Figure 7C-D). In contrast,
there was a thick fibrin mat embedded with red blood cells
and platelet aggregates at the same time point in mice treated
with the APC-blocking antibody (Figure 7E-F). These results
demonstrate the critical role that APC anticoagulant activity
plays in the regulation of thrombin generation in the early
stages of intravascular thrombus formation.

Discussion

The studies presented here explicitly examined the relation-
ship between thrombin spatial distribution at sites of vascu-
lar injury in vivo, PC activation, and APC anticoagulant
function. They show that activation of PC and its anticoagu-
lant activity are highly dependent on thrombin spatial distri-
bution. Furthermore, the results show that differences in
thrombin spatial distribution result in disparate contributions
of the APC system to the regulation of thrombin generation
in different vascular contexts. Specifically, using a combina-
tion of in vivo and in silico approaches, we found that throm-
bin diffusion across a platelet plug results in intravascular
thrombin activity and PC activation during hemostasis in the
microcirculation. In contrast, localization of thrombin activity
to the extravascular compartment in the context of large-

CONTEXT-DEPENDENT PROTEIN C ACTIVATION IN VIVO

vessel hemostasis results in minimal PC activation and no
appreciable impact of APC anticoagulant activity on the
regulation of thrombin generation. Finally, we found that
intravascular thrombin activity is regulated by APC anticoag-
ulant activity in the early stages of large-vessel thrombosis,
consistent with the known antithrombotic function of the PC
system. These findings provide a mechanistic basis for
context-dependent contribution of APC to the regulation of
hemostasis and thrombosis in vivo.

Prior studies have suggested that the contribution of APC to
thrombin regulation may vary in different vascular beds. It was
proposed that APC may contribute a more substantial role in
the microcirculation than in large vessels, consistent with the
clinical manifestation of microvascular thrombosis in the setting
of PC or PS deficiency.” A proposed mechanistic explanation for
the apparent context-dependent contribution of APC is the dif-
ference in vessel wall surface area/blood volume ratio in the
microcirculation vs macrocirculation and its consequences for
thrombin binding to thrombomodulin.®® The results of the cur-
rent study show that thrombin spatial distribution at a site of vas-
cular injury, influenced by vessel geometry, injury size, and local
flow conditions, is also an important determinant of APC antico-
agulant function.
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Figure 7. Inhibition of APC enhances thrombus formation after FeCl; injury of the mouse jugular vein. (A) Graphs show platelet accumulation in vehicle- (red) and
Ab1609-treated (blue) mice after FeCl; induced injury of the mouse jugular vein: platelet accumulation over the entire time course of the experiment (i), and platelet
accumulation 180 seconds post-FeCls removal (ii). (B) Corresponding graphs showing fibrin accumulation after FeCls induced injury. All values are mean * standard
error of the mean. Statistics were performed using the Mann-Whitney test; n = 7 vehicle- and 7 Ab1609-treated mice. (C-F) Scanning electron microscopy images of
the intravascular side of the jugular vein after FeCls injury. (C-D) Representative thrombus formed in a vehicle-treated mouse 3 minutes after removal of FeCls. Scale
bars, 500 and 30 wm, respectively. (E-F) Corresponding images of a representative thrombus from an Ab1609-treated mouse. Insets in panels D and F show a higher-
magnification view of the vessel surface; note the exposed endothelium and lack of fibrin formation in the vehicle-treated mouse (panel D inset) vs a fibrin-, red blood
cell-, and platelet-rich thrombus in the presence of Ab1609. White arrows indicate the direction of blood flow (C,E). Images are representative of n = 4 mice in each
group (images from additional mice are included in supplemental Figure 9).

The in vivo studies reported show that the spatial distribution of
thrombin activity at a site of vascular injury is context depen-
dent. In a microvasculature injury model, fibrin formation and
platelet surface P-selectin expression, both markers of throm-
bin activity, were observed extending from the injury site
into the platelet plug within the intravascular compartment. In a

1900 & blood® 24 MARCH 2022 | VOLUME 139, NUMBER 12

macrovasculature injury model, fibrin formation and P-selectin
expression were found primarily at the injury site and extending
into the extravascular compartment, with no evidence of intra-
vascular thrombin activity extending beyond the injury site. The
mechanisms responsible for these distinct spatial distributions
are multifactorial, as explored by computational simulations in
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the present study. In both cases, immediately after injury, the
convective forces associated with blood flowing out through the
injury site prevent any thrombin initially generated in the extra-
vascular compartment from backpropagating into the vessel
lumen. Once platelets fill the injury site and stop extravasating
flow, thrombin transport occurs through the platelet mass and is
dominated by hindered diffusion.*3*3> Although not incorpo-
rated into the computational simulations, thrombin inhibition by
antithrombin would further restrict its spatial distribution as it dif-
fuses through the platelet mass. Finally, any thrombin that
escapes the platelet mass in the vessel lumen is rapidly con-
vected away by flowing blood, which highlights the important
role of the platelet plug as a sheltered environment for thrombin
and other biochemical species during the hemostatic process.

The combination of in vivo and in silico results presented here
further shows that thrombin spatial distribution influences the
extent to which APC is generated and contributes to the regula-
tion of thrombin formation. The large impact of APC inhibition in
the microvascular injury model is associated with the localization
of thrombin activity in the vascular lumen. These findings are
consistent with recent studies showing the potential of APC sys-
tem inhibition to restore the hemostatic balance in the setting of
hemophilia.'®1?3¢ In contrast, APC did not seem to play a role
in the regulation of thrombin activity in the large-vessel hemosta-
sis model used here. This finding is unlikely to be explained by a
diminished potential for PC activation on the endothelium of the
mouse jugular vein. Both thrombomodulin and EPCR are
expressed and an APC anticoagulant function is observed during
thrombosis when thrombin activity is localized intravascularly.
Instead, the lack of a role for APC in the jugular vein hemostasis
model may be explained by the primarily extravascular localiza-
tion of thrombin activity in this setting, such that minimal APC is
generated. This explanation is supported by results of computa-
tion simulations that showed very little APC formation, thus reca-
pitulating experimental results obtained in vivo.

The computational studies reported demonstrate a role for con-
vective flow in regulating APC generation, both by limiting
thrombin binding to the endothelium and by rapidly removing
any APC that may be generated immediately adjacent to the
injury site. Thus, the APC anticoagulant system is particularly
adapted to settings of intravascular thrombin generation with
low flow. Indeed, recent studies have shown upregulation of
anticoagulant proteins, including thrombomodulin and EPCR, on
the surface of endothelial cells in regions of the vasculature
exposed to abnormal flow regimes, such as in the pocket
formed behind venous valves.*’*? The contribution of APC anti-
coagulant activity is critical in such regions, as demonstrated by
the enhanced risk of deep vein thrombosis in people with the
FV Leiden mutation.

In summary, the studies reported here show that APC anticoag-
ulant function is context dependent in settings of hemostasis
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