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THROMBOSIS AND HEMOSTASIS

Mouse venous thrombosis upon silencing of anticoagulants
depends on tissue factor and platelets, not FXII
or neutrophils
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Tissue factor, coagulation factor XII, platelets, and neutrophils are implicated as important
. players in the pathophysiology of (experimental) venous thrombosis (VT). Their role be-
® Tissue factor and
platelets are rate-
limiting for mouse VT
after inhibition
of antithrombin
and protein C.

came evident in mouse models in which surgical handlings were required to provoke VT.
Combined inhibition of the natural anticoagulants antithrombin (Serpinc1) and protein C
(Proc) using small interfering RNA without additional triggers also results in a venous
thrombotic phenotype in mice, most notably with vessel occlusion in large veins of the
head. VT is fatal but is fully rescued by thrombin inhibition. In the present study, we used
this VT mouse model to investigate the involvement of tissue factor, coagulation factor XII,
platelets, and neutrophils. Antibody-mediated inhibition of tissue factor reduced the
clinical features of VT, the coagulopathy in the head, and fibrin deposition in the liver. In
contrast, genetic deficiency in, and small interfering RNA-mediated depletion of, co-
agulation factor Xl did not alter VT onset, severity, or thrombus morphology. Antibody-
mediated depletion of platelets fully abrogated coagulopathy in the head and liver fibrin deposition. Although
neutrophils were abundant in thrombotic lesions, depletion of circulating Ly6G-positive neutrophils did not affect
onset, severity, thrombus morphology, or liver fibrin deposition. In conclusion, VT after inhibition of antithrombin and
protein C is dependent on the presence of tissue factor and platelets but not on coagulation factor Xll and circulating
neutrophils. This study shows that distinct procoagulant pathways operate in mouse VT, dependent on the triggering
stimulus. (Blood. 2019;133(19):2090-2099)

® Coagulation factor Xl
and circulating
neutrophils are not
rate-limiting in this
animal model for VT.
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important TF source.? In addition, the interplay between recruited
blood cells (mainly platelets and neutrophils) and coagulation
factor Xl (FXII)-driven “intrinsic” coagulation seemed critical for
thrombus formation in IVC models.

Introduction

Venous thrombosis (VT) is a complex disease, and its patho-
genesis is incompletely understood. Previously, it was proposed
that cellular components of the blood contribute to the initiation
and propagation of VT."2 In this respect, mouse models have
been invaluable tools to study the pathogenesis of VT. In models
based on flow restriction, induced by partial ligation of the in-

Although IVC mouse models proved valuable for identifying
potential novel players in VT, the contribution of blood stasis,

ferior vena cava (IVC) in the absence of vascular and/or endo-
thelial damage, it was shown that leukocytes were actively
recruited to the inflamed venous vessel wall, resulting in initiation
and propagation of VT."® The “extrinsic” pathway of coagulation
initiated by tissue factor (TF) exposure was a critical contributor to
extensive fibrin formation, with monocyte-associated TF being an
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hypoxia, and endothelial activation to VT development may be
overestimated compared with some human disease states,??
particularly where imbalanced coagulation is the driving factor
for VT.4¢ It cannot be excluded that the numerous surgical
handlings required to establish flow restriction in the IVC con-
tribute to a proinflammatory state.
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Our group described a mouse model of acute imbalance in
coagulation, achieved by strong inhibition of hepatic expression
of antithrombin (Serpinc1) and protein C (Proc) using synthetic
small interfering (si) RNAs.” Two to three days after siRNA in-
jection, inhibition of natural anticoagulants resulted in a highly
reproducible, siRNA dose—dependent, and thrombin-dependent
thrombotic coagulopathy with no additional triggers; without
interventions, it is fatal. Likely due to vascular bed-specific he-
mostasis and local flow characteristics,® fibrin-layered thrombi
were reproducibly formed in large veins in the head (masseter
and mandibular area). Moreover, fibrin was deposited in the liver,
and plasma fibrinogen was consumed, resulting in prolonged
clotting times. Although the location of VT (in the head) limits
quantitation of the thrombi, an attractive aspect of VT in this
mouse model is that it follows inhibition of anticoagulant gene
expression (achieved by IV siRNA injection) without any other
handlings. This mouse model was used to further evaluate the
role of TF, FXII, platelets, and neutrophils in the pathophysi-
ology of VT.

Methods

Animal experiments

C57BL/6J mice were purchased from Charles River Laboratories
(Maastricht, The Netherlands). Mice deficient in F12,%'° F11,910
and Vwf'" were described earlier. F12- and F11-deficient mice
were bred for over 9 generations to a C57BL/6J background and
compared to in-house wild-type (WT) C57BL/6J controls bred
parallel at the University Medical Center Hamburg animal facility,
and shipped to the Leiden University Medical Center. Vwf/~
mice and their WT C57BL/6J controls were bred at the Leiden
University Medical Center. All mice used were female and
6 weeks old (16-20 g). siRNAs targeting mouse antithrombin
(siSerpinc1, catalog #S62673; Ambion, Life Technologies,
Carlsbad, CA), protein C (siProc, catalog #572192), and a control
siNEG (catalog #4404020) were used as previously described.”
siRNAs were complexed with Invivofectamine 2.0 or 3.0 (Thermo
Fisher Scientific, Waltham, MA) and injected IV (tail vein) at
a dose of 5.75 or 1 mg/siRNA/kg body weight, respectively.
siRNA complexes targeting F7 (catalog #4457292, sequences
not provided by manufacturer) and F12 (sense: 5’-CACCU
CUAGUUGUCCCUGAtt-3" and antisense: 5'-UCAGGGACAA
CUAGAGGUGca-3'; catalog #S81736) were injected 24 hours
before siSerpinc1/siProc treatment.

To block TF, 3 hours after siRNA injection, the rat monoclonal
targeting mouse TF antibody 1H1'2 (Genentech, South San
Francisco, CA) was injected intraperitoneally (20 mg/kg). A rat
monoclonal antibody targeting human GP120 (20 mg/kg;
Genentech) served as control. For platelet depletion, a rat
monoclonal antibody against mouse GP1b (#R300; Emfret,
Wiirzburg, Germany) was used. Depletion of neutrophils was
achieved by using a rat monoclonal antibody targeting mouse
Lyé6G (clone 1A8; BioLegend, San Diego, CA) and a rat isotype
control immunoglobulin G (IgG) (clone RTK2758; BioLegend) as
a control. Platelet and neutrophil antibodies were injected IV
(5 mg/kg).

Mice were euthanized, and citrated blood and liver were col-
lected as described elsewhere.’'* All experimental procedures
were approved by the institutional animal welfare committee.

DETERMINANTS OF EXPERIMENTAL VENOUS THROMBOSIS

Liver and blood analyses

Liver transcript levels of Serpinc1, Proc, and F12 (F12 forward
primer: AATCCGTGCCTTAATGGGGG; reverse primer: TCA
TAGCAGGTCGCCCAAAQG) were determined by using quanti-
tative polymerase chain reaction, with Actb as the housekeeping
gene.” 3% Liver fibrin deposition and plasma FXII were de-
termined by immunoblotting using the monoclonal antibody
59D8™ and anti-FXII polyclonal antibody,® respectively.

TH1 activity in mouse plasma was determined by using a ho-
mogenate of cultured TF-positive mouse smooth muscle cells
and thrombin generation (TG) analysis. TG, ex vivo platelet
activity,"” and plasma nucleosome levels'® were determined as
previously described. Platelet and neutrophil numbers were
determined with a veterinary hematology analyzer (Sysmex XE-
2100; Sysmex Corporation, Kobe, Japan). Blood neutrophil
numbers were measured according to flow cytometry (LSR II; BD
Biosciences, San Jose, CA) using aLy6G-phycoerythrobilin (clone
1A8; BioLegend).

Phenotype assessment

VT after siSerpinc1/siProcinjection has been previously described.”
Mice were euthanized 2 to 3 days after siSerpinc1/siProc
injection.

After euthanization, formalin-fixed heads were decalcified (in
20% formic acid), dehydrated, paraffin embedded, and sec-
tioned. After analysis of coronal serial sections of the head and
neck, sections (4 wm) were made starting directly caudal of the
eyes, because this area was most clearly and reproducibly af-
fected, and thrombi in large veins were found here (in
siSerpinc1/siProc-injected mice). Sections were stained by using
hematoxylin and eosin or according to the Carstairs’ method."”
Severity was scored, and thrombi in the selected sections were
categorized (a detail explanation is given in supplemental
Figures 2 and 4, available on the Blood Web site). Scoring
of VT severity and typing is descriptive (not quantitative).

Immunohistochemistry

Paraffin-embedded sections were stained with a rat monoclonal
anti-mouse Ly6G (clone 1A8; BioLegend). For detection,
horseradish peroxidase-labeled rabbit anti-rat IgG was used
(Dako, an Agilent Technologies Company, Glostrup, Denmark).
Horseradish peroxidase activity was imaged by using dia-
minobenzidine (Dako).

Results

TF-induced coagulation is rate-limiting for VT that
follows inhibition of antithrombin and protein C

Previously,” we showed that VT upon silencing of the antico-
agulant genes Serpinc1 and Proc using siRNA (siSerpinc1/siProc)
is characterized by the presence of fibrin-layered (occlusive)
thrombi in the large veins of the masseter and mandibular area of
the head and the presence of (secondary) hemorrhages in these
areas. Complete rescue was achieved by thrombin inhibition.
First, we investigated whether thrombin and fibrin formation in
this VT is dependent on the TF/extrinsic pathway.?® siRNA was
used to deplete coagulation factor VII (FVII), which mediates TF-
triggered procoagulant activity. Mice were treated with a FVII-
specific siRNA (siF7, n = 10) or control siNEG (n = 10). Similar to
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previous observations,” control mice treated with siNEG and
siSerpinc1/siProc within 3 days developed the typical clinical
features that coincide with VT in this model. They developed
unilateral lesions around the eye and swellings in the head;
in addition, they became lethargic, unresponsive to stimuli,
hypothermic, and lost body weight. Although reduction of
plasma FVII was strong (median of remaining FVII: 4.7% [range:
minimum 2.3, maximum 12.0]), compared with siNEG (100%;
P < .001), siF7 mice were not protected from VT (4 of 10 siNEG
mice vs 7 of 10 siF7 mice presented with clinical signs 2 days after
siSerpinc1/siProc treatment; P = .37); they also had comparable
liver fibrin deposition (28.7 ng/mg [10.0, 74.6] vs 17.0 ng/mg
[6.1, 118.8]; P = .09).

Because ~5% of residual FVII levels may be sufficient to allow
normal coagulation via the TF pathway, we treated mice with the
1H1 antibody, which specifically blocks mouse TF.'221-23 |n-
jection of TH1 (+1H1) resulted in strong inhibition of mouse TF-
induced plasma TG, compared with plasma from mice treated
with a control antibody (-1H1) (Figure 1A). A small pilot study, in
which mice received a single injection of TH1 or control antibody
3 hours after siSerpinc1/siProc treatment, found that 36 hours
after siSerpinci/siProc treatment, +1H1 mice retained their
normal health (n = 3), whereas those in the —1H1 group de-
veloped clinical signs of VT. However, at the time of actual
euthanization (44 hours after siSerpinc1/siProc treatment), 1
mouse from the +1H1 group exhibited the clinical phenotype,
suggesting that a single TH1 dose was insufficient for effective
and sustained TF neutralization throughout the experimental
period.

In the larger, second experiment (n = 10), TH1 and control
antibody injections were repeated 27 hours after the first anti-
body injection (30 hours after siSerpinc1/siProc injection). The
1H1 antibody provided protection from VT that follows inhibition
of antithrombin and protein C (2 of 10 mice affected), compared
with the control antibody-treated group (8 of 10 mice affected;
P =.02; 11 of 13 vs 3 of 13, P = .005, when data are combined
from 2 experiments) (Figure 1B). In addition, 1H1 treatment
significantly interfered with body weight loss, which emphasizes
retained health (=1H1: —0.8 g [-2.3, —0.4] and +1H1: 0.3 g
[-1.1,1.2]; P < .001, n = 13) (supplemental Figure 1A).

Cross-sections of the whole head taken behind the eye con-
firmed the presence of coagulopathy, which was macroscopi-
cally visible, notably in and around the mandibular area (-1H1:
11 of 13; +1H1: 3 of 13; P = .005) (Figure 1B-C). On a micro-
scopic level, in the siSerpinc1/siProc —1H1 group, thrombi were
found in larger and smaller veins of the head in all 13 mice.
Moreover, extensive multifocal erythrocyte extravasations
(hemorrhages) were present, particularly in the masseter and
mandibular area, with associated subcutaneous edema. In
contrast, in the siSerpinc1/siProc +1H1 mice, fewer thrombi or
notable injuries were observed (4 of 13 mice) (supplemental
Figures 2 and 3A). When the thrombosis presence was typed
(descriptive, not quantitative analysis), both organized (type )
and unorganized (Il) thrombi were found based on their com-
position and structure (Figure 1D; supplemental Figure 4). In
addition, liver fibrin deposition was significantly reduced
(38.2 ng/mg [16.1, 289.8] vs 20.0 ng/mg [12.5, 25.0]; P = .001,
n = 13) (Figure 1E).
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FXIl is not crucial for VT that follows inhibition of
antithrombin and protein C

To study the role of the FXIl/intrinsic pathway of coagulation?®
in VT that follows inhibition of antithrombin and protein C,
mice genetically deficient in FXII (F127/7) were injected with
siSerpinc1/siProc. WT mice were included as controls. Upon eutha-
nization, liver transcript analysis confirmed the absence of F12
in F127/~ mice (F12 messenger RNA not detectable; P < .001,
n = 11). Ellagic acid-induced TG in plasma derived from F127/~
mice (not treated with siSerpinc1/siProc) confirmed the defective
contact activation-driven coagulation, whereas TF-induced TG
was similar to that in WT mice (Figure 2A).

Two days after siSerpinc1/siProc treatment, both WT and F127/~
mice showed the thrombotic coagulopathy associated with VT (9
of 11 vs 9 of 11 mice affected; P = 1.0) (Figure 2B). Coagulopathy
was associated with weight loss in both groups (—2.0 g [-3.1,
—1.3]vs —1.9g[-2.5, —0.8]; P = .274) (supplemental Figure 1B). In
addition, an siRNA was used to target F12 messenger RNA in VT
(siF12). siF12-treated WT mice (not siSerpinci/siProc treated)
exhibited defective ellagic acid-induced TG but normal TF-induced
TG (peak height: 52.0 nM thrombin [37.9, 62.4] vs 48.3 nM thrombin
[40.9, 66.1]; P = .22). Upon siSerpinc1/siProc treatment, siF12-
treated mice exhibited development of VT similar to the control
sINEG group (7 of 8 vs 8 of 8 mice affected; P = 1.0).

Upon euthanization, the heads of the WT and F127/~ mice were
sectioned and analyzed for thrombus formation and severity
of the siSerpinc1/siProc-associated thrombotic coagulopathy.
No differences in the severity of the coagulopathy and in the
structure and lining of the thrombi were found (Figure 2C-F;
supplemental Figure 3B). Although clinical and microscopic
VT in the heads was unaffected, liver fibrin deposition was
significantly lower for siSerpinc1/siProc-treated F127/~ mice
compared with the WT mice (812.8 ng/mg [290.9, 2264] vs
339.9 ng/mg [133.3, 707.1]; P = .001) (Figure 2G).

Activated FXII drives coagulation by the intrinsic pathway via its
substrate coagulation factor Xl (FXI). We therefore subjected
mice deficient in FXI (F117") to siSerpinc1/siProc treatment. How-
ever, despite the tendency for delayed VT onset, as reflected in
body weight loss (-2.0 g [-3.1, —=1.3]vs —1.1g [-2.1, —1.0];
P =.001), F11~/~ mice were not protected from VT that follows
inhibition of antithrombin and protein C (9 of 11 vs 5 of 11 mice
affected, 2 days after Serpinc1/siProc injection; P = .103) (supple-
mental Figure 5A). Histology of the heads of thrombotic F177/~ and
WT control mice yielded a similar thrombotic coagulopathy in the
mandibular area (supplemental Figure 5B-C), whereas liver fibrin
deposition was not significantly altered (812.8 ng/mg [290.9, 2264]
vs 731 ng/mg [157.4, 2019]; P = .267) (supplemental Figure 5D).

Platelets are crucial for VT that follows inhibition
of antithrombin and protein C

Apart from the abundant presence of platelets in the thrombi in
the head (supplemental Figure 6A), platelet numbers were re-
duced in the circulation upon VT development and liver fibrin
deposition (supplemental Figure 6B). Flow cytometric analysis
revealed that the circulating platelets did not display a significant
increase in surface activation markers before the onset of VT
(supplemental Figure 6C). To investigate the role of platelets
during siSerpinc1/siProc-induced VT, platelets were depleted
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Figure 1. TF-induced coagulation is rate-limiting for
VT that follows inhibition of antithrombin and pro- A
tein C. (A) Thrombin generation initiated by TF-positive
cell extract (mouse smooth muscle cells). In a parallel
group of mice (n = 3), control antibody or 1TH1 was
injected intraperitoneal (no siRNA treatment). Forty-
one hours after antibody treatment, mice were eutha-
nized, and citrated blood was collected via the vena
cava. Platelet-poor plasma was used for thrombin
generation analysis. Curves represent the average of
3 mice treated with either control antibody (-1H1) or TH1
antibody (+1H1). (B) Clinical phenotype in mice treated
with siRNAs targeting SerpincT and Proc, treated with
control antibody or TH1. Mice exhibiting characteristic
clinical signs (blue bars) and mice unaffected (red bars)
2 days after siRNA treatment (end of experiment).
P = .001, Fisher's exact test. Of note, results from experi-
ment 1 (-1H1: 3 of 3 mice affected vs +1H1: 1 of 3 mice
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affected) and experiment 2 (-1H1: 8 of 10 mice affected 'IIO
vs +1H1: 2 of 10 mice affected; P = .02) were pooled.
(C) Representative cross-sections of the whole head of
mice (formalin-fixed and decalcified) from the —=1H1 and
the +1H1 groups (n = 5). Cross-sections were taken C
behind the eye and show the presence of macroscopically
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Methods section and supplemental Figure 4). Blue
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by using an antibody that targets mouse GP1b. Successful plate-
let depletion from the circulation (no platelets detectable in
blood) was confirmed in a dedicated pilot study (data not shown)
and in a parallel group of mice that did not receive siSerpinc1/
siProc (616 X 107 platelets/L [554, 642] vs 0 X 107 platelets/L
[0, 7]; P = .036) (Figure 3A).

Control mice treated with siSerpinc1/siProc and subsequently
injected with saline (~aGP1b) developed VT (6 of 7 mice af-
fected) (Figure 3B). One of the affected mice died before it could
be included for further analysis. In contrast, siSerpinc1/siProc
+aGP1b mice (+aGP1b) appeared fully healthy (O of 8 mice af-
fected) and did not experience weight loss compared with the
siSerpinc1/siProc —aGP1b group (-2.1 g [-3.1, 0.2] vs 0.1 g
[-1.0, 0.8, P = .043) (supplemental Figure 1C). Strikingly,

DETERMINANTS OF EXPERIMENTAL VENOUS THROMBOSIS

aGP1b-mediated platelet depletion of siSerpinc1/siProc-treated
mice when the first 2 mice presented the clinical features of the
thrombotic phenotype also fully rescued mice from VT. In this
experiment, all mice in the reference group were affected (9 of
9 vs 2 of 9 mice affected, —-aGP1b and +aGP1b, respectively;
P =.002). Of note, whereas platelet depletion fully rescued from
VT, deficiency in von Willebrand factor (Vwf/~ mice), a protein
critically involved in platelet adhesion and aggregation, did
not confer protection from VT (4 of 6 Vwf~ mice vs 5 of 6 Vwf™*
mice affected 72 hours after siRNA injection).

In the siSerpinc1/siProc —aGP1b mice, thrombi and severe coa-
gulopathy were identified (Figure 3C,E; supplemental Figure 3C).
Remarkably, the mouse that was not clinically affected (~aGP1b)
(Figure 3B) had thrombi in a venous vessel in the investigated
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Figure 2. FXIl is not crucial for VT that follows in-
hibition of antithrombin and protein C. (A) Thrombin
generation peak heights. Thrombin generation was in-
duced by 20 pg/mL ellagic acid (EA; left graph) or 1 pM TF
(right graph) in plasma from WT mice (open circles) or
F12-deficient mice (F12~/~; filled circles). Significance was
determined by using the Mann-Whitney rank sum test.
(B) Clinical phenotype in WT and F127/~ mice treated with
siRNAs targeting Serpincl and Proc. Mice showing
characteristic clinical signs (blue bars) and mice un-
affected (red bars) 2 days after siRNA treatment (end of
experiment). P = 1.00, Fisher's exact test. (C) Representative
coronal head section stained by using the Carstairs’ method
of a normal WT mouse (no siRNA treatment). (D-E) Rep-
resentative coronal head sections of WT and F12-/~
mice stained by using the Carstairs’ method. Both mice
developed siSerpinc1/siProc-associated thrombotic
coagulopathy. Black bars represent 2000 pm. (F) De-
scriptive scoring for the type of detected thrombi. 0: no
F127- thrombi found; | + II: thrombi categories were based on
structure and layering. Blue bars: WT (n = 21); red bars:
F127/= (n = 22). (G) Levels of fibrin deposition in the liver
in the control group (WT; open circles) and the F12-/~
group (F127/~; filled circles). P = .001, Mann-Whitney rank
sum test. Solid and dashed lines indicate fibrin levels
found in a pool of uninjected WT, F127/~, and F117/~
C57BL/6J female mice (median and range, respectively,
5.9 ng/mg [3.8, 10.2], n = 8).
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coronal section of the head. In contrast, in the siSerpinc1/siProc
+aGP1b mice, no thrombi or notable injuries were observed (Figure
3D-E). In line with these observations, liver fibrin deposition was
significantly reduced in the siSerpinc1/siProc +aGP1b group
(75.7 ng/mg [21.4, 143.9] vs 9.5 ng/mg [6.3, 21.7];, P = .001)
(Figure 3F), although fibrin levels were above background levels (as
determined in control mice injected with siNEG, (4.5 ng/mg [3.1,
5.7]; P < .001).

Circulating neutrophils are not rate-limiting for VT
that follows inhibition of antithrombin and
protein C

Mice were depleted of neutrophils 6 hours after siSerpinc1/siProc
injection by using an antibody targeting mouse neutrophil-specific
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Ly6G (+aly6G). An isotype IgG antibody was used in the control
group (—aLy6G). In a dedicated experiment, flow cytometry analysis
confirmed that the Ly6G-positive cells were fully absent from the
circulation up to 4 days after antibody injection (data not shown).
Using the same approach, we again detected no neutrophils in
the circulation of the siSerpinc1/siProc +alLyéG group 1 day after
antibody injection (ie, 1 day before onset of VT) (supplemental
Figure 8). In addition, neutrophil absence was confirmed in the
siSerpinc1/siProc +aly6G treated group after euthanization (720
neutrophils/plL [320, 1120] vs 0 neutrophils/L [0, 280]; P < .001)
(Figure 4A).

siSerpinc1/siProc +aly6G and siSerpinc1/siProc —aly6G mice
both developed VT (8 of 12 mice vs 11 of 12 mice affected;

HEESTERMANS et al
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Figure 3. Platelets are crucial for VT that follows in-
hibition of antithrombin and protein C. (A) Blood
platelet numbers in mice not receiving siRNAs 3 days A

after injection with saline (~aGP1b; open circles) or a rat 800 4
monoclonal antibody targeting mouse GP1b (+aGP1b;
filled circles). P = .036, Mann-Whitney rank sum test.
(B) Scoring of the clinical phenotype in mice treated with
siRNAs targeting Serpincl and Proc. Mice showing
characteristic clinical coagulopathy (blue bar) and mice
unaffected (red bars) 3 days after siRNA treatment (end
of experiment). One of the mice from the —aGP1b group
died as a result of the thrombotic coagulopathy. P = .001,
Fisher's exact test. (C-D) Representative thrombus in
avein in the mandibular area in the control group (~aGP1b,
panel C) and a representative vein in the platelet-depleted
group (+aGP1b, panel D) in the hematoxylin and eosin—

(o]
600 - @3
400 1

200 -

Blood platelets (10%/L)

P=0.036
—

M Clinical signs
B M No clinical signs

P=0.001

0/8

Number of mice
(3 days after siRNA)

stained sections. thr, thrombus, with typical fibrin layers;
rbe, postmortem clotted blood, rich in red blood cells;
mus, striated muscle tissue. White bars represent 100 um.
Supplemental Figure 7 presents enlargement of the
images from both panels. (E) Descriptive scoring for the C
type of detected thrombi. 0: no thrombi found; | + II:
thrombus categories were based on structure and layering.
Blue bars: —aGP1b (n = 10); red bar: +aGP1b (h = 16). n.d.,
not detected. (F) Levels of fibrin deposition in the liver of
the platelet-depleted group (+aGP1b) and the control
group (-aGP1b). P = .001, Mann-Whitney rank sum test.
Solid and dashed lines represent fibrin levels found in
siNEG-injected C57BL/6J female mice (median and range,
respectively, 4.5 ng/mg [3.1, 5.7]).
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+ aGP1b
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P = .317) (Figure 4B). In addition, in both groups, body weight was
decreased to a similar extent (—=0.9 g[-3.2,0.1]vs —2.5 g [-3.6,
—0.3]; P = .132) (supplemental Figure 1D). On a microscopic
level, sections of the heads were analyzed, and in both groups,
thrombi were found in large veins, as well as hemorrhages and
edema. Severity scoring yielded no differences (supplemental
Figure 3D). In the siSerpinc1/siProc —aly6G group, Ly6G-
positive cells were abundantly present in thrombi, followed
the alignment of structures identified as fibrin, and adhered to
the thrombotic venous vessel wall (Figure 4C). Ly6G-positive
cells were absent in the thrombi of the siSerpinci/siProc
+alyb6G group (apart from some weakly staining cells that were
still observed in thrombi of certain mice) (Figure 4D). Depletion
of neutrophils did not have much of an effect on the organi-
zational structure and lining of the thrombi (Figure 4E), except
that more type | and Il lesions were scored, which likely reflected
the (nonsignificant) slightly increased number of affected mice vs

DETERMINANTS OF EXPERIMENTAL VENOUS THROMBOSIS

the control group. Increased liver fibrin deposition compared
with siNEG control mice was evident, but no significant differ-
ences between both siSerpinc/siProc treated groups were
observed (67.8 ng/mg [9.3, 587.5] vs 51.9 ng/mg [10.9, 3124];
P = .931) (Figure 4F).

To investigate whether the thrombotic coagulopathy following
siSerpinc1/siProc treatment coincided with altered formation of
neutrophil extracellular traps (NETs), plasma levels of extracel-
lular nucleosomes were used as a marker associated with NET
formation.?42¢ Nucleosome levels were increased in mice with
VT compared with untreated mice (P = .003 and P < .001,
respectively, siSerpinci/siProc —aly6G and siSerpinc1/siProc
+aly6G vs untreated controls) (supplemental Figure 10). How-
ever, no differences were found in plasma from mice with or
without detectable neutrophils in the circulation (siSerpinc1/
siProc —aly6G: 46 U/mL [7, 756]; siSerpinc1/siProc +aly6G:
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Figure 4. Circulating neutrophils are not a major
mediator of VT that follows inhibition of antithrombin
and protein C. (A) Blood neutrophils levels in mice 3 days
after injection with a rat IgG control (~aLyéG; open circles)
or a rat monoclonal antibody targeting mouse Ly6G
(+alLybG; filled circles). P < .001, Mann-Whitney rank sum
test. (B) Scoring of the clinical phenotype in mice treated
with siRNAs targeting Serpinc? and Proc. Mice exhibiting
characteristic clinical signs (blue bars) and mice unaffected
(red bars) 3 days after siRNA treatment (end of experiment).
One of the mice in both groups (-alLy6G and +alyéG) died
as a result of the thrombotic coagulopathy. P = .317, Fisher's
exact test. (C-D) LyéG staining of thrombi found in
sections of the head. Ly6G staining visualizes neutrophils,
which are seen as brown-colored cells in the figures. Rep-
resentative sections are shown for the —aly6G (panel C)
and +alyéG groups (panel D). Hematoxylin was used
for counterstaining. Black lines represent 100 wm. Sup-
plemental Figure 9 presents enlargement of the images
from both panels. (E) Descriptive scoring for the type of
detected thrombi. 0: no thrombi found; | + II: thrombi

C categories were based on structure and layering. Blue
bars: —aly6G (n = 22); red bars: +aly6G (n = 20).
(F) Levels of fibrin deposition in the liver of the control group
(~aly6G) and the neutrophil-depleted group (+aly6G).
P = .931, Mann-Whitney rank sum test. Solid and dashed
lines indicate fibrin levels found in solely sINEG-injected
C57BL/6J female mice (median and range, respectively,
4.5 ng/mg [3.1, 5.7]).
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59 U/mL [10, 771]; P = .448), suggesting that the (increased)
extracellular nucleosomes in plasma of thrombotic animals
were derived from damaged or dying cells other than neu-
trophils, showing the limitation of the use of nucleosomes as
markers for NET formation.

Discussion

In the present study, we investigated the role of TF, FXII,
platelets, and neutrophils in the pathophysiology of VT by using
a mouse model that does not require additional manipulations
other than silencing 2 liver-derived natural anticoagulants. In this
model, TF and platelets were found to be rate-limiting factors for
thrombus formation but not FXII and neutrophils, even though
they were found to be associated with VT in other more invasive
mouse models. This study therefore shows that distinct procoagulant
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pathways operate in mouse VT, dependent on the triggering
stimulus.

Upon inhibition of thrombin” or platelets (current study), a com-
plete rescue of mice from VT was observed. In contrast, although
antibody-mediated TF inhibition significantly delayed VT onset,
a limited number of 1H1-treated mice developed VT. Possibly,
1H1 does not allow (prolonged) inhibition of all exposed TF. We
speculate that incomplete inhibition also underlies the lack of
impact of strong FVII inhibition by siF7 (~95%). Because F3-or F7-
deficient mice are not viable, preclinical studies in a setting of full
absence of TF or FVII are precluded. For TF, mice have been
generated that express human TF (~1% of normal mouse TF?).
Possibly these mice, or mice that conditionally (cell specifically)
lack TF, may provide further insight into the role and source of TF
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that contribute to VT (ie, TF from cells of the hemostatic envelope,
leukocytes, or microvesicles).

Although inhibition of the TF/extrinsic pathway of coagulation
significantly affected VT after siSerpinc1/siProc treatment, de-
ficiency for FXII (a key player for the intrinsic pathway of co-
agulation) did not. FXIl is a therapeutic candidate for prevention
of human VT because it may be involved in thrombus formation
but not essential in hemostasis.?®3° Protection from experi-
mental VT upon FXII deficiency or inhibition has been shown in
multiple animal models.21°31-3# Despite these convincing pre-
clinical data, thus far human data are missing to correlate FXII
activity and thromboprotection. The present study shows that
FXIl is not rate-limiting for macroscopic VT. Interestingly, liver
fibrin deposition was significantly lower in the F127/~ mice
compared with their WT controls. Possibly, there are 2 separate
mechanisms for liver fibrin formation and VT in the head upon
siSerpinc1/siProc treatment, for which FXII plays a different role.

FXlla activates FXI to its proteolytic active form FXla.®* FXla can
activate coagulation factor IX to IXa, which initiates thrombin
formation via the intrinsic pathway.?>% In addition to FXII-
mediated activation of FXI, in vitro studies show that FXI can
be converted to FXla by thrombin, via a positive feedback
loop.?”-*® However, in the presence of fibrinogen, thrombin does
not activate FXI.374° As with FXII, FXI is currently tested as
a therapeutic target to prevent human VT.3¢ In our study, F11-/~
mice were not protected from VT that follows inhibition of
antithrombin and protein C, indicating FXI is not rate-limiting
in thrombus formation. However, the significant difference
in weight loss that coincides with the thrombotic phenotype in
F117/~ mice, and the differences in fibrin deposition in F127/~
mice hint toward a differential role for FXI and FXII in some
aspects of VT. A role of FXIl and FXI may become evident when
VT is studied under milder conditions (ie, conditions with modest
knockdown of antithrombin and protein C, or knockdown of
antithrombin only, which coincides with a similar VT but at re-
duced incidence and delayed onset). Our results imply that VT
upon inhibition of antithrombin and protein C is driven by the
TF/extrinsic pathway of coagulation rather than the FXIl/intrinsic
pathway.

Platelets were identified as major players in experimental VT
after IVC flow restriction. They are recruited early after flow
restriction and are involved in stabilization and accumulation of
innate immune cells.2 Thrombus formation is restrained in the
absence of platelets. Also in the present study, platelets were
essential for VT, which provides further evidence for an im-
portant role of platelets during experimental VT. We suggest
that in mouse VT after inhibition of antithrombin and protein C,
platelets are particularly important for the burst of fibrin and
subsequent thrombus formation but not for the initial fibrin
formation. This hypothesis is supported by the following: (1)
thrombi were not detected in platelet-depleted mice, whereas
liver fibrin deposition was increased compared with baseline
levels (Figure 3F); (2) late platelet depletion just before the
expected onset of the thrombotic phenotype fully rescued these
respective mice; and (3) VWF, a protein important for platelet
adherence but not for massive fibrin formation, is not involved
in siSerpinc1/siProc-induced VT (whereas VWF is important in
experimental VT after vena cava stenosis'"4742),

DETERMINANTS OF EXPERIMENTAL VENOUS THROMBOSIS

The mechanism of how platelets contribute to VT after inhibition
of antithrombin and protein C is presently unknown. The thrombi
found in the large veins of the head frequently show banding
and layered patterns, indicative of the so-called Lines of Zahn
(Figures 3C and 4C-D; supplemental Figures 4 and 6A). Within
the Lines of Zahn, platelets may possibly bind to fibrin via glyco-
protein VI and integrins and become activated.**4* Subsequently,
platelets may expose negatively charged phospholipids, thereby
catalyzing protease-mediated coagulation.*® Future studies
using specific platelet receptor inhibitors and studies that dig
deeper into the dose-dependent role of platelets (supplemen-
tal Figure 6B) may provide mechanistic insight into the role
of platelets in VT.

Overall, the present study confirms a different but equally im-
portant role for platelets in our model compared with IVC
models of VT, and it encourages further investigation of anti-
platelet therapy inhibition for the prevention of (recurrent) hu-
man VT. Thus far, the use of antiplatelet agent aspirin was
effective in preventing (recurrent) VT, 448 albeit inferior to direct
inhibition of coagulation proteases.*’

Neutrophils have been linked to a role in experimental VT via
a specialized cell death program in which NETs are released.?43°
In a VT mouse model based on IVC flow restriction, NETs re-
leased upon neutrophil recruitment to the (proinflammatory)
vessel wall were indispensable for thrombus formation.? In ad-
dition, in a VT model in which the IVC is activated by an electric
current causing endothelial damage, neutrophils were shown to
be the most common cell type present.>’ Moreover, neutrophils
and NETs have been identified in human specimens of VT.5254

When VT follows silencing of natural anticoagulants, Ly6G-
positive neutrophils were abundantly present within the
thrombi, seemingly recruited and aligned to the fibrin layers.
This finding is consistent with previous observations.'? However,
in our mouse model, neutrophils were not rate-limiting in
thrombus formation, which is in strong contrast to previous
observations. Hence, the proposed role of neutrophils in VT
pathophysiology seems not to hold true when impaired natural
anticoagulation is the driving force and endothelial activation
and/or vessel wall inflammation are considered absent (ie, not
triggered by surgical handlings). Therefore, we speculate that
neutrophils may have a limited role in human VT when clearly
associated with impaired anticoagulation (eg, protein C/S or
antithrombin deficiency). However, it is important to remember
that we are modeling human disease and, as with all mouse VT
models, the present model has limitations (eg, the location of the
VT in the head).

In conclusion, we found that distinct procoagulant pathways
operate in mouse VT, dependent on the triggering stimulus.
When VT is induced by IVC flow restriction, TF, FXII, platelets,
and neutrophils play a crucial role. In contrast, our data imply that
FXII and neutrophils are not essential for VT when impaired
natural anticoagulation is the driving force.
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