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Abstract

Characterization of Prothrombotic Pathways in Vivo, and Discovery of Potential

New Therapies for Pathological Blood Coagulation

Erik | Tucker, B.S.

Doctor of Philosophy
Division of Biomedical Engineering
Oregon Health & Science University

School of Medicine
April 2009
Thesis Advisor: Andras Gruber

Thrombosis and hemostasis involve a complex interplay between coagulation
factors, platelets, and their underlying microenvironment. During vessel injury, platelets
become activated on exposed extracellular matrix proteins or on injured endothelium
where they act as a surface for coagulation amplification. Ensuing fibrin formation and
sustained platelet activation results in hemostatic platelet plug development which
minimizes trauma-induced bleeding. This beneficial process can spiral out of control
during diseased conditions, resulting in thrombotic vascular occlusion. Elements that
differentiate thrombotic and hemostatic pathways include shear force and tissue factor
(TF) exposure. Since vascular thrombo-occlusion occurs at increasing shear under low
TF conditions rather than the more complex flow and high TF environment of the extra-
vascular wound, it is now understood that these two processes utilize divergent
mechanism to maintain growth and stability. In an effort to support the advancement of
safer antithrombotic treatment strategies, the goal of my studies was to explore
prothrombotic pathways in vivo to define the elements that favor thrombus development

relative to those that are crucial for normal hemostasis.



For these studies we utilized both baboon and mouse models of thrombosis. Using
a mouse model of sepsis, which can result in infection related intravascular thrombosis,
we found that mice lacking coagulation factor X1 (FXI) had a significantly improved
survival compared with wild type animals through a reduction in coagulopathy. In
baboons, inhibiting FXI using a novel monoclonal antibody (aX1Mab) decreased
experimental thrombus formation and prevented vascular graft occlusion under high
shear by destabilizing developing thrombi. FXI knockout mice and baboons treated with

aXIMab showed no increased bleeding.

Platelets also play a vital role in thrombus development. While normal platelet
counts vary widely in the general population, low normal counts do not predispose
patients to bleeding. By transiently reducing platelet count in baboons by targeting
thrombopoietin we found a strong correlation between thrombus formation and platelet
number. Indeed, occlusive thrombus formation was prevented at platelet counts that did
not affect bleeding.

Together our data suggest that by targeting FXI, or by reducing the platelet count,

pathological thrombi developing under high shear flow may be reduced while not
significantly affecting normal hemostasis.

Xi



Chapter 1: Introduction

1.1 Blood coagulation

While blood has likely fascinated humans since they were able to ponder its
brilliant crimson hue, the advent of evermore sophisticated scientific tools has provided
the ability to continually characterize blood components on more refined scales. In 1686,
using a single-lens microscope, Marcello Malpighi was able to separate and visualize
clotted blood fibers.! Over the last 300 plus years since this observation, more modern
visualization and biochemical techniques have supplied us with many of the unanswered
questions regarding blood components and blood coagulation, though many questions are

still yet unresolved.

The modern sequence of blood coagulation events began to take shape in 1964
when two seminal papers were published; one by Earl Davie and Oscar Ratnoff, and
another by Robert Macfarlane.>* Both works outlined a waterfall or cascade model of
intrinsic coagulation whereby through limited proteolysis successive activation of
enzyme precursors (zymogens) lead to the eventual cleavage of fibrinogen and the
formation of fibrin. The enzymes involved, known as serine proteases, selectively cleave
the scissile peptide bond of the zymogen substrate in order to unmask the catalytic triad
active site of the subsequent protease. This sequence of events not only provides the
opportunity for stepwise amplification of the cascade, but also allows for regulation at
every point. These cascade models of intrinsic blood coagulation have since expanded
tremendously in complexity and have been teased apart into two separate pathways,
known as extrinsic (tissue factor) and intrinsic (contact) pathways, but the general

cascade schemes have remained (see Figure 1.1).



1.1.1 Extrinsic (Tissue Factor) pathway

Tissue factor (TF) is a transmembrane glycoprotein which is constitutively
expressed by sub-endothelial cells of the vessel wall.* TF is also found in most tissue of
the human body with high expression levels in the lungs, heart, and brain.*” Disruption of
the vascular endothelium exposes TF to blood, where it acts as a cofactor for activated
factor VII (FVIIa). The TF:FVIla complex, traditionally called the extrinsic coagulation
pathway, has been proposed to be the principal initiator of coagulation in vivo. The
importance of TF is illustrated in the fact that no TF deficient human has yet been
discovered, and mice lacking TF die from perinatal bleeding.*®’ FVII deficiency is very
rare and results in significant bleeding similar to patients with hemophilia A and B (FVIII
and FIX deficiency, respectively).® Thus, it is clear that the extrinsic pathway is crucial

for maintaining normal hemostasis.

The role of the TF:FVIla complex pathway in thrombosis is less clear. While TF

11 it has not been

inhibition has been shown to reduce thrombosis in animal models,
conclusively shown that TF is the main initiator and propagator of thrombus formation
under all circumstances. In chapter 4, we show that inhibiting the extrinsic pathway does
not produce an antithrombotic effect using an in vitro flow chamber model. It has been
postulated that circulating TF or blood born TF microparticles supply a growing
thrombus with additional TF to maintain thrombin formation,'* although the relevance of
this has been debated.'’ However, our data, as well as a growing body of experimental

evidence from other labs suggest that factors of the intrinsic pathway are also crucial for

thrombus propagation both in vitro and in vivo.

1.1.2: Intrinsic (contact) pathway

When mammalian blood is exposed to a negatively charged surface, a series of
reactions are initiated, resulting in activation of the “contact” proteases factor XII (FXII),
prekallikrein (PK), and factor XI (FXI)"*(Figure 1.2). Contact protease activation triggers
coagulation- and inflammation-related host-defense systems in vitro; however, the
importance of this to normal physiology is unclear. Most individuals with congenital

contact protease deficiency have no related abnormalities. Only FXI deficiency is



associated with excessive trauma-induced bleeding in about one-third of affected
individuals, indicating that FXI makes modest contributions to normal blood coagulation
(hemostasis)."” In contrast, high plasma FXI levels are an independent risk factor for
arterial'® and venous thrombosis'’ in humans, FXI deficiency protects mice from

18-20 and inhibition of FXI has antithrombotic effects

experimentally induced thrombosis,
in primates,”’ strongly suggesting that FXI contributes substantively to disease processes

associated with abnormal coagulation (thrombosis).

In 1953 Rosenthal et al* first described a coagulation deficiency in plasma
thromboplastin antecedent (PTA) which was later known as hemophilia C. Bleeding with
PTA deficiency was only seen after surgery or trauma, with none of the spontaneous
bleeding associated with classical hemophilia. Both males and females were affected, and
there did not appear to be any underlying pathology associated with the disorder. Today
PTA is known as FXI (Table 1), and for many years it was not considered a likely
contributor to thrombosis since deficiency did not appear to predispose patients to
significant bleeding. That idea began to change when Gailani and Broze™ showed that
thrombin was able to activate FXI in vitro, and thus proposed a revised model of the
coagulation cascade whereby FXI acted as an amplifier to sustain thrombin production
(see Figure 1.1). Subsequent to this observation, numerous studies have confirmed that
FXI appears to be important in thrombus development. Indeed, in chapter four we show
in vivo, using a baboon thrombosis model, that inhibiting FXI dramatically attenuates
local thrombin production and renders growing thrombi prone to instability and
fragmentation. This data appears to confirm the idea that FXI is important in the feedback
amplification of thrombin production, and is an important constituent of growing
thrombi. FXI may also be involved in inflammation, since it circulates as part of the
kallikrein-kinin system in a non-covalent complex with high-molecular-weight

. 242
kininogen,***°

which is responsible for the liberation of the vasoactive peptide bradykinin
(Figure 1.2). In chapter two we show that FXI appears to be important in the
development of sepsis related coagulation and possibly in inflammation, as FXI deficient
mice show a survival advantage over wild type mice, and have less severe markers of

coagulopathy. Thus, the story of FXI continues to evolve.



Coagulation factor XII (FXII, Hageman factor) was originally named after John
Hageman, who was a patient of Oscar Ratnoff at Case Western Reserve University.”” Mr.
Hageman was found to have a significantly prolonged partial thromboplastin time upon a
routine examination, however he showed no overt bleeding disorder. Mr. Hageman died
in 1968 after spending a week in the hospital from trauma to the pelvis after falling from
a train.”® He died of a massive pulmonary embolism (five emboli were blocking the right
and left branches of the pulmonary artery). This case likely contributed the anecdotal
evidence that FXII deficiency had a prothrombotic phenotype. Recent studies using FXII
deficient mice suggest that FXII may be important in thrombus formation. FXII knockout
mice are in fact protected from thrombus formation and thrombotic ischemic stroke,"
though this antithrombotic effect has yet to be confirmed in primates. FXII inhibition has
also been shown to partially improve the outcome of baboons infused with a lethal dose
of E coli,” though the improvement was postulated to be due to an improvement in the
inflammatory response. Thus, new evidence suggests that FXII inhibition may also be an

attractive strategy for antithrombotic therapy.

1.2 Platelets

Platelets circulate as anucleated cell fragments at a normal concentration of
150,000-400,000/uL. Platelet adhesion to sites of blood vessel injury and subsequent
aggregation and cohesion of platelets to one another are vital to both normal hemostasis
and pathological thrombosis. The adhesive and cohesive properties of platelets are
regulated by a complex series of receptor mediated interactions and intracellular
signaling events that allows them to maintain hemostatic functionality under a wide range
of injury conditions. Under flow, von Willebrand factor (vWF) is able to bind collagen
and bridge the platelet GP Ib/IX/V receptor complex to the vascular surface (Figure
1.3).%° This is followed by platelet signaling events, resulting in an influx of calcium ions
and the release of alpha and dense granules, which contain coagulation factors,
fibrinogen, as well as platelet agonists such as ADP.*'"** ADP is a weak agonist that is
able to activate platelets through P2Y, and P2Y, receptor signaling pathways, while
ADP-induced synthesis of thromboxane A2 elicits a secondary aggregation response.™

These interactions also lead to the formation of active GP IIb-IIla complexes on the



platelet surface, which are then able to bind vWF and fibrinogen, linking adjacent
activated platelets and facilitating the formation of a stable platelet plug. While there are
many agonists for platelet activation and aggregation, thrombin is the most potent
physiological activator of platelets.** Thrombin cleaves PAR1 and PAR4 which results in
intacellular signaling and platelet activation. Thrombin can also activate platelets through

the GP Ib/IX/V receptor.”

Many of these receptor mediated pathways are also important under the complex
flow conditions associated with wound environments, so while pharmacological blockade
of platelet activation pathways can reduce arterial thrombosis, all current strategies elicit
hemorrhagic side-effects. Another important aspect to note is that the activated platelet
surface acts as a nidus for coagulation protease activation and subsequent fibrin
formation. Some new evidence also suggests that FXI may be important in binding
platelets through GP Ib and ApoER2, which results in platelet activation.”® This
illustrates the complex interplay between coagulation and platelets that is continuing to

be uncovered.

1.3 Thrombosis

Thrombi generally develop on chronic atheroschlerotic lesions and during various
disease states such as cancer and systemic infection. Thrombosis associated with heart
attack and stroke is the leading cause of mortality in the developed world,”’ thus it is
important to appreciate the underlying mechanisms that lead to thrombus formation.
Thrombi are complex manifestations of aggregating platelets, fibrin, leukocytes, and red
blood cells that form under flow within the vascular lumen. Flow is one of the most
important factor in determining the complex makeup of the thrombus, as illustrated by
the fact that venous thrombi formed under relatively low shear forces are rich in red cells
and fibrin and thus often referred to as “red” thrombi, while those that form under arterial
flow are generally rich in platelets and leukocytes and are known as “white” thrombi.”**’

An illustration of flow effects on blood clotting is shown in Figure 1.4. Though flow is

important in thrombus development, the other two components of Virchow’s triad,*’ i.e.



the surface with which the blood interacts and the blood constituents are also critical to

thrombus formation.

1.3.1 Flow

As discussed previously, hemostasis and thrombosis involve different flow
phenomena which results in changing convective transport of coagulation factors and
platelets to the site of injury or to the thrombus surface. A regularly used term in this
process to describe how fast adjacent fluid layers slide past one another is the shear rate
(y)- The shear rate is zero at the midpoint of the tube or vessel axis and becomes
maximum at the vessel wall. The wall shear rate is generally expressed as vy, and can be

found using the volumetric flow rate Q and the vessel radius R.

v = 4Q/mR’

The wall shear stress, Ty, is the force a viscous fluid exerts on the vessel wall per
unit area, and is linearly related to the shear rate by a viscosity constant p for a
Newtonian fluid. Common wall shear rates for arteries are ~300-500 s™' for carotid or
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main coronary arteries and up to 1900 s~ for arterioles,” ** while venous shear is

generally lower than 200 s. In areas of stenosis the vascular wall shear rates can attain
local maxima on the order of 10° s.** The higher convective transport associated with
greater shear is important for delivery of platelets and coagulation factors to the growing
thrombus, but also in the wash-out effect of activated coagulation factors. This is likely

why high arterial shear thrombi tend to be platelet rich and fibrin poor.

Flow also controls the embolization potential of arterial thrombi. The adhesion of
circulating platelets is shear dependent and involves a complex set of interaction of VWF
with GP Ib/IX/V complex and collagen. Other adhesion molecules are also important
such as P-selectin and GPVL.> A defect in these mechanisms can alter platelet adhesion

and destabilize thrombi, though platelet defects tend to also cause bleeding.



1.3.2 Surface

Endothelial cells, which line the entirety of the vascular lumen, actively promote
the fluid phase of plasma and support platelet quiescence by secreting prostacyclin
(PGI2), nitric oxide (NO), heparin sulfate, and tissue plasminogen activator (tPA) among
others.”® Endothelial cells when injured can also expose thrombogenic substances such as
VWE, P-selectin, and TF.>* Denudation of the endothelium can expose collagens and
other procoagulant matrix proteins as well as TF, which are important for normal
hemostatic processes to support vascular integrity but also play a significant role in
thrombosis. When foreign surfaces such as bacteria during infection or prosthetic valves
and vascular grafts are exposed to blood, initiation of platelet activation as well as blood

coagulation through the contact pathway can occur.

1.3.3 Disease states

Many diseases produce alterations in the makeup of blood constituents and also
affect the blood flow patterns and vascular surface, all of which can predispose
individuals to thrombosis. The treatment for these conditions can be complicated by the
need for both interventional therapy as well as prophylactic treatment strategies. In the
following sections I will discuss some of the major diseases associated with thrombosis,

and also discuss current treatment options.

1.3.3.1 Atherosclerosis

Coronary and cerebral artery disease continue to be the leading causes of
morbidity and mortality in the developed world, accounting for up to half of all deaths in
the United States.”” The underlying cause of these diseases is the chronic development of
atherosclerosis, resulting from endothelial cell injury originating from prolonged
hypercholesterolemia and hypertension.* Endothelial cell injury initiates a cascade of
responses including infiltration of monocytes, foam cell formation, and smooth muscle
cell proliferation that results in atheromatous plaque formation.* These plaques can
continue to invade the blood vessel lumen, causing severe stenoses and resulting in
disturbed blood flow patterns. Though it is not completely understood, some plaques are

prone to rupture, leading to heart attack and stroke from acute thrombus development.



Indeed, up to two-thirds of patients with myocardial infarction have angiographic

. 44
coronary plaque lesions.

While it is prudent to treat the underlying disorder by controlling cholesterol and
blood pressure, preventing death and permanent disability during atherosclerosis-related
thrombotic events is also an important effort. Even with the bleeding side effects, platelet
inhibitors are particularly effective in preventing recurrent heart attack and stroke. Our
data in chapter five indicates that reducing platelet count to low normal levels may be a
new strategy to safely limit thrombus progression and improve the outcome of thrombotic

events in plaque stenosed vessels.

1.3.3.2 Stroke

Stroke is the third leading cause of death in the United States and a major
contributor to chronic disability.>”* The direct costs for therapy, drugs, and other care
will total an estimated $35 billion for 2005,* with the majority of the money going to
rehabilitate and treat the roughly 400,000 yearly stroke survivors. 85% of strokes are
ischemic in nature, and 80% of ischemic strokes show the presence of occlusive clots.***
Most strokes are the result of embolic thrombi that develop on atheroschlorotic plaques
within the carotid arteries or from thrombi formed within the heart due to flow
disturbances. The only FDA approved treatment for stroke is tPA. The benefits of using

d.*">? However, the benefits of

tPA to treat ischemic stroke have been well documente
tPA are partially mitigated by the narrow three-hour treatment period and the fact that
tPA can cause serious intracerebral hemorrhaging (ICH).” Even when strict dosage
guidelines are kept, there are a reported 6% of patients that still suffer from ICH.>* These

limiting factors represent a clear challenge for researchers and clinicians to overcome.

Antiplatelet therapies such as aspirin and clopidogrel have shown to be useful in
the prevention or treatment of stroke.”’ Studies have found that aspirin therapy within
48 hours reduced mortality and stroke recurrence.”’® The CAPRIE study also indicated
that clopidogrel may be effective in reducing the risk of ischemic events in certain

patients with combined risk factors.” These modalities, although effective in treating



stroke patients, continue to be limited by their hemorrhagic side effects and must be used

carefully to prevent ICH.

Existing anticoagulant therapies are again complicated by their tendency to cause
bleeding. Drugs such as heparins and warfarin have been shown to be clinically useful in
preventing the progression of cerebral thrombosis,”’ but in many cases the risks of ICH
outweigh the benefits.®*** In order to have a safe and effective anticoagulant or
antiplatelet therapy, one must be found that inhibits thrombotic progression but is not
essential for normal hemostasis. Recent data suggests that FXI or FXII inhibition may be

candidates for the safe treatment of ischemic stroke.'>%

1.3.3.3 Sepsis

Bacterial sepsis causes a systemic procoagulant state ranging from the
subclinical to fulminant disseminated intravascular coagulation (DIC) with multifocal
thrombosis that consumes platelets, leukocytes, and fibrinogen, manifested as
hemorrhage and multiple organ failure. Infection-associated coagulation is likely
maintained by contact protease activation on the surface of bacteria, and by tissue factor-
expressing activated leukocytes and inflamed endothelium.**> Administration of
activated protein C (APC) decreases sepsis mortality probably by targeting both
coagulation and inflammation.®® Humans and mice completely deficient in protein C
develop lethal perinatal consumptive coagulopathy (purpura fulminans). FXI likely

contributes, as protein C-deficient mice that are also FXI deficient can reach adulthood.”

The use of APC has been FDA-approved for the reduction of mortality in adult
patients with severe sepsis (sepsis associated with acute organ dysfunction) who have a
high risk of death. This vitamin K-dependent protease is both anticoagulant and anti-
inflammatory in vivo, and its administration significantly reduces mortality from severe

66-8 However, the clinical outcome benefit is limited, and systemic anticoagulant

sepsis.
effects of APC can contribute to bleeding in patients with an already compromised
hemostatic capacity, typically caused by DIC-related consumption of platelets,

leukocytes, and coagulation factors.
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Activation and/or consumption of FXI during infection or inflammation, with or
without the activation of other contact system proteases, has been extensively
documented both in models and in patients.*”’* Earlier studies in patients showed contact
system activation in infections of various origin, and suggested that septic patients could
benefit from inhibition of contact activation.” Experiments in baboons using inhibitory
antibodies to FXII confirmed that one or more components of the contact activation
complex, including FXI and prekallikrein, might contribute to the development and
pathogenesis of E. coli induced septic shock.””* Survival of E. coli sepsis was extended
in the treatment group. Since activation of FXI by thrombin on activated platelets can
bypass FXII, the resultant FXIa could, in theory, activate the coagulation cascade via FIX
and release bradykinin from high-molecular-weight kininogen (HMWK, Figure 1.2),”7
thus causing both intravascular coagulation and acute inflammation even in the absence
of FXII. Indeed, our data in chapter two suggests that targeting FXI may be a safe and

effective new strategy for improving the outcome of sepsis.

1.4 Current treatments for thrombosis

Antithrombotic agents that target essential components of hemostasis can treat
and reduce the progression of thrombotic diseases including heart attack and stroke.
However, bleeding complications can outweigh or reverse the benefits. In the following
sections I will discuss current treatment strategies for thrombosis and their mechanisms

of action.

1.4.1 Anticoagulant

Heparin is one of the oldest and most widely used anticoagulant compounds in the
world. Heparin was discovered in 1916 by Jay McLean by chance when he was studying
alcohol extracts of the brain heart and liver, and found that after several months of
storage the extracts inhibited blood coagulation. Howell and Holt in 1918 after further
investigation coined the term heparin.' Unfractionated heparin is a high molecular weight
proteoglycan consisting of a peptide core and 15 polysaccharide chains (750-1000 kD).
Heparin has no direct anticoagulant effect but rather interacts with antithrombin III and

increases its affinity for FXa and thrombin up to 4-orders of magnitude.”’ The treatment



11

of choice for venous thrombosis and pulmonary embolism is now the low-molecular-
weight forms of heparin (LMWH). These have greater specificity for FXa, more

predictable pharmacokinetic profiles, and less antiplatelet activity.”®

Warfarin and other coumarin derived oral anticoagulats are widely used for the
prevention of thrombosis. Warfarin is a vitamin K antagonist that prevents coagulation
factors II, VII, IX, and X from folding properly by preventing vitamin K dependent y-

carboxylation of glutamic acid residues,””*

which is crucial for calcium binding and
subsequent interaction with negatively charged surfaces, and thus hinders active protease
formation. While warfarin is effective in treating thrombosis, its narrow efficacy-safety
range and hemorrhagic complications can limit its usefulness.”® Warfarin is also

contraindicated during pregnancy because of its potential teratogenicity.”'

There are other anticoagulants that can be useful in treating thrombosis, such as
direct thrombin inhibitors like hirudin, as well as a new FXa inhibitor rivaroxaban. But
again, as with all other existing anticoagulants that target essential components of the
coagulation pathway, they produce bleeding effects. In order to have a safe and effective
anticoagulant, one must be found that inhibits a portion of the coagulation cascade

important for thrombotic progression, but also not essential for normal hemostasis.

1.4.2 Antiplatelet

The most commonly used antiplatelet agents are aspirin and clopidogrel. Aspirin
is the oldest and most widely used of the antiplatelet drugs.”® Aspirin irreversibly inhibits
platelet cyclooxygenase which prevents the formation of the platelet agonist thromboxane
A2.%? Aspirin is effective in preventing recurrent stroke and in preventing myocardial
infarction, however severe or fatal bleeding complications increase by 0.5%/year with

chronic use.”®

Clopidogrel is a thienopyridine whose active metabolite inhibits the platelet ADP
receptor P2Y 1,.** The CAPRIE trial> showed clopidogrel to be slightly better than

aspirin for stroke and myocardial infarction prevention. More recently the CURE trial®*
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showed that combined aspirin and clopidogrel therapy improved unfavorable outcomes
by 20% over aspirin alone during unstable angina. The primary complication of
clopidogrel therapy is bleeding. Antiplatelet agents tend not to be effective in preventing

relatively lower shear venous thrombosis.

1.4.3 Thrombolytic

Various plasminogen activators are available for the treatment of thrombosis.
Tissue plasminogen activator (tPA) is a naturally occurring serine protease that is
secreted by endothelial cells and acts as a direct activator of plasminogen, converting it to
plasmin, which actively lyses fibrin to dissolve clots.*®> Recombinant tPA is now used for
the treatment of acute thrombotic stroke and has shown effectiveness if given within
three hours of stroke onset. Patients who undergo thrombolytic therapy must be screened
to rule out hemorrhage and must have a systolic blood pressure no greater than 185
mmHg.” As with antithrombotic drugs, thrombolytics can have severe bleeding side

effects.

1.5 Thesis overview

In this work I have used a primate model of acute arterial thrombosis and a mouse
model of peritoneal infection and sepsis in an attempt to better characterize
prothrombotic events that occur in vivo during disease conditions. My main goal was to
contribute to the understanding of thrombosis and hemostasis in an effort to support the
development of safer antithrombotic therapies. In Chapter 2, I provide evidence that FXI
is important for sepsis associated mortality in mice and discuss this as a potential new
strategy for safely limiting sepsis associated thrombosis in humans. Chapter 3 describes
the discovery, characterization, and testing of a novel monoclonal antibody to FXI for use
as a tool to probe the role of FXI in our primate thrombosis model, which I discuss
further in Chapter 4. Chapter 5 presents new data suggesting that transiently reducing
platelet count within the normal physiologic range may be a safe strategy for limiting
occlusive arterial thrombus formation. Chapter 6 contains concluding remarks on the
studies within this thesis, and Chapter 7 suggests future work. Overall, my attempt was to

present evidence that thrombosis and hemostasis are not inexorably linked, and that
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targeting FXI or platelet count may be attractive strategies for antithrombotic therapy,
both of which seem to discriminate between the hemostatic wound environment and the

environment associated with vascular thrombosis.
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Table 1.1. The numerical system of blood coagulation factors and plasma

concentrations.

28,85,86

Factor Current synonym

I
II
III

IV

VI

VII
VIII
IX

XI

XII
XIII

Fibrinogen
Prothrombin

Thromboplastin or
Tissue Factor

Calcium

Now recognized as
FVa

Former name

Proaccelerin

Accellerin

Proconvertin
Antihemophilic Factor
Christmas Factor
Stuart-Prower Factor

Plasma
Thromboplastin
Antecedent (PTA)

Hageman Factor

Fibrin stabilizing
Factor

Plasma Concentration
(ug/mL)

1500-4500
100

.8-1

1-2

10
4-6

40
30
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Intrinsic (contact) Pathway Extrinsic (Tissue Factor) pathway
Surface Trauma = Tissue Factor (TF)
/\ l .
FXII FXlla FIX TF+FVIla FVII
EX1 FXla FX FXa
A
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: FIX FIXa+FVIlla EVIII
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H FX FXa+FVa EV
.-‘“ Prothrombin % EXII
"o... Fibrinogen Fibrin j{
lq_ FXIlla

Cross-linked fibrin

Figure 1.1. The blood coagulation cascade. Underlined factors are all activated by
thrombin, which contributes to feedback amplification of the coagulation pathway.
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———— Factor Xla =—=
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Bradykinin Factor IX

|
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Figure 1.2. Intrisic (contact) factor pathway. This diagram highlights the role of FXI
in the feedback amplification of thrombin, as well as the potential role for FXI in
inflammation through the kallikrein-kinin system.
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Figure 1.3. Representation of platelet adhesion and coagulation under flow. Under
high shear flow, von Willebrand factor (VWF) is able to bind collagen and bridge the
platelet GP Ib/IX/V receptor complex to the vascular surface. This is followed by platelet
signaling events, resulting in an influx of calcium ions and the release of alpha and dense
granules, which contain coagulation factors, fibrinogen, as well as platelet agonists such
as ADP. These interactions also lead to the formation of active GP IIb-IIla complexes on
the platelet surface, which are then able to bind vWF and fibrinogen, linking adjacent
activated platelets and facilitating the formation of a stable platelet plug. At the same
instant, factors of the coagulation pathway are able to bind to the negatively charged
surface of the activated platelet where they produce thrombin, through both the tissue
factor (TF) and contact pathways, which cleaves fibrinogen to generate fibrin. This figure
was adapted from one provided by Dr. Owen McCarty.
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Figure 1.4. Retention of leukocytes and platelets by thrombi formed in vivo under
flow. Standard light microscopy (phosphotungstic acid hematoxylin stain) of (A) a
typical section of blood that was clotted for 60 minutes, or (B) a thrombi that was formed
in the baboon arteriovenous shunt thrombosis model described in chapter 4. Thrombi are
rich in fibrin, platelets, and leukocytes and had relatively fewer red cells.

-This figure was originally published in Blood. Gruber A, Marzec UM, Bush L, Di Cera E, Fernandez JA, Berny M A,
Tucker EI, McCarty OJ, Griffin JH, Hanson SR. Relative antithrombotic and antihemostatic effects of protein C
activator versus low-molecular-weight heparin in primates. 2007;109:3733-40. © 2007 by the American Society of

Hematology.
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Chapter 2: Factor XI Deficiency and Sepsis

2.1 Summary

Anticoagulation is a rational approach to the treatment of sepsis-associated
consumptive coagulopathy, but its application is limited because of the risk of excessive
bleeding. Factor XI (FXI) contributes substantially to pathological blood coagulation
(thrombosis) whereas it contributing only modestly to normal hemostasis. We found that
FXI-deficient mice have reduced coagulopathy and increased survival relative to FXI-
expressing wild-type mice during cecal ligation and puncture-induced acute
peritonitis/sepsis. This finding suggests that FXI contributes to coagulopathy and/or
inflammation during sepsis, and that pharmacologic inhibition of FXI activity may alter

the course and outcome of some infections.

-This research was originally published in The Journal of Infectious Diseases. Tucker EI, Gailani D, Hurst S, Cheng Q,
Hanson SR, Gruber A. Survival advantage of coagulation factor XI-deficient mice during peritoneal sepsis. J Infect
Dis. 2008;198:271-4. © 2008 by the Infectious Disease Society of America.

-All data in this thesis is my work except where footnoted.
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2.2 Introduction

Sepsis remains a leading contributor to mortality in critically ill people. Most
patients with bacterial sepsis have abnormalities of blood coagulation, ranging from
subclinical activation to fulminant disseminated intravascular coagulation (DIC) with
multifocal thrombosis and hemorrhage. DIC appears to be triggered by the activation of
contact proteases on the surface of bacteria,”” and/or by tissue factor (TF)-expressing
leukocytes and inflamed endothelium. During normal hemostasis, the plasma protease
factor XI (FXI) may contribute to sustained thrombin generation following factor
Vlla/TF-initiated coagulation, contributing to the maintenance of fibrin clot integrity and
inducing platelet activation. FXI also contributes to experimental arterial and venous

2187 and to DIC in mice. Protein C (PC)-deficient mice die in the peripartum

thrombosis,
period from a consumptive coagulopathy resembling purpura fulminans in human
neonates with total PC deficiency.® FXI deficiency ameliorates the severity of this

syndrome, with some animals surviving to adulthood.”

Contact proteases (FXI, factor XII [FXII], and prekallikrein) can trigger
coagulation and inflammation-related host-defense systems, but their role in normal
physiology is unclear. Most individuals with congenital contact protease deficiency have
no abnormalities of hemostasis. FXI deficiency has been associated with moderate
trauma-related bleeding in one-third of affected individuals, indicating that FXI makes
modest contributions to normal hemostasis.'> On the other hand, the plasma FXI level is

an independent risk factor for thrombosis in humans, '"***

and FXI deficiency protects
mice from experimentally induced thrombosis and stroke.'***** Inhibition of FXI also
has antithrombotic effects in primates,”' suggesting that FXI contributes substantively to
disease processes associated with intravascular blood coagulation. Here, we report on the

effects of FXI deficiency in murine abdominal sepsis.
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2.3 Materials and methods

Age-matched (4-7 month old) and sex-matched wild-type (WT or FXI"") and
FXI-deficient (FXI"") C57BL/6 mice were used for all experiments. Generation and
breeding of FXI"" mice has been described elsewhere.” The FXI”" genotype was
backcrossed onto the C57BL/6 background for >9 generations. Experiments were
approved by the animal care committees of the Oregon Health & Science and Vanderbilt

Universities.

Primary peritoneal fecal contamination was induced in mice by standardized
surgical trauma that involves ligation and puncture of the cecum (CLP, Figure 2.1) °'.
Survival was recorded for seven days post-surgery, after which all surviving mice were
killed. In separate experiments, blood was drawn by cardiac puncture into a 1/10™
volume of 3.2% sodium citrate, 24 hours post-CLP or sham surgery for determining
blood cell counts. Plasma was prepared from these samples and stored at -80°C pending

testing.

For experimental endotoxemia, groups of 15 mice for each genotype were
challenged with intraperitoneal injection of Escherichia coli endotoxin (25 mg/kg
serotype-0111:B4, Sigma, St. Louis, MO) without general anesthesia. Spontaneous
mortality 24 hours after injection was recorded, after which all survivors were killed. In a
separate experiment, blood was collected by cardiac puncture into 1/10™ volume of 0.5M
EDTA from groups of 10 mice for each genotype before, 6 hours, and 12 hours after
injection for determining blood cell counts. Plasma was prepared from these samples and

stored at -80°C pending testing.

Cell counts were measured in anticoagulated blood samples using a 9000
Hematology Series Cell Counter (Baker Instruments, Allentown, PA) for mice that
underwent CLP. Clottable circulating fibrinogen was determined as a percent of the value
for pooled normal mouse plasma using the Clauss method. ** Prothrombin times (PT)
were determined using an electromechanical fibrometer with plasma samples diluted in

PBS. Levels of thrombin/antithrombin III (TAT) complexes and D-dimer were
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determined by ELISA using commercial test kits (Dade-Behring and Diagnostica Stago,
respectively). Leukocytes in the peritoneal cavity were enumerated by lavage with 3 mL
of sterile saline. Lavage fluid was also plated on blood agar plates and incubated
overnight at 37° C, and bacterial colonies were counted and expressed as colony-forming
units (cfu) per milliliter. Identification of bacteria was conducted on blood and peritoneal

swab samples collected 24 hours after CLP.

In endotoxin-injected mice, cell counts were determined using a Hemavet
HVO950FS analyzer (Drew Scientific, Oxford, CT). TAT complex was measured by
ELISA (Enzyme Research Laboratories, South Bend, IN), using control curves
constructed with murine TAT complex prepared by mixing mouse a-thrombin and
antithrombin (Haematologic Technologies, Essex Junction, VT). Other laboratory

parameters were measured as described above.

Data are shown as mean =+ standard error of the mean (SEM), unless otherwise
specified. Survival data were analyzed using Kaplan-Meier analysis, and comparisons
between genotypes were done by the log-rank test. The two-tailed Student’s t-test was

used for single-pair comparisons. P < .05 was considered to indicate significance.

2.4 Results

The 15-minute surgical procedure for CLP did not cause excessive bleeding in
either WT or FXI"" mice. Survival after CLP is shown in Figure 2.2. All mice lived at
least 24 hours, with more WT mice developing signs of illness (lethargy, piloerection,
and reduced mobility), suggesting systemic infection. One week post-CLP, 6 of 47 WT
mice (13%) and 24 of 52 FXI”" mice (46%) were alive (P =.0001) (odds ratio of death
for WT compared with FXI”" mice, 5.9 [95% confidence interval 2.1-16.2]) and appeared
to be fully recovered. WT mice died between days 2 and 4 (60 £ 2 hours, median, 62
hours), with none dying after 90 hours. In contrast, 75% of deaths in FXI”~ mice occurred
between days 3 and 6 (79 + 4 hours, median, 76 hours), with the latest death occurring at
142 hours. Average survival time for FXI”" mice dying of sepsis was 32% longer than

that for WT mice (P <.001). No animals (n = 6 for each genotype) died after sham
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surgery, in which the cecum was exposed without puncture. FXI deficiency had no affect

on mortality (70% for both genotypes) 24 hours after endotoxin injection.

Twenty-four hours after CLP, platelet counts decreased 27 + 5% in WT mice (P
=.001, compared with baseline) and by 13 + 4% in FXI"" mice (P = .05) (Table 2.1). The
decrease for WT mice was significantly larger than that for FXI"" mice (P=.05),
suggesting more severe coagulopathy in the WT mice. Leukocyte counts decreased for
WT (64 + 5%; P <.001) and FXI"" (41 + 8%; P < .01) mice 24 hours after CLP, with the
decrease being significantly greater in WT mice (P < .05). The migration of circulating
leukocytes into the peritoneum was confirmed by analysis of lavage fluid after CLP, with
WT mice showing more pronounced leukocyte infiltration than FXI”" mice (P <.01).
There were no differences in red blood cell counts in any of the groups. Sham-operated
mice showed no deviations from normal baseline values (Table 2.1). The histology of
livers and lungs were unremarkable 24 hours after CLP, consistent with previous

reports.”

WT and FXI”" mice (n = 10 for each) showed similar decreases in platelet
counts (47 + 4% and 41 + 5%, respectively; P < .01 for both, compared with baseline)
and blood leukocyte counts (67 £+ 4% and 74 £ 2%, respectively; P < .01 for both) 12
hours after endotoxin treatment. The 6 hour time-point values were similar for all

measured parameters (data not shown).

In WT mice, fibrinogen decreased from baseline 24 hours after CLP (Table 2.1),
suggesting consumption or reduced production of fibrinogen. In contrast, fibrinogen
levels increased considerably in FXI"™ mice, suggesting an acute-phase increase of
fibrinogen with limited consumption. Prothrombin time, which reflects plasma
coagulation-factor levels, was prolonged in WT mice 24 hours after CLP (P <.05) but
was unchanged in FXI” mice. TAT levels were also higher in WT mice after CLP (P <
.05), but only a modest elevation was seen in FXI"™ mice. D-dimer levels increased

similarly for both WT mice (100 + 10% to 302 + 46%; P < .05) and FXI"" mice (138 +



24

17% to 325 £ 54%; P < .05) 24 hours after CLP (n = 6 for each), compared with levels in

pooled normal mouse plasma.

Twelve hours after endotoxin injection, fibrinogen levels were 73 £ 11% in WT
mice (n=7) and 132 + 20% in FXI"" mice (n = 9) (P <.05 for WT vs FXI"" mice),
similar to the results for CLP. As measured by an ELISA using a murine TAT standard,
baseline TAT values were 4.2 + 0.9 ng/mL for WT mice and 6.9 + 0.8 ng/mL for FXI”"
mice (n = 10 for each), levels similar to those measured by an ELISA using human
standards in CLP experiments (Table 2.1). TAT levels after endotoxin injection increased
>20-fold in WT mice (87.9 £ 14.8 ng/mL) but less so in FXI”" mice (42.8 £ 4.9 ng/mL),
whereas D-dimer increased to 249 + 10% in WT mice and to 268 + 15% in FXI”" mice (n

= 10 for each) relative to baseline.

WT and EXI”" mice showed no significant differences in the number of bacterial
colony-forming units (209 £ 129 vs 130 + 35 cfu/mL, respectively; n = 8 for each) in the
peritoneal cavity 24 hours after CLP. Although the mean colony-forming unit count was
slightly greater in WT mice (35 cfu/mL) the median counts were higher in FXI”" animals
(110 cfu/mL). There was no growth in lavage fluid from sham-operated mice. Cultures of
peritoneal swab samples from two mice for each genotype showed an abundance of a-
hemolytic Streptococcus organisms (>50 colonies per sample) and a smaller number of
other gram-negative and gram-positive bacteria (1-10 colonies per sample). a-hemolytic
Streptococcus was the primary pathogen (10-50 colonies) in blood cultures, with
Staphylococcus aureus and gram-negative bacteria also present (1-10 colonies per

sample). The types and relative abundance of bacteria were similar for both genotypes.

2.5 Discussion

Activation and/or consumption of FXI during infection or inflammation, with or
without activation of other contact-system proteases, has been documented in animal
models and human patients. Early studies in humans demonstrated activation of the
contact system during infections of various origins, suggesting that septic patients could

benefit from inhibition of contact activation.”” Experiments in baboons in which



25

inhibitory antibodies to FXII were used suggested that one or more components of the
contact-activation complex may contribute to the pathogenesis of E. coli-induced septic
shock.”” The present study was designed to test the hypothesis that FXI contributes to the
pathogenesis of traumatic fecal peritoneal infection and sepsis in mice. Because potent,
monospecific inhibitors of mouse FXI are not available, we used FXI deficient mice and
showed that FXI deficiency was indeed associated with significantly reduced mortality

during untreated polymicrobial peritonitis/sepsis.

FXI"" mice appeared to have less activation of coagulation and less migration of
leukocytes into the peritoneum 24 hours after bowel perforation. Thus, in addition to
coagulation, FXI may be involved in leukocyte trafficking, either directly or, via
inflammatory pathways, indirectly. Given that FXI deficiency rescues PC-deficient mice

2% and that FXI is prothrombotic,*'*

we postulate that FXI deficiency lessened the
severity of sepsis-induced DIC through a reduction in thrombin generation, though a
reduction in thrombin associated with FV deficiency in mice was linked with a decreased
survival compared with WT in a sepsis model.”* Despite the compelling data on platelets,
fibrinogen, and TAT complexes, the importance of the antithrombotic component of FXI
deficiency to the outcome of sepsis remains speculative. In addition to its role in
coagulation, FXI may be involved in pathways that affect platelet and leukocyte function
and trafficking as well as bradykinin generation and could, therefore, have an intensifying
effect on the systemic inflammatory response syndrome and development of septic shock.
Interestingly, FXI deficiency did not affect survival during experimental endotoxemia,
despite evidence of a less-robust coagulopathy in the FXI” mice. This indicates that FXI
plays a limited role in the pathophysiology of endotoxemia and reinforces the concept

that there may be major differences in the mechanisms involved in gram-negative sepsis

models that employ experimental endotoxemia and true abdominal sepsis in mice.

In an apparent contradiction to our present finding, a survival advantage seen with
sepsis as well as after endotoxin administration has also been ascribed to the
prothrombotic heterozygous, but not homozygous factor V Leiden mutation in mice, and

even in septic human patients.”> According to this study, the survival advantage might
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have been related to a balanced increase in thrombin, thus modest secondary increase in
APC generation in the heterozygotes, at least in the endotoxin challenge group. Since
FXI deficiency would presumably result in decreased APC generation, this deficit might
have lead to the observed survival advantage through different mechanisms, as discussed
above. Investigating FXI and PC deficiencies in combination with the factor V Leiden
mutation in mice could provide additional insight into the molecular mechanisms to

understand the apparent contradiction.

Regardless of the mechanisms involved, the data suggest that FXI as well as
related proteases and cofactors that affect its activation (high-molecular-weight
kininogen, plasma prekallikrein, and FXII) may be attractive targets for pharmacological
inhibition in treatment of sepsis-induced DIC. The relatively mild bleeding diathesis
associated with severe FXI deficiency suggests that targeted FXI inhibition would be

safer in this setting than conventional anticoagulation.

In conclusion, safe and effective new treatments for severe sepsis are needed,
and our data demonstrating a survival benefit in a severe form of bacterial infection
provide rationale for developing FXI-specific inhibitors for further investigation into the

effects of FXI and FXI inhibition in infections and inflammation.
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Figure 2.2. Survival advantage of factor XI (FXI)-deficient mice after large bowel
perforation. Kaplan-Meier survival curves (with 95% confidence interval curves) are
shown for the survival of 4-7-month-old age- and sex-matched wild-type (WT, or FEXI™";
n=47) and FXI"" (n = 52) C57BI/6 mice after cecal ligation and puncture. Curves were
compared by log-rank test, which showed a significant survival advantage for FXI”" mice

(P =.0001).
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Table 2.1: Reduction of coagulopathy and leukocyte infiltration associated with factor XI (FXI) deficiency 24 hours

after cecal ligation and puncture (CLP).

Platelet count,  WBC count in Fb level, WBC count

Group 105/l blood, 103/l % of normal PT, s TAT, ng/mL in plf, 103/uL
Baseline

FXI=/= mice 9.8 = 0.4 (5) 7.9 0.6 (5) 75.1 = 4.1 (28) 30.6 = 0.6(8) 4.1 0.7 (8) 21x044)

WT mice 9.6 = 0.4 (5) 8.7 = 0.2 () 83.7 = 5.5 (25) 30.3 = 0.5(8) 4.2 +1.4(10) 1.9 +0.2 (6)
CLP

FXI== mice 8.6 = 0.4 (82 4.7 = 0.6 (8)2k 212.4 = 24.3(8)»¢  30.0 = 3.2 (6) 4.8 +0.8(10) 8.8 = 0.4 (8)b-

WT mice 7.0+05(8)° 3.1 *04(8)F 58.6 = 12.3(8) 363+20(8)¢ 225x7.7(12¢ 13.3x0.9(8°
Sham surgery

FXI7/= mice  10.6 = 1.1 (6) 7.5 0.7 (6) 87.9 = 4.6 (6) 31.0x15(6) 3.7+ 0.2 (6) 1.9 = 0.3 (6)

WT mice 11.0 = 0.6 (6) 7.2 +=1.3(6) 97.1 = 13.8(86) 30.5 = 2.8 (6) 55+ 1.7 (6) 1.9 = 0.4 (6)

NOTE. Data are mean + SE values (no. of mice). Significance was determined by Student's t test (2-tailed). Fb, fibrinogen; plf, peritoneal lavage
fluid; PT, prothrombin time; TAT, thrombin/antithrombin Il complex; WBC, white blood cell; WT, wild type.

# P= .05, vs. WT CLP.

b p= 001, vs. WT baseline.

° P=.001, vs. WT CLP.

4 P < .05, vs. WT baseline.
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Chapter 3: Development of a FXI inhibitor

3.1 Introduction

Factor XI (FXI) is 160 kD disulfide linked homodimer whose monomers are
made up of a heavy chain consisting of 4 polypeptide repeats called apple domains and a
catalytic light chain. FXI can become activated by factor XIla, thrombin, as well as
autoactivated, which in turn activates factor IX and contributes to the coagulation
cascade. Prekallikrein is a highly homologous protein of the kalikrein-kinin system that is
important in the liberation of the vasoactive inflammatory peptide bradykinin. FXI may
also be involved in bradykinin generation since it binds to high-molecular-weight
kininogen (HMWK), the originator of the bradykinin peptide. In order to further explore
the function of FXI we generated a potent neutralizing antibody to FXI.
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3.2 Materials and methods

Generation of neutralizing anti-factor XI antibody

Hybridomas were derived from Balb/c mice immunized with purified human FXI
using standard procedures.”® Hybridomas were screened using solid phase ELISA against
human FXI, and those that showed binding were subcloned twice by limiting dilution.
The clone that produced the most potent neutralizing antibody, which inhibited the
activation of FXI and/or the activity of FXIa, was selected based on prolongation of the
clotting time of recalcified normal human plasma (NHP) and normal baboon plasma
(NBP) by the cell culture supernatant. The cell line (1A6.1.1) producing the anti-FXI
monoclonal antibody (aXIMab) was grown in a CL1000 bioreactor according to the
manufacturer’s protocol (Integra Biosciences), and the antibody was purified from the

media using cation exchange and protein A chromatography.

3.3 Results and discussion

Cell culture supernatant from the 1A6 cell line potently inhibited the FXIa
dependent cleavage of the chromogenic substrate S2366 in vitro (Figure 3.1). Purified
aXIMab, tested within a concentration range from 0-40 nM, prolonged the aPTT
(Hemosil™ SynthASil, Instrumentation Laboratory) similarly in both NHP and NBP in a
concentration-dependent manner (Figure 3.2) without affecting the PT (Innovin®, Dade
Behring). Human and baboon FXI in plasma was recognized by aXIMab as a single band
at 160 kDa on Western blots (Figure 4.3). The antibody specifically recognized the third
apple (A3) domain of the FXI heavy chain, as assessed by immunoblotting of
recombinant FXI/prekallikrein chimeras, as described (Figure 3.3).97 The ICso and ICy9 of
aXIMab in vitro was 2.5 nM and 10 nM, respectively, in an aPTT based clotting assay
using FXI deficient human plasma (George King Bio-Medical) with serial dilutions of
NBP as standards.” aXIMab infusion (2 mg/kg) into a single baboon prolonged the aPTT

for more than 7 days, suggesting potent activity in vivo (Figure 3.4).

These data show that the monoclonal antibody derived for the 1A6.1.1 cell line is

a potent neutralizer of FXI procoagulant activity. Indeed, since the A3 domain on FXI



includes the binding sites for FIX activation as well as platelet Gp Ib,””” and aXIMab
binds specifically to this region, this antibody may be a useful tool in further

characterizing the role of FXI both in vitro and in vivo.

32
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Figure 3.1. Anti-FXI monoclonal antibody 1A6 (aXIMab) prevents the activation of
and/or the enzymatic activity of FXla towards the chromogenic substrate S2366.

70 pl of assay buffer: (50 mM Tris (pH 7.4), 150 mM NacCl, 0.1% BSA, 1pg/ml dextran
sulfate) were added to a 96-well microtiter plate along with IgG serum samples from
designated anti-FXI monoclonal antibody producing cell lines. 94 nM (final
concentration) of purified FXI was then added to all wells except thrombin control wells.
10 nM of thrombin was then added to all wells except FXI control, followed by a 10
minute incubation at 37° C. Hirudin was added to inhibit thrombin activity (43 nM). 30ul
of the reaction mixture was added to 70ul of 600uM S-2366 chromogenic substrate and
the FXIa activity was tracked by reading the absorbance @405nm.
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Figure 3.2. aXIMab prolongs the activated partial thromboplastin time (aPTT) of
pooled baboon plasma. Concentration dependent prolongation of the aPTT with no
change in prothrombin time (not shown). Citrated, pooled baboon plasma was mixed with
varying concentrations of aXIMab and times were measured using an Amelung KC-4
coagulometer. Times are the average of two independent measurements at each antibody
concentration.
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Figure 3.3. aXIMab binds to the Apple 3 (A3) domain of factor XI. The antibody
specifically recognized the A3 domain of the FXI heavy chain, as assessed by
immunoblotting of recombinant FXI/prekallikrein chimeras, as described.”’

-This data was provided by Dr. David Gailani, Vanderbilt University.
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Figure 3.4. aXIMab infusion prolongs the aPTT in a baboon. An intravenous infusion
of aXIMab (2 mg/kg) was given to a single baboon and blood samples were drawn over
the next 9 days. Plasma was frozen and then assayed for clotting time. Each point is from
a single measurement.
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Chapter 4: Inhibition of FXI in baboons

4.1 Summary

The protease thrombin is required for normal hemostasis and pathologic
thrombogenesis. Since the mechanism of coagulation factor XI (FXI)-dependent
thrombus growth remains unclear, we investigated the contribution of FXI to thrombus
formation in a primate thrombosis model. Pre-treatment of baboons with a novel anti-
human FXI monoclonal antibody (aXIMab; 2 mg/kg), inhibited plasma FXI by >99% for
10 days, and suppressed thrombin-antithrombin (TAT) complex and 3-thromboglobulin
(BTG) formation measured immediately downstream from thrombi forming within
collagen-coated vascular grafts. FXI inhibition with aXIMab limited platelet and fibrin
deposition in 4 mm diameter grafts without an apparent increase in D-dimer release from
thrombi, and prevented the occlusion of 2 mm diameter grafts without affecting template
bleeding times. In comparison, pre-treatment with aspirin (32 mg/kg) prolonged bleeding
times but failed to prevent graft occlusion, supporting the concept that FXI blockade may
offer therapeutic advantages over other antithrombotic agents in terms of bleeding
complications. In whole blood, aXIMab prevented fibrin formation in a collagen-coated
flow chamber, independent of factor XII and factor VII. These data suggest that
endogenous FXI contributes to arterial thrombus propagation through a striking

amplification of thrombin generation at the thrombus luminal surface.

2 This research was originally published in Blood. Tucker EI, Marzec UM, White TC, Hurst S, Rugonyi S, McCarty OJ,
Gailani D, Gruber A, Hanson SR. Prevention of vascular graft occlusion and thrombus-associated thrombin generation
by inhibition of factor XI. Blood. 2009;113:936-44. © 2009 by the American Society of Hematology.



38

4.2 Introduction

Blood coagulation during hemostasis is initiated by the tissue factor (TF)/factor
VIla complex (the extrinsic pathway) that activates factors IX and X, and ultimately
produces thrombin at sites of vascular injury.* In thrombosis, intravascular blood
coagulation may also be initiated by the extrinsic pathway.'™'"° However, impairment of
the TF/factor VIla pathway does not provide full protection from thrombosis, since
symptomatic factor VII deficient subjects can develop concurrent thrombosis and severe

101

bleeding. = The functions of the contact proteins (factor XI, factor XII, prekallikrein and
high-molecular-weight kininogen) in hemostasis are less clear. The physiological role of
factor XI (FXI) has been difficult to determine because of the variable bleeding disorder
associated with FXI deficiency,"” and because monospecific FXI inhibitors have not been
widely available for experimental investigation. FXI activation is thought to proceed
through thrombin- and/or factor XII-dependent mechanisms, and activated FXI (FXIa)
contributes to sustained thrombin generation after initiation of blood clotting by
activating factor IX. These activities ultimately promote coagulation, platelet activation,

and preservation of fibrin clot integrity.>*'%*

103

Thrombin also increases the density of fibrin

networks,  and indirectly inhibits fibrinolysis through activation of carboxypeptidase B

(thrombin-activatable fibrinolysis inhibitor, TAFI)."™ Thus, FXI may support thrombus

propagation and clot stability by increasing thrombin generation.®”'?®

Compelling circumstantial evidence suggests a contributory role for FXI in the

pathogenesis of thrombosis. An elevated plasma FXI level appears to be an independent

106

risk factor for deep vein thrombosis (DVT),'” ischemic stroke,'”® and myocardial

infarction'® in humans. While one study did not detect a reduced incidence of myocardial
infraction in patients with severe factor XI deficiency,'"” the incidence of ischemic stroke
appears to be significantly lower in FXI deficiency than in the general population.®® FXI

89,108

deficiency reduces occlusive thrombus formation in mouse models, and

pharmacological inhibition of FXI is antithrombotic in rabbits'® and primates.?' Despite
these findings, FXI appears to play a supportive role in normal hemostasis, and only a
fraction of the individuals with severe factor XI deficiency exhibit a mild to moderated

15,110

bleeding tendency upon injury. In contrast, hemophilia (factor VIII or IX deficiency)
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or factor deficiencies in the common pathway of coagulation (factors II, V, or X) are

HLI2 Taken together, these

associated with severe bleeding or are incompatible with life.
observations suggest that thrombosis and hemostasis, while linked in many respects,
possess mechanistic differences that may allow development of more thrombosis-specific

anticoagulant strategies such as targeting of FXI.

To investigate the mechanism by which FXI contributes to acute thrombus
formation, baboon and flow chamber models were employed. To block FXI activity, a
potent monospecific neutralizing antibody was generated. A sensitive model was
developed for locally measuring soluble markers of activated coagulation, platelets, and
fibrinolysis at sites of experimental thrombus formation in baboons. Platelet and fibrin
accumulation during arterial thrombogenesis, and the occlusion of thrombogenic blood

conduits were determined in the presence and absence of the antibody.

4.3 Materials and methods

Experimental animals

39 non-terminal studies were performed using 17 male baboons (Papio anubis, 9-
11 kg). All studies were approved by the Institutional Animal Care and Use Committee.
Thrombosis experiments were conducted on non-anticoagulated awake animals that had
chronic exteriorized femoral arteriovenous shunts, as described elsewhere.'”® Baseline
shunt blood flow exceeded 250 ml/min in all study animals. Anxiety was managed with
low dose ketamine (< 2 mg/kg/hr). Platelet counts, red cell counts, and hematocrits were
measured daily, before and after the experiments. Calculated blood loss did not exceed

4% of total blood volume on any experimental day.

Thrombosis model

Thrombus formation was initiated within chronic arteriovenous shunts in baboons
by interposing a prosthetic vascular graft segment for up to 60 min, essentially as
described.'”® The hypothrombogenic graft (ePTFE, WL Gore & Co., Flagstaff, AZ)*' was

coated with collagen which consistently triggers platelet-dependent thrombus formation.
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Twenty mm long graft segments (internal diameters [id] of either 2 or 4 mm) were filled
with equine type I collagen (1 mg/mL; Nycomed Arzenmittel, Munich, Germany) for 15
minutes, and then dried overnight under sterile airflow (Figure 4.1). The thrombogenic
collagen-coated grafts were then incorporated between segments of silicon rubber tubing,
deployed into the shunts (Figure 4.2), and exposed to blood flow. The flow rate through
the graft was restricted to 100 mL/min (Transonics Systems flow meter, Ithaca, NY) by
clamping the proximal shunt segment, thereby producing initial mean wall shear rates of
265 s (4 mm id) or 2120 s (2 mm id). The 4 mm grafts remained patent without flow
rate reduction for 60 minutes. In the 2 mm diameter grafts, flow rates progressively
declined due to occlusive thrombus formation. The grafts were removed from the shunts
either at 60 minutes (4 mm id grafts) or when the flow rate fell from 100 mL/min to 20
mL/min (2 mm id grafts), signaling imminent occlusion. The time from initiation of
blood flow through the graft until the flow reached 20 mL/min was taken as the occlusion

time.

Thrombus formation was assessed in real time during the experiments by
quantitative gamma camera imaging of radiolabeled platelet accumulation within the
graft segment, and by end-point determinations of radiolabeled fibrinogen/fibrin
deposition, as described.'"> Measurements of platelet-associated radioactivity on the
grafts were recorded at 5-minute (4 mm id) or 3-minute (2 mm id) intervals using a GE-
400T gamma scintillation camera interfaced with a NuQuest InteCam computer system.
Embolic events were recorded as abrupt decreases in the number of platelets in the graft

between subsequent imaging frames.

Blood sample collection

Systemic samples were collected proximal to the graft from the midstream of the
shunt into 3.8% citrate (1:9, vol/vol) before graft deployment, and then at 30 and 60
minutes. One sample was processed for platelet poor plasma and used to assess FXI
procoagulant activity levels, while a second sample was used for determination of
systemic coagulation markers (vide infra). For the assessment of thrombosis markers

generated within the 4 mm id grafts, samples were also taken from the blood stream
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adjacent to the vessel wall (intraluminal boundary layer) immediately distal to the
thrombus. Blood was collected at a rate of 100 pL/min during 10 minute intervals
through a 0.64 mm id port located 10 mm distal to the graft (Figure 4.2). To maintain
patency of the sampling port, Phe-Pro-Arg-chloromethylketone (PPACK, 0.5 mg/mL, 1
mM), which inhibits thrombin and other coagulation proteases,''* was infused at a rate of
20 puL/min into a second 0.64 mm id port located 3 mm proximal to and in line with the
collection port. Anticoagulant infusion and local blood sampling were regulated using

syringe pumps (Harvard Apparatus).

Blood sample analysis

Blood cell counts were determined using a micro-60 automated cell counter
(Horiba-ABX Diagnostics). Blood samples were divided into aliquots and processed
according to specific test requirements. Plasma was prepared from one aliquot and
activated partial thromboplastin times (aPTT) and prothrombin times (PT) were measured
on site. Another aliquot was placed on ice for 10 minutes and centrifuged at 4° C for 10
minutes at 12,900 g. For B-thromboglobulin (BTG) determinations, the samples were
supplemented with 4 pg/mL prostaglandin E1 (PGE,), 4.3 mg/mL acetylsalicylic acid
(ASA), and 50 pg/mL PPACK. The plasma was then frozen and stored at -80° C until
assaying. Cross-reacting ELISA assays were used to determine D-dimer levels
(IMUCLONE® D-Dimer, American Diagnostica), the platelet activation marker BTG
(Asserachrom®, Diagnostica Stago), and thrombin-antithrombin complexes (TAT,

Enzygnost-TAT, Dade-Behring).

Derivation of neutralizing anti-factor XI antibody

Since previous studies showed that polyclonal antibodies to human FXI required
very high doses to achieve near-complete inhibition of FXI in baboons,”' we generated a
new reagent, a potent neutralizing anti-human FXI monoclonal antibody (aXIMab) that
cross-reacts with baboon FXI. Hybridomas were derived from Balb/c mice immunized
with purified human FXI using standard procedures.”® Hybridomas were screened using
solid phase ELISA against human FXI, and those that showed binding were subcloned

twice by limiting dilution. The clone that produced the most potent neutralizing antibody,



42

which inhibited the activation of FXI and/or the activity of FXIa, was selected based on
prolongation of the clotting time of recalcified normal human plasma (NHP) and normal
baboon plasma (NBP) by the cell culture supernatant. The cell line producing aXIMab
(1A6.1.1) was grown in a CL1000 bioreactor according to the manufacturer’s protocol
(Integra Biosciences), and the antibody was purified from the media using cation

exchange and protein A chromatography.

Human and baboon FXI in plasma was recognized by aXIMab as a single band at
160 kDa on Western blots (Figure 4.3). The antibody specifically recognized the third
apple (A3) domain of the FXI heavy chain, as assessed by immunoblotting of
recombinant FXI/prekallikrein chimeras, as described (Chapter 3).97 The ICs¢ and ICqg of
aXIMab in vitro was 2.5 nM and 10 nM, respectively, in an aPTT based clotting assay
using FXI deficient human plasma (George King Bio-Medical) with serial dilutions of
NBP as standards.”® Purified aXIMab, tested within a concentration rage from 0-40 nM,

1™ SynthASil, Instrumentation Laboratory) similarly in

prolonged the aPTT (Hemosi
both NHP and NBP in a concentration-dependent manner without affecting the PT

(Innovin®, Dade Behring).

Pharmacological inhibition of FXI and platelet activity in vivo

In a pilot experiment, aXIMab (2 mg/kg) was administered to a single baboon,
and blood samples were collected into citrate anticoagulant over 4 weeks to measure
circulating FXI antigen (FXI:Ag) concentrations, FXI inhibitor, and FXI procoagulant
activity. This dose of aXIMab was chosen with the intent to achieve sustained and near-
complete inhibition of FXI, assuming an initial dilution of the antibody into 60 ml blood
volume per kg body weight after injection. The maximum achievable prolongation of the
aPTT was about 2.5 fold. FXI:Ag was measured by ELISA using goat anti-human FXI
polyclonal capture and detection (horseradish peroxidase conjugated [HRP]) antibodies
(Affinity Biologicals, Hamilton, Ontario), which also recognized baboon FXI and its
complex with aXIMab. A standard curve was constructed with serial dilutions of NBP,
and FXI concentrations were determined as a percentage of NBP. Western blots for FXI

were performed by size fractionation of 1 pl samples of plasma under non-reducing
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conditions on 7.5% polyacrylamide-SDS gels, followed by transfer to PVDF membranes.
Detection was with a goat-anti-human FXI polyclonal antibody conjugated to HRP and
chemiluminescence. In the same samples, the Bethesda assay''> was used to determine
excess (non-complexed) circulating FXI inhibitor (aXIMab) activity levels, and the FXI
procoagulant activity was measured using a clotting assay.” P-selectin (Bender
MedSystem, monkey sP-selectin ELISA) and fibrinogen (Clauss assay) levels were

measured as global plasma markers for inflammation.

aXIMab was administered as a bolus (2 mg/kg intravenously) at least 24 hours
before the thrombosis experiments. The anticoagulant effect was monitored daily, and
thrombosis experiments were performed while the systemic FXI procoagulant activity
was reduced by 299%. We previously showed that inhibition of FXI by polyclonal
antibodies is safer and as effective as high dose heparin in baboons.?' Aspirin has less
pronounced effects on hemostasis than heparin, and is often used in the treatment of
arterial-type platelet dependent thrombosis. The affect of ASA treatment was compared
to aXIMab on the occlusion-prone 2 mm id grafts. ASA (32 mg/kg) was administered
orally 2 to 4 hours before each thrombosis experiment, as described previously.''® Four
weeks were allowed for washout of each aXIMab and ASA before performing new

experiments in the same animal.

Hemostasis assessment

The effects of FXI inhibition and aspirin on hemostasis in baboons were
assessed using the standard template skin bleeding time test (Surgicutt™, International
Technidyne Corp). Experimentally, this tests has been shown to be sensitive to the effects
of therapeutic anticoagulants and anti-platelet agents in non-human primates.''”''® All

bleeding time measurements were performed by the same expert technician.

Modeling of thrombosis marker mass transport and local sampling
A 3D computational fluid dynamics model, similar to that presented by Xu et
al,119 was used to estimate the concentrations of thrombus-derived macromolecules in

blood that flows over forming thrombus and transports the markers along the adjacent
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vessel wall distally. The model was based on the geometry shown in Figure 4.2, with
typical values for blood density and viscosity.'*” The model of local blood sampling was
implemented using the finite element software ADINA (Watertown, MA). In addition, a
2D axisymmetric computational model, similar to that of Markou et al,'*! was used to
estimate thrombosis marker distribution within the flow field. Computational modeling
predicted that molecules of interest (BTG, fibrin D-dimer, and TAT) released or
generated at sites of thrombus formation, would be concentrated (>99%) within a very
thin peripheral blood boundary layer (~0.1 mm thick concentration boundary layer) along
the immediately distal vessel wall (data not shown). Thus, as employed here, the local
sampling method effectively sampled the entire near-wall concentration boundary layer
region, immediately distal to the forming thrombus, for platelet and coagulation markers

of interest.

Flow chamber coagulation studies

Glass capillary tubes coated with 100 pg/mL Horm collagen (Type I equine
tendon, Nycomed Arzenmittel, Munich, Germany) were used as thrombus chambers.
Whole human blood was collected into corn trypsin inhibitor (CTI, 40 pg/mL),
discarding the first 1 mL to limit activation of coagulation. The blood was perfused
through the thrombus chambers at a shear rate of 265 s for 10 minutes. Prior to each
experiment, blood was incubated with aXIMab (20 ug/mL), heparin (15 U/mL), a
combination of an inhibitory anti-TF antibody (20 pg/mL, Genentech) and FVIIai (1
pg/mL, NovoNordisk), and/or PBS vehicle (all concentrations final).

-Modeling of the thrombosis marker mass transport for local sampling was performed by Dr. Sandra Rugonyi at

Oregon Health & Science University.
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In separate experiments, washed platelets and RBCs were processed as
described,'* and then mixed with FXII deficient human plasma (<1% FXII,
Haematologic Technologies) to reach a hematocrit of 40% and platelet count of 300
x10°/uL. The reconstituted blood was incubated with aXIMab (20pg/mL) or CTI
(40pug/mL), recalcified with 7.5mM CaCl, and 3.75mM MgCl,, and then perfused
immediately through collagen coated capillary tubes. Recalcified FXII deficient human
plasma without RBCs or platelets was also perfused over collagen. Images were obtained
by DIC microscopy after three minutes of perfusion with modified Tyrodes buffer to

wash out unbound blood components.

Data analysis
Mean values are given = 1 SEM (standard error of the mean). Occlusion data
were compared using the log-rank test. The two-tailed Student’s t-test was used for all

other single pair comparisons. A P value < 0.05 was considered significant.

4.4 Results

Inhibition of FXI by aXIMab ex vivo prevents fibrin formation independent of
FXlla

When CTI-anticoagulated fresh whole human blood was perfused over collagen at
arterial shear (265 s™), platelets were deposited in large aggregates which became
enveloped by forming fibrin strands (Figure 4.3). In stark contrast, when CTI blood was
further anticoagulated with either heparin or aXIMab, fibrin deposition was greatly
reduced. In these short experiments, there was no obvious reduction in platelet adhesion
to collagen by the anticoagulants. The outcome was similar when using reconstituted
FXII deficient blood, with or without CTI. Fibrin was generated independent of FXII, and
FXI inhibition with aXIMab interrupted fibrin thrombus formation. Inhibition of the
extrinsic pathway with a combination of FVIlai and the anti-TF antibody, which nearly
doubled the PT, had no effect on fibrin formation or platelet deposition. No fibrin was

formed when recalcified FXII deficient human plasma alone was perfused over collagen
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(data not shown), illustrating the importance of platelets and/or other blood cells in fibrin
thrombus formation in this model. These data suggest that, under physiologically relevant
shear flow, FXI and corpuscular blood components promote fibrin formation on collagen

independent of FXIIa or TF/FVIla.

Inhibition of FXI with aXIMab, in vivo

A baboon given aXIMab (2mg/kg) was followed for 4 weeks post-injection to
assess FXI antigen (FXI:Ag), anticoagulant activity, and antibody inhibitor levels.
FXI:Ag levels (complexed and native) decreased from 110% to 40% of NBP levels by 60
minutes, but steadily increased thereafter, reaching 300% of control by day 8 post
treatment (Figure 4.4). FXI:Ag remained above 200% of control through day 15, after
which there was a decrease to 130% by day 27. FXI activity decreased from 125% to
<1% at 1 hour after aXIMab administration, and remained inhibited by >99% for 10 days
after administration. FXI activity gradually increased to 136% by day 27. Maximum
circulating FXI inhibitor levels were observed at 1 hour post aXIMab infusion (72
Bethesda units [BU]), which decreased to 0.6 BU by day 13, and were undetectable
thereafter (Figure 4.4). Consistent with the FXI:Ag ELISA data, the 160 kDa band
representing the FXI homodimer on SDS PAGE and Western blots of plasma increased
in intensity between day 0 and 8 (Figure 4.4). These results indicate that the anticoagulant
effect of aXIMab was due to its sustained presence in the circulation, and its ability to
block FXI activation and/or activity, and not to clearance of the zymogen from the
circulation. Since aXIMab separates from FXI during SDS gel electrophoresis, it remains
unclear whether inhibition of FXI by aXIMab caused a rebound increase in FXI secretion
or the FXI-aXIMab immune complexes were cleared slowly from the circulation. In the
same samples, P-selectin and fibrinogen levels were determined as indirect measures for

inflammation, with no remarkable changes from baseline detected (data not shown).

In thrombosis studies using aXIMab, FXI procoagulant activity was inhibited by
99.0% (98.8-99.5%) at 1 hour after injection and remained inhibited by 99% in all
animals for at least 7 days. No observable adverse events were associated with the

treatment. aPTT values were prolonged after aXIMab administration to 65.6 £ 2.0



47

seconds compared with 30.5 + 0.7 seconds in control animals, while the PT values
remained comparable to baseline (9.1 + 0.1 vs 9.0 + 0.1 sec, respectively, n= 11 for
each). Platelet aggregation in platelet rich plasma in response to adenosine diphosphate

(ADP) and collagen was not affected by aXIMab-treatment (data not shown).

Protection of aXIMab-treated baboons from collagen-initiated thrombus
development

Administration of aXIMab reduced platelet and fibrin deposition in the 4 mm id
collagen-coated vascular grafts. Significant differences in platelet accumulation between
aXIMab- and vehicle-treated groups were seen as early as 10 minutes after graft exposure
to blood flow (0.13 + 0.03 x 10° versus 0.23 + 0.03 x 10’ platelets, aXIMab versus
vehicle control; P < 0.05). The differences remained statistically significant throughout
the time course of thrombus propagation (Figure 4.5). Graft platelet accumulation at 60
min was 63% lower in aXIMab-treated animals than in vehicle controls (1.38 + 0.26 x
10° versus 3.68 + 0.52 x 10° platelets, aXIMab versus control, n = 6 and 8, respectively,
P <0.01; Figure 4.5). Systemic platelet counts were similar in aXIMab (341 +27 x
10°/uL) and control groups (337 + 31 x 10*/uL), and did not change significantly
following thrombosis experiments. End-point fibrin deposition was reduced by 81%
compared with controls (0.23 + 0.07 mg and 1.18 + 0.19 mg, aXIMab versus control, P =
0.001; Figure 4.5). Since aXIMab is monospecific for the A3 domain of FXI, these data
verify that FXI plays an important role in thrombus propagation under arterial-type flow

conditions in primates.

Reduced thrombin generation and platelet activation in aXIMab-treated baboons
Since inhibition of FXI could reduce thrombus formation in vivo both by limiting
thrombin-mediated platelet activation and fibrin formation and/or by increasing
thrombolysis, levels of BTG, TAT, and D-dimer were measured. Systemic pre-treatment
BTG, TAT, and D-dimer levels were comparable in vehicle- and aXIMab-treated baboons
(19.3 +£ 2.6 versus 24.8 £ 3.8 IU/mL, 6.2 + 0.4 versus 4.6 + 0.6 pg/L, and 2.3 + 0.2 versus
2.4 £0.2 pg/ml, respectively). We observed a robust >20-fold increase in TAT release

into the blood stream from the graft thrombus area, as measured in samples taken locally
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from the near-wall region, immediately downstream of thrombus formation in vehicle-
treated baboons. Pre-treatment of baboons with aXIMab prevented the increase in local
TAT levels, indicating a profound reduction in thrombin generation in the absence of FXI
activity (Figure 4.6). TAT levels in plasmas obtained by local sampling were lower, by
up to 98% at 40 minutes, while systemic TAT levels were 81% lower at 60 minutes
compared with the untreated controls (4.3 + 0.5 versus 22.1 £ 2.5 ug/LL,n=6 and 7,
respectively, P <0.001; Figure 4.6). Since thrombin does not interact with antithrombin
in the presence of PPACK, all TAT in the sample was likely generated before the blood
entered the sampling port. Thus, while reflecting thrombin generation, TAT levels are
likely an underestimation of the total thrombin. Platelet activation at the thrombus
surface, as assessed by the release of platelet a-granule BTG, was 86% lower at 30
minutes in samples taken distal to thrombi in aXIMab-treated animals compared with
vehicle-treated controls (Figure 4.6). Systemic BTG levels in aXIMab-treated animals
measured at 60 minutes were 42% less (23.0 + 2.1 IU/mL, n = 6) compared with vehicle-
treated controls (39.5 + 5.5 IU/mL, n = 7; Figure 4.6, P < 0.05). Local D-dimer levels
were not changed at 60 minutes compared with baseline systemic values in either control
(2.3+0.2 and 2.4 £ 0.4 ng/mL, respectively, n = 7) or aXIMab-treated animals (2.4 + 0.2
and 2.2 £ 0.2 ug/mL, respectively n = 6; Figure 4.6). Systemic D-dimer levels assessed at
60 minutes also were unchanged from baseline systemic values in both groups (2.4 + 0.3
and 2.3 = 0.2 pg/mL, control versus aXIMab-treated animals). This confirms previous
reports from similar baboon studies showing systemic D-dimer levels do not increase by
60 minutes after thrombus initiation, unless a thrombolytic agent is administered.'*"'**
These data indicate that: 1) FXI plays an important role in thrombin generation and
platelet activation during acute, arterial-type thrombus formation, and 2) endogenous
local thrombolysis appears to be limited during the time course of these studies,

regardless of FXI activity.

Treatment with aXIMab prevents vascular graft occlusion
Even though macroscopic thrombi formed rapidly in 4 mm id vascular grafts,
none of these grafts occluded during 60 minutes of blood perfusion. The effects of

inhibiting FXI activity on thrombus formation and occlusion were therefore evaluated
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using smaller diameter (2 mm id), collagen-coated vascular grafts that accumulated
thrombus under higher shear conditions (2120 s™). The initial platelet accumulation rate
was similar in aXIMab-treated and vehicle-treated baboons. Within 12-15 minutes after
initiation of blood perfusion, platelet deposition was reduced in all aXIMab-treated
animals (Figure 4.7), and the number of platelets in the graft decreased abruptly, which
can be explained by reduced thrombus stability and net loss of thrombus material to
embolization. Treatment with aXIMab prevented graft occlusion over 60 minutes in all
experiments (5 of 5 grafts remained patent), compared with the results in vehicle-treated
controls in which 8 of 9 grafts occluded by 27.0 + 3.3 min (P < 0.01; Figure 4.7 and
Table 4.1). Fibrin accumulation was also reduced by aXIMab treatment versus the
vehicle-treated controls (0.18 & 0.02 versus 0.30 = 0.04 mg, respectively, P <0.01; Table
4.1). As expected, treatment with high dose ASA reduced platelet deposition in the 2 mm
id grafts, but did not completely interrupt occlusive thrombus formation. The time to
graft occlusion was prolonged by aspirin by an average of 18 minutes in 4 grafts, while 2
additional grafts remained patent throughout the 60 minute study interval. High dose
ASA was therefore less effective in preventing graft occlusion than aXIMab (P < 0.05,
aXIMab versus ASA). These data indicate that FXI plays an important role in the

thrombogenic process that leads to acute occlusion of small caliber vascular grafts.

Treatment with aXIMab does not prolong the bleeding time in baboons

The template bleeding time is typically prolonged by both anti-platelet agents and
anticoagulants in baboons,''”"'** yet FXI inhibition by aXIMab had no effect on the
standard template bleeding time compared with vehicle-treated controls (3.5 + 0.3 versus
3.4 £0.2 min, n = 18 and 14, respectively). For comparison, single-dose ASA pre-
treatment nearly doubled the bleeding time to 6.4 = 0.7 minutes (n = 10, Figure 4.8; P <
0.01). No re-bleeding from the template bleeding time wounds, petechiae, hematomas or
other adverse bleeding events were noted in any of the aXIMab- or ASA-treated animals
during one week follow-up periods of observation. Taken together, these results show
that inhibition of FXI activity by a neutralizing monoclonal antibody more effectively
reduces acute occlusive arterial-type thrombus propagation, with less effect on primary

hemostasis, than an antihemostatic dose of aspirin in baboons.
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4.5 Discussion

The present findings document that FXI is an essential contributor to local
thrombin generation on the surface of thrombi during arterial-type thrombogenesis. FXI
inhibition in baboons slowed platelet accumulation onto a thrombogenic surface
(collagen-coated vascular grafts) under moderate arterial shear conditions (Figure 4.5).
While FXI inhibition did not demonstrably affect platelet adhesion to collagen in the ex
vivo chamber perfusion studies, it clearly reduced centripetal accumulation of platelet
aggregates over longer periods of time in the 2 mm id grafts. The stability of thrombi
formed under higher shear flow was noticeably dependent on FXI activity (Table 4.1 and
Figure 4.7). Indeed, under high shear, repeated loss of platelets from the graft was
distinctly evident in aXIMab-treated animals, a mechanism which likely contributed to
preventing graft occlusion. These findings are consistent with the antithrombotic and
anti-occlusive phenotype observed in FXI deficient mice following ferric chloride-

induced arterial injury and thrombosis.'®*"'%®

FXI promotes clot resistance to fibrinolysis through thrombin-mediated activation
of the metalloproteinase TAFI, which proteolytically modifies fibrin making it resistant
to plasmin.'**'?” In addition, inhibition of thrombin generation by anticoagulants
enhances clot lysis due to a slower forming, less dense fibrin network.'**'** Both
processes may account, at least in part, for the enhanced lysis of blood clots formed in the
presence of an anticoagulant anti-factor XI antibody in the clamped jugular vein of
rabbits.?” During the present studies in baboons, the fibrin degradation product D-dimer
was measured by local blood sampling in the vicinity of fibrin-, platelet-, and leukocyte-
rich arterial-type thrombi. Unlike the robust changes in TAT and BTG levels, there were
no changes in local D-dimer levels in vehicle- or aXIMab-treated baboons. This finding
suggests that endogenous fibrinolysis may not be a dominant process on the surface of
thrombi during acute arterial thrombogenesis, which is consistent with the observation
that TAFI deficient mice that were expected to have a fibrinolytic phenotype were not
protected against injury-induced arterial thrombus formation."*® Since adjacent
endothelial cells capable of secreting tPA are absent from the graft, the data do not rule

out the possibility of reduced TAFI activity and more efficient fibrinolysis during
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inhibition of FXI. Our data suggests however that the relative reduction in deposited

fibrin associated with FXI inhibition was not caused by an increase in fibrinolysis.

The inhibitory effect of aXIMab on thrombogenesis and TAT formation suggests
that sustained thrombus propagation on the luminal flow surface depends on FXI-
mediated thrombin generation. FXI-dependent thrombin generation could occur via
continued FXI activation by FXIIa, thrombin, and/or autoactivation.”*"*' FXIIa appears
to play an important role in experimental thrombosis in mice.'** However, the flow
chamber data (Figure 4.3) indicates that FXI promotes thrombosis independent of FXIIa
under shear flow conditions in the presence of blood cells. Although thrombin-mediated
FXI activation in static plasma assays in vitro has been questioned,'** our flow-
augmented thrombosis model clearly demonstrates a FXII independent thrombogenic
pathway for FXI. Since inhibition of the contact pathway (FXII) as well as the extrinsic
TF pathway did not affect thrombus formation, initiation of coagulation in this ex vivo
model must depend on coagulation factor autoactivation, delivery of coagulation

proteases by platelets, or an as yet unrecognized mechanism.

While FXI activity decreased to <1% for over a week following aXIMab
injection, total FXI:Ag levels temporarily increased several-fold above baseline following
the disappearance of FXI activity in the baboon circulation. Whether this increase was
due to a longer half-life of the circulating immune complexes or upregulation of FXI

synthesis and/or secretion remains to be explored.

The physiological function and regulation of FXI have been difficult to elucidate.
The bleeding tendency seen in FXI deficiency suggests that FXI supports hemostasis
after injury to anatomical areas with pronounced fibrinolytic activity."” In contrast to
patients with hemophilia A or B, spontaneous bleeding in patients with FXI deficiency is
rare, and trauma-related bleeding is typically milder. All conventional anticoagulant,
antiplatelet, and fibrinolytic agents impair hemostasis, and most produce a significant risk
of life-threatening bleeding. While bleeding time prolongation is indicative of a

hemostatic defect, the test is not particularly sensitive to coagulation abnormalities in
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humans. However, the bleeding time has been useful and predictive of the antihemostatic
effects of antithrombotic agents, when baseline and treatment values are compared in
baboons.'!” In the present study, ASA significantly prolonged the bleeding time, while
the same test was not sensitive to the presumably modest hemostatic abnormality
produced by FXI inhibition. Clearly, development of agents that could inhibit thrombosis
without impairing hemostasis would significantly improve the safety profile of
antithrombotic therapy. The results of the present study suggest that a pharmacologic

inhibitor of FXI may represent an example such a strategy.

In summary, this study confirms that FXI activity is not essential for primary
hemostasis in otherwise healthy primates. We introduce a pharmacologically active
monoclonal antibody that, by binding to the A3 domain of FXI, can achieve sustained
FXI blockade, and represents a new strategy for limiting acute arterial-type thrombus
growth and blood vessel occlusion. Though we did not establish a role for FXI in
endogenous thrombolysis, we demonstrate that vaso-occlusive thrombus propagation is
driven by FXI-dependent thrombin generation, platelet activation, and fibrin formation in
primates. Furthermore, we provide in vitro evidence for a FXII- and FVII-independent

pathway for fibrin formation in whole blood under flow that requires FXI.
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Table 4.1: FXI inhibition by aXIMab prevents occlusion of 2 mm id vascular grafts

in baboons.
Fibrin
Number Embolic events per deposition,
occluded experiment* mg
Controal 8/9 ND 0.30 = 0.04
ASA 4/6 1.5 +0.6 0.23 = 0.04
aXIMab 0/5 6.6 0.9 0.18 = 0.02%

Data shown are absolute values or means plus or minus SEM when applicable.

ND indicates none detected.

*Embolic events were defined as an abrupt decrease of at least 108 platelets in
the graft between 2 subsequent radioimaging frames.

1P < .01 compared with control using the 2-tailed Student ttest.
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Figure 4.1. Scanning electron micrograph of uncoated and collagen coated
expanded polytetrafluoroethylene (ePTFE) vascular graft material.
Hypothrombogenic vascular graft material (A) was coated with type I equine tendon
collagen (B) to produce a thrombogenic surface for baboon thrombosis studies.
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Figure 4.2. Thrombogenic vascular graft and blood collection device.
Thrombogenesis started and thrombi developed in a collagen-coated (4 mm internal
diameter [i1d]) expanded-polytetrafluoroethylene (ePTFE) vascular graft that was
deployed for 60 minutes into a chronic high flow arteriovenous shunt in healthy baboons.
Blood samples were drawn from the coagulation marker concentration boundary layer by
a syringe pump 1 cm downstream from acutely developing thrombi. PPACK
anticoagulant was infused 3 mm proximal to the sample port to prevent the sample port
from occluding during the 1 hour study period. Blood flow through the graft was
maintained at a fixed rate of 100 mL/min for the entirety of each study by proximal
clamping.
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Figure 4.3. The anti-factor XI (FXI) monoclonal antibody (aXI1Mab) binds human
and baboon FXI, and inhibits fibrin formation in FXII-inhibited or deficient human
blood under flow. (A) Binding of the aXIMab to the FXI dimer (160 kDa) in platelet
free NHP and NBP was demonstrated by Western blotting, developed using a secondary
anti-mouse IgG antibody. aXIMab binding was minimal in FXI-depleted plasma or
plasma from a FXI-deficient patient. (B) aXIMab prevented visible fibrin formation in
FXII-inhibited or deficient blood under flow. Human whole blood, anticoagulated with
corn trypsin inhibitor (CTI, 40 pug/mL) to inhibit FXIIa, or reconstituted FXII deficient
human blood was perfused through collagen-coated capillary tubes (thrombus chambers)
at a shear rate of 265 s™ for 10 minutes. Prior to each experiment, blood was incubated
with either unfractionated heparin (15 U/mL), anti-tissue factor antibody (20 ug/mL) plus
FVIIai (1 pg/mL), aXIMab (20 pg/mL), CTI (40 pg/mL) for reconstituted blood where
indicated, or PBS vehicle. Images were obtained via Kohler-illuminated Nomarski
differential interference contrast (DIC) microscopy with a Zeiss Axiovert 200M
microscope using a Zeiss 63x oil immersion 1.40 NA plan-apochromat lens. Images were
captured using a Zeiss AxioCam with Slidebook 4.0 (Intelligent Imaging Innovations,
Inc., Denver, CO, USA) after three minutes of perfusion with modified Tyrodes buffer to
wash the thrombus of unbound cells. All experiments were performed at 37° C. Each
image is representative of 2 or 3 experiments.

-Panel A was provided by Dr. David Gailani, Vanderbilt University. The experiments for panel B were performed by
Tara C White-Adams in the laboratory of Dr. Owen McCarty, Oregon Health & Science University.
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Figure 4.4. Sustained inhibition of circulating FXI procoagulant activity after
administration of aXIMab. An intravenous injection of aXIMab (2 mg/kg) was given
over 5 min to a single baboon. Plasma samples were collected into citrate anticoagulant
and tested for (A) FXI procoagulant activity, FXI antigen (FXI:Ag), and (B) inhibitor
levels over 4 weeks, with each time point being the mean of duplicate measurements. The
FXI:Ag ELISA was able to detect both free and complexed FXI. Since the Bethesda
assay detected only free FXI inhibitor (aXIMab), FXI:Ag and FXI activity at low
inhibitor levels did not correlate until all complexes were cleared from circulation. The
one hour time points for all levels were omitted for clarity. (C) Western blot of 1 ul NHP
and NBP samples size fractionated by non-reducing 7.5% SDS-PAGE. Detection was
with a polyclonal antibody against human FXI. The five lanes on the right represent
samples prior to (0) or 1, 6, 8, and 27 days after infusion of aXIMab. Abbreviations: XI —
100 ng purified human FXI; NHP — normal human plasma; NBP — normal baboon
plasma; XI-DP — FXI deficient human plasma.

-Panel C was provided by Dr. David Gailani, Vanderbilt University.
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Figure 4.5. FXI inhibition reduces platelet and fibrin deposition on collagen-coated
vascular grafts. Effects of FXI inhibition on (A) platelet and (B) fibrin deposition on
collagen coated (4 mm id) vascular grafts. The grafts were placed in vehicle-treated (n =
8) or aXIMab treated (n = 6) animals (>99% FXI inhibition). Blood was allowed to flow
through the devices at 100 ml/min, producing an initial average wall shear rate of 265 s™.
Significance levels are **P < 0.01, ***P =0.001, by the two-tailed Student’s t-test.
Values are means = SEM.
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Figure 4.6. FXI inhibition reduces thrombin generation and platelet activation.
Local (A,C) and systemic (B,D) TAT and BTG levels were monitored during thrombus
formation, respectively. Blood samples were also tested for the fibrinolysis product D-
dimer (E). Local values are those taken from the near wall, low flow concentration
boundary layer 1 cm distal to the growing thrombus over the course of 10 min prior to its
designated time, while systemic samples were taken from the arteriovenous shunt
proximal to the thrombogenic device. Zero time points in all groups are from samples
taken systemically immediately before each study. FXI inhibition (n = 6) reduced local
thrombin formation and platelet activation, which translated into systemic reductions in
both TAT and BTG compared with collagen controls (n = 7) by 60 min. No significant
change in D-dimer release during acute thrombus formation (< 60 min) was detected in
control and aXIMab treated animals. The silicone rubber tubing without the collagen-
coated graft segment (n = 5) did not induce significant increases in coagulation or platelet
activation during these studies. Values are means + SEM.
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Figure 4.7. FXI inhibition limits vascular graft-associated platelet deposition under
high arterial shear. Effects of FXI inhibition or ASA administration on platelet
deposition on collagen-coated (2 mm id) vascular grafts are shown. Collagen-coated
vascular graft segments were placed in permanent arteriovenous shunts in untreated (n =
9), ASA treated (n = 6), and aXIMab treated (n = 5) animals. Blood was allowed to flow
through the grafts at a rate of 100 mL/min, producing an average initial wall shear rate of
2120 s™'. The flow was maintained by the pulsatile arterial pressure until the graft
occluded (defined as <20 ml/min flow rate). Thrombi that formed in the grafts in the
aXIMab treated animals were unstable, embolized more frequently than in ASA-treated
animals, and did not occlude the grafts for at least 60 min. Significance levels are *P =
0.05, **P < 0.01 compared with non-treatment controls, using the log-rank test with the
non-occluded devices being censored. Values are means = SEM.
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Figure 4.8. The template bleeding time is normal in baboons treated with aXIMab.

Bleeding times were measured repeatedly on the volar surface of the lower arm before
and during treatment with aXIMab or ASA using an FDA-approved method and device
(Surgicutt®, International Technidyne Corp). ASA (n=10) prolonged the bleeding time
while inhibition of FXI by aXIMab (n = 18) did not prolong bleeding times compared
with controls (n = 14). The average of bleeding time changes are shown +£ SEM.
Significance level is **P < 0.01, by the two-tailed Student’s t-test.
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Chapter 5: Platelet count reduction in baboons

5.1 Summary

Essential thrombocythemia is a clinical risk factor for thrombosis, while severe
thrombocytopenia, which is antithrombotic in experimental animals, causes bleeding. We
hypothesized that lowering of the platelet count within the normal physiological range
could also be antithrombotic, but without affecting hemostasis. To test this hypothesis,
the platelet count in baboons was transiently reduced by inhibition of thrombopoietin
(TPO) with anti-TPO immune serum. The effect of lowering platelet count was evaluated
in an acute vascular graft thrombosis model. The rate of platelet-rich thrombus formation
in 4 mm diameter collagen coated grafts correlated strongly with platelet count (R = .95,
P<.0001). Stenotic 2 mm diameter grafts occluded within an hour at normal platelet
count, while graft occlusion was prevented by moderate platelet lowering without
affecting bleeding time. These data suggest that elective pharmacological platelet count
reduction through specific targeting of megakaryocytopoiesis may be a safe and effective

approach for thromboprophylaxis.

-This research has not yet been published.
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5.2 Introduction

While platelets are essential for normal hemostasis, they also play a critical role
in the development and pathogenesis of atherothrombosis.* Systemic platelet inhibitors
reduce the risk of recurrent thrombotic vascular events, but at the same instance all
currently available platelet inhibitors disable hemostasis, resulting in an increased risk of
severe or fatal bleeding.”>"**'** Normal platelet count ranges from 150 x 10*/uL to 400 x
10°/uL, with significant hemostatic dysfunction commonly observed only during severe
thrombocytopenia. In fact, given no other underlying hemostatic dysfunction,
thrombocytopenic patients with a platelet count higher than 50 x 10°/uL generally require
no treatment, and are not prone to significant spontaneous bleeding.'**'*° Only when
platelet counts fall below 10 x 10°/puL are patients at significantly increased risk of

138,139
> Data from

spontaneous intracranial and other life-threatening forms of hemorrhage.
clinical studies have consistently shown that recurrent thrombosis and mortality correlate
with baseline platelet count in some cardiovascular diseases.'*"'** However, other than
under severe thrombocytopenic conditions induced by antibodies directed against

platelets,'*>4¢

it is not known whether electively lowering platelet count within the
normal range, and without affecting their functional integrity, affects thrombus
formation. The present study was designed to gauge the antithrombotic and
antihemostatic effects of moderate platelet count reduction through inhibition of
thrombopoietin (TPO), and to evaluate if this strategy could be useful for patients in need

of safer thromboprophylaxis.
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5.3 Materials and methods

Autoantibodies to baboon TPO (anti-TPOab) were generated by repeat
injections of recombinant human TPO (thTPO, Genentech, San Francisco, CA) to a
juvenile male baboon. Eleven TPO Injections (5 pg/kg), given over 35 days, caused
transient thrombocythemia followed by sustained progressive thrombocytopenia. During
thrombocytopenia, blood was drawn weekly, and the immune serum was frozen at -80 C°
for further experiments. Purified IgG from the serum inhibited expansion and ploidity of
a TPO-dependent cell culture (ICso 0.76 pg/mL),'*”"*® suggesting that the presence of an
anti-TPOab was the cause of thrombocytopenia in the TPO-treated baboon. An
intravenous injection (30-35 mL) of the antiserum caused a transient decrease in the
circulating platelet count of male baboons (Papio anubis, 9-13 kg) (Figure 5.1). Other

blood cell counts were unaffected versus baseline values.

The effect of platelet count reduction on thrombogenesis was evaluated in 42
non-terminal experiments using 13 baboons in a vascular graft thrombosis model.'"?
Accumulation of radiolabeled platelets and fibrinogen was measured in collagen-coated 4
mm internal diameter (id) or stenotic (2 mm id) expanded polytetrafluoroethylene
vascular graft segments deployed into a chronic arteriovenous shunt for up to 180

113 .
In controls, flow remained

minutes.'* Initial blood flow was restricted to 100 mL/min.
steady in the wider grafts (data in Figures 5.3 and 5.5) while the stenotic grafts (Figure
5.6), which had a 75% central constriction in cross-sectional area, progressively occluded
due to thrombus formation. The stenotic grafts were removed from the shunt at 90
minutes or when the flow rate fell to 20 mL/min, signaling imminent occlusion, and

recorded as time to occlusion.

-The ICs, data was supplied by Stuart Bunting, Genentech, San Francisco, CA.
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For platelet aggregation assays, blood was collected into 3.2% citrate (1:9,
vol/vol) and processed for platelet rich plasma. The platelet count was adjusted to 150 x
10%/uL in all samples and aggregations performed using a Chrono-Log aggregometer
(Havertown, PA) with adenosine diphosphate (ADP, Sigma, St Louis, MO) and collagen
(Nycomed Arzeneimittel, Munich, Germany). The aggregation results were expressed as
the concentration of agonist that induced half-maximal aggregation (ACs)."”" Other
blood samples were collected into either 3.8% citrate (1:9, vol/vol) and processed for
platelet poor plasma, or clotted for serum, and frozen at -80C. Samples were later assayed
using cross-reacting ELISAs for D-dimer IMUCLONE D-dimer; American Diagnostica,
Stamford, CT) and TPO (Quantikine TPO, R&D systems, Minneapolis, MN). The effects
of platelet count reduction, with or without aspirin (ASA, 32 mg/kg administered orally)
or clopidogrel (1 mg/kg, daily), on hemostasis were assessed using the template skin
bleeding time (BT) test (Surgicutt, International Technidyne, Piscataway, NJ). All BT
data at platelet counts <70 x 10°/uL was obtained from the baboon that developed
thrombocytopenia after TPO injections. The protocol was approved by the Oregon Health
& Science University Institutional Animal Care and Use Committee. Mean values are
given = 1 SEM (standard error of the mean). Occlusion data were compared using the
log-rank test. The two-tailed Student’s t-test was used for all other single pair
comparisons. Pearson’s correlations were calculated using MATLAB (Mathworks,

Natick, MA). P <.05 was considered significant.

5.4 Results and discussion

A single intravenous injection of anti-TPO antiserum caused a transient
decrease in platelet count from 289 + 25 x 10°/uL to 110 + 7 x 10°/uL, reaching the nadir
by day 16 in all animals (n = 7, Figure 5.1). TPO levels decreased from a baseline of 4.6
+ 1.8 pg/mL to undetectable levels (<2.8 pg/mL, assay limit of detection) at 24 hours post
infusion. TPO levels then increased to 45.1 £ 15.6 pg/mL by day 21 before decreasing
steadily to undectectable levels by day 42 (Figure 5.1). Interestingly, while platelet
aggregation reactivity to collagen and ADP appeared to increase as the platelet count

declined (Figure 5.2), this did not seem to affect the platelet deposition rate onto the graft
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surface (Figure 5.3), which had a strong linear correlation with platelet count (R* = .91, P
<.0001). This confirms previous observations at normal platelet count that thrombus
propagation is directly correlated to platelet count in the baboon thrombosis model.®”"!
In aspirin-treated animals, a similar relationship was observed (R*= .90, P = .01; Figure
5.3), consistent with observations that platelet count may be an independent predictor of
thrombotic events in coronary artery disease patients receiving anti-platelet therapy.'**'*
Aspirin decreased platelet thrombus size by an average of 27% versus results in untreated
animals at comparable platelet counts; this relationship was independent of platelet count
over the ranges studied (Figure 5.3). Thus in both normal and aspirin-treated animals, a
doubling of platelet count caused a 3-fold increase platelet thrombus size at 1 hour. Graft
fibrin accumulation after 60 minutes averaged 1.2 £ 0.1 mgs in untreated animals, and 1.0

+ 0.1 mgs aspirin-treated animals (P > .05), consistent with aspirin’s modest effect on

platelet accumulation.

To determine if platelet deposition onto the graft surface would continue to
increase beyond one hour, we performed several 3 hour-long studies (Figure 5.5). This
data showed termination of thrombus propagation by about 60 to 80 minutes. This
decrease corresponded with small successive increases in D-dimer from a baseline of
1.73 £ .31 pg/mL to 1.97 £ .26 pg/mL (n = 6 each) at 3 hours, suggesting that activation
of endogenous antithrombotic mechanisms may contribute to sustained large graft
patency regardless of the platelet count. BT (Figure 5.4) did not increase until the platelet
count was ~100 x 10°/uL, whereas ASA pretreatment resulted in a BT prolongation of
about 3 minutes compared with untreated animals at corresponding platelet levels. Thus,
while aspirin may aggravate the risk of spontaneous bleeding in thrombocytopenia,'>* our
data do not suggest that moderate platelet count reduction enhances the risk of bleeding
with ASA intake. Clopidogrel showed similar bleeding effects to the aspirin group
(Figure 5.4)

In the stenotic grafts (Figure 5.6), platelet deposition increased rapidly at
baseline platelet count (375 + 18 x 10°/uL, n = 4), occluding all devices in 41 + 8

minutes. After lowering the platelet count to194 + 38 x 10°/uL, graft occlusion was
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prevented until the end of observation at 90 minutes (n =4, P <.01). This suggests that
moderate platelet count reduction can have a profound impact on the dynamics of

occlusive thrombus formation.

Together, these data suggest that while thrombus propagation is directly
correlated with platelet count, primary hemostasis is impaired only at relatively low
platelet levels (<100 x 10*/uL), which is similar to observations of clinical
bleeding.'**"**1**!>* Our data shows that the rate of thrombus growth after platelet count
reduction was significantly slower than at baseline platelet count, even with high dose
aspirin. The reduced thrombus propagation rate may allow time for natural pacification
and/or thrombolytic mechanisms to intercede prior to thrombotic occlusion of smaller
blood vessels. Thus, even moderate platelet count reduction may result in a significant
decrease in vascular occlusion while not appreciably disabling hemostasis. Unlike
systemic platelet inhibitors that reduce the hemostatic activity of all platelets in the
circulation, development of pharmacological inhibitors of platelet production via specific
targeting of megakaryocytopoiesis may allow for optimization of the prohemostatic
versus prothrombotic capacity of the circulating platelet pool, and provide a safer
alternative to existing strategies for reducing the incidence of thrombo-occlusive events

such as heart attack and ischemic stroke.
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Figure 5.1. Effects of anti-thrombopoietin (TPO) antiserum on platelet count and
TPO levels in baboons. Platelet (PLT) count response curve from 7 baboons infused
with anti-TPO antiserum. Initial platelet counts averaged 289,000 + 25,000/uL and
decreased to 110,000 + 7,000/uL by day 16. Circulating TPO levels were initially 4.6 +
1.8 pg/mL, reached a maximum by day 21, and returned to normal by day 40 (n =
4).Values are mean £1 SEM.
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Figure 5.2. Effects of platelet count reduction on platelet aggregation. For platelet
aggregation assays, blood was collected into 3.2% citrate (1:9, vol/vol) and processed for
platelet rich plasma. The platelet count was adjusted to 150 x 10*/uL in all samples and
aggregations performed using a Chrono-Log aggregometer with adenosine diphosphate
(ADP) and collagen. The aggregation results were expressed as the concentration of
agonist that induced half-maximal aggregation (ACsg). Each data point is the mean plus
of minus 1 SEM of 4 experiments.
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Figure 5.3. Effects of platelet count reduction on arterial thrombus formation in
baboons. Platelet deposition onto collagen-coated (4 mm id x 2 cm) vascular grafts after
60 minutes (n = 23, closed circles) strongly correlated with the circulating platelet count
(R*= .91, P <.001). The best fit curve was: x = 5.534-y1'591. Pretreatment with oral
aspirin in 5 animals (open circles) moderately reduced platelet deposition versus
untreated controls. In aspirin-treated animals a strong relationship was observed between
total platelet accumulation and the circulating platelet count (R* = .90, P = .01). The best
fit curve for the aspirin data was: 3.782 -y'~*°
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Figure 5.4. Effects of platelet count reduction on primary hemostasis in baboons.
Template bleeding times and platelet counts measured in untreated and aspirin treated
baboons. ASA data (A) was grouped into tertiles of platelet count: Lower tertile
(115,000 +27,000/uL, n = 7), middle tertile (300,000 £+ 7,000/uL, n = 7), and upper
tertile (427,000 + 16,000/uL, n = 13). Clopidogrel data (#) was also grouped into tertiles
of platelet count: Lower tertile (118,000 £ 5,000/uL, n=7), middle tertile (184,000 +
11,000/uL, n = 7), and upper tertile (389,000 £ 29,000/uL, n = 6). Values are mean +1
SEM.
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Figure 5.5. Effects of platelet count reduction on arterial thrombus formation.
Platelet deposition curves (n = 3 each) from three-hour long thrombosis studies showing
that platelet accumulation plateaus and begins to decrease between 60-80 minutes after
flow initiation at both normal (266,000 £ 32,000/uL) and low (134,000 £ 33,000/uL)
platelet counts. Values are means plus or minus SEM.



73

Collagen coated ePTFE

........ oy

Blood Flow — > 100 mL/min 4 mm

Silicone tubing

Baseline PLT count

— 5 T
)
o
= A
* 4
=
o 3 -
=
- .
8 2 - PLT reduction
Q.
S

1 -
a

0 n T T T T T T T T 1

0 10 20 30 40 50 60 70 80 90

Time (min)

Figure 5.6. Moderate platelet count reduction limits stenotic vascular-graft
associated platelet deposition and prevents graft occlusion. (A) Thrombogenesis was
initiated and developed in 4 mm id, 2.5 cm long collagen coated expanded
polytetrafluoroethylene (ePTFE) vascular grafts which had a centrally positioned 75%
constriction in cross-sectional area. Blood flow was maintained at 100 mL/minute or until
flow dropped to <20 mL/minute, signaling imminent occlusion and recorded as time to
occlusion. For devises that did not occlude, studies were stopped at 90 minutes. (B)
Effects of platelet (PLT) count lowering on thrombus development in collagen coated
stenosed vascular grafts. At normal platelet counts (375,000 + 18,000/uL, n =4), all
devices occluded in 41 + 8 minutes. After moderate platelet count reduction to 194,000 +
38,000/uL, platelet accumulation was slowed and thrombo-occlusion was completely
prevented for all 90 minute studies (n = 4, **P<.01). Significance level was calculated
using the log-rank test, with non-occluding devises being censored. Values are means
plus or minus SEM.
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Chapter 6: Concluding Remarks

This thesis has provided evidence suggesting that while thrombosis and
hemostasis are linked in many respects, they possess subtle mechanistic differences that
may allow for the development of a new class of antithrombotic agents. Our data in mice
suggests that FXI is an important enzyme in infection-related coagulation and possibly
contributes to an enhanced inflammatory state by supporting bradykinin generation. More
in vivo sepsis data however must be gathered using inhibitors of FXI to confirm its role in
severe infections. Inhibiting FXI in baboons reduced thrombus formation and prevented
the occlusion of thrombogenic vascular grafts by destabilizing growing thrombi. FXI
inhibition also dramatically attenuated local thrombin generation, as measured
immediately downstream. This data supports the mechanism of FXI being involved in
continued amplification of thrombin and thus in the propagation of mural
thrombogenesis. Since FXII and thrombin can both activate FXI, more studies must be

done to assess the relative contribution of each during thrombus formation in vivo.

The evolutionary role and advantage (or disadvantage) of the appearance of the
contact system in mammals remains an interesting puzzle. The FXI gene or an
evolutionary predecessor seems to be conserved in all mammals." Since FXI deficiency
is associated with trauma-related bleeding in only about a third of affected individuals, it
is clear that FXI is not crucial for normal hemastasis. However, our data suggests a
mechanism whereby FXI acts as a thrombo-stabilizing factor to prevent lethal
hemorrhage during more severe transvascular injury, where the shear forces are high.
Indeed, frequent injury surely followed our mammalian ancestors over the millennia, and
the evolutionary pressures likely played a role in preserving a more robust, high-pressure

hemostatic system. Today our main causes of death, heart attack and stroke, may partially
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be the result of this robust system. Thus, by targeting a portion of the coagulation
pathway that is designed to halt more severe forms of hemorrhage, we may be able to

safely reduce the morbidity and mortality associated with thrombo-occlusive diseases.

Our data in baboons showed that transiently reducing platelet count limited
arterial thrombus formation and stenotic vascular graft occlusion while not affecting
hemostasis. Greater circulating platelet numbers clearly increases the convective delivery
of platelets to the growing thrombus surface, but the relationship between thrombus
formation and platelet count has been largely undefined to this point. It appears from
these studies that high platelet counts may predispose individuals to occlusive thrombus
formation. Again, a high platelet count may have been beneficial to early man in order to
halt repeated injury-related vessel damage; however, modern humans are not required to
compete in such a physically demanding world under normal circumstances. Thus, by
reducing platelet count to low-normal levels, thrombosis may be reduced without

significantly compromising normal hemostasis.
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Chapter 7: Future Direction

A new platelet lowering drug is currently under early stage clinical investigation.
Low dose, time released anagrelide, which is being developed by Dr. Stephen Hanson
and BioVascular, Inc. Anagrelide has been FDA approved for use in the treatment of
essential thrombocythemia by inhibiting the maturation of megakaryocyes, and thus
inhibiting platelet production. Future development of this drug will hopefully
demonstrate whether platelet count reduction is beneficial in limiting thrombotic

cardiovascular disease.

Together with my adviser Dr. Andras Gruber we are currently seeking funding for
the further development of aXIMab as a safe treatment for sepsis and other thrombotic
indications. We hope to continue to explore the mechanism of FXI inhibition that leads to
a survival benefit during sepsis in mice. Recently we have generated a new monoclonal
antibody which is able to inhibit FXI in mice as well as all other mammalian FXI tested
to date. This new reagent will allow the further delineation of the role FXI plays in
disease. We are also developing, with Dr. David Gailani at Vanderbilt, ELISA assays for
detection of FXI using novel antibodies that target various FXI domains and cross-react

with a number of mammalian species.

This is indeed an exciting time in the development of fundamentally new
antithrombotic strategies. The data presented in this dissertation as well as a growing
body of other experimental evidence suggests that thrombosis and hemostasis, while
linked at many levels, are mechanistically distinct. This insight will hopefully lead to a
new generation of safer antithrombotic treatment strategies that may revolutionize patient

care in the coming decades.
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