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ABSTRACT

Sravya Kattula: Defining the role of factor XIII in venous thromboembolism
(Under the direction of Alisa S. Wolberg)

Blood coagulation is a series of enzymatic reactions that form a clot and control bleeding
in response to an injury. When this process goes awry and abnormal clots form in veins, it is
called venous thromboembolism. This disease is a leading cause of death and disability in the
Western world. Current anticoagulation treatments inhibit thrombus propagation but do not
dissolve the existing thrombus or prevent embolization, and are also associated with bleeding
risk. Further investigation is needed to identify therapeutic strategies that influence the structure
and content of clots without increasing bleeding risk. We have discovered that the clotting
protein, factor XII1 (FXIII), plays an important role in mediating the pathophysiology of venous
thrombosis. The studies presented in this dissertation give insight into FXIII’s mechanistic
contribution to venous thrombosis, hemostasis, and pulmonary embolism. We anticipate these
findings will be important for the development of drugs targeting FXIII and may yield a new

strategy for treating venous thromboembolism.

First, we determined the contribution of FXIII compartment (plasma vs. platelet FXII1)
and level in clot contraction, composition, and size in in vitro and in vivo models of venous
thrombosis and hemostasis. We found that plasma FXII1, but not platelet FXIII, produced high-
molecular-weight fibrin crosslinks, promoted red blood cell retention, and mediated clot weight
in vitro. We also demonstrated that 50% reduction in FXIII produced significantly smaller

venous thrombi but did not increase bleeding in tail transection or saphenous vein puncture



models in vivo. These findings suggest that partial plasma FXIII reduction may be a therapeutic

strategy for reducing venous thrombosis without increasing bleeding risk.

Second, we examined the effect of accelerated FXIII activation, through the FXIII
Val34Leu polymorphism, on whole blood clot weight and composition. We found compared to
the wild-type Val variant at high fibrinogen levels, presence of the Leu variant is associated with
formation of smaller whole blood clots. These findings suggest the VVal34Leu polymorphism
may protect against venous thrombosis by decreasing red blood cell retention and, consequently,

reducing clot size.

Third, we investigated the contribution of FXIII to thrombus stability and pulmonary
embolism risk. Studying the mechanisms that may predispose a venous thrombus to embolize
is limited by the lack of animal models that accurately recapitulate key characteristics of the
human pathophysiology. Therefore, we developed a novel mouse model of venous
thromboembolism that captures characteristics of human venous thrombosis (slow forming, red
blood cell- and fibrin-rich thrombi) and pulmonary embolism (spontaneous embolism of
existing venous thrombi). In this model, we determined that complete FXIII deficiency increases
pulmonary embolization incidence, but partial deficiency does not. These findings suggest partial
FXII1 reduction may beneficially decrease venous thrombosis burden without increasing
pulmonary embolization risk. Furthermore, we anticipate this novel mouse model can be used to
evaluate the contribution of other pulmonary embolism risk factors and has to the potential to

study disease progression and treatment intervention.

Collectively, these studies extend our understanding of the mechanisms that mediate

venous thromboembolism and explore a previously-unrecognized, critical role for FXIII in



venous thromboembolism. This dissertation highlights basic research shaping translational

efforts to discover novel approaches for prevention and treatment of diseases.
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CHAPTER 1: INTRODUCTION!

1.1 Blood coagulation and venous thromboembolism.

Blood coagulation is the process that turns liquid blood into a gel-like clot in response to
a vessel injury and thereby preventing blood loss. This process involves a series of enzymatic
reactions through the intrinsic or extrinsic pathway, both of which ultimately lead to the common
pathway to generate thrombin. Soluble fibrinogen is cleaved by thrombin to form fibrin
monomers that become part of the insoluble structural framework of the clot. Thrombin also
activates factor XIII (FXIII), which crosslinks the fibrin network and other plasma proteins to the
fibrin network to stabilize clots against mechanical disruption and premature dissolution.
Concurrently, activated platelets will pull on the fibrin network to contract the clot and restore
blood flow.

Dysregulation of normal coagulation processes can lead to abnormal clot formation in the
venous and arterial circulation, called thrombosis. Venous and arterial thrombosis are diseases
with distinct pathophysiologies. Arterial thrombosis is typically associated with the rupture of an
atherosclerotic plaque that exposes subendothelium and procoagulant material (e.g., collagen,
tissue factor) to blood, which stimulates platelet activation and aggregation under high shear and
produces platelet-rich “white thrombi”. In contrast, venous thrombosis (VT) is promoted by
inappropriate expression of cell adhesion molecules and procoagulant activity on intact,

dysfunctional endothelium in static blood, often in the presence of plasma hypercoagulability

! Parts of this chapter previously appeared in an article in Arteriosclerosis, Thrombosis, and Vascular Biology. The
original citation is as follows: Kattula S, Byrnes JR, and Wolberg AS. Fibrinogen and Fibrin in Thrombosis and
Hemostasis. Arteriosclerosis, Thrombosis, and Vascular Biology. 2017;e13-e21.
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(Virchow’s triad), producing red blood cell-rich (RBC) “red thrombi”.! VT and pulmonary
embolism (PE), collectively venous thromboembolism (VTE), affect 1,000,000 individuals each
year in the United States and in Europe.? VTE has ~30% mortality within the first 30 days of
presentation that is usually associated with PE. Acute PE occurs when all or part of a thrombus
detaches, travels through the vasculature, and occludes the pulmonary arteries. Surviving patients
suffer further complications such as recurrent VT3, post-thrombotic syndrome*, and chronic
thromboembolic pulmonary hypertension®.

The initial goal of anticoagulation is to limit thrombus propagation, whereas the goal of
long term treatment is to prevent recurrent VT. Although, traditional anticoagulants (e.g.
fondaparinux, unfractionated heparin, low molecular weight heparin, and warfarin) accomplish
these goals, they inhibit multiple coagulation proteins, require routine monitoring and dietary
considerations, and increase the possibility of bleeding.® New direct oral anticoagulants (e.g.
dabigatran, rivaroxaban, epixaban, and edoxaban) are highly effective at inhibiting a specific
target and thus require less monitoring.® However, these anticoagulants still carry a bleeding risk
because their targets are upstream of fibrin formation. While recent pursuits for novel
anticoagulants with better safety profiles have lead researchers to target factors XI and X117,
this dissertation explores the FXII1-fibrinogen axis as a therapeutic strategy for reducing VTE.
FXIII’s fibrin crosslinking function plays a role in the pathophysiology of VT by mediating RBC
retention, and ultimately, thrombus size.!® Targeting FXIII, which is downstream of thrombin
generation and fibrin formation, could preserve normal fibrin clot formation and be associated
with low bleeding risk while reducing VT. The dissertation examines the specific mechanisms by

which the FXII1-fibrinogen axis mediate thrombosis and hemostasis.



1.2 Fibrinogen and factor XI11 biology

The fibrinogen molecule is a 340-kDa homodimeric glycoprotein consisting of 2Aa, 2B,
and 2y polypeptide chains linked by 29 disulfide bridges. Fibrinogen synthesis occurs primarily
in hepatocytes (Figure 1). Assembly of the six chains takes place in a step-wise manner in which
single chains assemble first into Aa-y and BB-y complexes, then into Ao/Bp/y half-molecules,
and finally into hexameric complexes (Aa/Bp/y)2 (reviewed in ). All six fibrinogen chains are
assembled with their N-termini located in a central “E nodule,” and extend outward in a coiled-
coil arrangement. The B} and y chains terminate in globular regions known as pC and yC
modules, respectively. These regions collectively comprise the so-called “D nodule.” The Aa
chains are the longest; at the end of the coiled-coil region each chain extends into a highly-
flexible series of repeats followed by a globular aC region. In healthy individuals, fibrinogen
circulates in plasma at high concentrations (2-5 mg/mL). However, fibrinogen is an acute phase
protein, and during acute inflammation, plasma fibrinogen levels can exceed 7 mg/mL.

During coagulation, fibrinogen is converted into insoluble fibrin (Figure 1.1). Fibrin
formation involves thrombin-mediated proteolytic cleavage and removal of N-terminal
fibrinopeptides from the Aa and Bf} chains. Insertion of these newly-exposed a- and B- “knobs”
into a- and b- “holes” in the yC and BC regions of the D nodule, respectively, on another fibrin
monomer permits the half-staggered association of fibrin monomers into protofibrils. Subsequent
aggregation of protofibrils into fibers yields a fibrin meshwork that is essential for blood clot
stability. Clot formation, structure, and stability are strongly influenced by the conditions present
during fibrin generation. These include the concentrations of procoagulant, anticoagulant,

fibrin(ogen)-binding proteins and molecules*??°, and metal ions???, as well as contributions of
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Figure 1.1. Fibrinogen synthesis. After individual fibrinogen chains are transcribed and

translated, step-wise fibrinogen assembly begins with single chains assemble into Aa-y and Bp-y
precursors, then into Ao/Bf/y half-molecules, and finally into hexameric complexes (Aa, Bf, y)2.
This process occurs in the endoplasmic reticulum before fibrinogen is secreted from the cells and

involved in fibrin network formation.



Modifiers of Fibrin Clot Formation, Structure, and Stability

Concentrationsof: Metal ions Blood cells Polyphosphates Post-translational
Procoagulants pH Vascular cells DNA & histones  modification
Anticoagulants Temperature Cellular vesicles Heparin Blood flow

| Fibrinogen variants Protamine Others? |

{Diseases Associated with Abnormal Fibrin(ogen) Structure and Stability\

Coronary Artery Disease Abdominal Aortic Aneurysm Cirrhosis
Myocardial Infarction Smoking Hemophilia
Ischemic Stroke Chronic Kidney Disease Others?
Venous Thromboembolism In-stent Thrombosis

Figure 1.2. Modifiers of fibrin(ogen) and pathologic consequences. Clot formation, structure,
and stability are influenced by the conditions present during fibrin generation. Fibrin clot
abnormalities can be a biomarker for an operant pathophysiologic mechanism or causative in the
disease etiology.



blood and vascular cells, and cell-derived microvesicles*=°, and presence of blood flow?312
(Figure 1.2). Many of these mechanisms have been reviewed.3334

FXIII is a protransglutaminase in plasma and cellular compartments, including platelets.®®
Plasma FXIII (FXIpiasma) is @ 320-kDa heterotetramer (FXI111-A2B>) consisting of two catalytic
subunits (FXI11-A,) tightly-associated (Kq~107° M) with two non-catalytic subunits (FXI111-
B2). FXIIplasma circulates at ~70 nM (14-28 pg/mL)3" in complex with fibrinogen. FXIpiasma is
activated by thrombin-mediated cleavage of 37-amino acid (4-kDa) activation peptides from the
N-termini of FXIII-A subunits, and calcium-mediated dissociation of the FXI11-B subunits.*®
Cellular FXI11 is a dimer of the catalytic subunits (FXIII-A2) and lacks B subunits. Cellular
FXII1 in platelets (FXI1Ipri) is stored in the cytoplasm. During platelet activation, FXIIpi: can be
proteolytically cleaved and activated by thrombin, or non-proteolytically activated by high
calcium concentrations. Following platelet activation, FXII1y is externalized on the platelet
surface; its exposure is maximized when platelets are activated by strong dual agonists.*®

Catalytically-active FXIII (FXIIIa) induces &-N-(y-glutamyl)-lysyl crosslinks between
glutamine and lysine residues on fibrin y- and a-chains.®® FXIII-mediated crosslinking of fibrin
produces y-y dimers and high molecular weight species (y-multimers, a-polymers, and oy-
hybrids). Assays in purified systems and platelet-poor plasma show FXIllpasma can crosslink
fibrin, as well as other plasma proteins (e.g., ax-antiplasmin [a2-AP], thrombin-activatable
fibrinolysis inhibitor [TAFI], fibronectin) to fibrin to stabilize the fibrin network against
fibrinolysis and mechanical disruption.*® Although the concentration of FXIII in platelets is 150-
fold higher than in plasma, its role during hemostasis and thrombosis is unclear. FXI1p; can
introduce crosslinks in fibrin and between fibrin and a2-AP*#4, and effects on clot stability can

be detected when plasma levels of FXIII are low (<10%).%° Since fibrin crosslinking promotes



RBC retention in thrombi“°, these data suggest FXIlI,: may promote RBC retention in thrombi
and therefore, determine thrombus weight. It has also been proposed that FXI11 is required for
platelet-mediated clot contraction because impaired contraction was observed in FXII1-deficient
platelet-rich plasma clots.*>#¢ However, this finding is controversial, as Tutwiler et al. showed
FXII1 deficiency only delays clot contraction®®, and others report little-to-no influence of FXI11yi
on platelet function or fibrin crosslinking.*>4” The contribution of FXI1lyi to RBC retention in

thrombi and platelet-mediated clot contraction is unknown.

1.3 Factor X111 in venous thromboembolism

We recently showed FXIII activity mediates RBC retention in thrombi.*® When F13a*/*
and F13a” mice were subjected to experimental in vivo models of VT (inferior vein cava [I\VC]
ligation [stasis and stenosis]), thrombi harvested from F13a’ mice had reduced RBC retention
and consequently, were smaller.° Likewise, clots formed from F13a” mouse whole blood in
vitro were smaller, further suggesting that FXIII deletion results in smaller clots due to decreased
RBC retention.® We extended this finding to show that plasma-derived FXI11-A;B; corrects
RBC retention in FXIIpasma-deficient clots in a dose-dependent manner.2° These observations
suggest FXI1piasma mediates clot composition and weight. However, the contribution of FXI i
in these functions is unknown. In a study presented in chapter 2, we determined the role of the
FXI1I1 compartment and level in clot contraction, composition, and size in vitro and using in vivo
models of hemostasis and venous thrombosis. Briefly, FXI1piasma, but not FXII,r, produced
high-molecular-weight fibrin crosslinks, promoted RBC retention, and increased clot weight. A
50% reduction in FXIllpasma produced significantly smaller venous thrombi but did not increase
bleeding. These findings collectively suggest that partial FXI1lpiasma reduction may be a

therapeutic strategy for reducing VT.



We also showed that the timing of FXIII activation influences thrombus RBC retention
and size.° Specifically, Fiby***3%A mice that have normal FXIII levels but delayed FXIII
activation, show significantly decreased RBC retention and thrombus size.*® This finding is
interesting, given the existence of a FXIII polymorphism (FXIII in which Valine at codon 34 is a
Leucine, Val34Leu) that exhibits accelerated FXIII activation and suggest the opposite result,
increased clot weight, and consequently, increased VTE risk, but it paradoxically conveys
moderate protection against VTE in certain human populations.®#84° In plasma, the Val34Leu
polymorphism affects fibrin clot structure in a fibrinogen concentration-dependent manner.>® At
high fibrinogen concentrations, the presence of the Val allele results in fibrin clots with thin,
tightly-packed fibers.>® However in the presence of the Leu allele, fibers are thicker and more
loosely-packed, suggestive of a protective effect.>® These interesting and apparent paradoxical
findings raise important and clinically-relevant questions on the role of FXIII activation kinetics
in thrombosis. The effect of the VVal34Leu polymorphism has not been investigated in a
physiologically-relevant whole blood system while modulating fibrinogen concentration. In an
on-going study presented in Chapter 3, we determined the effect of the FXIII Val34Leu
polymorphism on whole blood clot weight. Briefly, we demonstrated at high fibrinogen levels,
the presence of the Leu variant is associated with formation of smaller whole blood clots. These
findings suggest at prothrombotic fibrinogen concentration, the Val34Leu polymorphism may
protect against VT by decreasing clot RBC retention and consequently, reducing clot size.

Our studies indicate reducing FXIII activity/levels decreases thrombus size, suggesting
that FXI1I1 inhibition is a potential strategy to reduce VT. FXIII is also known to play an essential
role in clot stabilization to prevent premature lysis of a clot.3*°! A meta-analysis by Girolami et

al examining the prevalence of PE in congenital coagulation disorders in humans reported no



increase in embolism risk in FXI11 deficient patients.>> Conversely, Shaya et al detect increased
pulmonary embolic events in F13a™ mice; however, they used a FeClz model of VT.5 The effect
of FXI11 deficiency on thrombus stability and PE risk is unclear and requires further
investigation. However, studies on the pathophysiological mechanisms that drive PE are
currently limited by a lack of models that recapitulate human PE pathology. Previously reported
mouse models of PE include exogenous thrombus injection®*°8 or administration of factors
such as adenosine diphosphate®®°, thromboplastin®.-2, tissue factor®®®3, thrombin®4-% or
collagen plus epinephring®®©7-%° These models result in microthrombi that get lodged in the
lungs and do not result from spontaneous embolism of existing venous thrombi. These models
do not fully recapitulate key aspects of PE in humans, which are thought to stem from
spontaneous embolism of existing RBC- and fibrin-rich venous thrombi that travel through the
circulation and get lodged in the lung. In an on-going study presented in Chapter 4, we aimed
to develop a mouse PE model that is clinically-relevant to human PE pathophysiology to
evaluate the contribution of FXIII to PE risk. In this novel PE model, complete FXIII

deficiency increases PE incidence, but partial deficiency does not.

1.4 Focus of this dissertation

Traditional anticoagulants and newer direct oral anticoagulants are used to inhibit
thrombus propagation and prevent VT recurrence. However, these anticoagulation strategies
carry a bleeding risk because their targets are upstream of fibrin formation. There is a need to
better understand the molecular mechanisms that promote VTE to develop targeted treatment
strategies with better safety profiles. The focus of this dissertation is to expand our
understanding of the role of FXIII activation and activity in VTE. This dissertation uses

physiologically relevant in vitro and in vivo models to determine: 1) how plasma and platelet



FXI1I mediate RBC retention and venous thrombus size, 2) how accelerated FXIII activation
kinetics caused by the Val34Leu polymorphism modulates fibrinogen function and VT risk, and

3) how FXIII deficiency contributes to PE risk.
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CHAPTER 2: FACTOR XIII IN PLASMA, BUT NOT IN PLATELETS, MEDIATES
RED BLOOD CELL RETENTION IN CLOTS AND VENOUS THROMBUS SIZE IN
MICE?

2.1 Overview

The transglutaminase factor X111 (FXIII) stabilizes clots against mechanical and
biochemical disruption, and is essential for hemostasis. In vitro and in vivo models of venous
thrombosis demonstrate that FXI11 mediates clot size by promoting red blood cell (RBC)
retention. However, the key source of FXIII and whether FXIII activity can be reduced to
suppress thrombosis without imposing deleterious hemostatic consequences are two critical
unresolved questions. FXIII is present in multiple compartments including plasma (FX11plasma)
as a heterotetramer of Az and B; subunits, and in platelets (FXIllp) as an A2 homodimer. We
determined the role of FXIII compartment and level in clot contraction, composition, and size
both in vitro and using in vivo models of hemostasis and venous thrombosis. Reducing overall
FXII1 levels decreased whole blood clot weight, but did not alter thrombin generation or
contraction of platelet-rich plasma clots. In reconstituted platelet-rich plasma and whole blood
clot contraction assays, FXIIpiasma, but not FXI1,i,, produced high molecular weight fibrin
crosslinks, promoted RBC retention, and increased clot weights. Genetically imposed reduction
of FXIII delayed FXIII activation and fibrin crosslinking, suggesting FXIII levels mediate the

kinetics of FXIII activation and activity, and that the timing of these processes is a critical

2 This chapter previously appeared as an article in Blood Advances. The original citation is as follows:

Kattula S, Byrnes JR, Martin SM, Holle LA, Cooley BC, Flick MJ, Wolberg AS. Factor X111 in plasma, but not in
platelets, mediates red blood cell retention in clots and venous thrombus size in mice. Blood Advances.
2018;2(1):25-35.
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determinant of RBC retention during clot formation and contraction. A 50% reduction in
FXIlpiasma produced significantly smaller venous thrombi, but did not increase bleeding in tail
transection or saphenous vein puncture models in vivo. Collectively, these findings suggest that

partial FXII1 reduction may be a therapeutic strategy for reducing venous thrombosis.

2.2 Introduction

Coagulation factor X111 (FXIII) is a protransglutaminase that plays an important role in
clot stability. Activated FXIII (FXIIIa) introduces e-N-(y-glutamyl)-lysyl crosslinks between
glutamine and lysine residues. Crosslinks between fibrin y- and a-chains, and between fibrin and
other plasma proteins (e.g., op-antiplasmin, thrombin-activatable fibrinolysis inhibitor,
fibronectin), stabilize clots against mechanical disruption and fibrinolysis.** FXIlla also
promotes red blood cell (RBC) retention in venous thrombi, and genetic deletion or inhibition of
FXII1 zymogen or FXIlla (FXII1[a]), respectively, reduces thrombus weight both in vitro and in
in vivo models of venous thrombosis.®

FXII1 is present both in plasma and within cells, including platelets. Plasma FXIII
(FXIlplasma) is @ 320-kDa non-covalent heterotetramer (FXI111-A2B2) consisting of two catalytic
subunits (FXI11-Ay) tightly-associated (Kd ~1071° M)® with two non-catalytic subunits (FXI11-
B2). FXIIpiasma Circulates at 14-28 pg/mL’, nearly always in complex with fibrinogen. Assays in
purified systems and platelet-poor plasma (PPP) show FXIlIpsma can efficiently crosslink fibrin
and other plasma proteins to fibrin to collectively stabilize the fibrin network.?*

Platelet FXI11 (FXI1or) exists as a homodimer (FXI11-Ay) in the platelet cytoplasm.®
During platelet activation, FXIl1pr is externalized on the platelet surface; exposure is maximized
when platelets are activated by strong dual agonists (thrombin plus collagen).® Although the

concentration of FXIII in platelets is 150-fold higher than in plasma, its role during hemostasis
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and thrombosis is unclear. Three aspects of FXIII,i: function have been particularly controversial.
First, it has been proposed that FXIlp is required for platelet contraction, as impaired
contraction was observed in FXII1-deficient platelet-rich plasma (PRP) clots and in whole blood
treated with transglutaminase inhibitors.1®1! However, other studies have reported little-to-no
influence of FXIlIpi: on platelet contractile events.'2* Thus, the contribution of FXI11pi to
platelet-mediated clot contraction remains unclear. Second, a previous report suggested that
FXII1-A deletion induces a compensatory increase in platelet-derived tissue transglutaminase
activity.™ Thus, this activity may have confounded earlier studies with F13a” mice. Third,
although FXI11pi: can introduce crosslinks in fibrin and between fibrin and az-antiplasmin®®-°,
effects of FXIllp: on clot stability are only detected in vitro when FXIllpjasma levels are low
(£10%).° Thus, the contribution of FXIIly: to RBC retention in clots and during hemostasis and
thrombosis in vivo are unclear. Determining the relative roles of FXIllpasma and FXI1pi in these
processes is essential for understanding the biological importance of these compartments and the
clinical significance of deficiencies in FXIpiasma or FX1Hpit.

Understanding FXIII function in vivo is also necessary for optimizing therapeutic
approaches to modify FXIII level or activity to mitigate bleeding and thrombosis. Notably, in
spite of the established role of FXIlla in clot stabilization, the FXII1 level necessary for
hemostasis is unclear. Patients with <4% FXIlla activity have a significantly increased risk of
bleeding, including central nervous system and umbilical cord bleeding, hemarthroses, and
hematomas, and experience recurrent miscarriage?® However, patients with ~4-30% FXIlla
activity exhibit high variability in bleeding severity?°, and individuals with >30% FXIIIa activity,
including those with acquired FXII1 deficiency, are usually asymptomatic.?%2? Interestingly, a

recent analysis of hospitalized patients indicated 21% of adults and 52% of children had
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FXI1p1asma levels <50 U dL, suggesting acquired FXI11 deficiency is relatively common in
patients after surgery and in the intensive care unit.? Since hospitalized patients have increased
risk for both bleeding and thrombosis, the role of FXII1 in these situations is difficult to predict.
Thus, identifying a level of FXIII that reduces thrombus size without impairing hemostasis is
critical for understanding the role of FXIII in clot function and for developing novel
antithrombotic therapies targeting FXI11(a).

Here, we used murine models of FXIII deficiency to determine the roles of plasma and
platelet FXII1 in platelet-mediated clot contraction, thrombin generation, FXIII activation, fibrin
crosslinking, and RBC retention in contracted clots. We also determined the effect of FXIII
reduction using in vivo models of hemostasis and thrombosis. Collectively, our findings suggest
moderate reduction of FXIII may reduce venous thrombosis without significantly increasing

bleeding.

2.3 Methods
Murine blood draws and plasma preparation. Murine studies were approved by the
University of North Carolina at Chapel Hill and Cincinnati Children’s Hospital Medical Center
Institution of Animal Care and Use Committees. F13a*'*, F13a*", and F13a™’" mice were
backcrossed 6 generations on a C57BL/6J background.?* A second line of F13a” mice (generous
gift of CSL Behring) on a mixed 1290la/CBACa background was maintained by homozygous
breeding.?®

Mice were anesthetized with 3-3.5% isoflurane in 2% oxygen and blood was drawn from
the inferior vena cava (IVVC) into 3.2% citrate (10% v/v, final) in a terminal procedure. PRP was

prepared by first centrifuging whole blood (125g, 5 minutes) and then centrifuging the platelet-
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enriched plasma fraction (100g, 5 minutes). PPP was prepared by centrifuging whole blood
(5000g, 10 minutes).

Clot contraction assays. Whole blood was clotted with tissue factor (TF, Innovin diluted
1:12,000 [1 pM TF], final) and CaCl. (10 mM, final) in the absence or presence of the
transglutaminase inhibitor T101 at the concentrations indicated. Clot formation and contraction
proceeded in siliconized wells for 120 minutes at 37°C.

For PRP clot contraction, platelets in PRP were quantified (HV950FS Hemavet cell
counter) and PRP was diluted with autologous PPP to obtain the final concentrations of platelets
indicated. Clotting was triggered in siliconized aggregometer tubes at 37°C by adding TF and
CaCl2 (1 pM and 10 mM, final, respectively). Photos of contracting clots were recorded every 5

minutes for the first hour, every 10 minutes for the second hour, and at 24 hours.

For assays with reconstituted whole blood, PRP was treated with prostaglandin-I, (50
ng/mL, final) and platelets were pelleted by centrifugation (400g, 5 minutes). Platelet pellets
were resuspended in Tyrode’s buffer. PPP was obtained by centrifuging whole blood (50009, 10
minutes). RBCs were isolated and washed with citrated glucose saline buffer (1.3 mM sodium
citrate, 3.3 mM glucose, 1.2 mM NaCl, pH 7.2) and packed by centrifugation. PPP and washed
platelets (400x10%/mL, final) from C57BL/6J and F13a’ mice were combined with RBCs
(3.5x10%mL, final) from C57BL/6J mice to model reconstituted whole blood sufficient or
deficient in FXIIpiasma and FXIH . Clotting was triggered at 37°C in siliconized wells with TF
and CacCl, (1 pM and 10 mM, final, respectively) or collagen, thrombin, and calcium (20 mg/mL,
1 U/mL, and 10 mM final, respectively). Contracted clots were weighed at 2 hours.

Bleeding models. The tail vein bleeding model was performed on F13a**, F13a*", and

F13a’ mice on a C57BL/6J background, as described.?® Briefly, mice were anesthetized with
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ketamine/xylazine, 3-mm of the tail tip was excised using a scalpel blade (#11), and the tail was
submerged in Tris-buffered saline (20 mM Tris, 150 mM NaCl, pH 7.5) containing 2 mM CaCl»
at 37°C. The time to blood flow cessation, defined as no flow for more than 15 seconds, was
recorded as the bleeding time. The saphenous vein bleeding model was performed on F13a*/*,
F13a*", and F13a” mice on a C57BL/6J background as described.?’ Briefly, the right saphenous
vein was partially transected and opened further, longitudinally, with microscissors. Blood was
gently wicked away under slow irrigation until hemostasis occurred. The clot was then disrupted
using a 30-G needle, and blood was wicked away until hemostasis occurred again. Clot
disruption was repeated after each incidence of hemostasis until 30 minutes after the initial
injury. Two readouts were recorded: 1) the average time to hemostasis for each event in 30

minutes and 2) the total number of hemostatic events during the 30-minute period.

Venous thrombosis model. The IVC stasis model was performed as described? on 8- to 12-
week-old F13a**, F13a*", and F13a” mice on a C57BL/6J background. Briefly, anesthetized
mice were subjected to sterile laparotomy, the IVC was exposed, side branches were ligated, and
lumbar branches were cauterized. The IVC was separated from the aorta by blunt dissection and
completely ligated. Mice recovered with analgesia (subcutaneous buprenorphine, 0.05 mg/kg)
and were maintained on acetaminophen (6 mg/mL) in their drinking water. After 24 hours, mice
were anesthetized and blood was drawn from the suprarenal IVC into 3.2% sodium citrate (10%
vlv, final concentration). Thrombi were separated from the vein wall and weighed. Blood
samples were centrifuged to isolate PPP and platelets, and FXII1-A2B> was quantified by western

blotting using standard curves with the appropriate species (human or mouse FXII1-A2B>).
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Statistical methods. Descriptive statistics (mean, standard error of the mean [SEM]) were
calculated for each experiment, and Lilliefors test was used to assess normality. Experiments
with 2 groups and normally-distributed data were compared by Student’s t test with equal or
unequal variance, as appropriate. Experiments with more than 2 conditions were analyzed by
ANOVA with Bonferroni or Dunnett’s post-hoc tests for between-group comparisons. P<0.05

was considered significant.

2.4 Results

FXI11 deficiency decreases RBC retention and clot weight without altering thrombin
generation or platelet contraction. We previously showed that genetic deletion of FXIII-A
(F13a™) reduces RBC retention in contracted clots and consequently, clot weight.® To now
extend these findings to determine the dose-relationship between FXIII level and clot weight, we
first analyzed in vitro clot contraction of whole blood from F13a*"*, F13a*", and F13a” mice.
Complete blood counts indicate all three genotypes have normal levels of leukocytes, RBCs, and
platelets (Supplemental Table 1). Compared to F13a** mice, both a 50% reduction in FXIII-A
as well as complete FXII1I-A deficiency increased RBC extrusion from contracted clots (~36%
and ~50% for F13a*-and F13a’ mice, respectively, Figure 2.1A) and decreased clot weight
(~32% and ~71% for F13a*"and F13a™ mice, respectively, Figure 2.1B). Inhibition of FXIlla
activity using the irreversible transglutaminase inhibitor T101 (20 uM, final, a concentration that
maximally inhibits FXIlIla activity and reduces clot weight [Supplemental Figure 2.1A-B])
increased RBC extrusion from contracted clots (~69% and ~28% for F13a** and F13a*" mice,
respectively, Figure 2.1A) and reduced clot weight (~67% and ~70% for F13a*'* and F13a*"
mice, respectively, Figure 2.1B). T101 had no effect on RBC retention or whole blood clot

weight from
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Figure 2.1. Inhibition or genetic deletion of FXI11(a) results in decreased clot weight. Whole
blood from F13a**, F13a*™", and F13a™ mice was clotted with TF/CaCl; in the absence or
presence of the FXIII inhibitor T101 (20 puM, final) for 2 hours. (A) Serum RBC content and (B)
contracted whole blood clot weight were recorded. Each dot is a separate mouse; lines indicate
means + SEM.
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F13a’ mice, consistent with a specific role for FXI11(a)-dependent transglutaminase activity in
determining clot composition and weight (Figure 2.1A-B).

Thrombin generation did not differ between genotypes in PRP or PPP (Table 2.1),
indicating changes in RBC retention and clot weight were not due to altered plasma or platelet
procoagulant activity. Since previous studies suggested FXII1 is necessary for platelet-mediated
contractile forces'®*!, we also analyzed the kinetics of clot contraction in F13a*'*, F13a*", and
F13a” PRP. For all three genotypes, clot contraction occurred rapidly and was platelet
concentration-dependent. In PRP with 400x10° platelets/mL, clots were 50% contracted within
~20 minutes of triggering clotting and were fully contracted within ~55 minutes. As the platelet
concentration decreased, the onset time of clot contraction prolonged, and the rate and extent of
maximum contraction decreased (Figure 2.2A-D, Table 2.2). However, there were no differences
in contraction parameters between PRP clots from F13a**, F13a*", or F13a” mice (Figure
2.2A-D, Table 2.2), and inspection of contracted clots showed similar appearance in all three
genotypes (Figure 2.2E). PRP clots from a separate line of F13a” mice on a 1290la/CBACa
background similarly showed 50% contraction with ~17 minutes, and complete clot contraction
within ~42 minutes (data not shown). Finally, since a previous study suggested F13a” mice may
express a FXIl1-independent platelet transglutaminase activity® that could compensate for FXI1I1
deficiency in these mice, we measured transglutaminase activity in platelets isolated from
F13a** and F13a’ mice. These experiments showed little-to-no transglutaminase activity in
platelets from F13a” mice on a C57BL/6J background or in platelets from F13a” mice on a
1290la/CBACa background (Figure 2.2F). Collectively, these data show FXIII deficiency
decreases RBC retention and contracted whole blood clot weight in a dose-dependent manner,

without altering plasma or platelet procoagulant activity, or platelet contraction.
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Platelet-Poor Plasma

Platelet-Rich Plasma

F13a™* F13a*" F13a™ F13a™* F13a*™" F13a™”
Lag time (min) 16+02 17+01 16+01 23+02 23+01 233+02
(Tn'ﬂ‘ng to peak 36+05 37+01 35+0.1 56+03 60+04 49+0.2
Velocity 358+26 338+12 341+26 180+27 138+33 223+53
(nM/min)
fﬁ&‘; thrombin 701+29 667+15 653+39 552+60 464+66 527+3.7
Endogenous
: . 387.7 + 4175+ 2846+ 8048+ 6210+ 6114+
thrombin potential 34.4 68.7 185 164.6 63.1 50.0
(nM*min)

Table 2.1. Thrombin generation is similar in F13a**, F13a*"-, and F13a’ mice. Thrombin
generation was measured by calibrated automated thrombography. Data show means + SEM and
were analyzed by ANOVA with Dunnett’s post-hoc test (N=4-6).
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Figure 2.2. FXII1 is not required for platelet-mediated clot contraction. PRP from F13a*’*,
F13a*", and F13a’ mice was clotted with TF/CaCl, at (A) 400, (B) 200, (C) 50, and (D) 10 x
10° platelets/mL. Clot area over time was assessed as a percentage of initial clot area. Dots show
mean £ SEM (N=4); curves are fit to a non-linear regression with one-phase decay equation. (E)
Photographs of contracted clots at 24 hours. (F) Transglutaminase activity was measured in
platelets from F13a** and F13a” C57BL/6J mice, and F13a™ 1290la/CBACa mice. Data show
mean + SEM (N=3-5).
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(F’l'ggfr:fg F13a*" F13a* F13a”
Onset time (minutes) 400 52+09 7.1+0.3 6.4+15
200 80+1.6 7.8+1.7 10.3+£1.6
50 17.6 + 1.6 178+4.4 19.8+55
10 22.2 + 3211 22.3+45" 28.5+4.6"
Rate (10°%/minutes) 400 548+1.4 55.7+2.3 758 £5.1*
200 33.6 £ 2.1 37.1+£1.9° 451 £ 1.1%F
50 17.4 + 3.277F 22.3 £ 0.2t 26.4 + 3.4
10 10.6 £ 1.177T 16.4 £6.177 31.0 £13.0'
Maximum contraction 400 6.4+04 6.7+0.1 6.1+0.2
(% of initial clot area) 200 105+14 88x10 6.7 +0.6*
50 24.0 £ 0.9 26.9 £ 2.7 18.1+6.5
10 49.3 £ 5.6 475+ 6.077 67.3 £ 7.3

Table 2.2. Kinetic parameters of PRP-mediated clot contraction in F13a**, F13a*-, and
F13a’ mice. Clot contraction parameters were determined by a non-linear regression curve fit
with plateau followed by one-phase decay. Data show means + SEM and were analyzed by
ANOVA with Dunnett’s post-hoc test. *P < 0.005 between genotypes compared to F13a+/+. TP
<0.05, 1P <0.005, and {11P < 0.0001 between platelet count, compared to 400x106/mL

platelets (N=4).
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FXIpiasma, but not FX111pi,, mediates clot weight. Genetic reduction of FXII1-A in mice
reduces FXIII-A antigen in both plasma and platelets (Figure 2.3A-B). Therefore, to determine
the relative contributions of FXI1pasma and FXI11pic to RBC retention and clot weight, we isolated
plasma and platelets from FXIIl-sufficient and -deficient (F13a”") mice and recombined these
with RBCs to yield reconstituted whole blood with specific deficiencies in FXIlpiasma Or FXIIpt.
We then triggered clotting with TF and CaCl», and measured fully contracted clot weights. As
expected, absence of both FXIlpiasma and FXI1pi significantly decreased clot weight (Figure
2.3C). Whereas reconstitution of FXIl1p: had no effect on RBC retention or clot weight,
reconstitution of FXIllpasma restored RBC retention and clot weight to levels seen in FXII1I-
replete reactions (Figure 2.3C). Since FXIIIpi: is maximally externalized on the platelet surface
by strong, dual agonists®, we also analyzed effects of FXIlIpiasma and FXI1gic on the weight of
contracted clots triggered by addition of thrombin and collagen. Similar to experiments with TF,
these reactions showed FXIllpiasma, but not FXI11,, promoted RBC retention in clots and
increased clot weight (Figure 2.3C).

To determine effects of these FXIIl compartments on fibrin crosslinking, we triggered
clotting in reconstituted PRP that was sufficient or deficient in FXIpiasma Or FXI g1, and
assessed fibrin crosslinking by SDS-PAGE and western blotting. Only samples containing
FX1piasma Showed crosslinked HMW fibrin species (Figure 2.3D), indicating FXIlpiasma, but not
FXIllpr, generates these species. This finding unites the observation that FXI1piasma, but not
FXIllpr, increases RBC retention and weight of contracted clots (Figure 2.3C) with previous
findings that FXI11(a)-dependent retention of RBCs in contracted clots is associated with the
formation of HMW crosslinked fibrin species?. Together, these results indicate that FX11piasma,

but not FXI1, promotes RBC retention in contracted clots.
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Figure 2.3. FXIlpiasma, but not FXI11pit, mediates clot weight. (A) Representative western blot
and (B) quantification for FXI1I-A in plasma and platelets from F13a**, F13a*", and F13a™
mice (N=3). (C) RBCs were reconstituted with C57BL6/J FXIII-sufficient (wild-type) and -
deficient (F13a”") plasma and platelets and clotting was triggered with TF/CaClz (N=9) or
thrombin/collagen/CaCl, (N=6). Data show means + SEM. (D) Plasma and platelets from
C57BL6/J FXIll-sufficient (wild-type) and -deficient (F13a”") mice were recombined to make
PRP sufficient or deficient in plasma or platelet FXIII. Clotting was triggered with TF/CaCl, and
reactions were quenched at the indicated time points and analyzed by SDS-PAGE with western
blotting (N=2). Fibrin crosslinking was detected using anti-fibrin(ogen) antibody, and identity of
bands was confirmed by mass spectrometry.
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FXI11 level mediates FXIII activation kinetics and consequently, fibrin crosslinking.
FXIpiasma 1S activated by thrombin-mediated cleavage of 37-amino acid (4-kDa) activation
peptides on the N-termini of the FXIII-A subunits, and calcium-mediated dissociation of FXIII-
B..! The observation that FXI11 mediated clot weight in a gene dose-dependent manner (Figure
2.1) suggested that the concentration of FXIII zymogen present in plasma determines clot weight
by modulating FXIlla generation and consequently, fibrin crosslinking. To characterize this
mechanism, we used SDS-PAGE and western blotting to compare FXII1 activation and fibrin
crosslinking kinetics during TF/CaCl-initiated clotting of F13a*'*, F13a*™", and F13a™ PRP. As
expected, F13a™” clots showed no FXI11-A antigen present and consequently, no fibrin
crosslinking (data not shown). Compared to F13a**, F13a*" clots exhibited a ~3 minute delayed
onset of FXII1 activation, ~2.7-fold decreased rate of FXIII activation, and ~50% reduction in the
total amount of FXIlla generated at 15 minutes (Figure 2.4A-B). Moreover, compared to
F13a**, F13a™" clots demonstrated ~3 minute delayed onset and ~2.5-fold decreased rate of y-y
dimer formation (Figure 2.4C-E), and ~1.5 minute delayed onset and ~1.4-fold decreased rate of
HMW crosslinked fibrin formation (Figure 2.4C-D, F). Both F13a*"* and F13a*'" clots showed
complete crosslinking at ~15 minutes. These data suggest reducing plasma FXIII prolongs FXIII
activation and delays, but does not prevent, maximal fibrin crosslinking.

Partial reduction of FXI11 does not prolong the time to hemostasis, but significantly
decreases thrombus size. FXIII is fundamentally different than other coagulation proteins
because FXIII activation and FXIlla activity occur downstream of thrombin generation. Given
our data indicating that FXIII influenced clot size without altering thrombin generation (Table
2.1) or platelet contractile events (Figure 2.2), we hypothesized that partial FXIII reduction

would not impair hemostatic clot formation. To test this hypothesis, we subjected F13a*'*,
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Figure 2.4. Compared to F13a** clots, F13a*" clots have delayed FXIII activation and
fibrin crosslinking. PRP was clotted with TF/CaCl, and quenched at the indicated time points.
FXI1I activation (generation of FXIII-A") and fibrin crosslinking were analyzed by SDS-PAGE
with western blotting. (A) Representative western blots and (B) quantitation of FXIII-A’ over
time for clot formation in F13a*'* and F13a*" PRP. Data show mean + SEM (N=3-5). (C-D)
Representative western blots for fibrin crosslinking in F13a**and F13a*" PRP clots and
quantification of (E) y-y and (F) High molecular weight (HMW) crosslinked fibrin species
formation. Data show mean = SEM (N=3-5).
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F13a*’, and anticoagulants, including unfractionated and low molecular weight heparin.®%-%2 In
the tail transection model, compared to F13a*"* mice, F13a” mice had prolonged tail-bleeding
times, but F13a*"- mice did not (Figure 2.5A). In the saphenous vein model, F13a*"*, F13a*",
and F13a™ mice had a similar number of hemostatic events in 30 minutes (data not shown) and
similar average hemostasis times (Figure 2.5B).

Finally, given our data demonstrating dose effects of FXIllpjasma ON clot size in vitro
(Figure 2.3), we tested the hypothesis that FXIl1piasma mediates venous thrombus weight in vivo.
We first subjected F13a*"*, F13a*", and F13a’ mice to the IVC ligation venous thrombosis
model and harvested thrombi at 24 hours. We previously detected fully crosslinked fibrin in
FXI11-sufficient mice, and significantly smaller thrombi in F13a™ mice at this time point (MM
Aleman, unpublished observation and °). We now demonstrated that this effect is gene dose-
dependent during venous thrombosis in vivo (Figure 2.6A). To define the relationship between
FXIpiasma and thrombus weight, we used human plasma-derived FXI111-A2B; to restore
FX1piasma in F13a” mice to 10-100% of normal. Compared to mouse FXI11-A2B2, human FXIII-
A>B: has similar transglutaminase activity (data not shown), and similarly crosslinks mouse
fibrin (Supplemental Figure 2.2). We induced thrombus formation by IVC ligation, harvested
thrombi and plasmas at 24 hours, and determined plasma and platelet FXIII-A levels by western
blot. Thrombus weights in F13a**, F13a*", F13a™, and FXIII-A2B-infused F13a™ mice
correlated positively and significantly with circulating FXI111-A antigen in plasma (R=0.44,
P<0.005, Figure 2.6B). Importantly, since only a small amount of infused FXI11-A2B is

F13a’ mice to tail transection and saphenous vein puncture bleeding models. Both of

these models are sensitive to coagulation and platelet defects and effects of conventional
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Figure 2.5. Partial FXII1 deficiency does not increase the time to clot formation in murine
models of hemostasis. F13a**, F13a*", and F13a’ mice were subjected to (A) tail transection
and (B) saphenous vein puncture. (A) Following 3-mm excision of the distal portion of the tail,
bleeding was measured as described in Methods. Data show time to cessation of bleeding. (B)
Following saphenous vein puncture, bleeding was measured after disruption of hemostatic clots
as described in Methods. The data show average saphenous vein hemostasis times. Each dot

represents a separate mouse; lines indicate mean £ SEM.
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Figure 2.6. FXIllpiasma infusion into F13a” mice rescues thrombus weight. F13a*'*, F13a*",
F13a” mice infused with vehicle, and F13a” mice infused with FXI111-A2B;, were subjected to
the IVC venous thrombosis model. (A) Thrombi were harvested after 24 hours and weighed.
Each dot represents a separate mouse. (B) Correlation between FXIII-A level in plasma
(measured by western blot and densitometry, shown as relative band intensity, arbitrary
fluorescence units) and thrombus weights for F13a**, F13a*", F13a™ (from panel A), and
FXI111-A;B-infused mice. Each dot represents a separate mouse; F13a** (black closed circles),
F13a*" (blue half circles), F13a™ (red open circles) mice, and FXI11-Az2B2-infused F13a™’ mice
targeting 100% (black triangles), 50% (blue triangles), 25% (purple triangles), and 10% (pink
triangles) FXI11-A2B:>. (C) Representative western blots showing FXIII-A in plasma immediately
after infusion of 50% FXI11-A2B> (plasma final, top), and in plasma (middle) and platelets
(bottom) 24 hours after infusion and ligation. Note, infused human FXII1-A2B> is more strongly
detected than mouse.
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endocytosed into platelets (** and Figure 2.6C), these experiments show FXIllpiasma, but not

FXI1pi, mediates RBC retention and thrombus weight in vivo.

2.5 Discussion

FXII1 deficiency decreases RBC retention in thrombi and consequently, decreases
thrombus size.® This finding identifies FXI111(a) as an intriguing candidate therapeutic target for
preventing venous thrombosis, but raises important questions. Herein, we sought to clarify the
relative roles of FXIllpasma and FXI11pic and the effect of FXIII level on hemostasis and venous
thrombosis. First, we showed that effects of FXIII reduction on clot weight are not due to
reduced thrombin generation, decreased platelet-mediated clot contraction, or FXIII-independent
transglutaminase activity. These findings address previously published controversial
observations and inform understanding of FXIII biological function. Second, we demonstrated
that FXI1piasma, but not FXI1pi, promotes formation of HMW crosslinked fibrin species and
RBC retention in clots, and therefore, mediates clot weight. Third, we characterized Kinetic
mechanisms relating FXII1 levels with thrombus composition. Finally, we showed that partial
reduction in FXIlIpiasma reduces venous thrombus size, but does not increase bleeding in vivo.
Collectively, these findings define a critical role for FXIllpasma during coagulation in vivo, and
support the consideration of FXIII as a therapeutic target for anticoagulation.

In the course of this study, we investigated three observations that were previously, but
controversially, associated with FXIII activity. First, although a subset of studies suggested
FXII1 contributes to platelet-mediated contractile events'®!, our data indicate that PRP from
FXIll-sufficient and -deficient mice show similar contraction kinetics. Possible discord between
our results and the earlier findings may be explained by methodological differences, including

the high centrifugal forces used for preparing PRP that may have resulted in lower platelet
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concentrations in the prior experiments, or use of transglutaminase inhibitors (e.g.,
cystamine)!®!! that can inhibit thrombin generation and activity3*. Notably, our findings are
consistent with several independent studies that showed no effect of FXII1 on platelet
contraction!?* and no effect on cytoskeletal dynamics in Chinese hamster ovary cells
transfected with FXI11%°. Second, although an earlier study detected transglutaminase-like
activity in platelets from F13a” mice and suggested this activity compensates for FXII1
deficiency in platelets from F13a” mice®®, we detected little-to-no transglutaminase activity in
platelets from F13a” mice. Although tissue transglutaminase-2 (TG-2) antigen is present in
mouse platelets, levels are 25-fold lower than FXI111.6 Moreover, human platelets do not express
TG-2%% and TG-2 does not substantively contribute to platelet thrombus formation. Thus,
transglutaminase activity, be it from FXIII or other transglutaminase enzymes, appears
dispensable for platelet contraction. Third, although lysates from unstimulated platelets can
crosslink fibrin®, we were unable to demonstrate a functional effect of FXII1,: on RBC retention
in clots. This paradox may be explained by findings that FXIII exposed on the platelet surface is
rapidly inactivated by an as yet unknown mechanism. Findings that FXI1lpiasma has functions not
reproduced by FXIllp are consistent with previous data®, but extend these observations to
provide a biochemical explanation for these differences. Notably, although FXI11pjasma and
FXI1pie both have catalytic FXI1-Az subunits, these compartments differ in subunit structure and
activation kinetics. In FXI11piasma, the FXI11-A2 subunit dimer is tightly-bound to FXI11-B2®,
which mediates its association with the fibrin(ogen) y-chain in plasma®. Following activation of
coagulation, FXIlpasma is activated rapidly by thrombin and is immediately available to crosslink
fibrin. In contrast, FXII1,i lacks FXI11-B2 and resides in the platelet cytoplasm, where calcium-

mediated activation and externalization occur more slowly.® Indeed, presentation of platelet-
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derived FXII1 activity to the plasma/thrombus milieu likely happens after fibrin formation,
crosslinking, and initiation of platelet-mediated clot contraction occur. Thus, since FXllla
activity is essential for RBC retention in clots while the clot is undergoing contraction®, only
FXIpiasma can fulfill the immediate temporal requirement needed for this function. This premise
is further supported by two previous observations. First, mice with normal FXIlIp; but delayed
FXII1 activation secondary to reduced binding of FXIllpiasma to fibrinogen (i.e., Fiby**-3%A mice)
phenocopy F13a” mice with small thrombi and reduced RBC content (loss-of-function).
Second, addition of plasma-derived FXI11-A2B2 to FXIII-deficient human plasma fully restores
RBC retention in reconstituted, contracted whole blood clots (gain-of-function).® Together, these
experiments suggest FX1piasma, but not FXIpi, promotes RBC retention in thrombi and
consequently, influences venous thrombus size.

Given the prominent effect of FXIl1pasma On fibrin crosslinking, it is curious why FXIII is
present in such high concentrations in platelets (3% of total protein).® FXIly: has been reported
to crosslink cytoskeletal proteins*®4? and regulate bidirectional platelet signaling via
reorganization of the cytoskeleton and allbp3 integrin.** Although we did not detect platelet
abnormalities in our assays, dysfunctions stemming from FXIII deficiency may be detectable in
assays that assess platelet functions secondary to clot formation. In vitro studies and clinical
observations suggest FXIllp: may contribute to hemostasis in certain situations. For example,
FXI11-B-deficient patients have reduced FXIllpiasma, but normal FXIllp, and a generally milder
phenotype than FXI11-A-deficient patients.** Although this difference has been attributed to only
partial, versus total, loss of the FXII1-A; catalytic subunits in plasma®**, the milder phenotype
may also reflect residual hemostatic activity provided by FXIlIlpi. Alternately, or perhaps in

addition, since FXIII has non-hemostatic functions during wound healing and the immune
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response®, FXIlly: may contribute to these processes. In this regard, delayed exposure of FXI 1y
may be a critical aspect of its biological function.

The present study fills several critical knowledge gaps regarding FXII1 biology and
function, but has potential limitations. First, although F13a*"~ mice did not demonstrate bleeding
in either hemostasis assay, studies of human patients suggest moderate FXI11 deficiency is
associated with increased bleeding risk in certain situations, including delayed bleeding after
injury or surgery.2%24% potential discord between mice and humans may reflect species
differences, or may indicate murine hemostasis models are sensitive to initial clot formation, but
not to clot stability — a parameter likely to be affected by FXIII-deficiency. Indeed, even F13a™”
mice show only moderate (~2-fold prolongation) in bleeding following tail transection assays
(Fig 5A and ?°), and only slight, non-significant bleeding following digit amputation®*.
Development of in vivo assays that assess clot stability are needed to fully elucidate the
relationship between FXIII level and bleeding risk. Second, the IVC ligation model involves
complete restriction of blood flow, which may minimize effects of platelets, and consequently
FXIpi, on venous thrombosis. However, mice with reduced or delayed FXIII activation have
the same phenotype in both the IVC ligation (stasis) and stenosis (partial flow) models.® Thus,
the effects of FXII1(a) on RBC retention and thrombus weight are independent of local blood
flow and mediated by FXIlpiasma in both models.

Identification of a role for FXIlpsma in promoting RBC retention in clots and
determining clot weight has implications for developing FXII1(a) inhibitors to reduce venous
thrombosis. First, although FXII1 is found in two separate compartments, potential inhibitors
only need to inhibit FXI1lpiasmato limit thrombosis severity, and would not need to traverse the

platelet membrane to access FXIli. This premise simplifies the molecular design of potential
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drugs. Second, platelet proteins are somewhat “protected” from plasma inhibitors.*”*® Therefore,
although FXIllpiasma and FXI11pie share structural homology, having two separate FXI11
compartments may conserve sufficient FXII1 activity to preserve hemostasis. Thus, FXII1 may
have advantages not present in other therapeutic targets for thrombosis.

In summary, we have shown that FXIllpiasma mediates thrombus RBC retention and
weight in a dose-dependent manner, and that partial FXI1I reduction reduces venous thrombus
size without increasing bleeding in murine models of thrombosis and hemostasis. Collectively,
these data define specific physiologic roles of FXIlpasma, and support the evaluation of FXIIi(a)

inhibition as a strategy to reduce venous thrombosis.

2.6 Supplemental Material

Materials. Sigmacote® (siliconizing agent) was from Sigma-Aldrich (St. Louis, MO).
Prostaglandinl2 was from Cayman Chemical (Ann Arbor, MI). Lipidated tissue factor (TF,
Innovin) was from Siemens (Munich, Germany). The transglutaminase inhibitor T101 was from
Zedira (Darmstadt, Germany). Calibrated automated thrombography reagents (fluorogenic
thrombin substrate, TF/Lipid Reagents [PPP-Low, PPP-High], and thrombin calibrator) were
from Diagnostica Stago (Parsippany, NJ). Laemmli 6X sample buffer containing sodium dodecyl
sulfate (SDS) was from Boston Bioproducts (Ashland, MA). Tris-glycine polyacrylamide gels
(10%) were from Bio-Rad (Hercules, CA). Polyvinylidene difluoride membranes were from
Invitrogen, (Carlsbad, CA) and scanned on a GE Typhoon FLA-9000 Imager (GE Healthcare,
Pittsburgh, PA). Odyssey Blocking Buffer was from LICOR Biosciences (Lincoln, NE). Human
a-thrombin and anti-human FXI1I-A polyclonal antibody (SAF13A-AP) were from Enzyme
Research Laboratories (South Bend, IN). Anti-human fibrinogen polyclonal antibody (A0080)

was from Dako (Glostrup, Denmark). Alexa Fluor®-488 anti-rabbit and anti-sheep secondary
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antibodies were from Jackson Immunoresearch (West Grove, PA). Type 1 collagen was from
Bio/Data Corporation (Horsham, PA). FXI11-A2B2 (Corifact) was a generous gift from CSL
Behring (King of Prussia, PA). The TG-Covtest transglutaminase activity was from Covalab
(Lyon, France). Cell counts were determined on a HV950FS Hemavet cell counter from Drew
Scientific (Miami Lakes, FL). Thrombin generation. Calibrated automated thrombography was
performed as described.1 Briefly, thrombin generation was triggered in platelet-poor plasma with
TF, phospholipids, and CaCl2 (1 pM, 4 uM, and 16.7 mM, final, respectively). Platelet-rich

plasma (PRP) was analyzed under similar conditions, but without phospholipids.

Transglutaminase activity assay. PRP was centrifuged (400g, 5 minutes) to isolate platelets.
Platelet pellets were washed, resuspended in Tyrode’s buffer (15 mM HEPES, 3.3 mM
NaH2PO4, pH 7.4, 138 mM NaCl, 2.7 mM KCI, 1 mM MgCI2, 5.5 mM dextrose), and then
incubated with thrombin (1 U/mL) for 15 minutes. Platelet lysates were prepared by adding cell
lysis buffer (2% Triton X-100, 100 mM Tris, pH 7.3) to the resuspended, activated platelet
pellets. Transglutaminase activity was measured using the TG-Covtest colorimetric activity

microassay.

FXI11 activation and fibrin crosslinking. PRP was clotted with TF and CaCl2 (1 pM and 10
mM, final, respectively). Samples were then dissolved in 50 mM dithiothreitol, 12.5 mM EDTA,
and 8 M urea at 60°C for 1 hour, diluted 120-fold in 6X reducing SDS sample buffer, boiled,
separated on 10% Tris-Glycine gels, and transferred to polyvinylidene difluoride membranes.
Membranes were blocked for 1 hour at room temperature with Odyssey Blocking Buffer,

incubated overnight at 4°C with primary antibodies against FXIII-A or fibrin(ogen), and then
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incubated with fluorescence-labeled anti-sheep and anti-rabbit secondary antibodies for 1 hour at
room temperature. FXI11-A and fibrin(ogen) bands were quantified by densitometry (ImageJ
1.48v). FXIII-A' band intensity was reported as total arbitrary fluorescence units (A.F.U.). Band
intensities of fibrin y-y dimers and HMW crosslinked fibrin species were normalized to the
fibrin(ogen) BB+p-chain before normalizing to time zero. Identity of murine fibrinogen bands
was confirmed by mass spectrometry. Briefly, bands were visualized by colloidal blue 2 silver
stain2, excised, and analyzed by the University of North Carolina Michael Hooker Proteomics

Core using a MALDI TOF/TOF 4800 Mass Analyzer (ABSciex).

Supplemental references

1. Machlus KR, Colby EA, Wu JR, Koch GG, Key NS, Wolberg AS. Effects of tissue factor,
thrombomodulin and elevated clotting factor levels on thrombin generation in the calibrated
automated thrombogram. Thromb Haemost. 2009;102(5):936-944.

2. Candiano G, Bruschi M, Musante L, et al. Blue silver: a very sensitive colloidal Coomassie

G250 staining for proteome analysis. Electrophoresis. 2004;25(9):1327-1333.
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Supplemental Table 2.1. Complete blood count for F13a**, F13a*-, and F13a’ mice. Data

show means + SEM (N=3).

F13a** F13a* F13a”
White blood cells (10%/mL) 6.7 +0.5 55+0.6 55+0.8
Red blood cells (10%/mL) 85+0.1 9.0+0.6 8.2+0.4
Hemoglobin (g/dL) 11.8+0.3 12610 122+0.7
Hematocrit (%) 39.8+1.2 416+1.1 39.4+£0.9
Red cell distribution width (%) 156+04 158+04 165+0.6
Platelets (10%/mL) 748.0 + 48.0 754.7+904 701.0+ 38.4
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Supplemental Figure 2.1. Factor X111 inhibitor T101 reduces mouse whole blood clot
weight. (A) Transglutaminase activity of human FXII1A2B2 was measured in the presence of
T101 at the concentrations indicated. Data show means + standard error of the means (N=1-4).
Dashed line indicates baseline activity in the assay (no FXII1A2B; present). (B) Whole blood
from F13a** mice was clotted with tissue factor/CaClz in the presence of T101 at the
concentrations indicated. Contracted clots were weighed after 2 hours (N=3-4).
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Supplemental Figure 2.2. Both human and mouse FXI111-A2B2 crosslink mouse fibrin.
Clotting was triggered with tissue factor/CaCl, in F13a’" plasma supplemented with human (A)
or mouse (B) FXIIA2B: (62 uM, final), and reactions were quenched at the indicated time
points. Fibrin crosslinking was analyzed by SDS-PAGE with western blotting (N=2).
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CHAPTER 3: THE FACTOR XIIl VAL34LEU POLYMORPHISM DECREASES
WHOLE BLOOD CLOT WEIGHT AT HIGH FIBRINOGEN CONCENTRATIONS

3.1 Overview

Coagulation factor XI11 (FXIII) is a protransglutaminase that plays an important role in fibrin
crosslinking and clot red blood cell (RBC) retention. The FXIII polymorphism, Val34Leu, is
associated with protection against venous thrombosis. This effect is hypothesized to result from
fibrinogen concentration-dependent changes in clot structure, but has not been investigated in a
whole blood system. We determined the effect of the FXII1 Val34Leu polymorphism on whole
blood clot weight, by reconstituted platelet-poor plasmas from human donors with platelets and
RBCs. Clotting was triggered by recalcifcation and tissue factor. In reconstituted clots with
donor plasmas, clot weight did not differ between Val variant (FXI11V3V2 and FX111Va/e4) and
homozygous presence of the Leu variant (FXI11-®/%). Through univariate analysis, we assessed
the contribution of donor sex, age, clotting times, thrombin generation, FXIII activity, and
fibrinogen concentration to contracted clot weight. In a multiple linear regression analysis
adjusting for fibrinogen concentration, the Val variant positively correlated with clot weight,
however, the Leu variant did not. To isolate the effect of fibrinogen, we reconstituted FXI11-
depleted plasma with platelets, RBCs, and purified FXI11V3"Val or EXI11-e¥Le while varying
fibrinogen concentration. At high fibrinogen concentrations, compared to FX111Va3/Va
reconstituted clots with purified FXI11-2¢" were smaller. The Leu variant mitigates the effect of

high fibrinogen concentration and results in smaller whole blood clots. The Val34Leu
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polymorphism may protect against venous thrombosis by decreasing clot RBC retention and
consequently, reducing clot size.
3.2 Introduction

Protransglutaminase factor X111 (FXIII) is a non-covalent heterotetramer (FXI11-A2B>)
bound to circulating fibrinogen?, consisting of two catalytic subunits (FXI111-Az) and two non-
catalytic carrier subunits (FXI11-B2). FXIII is activated by thrombin-mediated cleavage of 37-
amino acid (4-kDa) activation peptides from the N-termini of FXI111-Az subunits, followed by
calcium-mediated dissociation of the FXI11-B; subunits.? Activated FXIII (FXIlla) catalyzes the
formation of &-N-(y-glutamyl)-lysyl crosslinks between y- and a-chains of fibrin®* and between
fibrin and other plasma proteins>’, enhancing clot mechanical and biochemical stability,
respectively. FXIII activity modulates RBC retention during clot formation and contraction, and

thus, is centrally involved in venous thrombosis (VT).80

Interestingly, a common gene variant in FXII1 coding for a valine (Val) to a leucine (Leu)
at codon 34 (Val34Leu), present in ~25% of European Caucasians®!, is implicated with
protection against VT.1>® Two early studies in separate populations (North White European and
Southeastern Brazilian) report the FXII1 VVal34Leu polymorphism as a novel genetic factor
involved in VT etiology.'>'® A meta-analysis of 12 epidemiological studies support evidence that
the Val34Leu polymorphism provides a modest, but significant protection against V.
However, there are inconsistencies in the literature; some studies evaluating coagulation protein
genetic variants and VT epidemiologic data in patients with thrombophilia, find no association of
the Val34Leu polymorphism with VVT.168 Earlier studies had not yet understood the complex
gene-plasma environment interactions that modulate the effect of VVal34Leu polymorphism on

thrombosis.?® In the Leiden Thrombophilia Study, the Leu variant showed a weak association
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with VT?, but when the effect of fibrinogen concentration was factored into the analysis, the
association was stronger?!. Factoring in genetic modifiers, such fibrinogen, addresses some
discrepancies between different population studies but more refined mechanistic studies are

needed to interpret the contribution of the FXII1 VVal34Leu polymorphism to VT risk.

The Val34Leu polymorphism is located 3 amino acids from the thrombin cleavage site.??
It results in ~2.5-fold accelerated FXII1 activation'!, and consequently, earlier fibrin crosslinking
activity’®224_ In a plasma based system, the presence of wild-type Val variant at high fibrinogen
concentrations results in fibrin clots with thin, tightly-packed fibers, however, the Leu variant
results in fibrin clots with thicker, loosely-packed fibers.*® A clot profile with increased
susceptibility to fibrinolysis could suggest a protective effect but additionally, fibrin network
density can also influence RBC retention in clots and, therein for, clot size'®. The Val34Leu
polymorphism has not been investigated in a physiologically-relevant whole blood system while

modulating fibrinogen concentration.

The kinetics of FXIII activation and activity is a critical determinant of RBC retention
during clot formation and contraction.®® Three collective observations on the relationship
between FXIII and RBC retention, warrant the need to explore accelerated FXIII activation by
the Val34Leu polymorphism in a whole blood system. First, reduced FXIII levels in mice
(F13a*") demonstrate decreased RBC retention and clot weight. Second, hemophilic samples
with rFVIIa/rFVIIT and FXI1I11 co-treatment, demonstrate elevated FXIII levels result in increased
RBC retention and clot weight.?> Third, mice with normal levels of FXIII but delayed FXIII
activation due to reduced FXIII binding to fibrinogen (Fiby**°-3%4) in the inferior vena cava
stasis model, show significantly decreased RBC retention and thrombus size.® Therefore,

individuals with normal levels of FXI11*® but accelerated FXI11 activation would suggest
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increased clot weight, and consequently, increased VT risk. However, it is interesting that the
Val34Leu polymorphism is paradoxically associated with protection against VT2-15,
Determining the impact of the Leu variant on RBC retention in clots is essential for

understanding the clinical significance of the FXIII Val34Leu polymorphism in VT risk.

Herein we used reconstituted whole blood ex vivo systems to determine the relationship
between accelerated FXII1 activation and VT. Collectively, our data demonstrate compared to
FX111VeVel clots at high fibrinogen concentrations, FXI11ML% js associated with the formation
of smaller whole blood clots, suggesting the Leu variant mitigates the effect of fibrinogen on

whole blood clot weight.

3.3 Methods

Materials. Sigmacote® was from Sigma-Aldrich (St. Louis, MO). Prostaglandin-I, was from
Cayman Chemical (Ann Arbor, MI). Lipidated tissue factor (TF, Innovin) was from Siemens
(Munich, Germany). Non-reducing 6X sample buffer containing sodium dodecyl sulfate (SDS)
was from Boston Bioproducts (Ashland, MA). B-mercaptoethanol was from Fisher Scientific
(Hampton, NH). Tris-glycine polyacrylamide gels (10%) were from Bio-Rad (Hercules, CA).
Odyssey Blocking Buffer was from LI-COR Biosciences (Lincoln, NE). Human anti-human
FXI11-A polyclonal antibody (SAF13A-AP) was from Enzyme Research Laboratories (South
Bend, IN). FXIII-deficient plasma was from Affinity Biologicals (Ancaster, Ontario). Anti-
human fibrinogen polyclonal antibody (A0080) was from Dako (Glostrup, Denmark). Alexa
Fluor®-488 anti-rabbit and anti-sheep secondary antibodies were from Jackson Immunoresearch
(West Grove, PA). Polyvinylidene difluoride membranes were from Invitrogen (Carlsbad, CA)

and scanned on a GE Typhoon FLA-9000 Imager (GE Healthcare, Pittsburgh, PA). Calibrated
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automated thrombography reagents (fluorogenic thrombin substrate, TF/Lipid Reagents [PPP-

Low], and thrombin calibrator) were from Diagnostica Stago (Parsippany, NJ).

Human blood draws and plasma preparation. Ethical approval was obtained from the
University of Debrecen Ethics Committee (number: DE RKEB/IKEB: 3189-2010). Human
whole blood was obtained by venipuncture and drawn into 3.2% citrate (10% v/v, final) from 86
healthy individuals [FX111Va"Val (N=40), FXI1IVa/eu (N=28), and FXII11-ete0 (N=18)]. All
participants provided signed informed consent in accordance with the Helsinki Declaration.
DNA isolation was performed from buffy coat of blood samples by QlAamp DNA Blood Mini
Kit (Qiagen, Hilden, Germany). FXIII-A p.Val34Leu (c.103G>T; rs5985) polymorphism was
identified by a real-time PCR method?® using fluorescence resonance energy transfer detection
and melting curve analysis on a LightCycler® 480 instrument (Roche Diagnostics GmbH,

Mannheim, Germany; primers are available from the authors upon request).

FXI11 zymogen preparation. Highly purified human FXIII was isolated from pooled plasma, as
described?’, from individuals possessing only 34Val or only 34Leu FXI1I-A alleles

(Supplemental Figure 1).

Western blotting. FXIII antigen and activity were analyzed in Peak 1 (FXIII-free) fibrinogen
preparations by western blot detection of FXIII-A subunit and fibrin crosslinking. Human
fibrinogen preparations were clotted with TF and CaCl, (1 pM and 10 mM, final, respectively).
Samples were then dissolved in 50 mM dithiothreitol, 12.5 mM EDTA, and 8 M urea at 60°C for

1 hour, diluted 120-fold in 6X reducing SDS sample buffer, boiled, separated on 10% Tris-
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Glycine gels, and transferred to polyvinylidene difluoride membranes. Membranes were blocked
for 1 hour at room temperature with blocking buffer, incubated overnight at 4°C with primary
antibodies against FXI11-A or fibrin(ogen), and then incubated with fluorescence-labeled

secondary antibodies for 1 hour at room temperature.

Reconstituted whole blood assays. Human whole blood was centrifuged (150g, 20 minutes).
The platelet-rich plasma fraction was isolated and treated with prostaglandin-I2 (50 ng/mL, final)
was then was either centrifuged to obtain platelet-poor plasma (PPP) (700g, 10 minutes) or
platelets (400g, 20 minutes). Platelet pellets were resuspended in Tyrode’s buffer (15 mM
HEPES, 3.3 mM NaH2POs, pH 7.4, 138 mM NacCl, 2.7 mM KCI, 1 mM MgClz, 5.5 mM
dextrose). The RBC fraction was isolated, washed with citrated glycine saline buffer, and packed
by centrifugation (400g, 5 minutes 3x). In the first series of experiments, reconstituted whole
blood was prepared by combining resuspended platelets (100 K/uL, final), washed RBCs (4.5
million/uL, final), and PPP from donors with FXI11Va/Val EX|I[Vaiteu or EXIHIRYLY | the
second series of experiments, reconstituted whole blood was prepared by combining resuspended
platelets (100 K/uL, final), washed RBCs (4.5 million/uL, final), and FXIII-deficient plasma
with purified FXI11V3Va or EXI1IReUe0 zymogen and FXI11I-free fibrinogen (to achieve the final
concentrations indicated). For both series, clotting was triggered in siliconized wells with TF and
CaClz (1 pM and 10 mM, final, respectively) at 37°C. Contracted clots were weighed at two

hours.

Clinical assays. FXIII activity was measured according to Karpati et al.?® Reference ranges were

determined according to guidelines of the Clinical and Laboratory Standards Institute.
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Fibrinogen concentration was determined by the Clauss method?®, using reagents from Labexpert
LTD (Debrecen, Hungary). Prothrombin time (PT) and activated partial thromboplastin time
(APTT) analyses were performed on a BCS coagulometer (Siemens Healthcare Diagnostics,
Marburg, Germany), using DADE Innovin PT and Actin FS reagents from Siemens (Munich,
Germany). Normal control values represent the result of mixed samples of 25 healthy individuals
with no hemostasis disorders, measured with the same reagent and coagulometer. Exclusion
criteria for healthy individuals: known bleeding or thrombotic disorder, liver- or kidney disease,
systemic disease or cancer, acute inflammation, surgery or thrombosis event (including acute
myocardial infarction, stroke) within the past 1 month, pregnancy, and use of antiplatelet or

anticoagulant therapy.

Thrombin generation. Thrombin generation was measured by calibrated automated
thrombography, as described.®® Briefly, thrombin generation was triggered in duplicate PPP
samples with TF, phospholipids, and CaCl> (1 pM, 4 uM, and 16.7 mM, final, respectively).
Fluorescence was detected by a Fluoroskan Ascent® fluorimeter (Thermo Fischer Scientific,
Waltham, MA). Thrombograms were analysed by the Thrombinoscope software

(Thrombinoscope BV, Maastricht, The Netherlands).

Statistical methods. Descriptive statistics (mean, standard deviation [SD]) were calculated for
each experiment. Experiments with normally-distributed data in 2 groups were compared by
Student’s t test and P < 0.05 was considered significant. Univariate analysis correlating

parameters with clot weight and multiple regression analysis adjusting for fibrinogen level was
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done using R. ANOVA with Bonferroni post hoc test was used for between-group comparisons

and P < 0.005 was considered significant.

3.4 Results

In reconstituted whole blood with donor plasma, FXI11-eWLed mitigates the effect of
fibrinogen on clot weight. To determine the effect of the FXIIII Val34Leu polymorphism on
whole blood clot weight in human plasma, we reconstituted PPP from 86 healthy human donors
with washed platelets and O-negative RBCs (Figure 3.1A). Following clot contraction, we
analyzed clot weights as two groups: presence of the wild-type Val allele (FX111V3"V& and
FX111Va'ew) or homozygous for the Leu allele (FXI11%4%Y). These two groups were well-
matched in clinical characteristics, clotting test times, and all thrombin generation parameters
except endogenous thrombin potential (Table 3.1). Comparison of average raw clot weights (data
not shown) or weights normalized per day of experiment showed no difference between groups
(Figure 3.1B). Univariate analysis indicated significant positive correlations between clot weight
and age, fibrinogen, and the lagtime and time to peak thrombin generation in plasmas carrying
the 34Val allele (Table 3.2, Figure 3.1C-F). None of the measured characteristics correlated
significantly with clot weight in plasmas with homozygous 34Leu (Table 3.2). Prior VVal34Leu
studies!®?* demonstrate the necessity of examining the contribution of gene modifiers interpret

the effect of the FXIII Val34Leu polymorphism.

To identify potential gene modifiers that effect clot composition in relation with the
Val34Leu polymorphism, we constructed a univariate model to correlate clot weight with
clinical characteristics, clotting test times, and thrombin generation parameters. In this analysis,
donor sex, FXIII activity, PT and APTT clotting times, and thrombin generation parameters:

peak thrombin and endogenous thrombin potential, did not correlate with clot weight for either
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Figure 3.1. In reconstituted whole blood with human donor plasma, the 34Leu variant
mitigates the effect of fibrinogen on contracted clot weight. (A) Platelet-poor plasma samples
from 86 healthy human donors (40 FX111Va/Val 28 EXI1IVa/eu and 18 FXI11-e/Y) were
reconstituted with washed platelets and O-negative red blood cells. Clotting was triggered with
tissue factor and CaCls, and contracted clots were weighed after 2 hours. Clot weight was
normalized between assays performed on different days. (B) Normalized clot weights. (C-F)
Normalized clot weights for clots containing the 34Val allele or homozygous 34Leu were
correlated with (C) age, (D) fibrinogen concentration, (E) prothrombin time, and (F) thrombin
generation lagtime. FXI11V3Va and FXI11V3-e¥ (black closed circles) and FXI1-Y¢ (red open
circles).

FXII1, factor XI1I; TF, tissue factor; V/V, Val/Val; V/L, Val/Leu; L/L, Leu/Leu.
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Table 3.1. Clinical characteristics of human donor study population.

EXII |VaI/VaI
EXI1 |VaI/Leu EXII |Leu/Leu
Reference (N = 68) (N =18) P

Clinical Characteristics
Sex (female/male) - 57/11 14/4 1
Age (years) - 31+11 34+£12 0.3
FXI1I1 Activity (%) 69-143 115+ 22 110+ 15 0.4
Fibrinogen (g/L) 1.5-4 34+10 3710 0.3
Clotting Tests
APTT (sec) 28.6-37.6 29.8+3.0 29.8+2.7 0.9
Prothrombin Time (sec) 8.2-12.2 8.3x0.6 8205 0.8
Thrombin Generation Parameters
Lag Time (min) - 25%+0.6 23%0.6 0.4
Time to Peak (min) - 49+1.0 49+1.1 0.9
Peak Thrombin (nM) - 327 £ 93 27579 0.03
ETP (nM*min) - 1496 +318 1252 +218 0.003

Data show means = SEM and were analyzed by t-test. P < 0.005 was considered significant.
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Table 3.2. Factors associated with Val34Leu polymorphism and clot weight in a univariate
analysis.

EXII |VaI/VaI + FX11 |VaI/Leu EXII |Leu/Leu

R P R P
Clinical Characteristics
Age (years) 0.2 <0.001 0.004 0.8
FXIII Activity (%) 0.002 0.7 0.02 0.6
Fibrinogen (g/L) 0.3 <0.001 0.03 05
Clotting Tests
APTT (sec) 0.003 0.6 0.1 0.2
Prothrombin Time (sec) 0.1 0.01 0.001 0.9
Thrombin Generation Parameters
Lag Time (min) 0.2 <0.001 0.01 0.7
Time to Peak (min) 0.2 <0.001 0.02 0.6
Peak Thrombin (nM) 0.003 0.5 0.02 0.6
ETP (nM*min) 0.06 0.05 0.07 0.3

P < 0.005 was considered significant.
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population group. However, age, fibrinogen concentration, and thrombin generation parameters:
lagtime and time to peak, demonstrated significant positive correlation with
FXIIVaNVAEX1Valted clot weights (Table 3.2). No factor significantly correlated with
FXIIevte clot weights. To determine the effect of fibrinogen concentration as modifier of clot
weight, we constructed a multiple regression model to adjust for fibrinogen as a confounding
factor (Table 3.3). In this analysis, only age showed significant correlation with
FXIIVaNVaEX1Valted clot weights. The association of thrombin generation parameters lagtime
and time to peak with FXI11VaVal/EX][Valteu clot weight was no longer observed. This suggests
the correlations observed in the univariate analysis were strongly driven by fibrinogen
concentration. As fibrinogen concentration increases, FXI1VA/Va/EX][[ValLeu clot weight
increased (Figure 3.1C) and in contrast, FXI11-¥'-¢¥ clot weights remained unchanged (Figure
3.1C). Furthermore, at high fibrinogen concentrations, compared to FXI11Va™ValEX][Valiked clot
weights, FXI11-e¥ clot weights were smaller. These human population data demonstrate the
Leu variant mitigates the effect of fibrinogen concentration on contracted whole blood clot

weight.

FXIIItewteu glters whole blood clot weight in a fibrinogen concentration-dependent
manner. To investigate the isolated effect of fibrinogen concentration on the Val34Leu
polymorphism and whole blood clot weight, we reconstituted FXII1-depleted plasma with
washed O-negative RBCs, washed platelets (FX111Va"Vah) EXII1-free fibrinogen (Supplemental
Figure 3.2), and purified FXI11V3Va! or X154 zymogen (Figure 3.2A, Supplemental Figure
3.1). Following clot contraction, we correlated FXI1I variant and fibrinogen concentration with
whole blood clot weight. Importantly, we previously showed that plasma FXI1I, not platelet

FXI11, promotes RBC retention and mediates clot weight®, therefore, the contribution of cellular
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Table 3.3. Factors associated with Val34Leu polymorphism and clot weight in a
multivariate analysis adjusting for fibrinogen.

EXI11 |VaINaI + EXII |VaI/Leu EXI1 |Leu/Leu

R P R P
Clinical Characteristics
Age (years) 0.4 0.002 0.03 1
FXIII Activity (%) 0.3 1 0.04 0.6
Fibrinogen (g/L) - - - -
Clotting Tests
APTT (sec) 0.3 1 0.1 0.2
Prothrombin Time (sec) 0.4 0.01 0.03 0.9
Thrombin Generation Parameters
Lag Time (min) 0.4 0.02 0.05 0.6
Time to Peak (min) 0.3 0.03 0.04 0.6
Peak Thrombin (nM) 0.3 0.9 0.04 0.7
ETP (nM*min) 0.3 0.1 0.07 0.4

P < 0.005 was considered significant.
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Figure 3.2. In reconstituted whole blood with purified FXI1I, the 34Leu variant alters
contracted clot weight in fibrinogen concentration-dependent manner. (A) O-negative
RBCs, FXI11Va"Val platelets, and FXII1-depleted plasma reconstituted with either FX111V3/V2 or
FXI1vtes zymogen, were combined. FXIII-free fibrinogen was added at the indicated final
concentrations. Clotting was triggered with TF/CaCl, and contracted clots were weighed after 2
hours. (B) Significance between FXI11V3/Va (black closed circles) and FXII1- " (red open
circles) clot weights of the same fibrinogen level was compared by t-test. Data show mean +
SEM (N=3). Asterisk indicates P < 0.05. FXIII, factor XIlI; RBCs, red blood cells.
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platelet FXI11I to final clot weight was negligible. In reconstituted FXI11V3/V4 clots, as fibrinogen
concentration increased (from 3-7 g/L, final), contracted whole blood weight increased (Figure

3.2B). In reconstituted FXI11-¥-% clots, as fibrinogen concentration increased, contracted whole

blood weight decreased (Figure 3.2B). These data show that fibrinogen concentration modulates

the effect of the VVal34Leu polymorphism on whole blood clot weight.
3.5 Discussion

The FXIII Val34Leu polymorphism is a naturally occurring polymorphism that results in
accelerated FXII1 activation. Molecular modeling stimulations of the enzyme-substrate complex
formation between FXIII and thrombin, reveal the Leu variant results in a side-chain that forms a
more energetically favorable hydrophobic interaction!® and increased substrate specificity3!:32
with thrombin. Meta-analysis of epidemiological studies examining the VVal34Leu polymorphism
suggest the Leu variant offers a significant, but modest protection against VT.1* This effect is
hypothesized to result from fibrinogen concentration-dependent clot structure changes.® At high
fibrinogen concentrations, the Val variant produces a dense, thin fibrin network, whereas the Leu
variant reduces fibrin network density.*® Concurrently, premature activation of FXIII potentially
“depletes” local FXIII levels before the fibrin network is formed, resulting in decreased fibrin
crosslinking.®? Since both fibrin network density and fibrin crosslinking positively correlate with
RBC retention!?, these mechanisms may reduce RBC retention in clots, and consequently, clot
size. The effect of the VVal34Leu polymorphism on whole blood clot weight has not been

investigated.

Herein, we investigated the role of the VVal34Leu polymorphism in a human whole blood

system through two complementary approaches: experiments with individual donor plasmas that
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provided a more relevant context to the human population and enabled us to correlate laboratory
characteristics (FXIII, fibrinogen, clotting times, thrombin generation) with genotype and clot
weight, and experiments with purified FXIII that enabled us to control fibrinogen concentration.
In reconstituted whole blood with individual plasmas, FX111Vé"Vel and FX111V8"e4 donors with
high fibrinogen concentrations correlated with larger clot weights. In FXI11-¢*¢! donors, clot
weight did not correlate with fibrinogen concentration and compared to FX111V3"Val and
FX111Va'ed donors at high fibrinogen concentrations, clot weights were smaller. We observed in
reconstituted clots with purified FXIII, at the highest fibrinogen concentration tested (7 g/L),
compared to FX11IVaVal EXl1-evted resylted in smaller clot weights. Combined observations
through the two complimentary approaches suggest a protective effect of the Leu variant under

elevated fibrinogen levels considered prothrombotic.

This study has potential limitations. First, our study has a small population sample size,
particularly in individuals homozygous for the Leu allele. In preliminary experiments with
limited samples, we observed trends between theVal34Leu polymorphism and clot weight. We
performed a power calculation (80% power, type 1 error a.= 0.05) to predetermine a sample size
needed to observe statistical significance trends, which prompted additional donor sample
collection. In the final sampling of 68 donors, the prevalence of homozygous Leu individuals
(26%) was consistent with the prevalence in the human population (~25%) and the two
population groups (FXIHIVANVAEX ]IVl and FXTIRWMeY) were well-matched and sufficiently
powered to observe significant trends in the data. Second, our reporting of an association of a
genetic polymorphism with VT gives insight into how genetic regulation of fibrin(ogen) function
can modulate VT risk but is only one aspect of the complex gene-gene and gene-environment

interactions that promote venous thrombogenesis. Our findings suggest that VVal34Leu status in
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conjunction with fibrinogen level should be considered in clinical risk predictors to identify

individuals at higher risk of VT.

In summary, we have shown in human plasma with prothrombotic high fibrinogen levels,
the presence of the Leu variant is associated with formation of smaller whole blood clots. The
Val34Leu polymorphism may protect against VT by decreasing clot RBC retention and

consequently, reducing clot size.
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3.6 Supplemental Material
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Supplemental Figure 3.1. Preparation of purified FXI11V3/Va and FXI11%-ewLet zymogen.
FXI1VaVa and FXI1YeY proteins were purified from human plasma; 10 pg were separated by
non-reducing SDS-PAGE (7.5% gel) to allow for the separation of the FXIII-A and -B subunits.
FXII1, factor XIII.
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Supplemental Figure 3.2. FXI11 is not present in peak 1 fibrinogen preparation. FXIII
antigen and activity were analyzed in fibrinogen preparations by western blot detection of (A)
FXII1-A subunit and (B) fibrin crosslinking, respectively. Lanes are: (1) peak 1 fibrinogen
(unclotted negative control), (2) peak 1 fibrinogen + thrombin + EDTA (uncrosslinked negative
control), (3) peak 1 fibrinogen + thrombin + calcium (10 mM, final), and (4) unfractionated
fibrinogen + thrombin + calcium (crosslinked positive control). FXIII, factor X1Il; HMW, high
molecular weight fibrin species.
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CHAPTER 4: NOVEL MURINE VENOUS THROMBOEMOBOLISM MODEL TO
EVALUATE THE ROLE OF FACTOR XIII IN PULMONARY EMBOLISM RISK

4.1 Overview

Venous thrombosis and pulmonary embolism (PE), collectively venous
thromboembolism, cause high mortality and morbidity. Factor X111 (FXIII) crosslinks fibrin to
enhance thrombus stability and consequently, may influence PE risk. Elucidating mechanisms
contributing to PE is limited by a lack of models that recapitulate human PE characteristics. We
aimed to develop a mouse model that permits embolization of red blood cell (RBC)- and fibrin-
rich venous thrombi formed during blood stasis and determine the contribution of FXIII to PE
risk. We compared the composition of human PEs to wild-type mouse venous thrombi
(electrolytic, ferric chloride, and inferior vena cava [IVC] stasis) and PEs generated by
intravenous thrombin infusion. Femoral vein electrolytic and ferric chloride injury produced
small thrombi with few RBCs (5% and 4%, respectively), whereas I\VVC stasis produced large
thrombi with higher RBC content (68%), similar to human PEs (68%). Although F13a*'*,
F13a*", and F13a’ mice had similar PE incidence in the thrombin infusion model, PE were
small, with low RBC content (< 7%), unlike human PEs. We used IVC stasis with subsequent
ligature removal to permit thrombus embolization. Prior to ligature removal, F13a” thrombi
showed no fibrin crosslinking, however, F13a** and F13a*"~ thrombi demonstrated similar
fibrin crosslinking. After ligature removal, compared to F13a*'* (13%), F13a*" and F13a” mice
had similar or increased PE incidence (17% and 64%, respectively). Complete FXII1I deficiency

increases PE incidence, but partial deficiency does not.
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4.2 Introduction

Venous thrombosis (VT) and/or pulmonary embolism (PE), collectively venous
thromboembolism (VTE), affect 1-2/1000 people annually.! VTE has ~30% mortality within the
first 30 days of presentation; mortality is usually associated with PE.2 Acute PE occurs when part
or all of the thrombus detaches, travels through the vasculature, and occludes the pulmonary
arteries. Anticoagulants inhibit thrombus propagation but do not dissolve existing thrombi.
Thrombolytics dissolve thrombi, but are associated with bleeding risk.>* There is a need to
better understand molecular mechanisms that promote PE and develop effective therapies to
prevent VTE without increasing bleeding risk.

Factor X111 (FXIII) is a zymogen of a transglutaminase that crosslinks fibrin and
stabilizes clots from mechanical disruption and premature dissolution (fibrinolysis).>® FXI11 also
promotes fibrin-mediated red blood cell (RBC) retention in contracted thrombi, and
consequently, determines thrombus size.” Recent studies using ferric chloride (FeCls) to induce
thrombosis in the femoral vein suggested complete FXII1 deficiency increases thrombus
embolization.®® However, a meta-analysis examining the prevalence of PE in patients with
congenital coagulation disorders reported no increase in PE risk in FXI11-deficient patients.°
Although congenital FXIII deficiency is rare, acquired FXIII deficiency secondary to ongoing
disease has been reported in patients with inflammatory bowel disease, sepsis, major surgery,
trauma, and disseminated intravascular coagulation.!t*2 FXI11 deficiency is prevalent in
hospitalized patients (21% of adults, and 52% of children have a plasma FXIII concentration <50
U dL1).22 Thus, determining the role of FXIII in VTE warrants further investigation.

Elucidating PE pathophysiology is limited by a lack of animal models that recapitulate

key characteristics of human PE: embolization of existing RBC- and fibrin-rich thrombi.1*
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Established mouse models of PE include injection of clots generated ex vivo>% or
intravenous infusion of platelet agonists (adenosine diphosphate?::22 or collagen plus
epinephrine?t23-2%) or coagulation activators (e.g., thrombin?-2° or tissue
factor/thromboplastin?::3°-32), These models produce thrombi that form in flowing blood and
subsequently lodge in the lung. This situation is unlike PE in humans, which typically arise from
existing venous thrombi. Developing a mouse model of PE that better recapitulates VTE in
humans is necessary to identify molecular mechanisms that contribute to PE pathophysiology.
Herein, we developed a novel VTE mouse model that produces RBC- and fibrin-rich
thrombi histologically-comparable to human PE and permits subsequent embolization. Using

this model, we evaluated the contribution of FXII1 to PE risk.

4.3 Methods

Materials. Alexa Fluor® 647 protein labeling kits were from Thermofisher (Waltham, MA) and
IRDye 800CW was from LICOR (Lincoln, NE). Bio-Spin 30 chromatography columns were
from Bio-Rad (Hercules, CA). Fibrinogen (FXIII-free peak 1) was from Enzyme Research
Laboratories (South Bend, IN). Anti-GPIX antibody (Clone Xia.B4) was from Emfret analytics
(Eibelstadt, Germany). Hematoxylin and eosin (H&E, Cat: 26043-05) was from Electron
Microscopy Services (Hatfield, PA). Target retrieval solution (Cat: 00-4955-58) was from
Invitrogen (Carlsbad, CA) and mouse-on-mouse blocking reagent, protein concentrate, and
biotinylated anti-mouse 1gG kit reagents (Cat: BMK-2202) were from Vector Laboratories
(Burlingame, CA). DAB (3,3’-Diaminobenzidine) chromogenic substrate and buffer (Cat:
K3467) was from Dako (Glostrup, Denmark). Lysis buffer (20 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM f3-

glycerophosphate, 1 mM NazVOs, and 1 mg/mL leupeptin) was from Cell Signaling (Danvers
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MA). Phenylmethylsulfonyl fluoride was from MP Biomedicals (Solon, OH). Non-reducing 6X
SDS-sample buffer was from Boston BioProducts (Ashland, MA). Tris-glycine polyacrylamide
gels (10%) were from Bio-Rad (Hercules, CA). Polyvinylidene difluoride membranes were from
Invitrogen (Carlsbad, CA). Odyssey Blocking Buffer was from LICOR Biosciences (Lincoln,
NE). Rabbit anti-human fibrinogen polyclonal antibody (A0080) was from Dako (Glostrup,
Denmark), and goat anti-rabbit IRDye 800CW was from LICOR Biosciences (Lincoln, NE).
Mouse anti-human fibrin primary antibody (59D8, was a generous gift from Dr. Charles Esmon,

Oklahoma Medical Research Foundation.

Human PE. PEs were obtained from deceased patients from University of North Carolina
(UNC) Hospitals with approval from the UNC Institutional Review Board. Clots were fixed with
10% buffered formalin for 24-72 hours and stored in 70% ethanol. PE sample 1 was from a 58-
year-old male with a history of coronary artery disease, hypertension, obesity, and tobacco use.
Autopsy results revealed pulmonary saddle embolus, multiple peripheral PEs, and pulmonary
infarct. PE sample 2 was from a 17-year-old female with a history of pelvic germ cell tumor with
metastasis to lung, liver, and bone, stage 2 kidney disease, and deep vein thrombosis of the
femoral vein, detected by Doppler and D-dimer levels. PE sample 3 was from a 63-year-old male
with a history of coronary artery disease, myocardial infarction, hypertension, and Crohn’s
disease. PE sample 4 was from a 46-year-old female with a history of lymphedema,
hypertension, renal failure, obesity, and undifferentiated carcinoma of likely gynecologic origin
with metastases. Autopsy results revealed a large thrombus occluding the left pulmonary artery

and smaller thrombi occluding the initial branches of the right pulmonary artery.
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Mice. Murine procedures were approved by the UNC Institutional Animal Care and Use
Committee. F13a*"*, F13a™", and F13a” mice were backcrossed 6 generations on a C57BL/6J
background.®® Additional 8-12 week-old C57BL/6N mice were obtained from Charles River
Laboratories and maintained by homozygous breeding. Mice were maintained on a 12-hour light
cycle (7 am-7 pm) and fed 2920X irradiated regular feed or 2919X irradiated breeder feed
(Envigo) (Huntingdon, UK). Male mice (8-12 week-old) were used for all experiments and were

anesthetized with 1.5% isoflurane in oxygen (2 L/min).

Thrombin infusion PE model. Fibrinogen (FXI1I-free peak 1) was labeled with an Alexa
Fluor® 647 protein labeling kit, per manufacturer recommendations. Anti-GPIX antibodies were
incubated with IRDye 800CW for 1 hour at room temperature and eluted on a Bio-Spin 30
chromatography column. Anesthetized F13a*'*, F13a*", and F13a’ mice were injected retro-
orbitally with Alexa Fluor® 647-labeled fibrinogen (0.15 mg/mL, , final plasma concentration)
and 800-labeled anti-GP1X antibodies (1 pg/g body weight), followed by thrombin injection
(1250 U/kg) via tail vein. Symptoms of thrombotic shock were assessed for 5 minutes and
recorded as none, moderate (lethargy and/or shallow respiration), or severe (impaired mobility,
irregular respiration, and/or loss of consciousness). Lungs were perfused with 10 mL of 1X
phosphate buffered saline (3 mL/min), harvested, and imaged on a GE Typhoon FLA-9000
Imager (GE Healthcare, Pittsburgh, PA) or LI-COR Odyssey FC Scanner (LICOR Biosciences).

Lungs were then fixed in 10% buffered formalin for 24 hours and stored in 70% ethanol.

VT models. VT models were compared using wild-type C57BI/6N mice. Electrolytic injury was

induced via 3-minute application of 3-V direct current by touching the femoral vein surface with
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the blunt end of a 25-gauge needle connected to the anode and completing the circuit by
contacting local subdermal tissue with the cathode, as described.®* Ferric chloride (FeCls) injury
was induced by exposing the dried femoral vein to 4% FeClz (1.0 x 2.0-mm filter paper) for 5
minutes. In the inferior vena cava (I\VVC) stasis model, the I\VVC was separated from the aorta by
blunt dissection. Lumbar branches were cauterized and the IVC and side branches were ligated,
as described.®® Thrombi from all 3 models were harvested at 24 hours. For electrolytic and FeCls
models, thrombi were collected with vein wall and weighed together. For the IVC stasis model,

the thrombi were separated from the vein wall and weighed separately.

Ligature removal PE model. The ligature removal model was developed using F13a*'*, F13a*"
, and F13a™- (C57BI/6J) mice. Anesthetized mice were retro-orbitally injected with Alexa Fluor®
647-labeled fibrinogen and 800-labeled anti-GPIX antibodies and then subjected to IVC stasis.
At 24 hours, a second surgery was performed to remove the ligature. Mice were allowed to
recover and observed for symptoms of thrombotic shock. At 48 hours, lungs were perfused,
harvested, imaged, and stored, as in thrombin infusion PE model. The thrombi were separated
from the vein wall, weighed, fixed in 10% buffered formalin for 24 hours, and stored in 70%

ethanol.

Histology. Formalin-fixed lungs were dehydrated and paraffin-embedded. Consecutive, 5-um
sections were cut and mounted, and every 4" slide was stained with H&E at the UNC Animal
Histopathology and Lab Medicine Core. Immunohistochemistry was performed as described.

Negative controls were stained in the absence of primary antibody.
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Thrombus and PE analysis. PE burden was characterized by incidence, size, and composition.
PEs were identified by histology and differentiated from clots formed post-mortem by defined
criteria: 1) presence in pulmonary arteries and 2) layers of platelets, fibrin, and RBCs. PE
incidence was confirmed by a blinded pathologist. RBC composition was quantified using Image
J (version 1.48): pixels of demarcated RBC area(s) was reported as percentage of total
thrombus/PE pixel area. Fibrin composition was quantified scored intensity of fibrin
immunohistochemistry staining of thrombi/PEs by 5 independent, blinded observers on a scale of
0 to 3. Score of 1, 2, and 3, were considered weak, moderate, or strong, respectively. Whole lung
fluorescent area was quantified using Image J (version 1.48): total pixels of fluorescent areas

corresponding to platelets and fibrin(ogen) as percentage of total lung pixel area.

Thrombus analysis by Western blot. Frozen thrombi from F13a*'*, F13a*", and F13a” mice
retrieved 24 hours after I\VVC stasis were analyzed by western blot, as previously described.’
Membranes were incubated with primary polyclonal antibodies against fibrin(ogen), and
incubated with fluorescence-labeled anti-rabbit secondary antibodies, each for 1 hour at room
temperature. Fibrin(ogen) bands were quantified by densitometry (ImageJ) and band intensity

was reported as total A.F.U.

Statistical methods. Descriptive statistics (mean, standard error of the mean [SEM]) were
calculated for each experiment. Experiments with normally-distributed data in 2 groups were
compared by Student’s t test and more than 2 groups were analyzed by analysis of variance with
Dunnett’s post-hoc tests for between-group comparisons. Experiments with non-normally-

distributed data in 2 groups were compared by Mann-Whitney test and more than 2 groups
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Kruskal-Wallis with Dunn’s post-hoc test for between-group comparisons. P < 0.05 was

considered significant.

4.4 Results

FXI11 does not impact PE incidence in the thrombin infusion model. We first characterized
PE incidence, size, and composition in an established model of PE triggered by intravenous
thrombin infusion?-2°, For this model, we infused mice with fluorescently-labeled FXII1-free
fibrinogen and anti-GP1X antibodies, followed by injection of thrombin (Figure 4.1A). In the 5-
minute observation period post-injection, F13a*"*, F13a*", and F13a” mice showed no, or only
moderate, signs of thrombotic shock and similar survival rates (Figure 4.1B-C). Inspection of
H&E-stained lungs harvested from F13a**, F13a*", and F13a” mice showed similar incidence

of numerous, scattered PEs (60%, 67%, and 70%, respectively, Figure 4.1D).

Thrombin infusion produces PEs histologically-dissimilar to human PEs. Previous studies
have shown that venous thrombi and PE isolated from humans are characteristically rich in
RBCs and have high fibrin content.143628 Accordingly, as expected, analysis of PE retrieved
from 4 human subjects (Table 4.1) by H&E staining and immunohistochemistry demonstrated
substantial RBC (68+5%) and strong fibrin staining (Figure 4.1E-F). This unique composition
implies a role for RBCs and fibrin in venous thrombogenesis that is important to recapitulate in
an animal model of VTE. We therefore examined the composition of PEs produced by thrombin
infusion in mice and compared this to PEs isolated from humans. Imaging of perfused whole
lungs from thrombin-infused mice showed similar fluorescence intensity for platelets and
fibrin(ogen) between F13a*"*, F13a*", and F13a”’ mice (Figure 4.1G-H). Analysis by H&E
staining showed PEs were small (Figure 4.11) and scattered throughout the lung vasculature.

Moreover, PEs from all F13a**, F13*", and F13a’ mice had significantly lower RBC (7+3%,
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Figure 4.1. In the thrombin infusion model, F13a**, F13a*", and F13a” mice have similar
incidence of fibrin- and platelet-rich PEs. (A) F13a** (N=10), F13a*" (N=6), and F13a™”"
(N=10) were injected retro-orbitally with Alexa Fluor-647 labeled fibrinogen and Alexa Fluor-
800 labeled anti-GPIX antibodies and then injected intravenously with thrombin. Mice were
perfused after observation period and lungs were harvested for histological analysis. (B)
Thrombotic shock severity. (C) Survival. (D-F) PE (D) incidence, (E) RBC content, and (F)
fibrin staining intensity by histology. (G-H) Fluorescent area from (G) AlexaFluor-800-anti-
GPIX antibody and (H) AlexaFluor-647-fibrin(ogen) in perfused lungs. (I) PE size. Dots
represent individual mice. Bars show 200 pm.
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5+2%, and 7+3%, respectively) human PE (Figure 1E-F) and weak to moderate fibrin staining,
this composition did not differ between genotype (Figure 4.1E-F). Collectively, these data show
PEs generated by thrombin infusion have a substantially different composition than PEs isolated

from humans.

IVVC stasis produces RBC- and fibrin-rich thrombi histologically-similar to human PEs.
Another limitation of the thrombin infusion model is that the PEs do not originate from an
existing VT, but rather derive from microthrombi that form in circulation and become lodged
in the lung microvasculature. To develop a model in which emboli arise from existing venous
thrombi, we first generated thrombi in wild-type mice using 3 commonly-used mouse VT
models: electrolytic/femoral vein, FeCls/femoral vein, and IVC stasis (Figure 4.2A)34-363%-42,
Thrombi from all 3 models were harvested at 24 hours for histological analysis by H&E and
fibrin immunohistochemistry. We then compared the composition of these thrombi to that of
human PEs. The femoral vein electrolytic and FeClz models rapidly produced small thrombi
(Figure 4.2B). Subsequent analysis by H&E staining and immunohistochemistry showed these
thrombi were predominantely composed of proteinaceous material and had relatively low
RBC (7+£3% and 2+1%, respectively, (Figure 4.2A,C) compared to human PEs. Thrombi from
the electrolytic model demonstrated weak to moderate fibrin staining intensity, whereas the
thrombi from the FeCls model showed weak fibrin staining intensity (Figure 2D). In contrast,
IVC stasis produced large thrombi (Figure 4.2A,B) that had high RBC content (68+2%)
(Figure 4.2A,C), similar to that seen in human PEs (Figure 4.1E) and moderate fibrin staining
intensity (Figure 2D). These findings illustrate substantial differences in the composition of
thrombi generated by these VT models, suggesting fundamental differences in the

pathophysiologic processes leading to their generation.
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Figure 4.2. Femoral vein electrolytic and FeCls models produce small, RBC- and fibrin-
poor thrombi. IVVC stasis produces large, RBC- and fibrin-rich thrombi. Thrombi from
three mouse models of VT: electrolytic (N=6), FeCls (N=8), and IVVC stasis (N=5). (A)
Representative whole (top row) thrombij; electrolytic and FeCls thrombi were at 4x magnification
and IVC stasis thrombus was 1x magnification. Representative magnified images showing H&E
(middle row), and fibrin staining (bottom row). The black boxes outline the area that is
magnified below; all magnified images are at 20x magnification. The black arrows indicate areas
rich in RBCs and white arrows indicate proteinaeous material. (B) Weight (C) RBC content, and
(D) fibrin staining intensity of the venous thrombi. Dots represent individual mice. Bars show
100 pm.
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Ligature removal enables thrombus embolization, and complete FXII1 deficiency increases
incidence of PEs but partial FXI11 deficiency does not. Given the similar composition of
thrombi generated by IVC stasis to human VT3® and PE (** and Figure 4.1), we further
developed this method into a model of VTE. To enable thrombus embolization, we subjected
mice to 1\VC stasis for 24 hours and then removed the ligature and allowed mice to recover under
observation for signs of thrombotic shock. After another 24 hours (48 hours after I\VC ligation),
mice were sacrificed, residual thrombus in the I\VC was isolated and weighed, and lungs were

perfused, harvested, and processed for histology and fluorescence analysis (Figure 4.3A).

In the 60-minute observation period after ligature removal, 4/16 (25%) F13a*'* and 5/17
(30%) F13a*" mice exhibited lethargy and irregular respiration consistent with clinical signs of
thromboembolic events (Figure 4.3B). Compared to F13a*'* and F13a*"- mice, a higher number
of F13a” mice (8/14, 57%) exhibited moderate or severe signs of thrombotic events. F13a™
mice also had significantly decreased overall survival; deaths prior to ligature removal had no
apparent signs of hemorrhage and deaths after ligature removal were likely due to thrombotic
shock induced from PEs (Figure 4.3C). We previously showed that F13a*"*, F13a*", and F13a”
mice subjected to IVC stasis have thrombi present in the IVC at 24 hours.*® Interestingly,
however, 24 hours after ligature removal, although thrombi were still adherent to the IVC in
F13a** and F13a*" mice, F13a’ mice no longer had thrombi present in their IVC. Fluorescence
imaging of whole perfused lungs indicated that compared to F13a*"* and F13a*" mice, F13a”
mice had increased fluorescence associated with fibrin(ogen) and platelets (Figure 4.3D-E).
Histological examination of perfused lungs confirmed this finding and showed that compared
to F13a** (4/16, 17%) and F13a™" (2/17, 12%) mice, F13a™ mice had increased PE incidence

(9/14, 56%) (Figure 4.3F). Analysis using H&E staining and immunohistochemistry indicated
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Figure 4.3. The ligature removal model allows for embolization of RBC- and fibrin-rich
thrombi and complete FXI11 deficiency increases PE incidence, but partial FXI11
deficiency does not. (A) F13a*™* (N=16), F13a*" (N=17), and F13a™’" (N=14) mice subjected to
the ligature removal model. Mice were perfused after observation period and lungs were
harvested for histological analysis. (B) Thrombotic shock severity. (C) Survival. (D-E)
Fluorescent areal from (D) AlexaFluor-800-anti-GP1X antibodies and (E) AlexaFluor-647-
fibrin(ogen) in perfused lungs. PE (F) size, (G) incidence, (H) RBC content, and (1) fibrin
content. Dots represent individual mice. Bars show 500 pum.
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that PEs present in F13a*’* mice had substantial RBC content (38+16% and 31+12%,
respectively) and weak to moderate fibrin staining intensity (Figure 3G-H). In contrast, PEs
present in F13a” mice had lower RBC content (3+1%) and moderate to strong fibrin staining
intensity (61+11%) (Figure 3G-H). composition is consistent with previous findings that FXIII
deficiency decreases RBC retention in contracted clot formed in vitro or in vivo.” Interestingly,
PEs in F13a” mice were significantly larger than PEs in F13a*"* mice (Figure 31), suggesting
most or all thrombus present in the IVVC at 24 hours had embolized fully to the lungs upon
ligature removal. Together, these data show that I\VVC stasis followed by ligature removal permits
embolization of existing thrombi. Moreover, although complete FXI11 deficiency (F13a” mice)

increases PE incidence, partial deficiency (F13a*" mice) does not.

Partial FXII1 deficiency results in maximal thrombus fibrin crosslinking. Previously we
demonstrated that compared to F13a** clots in vitro, fibrin crosslinking is delayed in F13a*"
plasma clots, but both are completely crosslinked over time.** We examined lysates of thrombi
formed in F13a**, F13a™", and F13a™ mice subjected to IVC stasis. At 24 hours, high
molecular weight (HMW) fibrin crosslinking was absent in F13a” thrombus lysates but HMW
fibrin crosslinking in F13a*" lysates was comparable to F13a** lysates (Figure 4). These

findings suggest partial FXI111 reduction does not prevent maximal fibrin crosslinking.

in F13a™* mice had substantial RBC content (38+16% and 31+12%, respectively) and weak to
moderate fibrin staining intensity (Figure 4.3G-H). In contrast, PEs present in F13a™ mice had
lower RBC content (3+1%) and moderate to strong fibrin staining intensity (61+11%) (Figure
4.3G-H). composition is consistent with previous findings that FXIII deficiency decreases RBC
retention in contracted clot formed in vitro or in vivo.” Interestingly, PEs in F13a”- mice were

significantly larger than PEs in F13a*"* mice (Figure 4.31), suggesting most or all thrombus
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present in the IVC at 24 hours had embolized fully to the lungs upon ligature removal. Together,
these data show that I\VC stasis followed by ligature removal permits embolization of existing
thrombi. Moreover, although complete FXI111 deficiency (F13a’ mice) increases PE incidence,

partial deficiency (F13a*" mice) does not.

Partial FXII1 deficiency results in maximal thrombus fibrin crosslinking. Previously we
demonstrated that compared to F13a*'* clots in vitro, fibrin crosslinking is delayed in F13a*"
plasma clots, but both are completely crosslinked over time.** We examined lysates of thrombi
formed in F13a™*, F13a*", and F13a” mice subjected to I\VVC stasis. At 24 hours, high
molecular weight (HMW) fibrin crosslinking was absent in F13a”" thrombus lysates but HMW
fibrin crosslinking in F13a*" lysates was comparable to F13a** lysates (Figure 4). These

findings suggest partial FXI111 reduction does not prevent maximal fibrin crosslinking.

4.5 Discussion

Elucidating PE pathophysiology and developing better therapeutic strategies to reduce
VTE is paramount. Previous epidemiologic and biochemical studies have associated abnormal
fibrin(ogen)*-*° and/or FXIlla activity®® with abnormal thrombus stability and PE incidence.
However, extension of these observations to the in vivo setting has been limited by a lack of
animal models that recapitulate key characteristics of human VTE: embolization of existing
RBC-rich venous thrombi to the lungs. Herein, we developed a new mouse model of VTE in
which thrombogenesis is initiated by venous blood stasis in situ, and permits subsequent
embolization of RBC- and fibrin-rich venous thrombi to the lungs. Our study advances the field
in important ways. First, our analysis provides a head-to-head comparison of common mouse

models of VT. Our findings reveal fundamental ways in which thrombi generated by electrolytic

injury or FeClz application differ from the composition of human PEs, but high similarity
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Figure 4.4. High molecular weight fibrin crosslinked species present in F13a** and F13a*"
thrombi but not F13a” thrombi. (A) Representative western blot for fibrin crosslinking. Lanes
are: (1) F13a™* (positive fibrin crosslinking control) (2) F13a™ (negative fibrin crosslinking
control), (3) Fgn™" (negative control) PPP clots, and (4) F13a*'*, (5) F13a™", (6) F13a™
thrombus lysates. (B) Quantification of high molecular weight fibrin species band intensity.
FXII11, factor XI1I1; Fgn, fibrinogen; HMW, high molecular weight fibrin species.
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between thrombi generated by IVC stasis and human PEs. Second, our demonstration that
ligature removal after I\VC stasis and thrombus formation permits embolization, and shows
feasibility of this approach as a mouse model of PE. Third, using this model, we showed that
whereas complete FXI11 deficiency increases PE incidence, partial deficiency does not. These
findings provide valuable confirmation of previous surprising findings on PE incidence in
complete FXII1 deficient mice®®, and also extends this knowledge to a broader and more
common setting involving partial FXI1I deficiency in which risk is mitigated.

Although PE is associated with high mortality and morbidity, in vivo models used in PE
studies fail to recapitulate human pathology, making it problematic to identify molecular
mechanisms that contribute to PE pathophysiology. A major advance of our work is the
development of a mouse model that recapitulates key aspects of VTE in humans and offers
several advantages of these other models. First, the ligature removal model forms RBC- and
fibrin-rich venous thrombi via blood stasis. This setting may better mirror the cell-cell contacts
that arise during the accrual of RBCs and plasma proteins during venous thrombus formation
than models in which flow is preserved and produce platelet-rich thrombi. Although IVC
stenosis also produces RBC- and fibrin-rich thrombi (data not shown), the higher reproducibility
offered by IVC stasis compared to stenosis®® provides a more robust method for standardizing
thrombus formation. Second, unlike PE models that involve intravenous infusion of platelet or
coagulation activators that form PEs in circulation, in ligature removal model, PEs originate
from a pre-existing thrombus, similar to human pathophysiology. In humans, although a small
subset of patients with PE fail to demonstrate co-existing residual thrombus in a distal vein®,
most cases of PE (85-90%) present with an accounted source. A third advantage of the ligature

removal model is the control it permits over the relative timing of thrombus formation and
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embolic events. Overall, the ligature removal model captures key aspects of VTE in humans and
has several advantageous that makes it an amenable model to study PE risk factors.

The finding that PE risk is increased in FXI11-deficient mice (3° and present study) but
does not appear to be increased FXII1-deficient humans'® is unexpected and raises questions
about VT and the fate of venous thrombi in FXIII-deficient patients. Since FXIII deficiency is
rare, affecting only 1 in ~3 million people worldwide®®, the lack of reported PE in FXIII-
deficient patients may reflect the small population of affected individuals. Alternatively, the lack
of fibrin crosslinking may facilitate rapid dissolution via endogenous fibrinolytic mechanisms in
the lung®®, wherein PE in FXIII-deficient patients is asymptomatic. Long term PE resolution
studies with FXI1I deficient mice in the ligature removal model could address the discrepancy in
reported PE incidence between FXIII deficient humans and mice.

We previously showed that partial FXI111 deficiency decreases venous thrombus size
without increasing bleeding.*® These observations support consideration of FXIII as a therapeutic
target for anticoagulation. In our prior study*®, we demonstrated partial FXI11I deficiency results
in delayed fibrin crosslinking, but does not prevent maximal fibrin crosslinking. Collectively,
with findings from the present study, partial FXI1I deficiency decreases RBC retention and
thrombus size, and restores thrombus stability over time, thus not affecting PE risk. Partial FXIII
inhibition may be a novel strategy to reduce VTE that has advantages not present in other
therapeutic targets for treating VTE.

This study has potential limitations. First, although IVVC ligation produces an occlusive
thrombus with histological characteristics of human VT3 and PE, it does not recapitulate all
aspects of VT pathogenesis in humans. Notably, whereas venous thrombi in humans are thought

to arise in valve pockets and extend in the direction of blood flow®’, thrombi produced by IVC
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ligation initiate at the ligature site and extend distally, against the flow of blood. However,
comparable to the situation in valve pockets, the I\VVC ligation creates an area of vortical flow that
promotes hypoxia at the anatomical origin of the thrombus. Second, embolic events in humans
are spontaneous, whereas the ligature removal model requires a second surgery to permit
embolism. However, the observation that thrombi remain attached to the vessel wall post-ligature
removal in F13a™* and F13a*"- mice suggests embolization does not occur only as a result of
ligature release but also reflects abnormal adherence of the thrombus to the vessel wall.
Interestingly, fibrin and endothelial cell interaction has been linked to FXIII activity,
specifically, that transglutaminase-mediated crosslinking and oligomerization of the fibrinogen
aC domains plays a role in endothelial cell adhesion to their integrin receptors.®®>® These studies
suggest abnormal or absent FXII1 crosslinking of fibrin can alter endothelial cell integrin
interaction, potential mechanism related to PE risk in FXIII deficient mice and requires further
investigation. Third, we only histologically examined portions of the lungs, and although this
approach minimized costs and labor, we may have missed small PEs. However, by assessing
thrombotic shock symptoms, residual thrombus in the IVC, and whole lung imaging of labeled
fibrin and platelets, we could identify mice likely to have PEs, that underwent additional
histological examination.

In humans and mice, FXIII is found in both plasma and cellular compartments.®
Although findings from our study as well as that of Shaya et al show that complete FXIII
deficiency increases PE incidence, the role of plasma vs platelet FXIII has not yet been defined.
Interestingly, platelet FXII1 mRNA is reduced in atrial fibrillation patients with PEs®!, suggesting
platelet FXI1I1 contributes to thrombus embolic propensity. The ligature removal model may

enable studies to delineate the relative contributions of plasma and platelet FXIII in PE risk.
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Development of this VTE model may also facilitate additional investigations into pathogenic
mechanisms leading to PE, including settings of dysfibrinogenemia and other clinical situations
associated with PE risk. Although the ligature removal model is sensitive to variables that
increase PE risk, evaluation of conditions in which PE risk is decreased may be more challenging
given the relatively low incidence of PE in wild-type mice.

In summary, we have developed a VTE model that permits embolization of existing
venous thrombi that are histologically-similar to human PEs. Using this model, we show that
complete FXI11 deficiency increases PE incidence, but partial deficiency does not. We anticipate
this model is an adaptable tool that can be used to evaluate the contribution of other factors to PE

risk, as well as long-term PE progression and treatment.
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS

5.1 Summary and future directions

Traditional anticoagulants, such as warfarin, reduce the risk of thrombotic events but take
several days to be effective, have multiple target interactions, high interpatient variability, and
come at the cost of increased bleeding risk in patients.! Newer anticoagulants address some of
these concerns with faster onset of action, increased target specificity and fewer interactions, and
lower interpatient variability.! However, these new drugs are still associated with a bleeding risk,
as they target coagulation proteins upstream of fibrin formation. The studies presented in this
dissertation investigate the relationship between downstream components of the clotting cascade:
FXII1, fibrinogen, and RBCs. These findings expand our understanding on the role of FXIII in
clot formation, composition, and stability, and identify partial FXIllpasma inhibition as a novel
therapeutic strategy to reduce VTE without increasing risk of bleeding and thrombus

embolization.

In Chapter 2, we determined the role of FXIllpiasma and FXI1pie in clot contraction,
composition, and size.? This study extended our prior discovery that FXI11 promotes RBC retention
in clots.® Here, in reconstituted whole blood clot contraction assays, the absence of FXIpiasma,
but not FXIllp, decreased RBC retention, resulting in smaller clots. We observed FXIIpiasma, but
not FXIIpi, formed fibrin a-chain crosslinks to promote RBC retention and mediates clot
weight. In this study we also explored the effect FXIII level in in vivo models of thrombosis and
hemostasis. We determined FXIII deficiency results in a dose-dependent decrease in thrombus

weight without altering thrombin generation or platelet contraction. In hemostatic challenges,
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F13a’, but not F13a™", mice had prolonged tail bleeding times, whereas no genotype-dependent
difference was observed following saphenous vein puncture. Collectively, these observations
suggest imposition of partial FXIlIpiasma deficiency may reduce VT without simultaneously

increasing bleeding risk.

These findings have important implications. Foremost, knowing that FXI1pjasma, but not
FXIlpit, mediated fibrin crosslinking, promoted RBC retention, and increased thrombus weight,
suggests that potential FXII1 inhibitors do not need to get intercellular to FXI1p, simplifying
drug design. Furthermore, targeting only the plasma compartment, potentially preserves the
hemostatic function of the FXIII,ir compartment. These findings also further advance our
understanding of the mechanism by which FXIllpasma mediates RBC retention. Only FXIlpiasma
can fulfill the immediate temporal requirement to impact RBC retention in clots undergoing
contraction because it is bound to fibrinogen and activated concurrently as the fibrin network is
forming. In contrast, FXIl1p activation and externalization occurs more slowly, likely after fibrin
formation, and platelet-mediated clot contraction. Future direction of this research is to
determine a clinically relevant titration range of FXIllpasma inhibition that reduces thrombus size
without impairing hemostasis. To address this question, FXIIpiasma level can be titrated in F13a™

mice and subjected to in vivo models of hemostasis.

In Chapter 3, we determine the effect of accelerated FXII1 activation on whole blood clot
composition and size. This study is an extension of our previous findings that delayed/partial
FXII1 activation decreased RBC retention and clot weight.23 A naturally-occurring FXIII
polymorphism, Val34Leu, present in ~25% of European Caucasians, results in ~2.5-fold
accelerated FXIII activation* and protection against VT, This effect is hypothesized to result

from fibrinogen concentration-dependent clot structure changes to fibrin network density.®
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Notably, we have previously observed both FXIII activity and fibrin network density are
positively associated with RBC retention in contracted clots and consequently, clot weight.®® We
conducted experiments with individual donor plasmas that provided a relevant context to the
human population, and experiments with purified FXIII that enabled us to control fibrinogen
concentration. We observed that at high fibrinogen concentration homozygous presence of the
Leu allele resulted in decreased RBC retention and smaller whole blood clots. The Val34Leu
polymorphism may be protective against VT by mitigating the effect of elevated fibrinogen
levels considered prothrombotic.

This study adds an interesting new finding to a long standing paradoxical observation.
Inconsistencies in evaluating the association of the VVal34Leu polymorphism with VT were
prevalent in the literature prior to understanding the complex gene-plasma environment
interactions that modulate the effect of Val34Leu polymorphism on thrombosis. Factoring in
fibrinogen concentration as gene modifier addresses some discrepancies between population
studies but more refined mechanistic studies are needed to interpret the contribution of the FXIII
Val34Leu polymorphism to VT risk. Our study evaluated the Val34Leu polymorphism in a
physiologically-relevant whole blood system while modulating fibrinogen concentration. Our
findings suggest that VVal34Leu status in conjunction with fibrinogen level should be considered
in clinical risk predictors to identify individuals at higher risk of VT. Future direction of this
research is to translate these findings in vivo models of VT. Interestingly, in the ferric chloride
model of femoral vein thrombosis, compared to human recombinant Val variant-infused F13a™
mice, the Leu variant-infused F13a™" mice showed no difference in thrombus size.*® However,
the mice were not studied under hyperfibrinogenmia conditions; thus it may not be surprising no

difference in thrombus size was found. Furthermore, the ferric chloride model induces rapid
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formation of platelet-rich thrombi and does not recapitulate RBC-rich venous thrombi. The need
to study the Val34Leu polymorphism in a physiologically-relevant in vivo model is necessary.

In Chapter 4, we developed a VTE mouse model that permits embolization of stasis
induced fibrin- and RBC-rich thrombi to determine the contribution of FXIII to PE risk. Our
previous studies indicate reducing FXIII activity/levels decreases thrombus size, suggesting that
FXIII inhibition is a potential strategy to reduce VT.23 Since FXIII also plays an essential role in
clot stabilization to prevent premature lysis of a clot'*!2, this study is an important follow-up
looking at downstream effects of FXIII inhibition. However, elucidating FXIII's role in PE is
limited by a lack of models that recapitulate human PE characteristics. We characterized and
compared the composition of human PEs, WT mouse venous thrombi (electrolytic, ferric
chloride, inferior and IVC stasis), and mouse PEs generated by intravenous thrombin infusion or
IVC stasis with subsequent ligature removal to permit embolization. Although FXIII level did
not affect PE incidence in the thrombin infusion model, it produced microthrombi histologically-
dissimilar to human PEs. The ligature removal model in WT mice produced fibrin- and RBC-
rich PEs similar to human PEs and complete FXI11 deficiency increased PE incidence, but partial
deficiency did not. These findings suggest partial FXIII reduction may decrease VT burden
without increasing PE.

The implication of these findings are multifaceted. First, our findings reveal substantial
differences in the composition of thrombi generated from different mouse VT models and therein
for fundamental differences in the pathophysiologic processes of thrombogenesis between
models. This warrants caution in choosing the appropriate in vivo model for every research
question. Second, our ligature removal model better recapitulates human PE pathophysiology

and offers advantages over other commonly used PE models that include 1) formation of RBC-
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and fibrin-rich venous thrombi via blood stasis and 2) control over the timing of thrombus
formation and embolic events. We anticipate that development of this model will facilitate
continued investigations into the pathogenic mechanisms that lead to PE. Third, the findings
suggest FXII1 level can be titrated to decrease VT burden without increasing PE. This finding in
conjunction with the findings from Chapter 2, supports the pursuit of partial FXIII inhibition as a
novel therapeutic strategy to reduce VTE. Future directions of this study is to expand our
understanding of the relationship between FXIII source (plasma vs platelet) and PE. A study
found that mRNA for FXIllpy is reduced in atrial fibrillation patients with thrombus
embolization®®, suggesting FXIlIpiasma and FX111,i may contribute differently to thrombus
stability and PE risk. Using methods developed in Chapter 2 to make FXIpiasma Sufficient and
FXI1pie deficient mice and the ligature removal model developed in Chapter 4, we can delineate
the relative contributions of FXIIpiasma and FXI i in PE risk.

In conclusion, this dissertation further expands our understanding of the relationship

between FXIII, fibrinogen, and RBCs, and efforts to therapeutically target FXIII to reduce VTE.
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