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ABSTRACT

Whether a patient presents with deep vein thrombosis (DVT) or pulmonary embolism
(PE) varies based on clinical factors. Patients with factor V Leiden (FVL) typically
present with DVT while cancer patients present with PE. The biological mechanisms that
determine DVT stability in the progression of DVT to PE are not known.

Thus, little is known about the mechanism of thrombus stability, the factors
involved, or the effect of anticoagulants on embolization and PE burden. In order to
answer these questions, we first need to (i) develop a mouse model to evaluate DVT
stability and its relationship with PE burden when treated with anticoagulants, (ii)
determine if anticoagulants, by inhibiting thrombin, require FXIII to decrease thrombus
stability, (iii) determine the effects of attenuating fibrinolysis, using epsilon aminocaproic
acid (e-ACA or EACA), supplemental FXIII and ax-AP, on clot stability and (iv) utilize
our model to explain the FVL paradox.

For our thrombus stability model, the femoral vein of C57BL/6, FXIII deficient
(FXIII""), FVL heterozygous, or FVL homozygous female mice was subjected to ferric
chloride (FeCl3) injury to initiate a non-occlusive thrombus. Treatment with saline,
dalteparin, dabigatran, EACA or FXIII was administered 12 minutes after thrombus
formation. Intravital videomicroscopy recorded the thrombus sizes and embolic events
leaving the thrombus for 2 hours. Lungs were harvested, sectioned and stained for the
presence of PE.

Total and large embolic events were highest after dabigatran treatment compared

to saline or dalteparin in wild-type (WT) mice. Variations in amounts of embolic events
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were not attributed to variations in thrombus size since thrombus size was similar
between the groups. The number of emboli per lung slice was higher in dabigatran-treated
mice. Large embolic events correlated positively with the number of emboli per lung slice
independent of treatment. Dabigatran treatment in FXIII”~ mice did not alter embolization
patterns suggesting that FXIII is required for dabigatran to decrease thrombus stability.

EACA increases thrombus size significantly and therefore would not be a feasible
alternative to IVC filters, as it will increase DVT size. FXIII marginally increased
thrombus size. Treatment with FXIII decreases total and large embolic events in saline-,
dalteparin- or dabigatran-treated mice, similar to EACA-treated mice. The number of
emboli per lung slice was reduced after treatment with FXIII and EACA compared to
non-treated mice. PE burden was not significantly different between FXIII anticoagulated
mice or EACA-treated mice. The large embolic events correlate positively with PE
burden.

FVL heterozygous and homozygous mice had significantly reduced embolization
and thrombus size grew significantly over time, this contrasted with WT mice, where
thrombus size remained similar to the initial injury. PE burden was significantly reduced
in the FVL mice compared to WT.

Collectively, these data shows that we have successfully developed a mouse
model of acute venous thrombus stability that can quantify emboli and PE burden.
Consistent with clinical data, dabigatran, a DTI, was shown to acutely decrease thrombus
stability and increase PE burden compared to LMWH or saline; an effect that was FXIII-

dependent. Also, attenuating fibrinolysis with EACA, but not FXIII, increases thrombus
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size; but both increase DVT stability and decrease PE burden. Supplementing o2-AP did
not alter thrombus stability. This suggests that administration of FXIII may be a better
treatment option for DVT patients who are bleeding than EACA, since EACA may
increase DVT size. Lastly, our model can explain the FVL paradox. Those with FVL
have stable thrombus formation leading to an increased incidence of symptomatic DVT

and a decreased risk of PE.
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CHAPTER ONE
1.0 GENERAL INTRODUCTION

1.1 OVERVIEW OF HEMOSTASIS

Hemostasis maintains the integrity of blood circulation after blood vessel rupture
has occurred'. Hemostasis is attained when the procoagulant, anticoagulant and
fibrinolytic processes are in balance. After damage to the endothelial lining of blood
vessels occurs, a thrombus forms?. The end product of the hemostatic process is clot
formation. Hemostatic clot formation involves vasoconstriction, platelet recruitment,
activation and aggregation, and thrombin-mediated cleavage of fibrinogen to fibrin
resulting from the coagulation cascade®. Hemostasis and thrombosis share three common
phases: (i) formation of a loose and temporary platelet aggregate that binds to exposed
collagen at the site of injury (ii) the formation of a fibrin mesh that binds to platelet
aggregate and reinforces the platelet plug, and (ii1) the dissolution of the thrombus by
plasmin?.

Upon vascular damage, sub-endothelial collagen is exposed to blood containing
von Willebrand factor (vWF), which promotes platelet adhesion and activation. Activated
platelets release the contents of storage granules, including adenosine diphosphate (ADP),
and thromboxane A2, which serve to activate additional platelets, and result in the
platelet plug.

Simultaneous to platelet activation, the coagulation cascade is initiated by two
pathways: 1) the extrinsic (tissue factor (TF)) pathway and ii) the intrinsic (contact)
pathway. During coagulation, a series of proteolytic reactions occur which convert

zymogens in the blood into active enzymes that result in the formation of thrombin.



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

Thrombin will further activate platelets and convert fibrinogen to fibrin, stabilizing the
platelet plug?.

Anticoagulant processes tightly control thrombin generation either through (i)
feedback mechanisms at certain points in the coagulation cascade, (ii) by circulating
inhibitors, and (iii) as well as the fibrinolytic system. The inhibitor antithrombin (AT)
inhibits thrombin, activated Factor X (FXa), FIXa, FXla, FXIla, and FVIla*. The
presence of heparin sulfate and medical heparin catalyzes the inhibition rate of AT>. The
protein C (PC) pathway is also important in regulating clotting®. Activated protein C
(APC), with its cofactor protein S serves as an anticoagulant by inactivating FVa and
FVIlla, thereby suppressing thrombin generation®’. Simultaneous fibrinolysis also
contributes to the dynamic equilibrium of hemostasis by dissolving the formed fibrin
clots. Fibrinolysis is initiated when plasminogen is converted to plasmin, which is
responsible for degrading fibrin to soluble fibrin degradation products (FDP)®.

Thus, hemostasis relies on the dynamic balance of forming clots and dissolving
them, whereas persistent clotting can lead to blood obstruction, and unstable clots can
degrade and lead to bleeding®.

Venous stasis, a contributor to DVT formation, typically occurs around the
venous valve sinuses within deep veins; this leads to the development of hypoxic
microenvironments and reduced efflux of procoagulant factors. The resulting hypoxia
results causes the shedding of heparin- like glycosaminoglycans from the endothelial cell
surface, reduced surface expression of anticoagulant proteins (such as thrombomodulin
and endothelial protein C receptor), and promotes the procoagulant adhesion molecule P-

selectin. This contributes to a hypercoagulable environment. P-selectin and associated P-
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selectin glycoprotein ligand 1 are involved in the recruitment of TF to the site of
endothelial activation. Platelets that have aggregated, in response to exposed collagen and
the release of von Willebrand Factor from activated endothelial cells, are also activated
and release prothrombotic factors including coagulation factors V, XI, VIII, IX, and XIII,

amplifying the growth of the thrombus.

1.2 OVERVIEW OF COAGULATION

Coagulation is normally described in three phases: 1) initiation, which occurs on a TF-
bearing cell, ii) amplification, in which platelets and cofactors are activated to set the
stage for large scale thrombin generation and iii) propagation, in which large amounts of
thrombin are generated often on the platelet surface °. Initiation of coagulation by tissue
factor, when exposed at the damaged vessel wall, or the release of polyanions into the
blood is carried out by the extrinsic or intrinsic pathway, respectively>°. Both pathways
trigger a stepwise series of enzymatic reactions that converge at the common pathway,
which culminates in FXa generation, which leads to initial thrombin generation. This
initial thrombin feeds back and activates important cofactors that are needed to produce a
burst of thrombin and thus amplify the system. The burst of thrombin allows for platelet
activation, which can in turn accelerate the formation of the intrinsic tenase and
prothrombinase complex and localizes coagulation factors to a specific region, thus

allowing for propagation’.
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Figure 1: The Coagulation Cascade.

The coagulation cascade, comprised of two pathways, converging to a common pathway,

with thrombin generation as the end point of the reactions. Both the extrinsic and intrinsic

pathways result in activation of prothrombin to thrombin, which leads to the formation of

fibrin by thrombin cleavage of fibrinogen. The coagulation cascade is complex and

involves many specific interactions between cellular surfaces and plasma zymogen and

cofactors. The proteins involved in these pathways can be classified into 5 types: (i)

zymogens of serine-dependent proteases, (ii) cofactors, (iii) fibrinogen, (iv) a

transglutaminase, and (v) regulatory proteins. Image taken from reference?
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1.3 THE EXTRINSIC (TISSUE FACTOR) PATHWAY

Generally, the extrinsic pathway involves TF to sequentially activate zymogens (inactive
serine proteases) factor VII (FVII), FX and prothrombin (FII), into the active serine
proteases, FVIla, FXa, and thrombin (FIIa) (Figure 1)'°.

Tissue factor, continuously expressed in the subendothelium on TF-bearing cells,
becomes exposed to FVIla in the blood. FVIIa is the only coagulation protein that
routinely circulates in the blood in its active enzyme form, in very low concentrations,
and rapidly binds to TF when TF becomes exposed to the blood!!. The TF-FVIla
complex then activates additional FVII to FVIIa!!. FVII undergoes proteolytic activation
by cleavage of the peptide bond between Argl52 and Ilul53 by TF-FVIla complex or
other serine proteases (FXa, FIXa, FXIla, FXIla, Flla, or plasmin)!®. The catalytic
function of the binary complex TF/FVIIa (extrinsic tenase complex) is responsible for FX
activation (also FIX activation, see below)!’. FVIIa cleaves the Arg-Ile bond in FX to
produce FXa®. The initial FXa produced, when bound to a membrane, activates tiny
amounts of prothrombin to thrombin, and this initial thrombin is essential to the
acceleration of the process by serving as the activator for platelets, FV and FVIII'2. The
interaction between tissue factor and FVIIa, is considered as a key role in initiation of the
blood coagulation in vivo since it directly initiates the extrinsic pathway and indirectly

initiates the intrinsic pathway (by activating FIX in the intrinsic pathway) 2.

1.4 THE INTRINSIC (CONTACT) PATHWAY

The intrinsic pathway involves factors XII, XI, IX, VIII, and X as well as prekallikrein

(PK), high molecular weight kininogen (HMWK), Ca*’, and phospholipids (Figure 1)
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The intrinsic pathway is initiated when FXII becomes activated on a charged surface by
the “contact phase™. However, in the last decade, naturally occurring polyphosphate
containing molecules such as inorganic polyphosphates (polyP), DNA and RNA have been
shown to activate FXII. Whereas polyP is stored in platelets and is released upon platelet
activation, DNA and RNA are released from activated, damaged or dying cells'*'°. This is
when PK, HMWK, FXII and FXI assemble on an exposed negatively charged surface,
and FXII will be activated to FXIIa'®. Activation of FXII is followed sequentially by
activation of factor XI and IX to the serine proteases FXIa and FIXa in the presence of
calcium'®. As stated previously, The TF-FVIIa complex catalyzes the activation of both
FX and FIX. Once FVIIla is formed, FIXa will combine with FVIIIa on activated platelet
membranes to form the intrinsic tenase complex. That becomes the major activator of

FX!'2. FIX also cleaves the Arg-Ile bond in FX to produce FXa in the intrinsic pathway?.

1.5 THE COMMON PATHWAY

FXa acts as a molecular switch not only receiving upstream signals from the
extrinsic and intrinsic pathways, but also dictating downstream coagulation'®. FXa with
FVa as a cofactor, assemble on the negatively charged membrane to form the
prothrombinase complex, which converts prothrombin to thrombin. Thus, the clotting
signals from both the extrinsic (FVII activation) and intrinsic (FIX activation) pathways
converge in a common pathway to form thrombin. The assembly of the prothrombinase
complex and tenase complexes takes place on the membrane of activated platelets>. Upon
binding of FVa and FXa on platelet membranes, prothrombin is cleaved by FXa at two
sites to generate thrombin, which is released from the membrane surface (this can occur

on activated platelets)!!. Thrombin will directly catalyze fibrinogen cleavage, releasing
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fibrinopeptides. This allows for fibrin clot formation by association of the cleaved

fibrinogen into protofibrils, later cross-linking of fibrin occurs'”.

1.6 REGULATION OF HEMOSTASIS

In normal patients, a balance between clot formation and clot breakdown is
maintained to prevent excessive blood clotting. The level of thrombin in circulation is
tightly controlled in two ways: (i) since thrombin is generated by activation of a catalytic
cascade, there are feedback mechanisms at each point in the cascade that will up- and
down-regulate its formation, and (ii) inactivate any thrombin formed with circulating
inhibitors>*. The fibrinolytic system as well as the antithrombotic properties of the
endothelium also regulate thrombus formation'®.

The endothelial cells express heparan sulfate (HS), thrombomodulin (TM), and
endothelial cell protein C receptor (EPCR)*. The protein C pathway is initiated when
thrombin binds to thrombomodulin, a thrombin receptor on endothelial cells®. When
thrombin is bound to thrombomodulin, forming a thrombin-TM complex, thrombin
undergoes a conformational change that converts it from being a procoagulant enzyme
into a potent activator of protein C on the EPCR’. Activated protein C, with its cofactor,
protein S serves as an anticoagulant by inactivating FVa and FVIIla and thereby
suppressing thrombin generation’.

Antithrombin is a member of the serine protease inhibitor (serpins) superfamily®.
AT inhibits thrombin, FXa, FIXa, FXIa, FXIla, and FVIIa*. The presence of HS catalyzes
the inhibition rate of AT by binding to a specific cationic site of AT and inducing a

conformation change that enhances it activity for inhibition of coagulation factors®



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

Tissue factor pathway inhibitor (TFPI) is also critical for the regulation of
coagulation'®. It inhibits TF-FVIIa complex in a FXa-dependent fashion!®. TFPI
recognizes FXa most effectively when it is in the prothrombinase complex'’. First, TFPI
binds to and inactivates FXa in a 1:1 stoichiometric complex!®. The TFPI-FXa complex
binds to and inhibits the TF-FVIla complex, thus TFPI switches off the coagulation
process from the extrinsic pathway to the intrinsic pathway!’.

Coagulation is maintained in a state of dynamic equilibrium, by forming fibrin
clots, and dissolving them in a process known as fibrinolysis. Tissue plasminogen
activator (t-PA) is a serine protease that is released into the circulation from endothelial
cells during times of injury and physiological stress?. t-PA is catalytically inactive unless
bound to fibrin, then t-PA will cleave plasminogen to plasmin®. Plasminogen is an
inactive zymogen that binds to fibrin and becomes incorporated into the clot, and once
the t-PA binds to fibrin, it is able to convert the inactive zymogen plasminogen to
plasmin®. Plasmin is the serine protease that is mainly responsible for degrading fibrin to
soluble fibrin degradation products®.

There are three inhibitors for fibrinolysis: (i) plasminogen activator inhibitor-1
(PAI-1) (i1) thrombin activatable fibrinolysis inhibitor (TAFI) and (iii) az-anti-plasmin
(AP). TAFI is able to inhibit fibrinolysis by removing the terminal lysines from fibrin?’.
The lysines help plasminogen, plasmin and t-PA bind to fibrin and are thus needed for the
specificity of plasmin for fibrin?®. TAFI is activated to TAFIa by thrombin, so stopping
fibrinolysis occurs simultaneously with coagulation and helps regulate the hemostatic
plug®. 02-AP is the primary inhibitor of plasmin mediated fibrinolysis®. Plasmin that is

found in the blood is inhibited by 02-AP, but plasmin bound to fibrin is protected from
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a2-AP, and able to degrade fibrin?!. However, o2-AP is an efficient substrate of FXIIIa,
and is cross-linked to fibrin(ogen), which will further increase the resistance of the clot to

lysis?2.

1.7 FIBRINOLYSIS

Clot breakdown is known as fibrinolysis (Figure 2). Fibrinolysis is critical to prevent
obstruction of flow. This begins when trauma to the blood vessel leads to t-PA release
from endothelial cells, which can activate plasminogen to active plasmin. Urokinase
plasminogen activator (uPA), produced by monocytes and macrophages, can also activate
plasminogen to plasmin. Plasmin can degrade the fibrin clot to soluble fibrin degrading
products and restore blow flow.

Damaged endothelial cells release t-PA, which cleaves the Arg561-Val562 bond
in plasminogen to generate plasmin?. Plasmin can positively feedback on plasminogen
activation by cleaving plasminogen at Lys77-Lys78, removing the NHx-terminus from
Glu-Plasminogen?*-?*, This induces a conformational change in Glu-Pg from a closed
form to its open more readily activated form, Lys-Plasminogen®*. In addition, Plasmin
converts single-chain (sc)-uPA to its active form two-chain (tc)-uPA, which also
augments plasminogen activation’®. Fibrin generated from the coagulation cascade
positively feeds back to enhance plasminogen activation by binding both t-PA and
plasminogen®*-?*. The main function of plasmin is to hydrolyze fibrin into soluble fibrin
degradation products (FDP). Fibrinolysis is regulated by serpins a2-AP and PAI-1, which
neutralize plasmin activity and plasminogen activation, respectively?’. Formation of the

thrombin/TM complex during coagulation results in the activation of TAFI to TAFIa?’.
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This removes COOH-terminal Lys-residues on fibrin, hindering plasminogen, t-PA, and

plasmin binding to fibrin®’.
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Figure 2: Overview of the fibrinolytic system.

Plasminogen (Pg) is cleaved to its active form plasmin (Pn) by endothelial cell-derived t-
PA. This process is regulated by plasminogen activator inhibitor 1 (PAI-1). Fibrin clot
(Fn) accelerates t-PA-mediated Pn formation by 1000-fold. Pn begins to cleave fibrin to
produce plasmin-modified fibrin (Fn’), which is a better cofactor for Pn generation when
compared with Fn by 3-fold due to the newly exposed C-terminal lysine residues.
Plasmin is inhibited by a2-AP which prolongs clot lysis. Thrombin-activatable
fibrinolysis inhibitor (TAFI) is activated to TAFIa by the thrombin-thrombomodulin
complex (T-TM) likely present on endothelial cell surfaces. TAFIa reduces the cofactor
activity of Fn’ in Pn generation by removing the C-terminal lysine residues on Fn’, thus

generating TAFIa-modified fibrin (Fn”). Image taken from reference?
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1.7.1 FIBRINOGEN AND FIBRIN

Fibrinogen is a plasma glycoprotein that is made up of three non-identical polypeptide
chains covalently linked by disulfide bonds (Aa,Bf, y): (Figure 3a)’>. The molecular
shape of fibrinogen is often described as a “highly asymmetric, elongated molecule”
composed of a central E-domain and two lateral D-domains. The E-domain is formed by
the convergence of the NH,-termini of all six chains®’2°. The D-domain is made up of
the COOH-termini of the BB- and y-chains, with an internal segment of the Aa-chain®’-?%,
The COOH-termini of the Aa-chains exist the D-domains to form the aC-domain that
resides near the E-domain (Figure 3a)*°. Fibrinogen is soluble in plasma and that is due to
the excess negative charge on the Aa and B} portions of the A and B chains, designated
as fibrinopeptide A (FPA) and fibrinopeptide B (FPB)?***. The excess negative charge
caused by the presence of aspartate and glutamate residues create electrostatic repulsion
between fibrinogen molecules, preventing aggregation®. In circulation, the conversion of
fibrinogen to fibrin is initiated by thrombin.

Thrombin will cleave the four Arg-Gly bonds, generating FPA and FPB, and
fibrin monomers>?°. Thrombin initially releases FPA exposing a new amino terminal
termed “knob A” which binds to pre-existing “hole a” located on the y-nodules of D-
domains of neighboring fibrin monomers®. The formation of “A:a” interaction lead to
fibrin monomer polymerization and these half-staggered double-stranded polymers are
referred to as protofibrils (Figure 3B)%°. At slower rates, thrombin releases FPB from the
B chains exposing “knob b which binds to complementary “hole b”” on the 3-nodule on

the lateral D-domains®®. The “B:b” interaction, while not essential for polymerization,

enhances lateral association of protofibrils thus increasing fibrin diameter?’. The release
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of the fibrinopeptides allows the fibrin molecules to aggregate, forming a weak clot held
together by non-covalent bonds (Figure 3B) .

Fibrin thickness influences the distribution and strength of fibers within the clot
and is determined by the rate of fibrinopeptide release’!. A reduction in thrombin
concentration reduces the rate of fibrinopeptide cleavage and increases the number of
fibrin monomers that associate laterally, and therefore, a slow rate of clot formation
results in thicker fibers?!. In contrast, increasing thrombin concentration leads to a faster
rate of fibrinopeptide cleavage and promotes longitudinal growth rather than lateral
aggregation. Thin fibrin fibers tend to be more densely compacted, whereas thick fibers
tend to be loosely woven.

In addition, thrombin activates FXIII to FXIIIa, which is a transglutaminase that
covalently cross-links the chains of fibrin, creating a more stable fibrin mesh and

stabilizing the hemostatic plug or thrombus®!.
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Figure 3: Structural Diagram of Fibrinogen.

(A) Fibrinogen, a blood-borne glycoprotein comprised of three pairs of non-identical
polypeptide chains. Following vascular injury, thrombin cleaves the Arg-Gly bonds of
FPA and FPB in the fibrinogen molecule to create fibrin monomers that will later be
cross-linked by FXIIIa to form an insoluble stable fibrin mesh. (B) Polymerization of

fibrin. Image taken from reference??
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1.8 REGULATION OF FIBRINOLYSIS

Regulation of the fibrinolytic system, like that of coagulation cascade, is accomplished by
a wide array of cofactors, receptors and inhibitors (Figure 2; red solid lines). Serpins, or
serine protease inhibitors control circulating plasmin concentrations®. t-PA and uPA
have short half-lives in circulation (4-8 minutes) due to the presence of high
concentration of specific inhibitors, such as PAI-1 and a>-AP?. Plasmin and a>-AP bind
with a 1:1 stoichiometry and both become inactive®. Plasmin bound to fibrin is protected
from a,-AP inhibition, allowing fibrinolysis to proceed®’. Similarly, the plasminogen
activators t-PA and uPA are rapidly inhibited by PAI-1 which is released into circulation
by endothelial cells, platelets, and other cells?®.

Thrombin activated fibrinolysis inhibitor (TAFI) is a non-serpin fibrinolysis
inhibitor that is activated by thrombin-TM?}. TAFI removes c-terminal lysine and
arginine residues on fibrin, thereby decreasing the binding sites for plasminogen and thus

slowing plasmin generation and further stabilizing clots?>.

1.9 THE POTENTIAL of a2-AP INHIBITION OF PULMONARY EMBOLISM

Alpha 2-antiplasmin plays major roles in fibrinolysis since plasmin is inhibited by
SERPIN (serine protease inhibitor) ar-AP, forming a high-molecular-weight covalent
complex**-4, This regulator has a long C-terminal sequence with a terminal lysine residue,
which functions as a secondary binding site for free circulating plasmin and facilitates
plasmin inactivation®***. The binding is mediated by the lysine binding sites, located in
the kringle domains, on plasmin®*-**. However, when plasmin is bound to fibrin through

the lysine binding site, a2-AP can no longer bind plasmin, and plasmin remains active on
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the fibrin surface®>*. Singh et al., showed that effective thrombolysis was achieved by
reducing a2-AP activity using a neutralizing antibody targeting o2-AP (02AP-1)*. This
antibody binds both circulating and fibrin-bound a>-AP and thus neutralizes the activity
of ax-AP. In an in vivo model of pulmonary emboli, a-AP-I alone initiated spontaneous
thrombolysis. Using a humanized o2-AP mouse model, in which a>-AP-deficient mice
were pretreated using human o-AP, Singh ef al., also demonstrated that pulmonary
emboli made of clotted human blood were efficiently dissolved by a combination of t-PA

and ax-AP-1%°.

1.10 FACTOR XIII STRUCTURE AND FUNCTION

Factor XIII is a zymogen that consists of two potentially active A-subunits (FXIII-A) and
two inhibitory/carrier B-subunits (FXIII-B). Therefore, FXIII is a tetrameric coagulation
factor (A2B2) that is activated by thrombin to activated Factor XIII (FXIIIa)®.
Activation of plasma FXIII is initiated by proteolytic cleavage of the peptide bond
Arg37-Gly38 by thrombin, followed by conformational changes, subunit dissociation and
exposure of FXIIIA’S active site®’. It has been previously shown that the activation
peptide of FXIII (AP-FXIII) consisting of the 37 N-terminal amino acids of the FXIII-A
subunit is released into plasma upon cleavage by thrombin*®37. The primary site of FXIII-
A synthesis are cells of bone marrow origin, while FXIII-B is synthesized in the liver by
hepatocytes, and the two subunits form a tetrameric complex in the plasma’’. FXIII-A
consists of 5 domains: an activation peptide, a central core domain, two B-barrel, and B-

37,38

sandwich domain’’~°. In circulation, FXIII-B carries and protects FXIII-A from

spontaneous activation and clearance that may occur spontaneously in the presence of
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plasma ionized calcium. FXIII-B is in excess in the plasma, ~50% of it exists in free non-
complexed form?7-%,

Fibrin strength is increased by covalent crosslinking by FXIIIa. The activated
enzyme FXIIla catalyzes the formation of e-N-( y -glutamyl)-lysyl protein crosslinks
(Figure 4). Therefore, FXIIIa joins the c-terminus of the y-chains by forming isopeptide
bonds between the Gln on one y- chain and a Lys on another*®. The hemostatic function
of FXIlIla is to crosslink fibrin y -chains and a -chains into y - y dimers, high molecular
weight a — a dimers, and y - o polymers®®. Thrombin activated FXIII also crosslinks -
AP to fibrin y -chains preventing plasmin mediated fibrin degradation (see below). Fibrin
crosslinking mechanically stabilizes the fibrin clot, protecting it from shear stress and
enabling the retention of red blood cells (RBCs) during clot retraction, whereas a>-AP
crosslinking covalently incorporates this potent plasmin inhibitor into the forming clot,
protecting the clot from premature degradation by the fibrinolytic system*’. In addition to
these hemostatic functions, FXIII also plays important roles in wound healing,
angiogenesis, and maintenance of pregnancy*'*2,

In human plasma, FXIII is bound to a minor variant of the fibrinogen y-chain,
through its B subunit. In addition to plasma, FXIII is also present in platelets,
monocytes/macrophages and in their bone marrow precursor cells*’. Cellular FXIII lacks
FXIII-B and exists as the dimer of FXIII-A (A2). The plasma concentration of FXIII
A2B2 is 22 pg/mL (67.5 nmol/L). However, plasma FXIII circulates in complex with

fibrinogen and becomes incorporated into the forming clot. It is estimated that the

concentration of fibrin in a thrombus exceeds the fibrinogen concentration in plasma by

10-20 fold.
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1.10.1 FXII IN THE CLINIC

Individuals with congenital complete deficiency of FXIII (plasma activity <1% of
normal) have a severe bleeding tendency characterized by formation of hematomas, soft-
tissue hemorrhage and poor wound healing in the neonatal period***%. Women with
FXIII deficiency have an increased risk of spontaneous miscarriages*’. FXIII-A subunit
knockout mice can become pregnant and are fertile, but complications from uterine
hemorrhage during gestation can occur®® Patients with extensive pulmonary artery
occlusion were found to have lower FXIII-A subunit, and the likelihood of PE was seven-
fold higher in patients with A-subunit levels less than 60% of normal®,

FXIII deficiency can be treated with cryoprecipitate or fresh frozen plasma,
however these treatments carry a risk of transmitting blood-borne infections*~°. An
alternative treatment is with plasma-derived FXIII concentrate. Fibrogammin is a purified
FXIII concentrate derived from human plasma. Several studies have demonstrated that
treatment with Fibrogammin is an effective prophylactic and on-demand treatment for
congenital FXIII deficiency, reducing the incidence of both spontaneous and post-
operative bleeding®'>2.

These findings are consistent with clinical data. In the context of invasive
surgeries, including cardiopulmonary bypass in patients with high or moderate risk of
blood loss postoperatively, supplemental recombinant FXIII did not increase the number
of adverse events, including thromboembolic events®>’. In fact, the use of recombinant
FXIII in deficient and healthy volunteers at high doses has not shown any evidence of

increased risk of thromboembolism>?°,
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1.10.2 FXIII POLYMORPHISM

The most common polymorphism of FXIII is the Val34Leu polymorphism. This is
caused by a G to T point mutation in codon 34 of exon 2 that results in the replacement of
valine by leucine at position 34 (Val34Leu) in the activation peptide, three amino acids
from the thrombin cleavage site®' %% There is a wide variation in the prevalence of the
Val34Leu polymorphism in different ethnic groups; 2.5% of Asians, 28.9% of Blacks,
44.3% of Caucasians and 51.2% of Amerindians®. The 34Leu allele is virtually absent in
the Japanese population and present in 11-27% of Australian Caucasians®>. The
Val34Leu polymorphism has been associated with decreased risk of myocardial
infarction, in some but not all studies® ¥, and venous thrombosis, both DVT and PE®*~72.
The data on both hemorrhagic and ischemic stroke is too variable to draw any
conclusions’.

The presence of the Val34Leu polymorphism increases the rate of FXIII
activation by thrombin. Thrombin cleaves the activation peptide from the Val34Leu more
rapidly than from WT FXIII. With the Val34Leu mutation, fibrin y -chain dimerization
and the o -polymerization are enhanced®!, and there is more rapid cross-linking of fibrin

v- and a -chains®!. Clots are composed of thinner fibrin fibers with less porosity®!.
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Figure 4: Structure and activation of FXIII.

Plasma FXIII is a tetramer consisting of 2A- and 2B-subunits. The A-subunits contain the
activation site and the B-subunits serve a carrier function. Activation of FXIII involves
cleavage of the activation peptide followed by the dissociation of the B-subunit in the
presence of Ca?’ and fibrin. This exposes the active site of FXIIla. Image taken from

reference 3!
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1.11 VENOUS THROMBOEMBOLISM (DEEP VEIN THROMBOSIS AND

PULMONARY EMBOLISM)

Deep vein thrombosis (DVT) is a medical condition that occurs when a blood clot forms
within the larger, deeper veins of the body, such as the thigh®’*. The most common site
for initiation of thrombus appears to be at the venous valve pocket sinus, due to its
tendency to become hypoxic’®. This is a serious condition that can cause permanent
damage to the leg, known as post-thrombotic syndrome (PTS), and life threatening if left
untreated since it can cause pulmonary embolism”. Pulmonary embolism is a condition
that occurs because some or part of the DVT can break off and embolize through the
circulatory system, get trapped in the lungs, block a pulmonary artery, and cut off oxygen
supply to the affected lung. This can lead to heart failure or death’.

DVT can occur proximally (above the knee), or distally (in the calf) ’*7®. Blood
clots formed in the popliteal vein or more proximal, such as the femoral vein are defined
as proximal DVT, while blood clots formed beneath the popliteal vein are considered
distal DVT’®. Post-thrombotic syndrome is a constellation of signs and symptoms that
occur as a long-term complication from DVT, and develops in nearly half of all the
patients who experience a DVT’®. Currently an algorithm strategy combining pretest
probability, D-dimer testing and compression ultrasound imaging allows for safe and
convenient investigation of suspected lower-extremity venous thrombosis. Patients with
low pretest probability and a negative D-dimer test result can have proximal DVT
excluded without the need for diagnostic imaging’’. Compression ultrasonography is now
the imaging test of choice to diagnose DVT. Lack of compressibility of a venous segment

is the diagnostic criterion used, but the addition of Doppler (including colour flow) can
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be useful to accurately identify vessels and to confirm the compressibility of a particular
segment. When a DVT is treated with anticoagulants alone, the clot might remain in the
leg since anticoagulants do not actively dissolve the clot but rather prevent the existing
one from growing and prevent new ones from occurring’®. Clot dissolution occurs slowly
and incompletely via the fibrinolytic system. Due to this, a majority of patients develop
irreversible damage in the affected leg vein (fibrosed valves from where the clot was)’*">.
Symptoms of DVT include discolouration in the skin, calf or leg tenderness/pain,

swelling of the lower limbs, warm skin with visible surface veins’®.

Symptoms of PE range from shortness of breath, sweating, coughing blood, rapid
pulse, sharp chest pain, fainting and sudden death’®. The clinical diagnosis of PE remains
a problem due to the nonspecific presenting signs, symptoms, and chest X-ray changes.
D-dimers are becoming a widely available clinical tool useful in the diagnostic
management of suspected PE. The limitations of the imaging modalities for PE
[ventilation —perfusion (V/Q) scanning, spiral computerized tomography, pulmonary
angiography and leg venous imaging] necessitate the use of these tests in series and in
combination with clinical pretest probability assessment and D-dimer in diagnostic
management algorithms. These algorithms permit safe diagnostic management of patients
with suspected PE”’.

Each year in the U.S., about 600,000 patients develop DVT, and over 100,000
patients die from PE®®. In Canada, 10,000 people each year die from PE®’. Annually,
VTE causes more deaths in Canada than breast cancer or HIV®’. The prevalence of PE in
patients with proximal DVT has been estimated as 40%-50%"%!. Approximately 75% of

patients with PE have DVT?!. Venous thromboembolism (VTE), comprising of a DVT
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and PE, is the third leading cause of cardiovascular-associated death, occurring in
approximately 1 of every 1000 adults®>. VTE is very uncommon before the age of 20
years, and at around 40-45 years of age the incidence rate increases sharply®’. VTE is
associated with an impaired life quality, especially when PTS develops or pulmonary
hypertension®*. About two-thirds of venous thromboembolism episodes manifest as DVT
and one third as PE (with or without DVT)3.

The major outcomes of VTE are death, PTS, pulmonary hypertension and major
bleeding due to anticoagulants®®. Death occurs within one month of an episode in about
6% of those with DVT and 10% of those with PE®>. The mortality rate for PE has been
estimated to be as high as 30% when including autopsy-based PE diagnosis, which points
to the fact that many PE are not recognized clinically, but present as sudden death®’.
Furthermore, mortality rates are lower in patients with idiopathic VTE, and higher in
patients whose thrombosis occurs in the setting of cancer®. VTE is a chronic disease that
has episodic recurrences, and about 30% of patients develop recurrence within the next
10 years®. The hazard of recurrence varies with the time since the incident event, and is

highest within the first 6 to 12 months®’.

1.12 RISK FACTORS FOR VTE

Risk factors for VTE are either acquired or inherited and about 80% of VTE
patients present with at least one risk factor. Major acquired risk factors for thrombosis
include exogenous factors such as surgery, hospitalization, immobility, trauma, and
endogenous factors such as cancer, obesity and inherited or acquired disorders of

hypercoagulation®. Most hospitalized patients have increased risk factors of venous
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thrombosis, such as immobility, cancer, infection or surgery®®. These events could lead to
PE and about 10% of all deaths in the hospital are related to PE, with most cases going
unnoticed before death®. Cancer patients also have increased risk of venous thrombosis
because of a combination of risk factors (e.g., tumor cells activating coagulation, tumours
compressing veins causing stasis, hospitalization, surgery, chemotherapy) %°. In a cohort
study that was conducted on 66, 329 patients with cancer, the incidence of venous
thrombosis during the first 6 months after cancer diagnosis was 12.4 per 1000%¢. VTE is
the second leading cause of death in cancer patients and the most common cause of death
in the postoperative period, thus such patients often receive prophylaxis treatment against
venous thromboembolism®®.

Inherited risk factors or inherited thrombophilia describes an inherited tendency
for venous thrombosis (DVT with or without associated PE). Deficiency of AT was the
first reported cause of familial thrombosis. Subsequently deficiencies of protein C and
protein S were linked with thrombosis in individuals and families, whereas mutations in
FV and prothrombin genes were discovered as risk factors for venous-thrombosis in case-

control studies®’.

1.12.1 FACTOR V LEIDEN

Factor V is a high molecular weight glycoprotein, 330 kD, synthesized by hepatocytes
and megakaryocytes as a single polypeptide chain®. In whole blood, FV is divided
between two pools; approximately 80% circulates in plasma while the remaining 20% is
found within the a -granules of platelets®®. FV is synthesized as an inactive precursor in

the liver, thus it has no cofactor activity until it is cleaved by thrombin to FVa®
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FV/Va together with the serine protease FXa forms the prothombinase complex
that converts prothrombin to active thrombin®. FVa is subsequently inactivated by the
natural anticoagulant, activated protein C, which cleans FVa at amino acid arginine(R)-
506, R306, and R678 in the heavy chain’'~. Cleavage at R506 is required for efficient
cleavage at the two other sites” .

The substitution of glutamine (Q) for R506 in FV, also known as FV Leiden
(FVL), is identified in 20%-50% of patients with venous thromboembolic diseases’>. The
FVL mutation results in a mutant protein that has normal procoagulant activity but the

R506Q mutation abolishes a cleavage site for APC, thereby reducing the rate of

inactivation of FVa by APC and consequently inducing the formation of more thrombin®.

1.13 ANTICOAGULANTS

Anticoagulants are used for the treatment of VTE. The role of anticoagulants is to prevent
clot formation and the recurrence of thrombosis. Traditional anticoagulant therapy
consisted of parenteral administration of fast-acting unfractionated heparin (UFH)
followed by slow-acting vitamin K antagonist, warfarin®*°>. However, the introduction of
low-molecular weight heparin (LMWH) and fondaparinux simplified parenteral
anticoagulants. The development of new oral anticoagulants called non-vitamin K oral
anticoagulants (NOACS) or called, direct-acting oral anticoagulants (DOACs), have

largely replaced heparins and vitamin k antagonists as the preferred treatment of VTE?*%>.
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1.14 WARFARIN

Warfarin, a vitamin K antagonist (VKA), is an oral anticoagulant used for the
long-term prevention and treatment of venous thrombosis (75)°. It inhibits the synthesis
of clotting factors II, VII, IX, and X as well as the endogenous anticoagulant protein C
and S%. Vitamin K is a co-factor for an enzyme that adds carboxylic acid to the glutamic
acid at the N-terminal regions of these clotting factors. The formation of the y-carboxy
glutamic acid (GLA) results in a higher density of negative charge localized to the N-
terminus®’. As well, calcium, binding to GLA, can induce a conformation change in the
coagulation protein to enhance or enable binding to the surface of activated platelets®’.
Warfarin inhibits the vitamin K conversion cycle and prevents y-carboxylation of vitamin
K dependent coagulation factors, and thereby reducing their procoagulant activity, by
preventing the non-GLA clotting factors from assembling in the membrane bound
coagulation complexes®’. Extended treatment of venous thrombosis involves the use of
warfarin, an oral anticoagulant available for long term use, however it has many
limitations such as delayed onset of anticoagulation, many food and drug interactions,
bleeding complications, narrow therapeutic range, variable dose requirements and the
requirement for routine INR (international normalized ratio) monitoring”’. Extensive
research has been carried out on new drugs such as DOACs for use in extended treatment

of venous thrombosis.

1.15 INHIBITING THROMBIN GENERATION

Thrombin is central in the clotting cascade”. Aside from the natural existing

anticoagulants (TFPIL, AT, protein C and protein S) which help restrict the formation of

26



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

the hemostatic plug, the discovery of direct thrombin inhibitors (DTIs) are a new class of
anticoagulants that bind directly to thrombin and block its ability to cleave its substrates’®.
Rapid initial anticoagulation is given to reduce the risk of pulmonary embolism and
thrombus extension®. This can be achieved by administering thrombin inhibitors such as
heparin and LMWH, and indirectly, by FXa inhibitors, such as fondaparinux and
rivaroxaban, which will result in less thrombin generation'®’. Thrombin inhibiting drugs
block thrombin’s action by binding to three domains: (i) the active/catalytic site (i)
exosite 1 and (iii) exosite 2%%. Exosite 1 acts as a dock for substances like fibrin, and
exosite 2 serves as a heparin-binding domain®®. Heparin-bound thrombin can then bind
fibrin or antithrombin. Once heparin-bound thrombin is joined to fibrin, both exosites are
occupied and the complex is relatively protected from the effects of antithrombin. As a
result, heparin has little effect on fibrin-bound thrombin. In contrast, DTIs differ from
heparins because they can inhibit clot-bound, fibrin-bound and free thrombin®®.

Additionally, the DTIs reduce the platelet-aggregating effects of thrombin.

1.15.1 HEPARIN

Heparin is a naturally occurring negatively charged sulfated polysaccharide, and it is a
glycosaminoglycan formed from alternating residues of D-glucosamine and L-iduronic
acid’®. Heparins contain a specific pentasaccharide fragment that binds and activates the
plasma protease inhibitor antithrombin®’. A heparin-thrombin-antithrombin complex is
formed when heparin binds simultaneously to exosite 2 in thrombin and to antithrombin®®.
Heparin binding to AT facilitated by the core pentasaccharide present in heparin (40-50

saccharides in total), induces a conformational change in AT at the reactive site, which
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results in an increase in its inhibitory activity against the key coagulation protease
thrombin, FXa, FXIla FXIa, FIXa, plasmin, and kallikrein?’. The long tail ensures a
certain orientation of thrombin with AT and fixes the AT portion in a ternary complex
with heparin and thrombin®’. The main role of heparin is to bring together the protease
and its inhibitor, a process termed approximation, rather than just producing a
conformational change’’. This approximation and binding of the heparin chain are
essential for the accelerated inhibition of thrombin by AT®’. Heparin acts as a bridge
between thrombin and fibrin by binding both to fibrin and exosite 2°7. Because both of
thrombin’s exosites are occupied within this fibrin-heparin-thrombin complex, heparins
have a reduced capacity for the inhibition of fibrin bound thrombin, which appears to be
detrimental, because active thrombin further triggers thrombus growth’’. Heparin alone

has no direct effects on coagulation®?.

1.15.2 LOW MOLECULAR WEIGHT HEPARINS (LMWH)

Unfractionated heparin (UFH) is the standard preparation of heparin with a mean
molecular weight of approximately 15000 DA consisting of 40-50 saccharides in length?’.
LMWH are produced from UFH by chemical or enzymatic depolymerization, with
molecular weights of 4000-6500 Da’’. LMWHs have increased bioavailability after
subcutaneous injection, renal clearance that is dose-independent, and longer half-life (17-
21 hours) when compared to UFH. Dalteparin, a commonly used LMWH, has been

studied for the indication of treatment for VTE!?'"1%7 prophylaxis of VTE after hip or

108-110 111,112

major surgery , or prophylaxis of VTE in medically ill or surgical patients
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Multiple studies have evaluated the efficacy of dalteparin for the initial treatment
of DVT and/or PE. Three of these studies were prospective, randomized, double blind

105-197 and 3 were randomized open trials'®>~!%. In all of these clinical trials,

clinical trials
the diagnosis of DVT was confirmed with venography. Most of the patients received
intravenous infusions of UFH for the first 24 hours until the diagnosis of DVT was
established. Treatment regimens varied with respect to administration. Three trials

H102,103,107

compared subcutaneous dalteparin with intravenous infusion of UF and two

trials compared subcutaneous administration of both UFH and dalteparin'>!%,
Dalteparin was administered once or twice daily either in fixed dosages or adjusted on the
basis of anti-factor-Xa activity. These studies showed that dalteparin given at 100-120
IU/kg twice daily or 200 IU/kg once daily was comparable to activated partial
thromboplastin  time (aPTT)-adjusted UFH infusion in preventing recurrent
thrombosis!92195,

Three randomized trials have evaluated dalteparin for long-term therapy. The first
was a small, open-label study that included patients who were unable to tolerate
warfarin!!?. Patients were randomized to twice-daily of either dalteparin 5000 IU or UFH
10,000 IU. Only 3.3% of patients presented with recurrent VTE during 3 months of
follow-up and no difference was observed between the two groups. The second trial
primarily included patients without cancer and found no difference in efficacy or safety
between dalteparin 5000 IU once-daily and warfarin adjusted to an INR of 2.0-3.0'!%.
The third study is the largest trial investigating the use of LMWH for long-term therapy

in cancer patients. The Comparison of Low-molecular-weight heparin versus Oral anti-

coagulant Therapy for the prevention of recurrent venous thromboembolism (CLOT) trial
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was a multicenter, randomized, open-label study in which 676 cancer patients with
proximal DVT, PE or both!">. Patients were randomized to usual treatment with
dalteparin initially followed by Coumadin therapy or dalteparin therapy alone for 6
months'!®. In the dalteparin group, patients received therapeutic doses at 200 U/kg once-
daily for the first month and then 75-80% of the full dose for the next 5 months. Over the
6-month treatment period, dalteparin significantly reduced the incidence of recurrent
VTE from 17 to 9%. There were no differences in bleeding and overall mortality between

the groups!'!>.

1.15.3 DIRECT THROMBIN INHIBITOR- XIMELAGATRAN

Ximelagatran is a direct thrombin inhibitor that had received approval for short-term
prophylaxis in orthopedic surgery!'®. It was extensively studied for use in atrial
fibrillation and for treatment of DVT!7!!8 These trials found an unexpected increased
risk of hepatotoxicity with prolonged exposure to Ximelagatran. The manufacturer has
now withdrawn the drug from the market worldwide''’.

The Thrombin Inhibitor in Venous Thromboembolism (THRIVE) trial looked at
acute up-front treatment of ximelagatran compared to LMWH/VKA and showed an
increased recurrence of VTE (on-treatment) in the ximelagatran arm!!?. This was driven
by a 1.8-fold increase in PE; the increase in DVT was 1.2-fold. The early events suggest

an early increase in all VTE, this was not statistically significant at the 30-day time point,

but there was a trend for early increased recurrence in the ximelagatran arm.
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1.15.4 DIRECTION THROMBIN INHIBITOR - DABIGATRAN

Dabigatran is a reversible, potent, competitive direct thrombin inhibitor'?’. Dabigatran
binds to the active site of thrombin. Unlike heparin, which can only inhibit free thrombin,
dabigatran is capable of binding and inhibiting both free and clot-bound thrombin'?’,
Dabigatran is administered as the etexilate ester pro-drug, and following absorption, the
etexilate moiety is hydrolyzed to the active compound dabigatran. Its bioavailability is
only 3%-7% when the capsule is swallowed'?!. Peak plasma concentrations occur within

121 Approximately 35% is bound to plasma proteins. In patients with

2 hours of ingestion
normal renal function, approximately 80% of an intravenous dabigatran dose is excreted
in the urine with an elimination half-life of 12-17 hours'?!. Renal impairment increases
the elimination half-life to 15-34 hours. Dabigatran dosing therefore depends upon

creatinine clearance'*?

. Dabigatran is also contraindicated in patients with acute bleeding.
The risk of bleeding increases when dabigatran is taken with other anticoagulant or
antiplatelet agents such as warfarin or aspirin'%’,

Two large randomized trials have compared the safety and effectiveness of
dabigatran against standard warfarin therapy. The Randomized Evaluation of Long —
Term Anticoagulant Therapy (RE-LY) compared dabigatran with warfarin for the
prevention of embolic stroke in patients with atrial fibrillation'?}. Authors concluded that
twice daily 110 mg dabigatran doses produced similar rates of stroke and systemic
emboli as warfarin but with a lower rate of hemorrhage. 150 mg twice daily dabigatran
produced reduced rate of stroke and systemic emboli as warfarin, but with a similar rate

of hemorrhage. The Dabigatran vs Warfarin in the Treatment of Acute Venous

Thrombosis (RE-COVER) trial compared dabigatran with warfarin for the treatment of
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cute VTE!?*. 150 mg twice daily dabigatran produced no significant difference in the
incidence of recurrent VTE or major bleeding compared with warfarin. Initial treatment
with an approved parenteral anticoagulant (generally unfractionated heparin administered
intravenously, or low-molecular-weight heparin administered subcutaneously) was

usually started before random assignment.

1.16 FACTOR Xa INHIBITORS

FXa is also an attractive target for anticoagulants since it is responsible for
dictating downstream coagulation by activating thrombin, thus FXa inhibition will
attenuate further thrombin generation®®. Direct FXa inhibitors can bind directly to free
FXa and are able to inhibit prothrombinase — bound FXa, while indirect inhibitors will
catalyze AT’s anticoagulant ability and inhibit only free FXa'?’.

Fondaparinux, an indirect FXa inhibitor, is a synthetic version of the heparin
pentasaccharide. It binds to AT with high affinity and induces a conformational change in
AT that increases its inhibition rate for FXa. It is administered subcutaneously and has a

126 "and long half-life and is renally cleared'?’.

high bioavailability
Orally administered FXa inhibitors, rivaroxaban, apixaban and edoxaban, bind to
the active site of FXa in a reversible fashion. They are characterized with having high

127

bioavailability'“’, rapid onset of action, short half-life, with limited monitoring and drug-

drug interaction'?’.
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1.17 THROMBUS RESOLUTION

DVT resolution occurs through a complex process of inflammation and

fibrinolysis (Figure 5). Inflammation begins with early neutrophil influx, followed by the

eventual replacement with cells of the monocyte-macrophage lineage!?%12%12°_ Studies
show that reduction in monocyte recruitment severely restricts DVT resolution!*%1%2,
Monocyte/macrophages are important mediators of resolution, as they are capable of
expressing a host of chemotactic agents that are known to affect tissue remodeling,
recanalization, and ultimately complete resolution!*?, Fibrinolysis is thought to occur
mostly through uPA, produced by the same monocytes that intensify the inflammatory
process, leading to increased plasmin generation and clot degradation'*~13°. Complete
venous occlusion may reduce leukocyte infiltration and fibrinolytic components to the
clot, hence reducing the local inflammatory cytokines and fibrinolysis of DVT.
Multiple studies evaluated thrombus regression by CUS in patients with
symptomatic or asymptomatic DVT of the lower limbs. Thrombus resolution rates at 6

months after a first episode of DVT ranged from 24%-44!36140_ At | year or later, rates

ranged from 36%-96%"37"15°. Thrombus burden'4*-142:145.148 456142 "immobilization'*°,

T142,143 t143

previous DV , absence of flow and duration of symptoms prior to treatmen
found to be unfavorable factors for thrombus resolution. This huge variation in the

normalization rates being reported between studies has impaired our understanding of

thrombus resolution.

WETe
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Figure 5: Proposed mechanism of DVT resolution.

Thrombus resolution is an active process of inflammation, with early neutrophil influx
followed by the eventual replacement with cells of the monocyte-macrophage lineage.
This contributes to the secretion of a number of pro-inflammatory cytokines that may

direct extracellular matrix turnover. Image taken from reference !°!
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1.18 THROMBUS COMPOSITION

Clots can display a diversity of structural, biological, physical, and chemical properties,
depending on the conditions existing at the time of formation, which in turn, influence its
stability and resistance to fibrinolysis. Arterial thrombi contain a large amount of fibrin in

152

addition to platelets Venous thrombi and emboli contain red blood cells and fibrin,

but contain a small amount of platelets too, as well, they contained few biconcave red
blood cells but many polyhedrocytes or related forms of compressed red blood cells'>.
This was indicative of clot contraction that takes place. Pulmonary emboli mirror the
most distal part of the venous thrombi from which they originated, and are significantly
different from arterial thrombi!*2. Lastly, more fibrin bundles were observed in arterial
than in venous thrombi and pulmonary emboli, but more individual fibrin fibers were
observed in pulmonary emboli than in arterial or venous thrombi'>?. This is likely
explained by the differences in the constriction of the vessel walls, blood flow, and shear
present in their locations.

Different thrombin concentrations can also result in different fibrin clot
thickness'>®. More specifically, greater thrombin concentration creates a stronger fibrin
network formation less susceptible to lysis, and ultimately, greater thrombus stability!>*.
Decreased thrombus stability or weaker fibrin clots become more susceptible to
fibrinolysis and embolize more. Therefore, for the purpose of this thesis, the amount of
embolization from a formed clot, was used as measure of DVT stability, ie., increased
embolization meant decreased thrombus stability and vice versa.

When a DVT is treated with anticoagulants, the clot might remain in the leg since

anticoagulants do not actively dissolve the clot but prevent existing ones from growing
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134 Clot dissolution occurs slowly and incompletely via the

and new ones from forming
fibrinolytic system. The role of thrombus instability in the progression of DVT to PE
remains undefined. Ultimately the role of anticoagulants should be to stabilize the deep
vein thrombus with the goal of preventing PE-associated mortality.

Not much is known about how anticoagulants affect thrombus stability. In a study
performed by Ammollo et al., they show that dabigatran enhanced the clots susceptibility
to lysis by at least two mechanisms; (i) by reducing activated thrombin-activatable
fibrinolysis inhibition (TAFIa) generation; and (ii) by altering the viscoelastic properties
of the clot'®. Both effects are related to the ability of the drug to reduce thrombin
generation and activity. As well, a study done by Nielsen et al., showed that argatroban, a
DTI, facilitates fibrinolysis mainly by inhibition of thrombin-mediated TAFI activation'>®.
Both these studies and others that look at the effect of anticoagulants on fibrin structure,
show that reduced thrombin generation does enhance fibrinolysis'>>!*’, however the

precise mechanism involved and the relative concentration of various antifibrinolytic

proteins (eg. TAFIa, FXIIIa)) in the process remains to be fully elucidated.

1.19 THROMBUS STABILITY

Thromboembolic diseases, such as pulmonary embolism, continue to be major

158 As of today, there is no way to predict

causes of morbidity and mortality worldwide
the risk of PE development in patients diagnosed with, or at risk for a DVT. A method to
measure or predict DVT stability might prove useful as a measure or prediction of PE

risk. Ultimately, using thrombus stability as a measure of assessing the risk of PE

development can help reduce PE associated mortality.
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The correlation between DVT and PE, and progression of DVT to PE is not fully
understood since it varies from patient to patient and with different clinical conditions.
DVT usually recur as DVTs and PEs usually recur as PEs’®. Questions that are left
unanswered are: How does DVT correlate with PE? Is it a continuum of the same
disease? If so, how does DVT stability affect this? And lastly, how do treatments of the
disease alter this stability? Many researchers such as Caps et al., Krupski et al., Kakkar et
al., and Kashtan et al., have all looked at the progression of DVT in patients from the
first day of diagnosis using serial venous duplex scans'*1%2, Many find that most patients
who had inadequate anticoagulation treatment immediately show progression of DVT as
extension. During the acute phase of therapy, Caps ef al., saw that the risk of recurrent
thrombus formation was significantly high!>. This may suggest that acute treatment of
DVT may lead to decreased thrombus stability, but the mechanism of how DVT
instability accounts for this extension still remains unanswered. In almost all these studies
they reported patients who developed PE and whether they were non-fatal or fatal,
however none of them looked at thrombus embolization to see how it altered DVT
stability during the acute phase of therapy and whether it correlated with prevalence of
PE development. As of today, we don’t know a lot about factors that alter thrombus
stability, and no one has looked at whether therapy alters embolization during the acute

phase.

1.20 MOUSE MODELS

Despite moderate success with some of the newer therapies, there is still much room for

improvement in treatment of recurrent VTE and reduction of bleeding complications. A
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major preclinical approach to understanding the biology of venous thrombosis requires
the use of animal models. Animal models play a fundamental role in understanding the
biology behind VTE!'®,

Mouse models are suitable for the study because they’re relatively low cost, and
availability of different genetically manipulated strains'®>. Mice exhibit important
differences compared to humans such as body size, life span, genetic differences, and

164

vessel size'**. Mice have a short life span and high metabolic rate compared to humans,

which means that events occur faster in mice'®

. DVT in humans can be defined as acute,
sub-acute, and chronic, and thus mice models become efficient in studying acute DVT!%,

Unlike humans, mice do not spontaneously develop venous thrombosis and thus it
must be induced'®. Several experimental approaches, such as photochemical injury, laser

injury, and ferric chloride injury, or suture-based stenosis or ligation of a vein, such as the

inferior vena cava (IVC), have been used.

1.20.1 MOUSE MODELS OF DEEP VEIN THROMBOSIS

A plethora of mouse models of venous thrombosis have been created to serve various
purposes!®®. Of these animal models, the ferric chloride (FeCls) is the most commonly
used agent to initiate vascular injury and thrombosis'®’. The FeCls injury model was
originally used to study arterial thrombosis but has been used in both microvascular and
macrovascular models of mouse venous thrombosis!®®!®. Filter paper pre-soaked in
FeCls solution placed briefly on the side of the vein leads to the formation of fibrin rich
thrombi within minutes post injury. The size and speed of thrombus formation is FeCls

concentration/time of exposure dependent!®’,
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The IVC stasis model is performed by placing a non-reactive suture ligature
around the IVC and just below the renal vein to produce complete blood stasis anywhere
from 24-48 hours, resulting in an occlusive thrombus'®. The advantage of the IVC is that
it yields quantifiable amounts of vein wall tissue and thrombus!®. It has been proven
useful for evaluating interaction between the vein wall and the occlusive thrombus!'®.
The lack of blood flow however inhibits the maximal effect of administered systematic
therapeutic agents on the thrombus and vein wall'®. It also prevents evaluation of
thrombus embolization or stability.

The IVC stenosis model, which is performed with a 7-0 prolene suture tied around
the IVC with a 30 G needle, or other spacer, to allow some blood flow. This gives the
model an advantage, in that it produced a laminar thrombus and cellular kinetics can be
studied. However, the problem that arises with this model is that the degree of stenosis is
inconsistent leading to variable thrombus sizes'®*, in some cases none. There are also
many variations in how this model is performed (side-branches ligated or not, vessel
pinched or not, diameter and nature of spacer); in only one variation of this model

pulmonary emboli have been found'”’.

1.20.2 MOUSE MODELS OF PULMONARY EMBOLISM

Mouse models have also been used to study the pathophysiology of PE and the
effect of antithrombotic and thrombolytic agents'’!. There are three main types of PE
models, 1) coagulation factor-induced, ii) photochemical reaction-induced and iii)
exogenous clot injection-induced PE model. With the coagulation factor-induced model,

strong coagulation factors such as thrombin!’*>!7?, thromboplastin'’#, collagen combined
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with epinephrine!’”>, or adenosine diphosphate (ADP)!"!"7 are injected intravenously
through the jugular vein to induce widespread platelet activation, likely coagulation, and
subsequent lethal pulmonary embolism.

In the photochemical reaction-induced model a laser light is used to directly
irritate the vessel wall of the jugular vein, followed by intravenous infusion of Rose
Bengal. Rose Bengal can react with the endothelial membrane protein and lipid to induce
per-oxidative reactive and endothelial injury in the irradiated area. Histological evidence
of thromboembolism in the lungs shows that the thrombi are rapidly established with
platelet deposition starting approximately 30 s after irradiation, followed by complete
vessel occlusion after 6-8 min. This method established a more physiological mice model
of PE as a consequence of VTE.

In the exogenous clot injection-induced model, an exogenous thrombus is
prepared in vitro, chopped-up, and injected into the venous system through the jugular
vein or tail vein'’®!8; the chopped-up clots lodge in the lung and are evaluated by
histology. Usually, there are two methods for preparing the clots; “red emboli,” which are
made by the coagulation of the whole blood of the human or mouse, predominately
consists of red blood cells, platelets and some fibrin. The components of this type of clots
are similar to those formed in physiological conditions of the body. Another type of clot
can be made by a mixture of human plasma or human fibrinogen with human thrombin.
This type of clot is called “pale emboli” because of its constitution of almost no red blood
cells. A clot made using this procedure consists of extensively cross-linked fibrin'®!. In

vitro studies have demonstrated that fibrin-rich pale emboli retract more than red ones,
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which reduced the permeability of the emboli and does not allow thrombolytic agents to
pass through!®?.

Recently, a spontaneous model of PE has been established. In this model, the
femoral vein is surgically ligated with a 7-0 nylon suture to induce complete vessel
occlusion, resulting in significant decrease of venous flow at the saphenous vein'®®. This
model enables visualization the initiation of thromboembolism.

As well, recently a modified IVC stasis model that does develop PE has been
established. Briefly, mice are subjected to IVC stasis for 24 hours. After 24 hours,
thrombi are present, and the ligature is removed to allow mice to recover. After an
additional 24 hours, mice are sacrificed, and the presence of PE is shown in lung
histology!70-183184

While all these studies can produce large and quick PE for analysis and testing
therapies, none of these PE models reflect the complex pathophysiology of venous
thrombosis and PE in humans. To date, there is no animal model that recapitulates
physiological venous thromboembolism, with PE that originates spontaneously from a

DVT. A mouse model of DVT stability is necessary in order to understand the

mechanism of DVT stability and the factors involved as well as correlation to PE burden.
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CHAPTER TWO

2.0 THESIS OVERVIEW, RATIONAL, HYPOTHESIS, AND OBJECIVES

2.1 THESIS OVERVIEW

In the previous years researchers have wondered how to make “bad clots” into
“good clots” or what makes a clot “bad” or “good” and have limited their scope to clot
structure and stability in the sense of what makes a clot lyse'®*. Therefore, this has shaped
research to simply make clots and study factors that will lead to clot lysis and conclude
that these factors can have therapeutic potential. However, a clot that lyses or becomes
smaller does not necessarily make the clot “good” which is what is perceived in literature.
In order to make sure there are no downstream effects, studies that show decreased
thrombus size need to make sure these clots are being dissolved and not embolizing to
create PE.

In this dissertation we show that what has previously been perceived as a “good
clot” is not the case when looking at the downstream effects. Pulmonary embolism,
emboli that have broken off clots in the deep veins and travelled to a pulmonary artery
causing sudden death, is primarily due to DVT, often asymptomatic, in patients.
Therefore, we instead defined “good clots” as stable clots, thus making them less likely to
break-off and embolize to the pulmonary artery and cause less PE. Increasing clot
stability, using our novel mouse model of venous thromboembolism, leads to decreased
PE burden in mice. When some anticoagulants, such as the direct thrombin inhibitor
dabigatran, are used for upfront treatment of DVT, this leads to increased PE burden

because of reduced clot stability. When treated with plasma purified human FXIII, mouse

42



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

thrombin can activate FXIII to FXIIla and this stabilizes the clots without increasing the
thrombus size. Treatment with FXIII also reduced PE burden. This dissertation suggests
that in patients with a DVT, in addition to treatment using anticoagulants, which is the
current standard of treatment, supplementing with FXIII would be beneficial since it
would stabilize clots and minimize embolization to the lungs without increasing the

existing clot.

2.2 RATIONALE FOR STUDIES

Naturally, many studies and researchers consider that reduced thrombus size in
mice is a positive outcome because of reduced thrombus burden. However, none of these
studies look at the downstream effects of these “reduced clots” and do not take into
account the effect they have on PE. Therefore, venous thrombus stability should be
studied and in the context of DVT and PE with a physiological mouse model of VTE,
which currently there is none of. Thus, we need to redefine “good clots” in the literature.

Additionally, Caps et al., published a preliminary study showing that in patients
with a proximal DVT, diagnosed using compression ultrasonography, after a three-month
treatment with warfarin, had extension of the thrombi with 40% of patients having
recurrent events in the first three months of follow-up!®. This suggests that despite
treatment with anticoagulants, clot destabilization and extension can occur leading to PE
in patients, thus an early recurrence of VTE. Furthermore, an all-oral DTI, ximelagtran
caused increased VTE recurrence, within 90 days, compared to patients who were

administered conventional anticoagulant therapy (LMWH bridging to warfarin)!!’,
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Therefore, we asked whether increasing the stability of an existing clot would lead to
decreased pulmonary embolism without causing further clot extension.

The overall mechanism of thrombus stability has never been studied in vivo and
therefore it is not well elucidated how attenuating fibrinolysis plays a role in DVT
stability and its correlation to PE burden. While many mechanisms have been proposed to
explain the FVL paradox, none have provided clear in vivo evidence because of the lack

of a VTE mouse model that can study venous clots and PE.

2.3 CENTRAL HYPOTHESES

Using our venous thrombus stability model, we hypothesized that DVT stability is
inversely related to embolization and PE burden. We hypothesized that thrombin-
mediated FXIIIa promotes thrombus stability. Anticoagulants that inhibit thrombin will
reduce FXIIla generation and thus activity and decrease embolization. Reduced FXIII
activity will decrease the mechanical stability of clots and therefore allow for increased
embolization and PE burden in mice. When supplemented with FXIII, mechanical
stability will be increased (either through crosslinking of o2-AP onto fibrin(ogen) or
crosslinking a-a, a-p, or y-y chains of fibrin) without increasing thrombus size, leading to
reduced embolization and PE burden. Inhibiting fibrinolysis using g-aminocaproic acid
(EACA) would not have the same effect as FXIII since it will prevent clot breakdown
completely and increasing thrombus size while. Last, we hypothesize that when using our
mouse model of venous thrombosis, we will see increased thrombus stability and reduced

PE burden in FVL mice compared to WT.
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2.4 OVERALL OBJECTIVES

The overall objective of this dissertation is to i) develop a model of venous thrombus
stability, in order to ii) better study thrombus stability and its correlation to PE burden,
ii1) understand the effect of anticoagulants on thrombus stability and PE burden, iii) study
the effect of attenuating fibrinolysis on clot stability and iv) propose a mechanism for the
FVL paradox so that we can uncover the mechanism of DVT stability and its correlation

with PE burden. Therefore, the specific objectives of this dissertation are as follows:

2.4.1 Chapter 3 Objective

Objective: To develop a mouse model to assess thrombus stability and its link to PE
burden, and identify whether DTIs, in contrast to LMWH, alter this correlation.

In order to understand the mechanism governing thrombus stability and its effects
on PE burden, we need to develop a physiological mouse model of venous
thromboembolism. Clinical trial data suggested an increase in thrombotic events when
patients were treated with a direct thrombin inhibitor compared to low-molecular-weight-
heparin. Previous to this study there are no animal models that produce PE directly from
an induced DVT. We sought to develop a model to assess factor of thrombus stability and
ultimately PE burden, and whether DTIs, as opposed to LMWH, alters the connection
between DVT and PE. We hypothesized that an increase in embolic events would
increase PE burden and acute treatment with dabigatran would increase embolic events.
We tested this hypothesis in the femoral vein of C57BL/6 female mice that were
subjected to ferric chloride injury to initiate thrombus formation. Platelets were

fluorescently labelled and treatment with saline, dalteparin, or dabigatran, was
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administered 12 minutes after thrombus formation. Intravital videomicroscopy recorded
embolic events leaving the thrombus and thrombus sizes. Lungs were stained for the

presence of PE.

2.4.2 Chapter 4 Objective

Investigate the consequence of attenuating fibrinolysis using FXIII, az-antiplasmin
or EACA supplementation on clot lysis and venous thrombus stability.

Inferior vena cava filter use has increased over the decade despite the lack of
evidence showing its benefit. This is likely due to the fact that clinicians do not have the
confidence that an acutely anticoagulated deep vein thrombus will not embolize.
Therefore, an ideal treatment for patients would be to stabilize clots in DVT patients,
minimize embolization, and reduce PE. We have previously demonstrated that acute
thrombin inhibition increases the number of embolic events and that this was FXIII-
mediated. The role of fibrinolysis on thrombus stability and PE have never been studied.
Antifibrinolytics, such as tranexamic acid (TXA) and g-aminocaproic acid (EACA) are
approved and clinically used to treat bleeding. Recombinant FXIII supplementation has
been shown to reduce postoperative blood transfusions in the context of cardiopulmonary
bypass and cancer surgery, and is also approved. Inhibition of a>-AP has been shown to
assist in dissolution of PE. However, the effects of these treatments on clot stability and
its correlation to PE has never been studied. In this paper we discuss three methods of
increasing thrombus stability, 1) attenuating fibrinolysis, and ii) increasing mechanical
stability with supplemented FXIII or iii) supplemented o2-AP. We hypothesized that

embolization and PE burden will decrease after treatment with EACA in WT mice
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because of increased thrombus stability. However, this may increase over time. We tested
this hypothesis by performing an in vitro clot lysis assay from plasma samples obtained
from WT mice treated with the above mentioned agents as well as our previously
described in vivo mouse model of venous thromboembolism. Treatment with saline,
EACA (1 mg/g), ax-AP (4.2 mg/kg), or FXIII (1mg/kg), with or without dalteparin or
dabigatran, was administered 12 minutes after thrombus formation. Intravital
videomicroscopy recorded embolic events leaving the thrombus, and thrombus sizes for 2

hours. Lungs were harvested, sectioned and stained for presence of PE.

2.4.3 Chapter 5 Objective

Use our mouse model of venous thromboembolism to explain why patients with
FVL are more likely to present with DVT rather than PE.

People with FVL are often called hypercoagulable, and have a five-fold increase
in the risk of venous thrombosis. There is a low prevalence of FVL among patients with
fatal pulmonary embolism (PE) and a higher incidence of deep vein thrombosis (DVT)
than PE in patients with FVL. This has been referred to as the FVL paradox in
thrombosis. We wished to test whether FVL and normal patients are at the same risk of
initial thrombus formation, expect FVL patients present with symptomatic DVT while
normal patients do not present, because the small asymptomatic DVT in normal patients
embolizes to become an asymptomatic PE. Therefore, to explain why patients with FVL
are more likely to present with a DVT rather than a PE, we studied DVT stability in FVL
mice using a modification of our previously published VTE mouse model. We tested this

hypothesis using our previously established mouse model with a few changes. We chose
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conditions such that only a small thrombus developed in wild type (WT) mice, and then
compared them to thrombi in FVL heterozygous (F5%*) and FVL homozygous (F5"")
mice. Intravital videomicroscopy recorded embolic events leaving the thrombus and the
thrombus sizes every 10 minutes for 2 hours. Lungs were harvested, sectioned and

stained for the presence of PE.
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CHAPTER THREE

3.0 COMPARISON OF THE EFFECT OF DABIGATRAN AND DALTEPARIN
ON THROMBUS STABILITY IN A MURINE MODEL OF VENOUS
THROMBOEMBOLISM

3.1 Forward

This manuscript describes the effect of dalteparin and dabigatran on clot stability
using the newly developed mouse model of venous thromboembolism. This manuscript
shows that 1) thrombus stability is inversely related to PE burden, ii) dabigatran reduces
thrombus stability significantly more than dalteparin and iii) in the absence of FXIII,

thrombus stability is decreased.
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3.2 ABSTRACT

Background: Venous thromboembolism (VTE) is a collective term for deep vein
thrombosis (DVT) and pulmonary embolism (PE). Thrombus instability possibly
contributes to progression of DVT to PE, and direct thrombin inhibitors (DTIs) may alter
this. Aim: To develop a model to assess thrombus stability and its link to PE burden, and
identify whether DTIs, in contrast to low-molecular-weight heparin (LMWH), alter this
correlation. Methods: Twelve minutes after ferric chloride-induced thrombus formation
in the femoral vein of female mice, saline, dalteparin (LMWH), or dabigatran (DTI) was
administered. Thrombus size, and embolic events breaking off from the thrombus were
quantified before treatment, and at 10-minute intervals after treatment for 2 hours using
intravital videomicroscopy. Lungs were stained for the presence of PE. Results:
Thrombus size was similar over time and between treatment groups. Total and large
embolic events and pulmonary emboli were highest after treatment with dabigatran.
Variations in amounts of pulmonary embolic events were not attributed to variations in
thrombus size. Large embolic events correlated with the number of emboli per lung slice
independent of treatment. Embolization in factor XIII deficient (FXIII”") saline-treated
mice was greater than wild-type (WT) saline-treated mice, but was similar to WT
dabigatran-treated mice. Conclusion: We have developed a mouse model of VTE that can
quantify emboli and correlate this to PE burden. Consistent with clinical data, dabigatran,
a DTI, acutely decreases thrombus stability and increases PE burden compared to

LMWH or saline, a FXIII-dependent effect.
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3.3 KEYWORDS

(1) dabigatran (ii) dalteparin (iii) factor XIII (iv) pulmonary embolism (v) venous

thrombosis

3.4 INTRODUCTION

Venous thromboembolism (VTE), which includes deep vein thrombosis (DVT) and
pulmonary embolism (PE), is the third leading cause of cardiovascular-associated deaths
84 Anticoagulant therapy, used for treatment of VTE, attempts to: (i) prevent the existing
thrombus from growing, (ii) prevent new thrombi from forming, (iii) reduce PE-
associated mortality, and (iv) reduce risk of recurrent VTE!'®®!87 The risk of recurrent
VTE in patients with symptomatic DVT is highest within the first month of diagnosis, so
adequate initial anticoagulation therapy is critical'®.

Conventional anticoagulant therapy, used for treatment of VTE, involves use of
low-molecular-weight heparin (LMWH), such as dalteparin, overlapped with warfarin'®®.
New oral anticoagulants produced to replace this therapy include direct thrombin
inhibitors (DTIs), such as dabigatran, and activated factor X (FXa) inhibitors, such as
rivaroxaban and apixaban. While all-oral regimens for the FXa inhibitors have been
evaluated for treatment of acute symptomatic VTE, and have proven to be as effective as

189-192

traditional therapy , all-oral regimens for dabigatran have not. The evaluation of

dabigatran for the treatment of VTE was only after acute initial treatment with LMWH

124,193

In the THRIVE study, initial treatment of DVT with ximelagatran, a DTI, was

compared to LMWH bridging to warfarin'!”. Thus, this study offers a direct comparison
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between conventional LMWH therapy and a DTI for acute VTE treatment. Patients
receiving ximelagatran had increased early VTE recurrence compared to those receiving

conventional anticoagulant therapy!'!’

. Was the initial dose of ximelagatran too low? Or
does acute treatment of DVT with a DTI, without initial use of LMWH, lead to decreased
thrombus stability, leading to more PE? If so, what is the mechanism behind this?

Little is known about the mechanism of thrombus stability, the factors involved,
and the effect of anticoagulants on embolization and PE burden. Factor XIII (FXIII), a
transglutaminase activated to FXIIla by thrombin, stabilizes fibrin by crosslinking fibrin
monomers and crosslinking alphas-antiplasmin (02-AP) to fibrinogen and fibrin3!19%19,
The crosslinking of az-AP, the primary inhibitor of plasmin, the fibrinolytic effector, may
be more crucial for stability??.

Our goal is to uncover factors that alter thrombus stability, and compare the
effects of initial treatment with dabigatran and dalteparin on thrombus stability and PE.
We developed a novel murine model of VTE to evaluate DVT stability and its
relationship with PE burden. The model follows the progression of DVT to PE by
imaging the thrombus in the femoral vein, and quantifying emboli from the DVT in the
pulmonary arteries. Thrombus embolization correlates with PE burden, and both are
increased after acute initial treatment with dabigatran. FXIII”~ mice were

indistinguishable from wild-type (WT) dabigatran-treated mice, implying that DTI-

dependant decrease in thrombus stability is mediated by FXIII.
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3.5 MATERIALS AND METHODS

3.5.1 Animal handling

WT C57BL/6 female mice, purchased from Charles River Laboratories (Sherbrooke,
Quebec, Canada), and FXIII”" mice, a gift from CSL-Behring (Rossdorf, Germany)!*,
were housed in micro-isolator cages on a constant 12-h light/12-h dark cycle with
controlled temperature and humidity, and given access to food and water ad /libitum. All
animal use protocols were done according to Canadian Council of Animal Care

Guidelines, and approved by Animal Research Ethics Board at McMaster University.

3.5.2 Surgical procedure

Mice weighing about 20 grams, were anaesthetized with an intraperitoneal mixture of
ketamine (0.125 mg/g), xylazine (0.0125 mg/g), and atropine sulfate (0.0025 mg/g). The
trachea and jugular vein were exposed and cannulated using a PE100 and PEI10
polyethylene tubing respectively (VWR, Ontario, Canada). Sodium pentobarbital (0.05
mg/g, CevaSante Animale, New Jersey, USA) was given periodically to maintain
sedation.

To label platelets in vivo, Alexa Fluor (AF)-488-tagged Fa, fragments of a rat-
anti-mouse CD41 antibody (Emfret, Germany) were injected through the jugular vein at a
concentration of 1 pg/g'’. In some experiments, mouse anti-fibrin II B chain (B 15-42)
T2G1 antibody conjugated to AF-647 (Accurate, NY, USA) was injected. The femoral
vein was exposed and isolated using a 5-0 silk surgical suture (Surgical Specialties

Corporation, Pennsylvania, USA), bathed with saline, and dried. Freshly prepared 4%
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ferric chloride (FeCls) solution (Sigma-Aldrich, Missouri, USA) was used to soak a strip
of 1 mm x 2 mm Whatman filter paper (VWR), placed lengthwise on the medial side of
the femoral vein for 5 minutes and removed. The vein was washed twice with normal

saline.

3.5.3 Intravital videomicroscopy: imaging timeline

All in vivo thrombus images were visualized using IVM on an Olympus BX series
microscope controlled by Slidebook 5 (Intelligent Imaging Innovations, Colorado, USA).
Embolic events (EEs) were recorded for one minute (20X objective; 4x4 binning; 5000
frames; 10 ms exposure). Thrombus sizes were imaged (10X objective; 1x1 binning; 100
ms exposure) by creating a montage, a composite of multiple still images, encompassing
the thrombus, grouped together. The gain setting on the Image Intensifier (Video Scope
International, Ltd., Virginia, USA) was the same for all images.

Five and 10 minutes after removal of the FeCls-soaked filter paper, EEs and
thrombus size were recorded before any treatment administration. Twelve minutes
following injury, treatment with intravenous saline (5 pl/g), dalteparin (0.2 IU/g, Pfizer,
Quebec, Canada), or dabigatran (0.033 mg/kg, dissolved in 1% DMSO and 1% HCI,

Howsine, China)!?®

was administered. Following treatment administration, EEs were
recorded at 3 minutes and every 10 minutes until 123 minutes, and thrombus sizes were

imaged at 8 minutes and every 10 minutes until 128 minutes.
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3.5.4 Post surgery blood and tissue collection

After imaging, the carotid artery was cannulated to obtain blood (in 10% sodium citrate,
BD, New Jersey, USA) and mice were euthanized by cervical dislocation. The lungs, and
femoral vein segment containing the thrombus, were removed and stored in 10%

formalin (Sigma-Aldrich) for subsequent histological analysis.

3.5.5 Blood and tissue handling

Blood was centrifuged at 6,000 x g for 5 minutes to obtain platelet poor plasma (PPP).
PPP was centrifuged again, aliquoted and stored at -80°C. For the activated partial
thromboplastin time (aPTT)-like assay, 30 pl of aPTT reagent (Instrumentation
Laboratory, Massachusetts, USA) was added to PPP (40 ul) in a 96-well plate and
incubated at 37°C for 5 minutes. PPP was recalcified with CaCl> (20 mM final [Ca®*])
and absorbance was monitored at 350 nm (Spectramax 340PC*** Molecular Devices)!'.
Clotting times were reported as time-to-reach-half-maximal-increase in absorbance. FXa
generation was assessed by addition of chromogenic substrate S2765 (Aniara, West
Chester, Ohio, 0.2 mM final) to PPP (50 ul). PPP was recalcified with CaCl> and
absorbance was monitored at 405 nm?*. Concentration of dabigatran and dalteparin in
plasma was determined using a standard curve, made by adding known concentrations of
anticoagulant to mouse plasma. Prothrombin fragment 1+2 (F1+2) levels were measured
by ELISA (Cloud-Clone Corp. Houston, USA) following manufacturer’s instructions.
Tissue handling: Lungs and femoral veins were processed as described:
dehydrated for 30 minutes in 70%, 85%, and 100% ethanol, and 45 minutes in xylene

(each step repeated 3 times) then stored overnight in paraffin. Samples were embedded in
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paraffin blocks and sectioned entirely into 4 pum slices using a Leica RM 2125RT
Microtome (Leica Microsystems Inc., Ontario, Canada). All sections were collected,
placed on slides, left overnight to dry, and deparaffinized and rehydrated before being
stained using Carstairs’s staining kit (Electron Microscopy Sciences, Pennsylvania, USA).
Sections were dehydrated, cleared in xylene, mounted with a xylene-based mounting
medium, and allowed to dry before visualization.
In some experiments, lungs were snap frozen using liquid nitrogen, stored at

-80°C for 24 hours, and later homogenized using liquid nitrogen and centrifuged at
10,000 x g for 15 minutes at 4°C. The supernatant was collected, mixed with 1% Triton

X-100 on a shaker for 1 hour, and fluorescence was measured.

3.5.6 Data analysis

Embolization Quantification: Embolization was observed in a limited region downstream
from the proximal tip of the thrombus®*!?*2, The region was imaged for 5000 frames,
approximately one minute (Vid. S1). An EE was defined as visible fluorescence breaking
off from the thrombus, moving downstream, and passing through the region of interest.
The total amount of emboli were counted manually and expressed as a total number of
emboli per minute. Large EEs were identified among counted EEs; an EE was defined as
large if its fluorescence intensity was greater than 4 standard deviations above the
average fluorescence intensity of EE for that time point. Large EEs were also expressed
as events per minute.

Thrombus Size Quantification: Thrombus size at each time point was quantified

by fluorescence intensity. The maximum fluorescence intensity from non-vessel regions
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of the montage was used to calculate background. Changes in thrombus size (Thrombus
Sizetimem)-Thrombus Sizepefore treatment) Were plotted against time.

Percentage of thrombus that embolizes or “percentage of DVT turnover”: To
compare the sum of all observed emboli to the thrombus size, calculations to correct for
the different imaging parameters were made. The sum of embolization over two hours
was expressed as a percent of the baseline thrombus size and represents a percentage of
DVT turnover.

Quantification of pulmonary emboli: All stained slides were examined for
presence of emboli in the pulmonary arteries. The number of emboli in each lung section

was counted and expressed as number of emboli per lung slice.

3.5.7 Statistical analysis

All values are expressed as mean + standard error of mean (SEM). One-way ANOVA
was used to analyze differences between treatments for F1+2 and the number of emboli
per lung slices. Two-way ANOVA was used to analyze differences in thrombus size,
total and large EEs, percent of DVT turnover between WT and FXIII”" mice and
treatments. A Student’s t-test was used to analyze differences in relative fluorescence
units (RFUs) between treatments. Pearson’s r coefficient was used to analyze the
association between thrombus size and large EEs with PE, and a regression analysis was
used to compare the lines-of-best-fit between treatments. Statistical analyses were
performed using GraphPad Prism version 6.0. Differences were considered significant

when p< 0.05.
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3.6 RESULTS

3.6.1 Evaluation of histological content from WT-treated mice

Following thrombus formation, the overall thrombus shape and size within the femoral
vein of WT-treated mice was not noticeably different within and between treatment
groups (Fig. 1A). EEs were observed as irregularly shaped aggregates of fluorescence
detaching from the thrombus and releasing into the bloodstream (Fig. 1B). As seen from
the video, emboli are of different shapes and sizes, and detach irregularly (Vid. S1:
https://onlinelibrary.wiley.com/doi/full/10.1111/jth.13182).

Thrombi in the femoral veins of WT-treated mice subjected to FeCls injury
stained positive for fibrin and platelets; mice not subjected to injury did not have thrombi
(Fig. 1C). Thrombi did not appear different between treatments. Pulmonary arteries of
mice without DVT were free of any obstructions, while mice with DVT showed multiple

emboli (Fig. 1C).
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Figure 1: Images of femoral vein thrombi and pulmonary emboli.

Intravital microscopy images from a saline-treated thrombus showing (A) a

- mice and (B) a

representative montage of the whole thrombus from WT and FXIII
representative counted embolic event. The field is proximal to the thrombus. The yellow

dashed lines trace the outer walls of the femoral vein and the white arrows points in the

direction of blood flow. The circle shows an embolus that has dislodged from the
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thrombus and freely travelling in the same direction as blood flow (arrow). (C) Carstair’s
stained images of sectioned femoral vein and lung from WT and FXIII”- mice treated
with saline, dalteparin, or dabigatran. The circles outline femoral vein and pulmonary
artery from mice without a DVT. The arrow points to fibrin-rich thrombus in the femoral
vein of saline-, dabigatran-, and dalteparin-treated mice. The stars mark the presence of
an embolus in a pulmonary artery. A blinded comparison test was performed using 10
femoral vein images from WT and FXIII”" saline-treated clots, and had two independent
blinded observers classify the images as either “fractured” or ‘“non-fractured” clot
appearance, to see whether they would identify WT clots as non-fractured clots, and
FXIII™" clots as fractured. The observers correctly assigned the clots (Fisher’s exact test,

p<0.0001).
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3.6.2 Thrombus sizes do not change over two hours regardless of treatment in WT-

treated mice

Thrombus size was measured over time to determine whether it was altered by
treatment. The thrombus before and after treatment did not change significantly within
(p=0.44) or among treatment groups (p=0.08, Fig. 2).

Changes in thrombus size were plotted against time for each treatment in the WT
mice, to evaluate fluctuations in size. Fluctuation in thrombus size was used as a measure
of thrombus stability; thrombi appeared least stable soon after injury, however, there was
no difference among treatments (p=0.29) or over time (p=0.22, Fig. S1). Thus,
independent of treatment, even though embolization was observed, the thrombi did not

significantly change in size over two hours.

62



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

7.
2 1.5%10 Bl before treatment
4 B after treatment
o
=Ry
e 1.0x107-
[ ]
2 >
N 6
ud-, s 5.0%x10
o
o
g
<

L} ] — ] L} —
Saline Dalteparin Dabigatran Saline Dalteparin Dabigatran

WT FXIII*-

Figure 2: Thrombus size before and after treatment with saline, dalteparin, or

dabigatran in WT and FXIII”- mice.

The after treatment value is the average thrombus size throughout the entire 2-hour
procedure. All values are expressed as mean = SEM, n=10 and n=3 for each treatment in
WT mice and FXIII”- mice respectively, and analyzed using a 2-way ANOVA. For
detailed depiction of thrombus size every 10 minutes see Supplemental Figure SI

(section 3.9).
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3.6.3 Embolic events increase with dabigatran treatment in WT-treated mice

We quantified EEs, whereby increased embolization would be indicative of decreased
thrombus stability. Compared with WT saline-treated mice, total and large EEs in WT
dalteparin-treated mice did not differ (Fig. 3A, B). However, total and large EEs in WT
mice significantly increased after dabigatran treatment compared with saline (p<0.0001
and p<0.01 respectively) or dalteparin treatment (p<0.0001 and p<0.05 respectively).

To assess whether embolization changed over time, the number of EEs within the
13t and 2" hour after treatment were quantified (Fig. S2A, B in section 3.9). In WT
saline-treated mice, total and large EEs decreased over time. When anticoagulants were
administered in WT mice, total and large EEs increased over time, with the greatest

increase observed in dabigatran-treated mice (p<0.0001).
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Figure 3: Embolic events after saline, dalteparin, or dabigatran-treatment in WT

and FXIII”- mice.

(A) Total and (B) large embolic events per minute over two hours are shown. All values
expressed as mean = SEM, n=10 and n=3 for each treatment in WT mice and FXIII”-
mice respectively. ****p-value<0.0001. ***p-value<0.001. **p-value<0.01. *p-
value<0.05, using a 2-way ANOVA. For a comparison of these results between the first

and second hour see Supplemental Figure S2 in section 3.9.
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3.6.4 The percentage of thrombus that embolizes is greater in dabigatran-treated

mice

Embolization increased over time in anticoagulated mice, yet thrombus size remained
fairly similar to what was originally induced. Thus, variations in EEs are not due to
variations in thrombus size. Therefore, the percentage of thrombus that embolizes, a
measure of thrombus turnover, was compared. In WT dabigatran-treated mice, the
percentage of DVT turnover in two hours was approximately eight-fold greater than WT
saline-treated mice (p<0.0001), and three-fold greater than WT dalteparin-treated mice
(p<0.0001, Fig. 4A).

No change was observed in the percentage of thrombus that embolized between
the 1% to the 2" hour of WT saline- or dalteparin-treatment mice (p=0.97 and p=0.92
respectively), however, this doubled from the 1% to the 2™ hour after dabigatran treatment
(p<0.0001, Fig. S3 in section 3.9).

WT dabigatran-treated mice exhibited highest DVT turnover suggesting that more
thrombin might have been generated. F1+2 was highest in WT dabigatran-treated mice
compared to WT saline- or dalteparin-treated mice (p<0.0001 and p<0.05 respectively,
Fig. 4B).

To determine levels of anticoagulants, aPTT and FXa activity were analyzed. The
average concentration of dabigatran or dalteparin in dabigatran- or dalteparin-treated
mice was 303 £ 32 ng/mL (n=9) or 1.5 £ 0.1 IU (anti-FXa)/mL of plasma (n=8),
respectively. Thus, significant levels of anticoagulants remained in the bloodstream two

hours after administration.
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3.6.5 More emboli are detected in the pulmonary arteries of dabigatran-treated

mice

The number of emboli per lung slice in WT-treated mice was highest after dabigatran
treatment, but not significantly (p=0.06 for one-way ANOVA, but was significant using
Dunnett’s post-test comparison, p=0.03, Fig. 4C). To test if emboli were fibrin-rich,
lungs were homogenized to compare anti-fibrin antibody fluorescence from lung extracts.
WT dabigatran-treated mice had more fluorescent anti-fibrin antibody in lung extracts,
than WT saline-treated mice, confirming the presence of fibrin-rich emboli and more PE

(p<0.05, Fig. S4 in section 3.9).
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Figure 4: DVT turnover, F1+2, and PE risk after saline, dalteparin, or dabigatran

treatment in WT and FXIII”- mice.
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(A) The percent of thrombus that embolized in two hours after saline, dalteparin, or
dabigatran treatment in WT and FXIII”- mice. For a comparison of the percent of
thrombus that embolized between the first and second hour see Supplemental Figure S3.
(B) Prothrombin fragment 1+2 plasma levels from WT mice treated with saline,
dalteparin, or dabigatran and compared to WT mice without DVT. (C) The number of
pulmonary emboli counted per lung slice for the treatment groups in both strains of mice.
The average number of lung slices sectioned from each mouse was over 100. All values
are expressed as mean + SEM, n=10 and n=3 for each treatment in WT mice and FXIII”-
mice respectively. ****p-value<0.0001. ***p-value<0.001. **p-value<0.01. *p-

value<0.05, using a 2-way ANOVA for (A) and a one-way ANOVA for (B) and (C).
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3.6.6 Embolic events, but not thrombus size, correlate with PE burden in WT-

treated mice

Quantified embolization, thrombus size, and percentage of DVT turnover are indicators
of thrombus stability. To assess whether these indicators influence PE burden, we
correlated thrombus size and EEs with the number of emboli per lung slice. Poor
correlation exists between thrombus size and PE for all treatments (all R?< 0.39, Fig. 5A).
Thus, thrombus size does not determine PE burden.

In contrast, a strong correlation exists between total and large EEs and PE for all
treatments (all R>>0.90 for total EEs, Fig. S5, and all R>>0.83 for large EEs, Fig. 5B; two
mice in the saline group did not exhibit large EEs and were excluded from analysis).
Thus, in all treatment groups, PE burden increased linearly as a function of total and large

EEs.
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Figure 5: Correlation between the PE risk with thrombus size and large embolic

events.

Correlation between the number of pulmonary emboli per lung slice and (A) thrombus
size, and (B) large embolic events, for WT saline-, dalteparin-, and dabigatran-treated
mice. All values are expressed as mean = SEM, and n=10 for each treatment group.
Regression values with p-value<0.05 were considered significant and represented with a

solid regression line.
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3.6.7 In WT-treated mice, large, but not total EEs, predict PE burden independently

of treatment

To determine whether EEs could be used as predictors of PE burden independent of
treatment, linear regression models correlating PE burden with total or large EEs were
compared. The slopes were not significantly different between treatments (p=0.13), but
the y-intercepts were (p<0.0001) for total EEs and PE burden (Fig. S5 in section 3.9).
Thus, although total EEs strongly correlated with PE burden in all treatment groups, this
relationship differed according to treatment type.

In contrast, for large EEs and PE, slopes and y-intercepts from the lines-of-best-fit
were not significantly different between treatments. Therefore a pooled line-of-best-fit
predicts the risk of PE burden independent of treatment (Fig. 5B). Thus, the number of
large EEs quantified at a window near the proximal tip of the thrombus in the deep veins,

appears to predict PE burden independent of treatment.

3.6.8 FXIII impacts thrombus stability

Since thrombin-mediates FXIII activation, and FXIIla-mediated crosslinking of fibrin
may be responsible for venous thrombus stability, we hypothesized that anticoagulants,
by inhibiting thrombin, would require FXIII to decrease thrombus stability!**. FXIII"-
mice were compared to WT mice to determine whether FXIII impacts thrombus stability.
Thrombi in FXIII”- mice appeared less compact with greater “voids” than WT mice (Fig.
1A). Fibrin in thrombi in the femoral veins of FXIII”" mice appeared to have more

fractures than WT mice, but emboli visually appeared to be similar to WT mice (Fig. 1C).
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Thrombus size before and after treatment did not change significantly within or
among treatments (p=0.82, p=0.30, Fig. 2). In contrast to WT mice, there was a
significant change in thrombus size over time in FXIII”" mice (p=0.04, Fig. SI),
suggesting that FXIII” mice exhibit decreased thrombus stability compared to WT mice,
and that FXIII impacts stability.

Comparing total EEs, large EEs, and percentage of DVT turnover between WT
and FXIII”" mice, FXIII"~ saline-treated mice mimicked the increased embolization and
DVT turnover of WT dabigatran-treated mice (Fig. 3, 4A, S2 and S3). There was a
significant difference in total and large EEs between WT and FXIII”~ saline-treated mice
(p<0.0001 and p<0.001 respectively; Fig. 3A, B), suggesting FXIII prevents embolization
and promotes thrombus stability. Percentage of DVT turnover over time in FXIII”" mice
were similar to WT, except in the saline treatment group, which doubled from the 1% to
the 2" hour (p<0.005, Fig. S3). Dabigatran treatment of FXIII”" mice did not alter
embolization patterns suggesting that it requires FXIII to decrease thrombus stability.

The number of emboli per lung slice in the FXIII”- mice were not significantly
different from WT mice, but were slightly higher in FXIII"" saline-treated mice compared
to WT saline-treated mice (Fig. 4C). Like WT mice, in FXIII”* mice there was no
correlation between thrombus size and PE; and total and large EEs did correlate with PE,

however, this was dependent on treatment (data not shown).

3.7 DISCUSSION

We have established a mouse model of acute VTE that is unique in that it can assess

thrombus size, quantify emboli that break off from the thrombus, and quantify the
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resulting pulmonary emboli. This evaluation of thrombus stability allows us to show that
states with altered thrombus stability can alter PE burden.

Embolization in WT mice occurred most frequently after dabigatran treatment.
Over time, embolization decreased in saline-treated mice, but increased in dalteparin- and
dabigatran-treated mice, suggesting that, at least in this acute phase, dabigatran, and to a
lesser extent, dalteparin decrease thrombus stability. Without FXIII, embolization
increased significantly compared to WT saline-treated mice, but this was not the case for
dalteparin- or dabigatran-treated mice. Altered thrombus stability in FXIII”~ mice
suggests that FXIII is responsible for thrombus stability. Thrombus size remained similar
over two hours despite treatment with anticoagulants; thus thrombus lost by embolization
was continually being replaced by thrombus growth. Dabigatran-treated mice had greater
thrombus turnover and F1+2 compared to other treatments suggesting that more thrombin
is activated in thrombus turnover. Thrombus size fluctuated more in FXIII”~ mice
compared to WT, suggesting that FXIII stabilizes thrombi. The percentage of thrombus
that embolized, as well as the number of emboli in the pulmonary arteries, was highest in
dabigatran-treated mice. Thus, acute initial dabigatran treatment was associated with less
femoral vein thrombus stability and more pulmonary emboli; this is also seen in FXIII”-
saline-treated mice. Lastly, large EEs correlate with PE burden independent of treatment.
This suggests that quantifying larger EEs breaking off a DVT can be used to estimate PE
burden.

We have shown that FXIII deficiency decreased thrombus stability, but
specifically how FXIII impacts clot stability is not known. FXIII can stabilize clots by

crosslinking fibrin y-y, y-a, and o-a chains, and by crosslinking a»>-AP to fibrin, and to
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fibrinogen’!1°+1>. However, the relative contribution of these crosslinking actions is
debated??48-293,

DTIs such as dabigatran, are reported to be profibrinolytic by virtue of their
ability to inhibit thrombin-induced resistance to clot lysis. Dabigatran enhances clot
susceptibility to lysis by (at least) three possible mechanisms: (i) reducing activated
thrombin activatable fibrinolysis inhibitor (TAFIa) generation; (ii) reducing FXIIIa
generation; and (ii1) altering the viscoelastic properties of clots (less thrombin leads to
fewer and thicker fibrin strands that are prone to lysis)!>>136:185.204-207 " A] effects are
related to the ability of the drug to reduce thrombin generation and activity. These
properties of DTIs, more specifically dabigatran, explains three things: 1) why we don’t
see this increased embolization and PE burden in mice treated with antithrombin-
dependent FXa inhibitors, more specifically dalteparin, 2) why no difference was seen
between FXIII”- and WT dabigatran- or dalteparin-treated mice, and 3) why total EEs did
not correlate with PE independent of treatment.

Firstly, antithrombin-dependent FXa inhibitors enhance FXa- more than
thrombin-inhibition, and only inhibit free thrombin?%. DTIs inhibit free and clot-bound
thrombin. Therefore, the amount of residual thrombin left to generate FXIlla, or any
other thrombin-dependent factors required for thrombus stability, will be much higher
with FXa inhibitors than with DTIs. This may explain why dalteparin-treated clots are
more stable than dabigatran-treated clots. It has also been shown that dabigatran-treated
clots are more porous, contain fewer and thicker fibrin strands than dalteparin-treated

209

clots®”, and are lysed more quickly than those with dense, thin fibers'®. It is important to

note that thrombus stability can be dose-dependently altered by anticoagulants. Because
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the anticoagulants are compared to no treatment, there is likely a lower level of
anticoagulation that would not destabilize thrombi.

Secondly, when FXIII is deficient, there was no difference when dabigatran or
dalteparin were administered, but saline-treated FXIII”~ mice differed from WT.
Dabigatran decreases thrombin generation, thus there is less FXIII activation, producing
an unstable clot. When the unstable fibrin clot begins to embolize, there is more thrombin

generated to heal the injury (impaired wound healing)*!°

. However, with dabigatran, there
is not enough thrombin to generate FXIIla, and therefore the clot becomes unstable
leading to more embolization and ongoing thrombin production; this is exhibited by
increased levels of F1+2 in dabigatran-treated mice®!'!2. This feedback loop may be
responsible for increased PE burden seen in dabigatran-treated mice. Clinically, patients
with PE have lower FXIIIA antigen levels than patients without PE?!?,

Thirdly, the susceptibility of dabigatran-treated clots to lysis might explain why
only large EEs predict PE burden independent of treatment. If dabigatran-treated clots
and their emboli are more prone to lysis, perhaps smaller emboli in the pulmonary
arteries have lysed, making them undetectable. Thus, total EEs cannot predict PE burden
independent of treatment. However, larger EEs may be harder to lyse regardless of
treatment, thus the size of an embolus may be proportional to its occlusive burden in the
pulmonary circulation, making large EEs a better indicator of PE burden independent of
treatment. The total EEs correlate positively with larger EEs independent of treatment
(Fig. S6), and since dalteparin had fewer total and large EEs than dabigatran, this

suggests that acute treatment of DVT with dalteparin is more effective because it results

in lower PE burden. This may also explain why patients in the THRIVE study treated,
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with ximelagatran, without initial treatment with LMWH, had higher early rates of VTE

recurrence than those treated with conventional anticoagulants'!’

, and why all-oral
therapy with FXa inhibitors do not have higher rates of VTE recurrence'®~'%2. These
findings also caution against the unapproved use of dabigatran for acute initial treatment
of VTE.

There are limitations of this VTE stability model. The clinical significance of the
altered PE burden cannot be determined. The finite time that we can evaluate thrombus
stability limits our conclusions to acute treatment only. The mechanisms initiating
thrombus formation in the FeCl; model and whether this models thrombus formation that
occurs clinically remains incompletely understood!'®**!4217 Despite these limitations, the
FeCls model was chosen because the vein is not occluded and blood flow is required for
embolization. Lastly, strain-dependent differences between WT and FXIII”~ mice may
contribute to observations.

Development of a reproducible and standardized combined DVT and PE model is
crucial to broaden understanding of PE and its relationship to DVT, and to allow better
evaluation of antithrombotic strategies. Ultimately, anticoagulants should stabilize
thrombi while preventing PE-associated mortality. This novel mouse model evaluates
thrombus stability, and how states with altered thrombus stability influence PE burden,
showing that FXIII is critical. We have shown that acute treatment of DVT with
dabigatran, but not LMWH, decreases thrombus stability, and ultimately increases PE

burden, which is consistent with clinical data!'”.
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3.9 SUPPLEMENTARY INFORMATION

Video S1. IVM recording from the proximal tip of the thrombus used to count embolic

events. https://onlinelibrary.wiley.com/doi/full/10.1111/jth.13182
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Figure S1: Change in thrombus size over two hours for WT and FXIII- mice

treated with either saline, dalteparin, or dabigatran.

The change in thrombus size was calculated by subtracting the thrombus size at time n

from the thrombus size before any treatment was administered (i.e. thrombus size at
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baseline). All values are expressed as mean + SEM, n=10 and n=3 for each treatment in

WT mice and FXIII”" mice respectively, using a 2-way ANOVA.
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Figure S2: Changes in embolic events after treatment with saline, dalteparin, or

dabigatran in WT and FXIII”- mice.
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Changes in (A) Total and (B) large embolic events in the 1% hour and 2" hour after
treatment administration. All values are expressed as mean + SEM, n=10 and n=3 for
each treatment in WT mice and FXIII”" mice respectively. ****p-value<0.0001. ***p-

value<0.001. **p-value<0.01. *p-value<0.05, using a 2-way ANOVA.
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Figure S3: Percent of thrombus that embolizes in the first and second hour after

saline, dalteparin, or dabigatran treatment in WT and FXIII’- mice.

All values are expressed as mean = SEM; n=10 and n=3 for each treatment in WT mice
and FXIII”~ mice respectively. ****p-value<0.0001. *p-value<0.05, using a 2-way

ANOVA.
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Figure S4: Maximum fluorescence units measured from homogenized lungs from

WT saline- and dabigatran-treated mice after DVT and fluorescently tagged anti-

fibrin antibody injection.

All values are expressed as mean = SEM; n=3 for each treatment. *p-value<0.05, using

an unpaired student’s t-test.
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Figure S5: Association between the total embolic events with the number of

pulmonary emboli per lung slice for WT saline-, dalteparin-, and dabigatran-treated

mice.

All values expressed as mean + SEM, n=10 for each. Regression values with p-

value<0.05 were considered significant and represented with solid regression line.
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Figure S6: Correlation between the total and large embolic events in WT mice

treated with saline, dalteparin, or dabigatran.

All values are expressed as mean = SEM, n=10 for each. Regression values with p-

value<0.05 were considered significant and represented with solid regression line.
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CHAPTER FOUR

4.0 FACTOR XIII PREVENTS PULMONARY EMBOLI IN MICE BY

STABILIZING DEEP VEIN THROMBOSIS

4.1 FORWARD

This manuscript describes the effect of attenuating fibrinolysis on thrombus
stability using the in vivo mouse model of venous thromboembolism as well as clot lysis.
This manuscript shows that 1) with FXIII supplementation, thrombus stability is increased
and pulmonary embolism risk is decreased without altering the size of the initial injury,
i1) this is not seen with epsilon-aminocaproic acid and iii) in vitro clot lysis assays do not

predict how agents will stabilize DVT in vivo.
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4.2 ABSTRACT

Background: Deep-vein thrombosis (DVT) can lead to pulmonary embolism (PE), but the
mechanisms responsible for this progression are unknown. Previously, we showed that
inhibition of thrombin-mediated activation of factor (F) XIII promotes venous thrombus
stability in a murine model. Aim: In this study we investigate the consequence of
attenuating fibrinolysis, using FXIII, alphaz-antiplasmin (a2-AP) or g-aminocaproic acid
(EACA) supplementation, on clot lysis and venous thrombus stability using the same
mouse model. Methods: In vitro plasma clot lysis assay shows that EACA and a2-AP but
not FXIII, inhibit fibrinolysis. Ferric chloride induced thrombi in the femoral vein of
mice. After thrombus formation, mice received saline, EACA, ax-AP, or FXIII, with or
without dalteparin or dabigatran. Thrombus sizes and embolization over two hours were
visualized using intravital videomicroscopy. Lungs were sectioned to quantify emboli
presence via histology. Results: The change in thrombus size over time was significantly
greater after EACA treatment, but not FXIII or ax-AP supplementation, compared to
saline. ax-AP-supplementation did not alter thrombus stability. Thrombi were more stable
following EACA treatment and FXIII supplementation as evidenced by less embolic
events and PE burden, even when they were anticoagulated with either dalteparin or
dabigatran. Conclusion: FXIII supplementation stabilized venous thrombi, even in the
presence of anticoagulants, and did not alter thrombus size. Supplemental FXIII may be
useful to stabilize DVT and be an alternative adjunctive treatment to minimize PE, even

when anticoagulants are used.
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4.3 KEYWORDS

(1) factor XIII (ii) e-aminocaproic acid (iii) pulmonary embolism (iv) fibrinolysis (v)

alphaz-antiplasmin.

4.4 WHAT IS KNOWN?

The factors and mechanism involved in thrombus stability still remain largely
undefined, therefore we asked if we can stabilize venous thrombi to reduce
pulmonary embolism

We have previously shown that acute upfront treatment with anticoagulants leads
to decreased thrombus stability, as evidenced by increased embolization and

increased pulmonary embolism risk, and this was factor XIII-dependent

4.5 WHAT DOES THIS PAPER ADD?

e-aminocaproic acid (EACA) and alphas-antiplasmin (o2-AP), but not factor XIII
(FXIII), reduced clot lysis in vitro

In a mouse model, EACA stabilized thrombi and decreased PE risk, however
DVT increased in size, while treatment with a2-AP had no effect on embolization
and DVT size compared to saline-treated mice

Supplemental FXIII stabilized thrombi without increasing DVT size even in the
presence of anticoagulants, therefore supplemental FXIII may stabilize deep vein

thrombi and prevent PE
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4.6 INTRODUCTION

Venous thromboembolism (VTE), comprising of deep-vein thrombosis (DVT) and
pulmonary embolism (PE), occurs in at least 1 in 1,000 individuals and is the third most
common cause of cardiovascular death®*. Both the 1) clinical manifestation of VTE (DVT
or PE), and ii) progression of DVT to PE, which can be fatal, are unpredictable. An ideal
treatment for DVT patients would stabilize clots, minimize embolization and reduce PE.
Is there a way to minimize embolization from a DVT? The factors that determine venous
thrombus stability and its link to PE risk remain undefined.

To address this, we have previously described a novel mouse model of VTE that
can evaluate thrombus stability by quantifying the thrombus size, the number of embolic
events breaking off the thrombus and the resulting PE burden®'®. We demonstrated that
acute thrombin inhibition increased the number of embolic events and this was factor
XIII- (FXIIT) mediated. FXIII is activated by thrombin to activated FXIII (FXIIla), a
transglutaminase that stabilizes fibrin by crosslinking fibrin monomers and crosslinking
alphaz-antiplasmin (02-AP), the primary inhibitor of plasmin, to fibrinogen and
fibrin!8>:19207.211 " Thys, FXIII activation by thrombi contributes to venous thrombus
stability?'®.

The purpose of this study was to compare the effects of g-aminocaproic acid
(EACA), FXIII or a2-AP on thrombus stability. EACA is a synthetic lysine analogue that
competes with tissue-type plasminogen activator (t-PA), plasminogen, and plasmin for
binding fibrin, thus down-regulating fibrinolysis and increasing clot stability. It is used
clinically to treat or prevent excessive blood loss during surgery?!®. Recombinant FXIII

supplementation reduces postoperative blood transfusions in the context of
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3736 g,-AP-inhibition assists in the

cardiopulmonary bypass and cancer surgery
dissolution of preformed pulmonary emboli®. Its effect on thrombus stability, however,
has never been studied.

In this study, we compared the effects of EACA treatment, and FXIII or ax-AP
supplementation on clot lysis in vitro, and on venous thrombus stability using a

characterized mouse model*'®. Only FXIII supplementation increased thrombus stability

without increasing thrombus size.

4.7 MATERIALS AND METHODS

4.7.1 Animal handling

Wild type (WT) C57BL/6 female mice, purchased from Charles River Laboratories
(Sherbrooke, Quebec, Canada), and FXIII deficient (FXIII’") mice, a gift from CSL-
Behring (Rossdorf, Germany)!”® were housed in micro-isolator cages on a constant 12h
light/12h dark cycle with controlled temperature and humidity, and given access to food
and water ad libitum. All animal use protocols were performed according to Canadian
Council of Animal Care Guidelines, and were approved by the Animal Research Ethics

Board at McMaster University.

4.7.2 Clot Lysis Assay

WT mice were administered saline (5 pL/g), FXIII (I mg/kg, plasma purified human
FXIIII A2B2 tetramer, Enzyme Research Laboratories)*'?, or EACA (0.5 mg/g dose was
used in the clot lysis experiment because pilot studies showed no clot lysis with 1 mg/g

dose, Sigma Aldrich) and one hour later blood was collected as previously described?!®,
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Plasma from WT mice was mixed with either 0, 60, or 120 pug/mL of mouse a>-AP
(Abcam, Toronto, Ontario; to double or triple the physiological concentration which is
approximately 60 pg/mL)**°. Plasma from FXIII”- mice was supplemented with 0, 5, 10,
or 15 ug/mL of FXIIL The clot lysis assay was performed as previously described??!.
Briefly, a 1:3 dilution of mouse plasma was performed in HEPES buffered saline (HBS)
containing 0.01% Tween-80 and incubated for 5 minutes at 25°C. Clotting was initiated
with thrombin (10 nM) and lysis was initiated with 20 nM tenecteplase (Roche,
Mississauga, Canada), in the presence of 15 mM CaCl, to a final volume of 100 pL.
Absorbance was monitored at 400 nm at 25°C and the clot lysis time was defined as the

time required to reach half-maximal decrease in absorbance during lysis.

4.7.3 Venous thrombus stability model

The model has been described previously?!®. Briefly, platelets were labeled with Alexa
Fluor (AF)-488-tagged Fa», fragments of a rat-anti-mouse CD41 antibody (Emfret,
Germany) that was injected through the jugular vein at a concentration of 1 pg/g'®’. In
some experiments, mouse anti-fibrin II  chain (Bf 15-42) T2G1 antibody conjugated to
AF-647 (Accurate, NY, USA) was injected. Thrombus formation was initiated using a
4% ferric chloride (FeClz)-soaked filter paper applied to the medial side of the femoral

)*22 alone,

vein. Twelve minutes after injury, treatment with intravenous EACA (1 mg/g
02-AP (4.2 mg/kg, Innovative Research, Burlington, Ontario)*?°, alone, or saline (5 pl/g),
dalteparin (0.2 IU/g, Pfizer, Quebec, Canada), dabigatran (0.033 mg/kg, dissolved in 1%
DMSO and 1% HCI, Howsine, China)'®®, then with or without FXIII (1 mg/kg) was

administered.
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Thrombi were imaged and embolic events recorded for two hours using intravital
videomicroscopy. After imaging, blood was collected from the carotid artery and
centrifuged to obtain platelet poor plasma (PPP). The lungs and the femoral vein were
excised and sectioned; Carstairs staining was used to visualize the PE and DVT.

The change in thrombus size from baseline was quantified by subtracting the
baseline thrombus size value from the average of the thrombus sizes over the last hour of
observation. Total and large embolic events, the percentage of thrombus that embolized
or DVT turnover, and the number of pulmonary emboli per lung slice were quantified as

previously described?'®.

4.7.4 FXIIlIa Activity Assay

Normal human plasma (NHP) was supplemented with dabigatran (250 ng/mL) or
dalteparin (1.5 U/mL) with or without FXIII (to achieve a level of 150% of physiological,
Enzyme Research Laboratory, South Bend, Indiana). FXIIla levels were measured using
the Technochrom FXIII assay (Technoclone, Austria) following the manufacturer’s
instructions. Briefly, the assay measures ammonia released in the first step of the

transglutaminase reaction with a sensitivity of 0.6%.

4.7.5 Statistical analysis

All values are expressed as mean + standard error of mean (SEM), n=7 for a>-AP
supplementation and n=10 for the remaining treatments discussed. Student’s t-test was
used to analyze differences in clot lysis times, FXIIIa activity. The change in thrombus

size from baseline was analyzed using a non-parametric ANOVA Kruskal-Wallis test
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with Dunn’s multiple comparison test. One-way ANOVA with Tukey’s or Dunnett’s
multiple comparison test was used to analyze the differences in total and large embolic
events, percentage of thrombus that embolized and the number of pulmonary emboli per
lung slice among treatments. A two-way ANOVA with Tukey’s multiple comparison test
was used to analyze the differences in total and large embolic events, percentage of
thrombus that embolized and number of PE per lung slide in dalteparin- or dabigatran-
treated mice with and without FXIII supplementation. Analyses were performed using

GraphPad Prism version 6.0 and P-values <0.05 were considered statistically significant.

4.8 RESULTS

4.8.1 Clot lysis is inhibited with EACA and a2-AP but not with FXIII

In vitro clot lysis experiments showed no apparent lysis of clots generated from plasma
collected from mice treated with EACA (0.5 mg/g; Figure 1A). Lysis times of clots
generated from WT plasma treated with az-AP increased in a dose dependent manner
(Figure 1B), with no apparent lysis observed at three-times physiological concentration of
a2-AP. However, there was no significant difference in clot lysis times in the plasma
obtained from WT mice treated with either saline or supplemental FXIII (adding 50% to
achieve 150% of normal; Figure 1C). Therefore, these data suggest that EACA and a,-AP
supplementation would inhibit fibrinolysis while FXIII supplementation would not alter
fibrinolysis. When FXIII was added to plasma isolated from the FXIII”" mice to
reconstitute the plasma to 100% of FXIIL, clot lysis times increased in a concentration-
dependent manner. However, there was no further increase in lysis times with FXIII

addition beyond 100% (Figure 1D).
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Figure 1: Clot lysis assays.

(A) WT mice treated with either saline or EACA (0.5 mg/g). (B) Plasma from WT mice
was mixed with either no, or 60 pg/mL of mouse a2-AP to double the physiological
concentration which is approximately 60 pg/mL, or 120 pg/mL (to triple the
concentration). (C) WT mice treated with either saline or FXIII supplementation (1
mg/kg). (D) Clot lysis times at different concentrations of FXIII. Clot lysis assay was
performed using FXIII”- plasma supplemented to achieve FXIII concentrations of 0
pg/mL, 5 ng/mL, 10 pg/mL (the physiological concentration of FXIII), or 15 pg/mL of

FXTIL.
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4.8.2 Thrombus size increased with EACA treatment but not with FXIII or o2-AP

Thrombus size was analyzed to see if the treatments affected DVT size. Compared to
saline, EACA significantly (p< 0.01) increased thrombus size; a similar increase was
observed with EACA at one-tenth the dose (data not shown). With FXIII or a»-AP
supplementation, however, the thrombus size did not change over the duration of the

experiment (Figure 2A).

4.8.3 Thrombus stability increased with EACA, FXIII, but not az2-AP

The number of total events and large embolic events were 40.2 = 3.0 min"! and 4.8 + 1.1
min’!, respectively, in mice given saline (Figure 2B, C). Similar numbers of total and
large embolic events were observed with az-AP administration (35.3 = 7.0 min™ and 3.9
+ 1.7 min’!, respectively; Figure 2B, C). In contrast, both FXIII and EACA significantly
(p<0.01) reduced the number of total embolic events by approximately 40% to 23.4 + 2.6
min"! and 23.3 £ 2.2 min’!, respectively. The large embolic events were reduced to 2.1 +
0.8 min! with FXIII, albeit not statistically significantly (p=0.06), and to 0.8 + 0.2 min™,
(p<0.05) with EACA, respectively (Figure 2C).

The percentage of the thrombus that embolized was calculated in the 2-hour
observation period as a measure of DVT turnover (Figure 2D)*'®. DVT turnover was
higher in saline- and a;-AP-treated mice than in those given EACA or FXIII (11.8% =+
1.4%, 10.9% =+ 2.6%, 7.4% + 0.7% and 8.9% =+ 1.3%, respectively).

Compared to saline (0.13 £ 0.02 per lung slice), PE burden was reduced by 1.5-

fold with FXIII supplementation (0.08 £ 0.01 per lung slice, p=0.06) and 2.5-fold with

EACA treatment (0.05 + 0.01 per lung slice, p<0.01) (Figure 2E).
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Although EACA increased thrombus stability, it also significantly increased the
thrombus size from baseline. a2-AP supplementation did not alter the thrombus size or
stability compared to control. In contrast, FXIII supplementation increased thrombus
stability without increasing thrombus size significantly. Therefore, we evaluated whether

FXIII would stabilize DVT when used as an adjunct to anticoagulation.
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Figure 2: DVT stability after treatment with EACA (1 mg/g), FXIII (1 mg/kg) or a2-

AP (4.2 mg/kg) supplementation was compared to saline treatment in WT mice.
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(A) The change in thrombus size from baseline. The (B) total and (C) large embolic
events per minute, (D) percent of thrombus that embolized over two hours, and (E)
number of pulmonary emboli counted per lung slice between the treatment groups are
shown. All values are expressed as mean + SEM, n=7 for a2-AP experiments and n=10
for saline, EACA and FXIII experiments. **p-value<0.01. *p-value<0.05, using a

Kruskal-Wallis test for (A) and one-way ANOVA for (B-E).
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4.8.4 Treatment with FXIII increases thrombus stability in the presence of

anticoagulants

We have previously shown that treatment with anticoagulants does not significantly alter

the thrombus size over the two hours of observation®!’

. When anticoagulated mice were
supplemented with FXIII, thrombus sizes before and after treatment were not
significantly different (data not shown). Therefore, the effect of FXIII supplementation
on the number of embolic events in saline-, dalteparin- or dabigatran-treated mice was
evaluated. Supplementation with FXIII significantly reduced total embolic events by
approximately 50% in saline- (from 40.2 + 3.0 to 23.3 + 2.6 min’!, p<0.05) and
dalteparin-treated mice (from 44.4 + 4.1 to 21.4 + 3.1 min"!, p<0.01), and by 70% in
dabigatran-treated mice (from 103.76 £ 4.7 to 38 + 4.5 min™!, p<0.0001; Figure 3A). With
FXIII supplementation, the frequency of embolization observed was similar with or
without anticoagulation. A similar pattern was observed for large embolic events (Figure
3B). The number of large embolic events significantly decreased by more than 60% with
FXIII supplementation in the dalteparin- (from 6.4 = 0.7 to 2.3 £+ 1.0 min™!, p<0.05) and

dabigatran-treated mice (from 10.1 £ 1.0 to 2.7 = 0.7 min™!, p<0.0001). Therefore, FXIII

supplementation increases thrombus stability despite anticoagulation.
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Figure 3: Embolic events after saline, dalteparin, or dabigatran treatment with or

without FXIII supplementation.

The (A) total and (B) large embolic events per minute over two hours are shown. All
values expressed as mean + SEM, n=10 for each treatment in non-supplemented mice and
FXIII-supplemented mice. ****p-value<0.0001. **p-value<0.01. *p-value<0.05, using a

2-way ANOVA.
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4.8.5 FXIII supplementation reduced the percentage of thrombus that embolized

and the PE burden in dabigatran-treated mice

With FXIII supplementation, DVT turnover decreased by approximately 50% in
dalteparin-treated mice and by 75% in dabigatran-treated mice (p<0.0001; Figure 4A).
This decrease correlated with the number of emboli per lung slice. FXIII supplementation
significantly reduced PE burden by half in the dabigatran-treated mice (from 0.21 + 0.03
to 0.11 &+ 0.02 PE per lung slice, p<0.01; Figure 4B) and marginally reduced the number
of emboli in the saline- or dalteparin-treated mice (Figure 4B). Therefore, FXIII
supplementation exhibited the greatest increase in thrombus stability in dabigatran-

treated mice, suggesting that the effect was dependent on the anticoagulant.
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Figure 4: DVT turnover and PE risk in treated mine with, or without, FXIII

supplementation.

(A) The percentage of thrombus that embolized in two hours and (B) the number of
pulmonary emboli counted per lung slice after saline, dalteparin, or dabigatran treatment
with or without FXIII supplementation. All values expressed as mean + SEM, n=10 for
each treatment in non-supplemented mice and FXIII-supplemented mice. ****p-

value<0.0001. **p-value<0.01, using a 2-way ANOVA.
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4.8.6 FXIII supplementation overcomes anticoagulant inhibition of FXIIIa

generation

Dalteparin and dabigatran inhibit thrombin in an antithrombin-dependent and
independent manner, respectively. We tested whether supplementing FXIII would
overcome thrombin inhibition by dalteparin or dabigatran, to generate more FXIIla.
When therapeutic doses of dalteparin or dabigatran were added to NHP, FXIIIa activity
was significantly reduced from 1 U to 0.82 + 0.01 U and 0.62 + 0.03 U, respectively (data
not shown). FXIIla activity was significantly higher in plasma containing dalteparin than
in that containing dabigatran (p<0.01). When FXIII was added to 150% of the
physiological level to plasma containing therapeutic doses of the anticoagulants, FXIIla
activity levels increased. With this additional FXIII, FXIIIa levels were significantly
higher in plasma containing dalteparin than in plasma containing dabigatran (1.36 + 0.06
U and 1.17 £ 0.03 U, respectively; p<0.01). Therefore, FXIIIa activity can be rescued by

FXIII supplementation even in the context of anticoagulants that inhibit thrombin.

4.9 DISCUSSION

Thrombus stability determines whether or not a clot in the deep veins will embolize. We
show that the thrombus stability increased with EACA treatment or supplemental FXIII
but not with supplemental a2-AP. However, thrombus size increased with EACA but not
with FXIII or a2-AP. Furthermore, supplemental FXIII reduced embolization and PE
burden in mice given dalteparin or dabigatran without altering thrombus size. These data
suggest that FXIII supplementation may stabilize DVT and reduce the risk of PE when

used alone or in conjunction with anticoagulants.
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The divergent effects of EACA and FXIII on DVT growth and embolization can
be explained by their different effects on clot lysis. EACA attenuates fibrinolysis by
competing with plasminogen and plasmin for fibrin binding, thereby further down-
regulating fibrinolysis by reducing plasminogen activation and decreasing plasmin
generation. In contrast, FXIIIa can render clots more resistant to lysis by 1) crosslinking
the fibrin, and ii) promoting crosslinking of a-AP onto fibrin!8>193207.219 " Contrary to
what would be expected, increasing FXIII beyond 100% of normal plasma levels does
not significantly alter fibrinolysis (Figure 1D). Corroborating our finding, others have
demonstrated that even in the presence of 10-fold higher than normal levels of FXIII (10
U/mL), clot lysis rates were only 1.5-fold slower compared with normal®**. Crosslinking
of 02-AP to fibrin by FXIIla also only partially inhibits fibrinolysis in vitro, because
excess FXIII has been shown to crosslink only up to 20%-40% of available a2-AP to
fibrin clots?**??’. Thus, enhancing the concentration of FXIII increases the rate of a2-AP
crosslinking but does not change the maximal incorporation??®. Therefore, FXIII
supplemented mice have more stable clots as a consequence of increased mechanical
strength with little change in clot lysis. In contrast, EACA-treated mice not only have
inhibited fibrinolysis but also have FXIIIa in the circulation that enhances the mechanical
strength of the clot. Consequently, the equilibrium between thrombus growth and
embolization is more disrupted with EACA treatment.

Our findings are consistent with clinical data with FXIII supplementation. In the
context of invasive surgeries, including cardiopulmonary bypass in patients with high or
moderate risk of blood loss postoperatively, supplemental recombinant FXIII reduced

blood loss, but did not increase the number of adverse events, including thromboembolic
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events™ 7. In fact, the use of high doses of recombinant FXIII in deficient and healthy
volunteers has not been shown to increase the risk of thromboembolism>* .

The observation that FXIII supplementation has a greater effect on restoring DVT
stability in dabigatran-treated mice than in those given dalteparin or saline can be
explained in two ways. First, the relative amount of residual thrombin left to generate
FXIlIa is likely to be greater with indirect FXa inhibitors, such as dalteparin, than with a
direct thrombin inhibitor such as dabigatran. This occurs because antithrombin-dependent
FXa inhibitors only inhibit free thrombin?%. In contrast, dabigatran inhibits both free and
clot-bound thrombin?%. Therefore, clots in dalteparin-treated mice retain greater residual
thrombin activity, which can then activate FXIII. As such, FXIII supplementation has
less of an effect on restoring thrombus stability. Alternatively, with dabigatran, the
amount of FXIIla generated is reduced and thrombus stability becomes compromised?!®.
Therefore, FXIII supplementation has a greater effect on restoring the amount of FXIIIa
activity.

Second, inadequate amounts of FXIIla leads to decreased clot firmness. This
phenomenon is observed in patients undergoing cardiopulmonary bypass who have
bleeding despite an increased fibrin monomer concentration®. The reduction in clot
firmness is restored if patients receive recombinant FXIII during surgery?°. The
imbalance or disequilibrium between thrombin generation and available FXIIIa may lead
to decreased or impaired cross-linking capacity and thus reduced clot firmness, which
leads to increased fibrin monomer formation®*°. In a previous study, dabigatran-treated
mice had the least stable clots and yet the highest amount of thrombin generated

compared with dalteparin-treated mice?'®. This imbalance may be greater after treatment
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with dabigatran than with dalteparin. Therefore, the effect of supplemental FXIII on
thrombus stability and thrombin generation will be greater in dabigatran-treated mice.

We previously showed that when mice were treated with dalteparin or dabigatran,
thrombus size did not decrease despite embolization. Instead, there was constant
thrombus turnover?'®. This phenomenon also was observed when dalteparin or dabigatran
treated mice were given supplemental FXIII. These findings are consistent with clinical
data where there is no evidence that the size of a DVT decreases in the first hours after an
anticoagulant is given'>’.

Our model has some limitations. These include its short duration, the use of ferric
chloride to induce thrombus formation, and the use of a platelet label to monitor
embolization. We are unable to do survival surgery once the femoral vein is isolated.
More commonly used models of venous thrombosis, such as suture stenosis of the
inferior vena cava, do not allow for spontaneous embolization, which is essential for
evaluating thrombus stability. Lastly, we image emboli with a platelet label, because it is
abundant and bright. Imaging with a fibrin-specific antibody T2G1 conjugated to
AlexaFlour 647 (see Supplement Figure 1 in section 4.10) confirmed fibrin in the
thrombus and the pulmonary emboli, but was not bright enough for adequate quantitation
of dynamic embolization using intravital videomicroscopy. Also, Carstairs stain allows
for fibrin visualization, thus the presence of fibrin in pulmonary emboli is confirmed in
all groups. Increasing thrombus stability may have limitations. Stabilization of thrombi
may increase the risk of the post-thrombotic syndrome (PTS). A slow rate of thrombus
resolution has been correlated with valve reflux and PTS'*!*°, In contrast, rapid DVT

resolution is associated with reduced valvular damage, less venous hypertension, and a
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lower risk of PTS?*!233. Therefore, it is unknown whether FXIII-mediated stabilization
of DVT will increase the risk of PTS. However, if that were the case, patients with the
FXIII Val34Leu polymorphism, who show increased rates of FXIII activation, and have
more stable clots would be at an increased risk of PTS, but this has never been reported.
In fact, patients with this polymorphism have a decreased risk of myocardial infarction
67234 DVT and PE 25236,

There is a clinical need for approaches that will reduce PE mortality. Inferior vena
cava filters are still being used to prevent PE. It is these patients who would benefit from
a treatment that could minimize embolization by stabilizing the DVT. We have shown
that treatment with EACA or ax-AP are not ideal. However, FXIII supplementation, even
with dalteparin or dabigatran, stabilizes thrombi without increasing clot size. Hence,
supplemental FXIII should be studied as an adjuvant treatment to reduce PE-associated

morbidity.
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4.10 SUPPLEMENTARY INFORMATION

Figure S1: Representative montage of the whole thrombus and carstairs stained

lung sections.

Representative montage of the whole thrombus labeled using either (A) AF488 labeled
CDA41 or (B) AF 647 labeled anti-fibrin B chain (Bf 15-42) T2G1. The granular image is
from look-up table compression because of the poor signal from the anti-fibrin antibody
making thrombus size and emboli quantification difficult. (C) Carstair’s stained images
of sectioned lungs from dalteparin-treated mice. The circles outline the pulmonary

arteries and he arrows point to fibrin-rick emboli.
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CHAPTER FIVE

5.0 THROMBUS STABILITY EXPLAINS THE FACTOR V LEIDEN PARADOX:

A MOUSE MODEL

5.1 FORWARD

This manuscript ascribes a mechanism for the factor V Leiden paradox seen in
patients. FVL patients have more often venous thrombosis than pulmonary embolism due
to enhanced clot stability. Mice with the FV Leiden mutation develop larger thrombi in a

DVT model, which embolize at a lower rate than thrombi in WT mice.
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5.2 KEY POINTS

e Factor V Leiden (FVL) homozygous mice have increased thrombus size and
reduced pulmonary embolism burden compared with wild-type mice
e FVL carriers develop more stable thrombi which become clinical deep vein

thrombosis more often than noncarriers, explaining the FVL paradox

5.3 ABSTRACT

Humans carrying the factor V Leiden (FVL) variant have a five-fold increased risk of
venous thrombosis. However, incidence of deep vein thrombosis (DVT) is proportionally
greater than pulmonary embolism (PE) in these individuals. This is known as the FVL
paradox. We hypothesized that the rate of initial DVT development is similar in FVL and
noncarriers, but thrombi in FVL carriers are more stable and develop into a clinically
significant DVT more often than in noncarriers. To test this, we induced thrombi in the
femoral vein of wild-type (WT), heterozygous (F5“") and FVL homozygous (F5“") mice.
Using intravital microscopy, thrombus size and embolization were visualized, and emboli
in the lungs were quantified. Compared to WT, femoral vein thrombi in F5“" and F5"*
mice were larger and embolized less. Total and large embolic events, the percent of
thrombus that embolized, and PE burden were significantly decreased in F5““ mice. This
suggests that noncarriers (reflected by WT), a minor injury initially resulting in a small
DVT tends to remain small and asymptomatic due to the embolization of the otherwise
growing thrombus. Alternatively, the same insult in people with FVL (reflected by F5%)

leads to thrombus growth due to less embolization and thus symptomatic DVT

development.
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5.4 INTRODUCTION

Activated factor V (FVa), together with the serine protease factor Xa (FXa) form the
prothrombinase complex that converts prothrombin to active thrombin. FVa is
subsequently inactivated by the natural anticoagulant, activated protein C (APC), which
cleaves FVa at arginine(R)-506, R306, and R679 in the heavy chain’®. Cleavage at R506
is required for efficient cleavage at the two other sites?®. The substitution of glutamine
(Q) for R506 in FV is a common mutation in humans known as factor V Leiden (FVL).
The R506Q mutation abolishes a cleavage site for APC, thereby reducing the rate of FVa
inactivation and consequently allowing for prolonged prothrombinase activity®.

The clinical manifestation of the FVL variant varies. Whereas most individuals
with FVL may never develop thrombosis?*’, those with FVL heterozygosity are at
increased risk of venous thrombosis, typically experiencing their first episode during
adulthood?*®, while those homozygous for FVL tend to present with their first episode at
a younger age?*°. The relative risk for venous thrombosis is increased by 3- to 8-fold in
those heterozygous for FVL?*%?*! While most studies report an increased VTE risk in
those homozygous for FVL, there is more discrepancy within the relative risk estimates;
9 to 80-fold**and 9 to 12-fold**!2%2,

FVL heterozygosity is an inherited autosomal dominant condition that is
identified in 20-50% of patients with venous thromboembolic diseases’'?, and 5-8% of
the population in Canada®*. There is a higher incidence of DVT than PE in those with
FVL, and a low prevalence of FVL among people who suffer a fatal PE®'2. This has
been referred to as the FVL paradox. While several mechanisms and hypotheses have

been studied, none have explained the biological basis for the FVL paradox?*+-246,
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A study performed by van Langevelde ef al., evaluated whether common venous
thrombosis risk factors have differential effect on DVT and PE?**’. This study found that
along with FVL, reproduction-related risk factors, such as pregnancy and use of oral
contraceptives, as well as obesity also showed a higher risk for DVT than PE. Meanwhile,
pulmonary conditions, such as chronic obstruction pulmonary disease, pneumonia, and
sickle cell disease are a higher risk factor for PE but have little or no effect on DVT. Thus,
this suggests a biology that underlies whether the presentation of VTE will be DVT or PE,
thus understanding the FVL paradox may have broader implications.

Based on this previous work, we wondered if the incidence of subclinical
thrombus formation are similar among FVL carriers and noncarriers, but FVL carriers
develop a symptomatic DVT due to enhanced thrombus stability. In contrast, the
thrombus remains subclinical in noncarriers due to micro-embolization. Therefore, to
explain the FVL paradox, we assessed DVT stability after a small injury, in 5" and

F5Y" compared to wild-type (WT) mice.

5.5 MATERIALS AND METHODS

FVL mice, gifted from Dr. Ginsburg’s lab, were generated carrying the homologous
mutation (R504Q) inserted into the endogenous murine F5 gene. Adult heterozygous
(F5Y%) and homozygous (F5-'") mice are viable and fertile and exhibit normal survival®>.
Experiments were carried out using our in vivo mouse model of thrombus stability as
previously described with slight modifications?'®. Previously, a 1 mm x 2 mm 4% ferric
chloride (FeCls)- soaked filter paper placed on the medial side of the femoral vein for 5

minutes is used to initiate non-occlusive thrombi in WT mice for two hours. This
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concentration and time of application of FeCls; occluded the femoral vein of F5%* mice
before the two-hour experiment window. Thus, we shortened the FeCls-soaked filter
paper application time to 3 minutes to initiate smaller, reproducible and non-occlusive
thrombi in both F5%*and WT mice. Intravital videomicroscopy recorded embolic events
leaving the thrombus and the thrombus sizes for two hours. Lungs were harvested,
sectioned and stained for presence of PE. All other labeling, quantification and analysis
has been previously described?'®. Prothrombin fragment 1 + 2 (F1 + 2) levels were
measured by ELISA (Cloud Corp., Houston, TX, USA) following the manufacturer’s

instructions.

5.6 RESULTS AND DISCUSSION

Thrombi initially induced in the femoral vein of WT, F5Y* or F5YL mice were not
significantly different from each other in size (data not shown). After 2 hours, the F5%*
and F5Y" mice exhibited a significantly greater change in thrombus size from baseline
compared to WT mice (Figure 1A). Emboli breaking off the proximal tip of the thrombus
were recorded and manually counted. Both the total number and number of large embolic
events were significantly more in WT mice compared with F5%" and F5Y" mice (Figure
1B, C). The percent of thrombus that embolized in the two-hour observation period, a

measure of DVT turnover, was significantly reduced in F5Y* and F5't

mice compared
with WT mice (Figure 1D). Taken together, these data suggest that the small thrombus
induced in FVL heterozygous or homozygous mice stabilized over time, with reduced

embolization. This enabled greater thrombus growth, while the small thrombus in WT

mice continuously embolized without increasing the net thrombus size.
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Figure 1: In vivo mouse model of thrombus stability in WT, FS* and F5"I mice.

The (A) change in thrombus size from baseline, number of (B) total and (C) large
embolic events and, (D) percentage of thrombus that embolized. (E) Representative
emboli images found in the pulmonary arteries of WT and F5“" mice. (F) Number of
pulmonary emboli per lung slice and (G) the correlation between large embolic events
and PE burden. All values are expressed as mean +/- SEM, n=6, 7, and 9 for WT, F5Y"
and F5Y mice respectively. * p<0.05, ** p<0.01, *** p<0.001 using a One-way

ANOVA for (A-D) and Student’s T-test for (F) and linear regression for (G).
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In order to determine whether the higher DVT turnover in WT mice led to
increased PE burden, we quantified the number of pulmonary emboli per lung section in
WT and F5Y" mice by histology (Figure 1E). PE burden was reduced in F5“" mice
compared to WT mice (Figure 1F). We have previously shown that the number of large

embolic events correlate with PE burden?'®

. Here again, large embolic events correlated
positively with PE burden in WT and F5%* mice (Figure 1G). The increased thrombus
size and reduced PE burden in F5“" mice compared with WT (likely due to enhanced
thrombus stability) provides a physiological/biochemical rationale for the FVL paradox.
FVL carriers are more likely to present with symptomatic DVT from a small vessel injury.
In contrast, noncarrriers have a higher incidence of embolization, which restricts the DVT
to a subclinical size while at the same time leading to increased PE burden.

Several hypotheses have been proposed to account for the FVL paradox. One of
the original hypotheses was that the presence of the FVL mutation would lead to fatal PE
resulting in a lower number of FVL subjects among those surviving with PE. However,
autopsy studies have shown no difference in the proportion of FVL among those with
fatal PE compared to PE survivors or the general population’**24. Other mechanisms
such as thrombus location, the number of affected veins, thrombus growth and density
have all been investigated to explain the FVL paradox, but none were sufficient to
explain it?*. A more recent hypothesis proposes that FVL may enhance local thrombin
generation, thus intensifying the local inflammatory processes against the thrombus, as
well as strengthening the clot structure by activation of thrombin-induced FXIII

246

activity~**. However other thrombophilic risk factors, such as antithrombin, and protein C

and S deficiencies, increase the risk of DVT as much as they increase the risk of PE,
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refuting this hypothesis. A second commonly proposed hypothesis involves an
antifibrinolytic effect. Bajzar et al., showed that in FVL heterozygotes there is an
impaired TAFI-dependent profibrinolytic response to activated protein C (APC)**.
Parker et al., later confirmed these results and also showed that lysis of radiolabeled clots
infused through the jugular vein and lodged in the lungs had less lysis in FVL
homozygous mice compared to WT, supporting the hypothesis that FVL inhibits

244

fibrinolysis“**. However, FVL carriers do not show an increased risk of post-thrombotic

250251 '\which would be expected if there was resistance to fibrinolysis. F5- mice

syndrome
had significantly increased F1.2 compared to WT (54.1 + 7.3 ng/ml and 33.8 + 2.1 ng/ml,
p<0.01). Therefore, we believe that after a small injury a stable thrombus forms in FVL
mice, with reduced embolization compared to WT. However, since there is significantly
more thrombin generation in F5“ mice (supported by the F1.2 data), this leads to
thrombus growth and further stabilization, reducing embolization.

An increased rate of pulmonary microemboli in noncarriers compared to those
with FVL has not been directly described. Indirectly, pulmonary microemboli are
prevalent in the acute respiratory distress syndrome (ARDS), and those with FVL have a
lower risk of death from ARDS than normal®*>233,

In mice with the F5Y" mutation, the thrombus grows and stabilizes over time.
Increased thrombus stability is inversely related to embolization and PE burden. This

suggests that those with FVL have stable thrombus formation leading to an increased

incidence of symptomatic DVT and a decreased risk of PE.
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CHAPTER SIX
6.0 GENERAL DISCUSSION AND FUTURE DIRECTIONS

6.1. GENERAL DISCUSSION

Thrombosis is a primary contributor to coagulation-associated morbidity and
mortality. Every year, there are approximately 10 million cases of VTE worldwide,
resulting in more than half a million deaths in Europe and 100,000-300,000 deaths in the
USA?*, Thrombosis can occur in the arterial or venous circulation, leading to myocardial
infarction, stroke, deep vein thrombosis and pulmonary embolism. Arterial thrombosis is
usually associated with atherosclerotic plaque rupture that exposes sub-endothelial
procoagulant material (eg. tissue factor, collagen) to blood, leading to platelet activation
and aggregation in high-shear stress. Ultimately, platelet accumulation and fibrin
deposition produce an occlusive platelet-rich “white thrombus™?*°. In contrast, venous
thrombosis/thromboembolism, which has an incidence of about 1.5 in 1000 per year and

a lifetime prevalence of more than 5%

, 1s thought to be triggered by inappropriate
expression of cell adhesion molecules on intact, but dysfunctional endothelium in the
presence of plasma hypercoagulability and reduced blood flow (stasis)*>’. This is known
as Virchow’s triad. Because venous thrombi have a high RBC content, they are known as
“red thrombi”*®. Fibrin formation is a central component of both arterial and venous
thrombosis, and is ultimately the target of thrombolytic enzymes used to treat both of
those clinical presentations®,

The term clot stability has been used differently throughout the literature. Studies

evaluate clot stability in terms of i) platelet-platelet interactions, i) clot-vessel wall

interactions, ii) fibrin formation and growth, or iii) different factors that alter clot
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composition. As well, throughout these multiple studies, the formed clots are treated with
various therapies, all with the same goal in mind, and that is to reduce their size. This is
usually done by measuring the clot weight, looking at clot retraction, or looking for the
reduction in thrombus size in vivo, before or after treatment. Thus, most studies in the
literature will conclude that if the clot size or burden is reduced, the treatment used was
successful. However, while some treatments may be promising in reducing the burden of
a clot, this approach does not assess the downstream effects of embolization. This makes
it difficult to understand the mechanism and factors that affect clot stability, not just
looking at the clot, but also at the effect on embolization. Clots that have been defined as
“stable” in literature, have been perceived as unfavorable since they are viewed as
“harder to lyse and be cleared”, and vice versa, whereby reducing thrombus stability is
usually preferred, and therefore this has defined the ideals of thrombus stability'%>.
Therapy for venous thromboembolism traditionally involved parenteral

anticoagulation and subsequent warfarin®>®

. However, this approach has changed with the
introduction of direct oral anticoagulants (DOACs). Anticoagulation is usually needed to
reduce the risk of fatal pulmonary embolism and morbidity from recurrent venous
thrombosis, post-thrombotic syndrome, and pulmonary hypertension?®. DOACs have
major pharmacological advantages over vitamin K antagonists (eg, warfarin), including
rapid onset/offset of action, few drug and food interactions, and predictable
pharmacokinetics, eliminating the requirement of regular coagulation monitoring®>”.

Some disadvantages of DOACs may be concerns regarding medication adherence

without laboratory monitoring, uncertainty about dosing in some patient populations (eg,
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renal dysfunction), higher drug costs compared to warfarin and most importantly the
increased risk of gastrointestinal (GI) bleeding®>’.

Therapies for pulmonary embolism, depending on the assessed severity of the PE
burden, range from anticoagulant therapy, thrombectomy, thrombolytic therapy, or
surgical removal of the emboli’®®. Thrombolytic agents are beneficial, but the ideal
population is not yet defined. Thrombolytic treatment demonstrated superior efficacy in
clot resolution and improvement in hemodynamics compared with anticoagulation alone,
leading to approval of streptokinase, urokinase and alteplase in the treatment of massive
PE?®!. However, the risk of major bleeding makes thrombolysis less desirable. Insertion
of inferior vena cava (IVC) filters is also used in patients who have contraindications to
anticoagulants, such as bleeding, to reduce the risk of the clot embolizing and leading to
PE262.

The purpose of this thesis was to study clot stability looking at both deep vein
thrombosis and its correlation to PE burden. In this thesis we attempt to uncover the
mechanism of thrombus stability and the factors that alter thrombus stability and how this
affects PE burden in return. This work suggests that, despite what has long been reported
in the literature, stabilizing a thrombus without increasing DVT size and reducing
pulmonary embolism may be a better alternative than trying to break down a thrombus to
prevent recurrent PE. This thesis demonstrates, using our novel in vivo mouse model of
venous thrombus stability, that different anticoagulants, given acutely, have different
effects on thrombus stability (Chapter 3). Also, supplementing FXIII can increase
thrombus stability without increasing the thrombus size, which does not occur if

fibrinolysis is attenuated by EACA (Chapter 4). Lastly, in mice with the FVL mutation, a
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small vein injury-induced thrombus, stabilizes and grows significantly over time and
embolizes less, thus explaining the FVL paradox (Chapter 5).

The purpose of this Chapter is to: A) discuss the overall significance of the data
from Chapters 3 to 5 to highlight our novel findings about thrombus stability, B) review
the possible mechanisms and factors involved in thrombus stability, and the link between
DVT and PE, and finally, C) discuss the future directions for the model and clinical
implications.

In the first paper we established that vein thrombus embolization is related to
pulmonary embolism burden. The increase in embolization results in an increase in
pulmonary embolism burden. We also found that when treating with some anticoagulants,
embolization as well as pulmonary embolism burden increases. This suggests that some,
but not all, anticoagulants reduce thrombus stability, which then increases embolization

and PE. Thus, thrombus stability is inversely related to embolization and PE burden.

6.2 FERRIC CHLORIDE THROMBOSIS MODELS

Many rodent models have been established to study thrombosis. Ferric Chloride
(FeCl3) is the most used agent to initiate vascular injury and thrombosis'®®. The
mechanism behind FeCls thrombus formation is not well understood and heavily debated.
The historical consensus is that application of the FeCls to the surface of the vessel leads
to denudation of the endothelium, which results in exposure of the sub-endothelial
components such as collagen and TF?%*2% More recent studies using electron
microscopy to look at the vessel after FeCls application demonstrate that, contrary to the

generally accepted belief, the endothelium is intact and furthermore, the first cells to
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adhere to the FeCls-treated endothelial surfaces are red blood cells rather than platelets®®°.

An overlooked aspect of the FeClz model is the influence of the severity of injury, which
is dependent on FeCl; concentration, the filter paper size and the duration of its
application on the surface of the vessel. Thus, whether the endothelium is denuded or not
may be dependent on the extent of vascular injury. Wang et al., showed that reactive
oxygen species induce vessel injury and lead to thrombus formation?¢6-26”.

Nonetheless, FeCls was chosen because it allows for the creation of a
reproducible, size-controlled thrombus, including one that does not occlude for at least 2
hours. Regulating thrombus size was crucial since the thrombus size before treatment
administration must be similar to draw conclusions about how the treatments alter
thrombus size, and thus DVT stability and PE burden. Maintaining the presence of a non-
occlusive thrombus was also important since blood flow is required to image
embolization; other ligation models would prevent this. Besides our model, the only
model where non-occlusive thrombi forms is the electrical injury model®®®. This model
results in PE that is FXIII-dependent'®*. Lastly, the findings in Chapter 5 would not have
been possible if another inducer of venous thrombosis was used. Therein we used a lower
exposure to FeCls, one where the size of the thrombus in WT mice was barely large
enough to be detected to demonstrate larger more stable thrombi in FVL mice.

Since the original experiments (chapter 3 and 4) were performed in WT mice
undergoing a 5-minute FeCls injury and experiments in chapter 5 were done in WT using
a 3-minute FeCl; injury, we were able to compare the data from the different injury
models. These data may give us a preliminary insight into the effect of blood flow on

thrombus stability using our FeClz venous thrombosis model. As seen in Figure 1. there is
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a greater change in thrombus size from baseline in the 3-minute injury model. This
suggests that a smaller initial injury, that has more blood flow present, will grow more
and change from what was initially induced than if you had a bigger injury to start with
little blood flow. We also observed an increase in embolization and the overall DVT

turnover. This confirms that blood flow plays a role in embolization.
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Figure 1: Comparing the FeCls injury model using either 3-minute injury or a 5-
minute injury.

Thrombi in WT mice were initiated with a 3-minute FeCl; injury or a 5-minute FeCl3
injury and imaged for 2 hours. (A) The change in thrombus size from baseline, (B) total
embolic events, (C) large embolic events, and (D) percentage of thrombus turnover were
compared. All values are expressed as mean +/- SEM, n=5 and 10 for 3-minute and 5-
minute injury in WT mice, respectively. * p<0.05, *** p<0.001, **** p<0.0001 using a

Student’s T-test for A-D.
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Then we correlated the thrombus size with the DVT turnover and found that there was a
strong positive correlation in both models (Figure 2). This suggests that in the presence of
a small injury, with presence of blood flow, this could lead to a less stable thrombus that
embolizes more, and therefore DVT turnover increases. Whereas a bigger initial
thrombus, with less blood flow, will embolize less and the DVT turnover is significantly

less.
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= == 3 minute

Percent of thrombus
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Thrombus Size After Treatment

Figure 2: The percent of thrombus that embolized compared with the thrombus size
in the 3-minute and S-minute FeCls injury model
All values are expressed as mean +/- SEM, n=5 and 10 for 3-minute and 5-minute injury

in WT mice, respectively.
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6.3 LIMITATION OF THIS MODEL

Like any other animal model, there are limitations: 1) the model is acute; it is only
imaged for 2 hours, ii) treatment was administered 12 minutes after thrombus formation;
which is less clinically relevant, iii) the mechanism of thrombus formation is not the
same as the formation of human DVT, iv) the thrombi formed are non-occlusive, v) we
used only female mice in our studies, vi) the PE we found in our model differs by size
and location from human PE, vii) we do not measure the clinical relevance of the PEs
that occurred.

The model can be made to be “less acute” by extending the observation period to
5 hours, however the mouse cannot be sedated for longer. Thus, while we would
accumulate more data and information about thrombus formation in the “less acute
models” it would still overall be considered “acute”. For the model to be chronic, a
thrombus can be initiated in the femoral vein of a mouse, with the operative site sutured,
to perform a survival surgery. However, in this case, we would not be able to image the
thrombus size growth, and more importantly, quantification of embolic events would be
impossible. After 24 hours to 48 hours, the thrombus in the femoral vein and the lungs
can be removed to perform histology and quantify emboli, however it would be
impossible to study the correlation between embolic events and PE burden. We could, in
theory attempt to correlate thrombus size with PE burden. With the data collected from
all studies, we assessed the correlation between the thrombus size with the number of PE
per lung section as a measure of PE burden in the saline-treated group, as an example,

and found there was no correlation (R?>= 0.3; Figure 3). This pattern was true in also the
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dabigatran- and dalteparin-treated mice (R?>=0.2 and R?= 0.02 respectively). Thus,

thrombus size does not determine PE burden.
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Figure 3: Thrombus size correlated with the number of pulmonary emboli per lung

slice.
All values are expressed as mean + SEM, and n=10 for each treatment group. Regression

values all had p-value >0.05 and were considered insignificant and represented with solid

regression lines.
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Another limitation to the model is that treatment is administered 12 minutes after
thrombus formation, which does not mimic clinical DVT treatment, where treatment
occurs later. This limitation can be overcome by delaying treatment to study how delayed
treatment would affect thrombus stability; however it would still be relatively “acute”
even with delayed treatment. We have attempted to break-free of the dominant
methodology in the literature, by treating an established clot with anticoagulants. Our
work contrasts with forming clots in the presence of therapeutic anticoagulant levels, a
practice that is ubiquitous in the literature, which has less clinical relevance. We chose
not to administer antithrombotic drugs before injury, to better mimic clinical practice. We
wanted to study the effects of drug treatment in the acute setting, and thus it makes sense
to administer them acutely after thrombus injury rather than before. Furthermore, if we
had chosen to administer the drugs before injury, we would have faced the difficulty that
administration of anticoagulants before an injury would make it harder to form a
thrombus. One could overcome this by titrating the injury, but this adds further
complexity to the method and confuses the findings.

Another perceived limitation is that the technique used relies on the evaluation of
labeled platelets, and that dabigatran may be interfering with platelet dependent clotting
and the observed embolization is rather reflecting clot instability and platelet aggregate
dissociation. However, we do not think that is the case. We chose to label platelets
instead of fibrin because glycoprotein IIb/Illa (CD41/CD61) receptor is one the most
abundant cell surface receptors (~80,000 per platelet) and therefore provides a very good
fluorescent signal. We have also measured fibrin content in venous thrombi by labeling

fibrin using mouse anti-fibrin II B chain (Bf 15-42) T2G1 antibody conjugated to AF 647
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(Accurate, New York, USA), at a concentration of 1 pg/g. The thrombus can be observed
very dimly under the microscope and tends to look similar to thrombi that were labeled
using the AF488 labeled CD41 (Figure 4), however since the label is not as bright, it is
difficult to quantify thrombus size and embolic events labeling fibrin. In addition, we
detected fibrin-rich emboli in the lung sections of treated mice using Carstairs stain and
we have quantified fibrin in lungs of saline and dabigatran treated mice (Figure 5 and 6)
This was done with snap frozen lungs that were stored at -80°C for 24 hours, and later
homogenized using liquid nitrogen and centrifuged at 10,000 x g for 15 minutes at 4°C.
The supernatant was collected, mixed with 1% Triton X-100 on a shaker for 1 hour, and
fluorescence was measured.

Lastly another limitation to this model is the use of only female mice. We chose
to use female mice so that in the future we could also study the effect of hysterectomy
and how this would alter the correlation between DVT and PE. In a study done by
Chessum et al., they found that female WT mice exhibited greater embolization activity
compared to WT male mice?®®. They also found that between WT males and females, the
females showed greater thrombus size increase’®®. The mechanism behind these

observations is still not understood.
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100 um

Figure 4: Intravital videomicroscopy of T2G1 labeled thrombus.

Representative montage of the whole thrombus labeled using T2G1 conjugated to AF647
to assess the fibrin content in venous thrombi. The granular image is a result of the poor
signal from the anti-fibrin antibody. The ferric chloride femoral vein injury was induced

as previously described in chapter 3.
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Figure 5: Carstair’s stained images of sectioned lungs from dalteparin-treated mice.
Carstairs stain stains fibrin as red; the circles outline the pulmonary arteries with fibrin

rich emboli shown by the arrows. Fibrin stains red and platelets stain blue.
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Figure 6: The graph shows maximum fluorescence units measured from
homogenized lungs from WT saline- and dabigatran-treated mice after DVT and
fluorescently tagged anti-fibrin antibody injection.

All values are expressed as mean + SEM; n=3 for each treatment. *p-value<0.05, using

an unpaired student’s t-test.
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6.4 CONTINUOUS THROMBIN GENERATION IN VIVO

In dabigatran-treated mice, the thrombus size remains the same over time, but the
embolization and percent of DVT turnover is the highest. Thus there is continuous
thrombus accretion and dissolution, and thus continuous thrombin generation (Chapter 3).
These data suggest that thrombus formation is a dynamic process. This is demonstrated
with dabigatran, once concentrations of active thrombin decrease, likely with less platelet
activation and less fibrin formation, the thrombus starts to embolize. Then more thrombin
is formed, because the injury, and whatever is initiating coagulation, has not been
contained by fibrin and platelets, but that thrombus growth is unstable and it embolizes
more (low concentrations of thrombin leads to thicker fibrin fibers that are weaker), and
therefore more thrombin will be produced to repair the injury and this leads to the
observed continuous thrombin generation. The analogy would be the same as that of
“picking a scab”. When there is an injury, you get the initial bleeding and then the scab or
“clot” develops to stop the bleeding and repair the wound. Anticoagulants have been
shown to impair wound healing®’®?’!. When the scab is picked (embolization), bleeding
will occur and the scab or clot will form again to repair the injury site. This was proven in
Chapter 3 when dabigatran-treated mice exhibited highest DVT turnover suggesting that
more thrombin might have been generated. F1+2 was also higher in WT dabigatran-
treated mice compared to WT saline- or dalteparin-treated mice (Chapter 3 Figure 4B).
However, the question that remains is, where does thrombin come from if it is
being inhibited from dabigatran? This can be explained by the residual thrombin
hypothesis. Different antithrombin anticoagulants will inhibit different thrombin

concentrations. Some anticoagulants are more potent than others, and therefore alter
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thrombin concentrations differently. A potent thrombin inhibitor will inhibit thrombin,
even at very low concentrations, and allow almost no thrombin activity (this would be
done by a DTI, such as dabigatran). Whereas less potent inhibitors (such as FXa
inhibitors) would inhibit thrombin formation, but still leave residual thrombin circulating.
Less potent thrombin inhibitors (LMWH such as dalteparin) might also decrease
thrombin formation but would leave very low concentrations of thrombin uninhibited.
Thus, in the case of dabigatran, it may be that dabigatran being a potent inhibitor of
thrombin, and since high levels of thrombin are needed to activate FXIII, FXIIIa
generation is reduced significantly. In comparison to dalteparin, which is less potent, will
inhibit thrombin, but there will still be enough thrombin to activate FXIII. We
demonstrated this in vitro in chapter 4. This explains the reduced embolization and DVT

turnover seen in the dalteparin-treated mice compared to the dabigatran-treated mice.

6.5 ACTIVATION OF FXIII AFTER REDUCED THROMBIN GENERATION

Thrombin has a number of substrates, and thrombin’s Km for FXIII is one of the lowest!2.
Thus, even after administration of dabigatran and its inhibition of thrombin, there was
higher prothrombin fragment F1+2 which was indicative of greater thrombin turnover.
Thus, it may be that there is always enough residual thrombin to activate FXIII. As well,
FXIlIla circulates in high concentrations, and ax-AP bound to fibrinogen is found in the
blood of healthy people®’!. This is likely from FXIIla that is generated by “idling”
concentrations of thrombin. Also, the activation peptide that thrombin cleaves off FXIII

to make FXIIIa, inhibits FXIII activation, resulting in a relative deficiency*’. In the

contexts of anticoagulation, FXIII would be activated less, therefore increasing FXIII in
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the context of thrombin inhibition would result in more FXIIla activity. This also

explains why administration of extra FXIII has an effect, as seen in Chapter 4.

6.6 HOW FXIII POLYMORPHISM VAL34LEU FITS OUR MOUSE MODEL

The common gene variant in FXIII-A encoding a valine (Val) to leucine (leu) substitution
at codon 34 (Val34Leu) is present in ~25% of European Caucasians?’?. Findings on the
role of this polymorphism in thrombosis have been inconsistent; however, both
independent studies and meta-analyses suggest the 34Leu variant offers protection
against venous thrombosis*®7!?73276_ The FXIII-A Val34Leu polymorphism is located 3
amino acids before the thrombin cleavage site and therefore results in ~2.5 fold

63277 and accelerated fibrin crosslinking?’®*”. Briefly, the

accelerated FXIII activation
normal range of fibrinogen in plasma is 1.5 to 4 g/L. In plasmas with low/normal
fibrinogen concentrations, the 34Leu variant produced clots with thin fibrin fibers and
low permeability. However, in plasmas with higher fibrinogen, it produces thicker fibers
in clots that have increased permeability and susceptibility to fibrinolysis?*°.

The presence of the polymorphism increases the rate of FXIII activation by
thrombin. Thrombin cleaves the activation peptide from the Val34Leu FXII more rapidly
than the WT FXIII®. It is still debated whether the cleaved activation peptide is released
from FXIII upon activation or not. The polymorphism has been shown to reduce the risk
of MI in multiple studies®***281282 the results of stroke studies are variable and not
conclusive yet?®?4 and several studies demonstrated reduced risk of venous

thrombosis®->*6-274276  Lastly the Val34Leu polymorphism has also been shown to alter

fibrin clot structure®!. There is enhanced y-chain dimerization and o-chain polymerization
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and these crosslinking mechanisms occur very early on compared to WT FXIII?”. With
turbimetric measurements showing shorter lag phase, thinner more porous fibers, why
would these patients show reduced risk of venous thromboembolism? This could be
explained by early crosslinking, and its effects on fibrin clot structure. This would result
in a stable DVT without increasing the size, and thus reducing PE burden.

In another study, FXIII-A subunit levels have been shown to be lower in patients
with extensive PE; the likelihood of PE is 7 times higher in patients with A subunit levels
less than 60% of normal®". In patients with massive PE that had low FXIII-A subunit
levels also had decreased clot firmness when measured by thromboelastography
compared to normal of high patients®'>.

So how does the polymorphism help explain our model of thrombus stability? The
enhanced and early occurrence of y-chain dimerization and a-chain polymerization seen
in patients with Val34Leu polymorphism, could be resulting in an acutely formed
thrombus that is “stable” (as seen in our model as well). This “stable” thrombus
formation leads to reduced PE risk.

This can explain why we do not see a detrimental effect from the added FXIII in
the FXIII supplemented mice (Chapter 4). It could be that extra FXIII is having the same
effects as the polymorphism, where there is increased early crosslinking, and thus altering

the effects on fibrin clot structure acutely. This makes the DVT stable without increasing

the size and reduces the PE burden early on.
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6.7 CONTRIBUTION OF FXIII TO THROMBUS STABILITY

FXIIla activity influences the risk of embolization of venous thrombi as well as
arterial thrombi. Platelet FXIIla mRNA is significantly lower in patients with non-
valvular arterial fibrillation and thrombus embolization than in similar patients with left

arterial appendage thrombus and no history of embolization®!?

. Accordingly, in mice,
FXIlla-mediated crosslinking of plasma fibronectin into thrombi formed in mesenteric
arterioles enhances platelet aggregation and increased the stability of platelet-rich
thrombi®®. In our ferric chloride model of venous thrombosis, FXIII-deficient mice
showed increased embolization compared to WT mice. Together these observations
demonstrate critical FXIIIa contributions at several steps during thrombosis.

FXIII is unique among coagulation proteins, not only in the nature of its
enzymatic activity that crosslinks, but also in its ability to directly impact both

biochemical and biophysical properties of thrombi®®. Growing data from many studies

suggest FXIIIa is an important determinant of thrombus composition and stability.

6.8 MECHANISMS OF FXIIIa’s ACTIONS

FXIII, a pro-transglutaminase found in plasma and platelets, plays multiple roles
during thrombosis. During thrombosis, activated FXIII crosslinks fibrin, as well as a>-AP
to fibrin(ogen)*®. Thus, FXIIIa is responsible for the mechanical stability of clots and also
has an anti-fibrinolytic function®*. As well, more recent studies have provided new

information about FXIII activity during coagulation and its effect on clot composition

and function®®.
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6.8.1 FXIlIa MECHANISM OF CROSSLINKING

During coagulation, thrombin cleaves the N-terminal fibrinopeptides from the Aa
- and BP — chains to produce fibrin monomers that polymerize into fibrin fibers?. FXIlla
catalyzes the formation of isopeptide bonds between glutamine residues 398/399 and
lysine 406 in the fibrin y-chain and subsequently between glutamine and lysine residues
in the a-chain®’. Fibrin crosslinking has a minor effect on the global network structure,
but substantial effects on the structure and function of individual fibers, and consequently,

mechanical stability and possibly clot composition®3S,

6.8.2 THE EFFECTS OF CROSSLINKING ON FIBRIN STRUCTURE

Crosslinking has little effect on gross fibrin network morphology, producing only
a minor (~12%) increase in fibrin network density. In contrast, crosslinking significantly
alters the structure of individual fibrin fibers by promoting protofibril coupling within the
fiber’?”’. This effect, which is associated with the formation of a-chain-rich, high
molecular weight (HMW) crosslinked species, is what causes clot compaction. Ryan et
al., showed that y-chain crosslinking alone, is insufficient to stiffen fibrin clots, and that
the increased stiffness is correlated with the formation of a-chain-rich HMW crosslinks?®’.
Fiber compaction can also promote fiber stiffening, making fibers more resistant to
deformation under low strain?"’. Since clot compaction decreases the size of pores within
individual fibers, this may potentially have important effects on the diffusion of
molecules like t-PA through the fibers, and fibrinolysis. Thus, the effect of FXIII on

thrombus formation likely stems from its effects on the mechanical stability of fibrin

fibers.
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6.8.3 FXIII MECHANISM CROSSLINKING OF a2-AP

FXIII has critical anti-fibrinolytic functions during coagulation, mediated by its
ability to crosslink antifibrinolytic proteins, such as a-AP?2?%¢ TAFI’®, and type-2
plasminogen activator inhibitor (PAI-2)**°, to fibrin. The crosslinking of oz-AP is
essential for the inhibition of fibrinolysis, particularly by t-PA-induced plasminogen
activation on the fibrin surface®!. The crosslinking of a>-AP to fibrin occurs rapidly.
Maximal o2-AP crosslinking is almost reached when a-chain polymerization has just

started®?®

. An unexplained phenomenon is that the crosslinking of a>-AP stops at about
30% incorporation onto fibrin. Enhancing the concentrations of FXIIla increases the rate
of a2-AP crosslinking but does not change the maximal incorporation®?®, It has also been
suggested that FXIIIa not only accelerates the cross-linking of a,-AP to fibrin but also
accelerates the release of cross-linked o2-AP from fibrin and that the latter activity
explains the partial incorporation’?®>. The mechanism by which this occurs is yet to be
elucidated. Thus, the anti-fibrinolytic effect of FXIII via ax-AP crosslinking is present,
but likely does not play a similar role to its effects seen on increasing the mechanical
stability of clots, however this is debated.

We also saw that in Chapter 4 (Figure 1D) a possible role for ar-AP-linked to
fibrinogen. In plasma from FXIII”- mice supplemented with FXIII to normalize FXIII
antigen levels, clot lysis times were shorter (23 mins) than in plasma from WT mice (35

mins). This could imply that a,-AP linked to fibrinogen plays a role in resistance to

fibrinolysis, likely formed by “idling” thrombin activating FXIII.
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6.9 RELATIVE CONTRIBUTIONS OF FIBRIN CROSSLINKING AND a2-AP

CROSSLINKING

During blood clotting, FXIIla introduces crosslinks within fibrin as well as
between fibrin and oaz-AP. The relative contributions of these two types of crosslinks in
the inhibition of fibrinolysis by FXIII has been thoroughly investigated. Jansen et al.,
studied the lysis rate of fresh whole blood clots containing t-PA that was added before
clotting in vitro®*2. They reported that fibrin 02-AP crosslinking explains the FXIIIa-
induced resistance of blood clots to fibrinolysis, whereas fibrin-fibrin crosslinking has
only a small, if any, influence. This was later confirmed by Fraser et al., who showed that
the anti-fibrinolytic function of FXIII in plasma clots prepared in a Chandler loop and
incubated in a buffer containing t-PA is independent of fibrin-fibrin crosslinking and is
expressed exclusively though a-AP?%. Reed and Houng studied t-PA-induced fibrinolysis
in anaesthetized ferrets with pulmonary emboli and found, in contrast to the previous
investigators, that both fibrin-fibrin and fibrin- a>-AP crosslinking caused resistance to
lysis®-.

From our in vivo mouse data in Chapter 4, o2-AP administration after injury in
WT mice did not alter thrombus size or embolic activity significantly compared with WT
saline-treated mice. Thus, we suggest that a>-AP crosslinked to fibrin does not have a
large impact on clot stability and likely the anti-fibrinolytic effect of FXIII is primarily
through crosslinking fibrin. In contrast, when looking at the clot lysis for a;-AP data in
Chapter 4, we saw that by increasing the amount of a>-AP, the clot lysis times were
shortened, suggesting that ax-AP plays a role. The likely reason behind why our in vitro

data does not mimic our in vivo data is because of inhibition of fibrinolysis by fibrin- a»-
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AP crosslinking occurs immediately after clotting, as these links are formed rapidly,
which can be detected with an in vitro clot lysis but not in our model of thrombus
stability that is two hours. This would also explain why a>-AP had an effect on
attenuating fibrinolysis in our clot lysis assays in Chapter 4 (Figure 1B) but that effect
was not seen in vivo in our two-hour model of venous thromboembolism (Chapter 4
Figure 2 and 3). Alternatively, az-AP linked to fibrinogen might have a larger role than
acute crosslinking of a2-AP to fibrin during thrombus formation.

Significant inhibition of fibrinolysis by fibrin-fibrin crosslinks requires strong
crosslinking conditions, resulting in very high molecular weight a -chain polymers and/or
y-chain trimers and tetramers, whereas significant inhibition of fibrinolysis by fibrin- o»-
AP crosslinks occurs immediately after clotting, as these links are formed rapidly.
Therefore, it could be that the relative contribution of fibrin-fibrin crosslinks to the total
inhibition of fibrinolysis by FXIII depends on the extent of crosslinking and increases

with the age of the thrombus.

6.10 COMPARING EFFECTS OF 02-AP AND EACA ON THROMBUS

STABILITY

Secondly, popular belief suggesting that with increasing levels of FXIII, would lead to
increased a2-AP crosslinking to clots, and thus ultimately develop a clot resistant to any
lysis by plasmin. In a paper published by Tamaki et al., they added increasing o2-AP to
fibrinogen and assessed crosslinking by SDS-PAGE and found that only found 40% of

d228

the potential a>-AP had been crosslinked””®. More interestingly, even at the highest
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amount of FXIII, at 10 U/ml, there was still 50% lysis. Thus, they found that even with
increasing FXIII levels, lysis by plasmin still occurs??.

o2-AP does circulate in plasma at higher concentrations than FXIII, but with
physiological level of FXIII, only 30-50% of o2-AP will be cross-linked to fibrin.
Secondly, plasmin/ogen that has already been bound to fibrinogen or fibrin is protected
from ax-AP. Thus, when t-PA converts the plasminogen to plasmin, it will cleave C-
terminal lysine residues on fibrin, creating fibrin. Since plasmin is not inhibited in this
situation, plasmin has a higher affinity to fibrin” and more lysis occurs, irrespective of the
presence of ax-AP on the fibrin.

With EACA treatment (Chapter 4), physiological levels of FXIII and o»-AP will
perform their regular functions; in addition EACA inhibits fibrinolysis by inhibiting any
plasmin-mediated cleavage. Thus, we have not only increased the mechanical strength of
the clot through physiological levels of FXIII and a»-AP, but also inhibited fibrinolysis
via EACA administration. Therefore, with EACA administration, there will be less
cleavage of the C-terminal lysine residues than seen in the FXIII-supplemented mice.
Therefore, the balance between thrombin formation and lysis is disrupted more in EACA-
treated mice and that explains why we see the significant thrombus growth over time than

compared with FXIII-supplemented mice.

6.11 THROMBUS STABILITY AND ITS RELATIONSHIP TO INCREASING

POST-THROMBOTIC SYNDROME

In Chapter 4, we have seen in our studies that increased FXIII through

supplementation does not increase DVT size or increase PE burden in mice. The
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relationship between thrombus stability and PTS has never been studied. Evidence
suggests that a slow rate of thrombus resolution has been linked to increasing risk of PTS.
However, the link between thrombus stability and thrombus resolution has never been
studied. Does a stable thrombus mean it will take longer to resolve? We do not know. If
that were true, PC, PS, or AT deficient patients who are prothrombotic and thus likely
form stable clots, would be at increased risk of PTS and that has not been reported. These

thrombophilias, per se, do not increase the incidence of PTS.

6.12 FACTOR V LEIDEN PARADOX

Clinical studies have shown that approximately 90% of the pulmonary emboli
arise from thrombi in the deep veins of lower limbs?**¢?**. Moreover, asymptomatic PE
can be found in about half the patients presenting with DVT?*>. Therefore, in general
DVT and PE are considered as two entities of a single disease and referenced to as
venous thromboembolism.

However, several studies have repeatedly shown that carriers of the factor V
Leiden (FVL) mutation have a significantly increased risk of DVT, whereas the risk of
pulmonary embolism is only mildly increased compared with non-carriers?*®. After the
discovery of the FVL mutation, it was hypothesized that the presence of FVL would
often lead to fatal PE, resulting in lower number of FVL-positive subjects among those
surviving PE?*®2%_In turn, this would explain the weak effect of FVL on the risk of PE
found in studies of survivors on venous thrombosis (case-control studies). However, this

hypothesis was rejected as autopsy studies have shown that among patients with fatal PE,
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the proportion of individuals with FVL was no different from that in PE survivors or
from that in the general population®*®?*. Thus, FVL may not be a risk for PE.

The differential effect of FVL on DVT and PE is known as the FVL paradox. So
far, few studies have investigated mechanisms that could lead to FVL paradox®*2%,
Studies have sought to investigate several potential explanations for the mechanism such
as (i) thrombus location, (i) number of affected veins (ii1) time until diagnosis (iv)
growth speed, and (v) clot density?*®. None of these mechanisms presented a solid
explanation for the mechanism of the FVL paradox.

A newer hypothesis proposes that FVL may enhance local thrombin generation
and intensify the local inflammatory process against the thrombus, and strengthen the clot

246

structure by activation of thrombin-induced FXIII activity~*®. However, the similar risk of

DVT and PE observed for all other thrombophilias such as antithrombin, protein C or S

deficiency, except FVL, makes this hypothesis unlikely?*®

. A second commonly proposed
hypothesis involves an antifibrinolytic effect. Bajzar et al., showed that in FVL
heterozygotes there is an impaired TAFI-dependent profibrinolytic response to activated
protein C (APC)*®. Parker et al., later confirmed these results and showed that
pulmonary clot lysis of radiolabeled, clots infused through the jugular vein had less lysis
in FVL homozygous mice compared to WT, supporting the hypothesis that FVL inhibits

244

fibrinolysis“**. However, FVL carriers do not show an increased risk of post-thrombotic

syndrome?>%-2°!

, which would be present if they had an increased resistance to fibrinolysis.
With our novel mouse model of venous thromboembolism, we were able to show

that thrombus stability explains the FVL paradox. With a lower FeCl; injury that results

in an initial small thrombus in WT mice, larger thrombi develop in FVL mice
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(heterozygous and homozygous). Also, in the FVL mice, the thrombus grows and
stabilizes over time, whereas in the WT mice the thrombus embolizes and does not grow.
Thrombus stability is inversely related to embolization and PE burden. Therefore, this
suggests that those with FVL form a larger stable thrombus compared to normals, thus

leading to a symptomatic DVT but not an increased risk of PE.

6.13 PROPOSED MECHANISMS OF THROMBUS STABILITY

The proposed mechanism is that thrombin inhibitors reduce thrombin
concentration which in turn reduced the amount of thrombin-induced FXIIIa generation,
and clots that are not crosslinked become more susceptible to fibrinolysis. Further studies
need to look at other factors that alter thrombus stability beyond what is shown in this

thesis such as TAFI, thrombin concentration, and effect of blood flow.

6.13.1 POSSIBLE WORKING MECHANISMS: PART 1

The correlation between DVT and PE, and progression of DVT to PE is not fully
understood since it varies from patient to patient and with different clinical conditions.
Questions that are left unanswered are: How does DVT correlate with PE? Is it a
continuum of the same disease? If so, how does DVT stability affect this? And lastly,
how do treatments of the disease alter this stability? Alternatively, what alters
embolization and how can we design therapies in order to reduce PE-associated mortality.

From Chapter 3, we found that with WT dalteparin- and dabigatran- treatment
decreased the stability of the deep vein thrombus, increased embolization, and PE

risk/burden compared to WT saline-treated mice. This is also consistent with clinically
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data from Caps et al, Krupski et al, Kakkar et al, and Kashtan et al, who have all looked
at the progression of DVT in patients from the first day of diagnosis using serial venous
duplex scans'”1%2, They found that most patients who had inadequate anticoagulation
treatment immediately show progression of DVT as extension. During the acute phase of
therapy, Caps et al, saw that the risk of recurrent thrombus formation was significantly
increased'®®. This may suggest that acute treatment of DVT may lead to decreased
thrombus stability, but the mechanism of how DVT instability accounts for this extension
remains unanswered.

Figure 7, shows the breakdown of results from chapter 3. In the ‘pre-treatment
stage’, we formed a thrombus before any treatment is administered, that was relatively
similar between treatment groups. During the ‘treatment stage,” when treated with either
saline, or dalteparin or dabigatran, there is no change in thrombus size (indicated by the
dashed arrows) that was observed after treatment. However, there was an effect on
embolization and PE risk. Thus, this suggests that treatment with dalteparin and
dabigatran have an effect on embolization, and this is independent of thrombus size. It is
not the size of the clot that plays a role in the amount of embolic activity but rather
something else, thus we can alter embolization without altering thrombus size. Thus, the
effects of the anticoagulants is on thrombus stability. Thrombus stability is determining

the embolic activity independent of thrombus size.
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Figure 7: Outline of experimental results from Chapter 3.
A thrombus was induced before treatment was administered. Next, either saline, dalteparin or dabigtran was administered. After
treatment, there was no change in thrombus size in any of the treatments (dashed line). However, treatment with dalteparin or

dabigatran increased embolization and PE compared to saline (solid line)
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This leads to the beginning of our working mechanism where embolization is
inversely related to thrombus stability and thrombus stability is inversely related to
pulmonary embolism. This means that an increase in embolization means decreased
thrombus stability, which leads to increased pulmonary embolism (Figure 8). This can
also be phrased that thrombus stability is inversely related to embolization and PE. Thus,

a decrease in thrombus stability will lead to increased embolization and PE.

A B
Embolization Thrombus Stability
Thrombus Stability Embolization
Pulmonary Pulmonary
Embolism Embolism

Figure 8: Thrombus stability is inversely related to embolization and PE.
The figure shows the start of our thrombus stability mechanism, which can be shown in
two ways. (A) Embolization is inversely related to thrombus stability, which is inversely

related to PE or (B) thrombus stability is inversely related to embolization and PE.
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Next, in chapter 4, when supplementing with FXIII we saw a decrease in
embolization and PE burden, but no change in thrombus size. In chapter 3, with FXIII”-
mice, there was an increase in embolization and PE, but no change in thrombus size.
Thus, our mechanism still holds true when FXIII is lacking (Chapter 3) or supplemented
(Chapter 4) (Figure 9). Thus, our initial mechanism of thrombus stability being inversely

related to embolization and PE still holds true.
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Figure 9: Experimental results from FXIII supplemented and FXIII”- mice.
When mice were treated with FXIII supplementation (green box), no effect on thrombus size was seen (dashed line), but embolization

and PE decreased (solid line). The opposite was observed for the untreated FXIII"~ mice.
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6.13.2 POSSIBLE WORKING MECHANISMS: PART 2

What is the mechanism of how anticoagulants are affecting embolization and not size?
We investigated this mechanism by administering dalteparin or dabigatran to both FXIII"-
and FXIII supplemented mice and found that, thrombin had a direct effect on embolic
events through a FXIII mechanism. Thus, thrombin’s effect on FXIII activation plays a
role in altering thrombus stability directly (Figure 10). This information expanded our
mechanism to suggest that thrombin’s effect on FXIIla is inversely related to
embolization, which is inversely related to the stability of a thrombus, and pulmonary
embolism. Thus decreased FXIIla will reduce embolization and increase thrombus

stability, leading to less PE burden.

Thrombin
- FXllla
Embolization
Thrombus Stability
— Pulmonary
Embolism

Figure 10: FXIII alters embolization, which alters thrombus stability and PE.
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6.13.3 POSSIBLE WORKING MECHANISMS: PART 3

Next, we studied the effect of fibrinolysis, more specifically attenuating fibrinolysis using
EACA, and compared its effect on thrombus stability to the previous results. In Chapter 4
we saw that when EACA was administered, it increased the thrombus size and
significantly reduced total and large embolic events (Figure 5).

So now, the question is does the treatment (EACA inhibiting fibrinolysis) have a
direct effect on the embolization, and with reduced embolization, the thrombus size
grows? Or does the treatment (EACA inhibiting fibrinolysis) have a direct effect on
thrombus size, and with increased thrombus size, the thrombi embolize less?

If we believe the first to be true, then this does not explain why there was no
change in thrombus size in the FXIII-supplemented mice who also had reduced
embolization and PE burden (Figure 11). If we believe the second to be true, then
treatments that alter the size of the thrombus, alters embolization, as well as thrombus
size would be correlated to embolization. However, this is not the case as seen from
Chapter 3 in the dalteparin and dabigatran treated mice. The thrombus size in these mice

does not correlate with embolization (Chapter 6 Figure 6).
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Figure 11: Experimental results from chapter 4 with EACA treatment.
Treatment with EACA (orange) had a direct effect on thrombus size (solid arrow). The thrombus was larger, and there was reduced

embolization and PE burden.
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Thus, this suggests that thrombus stability is likely to be determined by both thrombus
size and embolization, or collectively, the composition of the thrombus. If the thrombus is
large, it does not mean it will embolize less and be more stable, and if the thrombus is
small it does not mean it will embolize more because it is less stable. As well, if a
thrombus is embolizing frequently, it does not mean the thrombus is unstable and will
shrink, and if the thrombus is not embolizing frequently, it does not mean it is stable and
will grow. What is determining the thrombus stability is how the treatments are altering
the thrombus composition and thus its effect on embolization and thrombus size will

determine the stability of a thrombus (Figure 12).
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Embolization
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Figure 12: Factors altering thrombus stability.
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6.14 OVERALL PROPOSED MECHANISM OF THROMBUS STABILITY

Our final proposed working mechanism model of thrombus stability is shown in Figure
13. We found that treatment with FXIII and dalteparin and dabigatran have more of an
effect on the mechanical stability of the clot (blue arrows). These treatments altered
mechanical stability of the clot via the FXIII-pathway. Treatment with EACA which
increased thrombus size and reduced embolization and PE burden (not seen with FXIII
supplementation), means it altered thrombus stability differently, likely through an
antifibrinolytic mechanism (green arrows). Embolization and PE burden, are affected and
altered by both 1) the mechanical effects of FXIII (blue loop) as well as ii) the anti-
fibrinolytic pathway (green loop). While these two pathways converge and have similar
effects in reducing embolization and PE burden, the anti-fibrinolytic pathway (via EACA),
also increased thrombus size significantly. Thus, the mechanism on which they alter
embolization and PE burden differ. Altering mechanical strength of the clot has a
different effect on thrombus stability than altering fibrinolysis because we do not see an
effect on thrombus size in the mechanical pathway. Thus, these pathways are shown to be
separate.

Regardless of the two pathways’ differing effects on clot size and composition,
they are likely still linked in many ways. For example, thrombin not only influences the
mechanical loop of clot stability via FXIII activation, but thrombin concentrations have
also been shown to alter fibrinolysis (as discussed before) and thus likely have a direct
effect on altering the anti-fibrinolytic loop. Secondly, thrombin concentrations change the

fibrin composition and the mechanical stability of clots by altering the rigidity, stiffness,
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and elastic modulus measurements (also discussed previously in the chapter 1). Thus,
thrombin likely also alters thrombus stability via the mechanical loop but not necessarily
through FXIIIa alone. Thirdly, thrombin, when bound to thrombomodulin, will activate
thrombin activatable fibrinolysis inhibitor (TAFI) which will alter embolization and PE
burden through the anti-fibrinolytic pathway as well*”’. Lastly, FXIII not only alters the
mechanical properties of clots, but does also have an effect on making clots resistant to
fibrinolysis. Whether this is the predominant role of FXIII is still debated and discussed
in the above sections of this chapter. Therefore, although our results are consistent with
the mechanism depicted in Figure 13, there are more factors that play a role in
determining thrombus stability and many inter-linking mechanisms that yet need to be

studied.
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Figure 13: Mechanisms of thrombus stability.

Thrombus stability can be affected by altering (i) the mechanical strength of clots (via
FXIlIIa role in crosslinking; blue pathway) and (ii) by the anti-fibrinolytic pathway (via
EACA,; green pathway). Thrombin has an effect on FXIII activation, and this will alter
the mechanical strength of clots and thus determine the embolization and PE burden.

EACA inhibits fibrinolysis, and thus alters embolization and thrombus growth.
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6.15 POTENTIAL IMPLICATIONS OF THE FINDINGS IN THIS THESIS

6.15.1 ALTERNATIVES TO IVC FILTERS

In patients with DVT and severe bleeding, anticoagulation is contraindicated
and an inferior vena cava (IVC) filter might be placed to minimize PE**?%°_ IVC filters
are associated with high morbidity>®>>% and in 2008 the American College of Chest
Physician (ACCP) limited their use to lower extremity DVT in whom anticoagulation
therapy is not possible because of the risk of bleeding®”®. Despite this guideline, IVC filter

304 especially retrievable filters>®.

placement has increased dramatically over the decade
Approximately 80% of retrievable IVC filters are not removed from patients with DVT
when bleeding has ceased®*®?’. Filters that remain in situ are associated with clinically
important adverse events>*>*%-310 Filters are also being used for prophylactic use in the
absence of bleeding and in the presence of anticoagulants without any evidence to support
reduction in VTE-related mortality’*4+311-313,

The use of IVC filters in addition to anticoagulation has been studied*!**!>. In
the 1998 PREPIC study, patients with DVT were anticoagulated with enoxaparin or
unfractionated heparin and either received IVC filters or did not*!. Placement of an IVC
filter reduced PE only within the first 12 days, but there was no difference in the rate of
PE by the second year of follow-up?'®. In fact, in the filter arm of the study, filters that
remained in place led to increased VTE recurrence®'s. In 2012 Barginear et al.,

investigated the benefit of IVC filters with fondaparinux, a FXa inhibitor, in cancer and

VTE patients®!’. They found no added benefit from the use of IVC filters in terms of
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safety, recurrent thrombosis or PE*!". Finally, in the 2015 PREPIC2 study, the effect of
retrievable filters plus anticoagulation in patients with acute pulmonary embolism was
studied; filters did not reduce the risk of symptomatic recurrent pulmonary embolism at
three months®'®. Yet, despite the lack of evidence for their benefit, IVC filters are still
used in addition with anticoagulants by physicians because there is no alternative
treatment to help minimize PE and its sequelae, especially when anticoagulation is
contraindicated. This does vary by country. An ideal treatment for these patients would
stabilize clots, minimize embolization, and reduce PE burden without causing further
bleeding.

In chapter 4, we have shown that supplementing FXIII or treating with EACA will
increase DVT stability, decrease embolization and PE burden. However, EACA increases
thrombus size by 1.8-fold, whereas supplementing FXIII does not. Thus, EACA would
not be a viable option for DVT patients in which anticoagulation is contraindicated.
Nonetheless, when saline-, dalteparin-, or dabigatran-treated mice were supplemented
with FXIII, embolization and PE burden was also reduced. However, with FXIII
supplementation, thrombus size, which showed marginal growth, was not significantly
different. These data suggest that FXIII supplementation is better at stabilizing DVT and
may be a better option for DVT patients who have contraindications to anticoagulants, or
to reduce the risk of PE in patients on anticoagulants; this needs clinical confirmation.

IVC filters, despite their extensive list of complications, are the only treatment
option for DVT patients who have contraindications to anticoagulants. However, IVC

filters are also used with anticoagulants, even though this is not a recommended
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indication, because physicians most likely feel that the risks may be discounted in patients
who present with less strictly defined indications such as i) a large clot burden, ii)
medically unstable patients, and iii) those deemed at increased risk of recurrent PE or
anticoagulant-related bleeding. Ultimately, the ideal treatment would reduce acute PE, as
IVC filters do, without the associated complications. These patients would benefit from a
treatment that could minimize embolization by stabilizing the DVT and prevent further
bleeding, even with anticoagulation. We have shown that treatment with EACA, while
decreasing PE burden, increases clot size, which is not ideal. FXIII supplementation, even
with dalteparin or dabigatran, stabilizes the DVT without increasing clot size and reduces
the PE burden. Hence, supplemental FXIII should be studied as an alternative treatment
to reduce PE-associated mortality than IVC filters for DVT patients, including those who
have contraindications to anticoagulants.

It is important to note that supplemental FXIIII has been used to decrease bleeding
in cancer and trauma patients®*>>. When supplemental FXIII was given during cardio-
bypass surgery or in cancer surgery there were no adverse effects or new thrombosis in
these patients®. However, in the case of EACA, there is literature suggesting that
thrombosis is a side effect of anti-fibrinolytic use during trauma®'. In contrast, the
CRASH-2 clinical trial showed that administration of TXA reduced mortality in bleeding

trauma patients with no apparent increase in side effects*?°.
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6.15.2 FVL AS A MODEL OF OTHER DETERMINANTS OF THROMBUS

STABILITY

Much like the FVL paradox, there should be other genetic variants, with lower prevalence,
that determine whether a patient might get a PE rather than a DVT. This is important, as it
would help in understanding the biology of thrombus stability and allow us to reasonably
predict which patients might be at risk for PE, rather than DVT. An approach that could
help uncover these genetic variants would be with the use of the UK Biobank.

UK Biobank, a powerful resource to improve public health, is a large-scale
biomedical database that is enabling new scientific discoveries to be made that improve
public health. The UK Biobank provides access to medical and genetic data from half a
million volunteer participants to improve our understanding o the prevention, diagnosis,
and treatment of a wide range of life-threatening illnesses. This is the largest, most
detailed and openly accessible research resource of its kind. The UK Biobank recruited
>500,000 participants from the United Kingdom between 2006 and 2010. Age at baseline
examination ranged between 40 and 69. Individual completed extensive questionnaires
about sociodemographic, lifestyle, and health-related factors and completed a range of
physical measure. From the 500,000 participants; whole genome sequencing has been
completed on 50,000. The UK Biobank Showcase currently reports 15,000 VTE cases,

and the ability to search for diagnosis of PE (code 20002) and DVT (code 6152).
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6.16 FUTURE DIRECTIONS

This thesis has outlined the development of a clinically relevant mouse model for
assessing venous thrombus stability, characterized by embolization and PE burden. We
have just begun to piece together the mechanism of thrombus stability, which factors alter
embolization and PE burden, and how it all connects. There are still many questions and
lots of experiments that can be done to properly decipher the overall mechanism.

Acute treatment with the DTI dabigatran was found to decrease thrombus stability,
and this was FXIII-dependent. Additionally, we found that FXIII supplementation can
stabilize thrombi without increasing thrombus size because increasing the mechanical
stability of the clot will allow for small amounts of embolization to occur and therefore
the balance between thrombus growth and embolization is maintained. However, FXIII
can crosslink ax-AP and create covalent links between fibrin a-a, a-y., Y-y chains. It is
unclear which of these mechanisms that FXIII stabilizes thrombi. Comparison of
thrombus stability in the FXIII- and o2-AP -deficient mouse would be of interest to tease
apart the contribution of fibrin cross-linking and o»-AP cross-linking to thrombus
stability. Alternatively, this could be tested using an inhibitory antibody against o2-AP or
with a2-AP knockdown using siRNA or an ASO. If thrombus stability in a,-AP”" mice
was the same in WT mice, then this will imply that a2-AP has no role in FXIII’s ability to
stabilize thrombi. Comparing thrombus stability between FXIII”- and a2-AP”~ would help
decipher which of FXIII role is more important. For instance, if thrombus stability was
worse in FXIII”" mice than compared to a,-AP”" this would imply that the crosslinking is

more important than FXIIIs role on ax-AP crosslinking.
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We have recently also shown that mice with Leiden mutation (F5Y* and F5'1)
have greater thrombus stability and reduced PE compared with WT mice. With this
model, we can investigate how much FVL is required to stabilize clots. FVL
heterozygous mice, with 50% FVL, have stable thrombi; would lower FVL destabilize
thrombi, and if so, how low? One way to explore this aim would be to infuse various
amounts of mouse FV or mouse FVL into WT mice and use our established VTE model
to induce a DVT and quantify PE and thrombus size.

Furthermore, TAFI levels have been correlated with the risk of thrombosis.
However, the role of TAFI in VTE remains uncertain. A potential future direction would
be to utilize WT and TAFI”~ using the same study design as described in the thesis to
understand how it alters thrombus stability. It would be interesting to see if TAFI”" mice
would alter thrombus size. This would be important since it would help validate our
working mechanism of thrombus stability. The effect of TAFI have been looked at by
Chessum et al., and they found that TAFI”" mice had increased thrombus size, but
embolization was also increased compared to WT?%°.

While our ferric chloride model allowed us to study embolization in non-
occlusive thrombi for 2 hours, this study can be repeated in an electrolytic model to
validate our venous thrombosis model and our results. This is important since findings in
animal models tend to be recognized as model specific. A requirement for non-occlusive
thrombi to be formed, so that embolization can be imagined and thus quantified, limits
our choices to the electrolytic model, which results in PE that is FXIII-dependant. Briefly,

a direct current is sent through stainless-steel microsurgical needle which is placed on the
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exposed femoral vein generates a thrombi. Thrombi can be formed in WT and FXIII”
mice with or without treatments used throughout the thesis to see if we can duplicate our
finding in this model.

Another interesting factor that likely plays a role, which we have not discussed
yet, is blood flow. Flow, which delivers platelets and other factors to the site enabling
thrombus growth, and subjects the growing thrombus to shearing forces, the removal of
individual to small groups of platelets causes large scale embolization- have an impact on
clot stability. The very high shear rates that exist in stenosed coronary arteries have great
impact not only on the growth rate but also on the structure and the stability of the
growing platelet thrombus. In contrast to erythrocyte-rich thrombi formed at low shear
(125-250 s-1), thrombi formed at high shear rates have a thicker shell, a more densely

322

packed platelet core, and an increased susceptibility to embolization’~“. How all this plays

in our model of thrombus stability have yet to be tested.

164



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

CHAPTER SEVEN: BIBLIOGRPAHY

10.

11.

12.

13.

Furie B, Furie BC. Review series Thrombus formation in vivo. The Journal of
Clincial Investigation. 2005;115(12):3355-3362. doi:10.1172/JCI26987 .trical
Murray R, Bender D, Botham K, Kennelly P, Rodwell V, Weil A. Harpers
[llustrated Biochemistry. 29th ed. McGraw Hill, Lange Basic Sciences; 2011.
Roberts HR, Hoffman M, Monroe DM. A cell-based model of thrombin
generation. Seminars in thrombosis and hemostasis. 2006;32 Suppl 1:32-38.
doi:10.1055/s-2006-939552

Wu KK, Thiagarajan P. Role of endothelium in thrombosis and hemostasis.
Annual review of medicine. 1996;47:315-331.
doi:10.1146/annurev.med.47.1.315

Weitz JI. Heparan sulfate: Antithrombotic or not? Journal of Clinical
Investigation. 2003;111(7):952-954. doi:10.1172/]C118234

de Wouwer M v. Thrombomodulin-Protein C-EPCR System: Integrated to
Regulate Coagulation and Inflammation. Arteriosclerosis, Thrombosis, and
Vascular Biology. 2004;24(8):1374-1383.
doi:10.1161/01.ATV.0000134298.25489.92

Esmon CT. Protein C anticoagulant system—anti-inflammatory effects.
Seminars in Inmunopathology. 2012;34(1):127-132. d0i:10.1007 /s00281-
011-0284-6

Mosnier LO, Bouma BN. Regulation of Fibrinolysis by Thrombin Activatable
Fibrinolysis Inhibitor, an Unstable Carboxypeptidase B That Unites the
Pathways of Coagulation and Fibrinolysis. Arteriosclerosis, Thrombosis, and
Vascular Biology. 2006;26(11):2445-2453.
doi:10.1161/01.ATV.0000244680.14653.9a

Lensing AW, Prandoni P, Prins MH, Biiller H. Deep-vein thrombosis. The
Lancet. 1999;353(9151):479-485. doi:10.1016/S0140-6736(98)04298-6
Chu AJ. Tissue Factor, Blood Coagulation, and Beyond: An Overview.
International Journal of Inflammation. 2011;2011:1-30.
doi:10.4061/2011/367284

Smith S a. The cell-based model of coagulation. Journal of Veterinary
Emergency and Critical Care. 2009;19(1):3-10. d0i:10.1111/j.1476-
4431.2009.00389.x

Mann KG. The Dynamics of Thrombin Formation. Arteriosclerosis, Thrombosis,
and Vascular Biology. 2003;23(1):17-25.
doi:10.1161/01.ATV.0000046238.23903.FC

Kannemeier C, Shibamiya A, Nakazawa F, et al. Extracellular RNA constitutes a
natural procoagulant cofactor in blood coagulation. Proceedings of the
National Academy of Sciences. 2007;104(15):6388-6393.
doi:10.1073/pnas.0608647104

165



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Miiller F, Mutch NJ, Schenk WA, et al. Platelet Polyphosphates Are
Proinflammatory and Procoagulant Mediators In Vivo. Cell.
2009;139(6):1143-1156.d0i:10.1016/j.cell.2009.11.001

Smith SA, Mutch NJ, Baskar D, Rohloff P, Docampo R, Morrissey JH.
Polyphosphate modulates blood coagulation and fibrinolysis. Proceedings of
the National Academy of Sciences. 2006;103(4):903-908.
d0i:10.1073/pnas.0507195103

Gailani D, Renne T. Intrinsic Pathway of Coagulation and Arterial Thrombosis.
Arteriosclerosis, Thrombosis, and Vascular Biology. 2007;27(12):2507-2513.
doi:10.1161/ATVBAHA.107.155952

Coughlin SR. Thrombin signalling and protease-activated receptors. Nature.
2000;407(6801):258-264. doi:10.1038/35025229

di Cera E. Thrombin as procoagulant and anticoagulant. Journal of Thrombosis
and Haemostasis. 2007;5(SUPPL. 1):196-202. doi:10.1111/j.1538-
7836.2007.02485.x

Lwaleed B a., Bass PS. Tissue factor pathway inhibitor: Structure, biology and
involvement in disease. Journal of Pathology. 2006;208(3):327-339.
doi:10.1002/path.1871

Bajzar L, Morser ], Nesheim M. TAF], or plasma procarboxypeptidase B,
couples the coagulation and fibrinolytic cascades through the thrombin-
thrombomodulin complex. Journal of Biological Chemistry.
1996;271(28):16603-16608. doi:10.1074/jbc.271.28.16603

Ryan EA, Mockros LF, Weisel JW, Lorand L. Structural Origins of Fibrin Clot
Rheology. Biophysical Journal. 1999;77(5):2813-2826. doi:10.1016/S0006-
3495(99)77113-4

Fraser SR, Booth N a., Mutch NJ. The antifibrinolytic function of factor XIII is
exclusively expressed through ??\n 2-antiplasmin cross-linking.
Blood. 2011;117(23):6371-6374. d0i:10.1182/blood-2011-02-333203
Chapin JC, Hajjar KA. Fibrinolysis and the control of blood coagulation. Blood
Reviews. 2015;29(1):17-24. d0i:10.1016/j.blre.2014.09.003

Gong Y, Kim SO, Felez |, Grella DK, Castellino F], Miles LA. Conversion of Glu-
Plasminogen to Lys-Plasminogen Is Necessary for Optimal Stimulation of
Plasminogen Activation on the Endothelial Cell Surface. Journal of Biological
Chemistry. 2001;276(22):19078-19083. d0i:10.1074/jbc.M101387200
Foley JH, Cook PF, Nesheim ME. Kinetics of Activated Thrombin-activatable
Fibrinolysis Inhibitor (TAFIa)-catalyzed Cleavage of C-terminal Lysine
Residues of Fibrin Degradation Products and Removal of Plasminogen-binding
Sites. Journal of Biological Chemistry. 2011;286(22):19280-19286.
doi:10.1074/jbc.M110.215061

Henderson SJ, Weitz |1, Kim PY. Fibrinolysis: strategies to enhance the
treatment of acute ischemic stroke. Journal of Thrombosis and Haemostasis.
2018;16(10):1932-1940. doi:10.1111/jth.14215

166



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Collet JP, Moen JL, Veklich YI, et al. The aC domains of fibrinogen affect the
structure of the fibrin clot, its physical properties, and its susceptibility to
fibrinolysis. Blood. 2005;106(12):3824-3830. d0i:10.1182/blood-2005-05-
2150

Gorkun O v., Veklich YI, Medved’ L v., Henschen AH, Weisel JW. Role of

the .alpha.C Domains of Fibrin in Clot Formation. Biochemistry.
1994;33(22):6986-6997. doi:10.1021/bi00188a031

Weisel JW, Litvinov RI. Mechanisms of fibrin polymerization and clinical
implications. Blood. 2013;121(10):1712-1719. d0i:10.1182/blood-2012-09-
306639

Herrick S, Blanc-Brude O, Gray A, Laurent G. Fibrinogen. The International
Journal of Biochemistry & Cell Biology. 1999;31(7):741-746.
doi:10.1016/S1357-2725(99)00032-1

Ariens R a S, Lai TS, Weisel JW, Greenberg CS, Grant PJ. Role of factor XIII in
fibrin clot formation and effects of genetic polymorphisms. Blood.
2002;100(3):743-754. d0i:10.1182/blood.V100.3.743

Coté HC, Lord ST, Pratt KP. gamma-Chain dysfibrinogenemias: molecular
structure-function relationships of naturally occurring mutations in the
gamma chain of human fibrinogen. Blood. 1998;92(7):2195-2212.

Holmes WE, Nelles L, Lijnen HR, Collen D. Primary structure of human alpha 2-
antiplasmin, a serine protease inhibitor (serpin). Journal of Biological
Chemistry. 1987;262(4):1659-1664. d0i:10.1016/S0021-9258(19)75687-7
Reed G, Houng A, Singh S, Wang D. a2-Antiplasmin: New Insights and
Opportunities for Ischemic Stroke. Seminars in Thrombosis and Hemostasis.
2016;43(02):191-199. d0i:10.1055/s-0036-1585077

Singh S, Houng A, Reed GL. Releasing the Brakes on the Fibrinolytic System in
Pulmonary Emboli. Circulation. 2017;135(11):1011-1020.
doi:10.1161/CIRCULATIONAHA.116.024421

Bereczky Z, Katona E, Muszbek L. Fibrin Stabilization (Factor XIII), Fibrin
Structure and Thrombosis. Pathophysiology of Haemostasis and Thrombosis.
2003;33(5-6):430-437.d0i:10.1159/000083841

Aleman MM, Byrnes JR, Wang |G, et al. Factor XIII activity mediates red blood
cell retention in venous thrombi. Journal of Clinical Investigation.
2014;124(8):3590-3600. doi:10.1172/]JCI75386

Paragh L, Tor6csik D. Factor XIII Subunit A in the Skin: Applications in
Diagnosis and Treatment. BioMed Research International. 2017;2017:1-14.
doi:10.1155/2017/3571861

Byrnes ], Wolberg A. Newly-Recognized Roles of Factor XIII in Thrombosis.
Seminars in Thrombosis and Hemostasis. 2016;42(04):445-454. doi:10.1055/s-
0036-1571343

Schroeder V, Kohler HP. New developments in the area of factor XIII. Journal of
Thrombosis and Haemostasis. 2013;11(2):234-244. doi:10.1111/jth.12074

167



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

Ortner E, Schroeder V, Walser R, Zerbe O, Kohler HP. Sensitive and selective
detection of free FXIII activation peptide: a potential marker of acute
thrombotic events. Blood. 2010;115(24):5089-5096. doi:10.1182/blood-
2009-11-253062

Weisel JW, Litvinov RI. Red blood cells: the forgotten player in hemostasis and
thrombosis. Journal of Thrombosis and Haemostasis. 2019;17(2):271-282.
doi:10.1111/jth.14360

Kattula S, Byrnes JR, Wolberg AS. Fibrinogen and Fibrin in Hemostasis and
Thrombosis. Arteriosclerosis, Thrombosis, and Vascular Biology. 2017;37(3).
doi:10.1161/ATVBAHA.117.308564

HSIEH L, NUGENT D. Factor XIII deficiency. Haemophilia. 2008;14(6):1190-
1200.d0i:10.1111/j.1365-2516.2008.01857.x

Fadoo Z, Merchant, Rehman. New developments in the management of
congenital Factor XIII deficiency. Journal of Blood Medicine. Published online
May 2013:65. doi:10.2147/]BM.S32693

Levy JH, Greenberg C. Biology of Factor XIII and clinical manifestations of
Factor XIII deficiency. Transfusion. 2013;53(5):1120-1131.
doi:10.1111/j.1537-2995.2012.03865.x

Dorgalaleh A, Rashidpanah J. Blood coagulation factor XIII and factor XIII
deficiency. Blood Reviews. 2016;30(6):461-475.
doi:10.1016/j.blre.2016.06.002

Muszbek L, Bereczky Z, Bagoly Z, Komaromi I, Katona E. Factor XIII; A
Coagulation Factor With Multiple Plasmatic and Cellular Functions.
Physiological Reviews. 2011;91(3):931-972. d0i:10.1152 /physrev.00016.2010
Solomon C, Korte W, Fries D, et al. Safety of Factor XIII Concentrate: Analysis
of More than 20 Years of Pharmacovigilance Data. Transfusion Medicine and
Hemotherapy. 2016;43(5):365-373. doi:10.1159/000446813

Inbal A, Oldenburg J, Carcao M, Rosholm A, Tehranchi R, Nugent D.
Recombinant factor XIII: a safe and novel treatment for congenital factor XIII
deficiency. Blood. 2012;119(22):5111-5117. d0i:10.1182/blood-2011-10-
386045

DREYFUS M, BARROIS D, BORG JY, et al. Successful long-term replacement
therapy with FXIII concentrate (Fibrogammin® P) for severe congenital factor
XIII deficiency: a prospective multicentre study. Journal of Thrombosis and
Haemostasis. 2011;9(6):1264-1266.d0i:10.1111/j.1538-7836.2011.04281.x
Naderi M, Karimi M, Hosseini MS, Moradi EH, Shamsizadeh M, Dorgalaleh A.
Long Term Follow up Study on a Large Group of Patients with Congenital
Factor XIII Deficiency Treated Prophylactically with Fibrogammin P®. Iranian
journal of pharmaceutical research : IJPR. 2016;15(2):635-640.

Korte W. F. XIII in perioperative coagulation management. Best Practice &
Research Clinical Anaesthesiology. 2010;24(1):85-93.
doi:10.1016/j.bpa.2009.09.011

168



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Karkouti K, von Heymann C, Jespersen CM, et al. Efficacy and safety of
recombinant factor XIII on reducing blood transfusions in cardiac surgery: A
randomized, placebo-controlled, multicenter clinical trial. The Journal of
Thoracic and Cardiovascular Surgery. 2013;146(4):927-939.
doi:10.1016/j.jtcvs.2013.04.044

Korte WC, Szadkowski C, Gahler A, et al. Factor XIII Substitution in Surgical
Cancer Patients at High Risk for Intraoperative Bleeding. Anesthesiology.
2009;110(2):239-245. d0i:10.1097/ALN.0b013e318194b21e

Karkouti K, McCluskey SA, Syed S, Pazaratz C, Poonawala H, Crowther MA. The
Influence of Perioperative Coagulation Status on Postoperative Blood Loss in
Complex Cardiac Surgery. Anesthesia & Analgesia. 2010;110(6):1533-1540.
doi:10.1213/ANE.Ob013e3181db7991

Godje O, Gallmeier U, Schelian M, Griinewald M, Mair H. Coagulation Factor
XIII Reduces Postoperative Bleeding After Coronary Surgery with
Extracorporeal Circulation. The Thoracic and Cardiovascular Surgeon.
2006;54(1):26-33. d0i:10.1055/s-2005-872853

REYNOLDS TC, BUTINE MD, VISICH JE, et al. Safety, pharmacokinetics, and
immunogenicity of single-dose rFXIII administration to healthy volunteers.
Journal of Thrombosis and Haemostasis. 2005;3(5):922-928.
doi:10.1111/j.1538-7836.2005.01224.x

Visich JE, Zuckerman LA, Butine MD, et al. Safety and pharmacokinetics of
recombinant factor XIII in healthy volunteers. A randomized, placebo-
controlled, double-blind, multi-dose study. Thrombosis and Haemostasis.
Published online September 9, 2005. doi:10.1160/TH05-04-0292

Ponce RA, Visich JE, Heffernan JK, et al. Preclinical Safety and
Pharmacokinetics of Recombinant Human Factor XIII. Toxicologic Pathology.
2005;33(4):495-506. doi:10.1080/01926230490966247

Kobbervig C, Williams E. FXIII polymorphisms, fibrin clot structure and
thrombotic risk. Biophysical Chemistry. 2004;112(2-3):223-228.
doi:10.1016/j.bpc.2004.07.023

Bagoly Z, Koncz Z, Harsfalvi ], Muszbek L. Factor XIII, clot structure,
thrombosis. Thrombosis Research. 2012;129(3):382-387.
d0i:10.1016/j.thromres.2011.11.040

Ariéns RA, Philippou H, Nagaswami C, Weisel JW, Lane DA, Grant P]. The factor
XIII V34L polymorphism accelerates thrombin activation of factor XIII and
affects cross-linked fibrin structure. Blood. 2000;96(3):988-995.
Wartiovaara U, Mikkola H, Szdke G, et al. Effect of Val34Leu polymorphism on
the activation of the coagulation factor XIII-A. Thrombosis and haemostasis.
2000;84(4):595-600.

Attié-Castro FA, Zago MA, Lavinha ], et al. Ethnic heterogeneity of the factor
XIII Val34Leu polymorphism. Thrombosis and haemostasis. 2000;84(4):601-
603.

169



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Jung JH, Song GG, Kim JH, Seo YH, Choi S]. Association of factor XIII Val34Leu
polymorphism and coronary artery disease: A meta-analysis. Cardiology
Journal. 2017;24(1):74-84. doi:10.5603/CJ].a2016.0070

Kreutz RP, Bitar A, Owens ], et al. Factor XIII Val34Leu polymorphism and
recurrent myocardial infarction in patients with coronary artery disease.
Journal of Thrombosis and Thrombolysis. 2014;38(3):380-387.
doi:10.1007/s11239-014-1059-4

Shafey M, Anderson JL, Scarvelis D, Doucette SP, Gagnon F, Wells PS. Factor
XIII Val34Leu variant and the risk of myocardial infarction: a meta-analysis.
Thrombosis and haemostasis. 2007;97(4):635-641.

Alhenc-Gelas M, Reny JL, Aubry ML, Aiach M, Emmerich ]. The FXIII Val 34 Leu
mutation and the risk of venous thrombosis. Thrombosis and haemostasis.
2000;84(6):1117-1118.

Margaglione M, Bossone A, Brancaccio V, Ciampa A, di Minno G. Factor XIII
Val34Leu polymorphism and risk of deep vein thrombosis. Thrombosis and
haemostasis. 2000;84(6):1118-1119.

Wells PS, Anderson JL, Scarvelis DK, Doucette SP, Gagnon F. Factor XIII
Val34Leu Variant Is Protective against Venous Thromboembolism: A HuGE
Review and Meta-Analysis. American Journal of Epidemiology.
2006;164(2):101-109. doi:10.1093/aje/kwj179

Francis CW. Factor XIII Polymorphisms and Venous Thromboembolism.
Archives of Pathology & Laboratory Medicine. 2002;126(11):1391-1393.
doi:10.5858/2002-126-1391-FXPAVT

Li B, Zhang L, Yin Y, et al. Lack of evidence for association between factor XIII-
A Val34Leu polymorphism and ischemic stroke: A meta-analysis of 8,800
subjects. Thrombosis Research. 2012;130(4):654-660.
do0i:10.1016/j.thromres.2011.11.030

Mackman N. New insights into the mechanisms of venous thrombosis. Journal
of Clinical Investigation. 2012;122(7):2331-2336.d0i:10.1172/]C160229
Vazquez SR, Kahn SR. Postthrombotic Syndrome. Circulation.
2010;121(8):€217-e219. d0i:10.1161/CIRCULATIONAHA.109.925651
Vaitkus P, Leizorovicz A, Cohen A, Turpie A, Olsson CG, Goldhaber S. Mortality
rates and risk factors for asymptomatic deep vein thrombosis in medical
patients. Thrombosis and Haemostasis. 2005;93(01):76-79.
doi:10.1160/TH04-05-0323

Scarvelis D, Wells PS. Diagnosis and treatment of deep-vein thrombosis.
Canadian Medical Association Journal. 2006;175(9):1087-1092.
d0i:10.1503/cmaj.060366

Samama MM. An epidemiologic study of risk factors for deep vein thrombosis
in medical outpatients: the Sirius study. Archives of internal medicine.
2011;160(22):3415-3420. doi:10.1001/archinte.160.22.3415

Rodger M, Wells PS. Diagnosis of Pulmonary Embolism. Thrombosis Research.
2001;103(6):V225-V238.doi:10.1016/S0049-3848(01)00326-7

170



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

80. Eakins D. National Survey Reveals Canadians’ Limited Knowledge About
Thrombosis, Risk Factors, and Warning Signs. Thrombosis Canda .

81. Girard P, Decousus M, Laporte S, et al. Diagnosis of pulmonary embolism in
patients with proximal deep vein thrombosis: specificity of symptoms and
perfusion defects at baseline and during anticoagulant therapy. American
journal of respiratory and critical care medicine. 2001;164(6):1033-1037.
http://www.ncbi.nlm.nih.gov/pubmed /11587992

82. Anderson FA, Spencer FA. Risk Factors for Venous Thromboembolism.
Circulation. 2003;107(23_suppl_1).
doi:10.1161/01.CIR.0000078469.07362.E6

83. Kearon C. Epidemiology of Venous Thromboembolism. Seminars in Vascular
Medicine. 2001;01(01):007-026. doi:10.1055/s-2001-14668

84. White RH. The Epidemiology of Venous Thromboembolism. Circulation.
2003;107(23_suppl_1). doi:10.1161/01.CIR.0000078468.11849.66

85. Heit]A. The Epidemiology of Venous Thromboembolism in the Community.
Arteriosclerosis, Thrombosis, and Vascular Biology. 2008;28(3):370-372.
doi:10.1161/ATVBAHA.108.162545

86. Wun T, White RH. Venous Thromboembolism (VTE) in Patients with Cancer:
Epidemiology and Risk Factors. Cancer Investigation. 2009;27(sup1):63-74.
doi:10.1080/07357900802656681

87. Khan S, Dickerman ]D. Hereditary thrombophilia. Thrombosis Journal.
2006;4(1):15.d0i:10.1186/1477-9560-4-15

88. Duga S, Montefusco MC, Asselta R, et al. Arg2074Cys missense mutation in the
C2 domain of factor V causing moderately severe factor V deficiency:
molecular characterization by expression of the recombinant protein. Blood.
2003;101(1):173-177.d0i:10.1182/blood-2002-06-1928

89. Camire RM. Platelet factor V to the rescue. Blood. 2010;115(4):753-754.
doi:10.1182/blood-2009-11-252619

90. Ornstein DL, Cushman M. Factor V Leiden. Circulation. 2003;107(15).
doi:10.1161/01.CIR.0000068167.08920.F1

91. Tracy PB, Mann KG. Abnormal formation of the prothrombinase complex:.
Factor V deficiency and related disorders. Human Pathology. Published online
1987.d0i:10.1016/S0046-8177(87)80334-9

92. Cui], O’'Shea KS, Purkayastha A, Saunders TL, Ginsburg D. Fatal haemorrhage
and incomplete block to embryogenesis in mice lacking coagulation factor V.
Nature. 1996;384(6604):66-68. doi:10.1038/384066a0

93. Cui], Eitzman DT, Westrick R], et al. Spontaneous thrombosis in mice carrying
the factor V Leiden mutation. Blood. 2000;96(13):4222-4226.

94. Bj¢rk], Lindahl U. Mechanism of the anticoagulant action of heparin.
Molecular and Cellular Biochemistry. 1982;48(3):161-182.
doi:10.1007/BF00421226

95. Hirsh ], Raschke R. Heparin and Low-Molecular-Weight Heparin. Chest.
2004;126(3):188S-203S. doi:10.1378/chest.126.3_suppl.188S

171



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Kuruvilla M, Gurk-Turner C. A Review of Warfarin Dosing and Monitoring.
Baylor University Medical Center Proceedings. 2001;14(3):305-306.
doi:10.1080/08998280.2001.11927781

Walker CPR, Royston D. Thrombin generation and its inhibition: a review of
the scientific basis and mechanism of action of anticoagulant therapies. British
Journal of Anaesthesia. 2002;88(6):848-863. doi:10.1093 /bja/88.6.848

di Nisio M, Middeldorp S, Biiller HR. Direct Thrombin Inhibitors. New England
Journal of Medicine. 2005;353(10):1028-1040. doi:10.1056 /NE]JMra044440
Gross PL, Weitz JI. New Anticoagulants for Treatment of Venous
Thromboembolism. Arteriosclerosis, Thrombosis, and Vascular Biology.
2008;28(3):380-386.d0i:10.1161/ATVBAHA.108.162677

Hirsh ], Raschke CR, Warkentin TE, Dalen JE, Deykin D, Poller L. Heparin:
Mechanism of Action, Pharmacokinetics, Dosing Considerations, Monitoring,
Efficacy, and Safety. Chest. 1995;108(4):258S-275S.
d0i:10.1378/chest.108.4_Supplement.258S

Lee AY. Dalteparin sodium in the management of thromboembolic disorders.
Therapy. 2006;3(4):461-473. doi:10.1586/14750708.3.4.461

Bratt G, Aberg W, Johansson M, Térnebohm E, Granqvist S, Lockner D. Two
Daily Subcutaneous Injections of Fragmin as Compared with Intravenous
Standard Heparin in the Treatment of Deep Venous Thrombosis (DVT).
Thrombosis and Haemostasis. 1990;64(04):506-510. doi:10.1055/s-0038-
1647348

Lindmarker P, Holmstréom M, Granqvist S, Johnsson H, Lockner D. Comparison
of Once-Daily Subcutaneous Fragmin® with Continuous Intravenous
Unfractionated Heparin in the Treatment of Deep Vein Thrombosis.
Thrombosis and Haemostasis. 1994;72(02):186-190. doi:10.1055/s-0038-
1648836

Holm HA, Ly B, Handeland GF, et al. Subcutaneous Heparin Treatment of Deep
Venous Thrombosis: A Comparison of Unfractionated and Low Molecular
Weight Heparin. Pathophysiology of Haemostasis and Thrombosis.
1986;16(2):30-37.d0i:10.1159/000215355

Handeland GF, Abildgaard U, Holm HA, Arnesen KE. Dose adjusted heparin
treatment of deep venous thrombosis: a comparison of unfractionated and
low molecular weight heparin. European Journal of Clinical Pharmacology.
1990;39(2):107-112. doi:10.1007/BF00280041

Albada ], Nieuwenhuis HK, Sixma JJ. Treatment of acute venous
thromboembolism with low molecular weight heparin (Fragmin). Results of a
double-blind randomized study. Circulation. 1989;80(4):935-940.
doi:10.1161/01.CIR.80.4.935

Meyer G, Brenot F, Pacouret G, et al. Subcutaneous low-molecular-weight
heparin fragmin versus intravenous unfractionated heparin in the treatment
of acute non massive pulmonary embolism: an open randomized pilot study.
Thrombosis and haemostasis. 1995;74(6):1432-1435.

172



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Eriksson BI, Zachrisson BE, Teger-Nilsson AC, Risberg B. Thrombosis
prophylaxis with low molecular weight heparin in total hip replacement.
British Journal of Surgery. 2005;75(11):1053-1057.

doi:10.1002/bjs. 1800751104

Eriksson BI, Kélebo P, Anthymyr BA, Wadenvik H, Tengborn L, Risberg B.
Prevention of deep-vein thrombosis and pulmonary embolism after total hip
replacement. Comparison of low-molecular-weight heparin and
unfractionated heparin. The Journal of bone and joint surgery American volume.
1991;73(4):484-493.

Dechavanne M, Ville D, Berruyer M, et al. Randomized Trial of a Low-
Molecular-Weight Heparin (Kabi 2165) versus Adjusted-Dose Subcutaneous
Standard Heparin in the Prophylaxis of Deep-Vein Thrombosis after Elective
Hip Surgery. Pathophysiology of Haemostasis and Thrombosis. 1989;19(1):5-12.
doi:10.1159/000215882

Kakkar VV, Cohen AT, Edmonson RA, et al. Low molecular weight versus
standard heparin for prevention of venous thromboembolism after major
abdominal surgery. The Lancet. 1993;341(8840):259-265. doi:10.1016/0140-
6736(93)92614-Y

Bounameaux H. Unexpectedly High Rate of Phlebographic Deep Venous
Thrombosis Following Elective General Abdominal Surgery Among Patients
Given Prophylaxis With Low-Molecular-Weight Heparin. Archives of Surgery.
1993;128(3):326. d0i:10.1001/archsurg.1993.01420150082015

Monreal M, Lafoz E, Olive A, del Rio L, Vedia C. Comparison of subcutaneous
unfractionated heparin with a low molecular weight heparin (Fragmin) in
patients with venous thromboembolism and contraindications to coumarin.
Thrombosis and haemostasis. 1994;71(1):7-11.

Das SK, Cohen AT, Edmondson RA, Melissari E, Kakkar V v. Low-Molecular-
Weight Heparin versus Warfarin for Prevention of Recurrent Venous
Thromboembolism: A Randomized Trial. World Journal of Surgery.
1996;20(5):521-527. d0i:10.1007 /5002689900081

Lee AYY, Levine MN, Baker R], et al. Low-Molecular-Weight Heparin versus a
Coumarin for the Prevention of Recurrent Venous Thromboembolism in
Patients with Cancer. New England Journal of Medicine. 2003;349(2):146-153.
doi:10.1056/NEJMo0a025313

Eriksson B. Ximelagatran in Orthopaedic Surgery. Pathophysiology of
Haemostasis and Thrombosis. 2005;34(1):10-17. doi:10.1159/000083079
Fiessinger JN, Huisman M v, Davidson BL, et al. Ximelagatran vs low-
molecular-weight heparin and warfarin for the treatment of deep vein
thrombosis: a randomized trial. JAMA : the journal of the American Medical
Association. 2005;293(6):681-689. d0i:10.1001/jama.293.6.681

Schulman S, Wahlander K, Lundstrom T, Clason SB, Eriksson H. Secondary
Prevention of Venous Thromboembolism with the Oral Direct Thrombin

173



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Inhibitor Ximelagatran. New England Journal of Medicine. 2003;349(18):1713-
1721. doi:10.1056/NEJM0a030104

Mohapatra R, Tran M, Gore JM, Spencer FA. A review of the oral direct
thrombin inhibitor ximelagatran. American Heart Journal. 2005;150(1):19-26.
doi:10.1016/j.ahj.2005.02.012

Ganetsky M, Babu KM, Salhanick SD, Brown RS, Boyer EW. Dabigatran: Review
of Pharmacology and Management of Bleeding Complications of This Novel
Oral Anticoagulant. Journal of Medical Toxicology. 2011;7(4):281-287.
doi:10.1007/s13181-011-0178-y

Blech S, Ebner T, Ludwig-Schwellinger E, Stangier ], Roth W. The Metabolism
and Disposition of the Oral Direct Thrombin Inhibitor, Dabigatran, in Humans.
Drug Metabolism and Disposition. 2008;36(2):386-399.
d0i:10.1124/dmd.107.019083

Stangier J, Stahle H, Rathgen K, Fuhr R. Pharmacokinetics and
Pharmacodynamics of the Direct Oral Thrombin Inhibitor Dabigatran

in Healthy Elderly Subjects. Clinical Pharmacokinetics. 2008;47(1):47-59.
doi:10.2165/00003088-200847010-00005

Ezekowitz MD, Connolly S, Parekh A, et al. Rationale and design of RE-LY:
Randomized evaluation of long-term anticoagulant therapy, warfarin,
compared with dabigatran. American Heart Journal. 2009;157(5):805-810.e2.
doi:10.1016/j.ahj.2009.02.005

Schulman S, Kearon C, Kakkar AK, et al. Dabigatran versus Warfarin in the
Treatment of Acute Venous Thromboembolism. New England Journal of
Medicine. 2009;361(24):2342-2352. doi:10.1056/NEJM0a0906598

BAUER KA. Recent progress in anticoagulant therapy: oral direct inhibitors of
thrombin and factor Xa. Journal of Thrombosis and Haemostasis. 2011;9:12-19.
doi:10.1111/j.1538-7836.2011.04321.x

Gross PL, Weitz JI. New Antithrombotic Drugs. Clinical Pharmacology &
Therapeutics. 2009;86(2):139-146. doi:10.1038/clpt.2009.98

Weitz ]I, Gross PL. New oral anticoagulants: which one should my patient use?
Hematology American Society of Hematology Education Program.
2012;2012:536-540. d0i:10.1182 /asheducation-2012.1.536

Henke PK, Wakefield T. Thrombus resolution and vein wall injury:
dependence on chemokines and leukocytes. Thrombosis Research.
2009;123:S72-S78.d0i:10.1016/S0049-3848(09)70148-3

Varma MR, Varga AJ, Knipp BS, et al. Neutropenia impairs venous thrombosis
resolution in the rat. Journal of Vascular Surgery. 2003;38(5):1090-1098.
doi:10.1016/S0741-5214(03)00431-2

Stewart GJ. Neutrophils and Deep Venous Thrombosis. Pathophysiology of
Haemostasis and Thrombosis. 1993;23(1):127-140. doi:10.1159/000216922
Ali T, Humphries ], Burnand K, et al. Monocyte recruitment in venous
thrombus resolution. Journal of Vascular Surgery. 2006;43(3):601-608.
doi:10.1016/j.jvs.2005.10.073

174



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Henke PK. Deep Vein Thrombosis Resolution Is Modulated by Monocyte
CXCR2-Mediated Activity in a Mouse Model. Arteriosclerosis, Thrombosis, and
Vascular Biology. 2004;24(6):1130-1137.
doi:10.1161/01.ATV.0000129537.72553.73

Saha P, Humphries ], Modarai B, et al. Leukocytes and the Natural History of
Deep Vein Thrombosis. Arteriosclerosis, Thrombosis, and Vascular Biology.
2011;31(3):506-512. doi:10.1161/ATVBAHA.110.213405

Singh I. Failure of Thrombus to Resolve in Urokinase-Type Plasminogen
Activator Gene-Knockout Mice: Rescue by Normal Bone Marrow-Derived Cells.
Circulation. 2003;107(6):869-875. doi:10.1161/01.CIR.0000050149.22928.39
Humphries ], Gossage JA, Modarai B, et al. Monocyte urokinase-type
plasminogen activator up-regulation reduces thrombus size in a model of
venous thrombosis. Journal of Vascular Surgery. 2009;50(5):1127-1134.
doi:10.1016/j.jvs.2009.06.047

Gossage JA, Humphries ], Modarai B, Burnand KG, Smith A. Adenoviral
urokinase-type plasminogen activator (uPA) gene transfer enhances venous
thrombus resolution. Journal of Vascular Surgery. 2006;44(5):1085-1090.
doi:10.1016/j.jvs.2006.07.020

Piovella F, Crippa L, Barone M, et al. Normalization rates of compression
ultrasonography in patients with a first episode of deep vein thrombosis of the
lower limbs: association with recurrence and new thrombosis. Haematologica.
2002;87(5):515-522.

Murphy TP, Cronan JJ. Evolution of deep venous thrombosis: a prospective
evaluation with US. Radiology. 1990;177(2):543-548.
do0i:10.1148/radiology.177.2.2217798

Heijboer H, Jongbloets LM, Biiller HR, Lensing AW, ten Cate JW. Clinical utility
of real-time compression ultrasonography for diagnostic management of
patients with recurrent venous thrombosis. Acta radiologica (Stockholm,
Sweden : 1987). 1992;33(4):297-300.

Caprini JA, Arcelus JI, Hoffman KN, et al. Venous duplex imaging follow-up of
acute symptomatic deep vein thrombosis of the leg. Journal of Vascular
Surgery. 1995;21(3):472-476. doi:10.1016/S0741-5214(95)70289-X

Rosfors S, Eriksson M, Leijd B, Nordstrom E. A prospective follow-up study of
acute deep venous thrombosis using colour duplex ultrasound, phlebography
and venous occlusion plethysmography. International angiology : a journal of
the International Union of Angiology. 1997;16(1):39-44.

Asbeutah AM, Riha AZ, Cameron |D, McGrath BP. Five-year outcome study of
deep vein thrombosis in the lower limbs. Journal of Vascular Surgery.
2004;40(6):1184-1189. d0i:10.1016/j.jvs.2004.10.025

Cronan J], Leen V. Recurrent deep venous thrombosis: limitations of US.
Radiology. 1989;170(3):739-742. doi:10.1148/radiology.170.3.2644660
Mantoni M. Deep venous thrombosis: longitudinal study with duplex US.
Radiology. 1991;179(1):271-273. d0i:10.1148/radiology.179.1.2006290

175



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Johnson BF, Manzo RA, Bergelin RO, Strandness DE. Relationship between
changes in the deep venous system and the development of the
postthrombotic syndrome after an acute episode of lower limb deep vein
thrombosis: A one- to six-year follow-up. Journal of Vascular Surgery.
1995;21(2):307-313. d0i:10.1016/S0741-5214(95)70271-7

Franzeck UK, Schalch [, Jager KA, Schneider E, Grimm ], Bollinger A.
Prospective 12-Year Follow-up Study of Clinical and Hemodynamic Sequelae
After Deep Vein Thrombosis in Low-Risk Patients (Ziirich Study). Circulation.
1996;93(1):74-79. d0i:10.1161/01.CIR.93.1.74

O’Shaughnessy AM, Fitzgerald DE. Natural history of proximal deep vein
thrombosis assessed by duplex ultrasound. International angiology : a journal
of the International Union of Angiology. 1997;16(1):45-49.

Haenen JH, Janssen MCH, van Langen H, et al. Duplex ultrasound in the
hemodynamic evaluation of the late sequelae of deep venous thrombosis.
Journal of Vascular Surgery. 1998;27(3):472-478. doi:10.1016/S0741-
5214(98)70322-2

van Haarst EP, Liasis N, van Ramshorst B, Moll FL. The development of
valvular incompetence after deep vein thrombosis: A 7 year follow-up study
with Duplex scanning. European Journal of Vascular and Endovascular Surgery.
1996;12(3):295-299. d0i:10.1016/S1078-5884(96)80247-4

Franzeck UK, Schalch [, Bollinger A. On the relationship between changes in
the deep veins evaluated by duplex sonography and the postthrombotic
syndrome 12 years after deep vein thrombosis. Thrombosis and haemostasis.
1997;77(6):1109-1112.

Wakefield TW, Myers DD, Henke PK. Mechanisms of Venous Thrombosis and
Resolution. Arteriosclerosis, Thrombosis, and Vascular Biology.
2008;28(3):387-391. d0i:10.1161/ATVBAHA.108.162289

Chernysh IN, Nagaswami C, Kosolapova S, et al. The distinctive structure and
composition of arterial and venous thrombi and pulmonary emboli. Scientific
Reports. 2020;10(1):5112. d0i:10.1038/s41598-020-59526-x

Baud ]JM, Stephas L, Ribadeau-Dumas C, et al. Short- and medium-term duplex
sonography follow-up of deep venous thrombosis of the lower limbs. Journal
of clinical ultrasound : JCU. 1998;26(1):7-13. doi:10.1002/(sici)1097-
0096(199801)26:1<7::aid-jcu3>3.0.co;2-1

Nair CH, Shah GA, Dhall DP. Effect of temperature, ph and ionic strength and
composition on fibrin network structure and its development. Thrombosis
Research. 1986;42(6):809-816. doi:10.1016/0049-3848(86)90117-9
Ammollo CT, Semeraro F, Incampo F, Semeraro N, Colucci M. Dabigatran
enhances clot susceptibility to fibrinolysis by mechanisms dependent on and
independent of thrombin-activatable fibrinolysis inhibitor. Journal of
Thrombosis and Haemostasis. 2010;8(4):790-798. doi:10.1111/j.1538-
7836.2010.03739.x

176



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Nielsen VG, Kirklin JK. Argatroban enhances fibrinolysis by differential
inhibition of thrombin-mediated activation of thrombin activatable
fibrinolysis inhibitor and factor XIII. Blood coagulation & fibrinolysis : an
international journal in haemostasis and thrombosis. 2008;19(8):793-800.
doi:10.1097/MBC.0b013e328317f5aa

Blombéack M, He S, Bark N, Wallen HN, Elg M. Effects on fibrin network
porosity of anticoagulants with different modes of action and reversal by
activated coagulation factor concentrate. British Journal of Haematology.
2011;152(6):758-765.d0i:10.1111/j.1365-2141.2010.08546.x

Lisman T, Adelmeijer ], Nieuwenhuis HK, de Groot PG. Enhancement of
fibrinolytic potential in vitro by anticoagulant drugs targeting activated factor
X, but not by those inhibiting thrombin or tissue factor. Blood coagulation &
fibrinolysis : an international journal in haemostasis and thrombosis.
2003;14(6):557-562. d0i:10.1097/01.mbc.0000061339.72909.6a

Caps MT, Meissner MH, Tullis M], et al. Venous thrombus stability during acute
phase of therapy. Vascular Medicine. 1999;4(1):9-14.
doi:10.1177/1358836X9900400102

Krupski WC, Bass a, Dilley RB, Bernstein EF, Otis SM. Propagation of deep
venous thrombosis identified by duplex ultrasonography. Journal of vascular
surgery. 1990;12(4):467-474; discussion 474-5.
http://www.ncbi.nlm.nih.gov/pubmed /2214041

Kakkar VV, Howe CT, Flanc C, Clarke MB. NATURAL HISTORY OF
POSTOPERATIVE DEEP-VEIN THROMBOSIS. The Lancet.
1969;294(7614):230-233. d0i:10.1016/50140-6736(69)90002-6

Kashtan J. Heparin Therapy for Deep Venous Thrombosis. Published online
1980.

Diaz JA, Saha P, Cooley B, et al. Choosing a mouse model of venous thrombosis:
a consensus assessment of utility and application. Journal of Thrombosis and
Haemostasis. 2019;17(4):699-707. do0i:10.1111/jth.14413

Diaz | a., Obi AT, Myers DD, et al. Critical review of mouse models of venous
thrombosis. Arteriosclerosis, Thrombosis, and Vascular Biology.
2012;32(3):556-562.d0i:10.1161/ATVBAHA.111.244608

Albadawi H, Witting AA, Pershad Y, et al. Animal models of venous thrombosis.
Cardiovascular diagnosis and therapy. 2017;7(Suppl 3):S197-S206.
d0i:10.21037/cdt.2017.08.10

Westrick R], Winn ME, Eitzman DT. Murine Models of Vascular Thrombosis.
Arteriosclerosis, Thrombosis, and Vascular Biology. 2007;27(10):2079-2093.
doi:10.1161/ATVBAHA.107.142810

Owens a. P, Mackman N. Tissue factor and thrombosis: The clot starts here.
Thrombosis and Haemostasis. 2010;104(3):432-439. d0i:10.1160/TH09-11-
0771

Chauhan AK, Kisucka J, Lamb CB, Bergmeier W, Wagner DD. von Willebrand
factor and factor VIII are independently required to form stable occlusive

177



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

thrombi in injured veins. Blood. 2007;109(6):2424-2429. doi:10.1182 /blood-
2006-06-028241

Buyue Y, Whinna HC, Sheehan JP. The heparin-binding exosite of factor [Xa is a
critical regulator of plasma thrombin generation and venous thrombosis.
Blood. 2008;112(8):3234-3241. doi:10.1182/blood-2008-01-136820
Canobbio I, Visconte C, Momi S, et al. Platelet amyloid precursor protein is a
modulator of venous thromboembolism in mice. Blood. 2017;130(4):527-536.
doi:10.1182/blood-2017-01-764910

Miao R, Liu J, Wang J. Overview of mouse pulmonary embolism models. Drug
Discovery Today: Disease Models. 2010;7(3-4):77-82.
doi:10.1016/j.ddmod.2011.03.006

Kumada T, Dittman WA, Majerus PW. A role for thrombomodulin in the
pathogenesis of thrombin-induced thromboembolism in mice. Blood.
1988;71(3):728-733.

Broersma R], Kutcher LW, Heminger EF, Krstenansky JL, Marshall FN.
Antithrombotic activity of a novel C-terminal hirudin analog in experimental
animals. Thrombosis and haemostasis. 1991;65(4):377-381.

Weiss EJ], Hamilton JR, Lease KE, Coughlin SR. Protection against thrombosis in
mice lacking PAR3. Blood. 2002;100(9):3240-3244. doi:10.1182/blood-2002-
05-1470

Smyth SS, Tsakiris D a, Scudder LE, Coller BS. Structure and Function of
Murine ., IIb ~.3 ( GPIIb / Illa ): Studies Using Monoclonal Antibodies and nt
3-null Mice. Blood. 2000;3:1103-1108.

Teng CM, Wu CC, Ko FN, Lee FY, Kuo SC. YC-1, a nitric oxide-independent
activator of soluble guanylate cyclase, inhibits platelet-rich thrombosis in
mice. European Journal of Pharmacology. 1997;320(2-3):161-166.
doi:10.1016/S0014-2999(96)00911-9

Johnson EN, Brass LF, Funk CD. Increased platelet sensitivity to ADP in mice
lacking platelet-type 12-lipoxygenase. Proceedings of the National Academy of
Sciences. 1998;95(6):3100-3105. doi:10.1073/pnas.95.6.3100

Carmeliet P, Stassen JM, Schoonjans L, et al. Plasminogen activator inhibitor-1
gene-deficient mice. II. Effects on hemostasis, thrombosis, and thrombolysis.
Journal of Clinical Investigation. 1993;92(6):2756-2760.
doi:10.1172/JCI116893

Palabrica TM, Liu AC, Aronovitz MJ, Furie B, Lawn RM, Furie BC.
Antifibrinolytic activity of apolipoprotein(a) in vivo: Human apolipoprotein(a)
transgenic mice are resistant to tissue plasminogen activator-mediated
thrombolysis. Nature Medicine. 1995;1(3):256-259. d0i:10.1038/nm0395-256
Bdeir K, Murciano JC, Tomaszewski |, et al. Urokinase mediates fibrinolysis in
the pulmonary microvasculature. Blood. 2000;96(5):1820-1826.

Kirchhof K, Welzel T, Zoubaa S, et al. New Method of Embolus Preparation for
Standardized Embolic Stroke in Rabbits. Stroke. 2002;33(9):2329-2333.
doi:10.1161/01.STR.0000027436.82700.73

178



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Wan |, Lu L], Miao R, et al. Alterations of bone marrow-derived endothelial
progenitor cells following acute pulmonary embolism in mice. Experimental
Biology and Medicine. 2010;235(8):989-998. do0i:10.1258/ebm.2010.010057
Okano M, Hara T, Nishimori M, et al. In Vivo Imaging of Venous Thrombus and
Pulmonary Embolism Using Novel Murine Venous Thromboembolism Model.
JACC: Basic to Translational Science. 2020;5(4):344-356.
doi:10.1016/j.jacbts.2020.01.010

Kattula S, Sang Y, Ridder G, et al. Novel venous thromboembolism mouse
model to evaluate the role of complete and partial factor XIII deficiency in
pulmonary embolism risk. Journal of Thrombosis and Haemostasis.
2021;19(12):2997-3007. doi:10.1111/jth.15510

Wolberg AS, Campbell RA. Thrombin generation, fibrin clot formation and
hemostasis. Transfusion and Apheresis Science. 2008;38(1):15-23.
doi:10.1016/j.transci.2007.12.005

Yeh CH, Gross PL, Weitz JI. Evolving use of new oral anticoagulants for
treatment of venous thromboembolism. Blood. 2014;124(7):1020-1028.
doi:10.1182/blood-2014-03-563056

Kearon C, Akl EA. Duration of anticoagulant therapy for deep vein thrombosis
and pulmonary embolism. Blood. 2014;123(12):1794-1801.
doi:10.1182/blood-2013-12-512681

Kearon C. Natural History of Venous Thromboembolism. Circulation.
2003;107(90231):221--30. doi:10.1161/01.CIR.0000078464.82671.78

Oral Rivaroxaban for Symptomatic Venous Thromboembolism. New England
Journal of Medicine. 2010;363(26):2499-2510. d0i:10.1056/NEJM0a1007903
Oral Rivaroxaban for the Treatment of Symptomatic Pulmonary Embolism.
New England Journal of Medicine. 2012;366(14):1287-1297.
doi:10.1056/NEJMoa1113572

Agnelli G, Buller HR, Cohen A, et al. Oral Apixaban for the Treatment of Acute
Venous Thromboembolism. New England Journal of Medicine.
2013;369(9):799-808. doi:10.1056/NEJMo0a1302507

Agnelli G, Buller HR, Cohen A, et al. Apixaban for Extended Treatment of
Venous Thromboembolism. New England Journal of Medicine.
2013;368(8):699-708. doi:10.1056/NEJMo0a1207541

Schulman S, Kakkar AK, Goldhaber SZ, et al. Treatment of Acute Venous
Thromboembolism With Dabigatran or Warfarin and Pooled Analysis.
Circulation. 2014;129(7):764-772.
doi:10.1161/CIRCULATIONAHA.113.004450

Muszbek L, Yee VC, Hevessy Z. Blood Coagulation Factor XIIl. Thrombosis
Research. 1999;94(5):271-305. doi:10.1016/S0049-3848(99)00023-7
Hethershaw EL, Cilia La Corte a. L, Duval C, et al. The effect of blood
coagulation factor XIII on fibrin clot structure and fibrinolysis. Journal of
Thrombosis and Haemostasis. 2014;12(2):197-205. doi:10.1111/jth.12455

179



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Lauer P, Metzner H]J, Zettlmeissl G, et al. Targeted inactivation of the mouse
locus encoding coagulation factor XIII-A: hemostatic abnormalities in mutant
mice and characterization of the coagulation deficit. Thrombosis and
haemostasis. 2002;88(6):967-974. doi:10.1267 /th02120967

Gross PL, Furie BC, Merrill-skoloff G, Chou ], Furie B. Leukocyte versus
microparticle-mediated tissue factor transfer during arteriolar thrombus
development Abstract : Circulating tissue factor accumulates in the developing
thrombus and contributes to fibrin clot formation . To determine whether
tissue factor. 2005;78(December):1-9. doi:10.1189/jlb.0405193

Wienen W, Stassen JM, Priepke H, Ries U], Hauel N. In-vitro profile and ex-vivo
anticoagulant activity of the direct thrombin inhibitor dabigatran and its
orally active prodrug, dabigatran etexilate. Thrombosis and haemostasis.
2007;98(1):155-162.

Vaezzadeh N, Ni R, Kim PY, Weitz ]I, Gross PL. Comparison of the effect of
coagulation and platelet function impairments on various mouse bleeding
models. Thrombosis and Haemostasis. 2014;112(2):412-418.
doi:10.1160/TH13-11-0919

Lysov Z, Swystun LL, Kuruvilla S, Arnold A, Liaw PC. Lung cancer
chemotherapy agents increase procoagulant activity via protein disulfide
isomerase-dependent tissue factor decryption. Blood Coagulation &
Fibrinolysis. 2015;26(1):36-45. doi:10.1097/MBC.0000000000000145

Ni H, Ramakrishnan V, Ruggeri ZM, Papalia JM, Phillips DR, Wagner DD.
Increased thrombogenesis and embolus formation in mice lacking
glycoprotein V. Blood. 2001;98(2):368-373. d0i:10.1182 /blood.V98.2.368

Celi A, Merrill-Skoloff G, Gross P, et al. REVIEW ARTICLE: Thrombus
formation: direct real-time observation and digital analysis of thrombus
assembly in a living mouse by confocal and widefield intravital microscopy.
Journal of Thrombosis and Haemostasis. 2003;1(1):60-68. doi:10.1046/j.1538-
7836.2003.t01-1-00033.x

Longstaff C, Kolev K. Basic mechanisms and regulation of fibrinolysis. Journal
of Thrombosis and Haemostasis. 2015;13:S98-5105. doi:10.1111/jth.12935
Ofosu FA, Sie P, Modi GJ, et al. The inhibition of thrombin-dependent positive-
feedback reactions is critical to the expression of the anticoagulant effect of
heparin. Biochemical Journal. 1987;243(2):579-588. d0i:10.1042/bj2430579
Ammollo C, Semeraro F, Semeraro N, Colucci M. The contribution of anti-Xa
and anti-Ila activities to the profibrinolytic activity of low-molecular-weight
heparins. Thrombosis and Haemostasis. 2009;101(04):782-785.
doi:10.1160/TH08-09-0617

LORAND L. Factor XIII: Structure, Activation, and Interactions with Fibrinogen
and Fibrin. Annals of the New York Academy of Sciences. 2006;936(1):291-311.
doi:10.1111/j.1749-6632.2001.tb03516.x

180



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

207.

208.

2009.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Kurniawan NA, Grimbergen ], Koopman ], Koenderink GH. Factor XIII stiffens
fibrin clots by causing fiber compaction. Journal of Thrombosis and
Haemostasis. 2014;12(10):1687-1696. do0i:10.1111/jth.12705

Weitz ]I, Hudoba M, Massel D, Maraganore ], Hirsh J. Clot-bound thrombin is
protected from inhibition by heparin-antithrombin III but is susceptible to
inactivation by antithrombin IlI-independent inhibitors. Journal of Clinical
Investigation. 1990;86(2):385-391. doi:10.1172/JCI114723

Gantioqui ], Stevic I, Kim PY, Lau KK, Chan AKC, Chan HHW. The Architecture
Of Fibrin Clots Formed From Plasma With Low Platelet Levels Are Less
Altered In The Presence Of Factor-Specific Anticoagulants Compared With
Unfractionated Heparin. Blood. 2013;122(21):578-578.
doi:10.1182/blood.V122.21.578.578

Inbal A, Lubetsky A, Krapp T, et al. Impaired wound healing in factor XIII
deficient mice. Thrombosis and Haemostasis. Published online July 8, 2005.
doi:10.1160/TH05-04-0291

Ota S, Wada H, Abe Y, et al. Elevated Levels of Prothrombin Fragment 1 + 2
Indicate High Risk of Thrombosis. Clinical and Applied Thrombosis/Hemostasis.
2008;14(3):279-285. d0i:10.1177/1076029607309176

Incampo F, Carrieri C, Semeraro N, Colucci M. The paradoxical antifibrinolytic
effect of dabigatran and argatroban in the presence of soluble
thrombomodulin is unrelated to protein C-dependent increase of thrombin
generation. Thrombosis Research. 2014;134(5):1110-1116.
d0i:10.1016/j.thromres.2014.08.010

Kucher N, Schroeder V, Kohler HP. Role of blood coagulation factor XIII in
patients with acute pulmonary embolism. Correlation of factor XIII antigen
levels with pulmonary occlusion rate, fibrinogen, D-dimer, and clot firmness.
Thrombosis and Haemostasis. 2003;90(3):434-438. d0i:10.1160/TH03-07-
0031

Li W, MclIntyre TM, Silversteinc RL. Ferric chloride-induced murine carotid
arterial injury: A model of redox pathology. Redox Biology. 2013;1(1):50-55.
doi:10.1016/j.redox.2012.11.001

Woollard K], Sturgeon S, Chin-Dusting JPF, Salem HH, Jackson SP. Erythrocyte
hemolysis and hemoglobin oxidation promote ferric chloride-induced
vascular injury. The Journal of biological chemistry. 2009;284(19):13110-
13118. d0i:10.1074/jbc.M809095200

Eckly a., Hechler B, Freund M, et al. Mechanisms underlying FeCl3-induced
arterial thrombosis. Journal of Thrombosis and Haemostasis. 2011;9(4):779-
789.do0i:10.1111/j.1538-7836.2011.04218.x

Ciciliano JC, Sakurai Y, Myers DR, et al. Resolving the multifaceted mechanisms
of the ferric chloride thrombosis model using an interdisciplinary microfluidic
approach. Blood. 2015;126(6):817-824. d0i:10.1182 /blood-2015-02-628594
Shaya SA, Saldanha LJ, Vaezzadeh N, Zhou |, Ni R, Gross PL. Comparison of the
effect of dabigatran and dalteparin on thrombus stability in a murine model of

181



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

venous thromboembolism. Journal of Thrombosis and Haemostasis.
2016;14(1).doi:10.1111/jth.13182

Kagoma YK, Crowther MA, Douketis J, Bhandari M, Eikelboom ], Lim W. Use of
antifibrinolytic therapy to reduce transfusion in patients undergoing
orthopedic surgery: A systematic review of randomized trials. Thrombosis
Research. 2009;123(5):687-696. doi:10.1016/j.thromres.2008.09.015

Abdul S, Leebeek FWG, Rijken DC, Uitte de Willige S. Natural heterogeneity of
a2-antiplasmin: functional and clinical consequences. Blood.
2016;127(5):538-545. d0i:10.1182/blood-2015-09-670117

KIM PY, STEWART R], LIPSON SM, NESHEIM ME. The relative kinetics of
clotting and lysis provide a biochemical rationale for the correlation between
elevated fibrinogen and cardiovascular disease. Journal of Thrombosis and
Haemostasis. 2007;5(6):1250-1256. doi:10.1111/j.1538-7836.2007.02426.x
Bai X, Weitz ]I, Gross PL. Leukocyte urokinase plasminogen activator receptor
and PSGL1 play a role in endogenous arterial fibrinolysis. Thrombosis and
haemostasis. 2009;102(6):1212-1218. d0i:10.1160/TH09-01-0038

Francis CW, Marder V]J. Increased resistance to plasmic degradation of fibrin
with highly crosslinked alpha-polymer chains formed at high factor XIII
concentrations. Blood. 1988;71(5):1361-1365.

Sakata Y, Aoki N. Cross-linking of alpha 2-plasmin inhibitor to fibrin by fibrin-
stabilizing factor. The Journal of clinical investigation. 1980;65(2):290-297.
doi:10.1172/]CI109671

Mimuro J, Kimura S, Aoki N. Release of alpha 2-plasmin inhibitor from plasma
fibrin clots by activated coagulation factor XIII. Its effect on fibrinolysis.
Journal of Clinical Investigation. 1986;77(3):1006-1013.
doi:10.1172/JCI112352

MOSESSON MW, SIEBENLIST KR, HERNANDEZ I, LEE KN, CHRISTIANSEN V],
MCKEE PA. Evidence that a2-antiplasmin becomes covalently ligated to
plasma fibrinogen in the circulation: a new role for plasma factor XIII in
fibrinolysis regulation. Journal of Thrombosis and Haemostasis.
2008;6(9):1565-1570. doi:10.1111/j.1538-7836.2008.03056.x

Ichinose A, Aoki N. Reversible cross-linking of a2-plasmin inhibitor to
fibrinogen by fibrin-stabilizing factor. Biochimica et Biophysica Acta (BBA) -
Protein Structure and Molecular Enzymology. 1982;706(2):158-164.
doi:10.1016/0167-4838(82)90482-4

Tamaki T, Aoki N. Cross-linking of a2-plasmin inhibitor and fibronectin to
fibrin by fibrin-stabilizing factor. Biochimica et Biophysica Acta (BBA) -
Enzymology. 1981;661(2):280-286.d0i:10.1016/0005-2744(81)90016-4
Bates SM, Weitz JI. The mechanism of action of thrombin inhibitors. The
Journal of invasive cardiology. 2000;12 Suppl F:27F - 32.

Wettstein P, Haeberli A, Stutz M, et al. Decreased Factor XIII Availability for
Thrombin and Early Loss of Clot Firmness in Patients with Unexplained

182



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

Intraoperative Bleeding. Anesthesia & Analgesia. Published online November
2004:1564-1569. doi:10.1213/01.ANE.0000134800.46276.21

Kahn SR. Determinants and Time Course of the Postthrombotic Syndrome
after Acute Deep Venous Thrombosis. Annals of Internal Medicine.
2008;149(10):698. d0i:10.7326/0003-4819-149-10-200811180-00004
Malgor RD, Labropoulos N. Re-modelling of venous thrombosis. Phlebology:
The Journal of Venous Disease. 2013;28(1_suppl):25-28.
doi:10.1177/0268355513476638

Modarai B, Guiver Burnand K, Humphries J, Waltham M, Smith A. The role of
neovascularisation in the resolution of venous thrombus. Thrombosis and
Haemostasis. 2005;93(05):801-809. doi:10.1160/TH04-09-0596

Rallidis LS, Politou M, Komporozos C, et al. Factor XIII Val34Leu
polymorphism and the risk of myocardial infarction under the age of 36 years.
Thrombosis and haemostasis. 2008;99(6):1085-1089. doi:10.1160/TH07-12-
0755

Wells PS, Anderson JL, Rodger MA, Carson N, Grimwood RL, Doucette SP. The
factor XIII Val34Leu polymorphism: is it protective against idiopathic venous
thromboembolism? Blood Coagulation & Fibrinolysis. 2006;17(7):533-538.
d0i:10.1097/01.mbc.0000245295.79891.86

van Hylckama Vlieg A, Komanasin N, Ariéns RAS, et al. Factor XIII Val34Leu
polymorphism, factor XIII antigen levels and activity and the risk of deep
venous thrombosis. British Journal of Haematology. 2002;119(1):169-175.
doi:10.1046/j.1365-2141.2002.03797 x

Heit JA, Sobell JL, Li H, Sommer SS. The incidence of venous thromboembolism
among Factor V Leiden carriers: A community-based cohort study. Journal of
Thrombosis and Haemostasis. Published online 2005. doi:10.1111/j.1538-
7836.2004.01117.x

Campello E, Spiezia L, Simioni P. Diagnosis and management of factor V Leiden.
Expert Review of Hematology. Published online 2016.
doi:10.1080/17474086.2016.1249364

Rosendaal FR, Koster T, Vandenbroucke JP, Reitsma PH. High risk of
thrombosis in patients homozygous for factor V Leiden (activated protein C
resistance). Blood. Published online 1995.

Rosendaal FR, Reitsma PH. Genetics of venous thrombosis. Journal of
Thrombosis and Haemostasis. Published online 2009. doi:10.1111/j.1538-
7836.2009.03394.x

Gohil R, Peck G, Sharma P. The genetics of venous thromboembolism: A meta-
analysis involving ~120,000 cases and 180,000 controls. Thrombosis and
Haemostasis. Published online 2009. doi:10.1160/TH09-01-0013

Simone B, de Stefano V, Leoncini E, et al. Risk of venous thromboembolism
associated with single and combined effects of Factor v Leiden, Prothrombin
20210A and Methylenetethraydrofolate reductase C677T: A meta-analysis

183



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

243.

244,

245.

246.

247.

248.

249,

250.

251.

252.

253.

254.

involving over 11,000 cases and 21,000 controls. European Journal of
Epidemiology. Published online 2013. d0i:10.1007/s10654-013-9825-8

Lee DH, Henderson PA, Blajchman MA. Prevalence of factor V Leiden in a
Canadian blood donor population. CMAJ. Published online 1996.

Parker AC, Mundada L v., Schmaier AH, Fay WP. Factor VLeiden inhibits
fibrinolysis in vivo. Circulation. Published online 2004.
doi:10.1161/01.CIR.0000148781.87906.CO

Bajzar L, Kalafatis M, Simioni P, Tracy PB. An antifibrinolytic mechanism
describing the prothrombotic effect associated with factor V(Leiden). Journal
of Biological Chemistry. Published online 1996. doi:10.1074/jbc.271.38.22949
van Stralen K], Doggen CJM, Bezemer ID, Pomp ER, Lisman T, Rosendaal FR.
Mechanisms of the factor V Leiden paradox. Arteriosclerosis, Thrombosis, and
Vascular Biology. Published online 2008. doi:10.1161/ATVBAHA.108.169524
van Langevelde K, Flinterman LE, Vlieg AVH, Rosendaal FR, Cannegieter SC.
Broadening the factor V Leiden paradox: Pulmonary embolism and deep-vein
thrombosis as 2 sides of the spectrum. Blood. Published online 2012.
doi:10.1182/blood-2012-02-407551

Vandenbroucke JP, Bertina RM, Holmes ZR, Spaargaren C, van Krieken JH,
Manten B RPH. Factor V Leiden and fatal pulmonary embolism. Thromb
Haemost. 1998;(79):511-516.

Kuismanen K, Savontaus ML, Kozlov A, Vuorio AF, Sajantila A. Coagulation
factor V Leiden mutation in sudden fatal pulmonary embolism and in a
general northern European population sample. Forensic Science International.
Published online 1999. d0i:10.1016/S0379-0738(99)00136-X

Rabinovich A, Cohen JM, Prandoni P, Kahn SR. Association between
thrombophilia and the post-thrombotic syndrome: A systematic review and
meta-analysis. Journal of Thrombosis and Haemostasis. Published online 2014.
doi:10.1111/jth.12447

Bouman AC, Atalay S, ten Cate H, ten Wolde M, ten Cate-Hoek AJ]. Biomarkers
for post-thrombotic syndrome. Journal of Vascular Surgery: Venous and
Lymphatic Disorders. Published online 2014. do0i:10.1016/j.jvsv.2013.07.001
Fein AM, Lippmann M, Holtzman H, Eliraz A, Goldberg SK. The risk factors,
incidence, and prognosis of ARDS following septicemia. Chest. Published
online 1983. doi:10.1378/chest.83.1.40

Adamzik M, Frey UH, Riemann K, et al. Factor v Leiden mutation is associated
with improved 30-day survival in patients with acute respiratory distress
syndrome. Critical Care Medicine. Published online 2008.
doi:10.1097/CCM.0b013e318174373d

The Lancet Haematology. Thromboembolism: an under appreciated cause of
death. The Lancet Haematology. 2015;2(10):e393. d0i:10.1016/S2352-
3026(15)00202-1

184



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

Wolberg AS, Aleman MM, Leiderman K, Machlus KR. Procoagulant Activity in
Hemostasis and Thrombosis. Anesthesia & Analgesia. 2012;114(2):275-285.
doi:10.1213/ANE.O0b013e31823a088c

Stevens H, Tran H, Gibbs H. Venous thromboembolism: current management.
Australian Prescriber. 2019;42(4):123. doi:10.18773 /austprescr.2019.039
Byrnes ], Wolberg A. New findings on venous thrombogenesis.
Hdmostaseologie. 2017;37(01):25-35. doi:10.5482/HAMO-16-09-0034
Walton BL, Byrnes JR, Wolberg AS. Fibrinogen, red blood cells, and factor XIII
in venous thrombosis. Journal of thrombosis and haemostasis : JTH. 2015;13
Suppl 1:5208-15. doi:10.1111/jth.12918

Bauer KA. Pros and cons of new oral anticoagulants. Hematology.
2013;2013(1):464-470. doi:10.1182 /asheducation-2013.1.464

Giri ], Sista AK, Weinberg |, et al. Interventional Therapies for Acute
Pulmonary Embolism: Current Status and Principles for the Development of
Novel Evidence: A Scientific Statement From the American Heart Association.
Circulation. 2019;140(20). doi:10.1161/CIR.0000000000000707

Wang TF, Squizzato A, Dentali F, Ageno W. The role of thrombolytic therapy in
pulmonary embolism. Blood. 2015;125(14):2191-2199. d0i:10.1182 /blood-
2014-08-559278

Kinney TB. Update on Inferior Vena Cava Filters. Journal of Vascular and
Interventional Radiology. 2003;14(4):425-440.
doi:10.1097/01.RV1.0000064860.87207.77

Kurz KD, Main BW, Sandusky GE. Rat model of arterial thrombosis induced by
ferric chloride. Thrombosis Research. 1990;60(4):269-280. doi:10.1016/0049-
3848(90)90106-M

Ni H, Denis C v., Subbarao S, et al. Persistence of platelet thrombus formation
in arterioles of mice lacking both von Willebrand factor and fibrinogen.
Journal of Clinical Investigation. 2000;106(3):385-392. d0i:10.1172/]CI9896
Barr JD, Chauhan AK, Schaeffer G v., Hansen JK, Motto DG. Red blood cells
mediate the onset of thrombosis in the ferric chloride murine model. Blood.
2013;121:3733-3741. doi:10.1182 /blood-2012-11-468983

Wang X, Xu L. An optimized murine model of ferric chloride-induced arterial
thrombosis for thrombosis research. Thrombosis Research. 2005;115(1-2):95-
100. doi:10.1016/j.thromres.2004.07.009

Wang X, Smith PL, Hsu MY, Ogletree ML, Schumacher W a. Murine model of
ferric chloride-induced vena cava thrombosis: Evidence for effect of potato
carboxypeptidase inhibitor. Journal of Thrombosis and Haemostasis.
2006;4(2):403-410. doi:10.1111/j.1538-7836.2006.01703.x

Cooley BC, Szema L, Chen CY, Schwab JP, Schmeling G. A murine model of deep
vein thrombosis Characterization and validation in transgenic mice.
Thrombosis and Haemostasis. 2005;94(09):498-503. d0i:10.1160/TH05-03-
0170

185



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

269.

270.

271.

272.

273.

274.

275.

276.

2717.

278.

279.

280.

281.

Chessum ], Shaya S, Cerroni S, et al. The Role of Activated Thrombin
Activatable Fibrinolysis Inhibitor on Thrombus Stability in Venous
Thromboembolism. ISTH Abstract. 2021;5.

Peters PC, Nutescu E, Andersen ]. Wound pharmacobiology. Orthopedics.
2003;26(8 Suppl):s837-42.

Zahir M. Anticoagulants and experimental wound healing. British journal of
experimental pathology. 1965;46(6):623-629.

Muszbek L. Deficiency Causing Mutations and Common Polymorphisms in the
Factor XIII-A Gene. Thrombosis and Haemostasis. 2000;84(10):524-527.
doi:10.1055/s-0037-1614061

Voké Z, Bereczky Z, Katona E, Adany R, Muszbek L. Factor XIII Val34Leu
variant protects against coronary artery disease. A meta-analysis. Thrombosis
and haemostasis. 2007;97(3):458-463.

Catto AJ, Kohler HP, Coore ], Mansfield MW, Stickland MH, Grant P].
Association of a common polymorphism in the factor XIII gene with venous
thrombosis. Blood. 1999;93(3):906-908.

Franco RF, Reitsma PH, Lourenco D, et al. Factor XIII Val34Leu is a genetic
factor involved in the etiology of venous thrombosis. Thrombosis and
haemostasis. 1999;81(5):676-679.

Renner W, Képpel H, Hoffmann C, et al. Prothrombin G20210A4, Factor V
Leiden, and Factor XIII Val34Leu. Thrombosis Research. 2000;99(1):35-39.
doi:10.1016/S0049-3848(00)00219-X

Balogh I, Szoke G, Karpati L, et al. Val34Leu polymorphism of plasma factor
XIII: biochemistry and epidemiology in familial thrombophilia. Blood.
2000;96(7):2479-2486.

Duval C, Ali M, Chaudhry WW, Ridger VC, Ariéns RAS, Philippou H. Factor XIII
A-Subunit V34L Variant Affects Thrombus Cross-Linking in a Murine Model of
Thrombosis. Arteriosclerosis, Thrombosis, and Vascular Biology.
2016;36(2):308-316.d0i:10.1161/ATVBAHA.115.306695

UNDAS A, BRZEZINSKA-KOLARZ B, BRUMMEL-ZIEDINS K, MUSIAL J,
SZCZEKLIK A, MANN KG. Factor XIII Val34Leu polymorphism and y -chain
cross-linking at the site of microvascular injury in healthy and coumadin-
treated subjects. Journal of Thrombosis and Haemostasis. 2005;3(9):2015-
2021.do0i:10.1111/j.1538-7836.2005.01509.x

Lim BC, Ariéns RA, Carter AM, Weisel JW, Grant PJ. Genetic regulation of fibrin
structure and function: complex gene-environment interactions may
modulate vascular risk. The Lancet. 2003;361(9367):1424-1431.
doi:10.1016/S0140-6736(03)13135-2

Franco RF, Pazin-Filho A, Tavella MH, Simdes M v, Marin-Neto JA, Zago MA.
Factor XIII val34leu and the risk of myocardial infarction. Haematologica.
2000;85(1):67-71.

186



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294,

Kohler HP, Stickland MH, Ossei-Gerning N, Carter A, Mikkola H, Grant PJ.
Association of a common polymorphism in the factor XIII gene with
myocardial infarction. Thrombosis and haemostasis. 1998;79(1):8-13.

Elbaz A, Poirier O, Canaple S, Chédru F, Cambien F, Amarenco P. The
association between the Val34Leu polymorphism in the factor XIII gene and
brain infarction. Blood. 2000;95(2):586-591.

Catto AJ, Kohler HP, Bannan S, Stickland M, Carter A, Grant PJ. Factor XIII Val
34 Leu. Stroke. 1998;29(4):813-816.d0i:10.1161/01.STR.29.4.813
Gosk-Bierska I, McBane RD, Wu Y, et al. Platelet factor XIII gene expression
and embolic propensity in atrial fibrillation. Thrombosis and Haemostasis.
2011;106(07):75-82. d0i:10.1160/TH10-11-0765

Undas a., Ariens R a. S. Fibrin Clot Structure and Function: A Role in the
Pathophysiology of Arterial and Venous Thromboembolic Diseases.
Arteriosclerosis, Thrombosis, and Vascular Biology. 2011;31(12):e88-e99.
doi:10.1161/ATVBAHA.111.230631

Ryan EA, Mockros LF, Stern AM, Lorand L. Influence of a Natural and a
Synthetic Inhibitor of Factor XIIla on Fibrin Clot Rheology. Biophysical Journal.
1999;77(5):2827-2836. doi:10.1016/S0006-3495(99)77114-6

van Giezen JJ, Minkema ], Bouma BN, Jansen JW. Cross-linking of alpha 2-
antiplasmin to fibrin is a key factor in regulating blood clot lysis: species
differences. Blood coagulation & fibrinolysis : an international journal in
haemostasis and thrombosis. 1993;4(6):869-875.

Valnickova Z, Enghild ]JJ. Human Procarboxypeptidase U, or Thrombin-
activable Fibrinolysis Inhibitor, Is a Substrate for Transglutaminases. Journal
of Biological Chemistry. 1998;273(42):27220-27224.
doi:10.1074/jbc.273.42.27220

JENSEN PH, LORAND L, EBBESEN P, GLIEMANN ]. Type-2 plasminogen-
activator inhibitor is a substrate for trophoblast transglutaminase and Factor
XlIlla. Transglutaminase-catalyzed cross-linking to cellular and extracellular
structures. European Journal of Biochemistry. 1993;214(1):141-146.
doi:10.1111/j.1432-1033.1993.th17906.x

Rijken DC, Uitte de Willige S. Inhibition of Fibrinolysis by Coagulation Factor
XIII. BioMed Research International. 2017;2017:1-6.
doi:10.1155/2017/1209676

Jansen JW, Haverkate F, Koopman J, Nieuwenhuis HK, Kluft C, Boschman TA.
Influence of factor XIIla activity on human whole blood clot lysis in vitro.
Thrombosis and haemostasis. 1987;57(2):171-175.

Reed GL, Matsueda GR, Haber E. Platelet factor XIII increases the fibrinolytic
resistance of platelet-rich clots by accelerating the crosslinking of alpha 2-
antiplasmin to fibrin. Thrombosis and haemostasis. 1992;68(3):315-320.
HULL RD. Pulmonary Angiography, Ventilation Lung Scanning, and
Venography for Clinically Suspected Pulmonary Embolism with Abnormal

187



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

Perfusion Lung Scan. Annals of Internal Medicine. 1983;98(6):891.
doi:10.7326/0003-4819-98-6-891

Moser KM, Fedullo PF, LitteJohn JK, Crawford R. Frequent asymptomatic
pulmonary embolism in patients with deep venous thrombosis. JAMA.
1994;271(3):223-225.

Makelburg ABU, Veeger NJGM, Middeldorp S, et al. Different risk of deep vein
thrombosis and pulmonary embolism in carriers with factor V Leiden
compared with non-carriers, but not in other thrombophilic defects. Results
from a large retrospective family cohort study. Haematologica.
2010;95(6):1030-1033. doi:10.3324 /haematol.2009.017061

Bouma BN, Meijers JCM. New insights into factors affecting clot stability: a role
for thrombin activatable fibrinolysis inhibitor (TAFI; plasma
procarboxypeptidase B, plasma procarboxypeptidase U, procarboxypeptidase
R). Seminars in Hematology. 2004;41:13-19.
d0i:10.1053/j.seminhematol.2003.11.004

Kearon C, Akl EA, Ornelas |, et al. Antithrombotic Therapy for VTE Disease.
Chest. 2016;149(2):315-352. doi:10.1016/j.chest.2015.11.026

Greenfield L], McCurdy JR, Brown PP, Elkins RC. A new intracaval filter
permitting continued flow and resolution of emboli. Surgery. 1973;73(4):599-
606.

Andreoli JM, Lewandowski R], Vogelzang RL, Ryu RK. Comparison of
Complication Rates Associated with Permanent and Retrievable Inferior Vena
Cava Filters: A Review of the MAUDE Database. Journal of Vascular and
Interventional Radiology. 2014;25(8):1181-1185.
doi:10.1016/j.jvir.2014.04.016

Nicholson W, Nicholson W], Tolerico P, et al. Prevalence of Fracture and
Fragment Embolization of Bard Retrievable Vena Cava Filters and Clinical
Implications Including Cardiac Perforation and Tamponade. Archives of
Internal Medicine. 2010;170(20). doi:10.1001/archinternmed.2010.316

Tam MD, Spain |, Lieber M, Geisinger M, Sands MJ, Wang W. Fracture and
Distant Migration of the Bard Recovery Filter: A Retrospective Review of 363
Implantations for Potentially Life-Threatening Complications. Journal of
Vascular and Interventional Radiology. 2012;23(2):199-205.e1.
doi:10.1016/j.jvir.2011.10.017

Usoh F, Hingorani A, Ascher E, et al. Prospective randomized study comparing
the clinical outcomes between inferior vena cava Greenfield and TrapEase
filters. Journal of Vascular Surgery. 2010;52(2):394-399.
doi:10.1016/j.jvs.2010.02.280

Stein PD, Kayali F, Olson RE. Twenty-one-Year Trends in the Use of Inferior
Vena Cava Filters. Archives of Internal Medicine. 2004;164(14):1541.
d0i:10.1001/archinte.164.14.1541

Angel LF, Tapson V, Galgon RE, Restrepo MI, Kaufman ]. Systematic Review of
the Use of Retrievable Inferior Vena Cava Filters. Journal of Vascular and

188



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

Interventional Radiology. 2011;22(11):1522-1530.e3.
doi:10.1016/j.jvir.2011.08.024

Stein PD, Matta F, Hull RD. Increasing Use of Vena Cava Filters for Prevention
of Pulmonary Embolism. The American Journal of Medicine. 2011;124(7):655-
661. doi:10.1016/j.amjmed.2011.02.021

Wang SL, Lloyd AJ. Clinical review: Inferior vena cava filters in the age of
patient-centered outcomes. Annals of Medicine. 2013;45(7):474-481.
doi:10.3109/07853890.2013.832951

Duffett L, Carrier M. Inferior vena cava filters. Journal of Thrombosis and
Haemostasis. 2017;15(1):3-12. doi:10.1111/jth.13564

Sarosiek S, Crowther M, Sloan JM. Indications, Complications, and
Management of Inferior Vena Cava Filters. JAMA Internal Medicine.
2013;173(7):513. doi:10.1001 /jamainternmed.2013.343

Renno A, Khateeb F, Kazan V, et al. A single center experience with retrievable
IVC filters. Vascular. 2015;23(4):350-357. d0i:10.1177/1708538114546713
Deso S, Idakoji I, Kuo W. Evidence-Based Evaluation of Inferior Vena Cava
Filter Complications Based on Filter Type. Seminars in Interventional
Radiology. 2016;33(02):093-100. doi:10.1055/s-0036-1583208

Imberti D, Ageno W, Manfredini R, et al. Interventional treatment of venous
thromboembolism: A review. Thrombosis Research. 2012;129(4):418-425.
d0i:10.1016/j.thromres.2011.11.003

Ahmad I, Yeddula K, Wicky S, Kalva SP. Clinical Sequelae of Thrombus in an
Inferior Vena Cava Filter. CardioVascular and Interventional Radiology.
2010;33(2):285-289. d0i:10.1007/s00270-009-9664-x

Kaufman JA, Kinney TB, Streiff MB, et al. Guidelines for the Use of Retrievable
and Convertible Vena Cava Filters: Report from the Society of Interventional
Radiology Multidisciplinary Consensus Conference. Journal of Vascular and
Interventional Radiology. 2006;17(3):449-459.
doi:10.1097/01.RV1.0000203418-39769.0D

Konstantinides S v., Torbicki A, Agnelli G, et al. 2014 ESC Guidelines on the
diagnosis and management of acute pulmonary embolism. European Heart
Journal. 2014;35(43):3033-3080. doi:10.1093 /eurheartj/ehu283

Decousus H, Leizorovicz A, Parent F, et al. A Clinical Trial of Vena Caval Filters
in the Prevention of Pulmonary Embolism in Patients with Proximal Deep-
Vein Thrombosis. New England Journal of Medicine. 1998;338(7):409-416.
doi:10.1056/NEJM199802123380701

Barginear MF, Gralla R], Bradley TP, et al. Investigating the benefit of adding a
vena cava filter to anticoagulation with fondaparinux sodium in patients with
cancer and venous thromboembolism in a prospective randomized clinical
trial. Supportive Care in Cancer. 2012;20(11):2865-2872.
doi:10.1007/s00520-012-1413-z

189



PhD. Thesis- S. Shaya McMaster University- Medical Sciences

318.

319.

320.

321.

322.

PREPIC Study Group. Eight-Year Follow-Up of Patients With Permanent Vena
Cava Filters in the Prevention of Pulmonary Embolism. Circulation.
2005;112(3):416-422.d0i:10.1161/CIRCULATIONAHA.104.512834
Nishihara S, Hamada M. Does tranexamic acid alter the risk of
thromboembolism after total hip arthroplasty in the absence of routine
chemical thromboprophylaxis? The Bone & Joint Journal. 2015;97-B(4):458-
462.d0i:10.1302/0301-620X.97B4.34656

Roberts I, Shakur H, Coats T, et al. The CRASH-2 trial: a randomised controlled
trial and economic evaluation of the effects of tranexamic acid on death,
vascular occlusive events and transfusion requirement in bleeding trauma
patients. Health Technol Assess. 2013;17(10). doi:10.3310/hta17100

Hindy G, Aragam KG, Ng K, et al. Genome-Wide Polygenic Score, Clinical Risk
Factors, and Long-Term Trajectories of Coronary Artery Disease.
Arteriosclerosis, Thrombosis, and Vascular Biology. 2020;40(11):2738-2746.
doi:10.1161/ATVBAHA.120.314856

Gorog DA, Fayad ZA, Fuster V. Arterial Thrombus Stability. Journal of the
American College of Cardiology. 2017;70(16):2036-2047.
doi:10.1016/j.jacc.2017.08.065

190



	ABSTRACT
	AKNOWLEDGMENTS
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	1.0 GENERAL INTRODUCTION
	1.1 OVERVIEW OF HEMOSTASIS
	1.2 OVERVIEW OF COAGULATION
	1.3 THE EXTRINSIC (TISSUE FACTOR) PATHWAY
	1.4 THE INTRINSIC (CONTACT) PATHWAY
	1.5 THE COMMON PATHWAY
	1.6 REGULATION OF HEMOSTASIS
	1.7 FIBRINOLYSIS
	1.7.1 FIBRINOGEN AND FIBRIN

	1.8 REGULATION OF FIBRINOLYSIS
	1.9 THE POTENTIAL of α2-AP INHIBITION OF PULMONARY EMBOLISM
	1.10 FACTOR XIII STRUCTURE AND FUNCTION
	1.10.1 FXIII IN THE CLINIC
	1.10.2 FXIII POLYMORPHISM

	1.11 VENOUS THROMBOEMBOLISM (DEEP VEIN THROMBOSIS AND PULMONARY EMBOLISM)
	1.12 RISK FACTORS FOR VTE
	1.12.1 FACTOR V LEIDEN

	1.13 ANTICOAGULANTS
	1.14 WARFARIN
	1.15 INHIBITING THROMBIN GENERATION
	1.15.1 HEPARIN
	1.15.2 LOW MOLECULAR WEIGHT HEPARINS (LMWH)
	1.15.3 DIRECT THROMBIN INHIBITOR- XIMELAGATRAN
	1.15.4 DIRECTION THROMBIN INHIBITOR - DABIGATRAN

	1.16 FACTOR Xa INHIBITORS
	1.17 THROMBUS RESOLUTION
	1.18 THROMBUS COMPOSITION
	1.19 THROMBUS STABILITY
	1.20 MOUSE MODELS
	1.20.1 MOUSE MODELS OF DEEP VEIN THROMBOSIS
	1.20.2 MOUSE MODELS OF PULMONARY EMBOLISM


	2.0 THESIS OVERVIEW, RATIONAL, HYPOTHESIS, AND OBJECIVES
	2.1 THESIS OVERVIEW
	2.2 RATIONALE FOR STUDIES
	2.3 CENTRAL HYPOTHESES
	2.4 OVERALL OBJECTIVES
	2.4.1 Chapter 3 Objective
	2.4.2 Chapter 4 Objective
	2.4.3 Chapter 5 Objective


	3.0 COMPARISON OF THE EFFECT OF DABIGATRAN AND DALTEPARIN ON THROMBUS STABILITY IN A MURINE MODEL OF VENOUS THROMBOEMBOLISM
	3.1 Forward
	3.2 ABSTRACT
	3.3 KEYWORDS
	3.4 INTRODUCTION
	3.5 MATERIALS AND METHODS
	3.5.1 Animal handling
	3.5.2 Surgical procedure
	3.5.3 Intravital videomicroscopy: imaging timeline
	3.5.4 Post surgery blood and tissue collection
	3.5.5 Blood and tissue handling
	3.5.6 Data analysis
	3.5.7 Statistical analysis

	3.6 RESULTS
	3.6.1 Evaluation of histological content from WT-treated mice
	3.6.2 Thrombus sizes do not change over two hours regardless of treatment in WT-treated mice
	3.6.3 Embolic events increase with dabigatran treatment in WT-treated mice
	3.6.4 The percentage of thrombus that embolizes is greater in dabigatran-treated mice
	3.6.5 More emboli are detected in the pulmonary arteries of dabigatran-treated mice
	3.6.6 Embolic events, but not thrombus size, correlate with PE burden in WT-treated mice
	3.6.7 In WT-treated mice, large, but not total EEs, predict PE burden independently of treatment
	3.6.8 FXIII impacts thrombus stability

	3.7 DISCUSSION
	3.8 ACKNOWLEDGMENTS
	3.9 SUPPLEMENTARY INFORMATION

	4.0 FACTOR XIII PREVENTS PULMONARY EMBOLI IN MICE BY STABILIZING DEEP VEIN THROMBOSIS
	4.1 FORWARD
	4.2 ABSTRACT
	4.3 KEYWORDS
	4.4 WHAT IS KNOWN?
	4.5 WHAT DOES THIS PAPER ADD?
	4.6 INTRODUCTION
	4.7 MATERIALS AND METHODS
	4.7.1 Animal handling
	4.7.2 Clot Lysis Assay
	4.7.3 Venous thrombus stability model
	4.7.4 FXIIIa Activity Assay
	4.7.5 Statistical analysis

	4.8 RESULTS
	4.8.1 Clot lysis is inhibited with EACA and α2-AP but not with FXIII
	4.8.2 Thrombus size increased with EACA treatment but not with FXIII or α2-AP
	4.8.3 Thrombus stability increased with EACA, FXIII, but not α2-AP
	4.8.4 Treatment with FXIII increases thrombus stability in the presence of anticoagulants
	4.8.5 FXIII supplementation reduced the percentage of thrombus that embolized and the PE burden in dabigatran-treated mice
	4.8.6 FXIII supplementation overcomes anticoagulant inhibition of FXIIIa generation

	4.9 DISCUSSION
	4.10 SUPPLEMENTARY INFORMATION

	5.0 THROMBUS STABILITY EXPLAINS THE FACTOR V LEIDEN PARADOX: A MOUSE MODEL
	5.1 FORWARD
	5.2 KEY POINTS
	5.3 ABSTRACT
	5.4 INTRODUCTION
	5.5 MATERIALS AND METHODS
	5.6 RESULTS AND DISCUSSION
	5.7 ACKNOWEDGMENTS

	6.0 GENERAL DISCUSSION AND FUTURE DIRECTIONS
	6.1. GENERAL DISCUSSION
	6.2 FERRIC CHLORIDE THROMBOSIS MODELS
	6.3 LIMITATION OF THIS MODEL
	6.4 CONTINUOUS THROMBIN GENERATION IN VIVO
	6.5 ACTIVATION OF FXIII AFTER REDUCED THROMBIN GENERATION
	6.6 HOW FXIII POLYMORPHISM VAL34LEU FITS OUR MOUSE MODEL
	6.7 CONTRIBUTION OF FXIII TO THROMBUS STABILITY
	6.8 MECHANISMS OF FXIIIa’s ACTIONS
	6.8.1 FXIIIa MECHANISM OF CROSSLINKING
	6.8.2 THE EFFECTS OF CROSSLINKING ON FIBRIN STRUCTURE
	6.8.3 FXIII MECHANISM CROSSLINKING OF α2-AP

	6.9 RELATIVE CONTRIBUTIONS OF FIBRIN CROSSLINKING AND α2-AP CROSSLINKING
	6.10 COMPARING EFFECTS OF α2-AP AND EACA ON THROMBUS STABILITY
	6.11 THROMBUS STABILITY AND ITS RELATIONSHIP TO INCREASING POST-THROMBOTIC SYNDROME
	6.12 FACTOR V LEIDEN PARADOX
	6.13 PROPOSED MECHANISMS OF THROMBUS STABILITY
	6.13.1 POSSIBLE WORKING MECHANISMS: PART 1
	6.13.2 POSSIBLE WORKING MECHANISMS: PART 2
	6.13.3 POSSIBLE WORKING MECHANISMS: PART 3

	6.14 OVERALL PROPOSED MECHANISM OF THROMBUS STABILITY
	6.15 POTENTIAL IMPLICATIONS OF THE FINDINGS IN THIS THESIS
	6.15.1 ALTERNATIVES TO IVC FILTERS
	6.15.2 FVL AS A MODEL OF OTHER DETERMINANTS OF THROMBUS STABILITY

	6.16 FUTURE DIRECTIONS

	CHAPTER SEVEN: BIBLIOGRPAHY

